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Investigation of the Influence of NiBSi/NiCrBSi Coatings Applied by Flame Spraying with
Simultaneous Fusing on the Substrate Material
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Abstract: The aim of this research is to investigate the influence of nickel alloy type from the same group, the parameters of flame spraying, as well as the preparation of the
substrate and the heat treatments of the substrate on the microstructure of the coating/substrate system. Due to the possibility of applying nickel alloys in corrective maintenance
of tools used on elevated working temperatures, hot work tool steel X38CrMoV5-1 was selected as a substrate material. The investigation of the microstructure of the
coating/substrate system was carried out according to the factorial design of experiment, where the input factors were varied on two levels. The factors that were varied are: Ni-
based self-fluxing alloys - NiCrBSi and NiBSi; distance of the burner from the workpiece - small (6 mm) and large (20 mm); preparation of the substrate - roughened and non-
roughened and the heat treatments of the substrate - soft annealed and tempered condition. Ni-based self-fluxing alloys were applied on samples (12,5 x 25 x 25 mm) by flame
spraying with simultaneous fusing process. Analysis of the microstructures of the coating/substrate system was carried out on the Leica DM 2500M light microscope. After the
conducted analysis the paper concluded that by spraying the selected coatings onto the X38CrMoV5-1 tool steel base, poor quality coatings are obtained, due to the appearance
of cracks (NiCrBSi) or separation of the coating from the substrate (NiBSi). This is attributed to the formation of martensitic structure of the substrate after spraying and the

presence of residual stresses.
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1 INTRODUCTION

In order to extend the service life of damaged and worn
parts and subsequently aim to reduce maintenance costs,
thermal spraying processes can be used to apply different
types of coating materials to different substrate materials.
Thermal spraying is widely used in almost all branches of
industry due to the large number of substrate materials on
which coatings can be applied. There is also a large number
of coating materials that can be applied, but the most
commonly used and researched are coatings based on nickel,
iron, and cobalt. Due to their exceptionally good properties,
nickel-based coatings are widely used in conditions where
good wear resistance, capability to work on elevated
temperatures, and corrosion resistance are required. Nickel
alloys are suitable for all thermal spraying processes: flame
spraying, HVOF, HVAF, a detonation gun, an electric arc,
plasma spraying, supersonic plasma spraying, plasma
spraying with a transferred arc and laser [1-11], but after the
spraying process, a subsequent fusing procedure is often
applied, in order to reduce porosity and create a metallurgical
connection between the coating and the substrate [1-4].

Due to their wide applicability, flame spraying and
nickel-based coatings have been researched in almost all
aspects, from resistance to various types of wear and
corrosion to researching the influence of external mechanical
loads and residual stresses [12-14]. All the aforementioned
research was almost always accompanied by microstructure
analysis. In almost 90% of microstructure research, the
authors analysed mainly the microstructure of the coating.
Some authors do not even mention the type of substrate or
state it in general (for example, carbon steel or low-carbon
steel), which can be understandable when investigating a
property that is important only for the coating (i.e., the
resistance of the coating to different types of wear). For
example, in papers [15-18], where the material of the
substrate is mentioned, it is most often low-carbon steel, and
the impact of spraying nickel alloys on the material of the

substrate itself is not mentioned. Hot work tool steel was
chosen as the substrate in a few papers. Hot work tool steels
are subjected to different types of wear and thermal fatigue
[19, 20], and their protection with different types of coatings
has been investigated in order to extend their service life [21-
23]. The systematic application of surface engineering
procedures for improving the properties of hot work tool
steels is presented in the paper [21], in which it is stated that
the application of nickel alloys by flame spraying is a
possibility. In the paper [23], the results of the investigation
of the properties of the NiCrBSi+Ni/MoS2 coating
previously applied and then fused using a laser on hot work
tool steel substrate (H13, X40CrMoV5-1, Utop Mo2) were
presented, but without investigating the effect of the process
on the substrate. Difficulties in applying flame spraying for
corrective maintenance of molds for high-pressure casting of
aluminium castings, which are made of tool steel for working
in a hot state, are stated in the paper [24].

Due to the above-mentioned small number of papers
investigating the influence of the spraying process, type of
coating, spraying parameters, and type of substrate on the
microstructure of the coating/substrate system, this paper
aims to investigate the effects of the mentioned parameters
on the microstructure of the coating/substrate system. The
investigation of the microstructure of the coating/substrate
system was carried out according to a factorial design of the
experiment where four factors were simultaneously changed
on two levels: the type of coating (NiBSi and NiCrBSi), the
spraying distance during the deposition during flame
spraying with simultaneous fusing (small and large),
substrate preparation (roughened and non-roughened) and
heat treatment of the substrate (soft annealed and tempered
condition).

2 EXPERIMENTAL PART

Two types of coatings from the same group of nickel
alloys - NiBSi and NiCrBSi (Fig. 1) were applied by flame
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spraying with simultaneous fusing using Super Jet Euttaloy
oxy-acetylene gun (acetylene pressure 50 kPa and oxygen
pressure 200 kPa) on samples measuring 12,5 X 25 x 25 mm
(substrate - hot work tool steel) [14].

Figure 1 Sprayingprocess using a as ﬂam.e with simultaneous fusing

The thickness of the coating is 1 mm and is applied
through eight passes. Hot work tool steel X38CrMoV5-1
(Utop Mo1, W300, H11, C4751,1.2343) is a high alloy tool
steel and one of the most commonly used steels, not only as
a hot work tool steel but also as ultra-high strength structural
steel. The applied steel has a favourable combination of
toughness, hardness, wear resistance, yield resistance with a
high limit of elasticity and strength on the elevated
temperature and it is air hardening steel [19, 25].

Tab. 1 shows the chemical composition of the substrate
material - hot work tool steel X38CrMoV5-1, while Tab. 2
shows the chemical composition of the spraying powder.

Table 1 Chemical composition of the substrate material

Chemical element, % w.t. C Si Mn P S Cr Ni Mo Cu \'% Fe

X38CrMoV5-1 0,36 0,93 0,35 0,018 <0,001 4,74 0,37 1,00 0,19 0,27 remaining
_Table 2 Chemical composition of the spraying powder ' research [29, 30], the authors even prepared the substrate to
Chemical element, % w.t. ClCriFe| B |Si Ni extremely low roughness - mirror finish, with the aim of
NiCrBSi 0,715 |3,5(3,2 | 4,4 | remaining avoiding sand-sandblasting, which can affect the

(Eutalloy 10009, BoroTec) . . . .

NiBSi — deterioration of the dynamic properties. The heat treatment
(Eutalloy 10185, BronzoChrom) | &1 | %> |03 23| 3 | remaining of the substrate was chosen as a factor due to the frequent

The microstructure of the coating/substrate system was
investigated according to the factorial design of the
experiment, where four factors were changed simultaneously
on two levels with two repetitions of combinations of factor
levels. The factors changed on two levels are the type of
nickel alloy from the same group (type of coating) - NiCrBSi
and NiBSi, the spraying distance during the deposition -
small (6 mm) and large (20 mm), substrate preparation -
roughened and non-roughened and heat treatment of the
substrate - soft annealed and tempered condition. Since the
spraying process using a gas flame with simultaneous fusing
creates a metallurgical connection between the coating and
the substrate, the substrate preparation factor is defined on
two levels. In addition to the standard preparation of the
substrate (level - roughened), as the second level of this
factor, it was chosen that this standard preparation will be
omitted, and the substrate will be cleaned from impurities and
fats only with ethyl alcohol (level - non-roughened). The
roughening of the substrate has a significant impact in the so-
called cold spraying process using a gas flame, in which a
mechanical connection is formed between the coating and the
substrate [26]. It can also have a significant impact on the two
steps flame spraying process of the investigated alloys - when
the alloys are first sprayed with a classic cold process (where
the spraying distance from the workpiece during the
deposition is up to 220 mm, or even 300 mm [27] and the
coating is connected to the substrate by mechanical
connection [16, 18, 28], and then subsequent fusing is
applied). As the paper investigates the process of spraying
using a gas flame with simultaneous fusing (hot process in
one step), where the spraying distance from the workpiece is
ten and more times less than in the cold process, the coating
and the substrate are not connected by mechanical
connection, but rather by heating the substrate material to the
fusing temperature that allows the diffusion of chemical
elements between the coating material in a semi-molten state
(between solidus and liquidus temperature) and the substrate
material and creation of metallurgical connection. Thus, in

case of applying coatings on heat-treated materials in
practice, mainly in corrective maintenance, and due to the
observed smaller number of studies related to the impact of
the spraying process on the applied substrate, particularly on
the pre-heat treated substrate [31, 32]. For this factor (heat
treatment), along with the level of tempering of tool steel, the
soft annealed state was chosen as the second level. Hot work
tool steels are not used in a soft annealed state, but this
process allows machining before the tempering. In this paper,
however, this condition was chosen as a level, with the aim
of proving whether, with the spraying process using a gas
flame with simultaneous fusing (the temperature of fusing is
similar to the austenitizing temperature of the selected tool
steel), a significant change in the structure of the substrate is
possible - due to the fact of good quenchability of this type
of steel even in case of slow cooling, which is the case after
the applied spraying process.

The microstructure of the coating/substrate system was
investigated according to the test plan shown in Tab. 3.

2.1 Preparation of Samples for Metallographic Analysis

Fig. 2 shows the dimensions and shape of the samples for
testing the microstructure of the coating/substrate
(X38CrMoV5-1 steel) system after the spraying process.

coating

substrate

Figure 2 Dimensions and shape of the samples for testing the microstructure of the
coating/substrate system

In order to obtain the surface required for metallographic
analysis, after the spraying process, the samples were cross-
cut on a wire EDM machine (Fig. 3) with intensive water
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cooling, and then the surface was prepared for
metallographic analysis.

All samples were etched with a nital, the aim was to etch
the structure of the substrate and not of the coating.
Microstructure imaging was carried out on the Leica DM
2500M light microscope according to the test plan shown in
Tab. 3, where the Sample column represents the sample
labels. For each combination of factor levels, e.g. (substrate
material: steel X38CrMoV5-1 - soft annealed; coating type:
NiCrBSi; spraying distance: small and substrate preparation:
non-roughened) there were two repetitions, which is why the
designations are e.g. 1 _1-1and 1 _1-2 [14].

The overview of microstructures is given below.

Table 3 Microstructure of coating/substrate microstructure test plan, substrate material - steel X38CrMoV5-1

Substrate material Coating type Spraying distance Substrate preparation Sample

NiCrBSi Small Non-roughened 1 1-1 112

NiCrBSi Large Non-roughened 1 2-1 122

NiBSi Small Non-roughened 1 3-1 132

Steel X38CrMoV5-1 NiBSi Large Non-roughened 1 4-1 1 4-2
- soft annealed NiCrBSi Small Roughened 1.1 0-1 1102
NiCrBSi Large Roughened 12 0-1 1202
NiBSi Small Roughened 13 0-1 1302
NiBSi Large Roughened 1 4 0-1 1402

NiCrBSi Small Non-roughened 2 1-1 2 1-2

NiCrBSi Large Non-roughened 2 2-1 2 2-2

NiBSi Small Non-roughened 2 3-1 2 3-2

Steel X38CrMoV5-1 NiBSi Large Non-roughened 2 4-1 2 4-2
- tempered NiCrBSi Small Roughened 210-1 2102
NiCrBSi Large Roughened 22 0-1 2202
NiBSi Small Roughened 2 30-1 2302
NiBSi Large Roughened 2 4 0-1 2 402

3 MICROSTRUCTURE ANALYSIS FOR SUBSTRATE
MATERIAL - X38CRMOV5-1 STEEL

In this chapter, microstructures for all combinations of
substrate materials - X38CrMoV5-1 steel and coatings are
presented and analysed, as follows [14]:

- X38CrMoV5-1 steel, soft annealed - NiCrBSi coating
- X38CrMoV5-1 steel, tempered - NiCrBSi coating

- X38CrMoV5-1 steel, soft annealed - NiBSi coating

- X38CrMoV5-1 steel, tempered - NiBSi coating.

It should be noted that, for the images of the
microstructures that follow, the upper part of the image
represents the coating, and the lower part of the image
represents the substrate. The exceptions are images with
cracks (Figs. 5 and 7), where the upper part of the picture
shows the substrate and the lower part the coating.

a) X38CrMoV5-1 Steel, Soft Annealed - NiCrBSi Coating

From Fig. 4, it is evident that when spraying on the non-
roughened substrate surface, there was no separation of the
coating from the substrate and that, as for the roughened
substrate, spraying with both smaller and greater spraying
resulted in the creation of a metallurgical connection between
the coating and the substrate. The white zone is clearly
pronounced between the coating and the substrate - the so-
called diffusion zone. However, two zones are clearly visible
during spraying on the non-roughened substrate surface with
a long spraying distance as well as on the roughened surface
(with a small and large spraying distance). Below the white
zone of the so-called diffusion zone is a zone with austenitic
grains, which is wider when spraying with a long spraying

distance. In the paper [33], which describes the research
results on spraying nickel alloys using flame spraying with
subsequent fusing procedure and vibration, the authors also
mentioned two zones. They state that the solidification of the
coating starts from the coating/substrate boundary, where the
substrate has the role of heat dissipation, and that at this
boundary, an almost single-phase coating is created - Ni
matrix without or with some eutectics. The second zone in
the coating is a boron-free zone that has a greater thickness
for vibration-subjected samples. The authors [34] also
conclude that closer to the substrate, there are fewer
precipitates in the coating itself (they cite the reason is the
poor fusion that would encourage the growth of precipitates);
A similar conclusion is made in the paper [35]. However, in
the investigation of the corrosion resistance of NiCrBSi
coatings [16], it was concluded that close to the
coating/substrate boundary, there is a greater amount of a
certain type of precipitates, which, due to the higher mass,
are located at the bottom of the coating. In the research of the
authors [36, 37], who studied plasma spraying of NiCrBSi
coatings with subsequent flame fusing, the coating/substrate
boundary was considered, and it was concluded that the
coating/substrate boundary is constituted of two zones.
When spraying with a small spraying distance, for both
types of preparation of the substrate, the grain boundaries are
clearly expressed in the area under the coating and the
substrate under the coating is fine grained with distributed
carbides along the grain boundaries and inside the grains.
Further away from the coating/substrate boundary towards
the core the roughening of the austenitic grains is evident.
Due to the longer heating time when spraying with larger
spraying distance, for both types of the substrate preparation,
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in the substrate under the coating, the grain coarsening is
greater.

Small spraying distance

Large spraying distance

e & - IR — T
NN S Y S 005mm o iy d 0,05 mm"*
Non-roughened substrate preparation Roughened substrate preparation

Figure 4 Microstructure system: steel substrate X38CrMoV5-1 (soft annealed) - NiCrBSi coating

Small spraying distance

Large spraying distance

{

Non-roughened substrate preparation Roughened substrate prebﬁratibn
Figure 5 Cracks appearance in a system: steel substrate X38CrMoV5-1 (soft annealed) - NiCrBSi coating
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The initial structure of the substrate before the spraying
and the fusing process was ferrite with homogeneously
distributed spheroidized chromium carbides, with a hardness
of 192 HV10. After the process of spraying and fusing at a
temperature of about 1040 °C and slow cooling in the air,
there was a change of the structure throughout the whole
substrate. The austenitizing temperature of X38CrMoV5-1
steel is 1030 °C, which is close to the fusing temperature. At
a distance of 2 mm from the edge of the coating, where the
cooling is faster, there was a partial transformation, and a
bainite-martensitic structure was achieved. By moving away
from the edge of the coating to the core due to slower cooling,
a bainite structure was achieved. It has been proven that the
simultaneous fusing process was actually the process of
austenitizing of soft annealed steel X38CrMoV5-1, and
cooling in the air still allowed the structure change.

There was an appearance of cracks on all samples, and it
is assumed that the cracks were due to residual stresses in the
substrate material because the fusing temperature of the
NiCrBSi coating (1040 °C) is close to the austenitizing
temperature of X38CrMoV5-1 steel (1030 °C). Due to
heating the substrate material to this temperature and cooling
in the air, a partial transformation into martensite occurred in

0,05mm”
—_—

Small spraying distance

Large spraying distance

Non-roughened. substrate preparation
Figure 6 Microstructure system: steel substrate X38CrMoV5-1 (tempered) - NiCrBSi coating

The initial structure of the substrate before the spraying
and fusing process was tempered martensite, with a hardness
of 52-54 HRC. After the process of spraying and fusing at a
temperature of about 1040 °C and cooling in the air, there
was a change of structure throughout the substrate sample.
During the spraying and fusing process, there was a re-
quenching of the substrate material since the austenitizing
temperature of X38CrMoV5-1 steel, 1030 °C, is close to the

the area under the coating. After the spraying process,
x38CrMoV5-1 steel remained in a quenched state with no
tempering following, and due to residual stresses and
relaxation of these tensions, cold cracks appeared.

In Fig. 5, cracks are visible in both the substrate and the
coating material on the samples that are not ground.

b) X38CrMoV5-1 Steel, Tempered - NiCrBSi Coating

Fig. 6 shows that, as with the combination of soft
annealed steel X38CrMoV5-1 - NiCrBSi coating (Fig. 4),
there was no separation of the coating from the substrate
when spraying it onto an untreated surface. At the
coating/substrate border, now, the two zones are also visible
for all combinations of spraying distance and surface
preparation.

When spraying with a small spraying distance, the
diffusion zone (0.0005 mm of thickness) is less pronounced,
which could now be measured, while when spraying with a
large spraying distance, it is more pronounced (0.001-0.002
mm of thickness). For this spraying distance, there was a
coarser grain in the substrate due to the longer heating time
for both types of substrate preparation.

/ Y I
A 5 0,05mm |
Roughened substrate preparation

fusing temperature. At 2 mm from the edge of the coating, a
martensitic structure with pronounced boundaries of the
primary austenitic grain remained [38]. Moving away from
the edge of the coating towards the core reduces the size of
the primary grain and makes the structure more
homogeneous. Due to the cooling in the air up to a distance
of 3 mm from the edge of the coating, a complete
transformation into martensite was achieved. After this
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distance, the structure of the substrate is, as before the 1020 °C is also similar to the fusing temperature), the authors
spraying procedure, tempered martensite. In the paper [39], do not refer to the structure of the substrate after the spraying
in which the martensitic stainless steel substrate was also process.

quenched and tempered (the austenitizing temperature of

Small spraying distance

Large spraying distance

Non-roughened substrate preparation Roughened substrate preparation
Figure 7 Cracks appearance in a system: steel substrate X38CrMoV5-1 (tempered) - NiCrBSi coating

Small spraying distance

- e S e S iy '
; 1 53

_'! u,usrmm| » ye . ) 0,05 mm

Large spraying distance

0,05mm 0,05 mm
Non-roughened substrate preparation Roughened substrate preparation

Figure 8 Microstructure system: steel substrate X38CrMoV5-1 (soft annealed) - NiBSi coating
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As for the samples with a substrate in a soft annealed
state, cracks appeared here in the coating and substrate (Fig.
7), which are now more pronounced and were formed due to
residual stresses in the substrate material. As x38CrMoV5-1
steel had already been heat treated before the spraying
process, during the spraying and fusing process at a
temperature of about 1040 °C, the substrate material was re-
quenched since the fusing temperature is close to the
austenitizing temperature of this steel.

When heating the substrate material to this temperature
and cooling the substrate faster in the area under the coating,
there was a complete transformation into martensite up to 3
mm from the edge of the coating. After the spraying process,
x38CrMoV5-1 steel remained in a quenched state and no
tempering followed. Due to the residual stresses cold cracks
appeared.

c) X38CrMoV5-1 Steel, Soft Annealed - NiBSi Coating

From Fig. 8 it is evident that when spraying the NiBSi
coating, with a small spraying distance for both types of
substrate preparation, as well as for spraying with a large
spraying distance on the roughened surface, there is a narrow
white zone so-called diffusion zone in which a metallurgical
connection between the coating and the substrate is achieved

0,05 mm

Small spraying distance

Large spraying distance

—
v 0,05 mm

Non-roughened substrate preparation

during the fusing at a temperature of about 1070 °C. When
spraying with a large spraying distance, and thus with less
heat input on non-roughened substrate, there was no
complete diffusion between the coating and the substrate
material, or there was a subsequent separation of the coating
from the substrate, when cooling to the ambient temperature,
due to a greater difference in coefficients of thermal
elongation between the coating material and the substrate.
The coefficient of thermal elongation for the NiBSi alloy is
15.55x107° K™!. The coefficient of thermal elongation for the
substrate material, for the same temperature range, is 14x107°
K™! [40]. For a NiCrBSi alloy, this coefficient is lower than
for the NiBSi coating and is 13.62x107 K. A possible cause
of partial separation of the coating may also be the local
overheating, which can cause damage in the coating or at the
coating/substrate boundary [41].

During the metallographic analysis of all the above-
mentioned samples, not a single crack through the substrate
or coating was observed, which was the case for the NiCrBSi
coating on that same substrate.

Based on the structures shown in Fig. 8, it can be
concluded that the substrate under the coating has a bainite-
martensitic structure, and by moving away from the coating/
substrate boundary towards the core, the hardness of the
substrate is lower, and thus the microstructure changes to
bainite.

0,05 m.m

Roughened substrate preparation

Figure 9 Microstructure system: steel substrate X38CrMoV5-1 (tempered) - NiBSi coating

d) X38CrMoV5-1 Steel, Tempered - NiBSi Coating

The combination of tempered steel substrate and NiBSi
coating in Fig. 9 shows that when spraying on a non-
roughened substrate surface with both larger and smaller

spraying distances, there was a partial or complete separation
of the coating from the substrate, while for the roughened
substrate surface, a metallurgical connection was achieved
between the coating and the substrate material. When
spraying with a small spraying distance on the roughened
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substrate surface, the substrate under the coating does not
have a coarse grain structure and a weak distribution of
carbides across the grain boundaries is visible. Under the
coating, due to faster cooling, a martensite structure with a
relatively large primary grain was achieved. In the case of a
roughened substrate, with spraying with a large spraying
distance, the substrate under the coating has less pronounced
grain boundaries with partially distributed carbides. The
substrate material retained the loosened martensite structure
it had before the spraying and fusing process.

On all samples for this type of coating (NiBSi),
according to metallographic analysis, not a single crack was
observed through the substrate and coating, for the substrate
in tempered or in a soft annealed state. On the more fragile
NiCrBSi coating, the relaxation of the tension of the substrate
(untempered martensite) led to the formation of cracks (Figs.
5 and 7), while, for this tougher NiBSi coating, energy was
absorbed, and no cracks were formed.

4 CONCLUSION

When investigating the microstructure of the
coating/substrate system using the factorial design of the
experiment, along with the investigated coatings, the
spraying distance from the workpiece, the preparation of the
substrate-non-roughened and roughened and heat treatment
of the substrate-soft annealed and tempered condition were
systematically combined. It can be concluded that the
application of NiCrBSi coating by spraying on a tool steel
substrate would not make sense due to the appearance of
cracks caused by the formation of martensitic structure of the
substrate after spraying and relaxation of residual stresses
because the temperature of the fusing was close to the
austenitizing temperature of the specified steel, for which
conversion into a martensitic structure was enabled even
during slow cooling in the air.

For the NiBSi coating, no cracks were observed, as
energy was absorbed for this tougher coating. However, due
to the greater difference in coefficients of thermal elongation
between X38CrMoV5-1 steel and NiBSi coating and the
increased volume of martensitic structure, there was a
separation of the mentioned coating on a non-roughened
surface.

Acknowledgements

This research was funded by the University of Slavonski
Brod, Republic of Croatia (project SmartPRO).

5 REFERENCE

[1] Shuecamlue, S., Taman, A., Khamnantha, P. &
Banjongprasert, C. (2024). Influences of flame remelting and
WC-Co addition on microstructure, mechanical properties and
corrosion behavior of NiCrBSi coatings manufactured via
HVOF process. Surfaces and Interfaces, 24, 104135.
https://doi.org/10.1016/j.surfin.2024.104135

[2] Aliabadi, M., Khodabakhshi, F., Soltani, R. & Gerlich, A. P.
(2023). Modification of flame-sprayed NiCrBSi alloy wear-
resistant coating by friction stir processing and furnace re-

melting treatments. Surface and Coatings Technology, 455,
129236. https://doi.org/10.1016/j.surfcoat.2023.129236

[3] Szajna, E., Moskal, G., Tupaj, M., Dresner, J., Dudek, A.,
Szymanski, K., Tomaszewska, A., Trzcionka-Szajna, A.,
Mikuskiewicz, M. & Lysiak, K. (2024). The influence of laser
remelting on microstructural changes and hardness level of
flame-sprayed NiCrBSi coatings with tungsten carbide
addition. Surface and Coatings Technology, 479, 130403.
https://doi.org/10.1016/j.surfcoat.2024.130403

[4] Habib, K. A., Cano, D. L., Heredia Alvaro, J. A., Serrano-Mira,
J., Llopis, R., Lopez Moreno, D. & Mohammed, S. S. (2022).
Effects of thermal spraying technique on the remelting
behavior of NiCrBSi coatings. Surface and Coatings
Technology, 444, 128669.
https://doi.org/10.1016/j.surfcoat.2022.128669

[5] Varis, T., Mikeld, A., Suhonen, T., Laurila, J. & Vuoristo, P.
(2023). Integrity of APS, HVOF and HVAF sprayed NiCr and
NiCrBSi coatings based on the tensile stress-strain response.
Surface and Coatings Technology, 452, 129068.
https://doi.org/10.1016/j.surfcoat.2022.129068

[6] Xuan, H.-N., Chen, L.-Y., Li, N., Wang, H., Zhao, C., Bobrov,
M., Lu, S. & Zhang, L.-C. (2022). Temperature profile,
microstructural evolution, and wear resistance of plasma-
sprayed NiCrBSi coatings under different powers in a vertical
remelting way. Materials Chemistry and Physics, 292, 126773.
https://doi.org/10.1016/j. matchemphys.2022.126773

[71 Zhou, J., Guo, W., He, D., Huang, Y., Cai, Z., Zhou, L., Xing,
Z. & H. Wang (2022). Study on preparation and wear resistance
of NiCrBSi-WC/Co composite coatings by pulsed magnetic
field assisted supersonic plasma spraying. Surface and
Coatings Technology, 448, 128897.
https://doi.org/10.1016/j.surfcoat.2022.128897

[8] Hulka, I., Utu, D., Serban, V. A., Negrea, P., Luka¢, F. &
Chraska, T. (2020). Effect of Ti addition on microstructure and
corrosion properties of laser cladded WC-Co/NiCrBSi(Ti)
coatings. Applied Surface Science, 504, 144349.
https://doi.org/10.1016/j.apsusc.2019.144349

[9] Medabalimi, S. R., Ramesh, M. R. & Kadoli, R. (2021).
Developing partially oxidized NiCr coatings using the
combined flame spray and plasma spray process for improved
wear behaviour at high temperature. Wear, 478-479, 203885.
https://doi.org/10.1016/j.wear.2021.203885

[10] Zhu, Z., Wei, L., Chen, J., Cheng, J., Chen, W., Zhu, S. &
Yang, J. (2024). Tribological behavior of NiCrAlY/ A1203/h-
BN metal-ceramic composite coatings at wide temperature
range by detonation spraying. Wear, 550-551, 205421.
https://doi.org/10.1016/j.wear.2024.205421

[11] Srichen, A., Linjee, S. & Banjongprasert, C. (2023). Corrosion
behavior of heat-treated NiCrMoAl alloy coatings produced via
arc spraying. Surfaces and Interfaces, 39, 102880.
https://doi.org/10.1016/j.surfin.2023.102880

[12] Simunovié, K., Sari¢, T. & Simunovié, G. (2014). Different
Approaches to the Investigation and Testing of the Ni-Based
Self-Fluxing Alloy Coatings - A Review. Part 1: General Facts,
Wear and Corrosion Investigations. Tribology Transactions,
57(6), 955-979. https://doi.org/10.1080/10402004.2014.927547

[13] Simunovi¢, K., Sari¢, T. & Simunovié, G. (2014). Different
Approaches to the Investigation and Testing of the Ni-Based
Self-Fluxing Alloy Coatings - A Review. Part 2:
Microstructure, Adhesive Strength, Cracking Behavior, and
Residual Stresses Investigations. Tribology Transactions,
57(6), 980-1000. https://doi.org/10.1080/10402004.2014.927548

[14] Havrlisan, S. (2017). Stohasticki pristup modeliranju i
optimiranju procesa nastrcavanja pomocu plinskog plamena.
PhD dissertation, Josip Juraj Strossmayer University of Osijek.
(in Croatian)

468

TECHNICAL JOURNAL 18, 3(2024), 461-469



Sara Havrli$an et al.: Investigation of the Influence of NiBSi/NiCrBSi Coatings Applied by Flame Spraying with Simultaneous Fusing on the Substrate Material

[15]Kim, K. T. & Kim, Y. S. (2010). Effects of Counterpart
Materials on Wear Behavior of Thermally Sprayed Ni-Based
Self-Flux Alloy Coatings. International Journal of Modern
Physics B, 24(15-16), 3023-3028.
https://doi.org/10.1142/S0217979210066021

[16] Bergant, Z., Trdan, U. & Grum, J. (2014). Effect of High-
temperature Furnace Treatment on the Microstructure and
Corrosion Behavior of NiCrBSi Flame-Sprayed Coatings.
Corrosion Science, 88, 372-386.
https://doi.org/10.1016/j.corsci.2014.07.057

[17] Chaliampalias, D., Vourlias, G., Pavlidou, E., Skolianos, S.,
Chrissafis, K. & Stergioudis, G. (2009). Comparative
Examination of the Microstructure and High Temperature
Oxidation Performance of NiCrBSi Flame Sprayed and Pack
Cementation Coatings. Applied Surface Science, 255(6), 3605-
3612. https://doi.org/10.1016/j.apsusc.2008.10.006

[18] Bergant, Z. & Grum, J. (2009). Quality Improvement of Flame
Sprayed, Heat Treated, and Remelted NiCrBSi Coatings.
Journal of Thermal Spray Technology, 18(3), 380-391.
https://doi.org/10.1007/s11666-009-9304-7

[19] Novosel, M., Cajner, F. & Krumes, D. (1996). Alatni
materijali. Slavonski Brod, Strojarski fakultet u Slavonskom
Brodu. (in Croatian)

[20] Dadi¢, Z., Zivkovié, D. & Catipovié, N. (2016). Tribological
Wear Mechanisms of Molds for High Pressure Die Casting.
Metalurgija, 55(2), 249-252.

[21] Ahn, D.-G. (2013). Hardfacing Technologies for Improvement
of Wear Characteristics of Hot Working Tools: A Review.
International Journal of Precision Engineering and
Manufacturing, 14(7), 1271-1283.
https://doi.org/10.1007/s12541-013-0174-z

[22] Tusek, J., Kosec, L., Lesnjak, A. & Muhi¢, T. (2012).
Electrospark Deposition for Die Repair. Metalurgija, 51(1),
17-20.

[23] Lei, Y., Sun, R., Tang, Y. & Niu, W. (2015). Microstructure
and Phase Transformations in Laser Clad CrxSy/Ni Coating on
H13 Steel. Optics and Lasers in Engineering, 66, 181-186.
https://doi.org/10.1016/j.optlaseng.2014.09.006

[24] Dadi¢, Z., Zivkovié, D., Catipovi¢, N., & Bili¢, J. (2017). High
Pressure Die Casting Mould Repair Technologies. Proceedings
of 7" International Conference "Mechanical Technologies and
Structural Materials 2017", 23-28.

[25] Krumes, D. (2000). Toplinska obradba. Slavonski Brod,
Strojarski fakultet u Slavonskom Brodu. (in Croatian)

[26] [Samardzi¢, 1., Mari¢, M. & Konjati¢, P. (2007). Tehnologija
naStrcavanja vagonskih osovina postupkom plamena gorivog
plina. Zbornik radova Tehnologicna primjena postupaka
zavarivanja i zavarivanju srodnih tehnika u izradi zavarenih
konstrukcija i proizvoda, 201-209. (in Croatian)

[27] Karimi, M. R., Salimijazi, H. R. & Golozar, M. A. (2016).
Effects of Remelting Processes on Porosity of NiCrBSi Flame
Sprayed Coatings. Surface Engineering, 32(3), 238-243.
https://doi.org/10.1179/1743294415Y.0000000107

[28] Grum, J. & Bergant, Z. (2008). Optimization of the Flame-
Spraying Process and Improvement of Properties of a NiCrBSi
Coating by Heat Treatment. Materials Science Forum, 589,
373-378. https://doi.org/10.4028/www.scientific.net/MSF.589.373

[29] Akebono, H., Komotori, J. & Shimizu, M. (2008). Effect of
Coating Microstructure on the Fatigue Properties of Steel
Thermally Sprayed with Ni-Based Self-Fluxing Alloy.
International Journal of Fatigue, 30(5), 814-821.
https://doi.org/10.1016/].ijfatigue.2007.07.003

[30] Akebono, H., Komotori, J. & Suzuki, H. (2006). The Effect of
Coating Thickness on Fatigue Properties of Steel Thermally
Sprayed with Ni-Based Self-Fluxing Alloy. International
Journal of Modern Physics B, 20(25-27), 3599-3604.
https://doi.org/10.1142/S0217979206040052

[31] Voyer, J. & Kreye, H. (2003). Determination of Cracking
Resistance of Thermal Spray Coatings during Four-Point Bend
Testing using an Acoustic Emission Technique. Journal of
Thermal Spray Technology, 12(3), 416-426.
https://doi.org/10.1361/105996303770348285

[32] Oliveira, F., Hernandez, L., Berrios, J. A., Villalobos, C.,
Pertuz, A. & Puchi Cabrera, E. S. (2001). Corrosion-Fatigue
Properties of a 4340 Steel Coated with Colmonoy 88 Alloy.
Applied by HVOF Thermal Spray, Surface and Coatings
Technology, 140(2), 128-135.
https://doi.org/10.1016/S0257-8972(01)01015-5

[33] Skamat, J., Valiulis, A. V., Kurzydlowski, K. J., Cemaéejus,
0., Lukauskaite, R. & Zwolinska, M. (2013). NiCrSiB Thermal
Sprayed Coatings Refused under Vibratory Treatment.
Materials Science (Medziagotyra), 19(4), 377-384.
https://doi.org/10.5755/j01.ms.19.4.3386

[34] Gonzalez, R., Cadenas, M., Fernandez, R., Cortizo, J. L. &
Rodriguez, E. (2007). Wear Behaviour of Flame Sprayed
NiCrBSi Coating Remelted by Flame or by Laser. Wear,
262(3-49), 301-307. https://doi.org/10.1016/j.wear.2006.05.009

[35] Harsha, S., Dwivedi, D. K. & Agarwal, A. (2008). Influence of
CrC Addition in Ni-Cr-Si-B Flame Sprayed Coatings on
Microstructure, Microhardness and Wear Behaviour.
International Journal of Advanced Manufacturing Technology,
38(1-2), 93-101. https://doi.org/10.1007/s00170-007-1072-2

[36] Rudenskaya, N. A., Shveikin, G. P., Kopysov, V. A. &
Rudenskaya, M. V. (2011). Fire Polished Coating-Steel
Interface Structure. Doklady Chemistry, 441(2), 383-386.
https://doi.org/10.1134/S0012500811120020

[37] Rudenskaya, N. A., Shveikin, G. P., Kopysov, V. A. &
Rudenskaya, M. V. (2013). Specific Features of Interface
Formation for Metal-Ceramic Coatings on a Steel Base.
Russian Journal of Applied Chemistry, 86(4), 475-481.
https://doi.org/10.1134/S1070427213040034

[38] Suman, H. (1981). Metalografija, Beograd, Tehnologko-
metalurski fakultet Univerziteta u Beogradu. (in Serbian)

[39] Shao, T. & Luo, J. (2005). Response Frequency Spectrum
Analysis for Impact Behavior Assessment of Surface
Materials. Surface and Coatings Technology, 192(2-3), 365-
373. https://doi.org/10.1016/j.surfcoat.2004.04.076

[40] SIJ Metal Ravne Steel Selector, v. 5.0, SIJ Metal Ravne d.o.0.,
2016.

[41] Thermal spraying - Spraying and fusing of self-fluxing alloys
(EN ISO 14920:2015), Zagreb, Hrvatski zavod za norme.

Authors’ contacts:

Sara Havrlisan, PhD, Assistant Professor
(Corresponding author)

University of Slavonski Brod,

Mechanical Engineering Faculty in Slavonski Brod,
Trg . B. Mazurani¢ 2, 35000 Slavonski Brod, Croatia
E-mail: shavrlisan@unisb.hr

Stefanija Klari¢, PhD, Associate Professor
Charles Darwin University

Ellengowan Drive, Casuarina, NT 0810, Australia
E-mail: Stefanija.klaric@cdu.edu.au

Branko Strbac, PhD, Associate Professor
University of Novi Sad,

Faculty of Technical Sciences,

Trg Dositeja Obradovi¢a, 21000 Novi Sad, Serbia
E-mail: strbacb@uns.ac.rs

TEHNICKI GLASNIK 18, 3(2024), 461-469

469



	2.1 Preparation of Samples for Metallographic Analysis
	3 MICROSTRUCTURE ANALYSIS FOR SUBSTRATE MATERIAL - X38CRMOV5-1 STEEL


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



