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Abstract: In this study, the corrosion resistance of four different hardfacing layers in a 3.5% NaCl solution was tested. Using 316L
steel as a reference material, NiCrBSi, NiCrBSi + 35 wt% WC, and NiCrCuMo were deposited onto a structural steel S235JR
substrate using the plasma powder transferred arc technology and prepared samples in a disc form for testing. The
purpose of this investigation was to propose an alternative material to the commonly known anti-corrosion protection
product of 316L steel simultaneously with better wear resistance. Its corrosion damage mechanism was assessed based
on electrochemical examination and is related to changes in the microstructure of the sample surface investigated by
using a potentiostat and a scanning electron microscope. Polarization tests were carried out, which confirmed that all
proposed overlayers provide effective anti-corrosion protection. For all samples, the corrosion current density did not
exceed 0.3 µA/cm2, and the corrosion potential was not less than −290.9 mV, which were considered positive results.
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1. Introduction

The plasma transferred arc (PTA) coating process was devel-
oped for the rebuilding and repair of worn parts and the
manufacturing of hardfacing layers of parts exposed to
extreme working conditions. Common steel parts with an
appropriate PTA coating can exhibit superior corrosion and
wear behavior when compared to specific alloys [1]. The PTA
is a cost-effective method that is easily operated and offers a
wide range of selected forms of filler materials, making it a
popular choice for fabricating coatings with a large surface
area, high thickness, and high quality [2]. In industry, hard-
facing is a low-cost method for depositing materials resistant
to harsh factors usually on metal surfaces with components
to extend the service life. It is not only used to restore worn
parts to usable conditions but also applied to new compo-
nents for preventive purposes, with the aim of extending
the service life even in aggressive working environments,
thereby reducing the cost of maintenance [3,4]. In this way,
surfacing by the PTA is used to manufacture protective

layers which could protect the products’ surface against
different types of damage [5,6] among others against the
corrosion effect, as well as against the cavitation erosion
[7]. This is due to the fact that thick coatings provide very
good protection possibilities in aggressive industrial envir-
onments [8].

The corrosion is an important cause of damage in
industry which has triggered much investigation (e.g.,
Lachowicz and Swietlicki et al. [9,10]). One of the crucial solu-
tions to the challenges posed by this phenomenon is nickel-
based alloys [11]. NiCrBSi coatings are widely employed to
improve the quality of components whose surface are sub-
jected to corrosion and wear [3,12]. Layers made of Ni-based
alloys are also fixed on many industrial components to
improve tribological properties. The NiCrBSi feedstock powder
is a well-known material used to deposit hardfacing layers
[13,14]. It is also renowned for excellent wear and corrosion
resistance under high temperature working conditions [15].
Because of these important advantages, Ni-based alloys are
widely used as coating materials [16,17]. Despite the significant
advantages, there is a need to constantly search for a material
that is reliable even inmore difficult operating conditions. The
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common possibility to improve the mechanical and functional
properties of NiCrBSi is often the addition of tungsten carbide
(WC) or other hard materials [13,17–19]. Tungsten carbide is
corrosion resistant to many kinds of media, except for the
mixture of hydrofluoric acid and nitric acid at elevated tem-
peratures [20], which should have a positive influence on cor-
rosion resistance of coatings based on Ni-alloys with WC addi-
tion. It is also an outstanding addition to composites, which
excellently improved their wear resistance [21].

In cases in which the key property is corrosion resis-
tance, the 316L steel is a highly valued material. This type of
stainless steel has excellent corrosion resistance, processa-
bility, high strength, and high durability [22,23]. Because of
the above-mentioned advantages, this material is used even
in nuclear power primary circuits [24]. In the literature,
some information about manufacturing powder metallurgy
methods of stainless steel could be found [25,26], which
confirms the application of this form of material as poten-
tial protective layers. Corrosion-resistant steel is also used
in the plating process as protectivematerial, mainly for low-
carbon steel [27]. In comparison with all earlier described
materials, less information can be found about the adoption
and the properties of NiCrCuMo material, despite it being a
good candidate for protective coatings as well [28,29]. Although
there are only a few articles about NiCrCuMo, these alloys find
applications in various industries, including aerospace, che-
mical processing, marine engineering, and electronics,
wherein corrosion resistance, high-temperature strength,
and oxidation resistance are crucial requirements. The
NiCrCuMo alloy shows excellent properties and is also

widely used for pipeline transportation, corrosion-resistant
valves, and key components of aircraft carrier shafts and
pumps in the environments of hydrofluoric acid, hydro-
chloric acid, alkali salts, and reducing acid media [30].
This alloy is significantly corrosion resistant, which has
been widely applied in extremely harsh environments [31].

The main purpose of this article was to manufacture
different types of hardfacing layers based on Ni–Cr and
investigate them in terms of corrosion resistance. For
this, polarization tests and microstructural analysis
were performed.

2. Materials and methods

Four types of commercial feedstock powders were used to
weld-deposit hardfacing layers by powder PTA (PPTA):
316L (Castolin Eutectic), NiCrBSi (Durum Wear Protection
GmbH), NiCrBSi + 35% WC (Höganäs AB), and NiCrCuMo
(DurumWear Protection GmbH). The chemical composition
and the particle size distribution (PSD) of powders are pre-
sented in Tables 1 and 2.

Preliminary studies were used in order to obtain a set
of optimal parameters for each type of feedstock material.
The overlayers were manufactured using a EuTronic Gap
3511 DC (Castolin Eutectic, Gliwice, Poland). The elected
and used parameters are listed in Table 3. The structural
steel S235JR plates (100 mm × 160mm × 10 mm) were used
as the substrate. Their chemical composition is presented
in Table 4. Before the hardfacing process, the steel plates
were prepared by grinding followed by cleaning with
ethanol.

Two discs were cut from each hardfacing sample. The
discs had a thickness of 5 mm and a diameter of 14.8 mm.
Before starting the experiments, cut samples were
mechanically ground with 800, 1,200, and 2,000 SiC emery
papers and then polished using diamond suspensions, as
mentioned above.

For all samples, microscopy examinations were car-
ried out before and after the electrochemical process using

Feedstock material Sample code PSD (μm)

316L S1 −150 + 45

NiCrBSi S2 −125 + 45

NiCrBSi + 35 wt% WC S3 −125 + 22

NiCrCuMo S4 −125 + 45

Table 1. Sample code and the PSD of powders [32].

Feedstock Elemental content (wt%)

C Si Cr B Ni Mo Cu Fe W

S1 0.03 — 18.00 — 13.00 2.7 — bal. —

S2 0.95 3.80 16.50 3.30 Bal. — — — —

S3 2.35 3.80 16.50 3.30 Bal. — — — 25.00

S4 0.50 4.00 16.00 4.00 Bal. 3.0 3.0 — —

Table 2. Chemical composition of feedstock powders (material no. from Table 1).
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a scanning electron microscope, Tescan Vega3 (Tescan
Orsay Holding), and a digital microscope, Keyence. The
aim of this procedure was to identify the surface features
after electrochemical corrosion investigation in 3.5% NaCl
solution. Additionally, energy-dispersive X-ray spectro-
scopy (EDS or EDX) analysis of the tested samples was
carried out after potentiostatic measurements. Finally,
the microstructure investigation on the sample cross-sec-
tions was carried out.

After preparing the samples in the form of discs as well
as the research set-up consisting of three-electrode cells
with a potentiostat (ATLAS 0531 ELEKTROCHEMICAL UNIT
& IMPEDANCE ANALYSER, Atlas-Sollich, Gdańsk, Poland),
the polarization test began. The auxiliary electrode was
made of austenitic stainless steel, and the reference elec-
trode was a saturated Ag/AgCl. The potential value of the
Ag/AgCl electrode compared to the standard hydrogen elec-
trode was +0.196 V according to the ISO 17475:2010 standard
[34]. The surface area of the working electrode (the sample)
was 0.785 cm2. Before starting the experiments, each sample
was immersed for 30min in a 3.5% NaCl solution at room
temperature. Then, the open circuit potential (EOCP) was mea-
sured. Polarization tests were conducted in the same solution
by stepping the potential in the anodic direction using a
scanning rate of 1mV/s. Two anodic and cathodic polariza-
tion curves were recorded for the tested materials. Among
them, it was chosen as the representative one. The initial
potential value was 200mV lower than the EOCP value. The
polarization of each tested sample was terminated at dif-
ferent potential values. The polarization curves were plotted
using an automatic data acquisition system, and the corro-
sion potential (Ecorr) and corrosion current density (Icorr)
were estimated by Tafel plot extrapolation.

3. Results and discussion

3.1 Microstructure characterization of the
tested material surface

The obtained overlays before and after electrochemical
corrosion are characterized by smooth surfaces without
clear pores and pits. To evaluate the quality of the depos-
ited hardfacing layers after the corrosion process, optical
microscopy (OM) images of the interface line were ana-
lyzed (Figure 1). The tested materials were compared with
the reference overlayer – 316L – which is widely recog-
nized as a proven anti-corrosion protection alloy [22,23,35].
The images were taken using a scale of 500 μm and a scale
of 200 μm, presenting a fragment of the interface layer–
substrate area at a higher magnification.

In all cases, the interface line was clear, without dela-
mination, or any other small destructions. The overlayers
filled the substrate very well, which proved the strong
adhesion between hardfacing layers and the substrate.
As expected, dense and great bonded layers were obtained
using the PPTA process [36,37] (Figure 2).

Figure 3 shows the detailed observation of unaffected
by corrosion materials and inspection of them after the
process.

The presented images of the surface of Ni-alloy matrix-
based materials taken by a scanning electron microscope
before and after electrochemical corrosion seem to be
confusingly similar. The analysis performed at 1,000×
magnification did not prove significant corrosion damage
to any of the tested samples. It may seem promising that
the quality of the obtained overlayers based on the Ni-
alloy is characterized by slightly better corrosion resis-
tance than when using a micro-beam plasma arc [38]. It
should be noted that Ni-based coatings exhibit excellent
corrosion resistance [39]. The aim of additions is to
improve other functional properties.

Figure 4 shows the SEM images of the interface between
overlayers (Figure 4a, c and e) and characteristic EDX
spectra obtained from the surface of examined hardfacing
layers after the electrochemical corrosion process. Thanks
to these examinations, it was determined which phases are
likely to be present in the obtained overlayers and whether
the corrosion process contributed significantly to their sur-
face oxidation. In addition, observation of the cross- sec-
tions confirmed the good interface condition (Figure 4b, d
and f).

Using the information in Figure 4 and Table 2 and also
the considerations of other researchers working on Ni-

Sample code Parameters

Current

intensity (A)

Torch speed

(mm/s)

Powder feed rate

(g/min)

S1 100 0.8 9.7

S2 80 0.8 9.0

S3 100 1.6 11.0

S4 80 0.8 9.0

Table 3. Parameters used for hardfacing of the overlays.

C Mn P S Cu N Fe

0.17 1.40 0.035 0.035 0.55 0.012 Bal.

Table 4. Chemical composition of S235JR steel (in wt%) [33].
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based composites included in the literature [3,29,40], the
probable presence of the following phases was indicated.

As can be seen in the SEM images of the composition of
all investigated samples, there is enough nickel content for
the formation of the ɣ-Ni phase [3,40]. Despite the absence
of iron content in the chemical composition of feedstock
powders based on the Ni-alloy, the element iron appears in
the EDX analysis. Because of that, in NiCrBSi and NiCrBSi +
35 wt% WC, FeNi3 and Fe2Si phases could be found [3]. In
addition, Ni3B, CrB, Cr7C3, and Cr23C6 phases can occur in
these materials. In NiCrBSi + 35 wt% WC, the decarburiza-
tion phenomenon associated with W2C phase formation
could take place [3,40].

The conditions of the melt pool solidification during
cladding with high-energy density methods result in the

formation of non-equilibrium structures. This should be
associated with rapid heating and subsequent cooling and
solidification [40,41]. Makarov et al. [42,43] found that the
microstructure of NiCrBSi coating consists of the γ-Ni solid
solution, eutectic γ + Ni3B, and main strengthening phases,
i.e., chromium carbide (Cr7C3) and chromium boride (CrB).
In the case of NiCrBSi coating with the addition of WC, the
coating microstructure also consists of large particles of W
(C,B) carbides, which are formed by the reaction of WC
carbides with boron during the melting of the NiBSi
powder during laser cladding.

In the NiCrCuMo material, there is a tendency to com-
bine chemical compounds and create phases by the ele-
ments: copper with nickel and chromium with molyb-
denum. Moreover, Cr6C and Cr23C6 can be expected in

Figure 1. OM images after 3% nital etching of the interface line (cross-section): reference material S1 (a), S2 (b and c), S3 (d and e), and S4
(f and g).

Monika Górnik et al.

69



Figure 2. Cross-sections of the hardfacing layers at lower magnifications (200×) (S2 (a), S3 (c), and S4 (e)) and higher magnifications
(500×) (S2 (b), S3 (d), and S4 (f)).

Figure 3. Top view SEM images of tested materials before the electrochemical corrosion (S2 (a), S3 (c), and S4 (e)) and after the process
(S2 (b), S3 (d), and S4 (f)); magnification: 1,000×.
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the described hardfacing layer [3,29]. No significant oxida-
tion phenomenon was detected in the described study for
any of the overlays.

Although the analysis of elements of austenitic stain-
less steel was not carried out, 316L steel is an alloy of
Fe–Cr–Ni, where Fe–Cr is linked to the ferrite phase,
whereas nickel is linked to the austenitic phase. The equi-
librium phases depend on the proportion of the three
aforementioned elements, and they can take forms like
MC, M6C, and M23C6 [44]. The properties of austenitic steels
are influenced by the presence of other phases in the

microstructure. Due to the deterioration of mechanical
properties and corrosion resistance in many applications,
the presence of carbides is either completely avoided or
allowed in an appropriate proportion with an acceptable
morphology. The chromium depletion caused by the for-
mation of chromium carbides at the grain boundaries is
defined as sensitization. This results in intergranular cor-
rosion (IGC) and intergranular stress corrosion cracking
(IGSCC) of austenitic stainless steel [45,46]. The degree of
sensitization can be influenced by several parameters
such as chemical composition, cold work, grain size,

Figure 4. SEM images of the cross-section of S2 (a), S3 (c), and S4 (e) samples. EDS spectra of the characteristic obtained from the surface
of S2 (b), S3 (d), and S4 (f) samples.
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microstructure, and heating/cooling rate [47]. The forma-
tion of carbides will be facilitated by the diffusion of ele-
ments from the substrate material [48]. This also applies to
carbon. The presence of carbides and their morphology
can be suitably controlled by heat treatment. The M23C6-
type carbides are mainly observed. The M7C6-type carbides
occur mainly in austenitic steels with increased carbon con-
tent. TheM6C-type carbides are practically not observed, and the
MC-type carbides occur in low carbon alloys containing tita-
nium, niobium, vanadium, or zirconium [44,49,50]. Dissolution
is the most commonly used heat treatment to dissolve phases,
especially carbides [50]. AISI 316L steel can also contain 5–10%
residual delta ferrite [46,51,52]. Many studies show that selective
dissolution of the second phase (delta ferrite, sigma phase) can
occur in austenitic steel. The presence of these phases reduces
the corrosion resistance of these steels [51,53–55].

3.2 Electrochemical examination

Figure 5 presents a comparison between the polarization
representative curves of investigated samples, while the results
obtained during measurement with the Tafel extrapolation
method are collected in Table 5. All hardfacing layers show
a passive range and a lower potential value to the mild steel

substrate material and therefore have an anodic character in
relation to it. They are characterized by a low value of
pitting potential, which indicates the lack of pitting corro-
sion, but instead indicates the presence of uniform corro-
sion. For the 316L overlay, the corrosion potentials (average,
−159.7mV) were higher than for the other three testedmate-
rials. The largest potential difference concerning the sub-
strate material occurred for NiCrBSi (average, −290.9mV),
and the smallest potential difference occurred immediately
after reference coating for NiCrCuMo (average, −200.3mV).
The NiCrCuMo hardfacing layer had a similar corrosion
current value to the reference material, which is due to

Figure 5. Representative potentiodynamic polarization curves of hardfacing layers examined in 3.5% NaCl solution.

Sample

code

EOC (mV) Ecorr vs Ag/

AgCl (mV)

Icorr

(µA/

cm2)

Rp

(kΩ

cm2)

Ep (mV)

Average result

S1 −87.8 −159.7 0.1 213.7 845

S2 −262.0 −290.9 0.3 108.8 535

S3 −234.9 −237.1 0.2 146.8 483

S4 −194.4 −200.3 0.1 210.0 438

Table 5. Electrochemical parameters obtained for all samples.
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the presence of copper and molybdenum in the composi-
tion. In the case of this type of coating, the potential differ-
ence did not exceed 50mV, which is important in the event of
mechanical damage to the layer, because such a value is
sufficient to initiate galvanic corrosion. The presence of WC
in the NiCrBSi overlayer slightly improves the corrosion
resistance of this material, which could be noticeable as a
shift in the corrosion potential toward more positive values.
Both NiCrBSi hardfacing layers (with and without tungsten
carbide) showed higher values of corrosion current densities

compared to the 316L steel and NiCrCuMo materials. To sum
up the abovementioned information, the 316L material has
the best resistance to electrochemical corrosion among those
tested, and NiCrCuMo is also the second promising material.

The obtained polarization curves are similar to those
presented in the literature for austenitic steels [56–59]. The
occurrence of local corrosion in the form of pitting is respon-
sible for the rapid increase in current density at the pitting
potential (Ep) [59]. Its value measured from potentiodynamic
polarization depends on the scan rate [60]. For all

Figure 6. SEM images of the cross-section of the corroded surface of coatings: (a) S1, (b) S2, (c) S3, and (d) S4.
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investigated samples, the tests were performed at the same
scan rate, which allows for their comparison with each other.
The initiation of pitting corrosion can be observed as sharp
current density spikes on the polarization curves [61]. The dif-
ferent corrosion resistance also depends on the crystallographic
orientation. This allows the shaping of properties by means of
manufacturing methods [62]. In the case of austenitic steel,
higher corrosion resistance was observed. It is commonly
accepted that single-phase alloys are more resistant to corro-
sion thanmulti-phase alloys [63,64]. This effect is even greater if
the chemical composition favors the formation of compact
oxide layers with good protective properties. If there is more
than one phase in the alloy microstructure, this leads to the
formation of a corrosion microcell. This usually results in the
lower resistance of two-phase alloys than single-phase alloys.
The formation of corrosion microcells should be associated
with the lower corrosion resistance of the overlays made of
the tested nickel alloys, which were multi-phase materials. In
multi-phase alloys, the corrosion mechanisms are determined
by the difference in the potentials of both phases, their arrange-
ment, and also the proportion of the cathodic to the anodic
phase.

3.3 SEM surface evaluation

For detailed analysis of the surface conditions of the tested
materials after the electrochemical process and checking
the correctness of previous assumptions, an additional set

of images of the sample cross section was taken using a
scanning electron microscope. Again, the microstructure
of the investigated materials did not show any sign of
visible surface damage caused by the electrochemical cor-
rosion (Figure 6). Upon analyzing these images, it could be
clearly seen that there is no difference.

All examined hardfacing layers after the corrosion
process exhibit surfaces without pitting. Noticeable mod-
ification in the topography of the deposited materials
occurred only for NiCrBSi, but it was small and amounted
only to approximately 0.1 Ra and just over 1.0 for the
roughness parameter Rz. The results of surface roughness
obtained with a stylus profilometer (MarSurf PS 10) were
according to the ISO 21920-3:2022-06 standard, and it was
checked whether the roughness coefficient did not exceed
0.5 Ra for each sample before the test. To definitely prove
the absence of corrosion pitting, the Rz profile was selected.
The received outcomes of surface roughness measurements
are shown in the form of a diagram (Figure 7). As men-
tioned above and as observed from the topography test,
all conducted measurements proved that the corrosion of
the investigated surfaces had an uniform andmild character.

4. Conclusions

In this study, deposition of four different feedstock mate-
rial hardfacing layers was studied and described. The stu-
died properties were corrosion resistance and

Figure 7. Average values of the roughness parameter measured with the stylus profilometer.
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compatibility of the overlayers with the substrate. The key
aim of the research was to compare the resistance of the
tested materials and identify a potential replacement for
316L steel, which is a reputable protected material.
Deductions based on conducted studies are summarized
in the following points:

All tested materials have relatively good resistance to
electrochemical corrosion. Surface observation and EDX
analysis did not exhibit any clear change caused by
corrosion.

SEM analyses of the cross-section after the electroche-
mical process did not indicate corrosion changes, like pit-
ting, inside hardfacing layers.

The NiCrBSi material has the lowest value of corrosion
potential, but no significant traces of corrosion were
detected. Based on the obtained potentiodynamic polari-
zation curves, it can be concluded that the addition of WC
only slightly increases the corrosion resistance of this
material.

Every tested overlayer showed a lower potential value
in relation to the substrate material. The smallest potential
difference was found in the case of the molybdenum and
copper coating (NiCrCuMo) next to the reference material.

The NiCrCuMo hardfacing layer had the most con-
gruent corrosion current value to the reference material
among the three remaining deposited materials.

Although the tests confirmed the reliability of 316L
steel in anti-corrosion protection, it was noticed that the
NiCrCuMo coating may compete with it. Its very good cor-
rosion resistance is largely due to the contents of Cu and
Mo in the chemical composition.

Authors contributions

Monika Górnik: methodology, investigation, writing – original
dratf. Marzena Lachowicz: methodology, investigation,
writing – review and editing. Leszek Łatka – conceptualiza-
tion, methodology, investigation, writing – review and editing.

Conflict of interest statement

Authors state no conflict of interest.

References

[1] Boulos, M.I., Fauchais, P., Pfender, E., Plasma torches
for cutting, welding and PTA coating, Handbook of

thermal plasmas, Springer International Publishing,
2017, pp. 1–83. doi: 10.1007/978-3-319-12183-3_47-1

[2] Chen, L., Li, M., Wang, S., Guo, Z., Liang, B., Xue, J.,
et al., Microstructure and corrosion resistance of Ni-
Al coating prepared by plasma transferred arc tech-
nology, J. Mater. Eng. Perform., 2023, 33: 1596–1614.
doi: 10.1007/s11665-023-08084-0

[3] Kalyankar, V.D., Wanare, S.P., Comparative investiga-
tions on microstructure and slurry abrasive wear
resistance of NiCrBSi and NiCrBSi-WC composite
hardfacings deposited on 304 stainless steel, Tribol.
Ind., 2022, 44: 199–211. doi: 10.24874/ti.1075.03.21.05

[4] Suraj, R., Hardfacing and its effect on wear and cor-
rosion performance of various ferrous welded mild
steels, Mater. Today Proc., 2020, 42: 842–850. Elsevier
Ltd. doi: 10.1016/j.matpr.2020.11.592

[5] Łatka, L., Biskup, P., Development in PTA surface
modifications – a review, Adv. Mater. Sci., 2020, 20:
39–53. doi: 10.2478/adms-2020-0009

[6] Gatto, A., Bassoli, E., Fornari, M., Plasma transferred
arc deposition of powdered high performances
alloys: Process parameters optimisation as a function
of alloy and geometrical configuration, Surf. Coat.
Technol., 2004, 187: 265–271. doi: 10.1016/j.surfcoat.
2004.02.013

[7] Szala, M., Walczak, M., Hejwowski, T., Factors influ-
encing cavitation erosion of nicrsib hardfacings
deposited by oxy-acetylene powder welding on grey
cast iron, Adv. Sci. Technol. Res. J., 2021, 15: 376–386.
doi: 10.12913/22998624/143304

[8] Appiah, A.N.S., Wyględacz, B., Matus, K.,
Reimanna, Ł, Bialas, O., Batalha, G.F., et al.,
Microstructure and performance of NiCrBSi coatings
prepared by modulated arc currents using powder
plasma transferred arc welding technology, Appl.
Surf. Sci., 2024, 648: 159065. doi: 10.1016/j.apsusc.
2023.159065

[9] Lachowicz, M., Metallurgical aspect of the corrosion
resistance of 7000 series aluminum alloys, Mater. Sci.
Pol., 2023, 41: 94–109. doi: 10.2478/msp-2023-0041

[10] Swietlicki, A., Walczak, M., Szala, M., Effect of shot
peening on corrosion resistance of additive manufac-
tured 17-4PH steel, Mater. Sci. Pol., 2022, 40: 135–151.
doi: 10.2478/msp-2022-0038

[11] Poloczek, T., Lont, A., Górka, J., Structure and proper-
ties of laser-cladded Inconel 625-based in situ compo-
site coatings on S355JR substrate modified with Ti
and C powders, Mater. Sci. Pol., 2022, 40: 14–27.
doi: 10.2478/msp-2022-0039

[12] Fan, L., Li, X.Y., Chen, H.Y., Du, H.L., Shi, L., Corrosion
behavior of spherical chromium carbide reinforced

Monika Górnik et al.

75

https://doi.org/10.1007/978-3-319-12183-3_47-1
https://doi.org/10.1007/s11665-023-08084-0
https://doi.org/10.24874/ti.1075.03.21.05
https://doi.org/10.1016/j.matpr.2020.11.592
https://doi.org/10.2478/adms-2020-0009
https://doi.org/10.1016/j.surfcoat.2004.02.013
https://doi.org/10.1016/j.surfcoat.2004.02.013
https://doi.org/10.12913/22998624/143304
https://doi.org/10.1016/j.apsusc.2023.159065
https://doi.org/10.1016/j.apsusc.2023.159065
https://doi.org/10.2478/msp-2023-0041
https://doi.org/10.2478/msp-2022-0038
https://doi.org/10.2478/msp-2022-0039


NiCrBSi hardmetal coatings in sulphuric acid solu-
tion, Medziagotyra, 2022, 28: 301–308. doi: 10.5755/
j02.ms.29584

[13] Appiah, A.N.S., Bialas, O., Żuk, M., Czupryński, A.,
Sasu, D.K., Adamiak, M., Hardfacing of mild steel
with wear-resistant Ni-based powders containing
tungsten carbide particles using powder plasma
transferred arc welding technology, Mater. Sci. Pol.,
2022, 40: 42–63. doi: 10.2478/msp-2022-0033

[14] Rojas, J.G.M., Ghasri-Khouzani, M., Wolfe, T.,
Fleck, B., Henein, H., Qureshi, A.J., Preliminary geo-
metrical and microstructural characterization of
WC-reinforced NiCrBSi matrix composites fabricated
by plasma transferred arc additive manufacturing
through Taguchi-based experimentation, Int. J. Adv.
Manuf. Technol., 2021, 113: 1451–1468. doi: 10.1007/
s00170-020-06388-2

[15] Sreevidya, N., Rani, R., Das, C.R., Mathews, T.,
Albert, S.K., Vasudevan, M., et al., Effect of dilution
on high-temperature and high-vacuum tribological
behaviour of Ni-Cr-B-Si hardfaced coating, Trans.
Indian. Inst. Met., 2023, 76: 3127–3136. doi: 10.1007/
s12666-023-02963-9

[16] Balanovskii, A.E., Chieu, N.V., The influence of chro-
mium carbide on corrosion resistance of plasma
NiCrBSi coating, Prot. Met. Phys. Chem. Surf., 2022,
58: 764–771. doi: 10.1134/S2070205122040074

[17] Ortiz, A., García, A., Cadenas, M., Fernández, M.R.,
Cuetos, J.M., WC particles distribution model in the
cross-section of laser cladded NiCrBSi +WC coatings,
for different wt% WC, Surf. Coat. Technol., 2017, 324:
298–306. doi: 10.1016/j.surfcoat.2017.05.086

[18] Qiao, L., Wu, Y., Hong, S., Long, W., Cheng, J., Wet
abrasive wear behavior of WC-based cermet coatings
prepared by HVOF spraying, Ceram. Int., 2021, 47:
1829–1836. doi: 10.1016/j.ceramint.2020.09.009

[19] Huang, S., Sun, D., Xu, D.,Wang,W., Xu, H., Microstructures
and properties of NiCrBSi/WC biomimetic coatings pre-
pared by plasma spray welding, J. Bionic Eng., 2015, 12:
592–603. doi: 10.1016/S1672-6529(14)60149-9

[20] Pierson, H.O., Handbook of chemical vapor deposi-
tion: Principles, technology, and applications, Noyes
Publications, Westwood, New Jersey, USA, 1999

[21] Koczkodaj, S., Mizera, J., Moszczynska, D., Zdunek, J.,
Plocinska, M., Szpyrka, J., et al., Comparison of the
performance properties of commercially produced
roller cone bit coatings, Mater. Sci. Pol., 2023, 41:
110–123. doi: 10.2478/msp-2023-0008

[22] Ji, J.B., Tong, J., Corrosion rate and mechanical prop-
erties of 316L stainless steel wires in different

corrosive conditions, Appl. Mech. Mater., 2014, 441:
48–52. doi: 10.4028/www.scientific.net/AMM.441.48

[23] Cai, B., Liu, Y., Tian, X., Wang, F., Li, H., Ji, R., An
experimental study of crevice corrosion behaviour
of 316L stainless steel in artificial seawater, Corros.
Sci., 2010, 52: 3235–3242. doi: 10.1016/j.corsci.2010.
05.040

[24] Jin, L., Guo, Y., Liu, F., Electrochemical and stress
corrosion behaviors of 316L stainless steel in the
borate solution, Int. J. Electrochem. Sci., 2020, 15:
4421–4433

[25] Szymańska, A., Sikorski, K., Kazior, J., The structure
of nanocrystalline stainless steel powders obtained
by ball milling and duplex stainless steel formed by
their sintering, Solid. State Phenom., Trans Tech
Publications Ltd 2005, 101–102: 135–138. doi: 10.4028/
www.scientific.net/ssp.101-102.135

[26] Acar, A.N., Ekşi, A.K., Ekicibil, A., Effect of pressure
on the magnetic and structural properties of
X2CrNiMo17-12-2 austenitic stainless steel prepared
by powder metallurgy method, J. Mol. Struct., 2019,
1198: 126876

[27] Głowacka, M., Łabanowski, J., Inżynieria powierzchni,
Wydawnictwo PWSZ, Elbląg, 2014 (in Polish)

[28] Pan, L.H., Yang, R.C., Researched on the corrosion
resistance of Ni-Cr-Mo-Cu alloy to aqueous change
with the APF in regular way: An approach of
quantum electrochemistry, Appl. Mech. Mater.,
2011, 55–57: 378–381. Trans Tech Publications Ltd.
doi: 10.4028/www.scientific.net/AMM.55-57.378

[29] Yang, J., Zou, H., Li, X., Chen, J., Lv, L., Wen, Y., et al.,
Effects of Cr content on the corrosion behavior of
porous Ni-Cr-Mo-Cu alloys in H3PO4 solution, Mater.
Res. Express, 2021, 8: 096522. doi: 10.1088/2053-1591/
ac1d1a

[30] Yang, J., Li, X., Lv, L., Liu, X., Zou, H., Zhang, C., et al.,
Porous Ni-Cr-Mo-Cu alloys fabricated by elemental
powder reactive synthesis, Mater. Res. Express,
2021, 8: 096527. doi: 10.1088/2053-1591/ac1f49

[31] Li, X., Yang, J., Feng, X., Hu, Y., Zou, H., Zhang, C.,
et al., Electrochemical performance of porous Ni-
Cr-Mo-Cu alloys for hydrogen evolution reactions in
alkali solution, Mater. Res. Express, 2020, 7: 095505.
doi: 10.1088/2053-1591/abb562

[32] https://www.swedishmesteel.com/files/mr/Durmat%
20PTA%20Laser%20Thermal%20Spray.pdf, Durum
Wear Protection GMBH, 2024

[33] PN-EN 10025-2, Hot rolled products of structural
steels, Warszawa, Polski Komitet Normalizacyjny,
2019

Corrosion resistance of PPTA Ni-based hardfacing layers

76

https://doi.org/10.5755/j02.ms.29584
https://doi.org/10.5755/j02.ms.29584
https://doi.org/10.2478/msp-2022-0033
https://doi.org/10.1007/s00170-020-06388-2
https://doi.org/10.1007/s00170-020-06388-2
https://doi.org/10.1007/s12666-023-02963-9
https://doi.org/10.1007/s12666-023-02963-9
https://doi.org/10.1134/S2070205122040074
https://doi.org/10.1016/j.surfcoat.2017.05.086
https://doi.org/10.1016/j.ceramint.2020.09.009
https://doi.org/10.1016/S1672-6529(14)60149-9
https://doi.org/10.2478/msp-2023-0008
https://doi.org/10.4028/www.scientific.net/AMM.441.48
https://doi.org/10.1016/j.corsci.2010.05.040
https://doi.org/10.1016/j.corsci.2010.05.040
https://doi.org/10.4028/www.scientific.net/ssp.101-102.135
https://doi.org/10.4028/www.scientific.net/ssp.101-102.135
https://doi.org/10.4028/www.scientific.net/AMM.55-57.378
https://doi.org/10.1088/2053-1591/ac1d1a
https://doi.org/10.1088/2053-1591/ac1d1a
https://doi.org/10.1088/2053-1591/ac1f49
https://doi.org/10.1088/2053-1591/abb562
https://www.swedishmesteel.com/files/mr/Durmat%20PTA%20Laser%20Thermal%20Spray.pdf
https://www.swedishmesteel.com/files/mr/Durmat%20PTA%20Laser%20Thermal%20Spray.pdf


[34] KT 106 K i O przed KMM. PN-EN ISO 17475:2010, Korozja
metali i stopów- Elektrochemiczne metody badań-
Wytyczne wykonywania potencjostycznych i potencjo-
dynamicznych pomiarów polaryzacyjnych, Poland, 2010

[35] Haribaskar, R., Kumar, T.S., The impact of successive
laser shock peening on surface integrity and residual
stress distribution of laser powder-bed fused stain-
less steel 316L, Phys. Scr., 2024, 99: 055929. doi: 10.
1088/1402-4896/ad385a

[36] Matějíček, J., Vosáhlo, J., Rohan, P., PTA deposition ofW
+ Cu composites for fusion reactors. Metal 2021 - 30th
Anniversary International Conference on Metallurgy
and Materials, Conference Proceedings, TANGER Ltd.,
2021, pp. 1013–1022. doi: 10.37904/metal.2021.4249

[37] Takano, E.H., de Queiroz, D., D’Oliveira, A.S.C.M.,
Evaluation of processing parameters on pta hardfa-
cing surfaces, Weld. Int., 2010, 24: 241–248. doi: 10.
1080/09507110902843974

[38] Yan, M., Zhu, W.Z., Surface remelting of Ni-Cr-B-Si
cladding with a micro-beam plasma arc, Surf. Coat.
Technol., 1997, 92: 157–163.

[39] Farahpour, P., Edris, H., Kheirikhah, M.M.,
Mirrahimi, A.H., Influence of high velocity oxy-fuel
parameters on the corrosion resistance of NiCr coat-
ings, Proc. Inst. Mech. Eng., Part L, 2013, 227: 318–335.
doi: 10.1177/1464420712459993

[40] Lisiecki, A., Kurc-Lisiecka, A., Laser cladding of
NiCrBSi/WC + W2C composite coatings, Coatings,
2023, 13: 576. doi: 10.3390/coatings13030576

[41] Matějíček, J., Antoš, J., Rohan, P., W + Cu and W + Ni
composites and fgms prepared by plasma trans-
ferred arc cladding, Materials, 2021, 14: 1–11. doi: 10.
3390/ma14040789

[42] Makarov, A.V., Soboleva, N.N., Malygina, I.Y.,
Osintseva, A.L., Formation of wear-resistant chro-
mium-nickel coating with extra high thermal stability
by combined laser-and-heat treatment, Met. Sci. Heat.
Treat., 2015, 57: 161–168. doi: 10.1007/s11041-015-9856-8

[43] Makarov, A., Korobov, Y., Soboleva, N.,
Khudorozhkova, Y., Vopneruk, A., Balu, P., et al.,
Wear-resistant nickel-based laser clad coatings for
high-temperature applications, Lett. Mater., 2019, 9:
470–474. doi: 10.22226/2410-3535-2019-4-470-474

[44] Sourmail, T., Precipitation in creep resistant auste-
nitic stainless steels, Mater. Sci. Technol., 2001, 17:
1–14. doi: 10.1179/026708301101508972

[45] Srinivasan, N., Sensitization of austenitic stainless
steels: Current developments, trends, and future
directions, Metall. Microstruct. Anal., 2021, 10:
133–147. doi: 10.1007/s13632-021-00724-y

[46] Kaur, H., Singh, H., Improving pitting corrosion resis-
tance of AISI 316L weld overlays via inconel 82 addi-
tions, Mater. Today Proc., 2022, 62: A7–A13. doi: 10.
1016/j.matpr.2022.08.472

[47] Parvathavarthini, N. Sensitization and testing for
intergranular corrosion. Corrosion of austenitic
stainless steels, Elsevier, Cambridge, England, 2002,
pp. 117–138. doi: 10.1533/9780857094018.139

[48] Di Schino, A., Testani, C., Corrosion behavior and
mechanical properties of AISI 316 stainless steel
Clad Q235 plate, Metals (Basel), 2020, 10: 552. doi: 10.
3390/met10040552

[49] Padilha, A.F., Rios, P.R., Decomposition of austenite in
austenitic stainless steels, ISIJ Int., 2002, 42: 325–327.
doi: 10.2355/isijinternational.42.325

[50] Gadhikar, A.A., Sharma, C.P., Goel, D.B., Sharma, A.,
Effect of heat treatment on carbides in 23-8-N steel,
Met. Sci. Heat. Treat., 2011, 53: 293–298. doi: 10.1007/
s11041-011-9385-z

[51] de Souza Silva, E.M.F., da Fonseca, G.S., Ferreira, E.A.,
Microstructural and selective dissolution analysis of
316L austenitic stainless steel, J. Mater. Res. Technol.,
2021, 15: 4317–4329. doi: 10.1016/j.jmrt.2021.10.009

[52] Souto, J.I.V.d., Ferreira, S.D., Lima, J.S.d., Castro, W.B.d.,
Grassi, E.N.D., Santos, T.F.d.A., Effect of GMAWProcess
parameters and heat input on weld overlay of auste-
nitic stainless steel 316L-Si, Soldag. Inspeção, 2023, 28:
e2809. doi: 10.1590/0104-9224/si28.09

[53] Anita, T., Shaikh, H., Khatak, H.S., Amarendra, G.,
Effect of heat input on the stress corrosion cracking
behavior of weld metal of nitrogen-added AISI Type
316 stainless steel, Corrosion, 2004, 60: 873–880.
doi: 10.5006/1.3287869

[54] Fang, Z., Wu, Y., Zhu, R., Stress corrosion cracking of
type 304 stainless steel weldments in the active state,
Corrosion, 1994, 50: 171–175. doi: 10.5006/1.3293508

[55] Lachowicz, M., Nowak, D., Lachowicz, M., Korozja
połączenia spawanego wykonanego na stali austeni-
tycznej X2CrNi18-9 wywołana występowaniem fazy
sigma, Prz. Spaw. Weld. Technol. Rev., 2017,
89:22–26. doi: 10.26628/ps.v89i8.800

[56] Walczak, M., Szala, M., Okuniewski, W., Assessment
of corrosion resistance and hardness of shot peened
X5CrNi18-10 steel, Materials, 2022, 15: 9000. doi: 10.
3390/ma15249000

[57] Rutkowska-Gorczyca, M., Podrez-Radziszewska, M.,
Kajtoch, J., Corrosion resistance and microstructure
of steel aisi 316L after cold plastic deformation,
Metall. Foundry Eng., 2009, 35: 35. doi: 10.7494/mafe.
2009.35.1.35

Monika Górnik et al.

77

https://doi.org/10.1088/1402-4896/ad385a
https://doi.org/10.1088/1402-4896/ad385a
https://doi.org/10.37904/metal.2021.4249
https://doi.org/10.1080/09507110902843974
https://doi.org/10.1080/09507110902843974
https://doi.org/10.1177/1464420712459993
https://doi.org/10.3390/coatings13030576
https://doi.org/10.3390/ma14040789
https://doi.org/10.3390/ma14040789
https://doi.org/10.1007/s11041-015-9856-8
https://doi.org/10.22226/2410-3535-2019-4-470-474
https://doi.org/10.1179/026708301101508972
https://doi.org/10.1007/s13632-021-00724-y
https://doi.org/10.1016/j.matpr.2022.08.472
https://doi.org/10.1016/j.matpr.2022.08.472
https://doi.org/10.1533/9780857094018.139
https://doi.org/10.3390/met10040552
https://doi.org/10.3390/met10040552
https://doi.org/10.2355/isijinternational.42.325
https://doi.org/10.1007/s11041-011-9385-z
https://doi.org/10.1007/s11041-011-9385-z
https://doi.org/10.1016/j.jmrt.2021.10.009
https://doi.org/10.1590/0104-9224/si28.09
https://doi.org/10.5006/1.3287869
https://doi.org/10.5006/1.3293508
https://doi.org/10.26628/ps.v89i8.800
https://doi.org/10.3390/ma15249000
https://doi.org/10.3390/ma15249000
https://doi.org/10.7494/mafe.2009.35.1.35
https://doi.org/10.7494/mafe.2009.35.1.35


[58] Lachowicz, M.M., Lachowicz, M.B., The mechanism of
corrosion of steel 304L in the presence of copper in
industrial installations/Mechanizm korozji stali aus-
tenitycznej 304L W obecności miedzi w instalacjach
przemysłowych, Arch. Metall. Mater., 2015, 60:
2657–2662. doi: 10.1515/amm-2015-0429

[59] Saadi, S.A., Yi, Y., Cho, P., Jang, C., Beeley, P., Passivity
breakdown of 316L stainless steel during potentiody-
namic polarization in NaCl solution, Corros. Sci.,
2016, 111: 720–727. doi: 10.1016/j.corsci.2016.06.011

[60] Yi, Y., Cho, P., Al Zaabi, A., Addad, Y., Jang, C.,
Potentiodynamic polarization behaviour of AISI
type 316 stainless steel in NaCl solution, Corros. Sci.,
2013, 74: 92–97. doi: 10.1016/j.corsci.2013.04.028

[61] Riley, A.M., Wells, D.B., Williams, D.E., Initiation
events for pitting corrosion of stainless steel?,

Corros. Sci., 1991, 32: 1307–1313. doi: 10.1016/0010-
938X(91)90050-Y

[62] Gu, R., Trisnanto, S.R., Brochu, M., Omanovic, S.,
Cyclic potentiodynamic passivation of 316L stainless
steels of different crystallographic orientation pro-
duced by laser powder bed fusion: Towards the
improvement of corrosion resistance, Can. J. Chem.
Eng., 2024, 102: 196–202. doi: 10.1002/cjce.25050

[63] Lachowicz, M., Elektrochemiczne i mikrostruktur-
alne aspekty rozwoju niszczenia korozyjnego części
maszyn i urządzeń, Instytut Technologii Eksploatacji,
Wydawnictwo Naukowe (in Polish), 2020

[64] Lachowicz, M.M., Metallurgical aspects of the corro-
sion resistance of 7000 series aluminum alloys – a
review, Mater. Sci. Pol., 2023, 41: 159–180. doi: 10.2478/
msp-2023-0041

Corrosion resistance of PPTA Ni-based hardfacing layers

78

https://doi.org/10.1515/amm-2015-0429
https://doi.org/10.1016/j.corsci.2016.06.011
https://doi.org/10.1016/j.corsci.2013.04.028
https://doi.org/10.1016/0010-938X(91)90050-Y
https://doi.org/10.1016/0010-938X(91)90050-Y
https://doi.org/10.1002/cjce.25050
https://doi.org/10.2478/msp-2023-0041
https://doi.org/10.2478/msp-2023-0041

	1 Introduction
	2 Materials and methods
	3 Results and discussion
	3.1 Microstructure characterization of the tested material surface
	3.2 Electrochemical examination
	3.3 SEM surface evaluation

	4 Conclusions
	Authors contributions
	Conflict of interest statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /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 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


