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Abstract

This paper studies the influence of different substrate materials on the
phase composition, microstructure, microhardness, and wear resistance of Ni-
Cr-B-Si-C-Ti-Al plasma spray coatings. Two types of substrate metals were
studied – AISI 1045 steel and Pig-P3 Si grey cast iron. It has been found that
in the as-coated condition the surface layers have a phase composition of γ-Ni,
Cr23C6, γ-TiAl, TiN, and α-Ti(N, O) on steel substrate, and γ-Ni, α-Ti, TiN,
Ni3B, CrB, Cr23C6, α-Ti(N, O), Ni3Si on cast iron. The microhardness and
wear resistance of the plasma sprayed Ni-Cr-B-Si-C-Ti-Al coatings is tested.
The wear volume of the coatings has been tested for up to 60 min. The de-
posits on cast iron substrates demonstrate lower wear than those on the steel
substrate.
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Introduction. The broad usage of steel and cast iron over the years is
primarily because of their suitable mechanical properties and relatively low cost.
However, these metals have limited application due to their initial properties,
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such as low hardness, insufficient wear resistance, and poor corrosion resistance.
Therefore several post-production methods and techniques have been developed
to extend the range of their usage [1,2]. Practically, one effective method for
introducing enhanced wear, corrosion, and heat resistant layers on various types
of metal substrates is plasma spraying. This method provides control over the
production of specific microstructure and mechanical properties by changing the
process parameters [3,4]. Thus plasma spray coatings are built to fulfill various
application requirements [5,6].

Scientific investigations indicate that mixed crystalline and amorphous struc-
tures can be obtained under certain conditions during plasma spraying [7]. This
structure determines the mechanical properties and structural stability of the
coating. It is well known that the nickel-base plasma coatings with mixed amor-
phous and crystalline structures have good mechanical, physical, and chemical
properties. Therefore nickel and nickel alloys are often used for plasma spraying
of substrates made of steel and cast iron to increase their surface hardness, wear,
and corrosion resistance [8].

Besides the technological parameters of the coating process, there are exter-
nal factors related to the base material that may influence the structure, prop-
erties, and adherence of the plasma-sprayed coating. Those factors include the
chemical composition, surface roughness, temperature, and others of the coated
material [9,10].

The present work aims to investigate the influence of AISI 1045 steel, and
Pig-P3 Si grey cast iron as substrate materials on the phase transformation, mi-
crohardness, and wear resistance of the Ni-Cr-B-Si-C-Ti-Al plasma spray coating.

Experimental. In this investigation, Ni-Cr-B-Si-C-Ti-Al powder was low-
pressure plasma sprayed onto rotating substrate specimens. An automated gear
set PPS-800 with indirect plasmotron PN-80 was utilized [8]. The chemical com-
position of the Ni-base alloy powder by wt.% is Ni: 45–50, Cr: 18–20, B: 3–5, Si:
3–5, C: 3–5, Ti: 11–13, Al: 11–13. This substance consists of spherical grains,
with a size of 25–40 µm. The substrate materials used for the experiment are steel
AISI 1045 and cast iron Pig-P3Si BDS EN 10001. The shape of the specimens
is cylindrical with dimensions of 30 mm by length and a 10 mm diameter. Be-
fore spraying all samples were ground to the average roughness of Ra < 0.25 µm
and cleaned with acetone. All of the plasma-spraying procedures were performed
under the following fixed processing parameters:

– Current: 500 A;
– Voltage: 75 V;
– Plasma forming gas flow rate: Ar: 12×10−5 m3/s−1, N2: 50×10−5 m3/s−1;
– Spraying powder consumption: 1.5×10−3 k/gs−1;
– Spraying distance: 100 mm;
– Transport Ar gas flow rate: 4.25×10−5 m3/s−1;
– Traverse speed of the plasmotron: 10 mm/s−1.
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The spraying time was 2 min for each specimen. The obtained thickness of
the coatings ranges from 280 µm to 320 µm.

X-ray diffraction (XRD) analysis was employed to determine the phase con-
stitution of the coatings. The measurements were performed at room temperature
with a Philips XPert PRO analytical X-ray diffractometer, using Cu Kα1+α2 ra-
diation from an angle of 30 to 100 degrees (2θ) with a step size of 0.01 (2θ) and
a counting time of 100 s/step.

Cross-sections from the coated specimens were cut at low-speed, mechanically
ground, and polished with a diamond suspension having a particle size of 0.1 µm.
The microstructures obtained in the as-coated state were examined optically using
a Nikon Eclipse ME 600, and LUCIA software was used for image analysis. SEM
analysis was performed at 15 kV, using a JEOL-6400 SEM at room temperature.

The microhardness of the samples was measured using a Mitutoyo HM-124
testing machine. A Knoop indenter with a load of 0.05 kg for 10 s was applied
at selected spots from the surface to the middle of the cross-sections to generate
microhardness profiles.

Wear tests were performed using a dry plane sliding abrasive wear tester.
The sample of the wear couple is a No.320 carborundum disk with a diameter of
60 mm and a roughness of Ra = 0.18–0.32 µm. The wear tests were carried out
under the condition of a normal load of 50 N, 0.9 ms−1 sliding speed for up to 60
min. Every 5 min the weight loss of the samples was measured and converted to
wear volume.

Results and discussion. To inspect the microstructure of the plasma
sprayed layers, cross-sections of the coated samples were prepared. Visual ob-
servations on the cross-sections showed that the coatings had good appearances
without visible cracks or cohesion losses. Figure 1 shows the microstructures of
coatings formed on a substrate of steel (Fig. 1a) and cast iron (Fig. 1b). The
microstructures exhibit the typical heterogeneous nature of coatings produced by
plasma spraying. The deposited melted powder particles are visible in the shape
of light and dark layers, while the partly melted or non-melted particles have a
round or spherical shape. Also, pores and cavities are distinguishable in some
areas (Fig. 1c, d).

Under the microscope, three zones are distinguishable on the treated samples
– coated layer, interface, and substrate metal. The coatings obtained on cast
iron are more homogeneous than those on a steel substrate. It was observed that
the bonds between steel substrates and plasma spray layers are good without
any pores, cracks, or other faults. The bonds between the coatings and cast
iron substrates look similar, but inclusions and interruptions were detected on
the substrate surface. The phases composition of the splat Ni-base coatings is
analyzed using XRD. Figure 2 shows diffraction patterns of plasma sprayed layers
on samples of steel (Fig. 2a), and cast iron (Fig. 2b).

Quite broad diffraction peaks are visible in the coatings obtained on the steel
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Fig. 1. Microstructure of Ni-Cr-B-Si-C-Ti-Al plasma sprayed coatings on (a)
steel, (b) cast iron, observed under an optical microscope, and (c) steel, (d)

cast iron, using SEM backscattered imaging

Fig. 2. X-ray diffraction pattern in the range of 30 to 100 (2θ, CuKα

radiation) for coatings on (a) steel substrate, and (b) cast iron substrate
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samples. This indicates the presence of microcrystalline structures. The broad
peak around and overlapping with the {111}Ni peak, which is the highest peak in
all diffraction profiles, also shows the presence of an amorphous phase. Most peaks
from minority phases in the coatings on cast iron are in close proximity, with a
small relative intensity than the major fcc peaks. This low relative intensity of
these phases (Cr23C6, Ni3B, CrB, TiN) indicates their presence in small volume
fractions. The main element of the structure of the coatings on both the steel and
cast iron substrates is the γ-Ni solid solution. For the coatings produced on steel
samples, microcrystalline and amorphous phases are present. In addition to those
on the substrates of cast iron Ni3B, CrB, and Cr23C6 are available.

The difference in the structure of the produced coatings is most likely a result
of the different heat conductivity (λ) and heat capacity (ср) of cast iron and steel.
Since cast iron is the worse conductor of heat as a consequence the heat dissipation,
crystallization, and phase formation of the plasma sprayed coatings are influenced.
This confirms the importance of the substrate material in the production of the
coatings. The influence of the substrate metal on the mechanical properties,
including hardness and wear resistance of the Ni-base plasma-sprayed coatings, is
observable in Fig. 3 and Fig. 4.

Fig. 3. Microhardness profiles of plasma-sprayed Ni-Cr-
B-Si-C-Ti-Al coatings on AISI 1045 steel and cast iron

Pig P3 Si

According to the results depicted in Fig. 3, the microhardness of the obtained
coatings on the cast iron alloy is marginally higher than that on the steel substrate.
The surface microhardness of the coatings splat on cast iron ranges from 650 to
920 HV, while that on the steel substrates is between 600 and 680 HV. In some
points of the coatings on steel samples, there are microhardness readings from
1000 to 1100 HV. The highest values ranging from 1500 to 1700 HV are measured
in some light non-homogeneous grains of coatings sprayed on cast iron. Such high
local hardness values confirm the XRD analysis, which reports the presence of
carbide, nitride, and boride phases in the coatings.

The results from the wear resistance test of the plasma sprayed coatings
accordingly to the substrate metal are shown in Fig. 4. They indicate that
during the first 30 min of wear testing, the wear volume of the coated layers on
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Fig. 4. Wear volume after abrasive wheel test of plasma-
sprayed Ni-Cr-B-Si-C-Ti-Al coatings on AISI 1045 steel

and cast iron Pig-P3Si

each type of substrate is almost identical. In the interval 35th to 55th min, the
coatings splat on steel substrates is more resistant to the ware than those laid
on cast iron. At the end of the wear testing period, the wear depth is 6.2×10−2

mm. Probably in this period, because of the friction heat, the amorphous state
undergoes phase transformations, and the cohesion strength between the lamellas
in the coating reduces, causing reduction of the cast iron sample wear-resistance.
The presence of γ-TiAl, TiN, Cr23C6, and α-Ti(N, O) in the coating on the steel
sample considerably increases its wear resistance.

Conclusions. The substrate material is an important factor for the pro-
duction of plasma-sprayed Ni-Cr-B-Si-C-Ti-Al coatings. Depending on the base
metal, the phase composition is different and consequently the properties of the
coating. In as-coated condition the surface layers acquired on steel consist of crys-
talline and amorphous phases including γ-Ni, Cr23C6, γ-TiAl, α-Ti(N, O), TiN,
while the phases present on cast iron are γ-Ni, Cr23C6, α-Ti(N, O), TiN, Ni3B,
Ni3Si, CrB.

Considering microhardness, the layers obtained on cast iron demonstrate
higher microhardness in the range from 650 to 920 HV, while the microhardness
on the steel substrates is between 600 and 680 HV. During the wear resistance
testing from the beginning of the process up until the 30th min the coatings on
both substrate materials wear off almost identically. From the 35th min of wear
testing until the end of the process the wear resistance of the coatings on steel is
better than that on the cast iron substrate.

REFERENCES

[1] Oberg E. (2018) Heat-treatment of Steel: A Comprehensive Treatise on the Harden-
ing, Tempering, Annealing, and Casehardening of Various Kinds of Steel, Including

8 C. R. Acad. Bulg. Sci., 75, No 11, 2022 1661



High-speed, High-carbon, Alloy, and Low-carbon Steels, Together with Chapters on
Heat-treating Furnaces and. . . , Creative Media Partners, LLC, ISBN: 034441700X.

[2] Davis J. R. (2002) Surface Hardening of Steels: Understanding the Basics, ASM
International, Materials Park, OH, ISBN: 978-0-87170-764-2.

[3] Skulev H., S. Malinov, T. Malinova (2005) Study of the Relationships be-
tween Processing Parameters, Microstructure, and Properties of Ni-based Plasma
Sprayed Thermal Coatings, Surface Engineering: Proceedings of the Third Inter-
national Surface Engineering Congress, 02-04 August 2004, Orlando, Florida, USA,
ASM International, Materials Park, Ohio, USA, 310—315, ISBN: 0871708191.

[4] Huang S., J. Zhou, K. Sun, H. Yang, W. Cai et al. (2021) Microstructural
Characteristics of Plasma Sprayed NiCrBSi Coatings and Their Wear and Corrosion
Behaviors, Coatings, DOI: 10.3390/coatings11020170.

[5] Kumar S., R. Kumar (2021) Influence of processing conditions on the prop-
erties of thermal sprayed coating: a review, Surface Engineering, 37(11), DOI:
10.1080/02670844.2021.1967024.

[6] Heimann R. B. (2008) Plasma-Spray Coating: Principles and Applications, Sec-
ond, Completely Revised and Enlarged Edition, WILEY-VCH Verlag GmbH & Co.
KGaA, ISBN: 978-3527320509.

[7] Skulev H., S. Malinov, P. A. M. Basheer, W. Sha (2004) Modifica-
tions of phases, microstructure and hardness of Ni-based alloy plasma coat-
ings due to thermal treatment, Surface and Coatings Technology, 185(1), DOI:
10.1016/j.surfcoat.2003.12.012.

[8] Skulev H., S. Malinov, P. A. M. Basheer, W. Sha (2005) Microstruc-
tural and mechanical properties of nickel-base plasma sprayed coatings on steel
and cast iron substrates, Surface and Coatings Technology, 197(2–3), DOI:
10.1016/j.surfcoat.2005.01.039.

[9] Paredes R. S. C., S. C. Amico, A. S. C. M. d’Oliveira (2006) The effect
of roughness and pre-heating of the substrate on the morphology of aluminium
coatings deposited by thermal spraying, Surface & Coatings Technology, 200, DOI:
10.1016/j.surfcoat.2005.02.200.

[10] Cuong P. D., D. X. Thao (2021) Effect of surface roughness and plasma cur-
rent to adhesion of Cr3C2-NiCr coating fabricated by plasma spray technique on
16Mn steel, International Journal of Modern Physics B, 35(14n16), 2140037, DOI:
10.1142/S0217979221400373.

Institute of Metal Science, Equipment and Technologies
with Hydro- and Aerodynamics Centre “Acad. A. Balevski”

Bulgarian Academy of Sciences
67 Shipchenski prohod Blvd

1574 Sofia, Bulgaria
e-mail: skulev@ims.bas.bg

dveselinov@ims.bas.bg

1662 H. Skulev, D. Veselinov


