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Abstract Cold-sprayed composite coatings have several

advantages; however, some properties, such as hardness

and abrasion resistance, are lower than those in plasma- or

HVOF-sprayed deposits. This work showed that the use of

surface diode laser processing allowed the development of

(Cr3C2-25(Ni20Cr))-(Ni-graphite) cermet coatings with

good adhesion to the steel substrate, and increased prop-

erties in the near-surface zone, below which the properties

of cold-sprayed coatings were retained. Studies of the

microstructure in the micro/nanoscale of the laser-treated

coatings showed strong grain refinement after surface

treatment. Cr7C3 carbide of various shapes and sizes was

formed in the structure; while, a several hundred nanometre

layer of Cr2O3 oxide appeared on the coating surface. The

changes occurring in the microstructure have resulted in

increased mechanical and tribological properties of the

laser-treated zone of deposits.

Keywords cermet coating � cold spraying �
microstructure � surface laser treatment � tribological

properties

Introduction

Composite coatings have recently become popular in the

automotive, aviation and printing industries. Most often,

such coatings are produced using thermal spraying meth-

ods: plasma spray, HVOF and cold spray. The latter are

characterised by numerous advantages compared to coat-

ings sprayed using the plasma (PS) and high velocity oxy

fuel (HVOF) methods, primarily the lack of change in the

phase composition (Ref 1-3).

Plasma-sprayed and HVOF Cr3C2-(Ni-Cr) coatings are

characterised by partially dissolved carbides and a chro-

mium enriched Ni-Cr matrix. Additionally, dissolved car-

bide can be lost as carbon monoxide or carbon dioxide,

increasing the formation of Cr7C3 and Cr23C6 carbides.

These processes result in deposit formation with higher

porosity and lower adhesion compared to that of cold-

sprayed ones (Ref 4-6). To improve the properties of

plasma- and HVOF-sprayed coatings, surface laser treat-

ment is performed. This modification leads to grain

refinement in the structure, reduces roughness and

improves the mechanical and tribological properties of the

coatings. However, this treatment causes significant chan-

ges in the phase composition.

Cold-sprayed (Cr3C2-25(Ni20Cr))-5(Ni25C) cermet

deposits, through the use of hard Cr3C2 ceramic particles

and a plastic Ni20Cr matrix, ensure high hardness and a

compact structure. The coatings are characterised by neg-

ligible porosity, a homogeneous structure and low residual

stresses. They are formed by mechanical interlocking and
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adiabatic shear instability, which provide high adhesion to

the substrates. The addition of a solid lubricant in the form

of graphite improves the tribological properties of coatings

(Ref 7). The laser treatment of cold-sprayed coatings

increases the mechanical and tribological properties of the

surface layer, allowing deposits without porosity and with

strong coating–substrate bonding, in contrast to plasma- or

HVOF-sprayed coatings, where there is a thermo-me-

chanical connection. It is also worth mentioning the neg-

ative aspects of the laser melting process, which is the

cracking of the material. The appearance of cracks in laser-

melted material is related to the melting and rapid crys-

tallisation of the surface layer. We can distinguish two

types of cracking: hot and cold. Hot cracks occur when

there are low-melting elements in the structure of the

remelted material when there is a non-uniform distribution

of brittle phases and impurities, and during disordered

grain growth. Tensile stresses occur in the structure, which

is the result of rapid subcooling of the liquid metal in a

very high-temperature pool. The resulting tensile stresses

mean that the liquid phase is unable to fill the emerging

gaps, which causes further cracking of the material (Ref

8, 9). Cold cracks are a more common phenomenon and are

related to improper selection of melting process parameters

and excessive temperature gradient in the melt pool. Dif-

ferences in the thermophysical parameters of the coating

material and the substrate, combined with the cooling and

solidification process, result in large residual thermal

stresses. When these stresses exceed the tensile strength

limit of the material, cold cracks appear (Ref 10, 11).

The literature reports indicate that cold-sprayed Cr3C2-

25(Ni20Cr) coatings have been treated with CO2 and

Nd:YAG lasers so far (Ref 12, 13). In this work, the pro-

cessing was performed using a diode laser. Compared to

other lasers used for laser hardening (CO2 and Nd:YAG),

diode lasers have the advantage of emitting a shorter

wavelength (808 nm and/or 940 nm) that is better absorbed

by metals and excellent process stability. Additionally,

diode lasers do not require special absorption layers, which

may prevent temperature control by a pyrometer and may

also cause surface contamination. Due to the high effi-

ciency of diode lasers, as well as the beam profile, lower

investment and operating costs compared to the Nd:YAG

laser, they are preferred for the surface treatment of

materials (Ref 14). There are several papers describing the

use of diode lasers to remelt the surface layer of coatings

produced by thermal spraying (Ref 15-17). Grimm et al.

(Ref 15) investigated three-component plasma-sprayed

oxide coatings subjected to surface modification using a

diode laser. The tests showed a change in the phase com-

position of the coatings and an increase in hardness after

laser treatment. Morimoto et al. (Ref 16) examined coat-

ings sprayed supersonically and then subjected to laser

surface treatment using a diode laser. Microhardness and

wear resistance tests confirmed that the modified coatings

revealed better mechanical and tribological properties.

WC-12Co coatings sprayed supersonically and then sub-

jected to laser surface modification using a diode laser

showed up to 50% higher hardness and Young’s modulus

in the modified zone, and higher scratch resistance (Ref

17). As shown in the literature (Ref 12, 13, 15, 16), laser

modification is mainly aimed at improvement by elimi-

nating the porosity of the coatings, and changing the phase

composition, whilst in cold-sprayed ones, apart from

modifying the phase composition of this zone, a fine-

grained structure can be obtained. From the application

perspective, it is important that coatings can be charac-

terised by high hardness, wear resistance, low friction

coefficient and a compact structure in the usable zone,

while maintaining high adhesion. These expectations can

be met by cold-sprayed cermet coatings and subjected to

laser surface treatment because, in the modified zone, they

have good mechanical and tribological properties, whereas

below they are characterised by a compact structure with-

out pores and good adhesion with the substrate, which

results from the metallurgical bond that is formed by adi-

abatic shear instability and mechanical interlocking

mechanisms (Ref 7, 18).

Cold-sprayed (Cr3C2-25(Ni20Cr))-5(Ni25C) coatings

later modified using a diode laser have not been tested so

far, which constitutes a knowledge gap. The work presents

novelty aspects: (1) creating and characterisation of the

cermet coatings, which are characterised by good

mechanical and tribological properties in the laser remelted

surface layer below which they possess a compact com-

posite structure obtained using cold-spraying technique, (2)

analysis of mechanical and tribological properties taking

into account changes occurring in the deposit microstruc-

ture in the micro- and nano-scale, especially in the modi-

fied surface.

Materials and Manufacturing

The composite coatings were produced using commercially

available powders: Cr3C2-25(Ni20Cr) Diamalloy 3004 and

Ni25C Durabrade 2221, manufactured by Oerlikon-Metco

GmbH, Immelborn, Germany (in the ratio 95 wt.%-5 wt.%)

on a 1H18N9T steel substrate (flat bar with dimensions of

400 mm x 30 mm x 5 mm). The cold spray process was

carried out with an Impact Innovations 5/8 Cold Spray

System, mounted on a Fanuc M-20iA robot arm (Impact

Innovations GmbH, Rattenkirchen, Germany). Table 1

shows the parameters of the cold spray process.

The cold-sprayed coatings were treated using a Laser-

line diode laser (Laserline GmbH, Mülheim-Kärlich,
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Germany). The laser treatment parameters were selected to

allow for remelting the coatings in the surface layer with-

out affecting the coating–substrate interface. The laser-

processed area in the coating is shown in Figure 1.

The parameters, such as laser type, laser power, velocity

of laser beam, and shape and size of the laser beam, sig-

nificantly influenced the depth of treatment and the quality

of the remelted zone. Argon was used as a shielding gas.

The key task was to eliminate round pores in the structure

created by gas bubbles formed during remelting, which

didn’t manage to reach the surface and cracking appearing

during process. The optimal parameters of laser treatment

were chosen based on the tests carried out for various

process conditions and structure analysis of the treated

coatings. They are presented in Table 2.

Experimental Methods

In this work, several tests were performed to determine

how laser processing affects the microstructure, mechani-

cal and tribological properties of cold-sprayed (Cr3C2)-

25(Ni20Cr))-5(Ni25C) cermet coatings. Figure 2 shows the

plan of the analysed aspects of the work and the experi-

mental methods used.

The phase composition of the as-sprayed and laser-

treated coatings was investigated using a Bruker D8 Dis-

cover diffractometer (Bruker AXS GmbH, Karlsruhe,

Germany) with CoKa radiation and Diffrac.EVA software

with the ICDD PDF-4 ? crystallographic database. The

microstructure and chemical composition were studied

using a scanning electron microscope (FEI /Philips XL30,

FEI Company, Oregon, United States) and an FEI TECNAI

G2 TEM transmission electron microscope (FEI Company,

Hillsboro, Oregon, USA), equipped with an SIS MegaView

III CCD camera for the acquisition of the microstructure

images in bright-field mode and the recording of selected-

area electron diffraction patterns (SAED). The chemical

composition was analysed with an energy-dispersive

EDAX X-ray spectrometer. Phase analysis based on elec-

tron diffraction patterns in TEM was investigated using

Carine V3 computer software. The thin foils for transmis-

sion electron microscopy studies were cut with the FIB

technique using an FEI QUANTA 3D Dual Beam (FEI

Company, Hillsboro, Oregon, USA). The surface topogra-

phy of the as-sprayed and laser-treated coatings was tested

with a profilometer (Filmetrics Profilm 3D, KLA Corpo-

ration, Milpitas, California, USA). The device uses White

Light Interferometry technique for capturing surface

geometry. Geometry was measured with x40 magnification

with spatial sampling 0.88 lm and height measure accu-

racy 0.06 lm. The geometrical parameters of the coatings

were measured according to the ISO 25178 standard (Ref

19). An Innovatest low-load Vickers hardness tester

(HV0.3) was used to determine the coating hardness on the

cross section (Innovatest Europe BV, Maastricht, The

Netherlands). In each case, the hardness result was an

average of 15 measurements taken at different points. The

coating hardness was measured in accordance with the ISO

Table 1 Parameters of the cold spray process

Parameter Value

Working gas 45% N2 ? 55% He

Gas pressure, MPa 4

Temperature, �C 800

Powder feeder rate, g/mm 95 ± 3

Standoff distance, mm 23

Step size, mm 2

Number passes 15

Number of layers 3

Fig. 1 Diagram of the coating remelting process

Table 2 Parameters of diode laser treatment

Parameter Value

Size of laser beam, mm x mm 10 x 1

Laser power, kW 4

Velocity of laser beam, mm/s 33

Power density of laser beam, (J/mm3) 104 121
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6507- 1:2018(en) standard (Ref 20). Hardness was mea-

sured according to the diagonal of the imprint. The abra-

sive wear tests were performed using an ITEE T-07 tester

(The Institute for Sustainable Technologies, Radom,

Poland) (dry sand-rubber wheel) and loose abrasive Al2O3

particles 250 lm to 300 lm in size, at a flow rate of 250 g/

min, a wheel (Ø50 9 20) rotation speed of 200 rpm, and a

load of 90 N. The microstructure after the abrasive wear

tests were visualised using a Leica optical microscope.

Tests of the wear index and the friction coefficient of

coatings were carried out with the use of a ball-on-disc T-

21 tribotester (The Institute for Sustainable Technologies,

Radom, Poland). The ball was a 6 mm-diameter sintered

Si3N4 sphere, its linear sliding speed was 0.1 m/s, the radii

were 5, 7, and 8.5 mm, and the number of cycles was

20000. The investigations were performed under two loads

of 10 N and 15 N and at three temperatures of 25 �C,

250 �C and 500 �C in heated ambient air and at atmo-

spheric pressure for as-sprayed and laser-treated deposits.

The chamber was heated with the samples and the tem-

perature was maintained for one hour using a thermocou-

ple. The friction and wear characteristics were tested in

accordance with the ISO 20808:2016(E) standard (21). The

coating surface was ground and polished on diamond

polishing suspensions with a finishing gradation of 1 lm.

Phase Composition of Coatings

The phase composition of the (Cr3C2-25(Ni20Cr))-

5(Ni25C) coatings revealed the presence of the Cr0.25Ni0.75

matrix, Cr3C2 carbide, Ni and C (graphite) (Fig. 3). The

coatings showed no changes in phase composition com-

pared to the feedstock powders, as tested in previous

studies (Ref 7, 12). The laser-treated deposits showed new

phases, such as Cr7C3 and Cr2O3. The existence of the

above-mentioned phases indicates that the coating treat-

ment caused a partial dissolution of the Cr3C2 carbide in

the Cr0.25Ni0.75 matrix and, as a result, the formation of

Cr7C3 carbide. The appearance of the oxide phases indi-

cates the oxidation of the coating during the laser

treatment.

Surface Topography of Coatings

Coating surface topography measured using an optical

profilometer in accordance with ISO 25178 showed higher

roughness parameter for laser-treated coatings (Table 3). In

the laser-melted deposits single pores of up to several

dozen micrometres were visible on the surface, as shown

by the surface contour map and the 3D isometric image

(Fig. 4). This resulted in an increase in the value of the Sa
parameter of the laser-melted coating by approximately

30% compared to the sprayed coating. The appearance of

holes on the surface is the result of the release of CO2 gas

resulting from the oxidation of graphite in the coating (Ref

12). The roughness parameters of the laser-melted coating

were also tested in the zone where there were no holes on

the surface (a rectangular area indicated by the arrow in Fig

4c). In this case, they were characterised by 30% lower

surface roughness (Sa) compared to the sprayed coatings.

This confirms that the laser melting process generally

smooths the coating surface when skipping the holes.

Microstructures of (Cr3C2-25(Ni20Cr))-(Ni-
Graphite) Coatings

SEM Microstructures of Deposits

The morphology of the cold-sprayed coatings examined

using scanning electron microscopy showed a highly

deformed Ni-Cr metallic phase and embedded ceramic

particles (Fig. 5a). A higher roughness surface was

observed compared to the laser-melted coating, which was

Fig. 2 Plan of the experiments

performed
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characterised by lower roughness. The SEM morphology

of the laser-treated coating surface is shown in Figure 5d

and 6. On the coating surface after laser melting, a thin,

uneven oxide layer was formed, which inhibited further

interaction of oxygen with the coating. Its occurrence may

suggest that it was formed in Cr-rich areas resulting from

Fig. 3 Phase composition of the cold-sprayed (Cr3C2-25(Ni20Cr))-5(Ni25C) (a) and laser-treated (b) deposits

Table 3 Coating surface topography parameters according to ISO 25178 (19)

Coatings Surface roughness

parameters

Sa (Arithmetic

mean height),

lm

Sp (Maximum

peak height),

lm

Sv (Maximum

pit height),

lm

Sz
(Maximum

height), lm

Sq (Root mean

square height),

lm

Ss,
Skewness

Sk,

Kurtosis

As-sprayed 9.35 39.83 53.71 93.53 11.66 - 0.15 2.94

Laser-

treated

Entire area 12.96 68.71 97.41 166.10 18.68 - 0.95 7.75

Area indicated by arrow 7.55 33.91 47.68 81.59 9.91 - 0.29 4.46

Fig. 4 Surface contour maps (a, c) and 3D isometric images (b, d) of the as-sprayed (a, b) and laser-treated coatings (c, d)
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the dissolution of Cr3C2 in the matrix. Cr2O3 oxide (dark

grey areas) was formed on the coating surface by oxidation

of Cr due to the direct contact of air with the sample sur-

face. Unlike the sprayed coatings, no embedded Cr3C2

ceramic particles and no deformed particles were observed

in the modified zone. The light phase visible on the surface

appeared homogeneous, but a microstructure at higher

magnification showed the presence of areas composed of

alternating dark and light phases.

In the cross section of the sprayed coating, an evenly

distributed ceramic phase and graphite in the metal matrix

are observed. The coatings are characterised by negligible

Fig 5 SEM-BSE surface

morphologies and cross sections

of the as-sprayed (a,b,c) and

laser-treated (d, e, f) deposits

Fig. 6 High magnification

SEM-BSE surface

morphologies of laser-treated

coatings (arrow indicates

Cr2O3)
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porosity, and there are no visible discontinuities in the zone

near the substrate (Fig. 5b). Microstructure of the cross

section of the Cr3C2-25(Ni20Cr))-5(Ni25C) coating after

laser modification indicated that the coating was melted to

a thickness of approximately 60% (Fig. 5e). In the

boundary zone of the coating between the remelted and

unmodified part (Fig. 5f), Cr3C2 carbides were visible,

which were partially remelted while retaining the Cr3C2

carbide core. The small carbides were completely melted.

The microstructure created as a result of complete melting

of the original structure consisted of newly-formed Cr7C3

carbides and the Cr0.25Ni0.75 phase. During surface modi-

fication, there was a complete or partial (with the preser-

vation of the core) transformation of Cr3C2 carbide into

Cr7C3 carbide. A supersaturation phenomenon occurred,

which resulted in the subsequent formation of new Cr7C3

carbides during rapid crystallisation, which may indicate

that it was a more energetically favourable process under

these conditions than the formation of equilibrium Cr3C2.

The cross section microstructure observation of the

laser-treated coating performed at higher magnifications

(Fig. 7) showed that it was composed of nickel–chromium

phase and Cr7C3 carbides. Cr7C3 carbide existed in various

forms, i.e. large elongated lamellas, several micrometre

precipitates and thin lamellas with a nanometric structure.

The structure of the coating consisted of larger Cr7C3

particles, between which alternating nanometric light

(Cr0.25Ni0.75) and dark (Cr7C3) lamellas were arranged. In

the case of large ceramic particles, a Cr3C2 carbide core

can be observed (Fig. 7).

Both on the cross section and the surface, no cracks or

discontinuities resulting from melting and crystallisation of

the material subjected to laser surface treatment were

observed in the microstructure of the coatings (Fig. 5, 6 and

7).

TEM Microstructures and Chemical Composition

of Deposits

The microstructure of laser-modified coatings observed in the

micro/nano-scale using TEM is presented in Figure 8 and 9.

Coatings were analysed both in the central part of the modified

area (Fig. 8) and near the surface zone (Fig. 9). In the central

part, the coating was composed mainly of newly-formed

Cr7C3 carbide of various shapes and sizes, between which

there was a Cr0.25Ni0.75 phase. Figure 8a indicates the presence

of elongated grains of Cr7C3 carbide with a length of several

micrometres and a width of about a micrometre; while, Fig-

ure 8b indicates the presence of this type of carbide in the form

of finer grains of irregular shape. The phase composition of the

coating examined using electron diffraction corresponded to

the phase composition examined using X-ray diffraction

(Fig. 3). In order to determine the chemical composition in the

micro-areas of coatings subjected to laser surface modifica-

tion, maps of the distribution of chemical elements were made

(Fig. 8(b) and (d)). Chromium, nickel and carbon are located

in the structure. The presence of chromium and carbon in the

same areas confirmed the presence of chromium carbides of

various shapes and sizes in the structure.

The presence of chromium oxides in the structure of the

coatings was confirmed using X-ray diffraction. To identify

their presence on the surface of the modified area, analysis of

the phase composition was performed based on SAED

diffraction images and the chemical composition of the area

Fig. 7 High magnification

SEM-BSE cross section of

laser-treated coatings (arrow

indicated Cr3C2)
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near the surface (Fig. 9). The tests performed showed the

presence of a thin layer of chromium oxide Cr2O3, approxi-

mately 200 nm, which was formed on the coating surface.

Mechanical Properties of Coatings

The HV0.3 microhardness measured on the cross section of

the modified coating was 740 ± 29 HV, while that of the

cold-sprayed coating was 607 ± 48 HV, which indicates a

20% increase in this value caused by laser treatment. The

higher microhardness of the coating results from the

refinement of its structure and the presence of a larger

number of grain boundaries. Although Cr7C3 carbide has a

lower microhardness compared to Cr3C2 carbide, the large

variety of its forms and sizes (from several nanometres to

several micrometres) and even distribution in the coating

had a positive impact on the increase in hardness. The

increase in microhardness may also be related to the

structure formation process after laser treatment signifi-

cantly different from that of cold-sprayed one.

Wear Resistance and Tribological Properties
of Coatings

Abrasive Wear with Loose Abrasive

The abrasive wear test with loose abrasive showed

approximately 30% lower mass loss of (Cr3C2-25-

(Ni20Cr))-(Ni-graphite) coatings after laser surface modi-

fication in comparison with the non-treated one. Regardless

of the test duration, the remelted coating was characterised

by lower weight loss compared to the as-sprayed coating.

After 10 minutes of the test, the mass loss of the coating

was 24 mg, with a gradual increase of about 20 mg with

each measured test, resulting in about 110 mg of coating

mass loss after 50 minutes (Fig. 10).

Ball-on-Disc Test-Wear Index

The ball-on-disc tests were performed at temperatures of

25 �C, 250 �C and 500 �C under loads of 10 N and 15 N.

Figure 11 shows the determined values of the wear index

Wv for as-sprayed and laser-modified coatings.

The tests performed showed that the lowest wear index

was observed for cold-sprayed coatings, tested at a tem-

perature of 500 �C under a load of 10 N. Then, the lowest

wear index was observed for laser-treated coatings, tested

at a temperature of 25 �C. As the test temperature

increased, an increase in the wear index of coatings after

laser modification was observed. These values were com-

parable, regardless of the temperature used (250 �C or 500

�C) and ranged from 40.7 � 10-6 m3/Nm to 42.3 � 10-6 m3/

Nm. The highest wear index was observed for the as-

sprayed deposit at 250 �C, regardless of the load used.

To illustrate the wear paths of the coatings and their

profiles, selected samples were tested after ball-on-disc

tests using an optical profilometer. Figure 12 shows wear

path profiles of coatings after laser melting obtained for a

Fig. 8 TEM-BF images of the laser-treated coating (a, c) and STEM-HAADF images and chemical composition maps in the central part of the

coating after laser surface treatment (b,d)
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Fig. 9 STEM-HAADF images of the laser-treated coating in the near-surface region (a), electron diffraction of Cr2O3 oxide (b), and chemical

composition maps (c)

Fig. 10 Weight loss versus time

measured for the (Cr3C2-

25(Ni20Cr))-5(Ni25C) coating

before and after laser treatment
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15 N load, compared with the profiles of unmodified

coatings.

The presented wear paths and the profiles made on their

basis reflect the coating wear index presented in Fig. 11.

The coating with the lowest wear index had the narrowest

and shallowest profile shape. In turn, the deepest wear

profile was identified in the as-sprayed coating, tested at a

temperature of 250 �C.

Ball-on-Disc Tests-Friction Coefficient

The results of the friction coefficient testing of coatings

before and after laser modification at various temperatures

and load variants are presented in Figure 13.

The ball-on-disc tests showed higher friction coeffi-

cients for the coatings tested at 25 �C compared to the

coatings tested at elevated temperatures of 250 �C and 500

�C. During tests using a load of 10 N, a slightly higher

friction coefficient was observed for laser-melted coatings

tested at 25 �C and 500 �C. The opposite effect was

demonstrated by coatings tested under a load of 15 N. The

lowest friction coefficients were observed in coatings tes-

ted at a temperature of 500 �C and under a load of 10 N.

In order to show the characteristics of changes occurring

during friction coefficient tests, Figure 14 shows the curves

recorded during these measurements using a 10 N load.

The highest value of the friction coefficient maintained

during the tests was for the coating subjected to laser

surface modification at a temperature of 25 �C. The shape

of the curve is uniform throughout the entire measurement

cycle. At the same measurement temperature, the friction

coefficient for the as-sprayed coating showed a slightly

lower value. Characteristic changes (jumps) on the curve

were observed at approximately 7000 cycles and 16000

cycles. In the case of coatings tested at 500 �C, the friction

coefficient curves also correspond to the values shown in

Figure 13 and confirm their lowest value. In the initial

stages of testing (up to 4000 cycles), an increase in the

friction coefficient value up to 0.5 was observed. This is

related to the lapping effect of the sample and counter-

sample occurring during the stabilisation of the system.

Then it decreased and remained at the level of approxi-

mately 0.38 for the laser-melted coating and 0.36 for the

unmodified one.

Discussion

Laser treatment was aimed at modifying composite coat-

ings (Cr3C2-25(Ni20Cr))-5(Ni25C) in such a way as to

improve their mechanical and tribological properties in the

near-surface layer, while maintaining the structure and

properties of cold-sprayed coatings near the coating–sub-

strate interface. Surface treatment of cermet coatings based

on a NiCr metal matrix Cr3C2 ceramic phase was per-

formed using a diode laser, which is the most frequently

recommended device for the surface hardening of materials

(Ref 14). The coating was melted in the surface zone of the

sprayed layer, without disturbing the connection between

the coating and the substrate. Figure 15 shows the coating

after laser modification. Evenly distributed oxide phases

and few pores are visible on the surface. The melted zone is

characterised by a highly grain refined microstructure.

Below the laser-treated zone, an area of the as-sprayed

coating deposited on the substrate is presented.

Phase analysis of (Cr3C2-25(Ni20Cr))-5(Ni25C) coat-

ings subjected to laser surface treatment showed the pres-

ence of two new phases in the structure: Cr7C3 carbide and

Cr2O3 oxide (Fig. 3). Changes in phase composition were

reflected in the surface morphology and cross sections of

the coatings (Fig. 5, 6 and 7). The Cr2O3 oxide was

observed on their surface, which was created by combining

Fig. 11 Wear index of the

(Cr3C2-25(Ni20Cr))-(Ni25C)

coatings before and after laser

remelting, determined under

various conditions
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chromium with oxygen from the air. The thickness of this

layer ranged from 20 nm - lighter areas of the surface to

200 nm - darker areas (Fig. 5 and 6). The oxide was

identified only on the deposit surface, which may suggest

that inhibited the interaction of oxygen with coating layers.

The thickness of the oxide layer was different, which may

suggest that its thicker layer was formed in Cr-rich areas,

formed by dissolving Cr3C2 carbides in the Cr0.25Ni0.75

matrix (Ref 22, 23). Cr2O3 is a thermodynamically

stable phase up to 1000 �C under atmospheric conditions.

This phase was often formed in thermally sprayed Cr3C2-

NiCr coatings in the form of small oxides distributed in the

structure of the coatings (Ref 22), but its presence in the

structure of the coatings had an adverse effect on their

mechanical and chemical properties (Ref 13).

The roughness of the (Cr3C2–25(Ni20Cr))-5(Ni25C)

coatings after laser remelting was approximately 30%

higher compared to the coatings before treatment, which

was caused by the presence of holes on their surface,

resulting from the release of gases during the melting of the

coating (Table 3 and Fig. 4). The roughness of the laser-

modified coating was also measured in the zone that did not

Fig. 12 Surface topography of wear paths of the (Cr3C2-25(Ni20Cr))-(Ni25C) coatings tested under a 15 N load; depth vs. width of the deposit

wear paths (a), as-sprayed coating at 25 �C (b), 250 �C (c), 500 �C (d), and laser-treated coating at 25 �C, 250 �C (f), 500 �C (g)

J Therm Spray Tech

123



include any locally formed holes. In this area, the rough-

ness parameters of the coatings were approximately 30%

lower compared to the coatings before modification. Apart

from a few holes on the coating surface, no defects in the

form of cracks were observed resulting from inappropriate

selection of process parameters and excessive temperature

gradient in the pool. During laser remelting, small Cr3C2

carbides were completely dissolved in the nickel–chro-

mium phase, leading to its supersaturation with chromium,

as indicated by approximately 25% higher content of this

element in these areas measured using SEM-EDS. Simi-

larly to this work, supersaturation of the matrix leading to

the precipitation of new phases was observed in materials

produced by thermal spraying processes (Ref 24, 25).

SEM-BSE observations of the coating surfaces at higher

magnifications allowed dark and light phases to be distin-

guished, suggesting the presence of carbide and nickel–

chromium phases. These phases were arranged alternately

or appeared in an irregular form (Fig. 6). In the cross

sections of the coatings, the carbide phase was charac-

terised by various shapes and sizes. The size of the carbide

precipitates ranged from several to several dozen

micrometres (Fig. 7). Additionally, the Cr3C2 phase, which

constituted the cores of the larger Cr3C2 carbide particles,

was visible on the cross sections of the melted coatings.

These carbides were not completely transformed into

Cr7C3 carbides. They were most visible in the zone

Fig. 13 Friction coefficient of

the (Cr3C2-25(Ni20Cr))-

(Ni25C) coatings before and

after laser remelting,

determined under various

conditions

Fig. 14 Course of the coating

friction coefficient curves of the

(Cr3C2-25(Ni20Cr))-(Ni25C)

coatings before and after laser

remelting, measured under a 10

N load and at various

temperatures

Fig. 15 (Cr3C2-25(Ni20Cr))-(Ni-graphite) laser-treated coating
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between the remelted and unmodified parts of the coating

(Fig. 5f). Figure 7 shows the core of the original carbide

particle, which has not undergone any transformation. The

transformation of carbide occurred only in its external

zone, where intense heating resulted in melting and diffu-

sion of carbon into the matrix. Electron diffraction studies

using TEM showed that, after laser remelting, Cr7C3 car-

bide was mainly formed during cooling, which indicates its

easier crystallisation under these conditions compared to

Cr3C2 carbide (Fig. 8). According to the C-Cr phase dia-

gram, Cr3C2 carbide undergoes a peritectic transformation

L ? C $ Cr3C2 at a temperature of 1811 �C, while when

cooling from the liquid phase to 1727 �C, a new Cr7C3

carbide phase can be formed (Ref 26). It should be

emphasised that the processes occurring during laser

remelting are not in equilibrium and do not always have to

occur following the phase diagram. The grain-refined

structure of the coating created in the laser melting process

had a beneficial effect on its microhardness, showing an

increase of approximately 20% compared to that before

processing. Although Cr7C3 carbide has a lower hardness

(18.3 GPa) than Cr3C2 (20.9 GPa) (Ref 27), the coating

hardness increased significantly. This was influenced by

the fine-grained structure of the coating after remelting and

the microstructure consisting mainly of the Cr7C3 phase

and the nickel–chromium matrix occurring in various

forms, e.g. alternating lamellas of Cr7C3 carbides and the

matrix, or the presence of carbides of various shapes in the

matrix (Ref 28, 29). Moreover, the presence of the

nanocrystalline structure of the coatings had a significant

impact on improving their properties. Similar observations

were reported by Roy et al. (Ref 30), Chong et al. (Ref 31)

and Janka et al. (Ref 32), who showed a high density of fine

and hard precipitates occurring in the nickel–chromium

matrix, improving the properties of coatings. The higher

hardness of the coatings corresponded to higher abrasion

wear resistance and better tribological properties (less wear

index) during the tests at 25 �C and 250 �C. Cold-sprayed

(Cr3C2-25(Ni20Cr))-5(Ni25C) coatings subjected to laser

surface treatment showed approximately 30% lower weight

loss (Fig. 10), compared to the as-sprayed ones. Wear

index (Wv) determined during ball-on-disc tests have

shown that laser-melted coatings are characterised by the

lowest wear at 25 �C, regardless of the applied load

(Fig. 11). During test, the Cr3C2 small particles detached

from the coating material formed grooves, and therefore, at

25 �C, a wear index is higher for the as-sprayed deposit.

Increasing the test temperature to 250 �C caused the metal

matrix to be softer, and carbide particles ground against the

wear path, creating larger grooves and furrows. Because

the Cr3C2 carbides were more brittle than Cr7C3 and had

greater ease of particles detaching, the wear of the cold-

sprayed deposit was more intense. A temperature of 250 �C

is insufficient to form a tribofilm, which was responsible

for a significant wear index reduction. During the ball-on-

disc test at 500 �C, the actual temperature was significantly

higher (even around 800 �C). This caused a greater amount

of tribofilm to form, as a result, of the wear of the sample

and the Si3N4 ball. The formed tribofilm acted as a lubri-

cant, protecting the coating against wear, which was

especially visible in the as-sprayed coatings, which

revealed the lower wear index. The higher wear index of

modified deposits was related to its appreciable softening.

The more ductile modified coating with Cr7C3 carbides of

different shapes resulted in faster abrasive wear at 500 �C
compared to as-sprayed deposits containing Cr3C2 car-

bides. The improvement in tribological properties was

influenced by both the grain refinement of the coating

structure and the chromium oxide Cr2O3 layer formed on

the surface, identified using TEM (Fig. 9). Chromium

oxide layers reveal very good anti-abrasive properties, as

shown by Mohammadtaheri et al. (Ref 33) in the case of

magnetron sputtered coatings, and Dong et al. (Ref 33) in

plasma-sprayed coatings. Particularly noteworthy is the

fact that the laser-treated coatings were devoid of porosity

(Fig. 5e), apart from a few holes occurring near their sur-

face (Fig. 4(c), (a) ,and (d). This distinguishes them from

the group of coating materials obtained by other thermal

spray methods (plasma or HVOF), where comparable

mechanical properties were obtained (Ref 30, 31).

Conclusions

This work presents the characterisation of the laser-treated

(Cr3C2-25(Ni20Cr))-5(Ni25C) composite coatings cold-

sprayed on the 1H18N9T steel substrate. The use of surface

laser treatment enabled the development of new coating

materials with increased properties in the near-surface zone

of a certain thickness, below which the properties of cold-

sprayed coatings were retained. The influence of a diode

laser beam on the microstructure, surface topography and

wear resistance of the deposits was analysed. The obtained

results are shown below.

1. Cermet coatings were laser melted to a depth of 60%,

without the presence of significant porosity.

2. The surface modification led to a phase composition

change in the deposits, which, apart from Cr0.25Ni0.75

and Cr3C2, revealed the presence of new phases, such

as Cr7C3 carbide in their structure and an uneven

thickness Cr2O3 oxide layer up to 200 nm on the

surface.

3. The laser-treated coatings were characterised by the

lowest wear index (Wv) at 25 �C and 30% lower mass

loss during wear tests with loose abrasive and 20%
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higher microhardness compared to the as-sprayed

deposits.

4. The value of the friction coefficient was similar for all

examined coatings and decreased with increasing

temperature, except for the coating tested under a load

of 15 N at 500 �C, regardless of the applied load.

5. The laser surface melting caused changes in the

coating morphology and microstructure and signifi-

cantly improved the mechanical and tribological

properties of the cermet (Cr3C2-25(Ni20Cr))-

5(Ni25C).
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