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Abstract
The aim of this work was deposit coatings containing an high volume fraction of reinforcement phases, from WC-4Co-5Ni,
WC-10Ni e 25NiCr-75CrC powders with laser cladding.
The deposited coating thickness ranges from 1mm to 1.6mm with porosity volume fraction varying, between 3% and 6%. In
the WC reinforced coatings, no cracks were observed. In the NiCr – CrC coating there is some degree of cracking, attributed to
thermal stresses developed during solidification and cooling of the coating.
In WC – FeCoNi coating, the microstructure is characterized by the presence of faceted WC particles, W2C particles with
irregular morphologies and M6C carbides with both, faceted/dendritic morphologies and eutectic morphologies. The matrix, is
characterized by the presence of, dendritic 𝛾 – (FeNiCo) and Fe6W7 and eutectics of 𝛾 – (FeNiCo) – M6C and Fe6W7 – M6C.
In WC – FeNi coating, the microstructure is manly composed of faceted WC particles, faceted and elongated W 2C carbides
and eutectic M6C. The matrix, presents itself, in the form of dendritic 𝛾 – (Fe, Ni) and interdendritic eutectic of 𝛾 – (Fe, Ni) - M6C.
The microstructure of NiCr – CrC coating is characterized by the presence of faceted, more or less elongated chromium
carbides, namely, Cr3C2 and Cr7C3 surrounded by an eutectic matrix of (Ni,Cr) - Cr3C2 /Cr7C3.
Regarding coating hardness, it’s constant throughout the coatings thickness, with WC – FeNi coating

yielding an average

hardness of 780±50 HV1, the WC – FeCoNi coating and average hardness of 980±43HV1 and the NiCr – CrC coating an average
hardness of 1120HV1±20HV1. The differences in hardness between the coatings were attributed to the carbide phase volume
fraction and differences in hardness of the composite matrix.
Regarding friction coefficient, all coatings yield a dynamic friction coefficient between 0,08 and 0,14, with run-in periods
between 5-10 min.
The wear coefficient ,for the different coatings, was calculated yielding a value of 2,3x10-6 mm3/(N.m) for the WC – FeNi
coating, 3,92,3x10-6 mm3/(N.m) for the WC – FeCoNi coating and 1,9x10-5 mm3/(N.m), for NiCr – CrC coating. It was found that
average coating hardness doesn’t play a role in the composites wear resistance. The wear resistance was found to be determined
by the relation between reinforcement particle hardness and counter body hardness, particle volume fraction and particle size.
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1. Introduction

greater than 2000 vickers, good wettability by molten metals,
low thermal expansion coefficients, around 3.88-5.65 x 10-6

For many industrial applications, such as cutting tools

K-1 and high melting point (>3000K) [1].

and mining machinery parts, the surface properties of the

Chromium Carbides aren’t usually used in laser cladding

materials employed are generally of major importance, since

processes, since this kind of carbides have low melting

cutting tools are usually subjected to harsh wear and

points, leading to a full dissolution in the melting zone. Cr3C2

corrosion environment. For this reason, nowadays surface

can e considered for WC substitutions since it has a reported

engineering is being more and more considered since it

hardness greater than 2200 vickers. Nevertheless, since the

offers an effective and economical mean of improving the

melting point of this carbide is easily surpass during laser

durability, effectiveness and service life of components

cladding, on cooling , the formations of Cr7C3 as a primary

subjected to intensive wear and corrosion environments. To

solidification phase can occur, leading to a decrease in

accomplish specific surface properties intended for these

hardness of the composite material, since this carbide

applications, such as abrasive wear resistance, it’s required

reported Vickers hardness of around 1700. It has been found

the use of multiphase materials, usually metal matrix

by L.Venkatech et al.[2] that decreasing laser power and

composites reinforced with a dispersion of hard particles. In

increasing processing velocities can be correlated with the

this group of materials one can include WC reinforced alloys

formation of this low hardness carbide, hindering the

and Cr2C3/Cr7C3 based alloys.

performance of the composite material.

Although wear resistance doesn’t present itself as an

Although laser cladding of WC – based alloys, appears

intrinsic material property and rather depends on the nature

has a promising, it presents some limitations regarding

of the tribological system in which the material is employed,

particle loading. Tobar et al.[3] as reported that for a WC

understanding the relations between material properties and

particle loading greater that 50%wt, it’s increasingly harder

microstructure and their influence on the behavior of the

for material to flow in the melt pool, leading to melt pool

material in a given tribological system can be essential for

instabilities that result in a tooth edge appearance along the

designing and selections of materials for any tribological

clad. The authors attribute this phenomenon to the high

system.

melting point of the ceramic particles and their high

Among the available hard-facing alloys based on

concentrations, resulting in the formation of a low fluent

tungsten carbides and chromium carbides, the most

material in the melt pool. It’s also found by xxx that WC

commonly used binders are usually, Ni-based, Co-based

content for Ni-based alloys should not exceed 45%vol,

and iron-based binders.

otherwise resulting in the formations of large pores and poor

Usually this composites are deposited by thermal

bonding[4].

spraying processes, although, these processes usually lead

In the presence of small binder fractions 10-20%wt in

to the presence of defects in the coatings such as porosity,

WC – based alloys, it is usually required an increased energy

microcracks, unmelted particles and low bonding strength at

density, which can induce high substrate dilutions and

the interface as a result of interfacial mechanical bonding.

increased porosity in the coatings. This results are

This leads to a necessity of depositing these kinds of

corroborated by J.Przybylowicz et al.[5] and Mohammad

materials with the aid of some high energy beam techniques

Erfanmanesh et al.[6] findings.

such as laser cladding.

Not much research has been conducted in laser cladding

Among all the reinforcement phases, tungsten carbides

of highly loaded MMC (Metal Matrix Composites) materials,

present themselves as the most promising to increase wear

since they present them self has very difficult alloys to

resistance of substrates, due to their reported hardness

deposit under normal processing conditions.
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Huang et al. [4] has investigated the wear behavior of

size, composition and element distribution via SEM

laser cladded WC/Ni alloys deposited on H13 steel

microscopy (Hitachi S-2400), EDS measurements (Brucker

substrates, reporting an increase of wear resistance by a

nano XFlash detector 5010) and XRD diffraction using a

factor of 5-10 when compared to the H13 tool steel substrate.

Philips PW 3710 mpd control with a CuKα1 lamp (λ =

J.S.Xu et al.[7] tried to establish a relation between particle

0,15065nm) between 10 and 100º, with a 0,1º step and

loading and wear behavior of WC – Ni based alloys, by

scanning time of 5s. To confirm their composition.

varying the WC content between of 0-80%wt, reporting the

It was also characterized and used a powder sent by

best wear resistance behavior for the alloy with 40%wt in

TE&M with commercial reference WOKA 3202 (WC –

WC. Van Acker et al.[8] investigated the particle size and

17%Co). Some discrepancies were identified in the

distribution on wear behavior of WC-Ni based alloys

composition of WOKA 3202 powder. The analyzed powder

deposited by laser cladding, reporting that in dry sliding

has shown a real composition of approximately WC – 5%Ni

conditions, wear resistance increases with increase particle

– 4%Co, the powder is clearly composed of Ni rich particles

concentration and decrease in particle size. For three-body

and Co rich particles as showed by the composition map in

abrasion, the authors reported that if the abrading particle

Figure 1 (b).

size is inferior to the size of the reinforcement particles the
wear behavior of the composite is manly controlled by the
matrix characteristics. Nevertheless, this results have been
contradicted by the Xin Tong et al.[9] studies, in which, the
authors study the effects on wear behavior of WC particle
Figure 1 - WC - 5Ni-4Co powder. (a) morphology of the powder (b)

size, failing to find a clear correlation between these factors.

EDS map of the powder, blue particles are ni-rich particles and red

The aim of this work was to deposit highly loaded MMC

particles are co-rich particles

coatings on steel substrates, from precursor powders of WC
It’s worth noticing that for all the powders the powder

– 10Ni, WC – 4Co – 5Ni and 25NiCr – 75CrC(80%Cr3C2 –
20% Cr7C3) by means of laser cladding. The resulting
coatings where characterized in function of their defects and

particles are already composite materials composed of
reinforcement phase and binder phase.
The individual coatings were then prepared by blown

general characteristics, microstructure evolution during
solidification, mechanical properties (surface hardness) and
tribological behavior.

powder laser cladding method, with use of 1,5Kw top-hat
diode laser and a computer-controlled XY. The substrates
used for the cladding process of the WC-based powders

2. Experimental
2.1. Materials and methods

were plates of commercial ck45 steel and for the CrC based
powders, plates of commercial 303 stainless steel. Three
process parameters were chosen as key operational
processing parameters: laser power, scanning speed and

In this study, the starting powders, WOKA 7305
(25%NiCr – 75CrC) with a chemical composition of 17.522.5%wt Ni, 9.0-10.2%wt C and Cr balanced with nominal
particle sizes ranging from 15-45 µm and WOKA 3302 (WC
– 10%Ni) with a chemical composition of 8.5-11.5%wt Ni,
5.2-6.0%wt C and W balanced with nominal particle sizes
ranging from 15-45 µm. The powders were acquired by
TE&M and send to IST where they were characterized by

powder feed rate. For all coatings the processes parameters
were varied to find the best operational conditions for this setup. Laser power was changed from 500W to 1500W with
constant increments of 50W, scanning speed was changed
with successive increments of 0,2mm/s from 3mm/s to
14mm/s and powder feed rate was varied from 0.1g/s to 0.35
g/s. The best operational conditions are summarized in table
1.
2

2.2. Microstructure characterization
Table 1 - Parameters used for the laser cladding of individual
powders.

Powder

WC

–

by

optical microscopy (Nikon optical magnifier SMZ800 coupled

Laser

Scanning

Powder

Overlap

with a Nikon digital sigth Ds-Fi1 camera), scanning electron

Power

speed

feed rate

(%)

microscopy (FEG-SEM JEOL JSM-70001F coupled with an

(W)

(mm/s)

(g/s)

1100

4

0,17

Oxford EDS system (INCA Penta Fet x3) and X-ray
63

diffraction Philips PW 3710 mpd control with a CuKα1 lamp
(λ = 0,15065nm) between 25 and 75º, with a 0,05º step and

10Ni
WC

Microstructure characterization was carried out

–

1350

14

0,3

50

scanning time of 2,5s.
Microstructure analysis were carried in transverse cross-

5Ni-4Co
25NiCr –

800

10

0,15

53

section and polished with SiC graded sandpaper in the
following order 80, 120, 240, 600, 800, 1000, 2400 and 4800,

75CrC

then polish with diamond paste of 3 and 1 µm and finally with
The beam diameter was kept constant for all samples

an SiO2 colloidal suspension.

deposited with a value of 3mm. Argon was used as a

2.3. Hardness measurements

shielding gas with flow rate kept constant at 3L/min.
To avoid intense thermal gradients, the substrates were
pre-heated at 350ºC. The precursor powders were also preheated at 90ºC for 12h, to dry the powders and remove

The hardness of the coatings was evaluated by
microhardness tests carried out in under a load of 10N, using
a Vickers indenter.

adsorbed water.

(a

(

(c

Figure 2 - Transverse cross-sections of the different coatings made from the
following precursor powders (a) WC - 4Co - 5Ni; (b) WC - 10Ni; (c) 25NiCr-CrC; In
red it can be observed the pore fraction for each yellow marked area and in green
its highlighted crack zones
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Considering the results obtained, it’s important to try to

2.4. Wear tests
Dry sliding wear tests were performed using a ball
cratering apparatus similar to the one describe by Colaço et
al.[10], on samples cut parallel to the coating/substrate
interface polished in the same way described for the
microstructure transverse cross sections. The counter body
used was a 25 mm diameter alumina sphere, which rotates
against the sample. The tests were performed at constant
sliding speed of 130mm/s, for a sliding distance of 2500m
under a normal load of 3N, The wear coefficient

was

establish a relation between these characteristics and laser
processing conditions. Two major variables emerge by
combining process conditions showed in Table 1, power
density and interaction time. Power density is obtained by the
ration between power used and the laser beam area and the
interaction time is obtained by dividing the laser beam
diameter by the laser scanning speed.
For each coating, these variables are summarized in
table 3.
Table 3 - Power densities and interaction time for each

calculated from the volume of removed material determined

coating deposited

by measuring the crater area and establishing an equivalent
diameter. The wear mechanisms were investigated by SEM

Powder

Power Density

observations carried out in SEM Hitachi S-2400 and EDS

reference

(W/mm2)

(s)

analysis carried out by a Brucker nano XFlash detector 5010.

WC – 4Co – 5Ni

191

0.21

WOKA 3302

156

0.75

WOKA 7305

113

0.30

3. Results and Discussion

In Figure 3, one can observe the differences regarding

3.1. General coating considerations

coating homogeneity. Both coatings deposited from WC –

3.1.1. Coating characteristics and defects

10Ni

Three parameters where selected as the main coating
characterization

variables,

coating

Interaction time

thickness,

porosity

fraction, the presence of cracks and coating homogeneity.
The results of this analysis are showed in Figure 2 and

and

25NiCr

–

75CrC

powders

are

relatively

homogeneous.
A clear distinction can be seen for the coating deposited
from WC – 4Co – 5Ni. In this coating one can be observed
the presence of zones absent of WC particles.
The predominant mechanism for homogeneity in laser

summarized in Table 2.

cladding processes is the intensity of the convection currents
Table 2 – General coating characteristics for the different

connection currents generated in the melt pool, for each

deposited coatings
Powder

Coating

reference

height (mm)

WC – 4Co –
5Ni

coating one can use the model proposed by C.Chan et
Characteristics
Approx. porosity fraction of 3%;

1.0 ± 0.1

generated in the melt pool. In order to study the impact of the

al.[11], rearranged in order to explicitly introduce power
density and interaction time, as variables, such as:

Absence of cracks;
Heterogeneous coating microstructure
Approx. porosity fraction of 6%;
Cracks initiate at porosity interfaces and

WOKA 3302

1.6 ± 0.2

do not propagate though all the coating
thickness;

𝑆=

𝜎 ′ 𝑞𝑑
= 𝜑𝑚 𝐼𝑎𝑏𝑠 𝜏
𝜂𝑉𝑓 𝑘

(1)

Homogeneous coating microstructure

Approx. porosity fraction of 4%;
WOKA 7305

1.1 ± 0.1

Cracking from thermal stresses
Homogeneous coating microstructure
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(b)

(a)

(c)

Figure 3 - SEM imagens of the coatings microstructures at low magnification (x150); (a) WC - 4Co - 5Ni;
(b) WOKA 3302; (c) WOKA 7305

Where 𝜑𝑚 is a material dependent constant that relates

3.1.2.Temperature distribution Estimations.

the surface tension changes with temperature, the viscosity
and the material thermal conductivity, considered equal for
both materials, 𝐼𝑎𝑏𝑠 is the absorbed irradiance or power

The temperature distribution in the melt pool was
calculated using Ashby’s and Easterling model [12]. The
authors show that the melt pool temperature profile can be

density and 𝜏 is the interaction time.
Considering this, it’s clear that for WC – 10Ni coating,
convection processes should be of more importance than for
WC – 4Co – 5Ni coating, however, since this systems are
expected to have viscosities that hinder material flow, due
to the presence of high volume fractions of solid

WC

particles, the material constant can be assumed to have a
minor importance. So, the S number for WC – 10 Ni coating
is about 130 and for WC -4Co -5Ni about 30. Both values
present itself as low values, leading to the conclusion that,

analytically approximated by the following equation:
2

(𝑧+𝑧0 )
𝐴𝑃𝑓
1
−
𝑇(𝑧, 𝑡) = 𝑇0 + (
)
𝑒 4𝛼𝑇 𝑡
2𝜋𝑘 𝑉𝑓 √𝑡(𝑡 + 𝑡0 )

(2)

Where T is the temperature, z is the height of the clad, t
is the time, A is the absorptivity ,Pf is the laser power, k it’s
the material thermal conductivity, αT is the thermal diffusivity,
Vf is the scanning speed, T0 is the substrate initial
temperature and t0 is the time that takes heat to travel the
half of the laser beam diameter r0 and it’s equal to 𝑡0 =

𝑟0 2
4 𝛼𝑇

.

although convective movements should play an important

It’s important to consider that this is a simple model that

role in coating homogeneity, for highly loaded WC composite

doesn’t take into consideration changes in temperature

coatings, another homogeneity mechanisms should be

caused by phase transformations and fusion enthalpies.

present.
To

To feed the model it was necessary to estimate some
further

understand

the

interaction

between

properties and make some approximations, namely, thermal

reinforcement particles and liquid in the molten metal, it’s

conductivity of the composite material. The thermal

necessary to first estimate the temperature distribution.

conductivities for all coatings were obtained by the Maxwell-

Additionally, the diffusion profile for C and W atoms, was

Garnett equation (3), which as proven to be a better

establishes as a function of particles distance, for the WC

approximation for thermal conductivity of MMC than a simple

reinforced coatings.

mixture law[13].
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𝑘2 (1 + 2𝑉2 ) − 𝑘1 (2𝑉2 − 2)
𝑘𝑒𝑓𝑓 = 𝑘1 (
)
𝑘1 (2 + 𝑉2 ) − 𝑘2 (1 − 𝑉2 )

(3)

To estimate the composite thermal properties, it was also
needed to estimate binder conductivity. This was made by

Where, k1 is the thermal conductivity of the binder phase,

the application of the mixture law and the volume fractions of

k2the thermal conductivity of the reinforcement particles and

reinforcement particles in the coatings. These estimations

V2 the volume fraction of the reinforcement particles, the

were made by image analysis of Figure 3 and the percentage

values of V1 and V2 were obtained by image analysis of

of each element estimated by EDS. These variables are

figure 3, and are represented in figure 4.

summarized in table 4.

(a)

Table 4 - Thermal conductivity of the different constituents of
the composite coatings and the volume fraction of reinforcement
and binder phase

WC - FeCoNi

Thermal conductivity (Wm-

Fe

Ni

Co

WC

35 [14]

55 [63]

35 [63]

57 [15]

1K-1)

Volume fraction in coatings

∑ 𝐹𝑒 + 𝑁𝑖 + 𝐶𝑜 = 36,5%±13

63,5 %±13

WC - FeNi

Condutividade térmica (Wm-

(b)

Fe

Ni

Co

WC

35 [14]

55 [63]

-

57 [15]

-

72%±12

1K-1)

Percentagem no

∑ 𝐹𝑒 + 𝑁𝑖 = 28

revestimento

%±12
NiCr - CrC

Condutividade térmica

(Wm-

NiCr

CrC

35 [14]

35 [14]

∑ 𝐹𝑒 + 𝑁𝑖 = 25 %

∑ 𝐹𝑒 + 𝑁𝑖 = 75 %

1K-1)

Percentagem no
revestimento

This allowed the estimation of thermal conductivity to be
used as an input for the temperature model.
In table 5 one can find the inputs fed to Ashby’s model.
(c)

Figure 4 - Element variation as a function of surface distance
for (a) WC - 4Co-5Ni (b) WOKA 3302 (c) WOKA 7305
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Table 5 - Input variables and respective values for each MMC
WC -

WC -

NiCr -

FeCoNi

FeNi

CrC

Raio do feixe laser

0,0015

Unidades

m

(r0)
Potência do feixe

1350

1100

800

W

0,014

0,004

0,01

ms-1

laser (Pf)
Velocidade relativa
do feixe laser (Vf)
Temperatura inicial

350

ºC

do substrato (T0)
Temperatura
fusão

do

de

1538 [16], [17]

ligante

1425

ºC

[18]

majorada (T1)
Profundidade

do

0,0011

0,0017

0,0012

M

49,74

52,72

25 [19]

Wm-1K-1

6x10^-5

m2s-1

revestimento (z)
Condutividade
térmica

do

compósito
estimada
15x10-6 [15]

Difusividade
térmica

do

[66]

compósito
estimada
Absortividade

42,7

33,7

10,5

%

calculada pela eq.
(28)

Figure 5 - Temperature profile obtain according to the input
data from table 5 and Ashby and Easterling model

The thermal profiles obtained can be observed in Figure

To understand what happens to the solid WC particles in

5. The maximum surface temperature occurs for WC – FeNi

the melt pool, as a functions of deposition para meters, the

coating being approximately 2935ºC as for WC – FeCoNi

concentration profile for both W and C, as a function of

coating the surface temperature takes a value of 2859ºC.

particles distance, was calculated using a solution of Fick’s

Since the melting temperature listed for WC particles is 2870

second Law.

ºC. For the NiCr-CrC alloy, it’s worth noticing that the
estimated surface temperature peaks at around 2418ºC,
which is much higher than the carbide melting temperature
(Cr7C3 ~ 1766ºC and Cr3C2 ~ 1811ºC), leading to the
formation of an entirely liquid melt pool, as opposed to the
WC coatings, where it’s expected the formation of a solid
enriched melt pool.

𝐶0 − 𝐶𝑥
𝑥
= 𝑒𝑟𝑓 (
)
𝐶0 − 𝐶0
2√𝐷𝜏

(5)

Where, D is the diffusion coefficient that a solute atom
has in a Fe melt pool and 𝜏 is the interaction time
Since the molten pool should manly be composed of
iron, as expected from coating element distribution
presented in figure 4, and, since both Ni and Co are
substitutional atoms of iron, one can assume that the
diffusion coefficients of W and C in the melt pool, can be well
approximated by the diffusion coefficients of W and C in
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liquid iron. The diffusion coefficients for both W and C in

By observation of figure 6, it’s expected that the greater
particle dissolution should occur for the WC – NiFe coating,

liquid iron are presented in table 6.
The diffusion profiles of the different solute atoms were

leading to the formation of more free carbon atoms, that can

calculated for a sub-surface coating layer situated at half the

diffuse for greater distances, increasing the possibility of

thickness values. The melt pool temperatures found in the

porosity formation, by the combination of C with O

previously mentioned zones are 2186ºC for WC – FeCoNi

atoms/molecules, leading to the formation of CO or CO 2

coating and 2271ºC for WC – FeNi coating.

according to:

In figure 6, it can be seen concentration of the solute
atoms, C and W, as a function of particle distance, for the

(1) WC + Energy → W + C

different coatings.

(2) C + O2(g) → CO2(g) and/or 2C + O2 → 2CO(g)

Table 6 - Diffusion coefficients for the different solute atoms
at different temperatures

Coatings

WC - FeCoNi

WC - FeNi

Difusion

When a gas bubble forms, the only way it has to escape
the coating is by ascension to the surface, this is not expect

D (x10-2 mm2s-1)

References

W

0,66

[56], [57]

C

0,74

W

0,73

elements

C

0,79

[58],[59],

to occur with ease in this coatings due too the possibility of
high melt pool viscosity, that opposes the bubble movement,

[60], [61]

that combined with the fact that laser processes yield high

[56], [57]

solidification velocities leas to the entrapment of the gas

[58],[59],
[60], [61]

bubbles.

Figure 6 - Concentration profile for W and C atoms in a liquid iron melt pool, for the diferent coatings
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3.2. Microstructure and chemical characterization
WC reinforced coatings
The different phases of the coatings were identified by
the X-ray diffraction, Figure 9. The results are present in
Figure 7. EDS results and SEM images were also used to
identify phase chemical composition and morphology.
As seen in Figure 7, the WC - FeCoNi microstructure is
manly constituted of unmelted, faceted WC particles, WC
secondary precipitates, such as M2C, with irregular
morphologies and M6C, with dendritic/faceted morphologies
and in the form of interdendritic eutectic, namely, W2C and
Fe3W3C. Regarding the matrix, it was identified the presence

allotropic phases. Depending on the temperature of the melt
pool, the W2C carbides can appear under bar-like
morphology or with irregular shapes as found by Q.Li et al.
[30]. The bar-like morphology is attributed to the formation of
the allotropic high temperature phase B- W2C, and the
formation of irregular W2C precipitates is attributed to the
solidification of the intermediate allotropic phase B’ – W2C.
It’s also found that, WC particles in WC – FeNi coating
present themselves with 4x the size of the WC – particles in
WC – FeCoNi coating. This is attributed to the differences in
interaction time. Particle growth is a multi-mode processes
controlled by diffusion controlled 2D – abnormal grain growth

of dendritic 𝛾 – (Fe,Co,Ni) and Fe6W7 and the eutectic

and nucleation, and by the tendency that a composite has to

regions of 𝛾 – (Fe,Co,Ni) -M6C and Fe6W7 – M6C.

minimize is internal energy, by merging WC particles

The presence of W2C and M6C is attributed to the dilution
of the WC unmelted particles.
The formation of the different M6C morphologies was

(coalescence). Both these processes are more facilitate in
WC – FeNi coating, due to higher power densities and lower
interaction times.

attributed to the coating heterogeneity, leading to the
formation of zones od liquid in the hipo and hyper eutectic
composition. If the liquid as a hypereutetic composition, de
M6C carbides will solidify as dendriti/faceted carbides,
rejecting Fe, Ni and Co to the remaining liquid, pushing the
composition to the hipoeutetic compositions, solidifying 𝛾 –
(Fe,Co,Ni), rejecting W and C to the interdendritic space, if
the liquid composition as a carbon weight fraction below
0,015, and a W weight fraction between 0,3 and 0,4, then
the liquid can solidify as Fe6W7, that by rejecting C to the
remaining liquid, can solidify as Fe6W7 – M6C eutectic. If after
the initial solidification of the 𝛾 – (Fe,Co,Ni), the liquid does
not enter the solidification composition of Fe6W7, then the
remaining liquid solidifies as a interdendritic eutectic of of 𝛾
– (Fe,Co,Ni) -M6C.
The microstructure of WC – FeNi coating, similar to the
WC – FeCoNi, is manly constituted of WC unmelted, faceted,
WC particles, faceted and elongated W2C carbides,
surrounded by a dendritic 𝛾 – (Fe,Ni) solid solution and
interdendrític M6C carbides.
The formation of different morphologies of W2C was
attributed to the fact that, W2C can solidify with different
morphologies according to the solidification of different

Figure 7 - Microstructure of WC - FeNi and WC - FeCoNi
coatings
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NiCr – CrC coatings
The phases present in the microstructure were identified
by XRD in Figure 9. As seen in Figure 7, the microstructure
is composed of three main phases, two chromium carbides,
Cr3C2 and Cr7C3 and a Ni-rich solid solution (Ni-Cr) eutectic
matrix of (Ni,Cr) - Cr3C2/ Cr7C3 eutetic . The solidification of
the coatings starts with the precipitation of Cr 7C3 at around
1650ºC, since this is the first phase to form, it grows freely,
solidifying as elongated and faceted precipitates. As these
carbides solidify and the melt pool cools down, the liquid
enters in the formation zone of Cr3C2 carbide, that can
nucleate and grow by heterogeneous nucleation on the
previously formed carbides. The solidification process os
these carbides leads the enrichment of the remaining liquid
with Ni, pushing the liquid composition towards the eutectic
region, solidifying as (Ni,Cr) - Cr7C3 - Cr3C2 eutectic at a
temperature of 1255ºC.

NiCr - CrC

25NiCr – 75CrC

Figure 8 - Microstructure of the NiCr - CrC
coating
Figure 9 - XRD patterns for the respective deposited coatings
and precursor powders
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Figure 10 - Microhardness in-depth profile made in three different zones in the transverse cross-sections of the different coatings

3.3. Hardness and wear test

relation to counter-body hardness, their size and their
volume fraction. In Figure 12, 13 and 14 are present the worn

The microhardness profiles in the transverse crosssections of the coatings are present in Figure 10.
As seen, the hardness values for the different coatings
don’t

present drastic changes with depth, with coating

hardness remaining more or less constant with average
values of 780HV1 for WC – FeNi, 920 HV1 for WC – FeCoNi
and 1120 HV1 for NiCr – CrC. The wear coefficient for the
different coatings, is present in Figure 10.
This is attributed to the presence of a higher carbide
fraction in NiCr – CrC coating. Cr7C3 has a reported hardness

surfaces micrographs for the different coatings.
The NiCr-CrC coating shows signs of slight abrasion as
a result of de detachment of small particles from the alumina
counter-body, that lead to the formation of grooves on the
wear surface. This coating also shows the formations of a
tribological layer, rich in oxides, that, when removed, can led
to the formation of wear debris that can accumulate in the
borders of the interface, or inside coating porosity. In some
cases, it can also be seen cracks and detachment of coating
material.

value of around 1856HV11 and Cr3C2 of around 2121 HV10
[31]. The greater hardness of WC – FeCoNi coating is manly
attributed to the presence of a harder matrix, mainly due to
the presence of dendritic/faceted M6C carbides.
By comparing the composite average hardness and wear
coefficients, it’s obvious that, for this kind of coatings, the
wear coefficients is not proportional to the average
composite hardness, since the coatings with lower hardness
values, are the ones with higher wear coefficient. This is not
uncommon in MMC as described by Colaço et al.[10] In this
study, the authors found that for MMC, wear rate is
independent of the average composite hardness, and rather

Figure 11 - Abrasive wear volume and rate for the
different coatings

depends on the hardness of the reinforced particles in
11

Regarding WC reinforced coatings, the wear craters

particles or they can be formed by the faceted carbides

appear shallower, with less signs of abrasion. The small

indentation in a counter-body surface defect, leading to

grooves appear to be caused by small alumina particles

stress concentration that can result in the detachment of

acting as free bodies during the abrasion test. The formations

counter body particles. In order to estimate the contact

of a tribolayer it’s also seen. This layer usually appears filling

pressures developed during the wear tests, the Hert’z model

up cavities between WC particles, and it’s detachment can

for elastic contact [34] was applied, since both counter-body

lead to the formation of wear debris. For WC – FeNi coating,

and coatings are manly ceramic materials. The material

it’s noticeable the presence of big alumina particles, as the

properties used to feed the model were, for WC - FeCoNi

result of counter-body deterioration.

coating it was estimated a Young modulus of 499 GPa and a

It’s worth noticing that, although the presence of

Poisson coefficient of 0,258, for WC – FeNi a young modulus

dendritic/faceted M6C type carbides in WC – FeCoNi coating,

of 538 GPa and a Poisson coefficient of 0,254 and for NiCr –

increases de composite average hardness, when compared

CrC coating a young modulus of 124 GPa and a Poisson

to the WC – FeNi coating, this carbides are not hard enough

ratio of 0,3[35]. This yield and estimated maximum contact

to sustain the indentation and grooving of the counter body

pressure of 567 Mpa for WC – FeCoNi, 578 MPa for WC -

asperities, as seen in figure 12. So the presence of this

FeNi and 332 MPa for NiCr – CrC. In addition, the material

carbides hinder wear resistance of the composites, since

yield stress was estimated. For WC – FeCoNi to be 387 MPa,

they hinder the tenacity of the matrix, leading to a faster

for WC – FeNi 395 MPa and 226Mpa and for NiCr – CrC

embrittlement of the matrix due to plastic deformation that

coating. It’s worth noticing that in the wear test conditions,

can result in aggravated loss of material, also, the

the estimated yield stress of the composite materials wasn’t

embrittlement of the matrix can lead to the propagation of

reached by the mean contact pressures.

cracks through the composite resulting in large volumes of
material removed.

Nevertheless, it’s worth noticing that the mean contact
pressures (2/3 of Pmax) doesn’t reach the rupture modulus
of alumina or the yielding value for the coating. In this case,
the formation of alumina debris, should be through the
detachment process resulting from a hard faceted carbide
identing in a counter-body surfeca defect.
It’s worth noticing that, when the counter-body starts
showing degradation, with material detachment, the wear
dynamic changes, since the contact will now be established
between coating and the small alumina particles, leading to
an increase in the contact pressures, due to the contact area
reduction.
.

Figure 12 - Worn surface micrograph of WC - FeCoNi coating

The abrasion mechanism observed are correlated with
the formation of small alumina particles. The formation of this
particles can result of the degradation of the counter-body
due to the contact pressures surpassing the rupture modulus
of the counter-body, leading to the formation of small
12

Figure 13 - Worn surface micrograph of WC - FeNi coating

Figure 14 - Worn surface micrograph of NiCr - CrC coating

13

body, volume fraction of reinforcement phases,

4. Conclusions

their size and distribution.
The coatings were study regarding coating general

(8) The wear coefficient appears very promising,

characteristics, microstructure, hardness and wear behavior.

with WC – FeNi yielding the lowest value of

Some interesting results are given bellow:

1,4x10-10 mm3/Nm, followed by WC – FeCoNi

(1) All powders were able to be deposited onto steel
substrates;

with 2,3x10-10 mm3/Nm and NiCr – CrC yielding
a value of 1,2x10-9 mm3/Nm.

(2) In WC coatings, substrate dilution wasn’t
avoided.

(9) The wear mechanisms are manly, fragmentation
of WC and counter-body particles, that can lead

(3) Cracking of WC coatings can be avoided by

to the formation of free-bodies that can

controlling processing parameters. The same

aggravate contact pressure inducing making it

was not found for the NiCr – CrC coating, where

reach the yielding stress of the coatings and

cracking was attributed to the formation of

aggravating the wear process. A formation of an

elongated and faceted chromium carbides.

unstable trybolayer composed of oxides and free

(4) For WC coatings, coating homogenization was

particles was also observed. This layer can lead

found to be controlled by diffusion processes in

do a decrease in wear coefficient since it’s

the melt

expected to present very high hardness as a

pool, depending manly on the

interaction time. For the NiCr – CrC, coating no

result of plastic hardening.

homogenization problems were observed since
all precursor powders melt during coating
deposition.
(5) The WC coating microstructures depend on the
level of homogenization of the coating. When the
homogenization leads to significant differences
in chemical composition throughout the coating,
the formation of M6C carbides can be of primary
dendritic/faceted rather than the expected
interdendritic eutectic in homogeneous coatings,
also, this differences can lead to the formation
off Fe6W7 phase in the microstructure as
described previously.
(6) The NiCr – CrC coating solidifies following the
phase

diagram,

without

the

formation

of

unexpected phases. The formation of elongated
and faceted primary carbide phases can lead to
the formation of cracks.
(7) The wear behavior of the coating is not depend
on the respective average coating hardness,
rather, it depends on the relation of hardness
between reinforcement particles and counter14
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