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Thick TiB2-TiC0.3N0.7 based composite coatings were deposited by reactive plasma spraying (RPS)
successfully in air. The influence to the coating properties (morphology, Vickers microhardness and
corrosion resistant property) with Cr addition in the thermal spray powder and TiB2-TiC0.3N0.7 based
coatings treated by laser were investigated. The phase composition, structure and properties of com-
posite coatings were studied using XRD, SEM, EDS, Vickers microhardness and electrochemical testers.
The results show that the Vickers microhardness values and the density of laser surface treated coatings
are improved significantly. The Cr addition in the thermal spray powder can increase the density,
improve the wettability of ceramic phases, uniform the phase distribution and enhance the corrosion-
resistant property of coatings. However, due to lower microhardness of metal Cr than ceramic phases in
coatings, the Vickers microhardness values of plasma sprayed coatings and plasma sprayed coatings with
laser surface treatment are a little lower than that of each coating without Cr addition in the thermal
spray powder.
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1. Introduction

Ceramic-based coatings deposited in situ with high
microhardness, superior corrosion and wear resistance
have been widely studied recently (Ref 1-3). The in situ
formation technology permits to obtain high bonding
strength and clean interface of reinforcement phases
without contamination in coatings (Ref 4, 5). Reactive
thermal spraying, which combines the in situ technology
and thermal spraying method, has been used to success-
fully deposit the ceramic-based coating (Ref 6). Hard
ceramic phases (carbides, borides and nitrides) are formed
in situ by the reactions between the injected powder and
the carrier gas during spraying (Ref 7-9). However, the
ceramic phases in this study were formed by the reactions
between the injected powders, and the powder with N2 in
air during the course of plasma spraying.

TiB2 and Ti(C, N) coatings, which possess outstanding
hardness, high wear resistance, good stability at high
temperature (Ref 10, 11) and good chemical stability

(Ref 12), have been used to improve the tool life in
industry (Ref 1). Cermet coatings, which combine the
toughness of metals and the hardness of ceramic phases,
have been investigated extensively in industry such as
petroleum, chemical and wear resistant in hot galvanizing
(Ref 13, 14). Metal Cr and Co, as metallic binder in
ceramic coatings, can make the cermet coating well bond
with the substrate, obtaining the coatings with low
porosity and good wetting property between ceramic
phases (Ref 15, 16).

The properties of thermal sprayed coatings can be
improved significantly with laser surface treatment
(Ref 17, 18). The wear resistance of plasma sprayed Ni-Cr-
B-Si+WC coating with laser processing was much better
than that of plasma sprayed coating (Ref 17). Furthermore,
the corrosion resistance of plasma sprayed Ni-coated WC
with laser remelting was better than that of as-sprayed
coating and post-heating treatment coating (Ref 18). In the
present study, thick TiB2-TiC0.3N0.7 based composite coat-
ings were prepared by RPS successfully. The reactive plasma
sprayed coatings were processed by laser to investigate its
action mechanics. In addition, the effect to the morphology,
microhardness and corrosion resistance property of coatings
with Cr addition in the thermal spray powder was studied.

2. Experimental Details

2.1 Preparation of Thermal Spray Powder

Commercial Ti powder with particle size from 45 to
70 lm (Jin Jiang Metallic Powder Co. Ltd., Shanghai,
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P.R. China) and B4C powder with particle size from 30 to
50 lm (Sinopharm Chemical Reagent Co. Ltd., Shanghai,
P.R. China) were used as starting material for RPS. Fur-
thermore, NiCoCrAlY powder and the blended powder of
Cr and NiCoCrAlY (General Research Institute for
Nonferrous Metals, Beijing, P.R. China) with particle size
from 45 to 70 lm were added to thermal spray powder
(Ti-Cr-B4C) as metallic binder, respectively. The purity of
Ti, Cr and B4C powder is more than 99, 99 and 90%,
respectively. The composition of NiCoCrAlY powder is
22 wt.% Co, 17 wt.% Cr, 12.5 wt.% Al, 0.6 wt.% Y and
balance Ni.

In order to obtain well-proportioned powder, Ti, Cr and
B4C powders were mixed by ball milling for 40 h before
slurry preparation for spray-drying. The weight ratio of
Ti:Cr:B4C is about 4.1:1:1.6. The slurry, which consists of
disperser, bond, Ti, Cr and B4C powders, was prepared
prior to spray-drying. The addition of disperser (A15) and
bond (PVA) are 0.5 and 2.5 wt.% of the solid powder,
respectively. The solid loading of the slurry is 35 wt.%. The
import and export temperatures of the spray-dried equip-
ment (Da Chuan Spray-drying Co. Ltd., Shanghai,
P.R. China) are 250 and 110 �C, respectively. Then, com-
position A, which contains 25 wt.% NiCoCrAlY and
75 wt.% spray-dried Ti-Cr-B4C powder (45-70 lm), was
used for one deposition. Composition B, which contains
15 wt.% Cr and 25 wt.% NiCoCrAlY as well as 60 wt.%
spray-dried Ti-Cr-B4C powder (45-70 lm), was used for
another deposition. Both of the blended powders
were stirred by electric blender of JB90-D (Shanghai,
P.R. China) for an hour before coating deposition.

2.2 Preparation of Samples and Coatings

Medium carbon steel (0.42-0.50 wt.% C steel) with
40 mm diameter and thickness of 3 mm was used as the
substrate material. After finally polished to 400 mesh
abrasive paper, the substrates were grit-blasted with
alumina to get the fresh surface, ultrasonically cleaned
in anhydrous ethanol, and then dried in air prior to
coating deposition. The blended powder was selected as
feedstock of the top coating. Argon was selected as
carrier gas. The coatings were deposited in air. Buffer
layer of NiCoCrAlY coating (~100 lm in thickness) was
selected for adjusting the mismatch of thermal expan-
sion coefficient (CTE) between the substrate and the top
coating. The experimental facility for coating deposi-
tion is XM-80 plasma spraying facility (Shanghai, P.R.
China). The detailed spraying parameters are shown in
Table 1.

2.3 Laser Surface Treatment, Microstructure
and Microhardness of Coatings

The laser surface treatment for reactive plasma sprayed
coatings was performed using a TRUMPF PF CO2 laser
(Germany) with 6.5 kW power and 100 mm out of focus.
The scanning speed is 7000 mm/min and the samples are
natural cooling in air. The surface of the specimen was
finely polished to avoid the effect of surface roughness
before x-ray diffractometer (XRD) measurement. The
phase composition and morphologies of coatings were
analyzed by XRD and scanning electron microscopy
(SEM, JSM-6460, Japan), respectively.

Microhardness of TiB2-TiC0.3N0.7 based composite
coatings was measured by a Vickers tester (HX-1000,
Shanghai, P.R. China) with 0.1 kg applied load and a
dwell time of 40 s. The microhardness value was the
average value of 10 measurement points in the middle
of cross section of coatings. The cross section of coat-
ings was polished before indentation. The distance
between two indentations was at least three times of the
diagonal to prevent stress field effect from the nearby
indentation.

2.4 Weibull Distribution

Weibull distribution, which describes the broad and
dispersive distribution of microhardness values for brittle
ceramic material, is used to analyze the microhardness
values of TiB2-TiC0.3N0.7 based coatings. The Weibull
distribution of two parameters is given as (Ref 19):

FðxÞ ¼ 1� exp � x

g

� �m� �
ðEq 1Þ

where F(x) is the cumulative density probability function,
x is the selected microhardness value, g is the character-
istic value and m is the Weibull modulus which reflects the
dispersity of data in the distribution. The scale parameter
g gives 63.2% of the cumulative density. Equation 1 can
be transformed as follows:

ln½� lnð1� FðxÞÞ� ¼ m½lnðxÞ � lnðgÞ� ðEq 2Þ

Therefore, a plot for ln½� lnð1� FðxÞÞ� versus ln(x) will be
a linear relation if the Weibull modulus is suitable. The
function of FðxÞ ¼ i

nþ1 is assumed with the data arranged
in ascending order. The n in FðxÞ ¼ i

nþ1 is the total number
of data points and i is the corresponding ordinal number
(Ref 19, 20).

2.5 Electrochemical Measurements

The potentiodynamic polarization curves of coatings
prepared by RPS with different composition powder were
studied using a PARSTAT 2273 electrochemical system.
Working electrode with 11 mm diameter was used in the
electrochemical test. A high-density graphite electrode
and a saturated calomel electrode (SCE) were used as the
counter and reference electrodes, respectively. To imitate
the seawater environment, 3.5 wt.% NaCl solution (cheap

Table 1 RPS spraying parameters

Spraying parameters Bond coating Top coating

Current, A 550 600
Voltage, V 60 60
Spraying distance, mm 100 100
Powder feed rate (Ar), g/min 10 15
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and obtainable easily) was used as electrolyte. Potentio-
dynamic polarization tests were carried out from the ini-
tial potential of �1.4 V up to final potential of 3 V with
scan rate of 0.05 V/s.

3. Results

3.1 Phase Composition and Microstructure

The phase composition of coatings is shown in Fig. 1.
Samples A and B represent the coating deposited using
compositions A and B powder, respectively. From the
XRD results, it can be seen that the phase composition of
two coatings is very similar. They are composed of main
phases of TiB2 and TiC0.3N0.7, minor phases of metallic
binder Ni and Cr. The CoCr and TiO2 phases are visible,
but representing a smaller phase fraction. However, the Cr
peak in XRD spectrum for the coating deposited using
composition B powder is stronger than that of the coating
deposited using composition A powder. The air is
responsible for the production of titanium nitrides and
titanium oxides. The TiB2 phase is formed due to the
reaction between the Ti and B4C powder during the course
of spraying. The reaction course during spraying has been
discussed in detail in our previous research (Ref 20).

Figure 2 shows the morphology of spray-dried Ti-Cr-
B4C powder. It is very clear that the powder prepared by
spray-drying is spherical with relatively uniform particle
size. Figure 3 shows the micrographs of the coating
deposited by RPS using composition A powder. The
morphologies of the coating deposited by RPS using
composition B powder and the coating with laser surface
treatment are shown in Fig. 4. The coatings possess the
lamellar structure and well bond with each other. It can be
seen that the partially top coating (upper with arrow
mark) in Fig. 4(a), which has been processed by laser
scanning on the surface, is much denser than plasma
sprayed coating. Some pores and non-melted particles
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Fig. 1 XRD analysis of composite coatings

Fig. 2 SEM morphology of spray-dried powder

Fig. 3 SEM morphologies of the coating deposited using com-
position A powder: (a) low magnification; (b) high magnification
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decrease significantly after laser surface treatment
(Fig. 4b, c).

There are mainly three different grey levels (regions 1,
2, and 3) in the top coating (Fig. 5). Combining the EDS

(Table 2) and XRD analyses, the composition of region 1
(grey) is main phases of TiB2, TiC0.3N0.7 and a small
fraction of TiO2. The composition of region 2 (light grey)
is main phases of metallic binder Ni, Cr and a little CoCr.
In addition, the composition of region 3 (dark) is main
phases of TiB2 and a small fraction of TiC0.3N0.7. Com-
pared with the cross-section micrographs of plasma
sprayed coating (Fig. 3b) and the plasma sprayed coating
with laser surface treatment (Fig. 4c), it can be seen that
the phase distribution in the two coatings changes insig-
nificantly. Several phases exist in both coatings according
to the EDS analysis.

Figures 6 and 7 show the elements distribution on the
cross section of the plasma sprayed coating and the coat-
ing with laser surface treatment (deposition using com-
position B powder), respectively. It can be concluded that
the elements distribution are consistent with the EDS
analysis in Fig. 5. The element B distributes mainly in
dark region whereas Ni and Cr elements distribute pri-
marily in light grey region. Most of the Ti, C, N and O
elements disperse in grey area. It is very similar in ele-
ments distribution for the plasma-sprayed coating and the
coating with laser treatment. According to our previous
XRD analysis (the same phase composition) of the plasma

Fig. 4 SEM morphologies of the coating deposited using com-
position B powder. (a) The whole morphology of the plasma
sprayed and laser treated coating; (b) partial enlarged micro-
graph of the plasma sprayed coating; (c) partial enlarged
micrograph of the coating with laser surface treatment

Fig. 5 EDS analysis of the plasma sprayed coating deposited
using composition A powder

Table 2 Element analysis of EDS

District: 1 2 3

Element, wt.%
Ti 37.18 7.64 8.28
B 36.44 11.95 80.70
C 5.07 4.69 7.89
N 9.17 4.18 2.09
O 11.01 2.35 0.44
Ni 0.52 47.05 0.27
Cr 0.45 20.27 0.23
Co 0.16 1.87 0.10
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sprayed coating and the coating with laser surface treat-
ment using Ti-B4C-Co spray-dried powder as well as the
elements distribution in this study for the plasma sprayed
coating and the coating with laser surface treatment, it can

be inferred that the coating after laser surface treatment
may not change the phase composition of the plasma-
sprayed coatings deposited using Ti-B4C systematic pow-
der (spray-dried).

Fig. 6 The elements distribution on the cross section of plasma sprayed coating
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3.2 Vickers Microhardness, Weibull Distribution
and Polarization Curves

Table 3 shows the mean, minimum, maximum and
standard error of Vickers microhardness for the cross

section of coatings. A and A (L) represent the coating
deposited using composition A powder and the coating
processed by laser surface treatment, respectively. It is
clear that the average Vickers microhardness value of

Fig. 7 The elements distribution on the cross section of the coating with laser treatment
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each coating processed by laser surface treatment is higher
than that of each reactive plasma sprayed coating. Fur-
thermore, the mean Vickers microhardness value of the
coating deposited using composition A powder is higher
than that of the coating deposited using composition B
powder.

The Weibull plot of the Vickers microhardness values
on the cross section of coatings deposited by RPS using
different composition powder at 0.1 kg applied load and
their linear fit are shown in Fig. 8. The detailed informa-
tion supplied by the figure is summarized in Table 4. Both
of the Weibull modulus values are suitable to show a
satisfactory distribution. Due to the low modulus corre-
sponding to a high variability in the microhardness mea-
surement, the measured microhardness values of the
coating deposited using composition B powder show a
smaller dispersion than that of the coating deposited using
composition A powder.

The cathodic and anodic polarization curves corre-
sponding to the coating deposited by RPS using compo-
sitions A and B powder are shown in Fig. 9. Curves AC
and BC in the graph are cathodic polarization curves of
coatings. Contrarily, curves CD and CE belong to anodic
polarization curves. The corrosion current increases with
the increment of potential in these regions. It indicates
that these regions are active regions which correspond to
the solution of surface materials. Both coatings have
passive regions, shown in curves DF and EG. The corro-
sion current of the coating deposited using composition B
powder is smaller than that of the coating deposited using
composition A powder.

4. Discussion

4.1 The Influence of Powder Preparation Method
on the Phase Composition of Coatings

Compared with the phase composition of coatings
(predominant TiN and TiB2) deposited by RPS using
similar mixed powder (Ti, B4C and Cr powder) in the
previous research (Ref 20), some interesting things hap-
pened in this study. TiC0.3N0.7 phase appears instead of
TiN phase in the phase composition of coatings. Ti(C, N)
phase has a face center cubic (fcc) type NaCl structure,
similar to the TiN structure with a partial substitution of
atom N by atom C (Ref 21).

The different preparation method of powder for plasma
spraying should be responsible for the phenomenon. The
blended powder of Ti, Cr and B4C after ball milling and
screen separation was used for the deposition in the for-
mer study (Ref 20). In this research, the powder of Ti, Cr
and B4C for thermal spraying was blended, spray-dried,
and then screen separated. The spray-dried powder, which
contacts with each other tightly, is advantageous to the
reaction and decreases the oxidation of Ti powder during
spraying. The bond strength of blended powder is weaker
than that of the spray-dried powder, which is very helpful
to the reaction between Ti and B4C powder. The blended
powder of Ti and B4C will be separated under high pres-
sure of carrier gas due to their large density difference.
The main reaction is between the Ti powder and N2 in the
atmosphere during the course of spraying. Therefore, the
TiC phase generates more in the coating deposited using

Table 3 Vickers microhardness of coatings at 0.1 kg

Sample Mean Min Max SE

A 982 734 1288 54
B 733 606 847 27
A (L) 1090 772 1818 113
B (L) 930 599 1226 64
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Table 4 Summary of the results obtained
from the Weibull distribution plots

Sample
Weibull

modulus, m Error
Hardness range

in HV ln (HV)

A 5.55 0.38 734-1288 6.60-7.16
B 8.32 0.21 606-847 6.41-6.74
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Fig. 9 Polarization curves of coatings
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spray-dried powder than that of the coating deposited
using blended powder due to their better bond strength of
Ti and B4C. The TiC and TiN phases can interdiffuse to
create Ti(C, N) phase during spraying due to their similar
structure and high activity at high temperature.

4.2 The Influence of Cr Addition in the Thermal
Spray Powder on the Microstructure
of Coatings

It is obvious that the coating deposited by RPS using
composition B powder (Fig. 4b) is much denser than that
of the coating deposited using composition A powder
(Fig. 3a) at the same magnification. The addition of Cr in
the thermal spray powder should be responsible for this
phenomenon. First, relatively low melting point of Cr
powder can melt adequately at high temperature during
RPS. The dispersive liquid Cr fills in the pores formed
during the course of spraying and enhances the coating
density very much. Second, the Cr powder, as a metallic
binder, can improve the wetting property of ceramic
phases of TiB2 and TiC0.3N0.7 formed in situ. It enhances
the bond strength of ceramic phases in the coating and
decreases the separation of fragile ceramic phases. Third,
the metal Cr in the coating can increase the toughness of
TiB2-TiC0.3N0.7 based composite coating. It is effective to
hinder the formation of pores and crack propagation
during the spraying (Ref 14).

However, the addition of Cr in the thermal spray
powder decreases the Vickers microhardness on the cross
section for the reactive plasma sprayed coatings. The
mean Vickers microhardness value of the coating depos-
ited by RPS using the composition A powder is 982 ± 54
HV0.1, which is higher than that of the coating deposited
by RPS using the composition B powder (733 ± 27
HV0.1). The microhardness of metal Cr in the coating is
much lower than that of the ceramic phases, such as TiB2

and TiC0.3N0.7. It can affect the mean Vickers micro-
hardness value of coatings to some extent. However,
according to higher Weibull module obtained from the
linear fit, the measured Vickers microhardness values of
the coating deposited using composition B powder show a
smaller dispersion than that of the coating deposited using
composition A powder. This is shown that the Cr addition
in the thermal spray powder homogenizes the phase dis-
tribution of ceramic-based coatings and decreases the
partially conglomeration of hard phases. It may enhance
the wear and corrosion resistance of the composite coating
significantly.

4.3 Laser Surface Treatment for the Reactive
Plasma Sprayed Coatings

As shown in Fig. 4(a), the top coating with laser surface
treatment is much denser than the reactive plasma sprayed
coating. It is very clear that most pores in the coating
disappear after laser processing (Fig. 4b, c). Furthermore,
the mean Vickers microhardness value also increases
to 1090 ± 113 HV0.1 (11% higher than its plasma
sprayed coating) for the coating deposited by RPS using

composition A powder and 930 ± 64 HV0.1 (27% higher
than its plasma sprayed coating) for the coating deposited
by RPS using composition B powder after laser scanning
on the surface of coatings. Due to high power of CO2

laser, the reactive plasma sprayed coatings may remelt
under laser heating. The gas in the pores of the coating
floats to the surface and eliminates during the solidifica-
tion of the coating. It is reasonable that the coating with
laser surface treatment is denser than that of the plasma
sprayed coating. In addition, the Vickers microhardness
increases with the decrease of pores and other drawbacks
(crack or unmelted particles) through laser processing.

However, after laser surface treatment of the reactive
plasma sprayed coatings, the increased range of the
Vickers microhardness value of the coating deposited
using composition B powder is higher than that of the
coating deposited using composition A powder (27%
versus 11%). The main reason is the addition of Cr in the
thermal spray powder. The relatively low melting point of
metal Cr than ceramic phases in the coating can melt and
flow sufficiently during the laser heating. It can improve
the wettability of the ceramic phases in reactive plasma
sprayed coating. These ceramic phases in the coating will
bond better after laser surface treatment for the coatings.
Unfortunately, there are some cracks in both laser sur-
face treatment coatings due to quickly cooling velocity
and relatively high content of ceramic phases. The mis-
match of CTE for the ceramic phases and metal phases
can also lead to the formation of crack during the laser
scanning.

4.4 The Influence of Cr Addition in the Thermal
Spray Powder on the Corrosion Resistance
Property of Coatings

It is very obvious that typical passive region for both
coatings (curves DF and EG) are found in the graph
(Fig. 9). The protective film generates in passive region.
However, it is pierced with the increment of potential. The
currents increase very slowly with the increment of
potential in passive region due to the protective film hin-
dering the penetration of corrosion medium in 3.5 wt.%
NaCl electrolyte. Comparing the corrosion resistance
property of coatings deposited by RPS using different
composition powder, it can be concluded that the coating
deposited using the composition B powder possesses bet-
ter corrosion resistance in 3.5 wt.% NaCl electrolyte due
to its smaller corrosion current.

There are mainly two reasons for the phenomenon.
First, the coating deposited by RPS using the powder with
Cr addition is denser. Less pores and cracks can hinder the
penetration of corrosion medium well. Second, Cr as a
corrosion resistance element has been widely used in the
industry due to its high chemical homogeneity and high
chemical reactivity (Ref 22). Alloys with Cr element show
high corrosion resistance due to formation of Cr-enriched
passive films (Ref 23). The metal Cr existed in the com-
position of the coating can also work as the same way in
the 3.5 wt.% NaCl electrolyte.
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5. Conclusions

In summary, TiB2-TiC0.3N0.7 based composite coatings
were successfully prepared using RPS. The coating
becomes dense whereas the Vickers microhardness values
decrease a little with the Cr addition in the thermal spray
powder. The reactive plasma sprayed coatings after laser
surface treatment may obtain partially remelted coatings
with denser microstructure and higher microhardness
value. In addition, the corrosion resistant property of the
coating deposited by RPS with Cr addition in thermal
spray powder is better. However, the wear resistance
property and corrosion mechanics of different stage in
electrolyte for the coating should be investigated in the
future. Solving methods for decreasing the crack forma-
tion in the coating after laser surface treatment also need
to be studied further.
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