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For the promising erosion and oxidation resistance of carbide cermet coating, Cr39Ni7C cermet coatings
were deposited by Diamond Jet spray process using a commercial Sulzer Metco 5241 powder in this
study. The microstructure, phase compositions, and high-temperature oxidation behavior of the depos-
ited coatings were investigated. The speed and temperature of in-flight particles were measured by DPV-
2000. The results revealed that the speed of in-flight particles decreased from 229 to 150 m/s with the
increasing of the spraying distance from 100 to 300 mm, whereas the average temperature of in-flight
particles increased from 1926 to 2245 K. The decarburization of Cr3C2 increased with the increasing of
the fuel gas flow from 58 SLPM to 77 SLPM for higher heat enthalpy of the flame. Due to the formation
of Cr2O3 on/in the coatings at high temperature, the sprayed coatings had good oxidation resistance at
1073 K in an air atmosphere. The oxidation behavior was found to be governed by the parabolic rate law.
For the lower porosity of the coating deposited under the spraying distance of 150 mm, its oxidation
resistance was better than that of the coating sprayed at the spraying distance of 200 mm. A slight
reduction of sprayed Cr39Ni7C cermet coating in micro hardness occurred after high temperature at
723 K and 1073 K high-temperature oxidation.
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1. Introduction

Thermal spraying is an expanding area within the
technology of surface engineering. It is a process that
involves the deposition of molten or semi-molten droplets
of powder on to a substrate to form a coating (Ref 1).
Tungsten carbide and chromium carbide-based coatings
are frequently used in various industrial fields such as the
power generation industry and aerospace industry to
improve the resistance to sliding, abrasive and erosive wear,
and high-temperature oxidation (Ref 2-12). Although the

wear resistance is lower compared with WC-Co cermet�s,
the Cr3C2-NiCr system exhibits a high oxidation resistance
up to over 850 �C, while the WC-Co system will be
severely oxidized at the temperature over 500 �C
(Ref 13-16). Therefore, the Cr3C2-NiCr alloy cermet
coatings have been widely used for high-temperature wear
resistance and corrosion resistance applications. WC and
Cr3C2 with different metallic binders like Co, Ni, and Fe
have been studied using different amounts of binder
contents with Co and Ni most commonly used. Addition
of Cr to the matrix has been found to improve the wear
and oxidation resistance of these cermets (Ref 17).

Oxygen and a fuel gas in high velocity oxy-fuel (HVOF)
spraying flow at high pressures and flow-rates with internal
combustion to produce very high particle velocities with
relatively low temperatures compared with other thermal
spray processes such as air or vacuum plasma spraying. As
a result, HVOF is capable of producing dense coatings with
low degrees of decomposition, which are well bonded to
the substrate (Ref 1). It has been reported that carbide
containing coatings deposited by high velocity processes
have good wear resistance compared to plasma-sprayed
coatings due to the better coating properties achievable
using high velocity processes (Ref 17).

In this study, Cr39Ni7C powder that has much more
NiCr compared with commonly applied Cr3C2-25NiCr
powder was used as the feedstock powder for high-tem-
perature applications up to 900 �C. The temperature and
velocity of the in-flight particles were measured by DPV-
2000, and the microstructure and high-temperature oxi-
dation behavior of the coatings deposited by the Diamond
Jet method were characterized and discussed.

This article is an invited paper selected from presentations at the
2008 International Thermal Spray Conference and has been
expanded from the original presentation. It is simultaneously
published in Thermal Spray Crossing Borders, Proceedings of the
2008 International Thermal Spray Conference, Maastricht, The
Netherlands, June 2-4, 2008, Basil R. Marple, Margaret M.
Hyland, Yuk-Chiu Lau, Chang-Jiu Li, Rogerio S. Lima, and
Ghislain Montavon, Ed., ASM International, Materials Park,
OH, 2008.

F.-X. Ye, School of Materials Science and Engineering, Tianjin
University, Weijin Road No.92, Tianjin 300072, People�s
Republic of China; S.-H. Wu, Suzhou Nuclear Power Research
Institute, Suzhou, People�s Republic of China; and A. Ohmori,
TOCALO Co. Ltd., Minamifutami, Futami-Cho, Akashi, Japan.
Contact e-mail: yefx@tju.edu.cn.

JTTEE5 17:942–947

DOI: 10.1007/s11666-008-9260-7

1059-9630/$19.00 � ASM International

942—Volume 17(5-6) Mid-December 2008 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



2. Materials and Experimental Procedure

2.1 Feedstock Powders and Substrate

The feedstock powder was Cr39Ni7C (available from
Sulzer Metco 5241 powder). This consisted of fine parti-
cles that are obtained by melting a material having a
composition of Cr:Ni:C = 54:39:7 (% by mass) and rapidly
solidifying the melt, with Cr and C forming chromium
carbide and Ni and Cr forming a Ni-Cr alloy by melting
and rapid solidification. Sulzer Metco 5241 has a structure
in which crystallized chromium carbide particles are dis-
persed in a Ni-Cr alloy (Ref 18, 19). The X-ray diffraction
pattern of Cr39Ni7C powder is shown in Fig. 1. The size
distribution of the Cr39Ni7C powder was -53 + 15 lm and
its morphology is given in Fig. 2, The substrate for coating
preparation was mild steel (JIS SS400) and its thickness

was 5.7 mm. Prior to the coating, the mild steel substrates
were cleaned with acetone and grit blasted using Al2O3

sand with average size of 830 lm.

2.2 Thermal Spraying Equipment

The thermal spraying equipment was a commercial
HVOF system (Diamond Jet 2600 manufactured by Sulzer
Metco). The thermal spraying parameters are given in
Table 1.

2.3 Temperature and Velocity of In-flight Particle

The temperature and velocity of the in-flight particles
were measured by DPV-2000 equipment (Tecnar Auto-
mation Ltd., Canada). DPV-2000 applies infrared
pyrometry along with a two-slit photo-mask in order to
perform in-flight diagnostics on individual particles. A
particle passing in front of the photo-mask will generate a
two-peaks signal. The peaks distance and intensity are
used to calculate the temperature and velocity of particle.

2.4 Analysis of Microstructure and Compositions

Scanning electron microscope (SEM) and energy dis-
persive X-ray analysis (EDAX) were used to examine the
structure characteristics of the feedstock powder and the
sprayed coatings. The phase compositions of the feedstock
powder and the sprayed coatings were investigated by
X-ray diffraction using Cu-Ka radiation (k = 1.5406 Å)
and a graphite crystal monochromator (JDX3530, JEOL,
Japan). Vickers hardness of the sprayed coatings was
measured using an automatic hardness testing machine
(AAV-500, Akashi Group, Japan) with a 100 gf load for
15 s. An average hardness was calculated from five indents
per specimen. The porosity of the coating was calculated
using image software according to the coating�s cross
section of SEM image.

2.5 High-Temperature Oxidation of the Sprayed
Coatings

Isothermal oxidation behavior of the sprayed coating
was conducted at 1073 K up to 100 h in a programmable
furnace. The coated sample size was 15 9 15 9 6.0 mm
for oxidation experiment. The mass gain was measured by
an analytical balance with a sensitivity of 0.1 mg.

Fig. 1 X-ray diffraction pattern of the Cr39Ni7C feedstock
powder

Fig. 2 Typical morphology of Cr39Ni7C feedstock powder

Table 1 Diamond Jet 2600 spraying parameters

Propylene fuel gas pressure, MPa 0.69
Propylene fuel gas flow, SLPM 58, 67, 77
Oxygen gas pressure, MPa 1.03
Oxygen gas flow, SLPM 316
Air gas pressure, MPa 0.52
Air gas flow, SLPM 207
Argon carrier gas pressure, MPa 0.86
Argon carrier gas flow, SLPM 14
Spraying distance, mm 100-300
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3. Results and Discussion

3.1 Temperature and Velocity of the In-flight
Particles

Although HVOF processes minimize decomposition of
the carbide phase due to lower heat enthalpy and shorter
duration involved in the coating processes, the highest
temperature of the in-flight particle is also a main factor to
evaluate the decarburization of Cr3C2 in the thermal
spraying of Cr3C2-NiCr materials. In addition, higher in-
flight particle velocity during deposition provides several
advantages such as lower porosity, higher bond strength
and hardness. The temperature of the in-flight particle
increased with the increasing of spraying distance from
150 to 300 mm, while the velocity decreased from 230 to
150 m/s (Fig. 3). It is reported that the decomposition
temperature of Cr3C2 is 2168 K (Ref 20, 21). The average
temperature of the in-flight particle did not exceed 2168 K
with spraying distance shorter than 250 mm.

3.2 Microstructure and Compositions
of As-Sprayed Coatings

Figure 4 shows the cross sectional microstructure of
Cr39Ni7C coating sprayed with the fuel gas flow of 67
SLPM and spraying distance of 225 mm. According to
Fig. 4a, the Cr3C2 particles were much finer than that in
the general thermal-sprayed Cr3C2-25%NiCr coating with
average particle size of 2-4 micrometers (Ref 13, 17). The
as-sprayed coating had a dense structure with a homoge-
nous distribution of fine-grained carbide. Using SEM-
EDAX and XRD analysis, the dark area was composed of
a finely dispersed chromium carbide phase (dark) sur-
rounded by layers of metal matrix (lighter). Generally, the
spraying distance has been observed to have a great
influence on the coating porosity. This conclusion was also
observed in this study. With the increasing of spraying
distance from 150 to 200 mm, the porosity of the coating
increased from 0.4 to 4.6% at the fuel gas flow of 77 SLPM.

The X-ray diffraction patterns of the Diamond Jet-
sprayed Cr39Ni7C coatings under the different fuel gas flow
are illustrated in Fig 5. Dissolution of carbide into the
matrix and the consequent super saturation of the matrix
with Cr and C gave rise to a large amorphous background on
the low angle side of the NiCr peak in the XRD scan. The
only detectable crystalline phases were Cr3C2, NiCr, and
Cr2O3. While small amounts of Cr7C3 may have formed
through decarburization of Cr3C2, its concentration was too
low to be distinguished from other overlapping peaks. A
small amount of Cr2O3 was formed during thermal spraying.
With the increasing of fuel gas flow from 58 SLPM to 77
SLPM, the intensity of Cr3C2 peak decreased for the higher
heat enthalpy of flame. The Cr3C2 decomposed more with
higher fuel gas flow in the thermal spraying processes.

3.3 Isothermal Oxidation Behavior of Sprayed
Coatings

In all cases, a black tarnish layer had formed on the
coatings surface after high-temperature oxidation expo-
sure. The X-ray diffraction pattern of the sprayed coating

Fig. 3 The dependence of temperature and velocity of in-flight
Cr39Ni7C particles with the spraying distance in Diamond Jet
spraying

Fig. 4 The cross sectional microstructure of Cr39Ni7C coating
sprayed under the fuel gas flow of 67 SLPM and spraying distance
of 225 mm. ((a) low magnification, (b) high magnification of area
‘‘A’’ in (a), Note: gray ‘‘B’’ and ‘‘C’’ were Cr3C2)
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after the high-temperature experiment is shown in Fig. 6.
It indicated that the patterns of the coatings after oxida-
tion were dominated by narrow crystalline peaks of Cr3C2,
NiCr, and Cr2O3. A large amount of Cr2O3 was formed on
the coating after 100 h of high-temperature oxidation at
1073 K due to the reaction of Cr with oxygen in air. As a
result, the components of the coating structure were
changed and the coating was covered by formed Cr2O3.
Therefore, the corrosion progress of the coating was
retarded.

The squares of the mass gain as a function of oxidation
time for the coated and bare SS400 at 1073 K are shown in
Fig. 7. The weight gains of the coated SS400 are much less
than that of the bare SS400 during the oxidation experi-
ments. The roughly straight-line relationship indicates that
the oxidation kinetic of the bare and coated SS400 samples
was governed by parabolic rate law y2 = kt. The parabolic
rate constants (k) for bare SS400, the coated SS400 by
Cr39Ni7C coatings prepared with spraying distance of
200 mm and 150 mm were 1.3 9 10-6 mg2mm-4s-1,

3.4 9 10-7 mg2mm-4s-1, 2.5 9 10-7 mg2mm-4s-1, respec-

tively. It is apparent that for the Cr39Ni7C coated SS400, the
parabolic rate constants for oxidation decreased by about
one order of magnitude at temperature of 1073 K. The
oxidation resistance of Cr39Ni7C coating sprayed at
the spraying distance of 150 mm was better than that of the
sprayed at 200 mm. This was attributed partially to its lower
porosity as discussed in section 3.2.

3.4 Microhardness Variation of Cr39Ni7C Coatings

The complex metastable state of the as-sprayed coating
means that there is a large driving force for microstruc-
tural and compositional transformations when exposed to
elevated temperatures. The most notable change is the
precipitation of fine carbides or possibly oxides accom-
panied by recrystalization of the matrix. The mechanical

properties also change, in particular the microhardness,
which is commonly related to the performance of carbide
coatings under wear conditions (Ref 22). The Vickers
hardness of the sprayed coatings after high-temperature
oxidation is given in Fig. 8. The average Vickers hardness
of the coatings sprayed under a fuel gas flow of 77 SLPM
and spraying distance of 150 mm was approximated to
1126 HV0.1. A slight reduction in micro hardness occurred
after 115 h at 723 K high-temperature oxidation and after
100 h at 1073 K high-temperature oxidation. This may
result from the residual stress relief, carbide dissolution,
and matrix phase refinement, which were also reported by
S. Matthews (Ref 22).

4. Conclusions

The microstructure, phase compositions, and high-
temperature oxidation behavior of the deposited cermet

Fig. 5 The X-ray diffraction patterns of Cr39Ni7C coatings
sprayed under different fuel gas flow and spraying distance of
225 mm ((a) Fuel gas flow 58 SLPM, (b) Fuel gas flow 67 SLPM,
(c) Fuel gas flow 77 SLPM)

Fig. 6 The X-ray diffraction patterns of as sprayed (a) and
1073 K during 100 h heat treated (b) Cr39Ni7C coatings (Fuel
gas flow: 77 SLPM, Spraying distance: 150 mm)
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Cr39Ni7C coatings were investigated. The speed of
in-flight particles decreased from 229 to 150 m/s with the
increasing of spraying distance from 100 to 300 mm,
whereas the average temperature of in-flight particles
increased from 1926 to 2245 K. The decarburization of
Cr3C2 increased with the increasing of fuel gas flow from
58 SLPM to 77 SLPM for higher heat enthalpy of flame.
Due to the formation of Cr2O3 on/in the coatings at high
temperature, the sprayed coatings had good oxidation
resistance at 1073 K in air atmosphere. The oxidation
behavior was found to be governed by the parabolic rate
law. For the lower porosity of the coating deposited under
the spraying distance of 150 mm, its oxidation resistance
was better than that sprayed under the spraying distance
of 200 mm. The average Vickers hardness of the coatings
sprayed under fuel gas flow of 77 SLPM and spraying
distance of 150 mm was approximated to 1126 HV0.1.
A slight reduction of sprayed Cr39Ni7C cermet coating
in micro hardness occurred after 115 h in 723 K

high-temperature oxidation and after 100 h in 1073 K
high-temperature oxidation.
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