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Abstract: TiN-matrix composite coating was prepared on 45# steel by reactive high-velocity oxy-fuel (HVOF) spraying. Its
microstructure, phase composition, micro-hardness, corrosion resistance in 3.5% NaCl solution and wear resistance were analyzed.
The results suggest that the TiN-matrix composite coating is well bonded with the substrate. The micro-hardness measured decreases
with the increase of applied test loads. And the micro-hardness of the coating under heavy loads is relatively high. The TiN-matrix
composite coating exhibits an excellent corrosion resistance in 3.5% NaCl solution. The corrosion potential of coating is positive and
the passivation zone is broad, which indicates that the TiN-matrix composite coating is stable in the electrolyte and provides
excellent protection to the substrate. The wear coefficient of the coating under all loads maintains at 0.49—0.50. The wear mechanism
of the coating is revealed to be three-body abrasive wear. Yet the failure forms of TiN-matrix composite coating under different loads
have an obvious difference. The failure form of coating under light loads is particle spallation due to the stress concentration while
that of coating under heavy loads is cracking between inter-lamellae.
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1 Introduction

Titanium nitride (TiN) coatings have been widely
used as decorative coatings, wear-resistant coatings,
diffusion barriers and electrodes for their superior wear
resistance, erosion resistance, heat resistance and a low
friction coefficient. At present, TiN coatings are mainly
obtained by physical vapour deposition (PVD) or
chemical vapour deposition (CVD) [1,2]. However, their
deposition efficiency is relatively low.

In recent years, much attention has been paid to
reactive thermal spraying for its promising synthesizing
composite coatings [3—5]. During spraying, hard ceramic
phases, such as carbides, borides and nitrides are formed
in-situ in a metallic or inter-metallic matrix by the
reactions between the injected powder and the reactive
gas.

Reactive plasma spraying (RPS) technique has been
applied to getting a thick TiN coating through reaction
between titanium powders and nitrogen plasma jets
[6—13]. BACCI et al [6] prepared a TiN coating with a
thickness of 60 um using reactive plasma spraying, and
the spraying was performed in a pure nitrogen
atmosphere chamber at 50 MPa. KOBAYASHI [7],
using a gas tunnel-type plasma jet, prepared a TiN
coating whose thickness was over 200 pm. FENG et al
[8] prepared a TiN coating with 500 pum in thickness by
reactive plasma spraying in a nitrogen-containing
environment. Reactive spraying TiN coatings have a
considerable hardness, up to HKI1500, without the
characteristic brittleness of pure TiN coatings obtained
by PVD or CVD techniques. Moreover, considerable
thickness (>200 pm) can be fabricated within a few
minutes of deposition. Compared with plasma spraying,
the spraying particles’ velocity of high-velocity oxy-fuel
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(HVOF) spraying is faster and can reach up to two times
of sonic speed. So, the porosity of reactive HVOF
spraying coating should be denser. And the approach
about TiN coating prepared by reactive HVOF spraying
has not been reported.

We recently prepared TiN-matrix coating by
reactive HVOF spraying. Its micro-hardness and fracture
toughness are superior [14]. As a promising cutting tool
coating, its wear resistance properties were studied. The
aim of this work is to research the corrosion and wear
resistance properties of TiN composite coating prepared
by reactive HVOF spraying.

2 Experimental

Medium carbon steel (0.42%—0.50%C steel) was
selected to be the substrate. The specimens were
machined into the sample dimensions of d60 mmx»3 mm
and then ground with 600 grit SiC paper. Before
spraying, the surface was ultrasonic cleaned with alcohol
and de-ionized water and then sand (corundum) blasted
to obtain the fresh surface. The grit size was about d0.6
mm. The blast pressure and angle were 0.4-0.5 MPa and
70°, respectively. The residual sands were removed by
compressed air. Commercial Ti powders (+44—74 pm)
were used as spraying powders. Nitrogen was selected as
feeding gas. The coating was prepared by JP5000 HVOF
spraying instrument produced by America. The spraying
parameters are shown in Table 1.

Table 1 HVOF spraying parameters used in experiments

Flow rate of Flow rate Flow rate Powder Spraying
kerosene/ of O,/ of Hy/ feed rate distance/
(L'min"")  (Lmin") (Lmin") (Np)/(gmin") mm

0.32 822 10 70 380

A CHI600C electrochemical analyzer was used to
study polarization behavior. A saturated Ag/AgCl
electrode and Pt wire were used as counter electrode and
auxiliary electrode, respectively. 3.5% NaCl solution was
selected as electrolyte. Scanning rate of 0.05 V/s,
sampling interval of 0.001 V, sensitivity of 0.1 A/V, and

quiet time of 2 s were selected in all the polarization tests.

TiN-matrix coating was used as the working electrode
with an exposing area of 1.0 cm’ and nonworking
surface was covered with epoxide resin.

Wear test was presumed according to metal wear
experimental test (GB 12444.1—90). MM200 type wear
tester was used (Fig. 1). TiN-matrix coating was
prepared on a butterfly type substrate. GCrl5 ring (about
60HRC) was used as counterpart wear ring. The rotation
speed was 200 r/min. Three loads (196, 294 and 735 N)
were chosen. Masses before and after wear test were

weighed. Wear coefficient was calculated from frictional
torque, according to the following formula:

M a+sinacosa
U= OIX——

RF 2sina
where M is frictional torque; F is the load; R is
semi-diameter of opposite wear ring; a is half of the
contact angle for wear friction couples, which can be
calculated as follows:

a =arcsin(b/2R)

where b is the width of wear track.

Load

—Sample

_ — Coating

Counterpart

Fig. 1 Illustration of wear test

The phases and composition of the coating were
analyzed by X-ray diffraction instrument (Bruker D8
ADVANCE XRD, Cu K, 1.5406 A) and EDS. Micro-
hardness of TiN coating was measured with a HX—1000
micro-hardness tester. Loads were ranged from 0.49 to
9.8 N and a dwell time of 40 s was selected. To avoid the
stress field effect near the indentation, the distance
between every two indentations was controlled to be
three times longer than the indentation diagonal. The
cross-section morphologies of the HVOF coatings were
examined by scanning electron microscopy (SEM).

3 Results

3.1 Phase and morphologies of HVOF spraying

coating

Figure 2 shows the XRD pattern of reactive HVOF
sprayed TiN-matrix coating. The coating consists of TiN,
TiNy 3, Ti,Oz and TiO,. The main phase was TiN so that
the reactive HVOF sprayed coating may be called
TiN-matrix composite coating. Figures 3 and 4 show the
cross-section morphologies of HVOF sprayed TiN-
matrix composite coating. The coating is well bonded
with the substrate. Even without bond coating, the
thickness of coating reaches about 300 um. The coating
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Fig. 2 XRD pattern of HVOF sprayed TiN-matrix composite
coating
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Fig. 3 SEM images of HVOF sprayed TiN-matrix composite
coating: (a) Lower magnification; (b) Higher magnification

Fig. 4 SEM image of HVOF sprayed TiN-matrix composite
coating

was composed of two phases: dark phase and light phase.
EDS analysis (Table 2) indicates that the light phase
consists of Ti and N while the dark phase consists of Ti,
N and O. Therefore, the light phase may be titanium
nitrides (TiN and TiNj3) and the dark phase may be the
mixture phase of titanium nitrides (TiN and TiNy3) and
titanium oxides (Ti,05 and TiO,).

Table 2 EDS analysis of TiN-matrix composite coating

x/%
Element
Point 1 Point 2 Point 3
N 11.22 10.98 10.76
(0] 17.10 - 16.45
Ti 71.67 89.02 72.79

3.2 Micro-hardness analysis

Table 3 shows the micro-hardness analysis of
HVOF sprayed TiN-matrix composite coating. As shown
in Fig. 5, the micro-hardness measured decreases with
the increase of applied test loads, which was so called the
indentation size effect (ISE). With applied load ranging
from 0.49 N to 9.8 N, the corresponding hardness
decreased from HV 4o 1136.5 to HVygn 810.4. Reactive
plasma sprayed TiN coating was studied by FENG et al
[8]. The microhardness of reactive plasma sprayed TiN

Table 3 Micro-hardness of HVOF sprayed TiN-matrix
composite coating

Hardness (HV)
Load/N
Mean Standard ~ Minimum Maximum
9.8 810.4 109.4 730 970
4.9 962.6 76.7 870 1075
2.74 971.4 197.5 690 1410
1.96 1122.0 211.0 914 1584
0.98 1124.4 260.2 625 1533
0.49 1136.5 171.7 927 1486
1400
1300
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)
- 1100
3
—§ 1000 |
=
& 900
S
= 800
700
600 L

0 1.96 3.92 5.88 7.84 9.80
Load/N

Fig. 5 Relationship between micro-hardness and applied
load
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coating drops from HV,4s n1267.8 to HVog n 485.8.
Compared with the TiN coating prepared by reactive
plasma spraying [8], the hardness of TiN coating
prepared by reactive HVOF spraying under high loads is
higher.

3.3 Corrosion potential curves

Figure 6 shows the polarization behavior of HVOF
sprayed TiN-matrix composite coating in 3.5% NaCl
solution. Compared with carbon steel, the corrosion
of TiN-matrix composite coating was
improved remarkably. The open potential of carbon steel
was —0.749 V (vs Ag/AgCl electrode). For HVOF
sprayed TiN-matrix composite coating, the open
potential was about —0.018 V, which is relatively positive.
The anode polarization of TiN-matrix composite coating

resistance

can be parted into three zones: active dissolution zone
AB, passivation zone BC and trans-passivation zone CD.
No active-passive zone was present. The passivation
zone was relatively board. The critical passive potential
was about 0.35 V and the current density decreased
slowly at passivation zone. When the polarization
potential was about 1.5 V, the current density reached its
minimum value. After that, the potential current density
increased greatly and trans-passivation occurred.
Compared with carbon steel, the potential of TiN coating
was positive. Even at a higher potential, the current
density can maintain a lower level, which indicates the

excellent corrosion resistance of the coating.

lg[J/(A-cm™2)]
L

¢ o — (Carbon steel

-6 F A' 7 — HVOF sprayed
‘ TiN,-matrix coating

-7 1 1 | 1 1 I 1 1
-2 -1 1 2 3 4 5 6 7 8 9
@(vs Ag/AgCl/V

Fig. 6 Polarization curves of HVOF sprayed TiN-matrix
composite coating in 3.5% NaCl solution

3.4 Wear tests

Figure 7 shows the wear torque curves of
TiN-matrix composite coating wearing against GCrl5
ring under loads of 196, 274 and 735 N. For TiN-matrix
composite coating, the wear torque turned to a constant
value after initial unstable wear. For 45# steel, the wear
torque was very fluctuant in the whole wear process and

the swing was large. Table 4 shows the mass loss and
wear coefficient calculated of TiN-matrix composite
coating against GCrl5 ring under loads of 196, 294 and
735 N. For the sample without coating, the wear mass
loss was 1.5814 g, three magnitudes higher than that of
sample with TiN-matrix composite coating, which was
just several milligramme. Compared with coating under
light loads, the mass loss of TiN-matrix composite
coating under high loads was not increased, which
indicates that the wear resistance of coating is excellent.
For sample without coating, the wear coefficient is 0.64
while that of TiN coating at different loads maintains at
0.49-0.50.

70 Coating,
735N
60
TE 50+
s Coating, .
%n 40 - 204 N 45" steel, 196 N
? 30 h
(=2 B .
5 Coating, -
= 20 196 N .
L] |
= 10 + i
[ ]
10 20 30 40 50 60 70 80 90

Time/min

Fig. 7 Wear torque curves of TiN-matrix composite coating
wearing against GCr15 ring under loads of 196, 294 and 735 N

Table 4 Wear test result of HVOF sprayed TiN-matrix
composite coating

Load /N Mass loss/g  Wear coefficient
196 (without coating) 1.5814 0.64
196 (with coating) 0.0013 0.49
294 (with coating) 0.0036 0.49
735 (with coating) 0.0021 0.50

Figure 8 shows the surface and cross-section
morphologies of TiN-matrix composite coating under
loads of 294 N and 735N. The surface was even for
sample under 294 N. At local zone, particles were spalled
from the coating. Cracks were formed on the surface of
coating under a load of 735 N, extending in parallel to
the surface of coating. The breakage form of the coating
under high loads was lamellar spallation. EDS analysis
of point 4 of TiN-matrix composite coating under 294 N
(Fig. 9) shows that the composition of spalled particle is
Ti, O and N, which indicates the spallation of local
coating. Figure 10 shows the EDS analysis of TiN-matrix
composite coating under 735 N. On the surface of the
TiN-matrix composite coating, a Fe-rich film was formed,
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which indicates that the composition of GCrl5 steel ring morphology of GCrl5 steel ring after wear test under
was smeared on the surface of TiN-matrix composite 735 N. Obvious furrows (about 200 pum in width) were
coating during the wear test. Figure 11 shows the surface formed. Some metal oxides were also found.

S s

Fig. 8 Surface (a, ¢) and cross-section (b, d) morphologies of TiN-matrix composite coating under different loads: (a), (b) 294 N;
(c), (d) 735N

(b) Ti
C
0 Ti
UILC£ Fe

1 2 3 4 5 6 7 8 9 10
Energy/keV

Fig. 9 SEM image (a) and EDS analysis of point 4 (b) in TiN-matrix composite coating under 294 N

(b) Fe

Fe

Fe

Cr

zakw

12 3 4 5 6 7 8 9 10
Energy/keV

Fig. 10 SEM image (a) and EDS analysis (b) of area B TiN-matrix composite coating under 735 N
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4 Discussion

4.1 Formation of TiN-matrix composite coating

For a self-propagating high temperature synthesis
reactive spraying, the adiabatic temperature of reactive
system must be higher than 2500 K [15,16]. In this study,
two reactions should be considered:

Ti(s)+0.5N, (g) = TiN(s) (1)

)

To calculate the adiabatic temperature (7,4) of above
reactions, several hypotheses should be set:

1) Reaction will happen solely, that is, no other
reactions happen;

2) Reaction will happen totally according to
equation, and no reactant remains;

3) Reaction system has no energy exchange with
environment.

If reaction happens at 298 K, then,

0 0 ) _
AH 595 + Z n(Hr,, = Hjo8); resuttant = 0
i

Ti(s)+ O, (g) = TiO,(s)

or

o) o) _ o)
z n;(H Ty H 298)i,resultant =—AH o4
i

where AH$ is the heat of reaction at 298 K; n; is the

C . . ® [0) .
stoichiometric number; (Hy —H5o8); resuitane 15 the
relative mole enthalpy of resultants. It can be expressed
as

Hy —Hyy =BT +107B,I* +10°B,T " +
10°B,7° +10° BT 2 + B,

Then, the adiabatic temperatures of reactions (1)

Table 5 Thermodynamics data for calculation
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and (2) are 4909 K and 10556 K, respectively, which are
both higher than 2500 K, that is, all reactions satisfy the
condition for SHS spraying. The data for calculation are
shown in Table 5 [17].

From the above analysis, Ti is very reactive. And Ti
is easier to be oxidized compared with nitriding. Yet
during HVOF spraying, the ratio of titanium nitride to
titanium oxides in coating depends on the partial
pressures of oxygen and nitrogen. For nitrogen was used
to feed titanium powders, Ti was nitrided in HVOF
flame, giving out a lot of heat. The overlap of reaction
heat and HVOF flame make TiN melt and deposit as
TiN-matrix coating.

For oxygen was used to assist combustion during
HVOF spraying, the content of oxides in the TiN-matrix
composite coating is higher than that prepared by
reactive plasma spraying. In former studies [18], the
oxides existing in the coating are regarded as a phase
harmful to the properties of TiN-matrix composite
coatings because these oxides have a much lower
hardness and strength than the pure TiN material in the
coating. Yet in our studies, even under heavy loads, the
microhardness of TiN-matrix composite coating is still
high.

4.2 Indentation size effect

Like other coatings, the HVOF sprayed TiN-matrix
composite coating also has indentation size effect (ISE).
ISE is probably attributed to the fact that hardness
corresponds to the energy consumed during the plastic
deformation of unit volume of materials. Since some
changes occur inevitably on the free surface area during
indentation, and the work done by the indentation load is
partially consumed in the indentation volumetric
deformation, the hardness obtained by calculation shows
a phenomenon of the indentation size effect [19]. Yet
different materials have different ISE rules. In Ref. [8],
there are two stages in the curves of micro-hardness vs
load. At the first stage for the load from 0.245 to 1.96 N,
Vickers micro-hardness declines sharply for its relatively
high work hardening degree; at the second stage when
the load surpasses 1.96 N, Vickers micro-hardness
declines slowly for the light work hardening level. In our
studies, Vickers micro-hardness of TiN-matrix coating
decreases slowly under applied loads of 0.49-9.8 N.
Under 9.8 N, the micro-hardness is HV810.4, which is

Sample B, B, B; B, B; Bg Temperature/K AH ,®(;'R /kJ
. 11.91 0.47 2.96 0 0.00 —4583.00 298-3223
TiN -339.15
16.00 0.00 0.00 0 0.00 2207.00 3223-3500
15.02 1.35 2.38 0 0.00 —5393.00 298-2143
TiO, —948.36
21.00 0.00 0.00 0 0.00 4123.00 2143-3000
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much higher than HV485.8 of RPS TiN coating [8]. This
indicates that the microhardness of HVOF TiN-matrix
coating is super.

For lower indentation loads, the indentation mark is
very small, close to the thickness of layer. So, the
microhardness is mainly affected by intrinsic hardness of
TiN coating and elastic modulus of crystals inside the
splats. While several splats were probed under higher
loads, interlamellar cracking will have effects on the
indenter, resulting in a lower measured hardness.
Compared with plasma spraying, HVOF flame produces
a faster but colder particle stream [20]. The high droplet
impacting velocity produces sufficient high interface
contact strength between impacting droplets and the
substrate so that regular disk-like splats with low
fragmentation are formed [21]. Therefore, reactive
sprayed HVOF TiN-matrix coating has a higher hardness
due to its lower defect and better inter-lamellar cohesion
vs RPS one.

4.3 Corrosion behavior

Compared with carbon steel, the corrosion potential
of TiN-matrix composite coating was shifted positively
(about 0.731 V), which indicates that the coating is very
stable in 3.5% NaCl solution. After the active
polarization, a thin passivation film may be formed on
the surface of TiN coating. With the increase of
polarization potential, the passivation film is thicker and
thicker. So, the current density in passivation zone is
decreased steadily. The passivation zone is very broad
(the potential voltage from 0.35 V to 1.5 V). When the
polarization voltage is very high, the coating is broken
down. The current density sharply increases and
overpassivation occurs.

The corrosion behavior of reactive plasma-sprayed
Ti—TiN coatings in 0.5 mol/L NaCl solution has been
discussed by VALENTE and GALLIANO [22]. It was
found that its corrosion resistance was strictly dependent
on coating porosity. The interconnected porosity directly
induced crevice corrosion attack. Compared with
reactive plasma-sprayed Ti—TiN coating, the corrosion
potential of reactive HVOF sprayed TiN-matrix
composite coating is more positive and an obvious
passivation zone is present, which shows that the
protective ability of HVOF sprayed TiN-matrix
composite coating is superior to that of TiN coating
prepared by plasma spraying. The reason is that the
HVOF sprayed TiN-matrix composite coating is very
dense. For HVOF spraying, the velocity of melt powders
is extra high as well as the flame velocity. The flame
velocity can reach twice higher than that of sound. The
velocity of melt powders can also reach 300—700 m/s
when the powders leave the “de Laval” nozzle. So, the
HVOF sprayed TiN-matrix composite coating is very

dense. Moreover, the overlap of reactive heat and flame
heat will increase the temperature of powders. So, the
bond strength between the coating and the substrate is
very high. Therefore, the corrosion resistance of HVOF
sprayed TiN-matrix composite coating is superior.

4.4 Wear mechanism

Much heat is generated for its high speed friction
during wear test so that the surface of GCrlS5 steel is
oxidized. The oxide film on the surface of GCrl5 steel is
cut and ploughed by the hard particles of TiN-matrix
composite coating, forming abrasive oxide dust. On the
other hand, stress may be concentrated at the local zone
of coating, which causes the expanding of the
micro-cracks and the spallation of partial coating.
Particles of coating spall and abrasive debris form. The
wear converts into abrasive wear and the wear condition
is more severe. So the wear mechanism of TiN-matrix
composite coating against GCr15 ring at steady stage is
three-body abrasive wear. For GCrl5 ring, the wear
mechanism is micro-cutting and ploughing plastic
deforming.

Under different loads, the wear mechanism may be
different. Under light loads, micro-cracks may be
generated due to the contacting stress. Micro-cracks then
spread at the repeating action of stress. Some hard
particles spall. While under the severe wear condition of
heavy loads, the surface of GCrl5 ring is cut and
smeared to the surface of TiN-matrix composite coating,
which acts as lubricant [23]. So, the wear coefficient
under heavy load does not increase, just maintaining a
value almost equal to that under light loads. However,
the contacting stress at the wearing interface is high. On
the influence of high stress repeated rolling, cracks
generate between the layers of coating. Thus the failure
form of TiN-matrix composite coating under heavy loads
is cracking between inter-lamellae.

5 Conclusions

1) TiN-matrix composite coating with about 300 um
in thickness was prepared by reactive HVOF spraying.
The TiN-matrix coating has lamellar structure and is well
bonded with the substrate. The micro-hardness of the
coating under heavy loads is relative high.

2) TiN-matrix composite coating prepared by
reactive HVOF spraying exhibits an excellent corrosion
resistance. Its corrosion potential is positive and
passivation zone is broad, which indicates that the
coating has a good stability and an excellent protection.

3) The wear coefficient of TiN-matrix composite
coating under loads of 196, 294 and 735 N maintains at
0.49-0.5. The wear mechanisms under light loads and
heavy loads are three-body abrasive wear. The failure
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form of TiN-matrix composite coating under light loads
is particle spallation due to the stress concentration,
while that of coating under heavy loads is cracking
between inter-lamellae.
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