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Abstract

Hard chrome plating has been used in surface hard coating over 50 years both for applying hard coating
and re-building of worn components. Hard chrome plating solution and mist pollute environment with very
toxic Cr*(hex-Cr) known as carcinogen which causes lung cancer. High velocity oxy-fuel (HVOF) thermal
spray coatings of WC base cermet and Co-alloy powders are the most promising candidates for the replacement
of the traditional hard chrome plating. Surface properties, wear, and friction behaviors of micron size Co-
alloy (T800) and micron size WC-12Co (WC-Co) have been studied for the application as hard coatings.
The temperature dependence of wear and friction behaviors of T800 and WC-Co have been investigated at
the temperature of 25°C and 538°C for the application to high speed spindle.

Keywords: HVOF, WC-Co, T800, Thermal spray coating, Oxidation and abrasive wear assisted by oxide lubrication,
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1. Introduction

Electrolytic hard chrome (EHC), nickel (EHN), and
ceramic coatings have been widely used in surface
hard coatings over 50 years both for hard coating and
re-building of worn components”. Electrolytic solution
and mist pollute the environment severely. In the
widely used EHC plating, bath contains Cr* ion (hex-
Cr) and emits hex-Cr mist into the air. Hex-Cr is
known as carcinogen which causes lung cancer. HVOF
thermal spray coatings are the leading candidate for
replacement of EHC plating"™'. Commercially available
HVOF equipments can be used to deposit both metal
alloy and ceramic/metal coatings that are dense, thick
and highly adherent to the base materials. As the
coating technology is developed, it begins to be applied
to a wide range of applications, including a variety of
aircraft components and outside the aircraft industry.

*Corresponding author. E-mail : tycho@changwon.ac.kr

Although there are wide application for these coatings,
intense research is required since their qualification
as a fully acceptable replacement for EHC has not
yet been adequately demonstrated. Fatigue strength,
corrosion, and wear properties of the coatings are
intensively investigated for the replacement of EHC
plating'™. In this work, T800 and WC-Co are coated
on the Inconel 718 substrate by HVOF thermal spraying
processes designed by Taguchi program for three
levels of the four parameters, such as oxygen flow
rate, hydrogen flow rate, feed rate and spray distance.
The optimal coating processes are obtained from the
best surface properties of hardness, porosity, and
roughness for T800 and of hardness and porosity for
WC-Co. The friction and wear behaviors of T800
and WC-Co coatings have been investigated by the
reciprocating sliding test with counter sliding SUS
304 stainless steel ball both at 25°C and 538°C. The
temperature dependence of friction and wear behaviors
between T800 and WC-Co coatings are observed in
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this test. And the mechanism of the friction and wear of
both T800 and WC-Co coating have been investigated
at the temperature of 25°C and 538°C.

2. Experimental Work

2.1 Preparation of Coating _

Commercially available T800 (50.0 wt% Co, 28.4
wt% Mo, 17.6 wt% Cr, 3.1 wt% Si, others) and WC-
Co (88 wit% WC pieces in a 12 wt% Co matrix)
powders are coated on Inconel 718 substrate by JK3500
HVOF thermal spraying equipment. Substrates are
pre-cleaned in acetone for 5 minutes and then blast
cleaned by 60 mesh aluminium oxides. As shown in
Table 1, coatings are prepared by 9 different processes
designed by Taguchi experimental program for three
levels and 4 spray parameters of hydrogen flow rates,
oxygen flow rates, powder feeding rates and spray
distances™'?. Spray gun speed is 3 mm/s and argon
gas is used as powder carrier gas. Coated substrate is
cooled in the air.

As shown in Table 1, 16 T800 coatings are prepared
by 16 different processes designed by Taguchi experi-
mental program for four levels of four spray
parameters of oxygen flow rate, hydrogen flow rate,
powder feed rate and at spray distance 5 inch. And as
shown in Table 2, 9 WC-Co coatings are prepared by
the Taguchi program of three level of four parameters.

Table 1. T800 coating process

Oxygen flow} Hydrogen Feed rate Spray
Process rate flow rate (g/min) d1§tance

(FMR) (FMR) (inch)
1 34 60 20 5
2 34 65 20 5
3 34 70 30 5
4 34 75 30 5
5 38 60 20 5
6 38 65 20 5
7 38 70 30 5
8 38 75 30 5
9 42 60 30 5
10 42 65 30 5
11 42 70 20 5
12 42 75 20 5
13 46 60 30 5
14 46 65 30 5
15 46 70 20 5
16 46 75 20 5

Flow rate; FMR = 12 scth

Table 2. WC-Co coating process

Process ﬂoogfiz?e gz(\gor%(:g F(ege/?nir;lge diSs[t)arl?l}c,e
(FMR) (FMR) (inch)
1 30 53 25 6
2 30 57 30 7
3 30 61 35 8
4 34 53 35 7
5 34 57 25 8
6 34 61 30 6
7 38 53 30 8
8 38 57 35 6
9 38 61 25 7

2.2 Charcterization of the Coatings

Microstructure and phase are investigated by SEM,
XRD and EDX. The surface hardness is measured by
micro vickers hardness tester. Hardness is the average
value of 9 measurements at the center of cross section
of the coating layer. Porosity is the average value of
5 data obtained by analyzing the images photographed
by optical microscope. Surface roughness is the average
of 7 measurements by surface roughness tester.

2.3 Sliding Wear and Friction Test

Friction and wear behaviors of both coatings are
investigated by the reciprocating slide tester (TE77
AUTO, Flint & Partners). Coatings are slided by the
SUS 304 counter sliding ball (diameter 9.53 mm and
hardness 227 Hv) without using lubricant. The recipro-
cating slide distance, frequency, speed, load and
sliding time are 2.3 mm, 35 Hz, 0.161 m/s, 10 N,
and 4 minutes respectively. Sliding test is carried out
at room temperature and at an elevated temperature
of 538°C (1,000°F) for T800 and 500°C for WC-Co
for the study of the temperature effects on friction
and wear behaviors.

3. Results and Discussions

3.1 T800 Coatings

The chemical compositions of T800 are 45.7 wt%
Co, 28.4 wt% Mo, and 17.6 wt% Cr shown in Fig. 1.
The powders are the homogeneous mixture of spherical
particles with diameter 5-30 um as shown in Fig. 2.
According to the phase diagram, aCo and &Co
phases of Co-Mo system, and aCo of Co-Cr system
melt at a temperature lower than the pure cobalt
melting point 1,495°C which is much lower than the
flame temperature of up to 3,500°C"?.
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Fig. 1. Chemical composition of T800 powder.

Fig. 3. Microstructure of T800 coating surface.

The micro-structure of coating surface in Fig. 3
shows that the particles with various sizes are molten,
partially-molten or softened during the short flight
time of 0.1-1 ms by the high temperature of up to
3,500°C of the flame formed by the combustion of
the hydrogen and oxygen'*'”. The splats impact on
the coating surface with supersonic velocity of up to
1,000 m/s. Upon impact, a bond forms with the
surface, with subsequent particles causing thickness
buildup and forming a lamella structure. The thin
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Fig. 4. Cross section of T800 coating.
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Fig. 5. XRD pattern of T800 coating.

splats undergo quenching at a very high cooling rate,
in excess of 10° K/s"*'”,

The splats form fine-grained coatings of 300-350
um thickness with very high adhesion as shown in
Fig. 4. In coating Co is in crystalline phase and the
other phases are in non-crystalline phases as shown
in Fig. 5.

3.2 WC-Co Coatings

As shown in Fig. 6, WC-Co powder prepared by
spray drying method shows the mixture of crystalline
WC and 12 wt% Co phases. The particles have the
shapes of broken pieces of 1-40 um sizes as shown
in Fig. 7. Various size WC-Co particles are injected
into the high temperature flame of up to 3,500°C.
This maximum temperature of the flame is much
higher than Co melting point of 1,495°C, WC decom-
position temperature of 1,250°C, W,C melting point
of 2,785 + 10°C, and comparable to W melting point
of 3,422°C*7'*'V. Therefore aCo (W solubility limit
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Fig. 7. Pieces of WC-Co powder.

Intensity

30 35 m 45 56
20
Fig. 8. XRD pattern of WC-Co coating.

of 0.5 at %-17.5 at %) melts almost completely and a
small portion of WC pieces decomposes to W,C, W
and C as shown in Fig. 8, and they melt, partially
melt or soften'*”,

These various splats impact on the coating surface

and form fine grained coatings of 300-350 um thickness

Fig. 9. Microstructure of WC-Co coating.

Fig. 10. Cross section of WC-Co coating.

with strong adhesion to substrate as shown in Fig. 9
and 10 through the same process shown above in
3.1. T80O coating. As shown in Fig. 8, XRD pattern
of coating shows small amount of W,C and W
phases formed by the decomposition of WC during
the short time of flight in the hot flame. According to
phase diagram'” SWC decomposes to fW,C, W and
graphite at the temperature above 1,250°C. And
BW,C melts and decomposes to W and graphite at
temperature above 2,785+ 10°C. The decomposed
products W,C, W and graphite phases reduce the
surface hardness.

3.3 Optimal Coating Processes of T800 and
WC-Co Coatings

The optimal coating process is obtained from the
best coating (properties) prepared by Daguchi program
shown in 2.2. Preparation of coatings, Table 1 and 2.
The optimal T800 coating process is the flow rates of
hydrogen and oxygen gas and the feed rate of
powder are 65-70 FMR, 38-42 FMR and 30 g/min,
respectively at spray distance 5 inch. The optimal
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WC-Co coating process is the process of oxygen
flow rate 34 FMR, hydrogen flow rate 61 FMR, feed
rate 35 g/min, and spray distance 7 inch.

3.4 Surface Properties of T800 and WC-Co
Coatings

3.4.1 Surface Hardness vs. Spray Parameters

Surface hardness depends on the spray parameters
as shown in Fig. 11. Hardness 940-1,200 Hv of WC-
Co coating is about twice higher than hardness 570-
630 Hv of T800. In WC-Co coating, the highest
hardness 1,200 Hv is obtained when the ratio of
hydrogen and oxygen gas flow rate is 1.6 to 1, in
excess oxygen reagent.

The hardness increases with increasing feed rate,
since the flame temperature is lowered by increasing
feed rate, causing less decomposition of hard WC to
less hard W,C, W and graphite. The hardness decreases
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Fig. 11. Hardness vs. spray parameters of T800 and
WC-Co coating.
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Fig. 12. Porosity vs. spray parameters of T800.
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Fig. 13. Porosity vs. spray parameters of WC-Co.

from 1,200 Hv to 980 Hv with increasing the spray
distance from 6 inch to 8 inch, because of the increase
of WC decomposition time by increasing the particle
flight distance.

3.4.2 Porosity vs. Spray Parameters

The porosity depends on the spray parameters as
shown in Fig. 12 and 13.

Porosity 2.8-5.4% of WC-Co coating is more than
ten times larger compared to 0.01-0.035% of T800
coatings. T800 powders with lower melting point
1,495°C are almost completely molten, and form
dense coating during the longer solidification time. In
WC-Co coatings, small portion of Co (12 wt %) is
almost completely molten. However, large portion of
WC pieces are left as coarse solid pieces. A small
portion of WC-Co powder decomposes to W,C, W
and graphite at the temperature above 1,250°C. The
decomposed graphite reacts with the excess oxygen
and evolves carbon oxide gasses causing porous
coatings.
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Fig. 14. Wear traces: T800 coating at a) 25°C, b) 538°C.
counter sliding SUS 304 at, ¢) 25°C, d) 538°C.
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3.5 Friction and Wear behaviors of T800 and
WC-Co Coatings

As shown in Fig. 14, both wear traces of T800
coating and the counter sliding surfaces at higher
temperature 538°C are smaller than those at 25°C.
Also figure 15 shows that the friction coefficients of
T800 coatings at 538°C are lower than those at 25°C.
These show that friction and wear decrease with
increasing sliding surface temperature, due to the
wear mechanism of oxidation and abrasive wear
assisted by oxide lubrication. Fig. 15 also shows that
friction coefficient of T800 coatings is much smaller
than that of non-coated Inconel 718 substrate. This
shows that T800 coating is highly recommendable
for the durability improvement coating on high speed
spindle. At high temperature, brittle oxides such as
Co0, Co0,;0,, Mo0O, and MoO; are rapidly formed on
the soft and highly reactive metallic Co”*"*. The
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Fig. 15. Friction coefficient of T800 coating both at 25°C
and 538°C.
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Fig. 16. Friction coefficients of WC-Co coating both at
25°C and 500°C.

brittle oxides are easily attrited by the sliding. The
attrited solids and softened particles, and melts and
partially-melt drops play roles as solid and liquid
lubricants, causing the decrease of wear traces and
friction coefficients at higher temperature*®'®". In
the WC-Co coatings, friction coefficients are increased
along with increasing surface temperature from 0.6-
0.7 at 25°C to 0.7-1.0 at 500°C as shown in Fig. 16.
This is opposite phenomenon to T800 coating.

At the beginning of the sliding, the soft, low melting
(1,495 °C) and reactive metallic Co alloy, which
surrounds the hard, high melting (2,785 = 10°C) and
chemically stable WC pieces, plays major role. Wear
and friction decrease with increasing the sliding
temperature through oxidation and abrasive wear
assisted by oxide lubrication. Subsequently, the
stable ceramic WC pieces take over the major role,
increasing friction coefficients with increasing the
sliding temperature through adhesive wear mechanism.
In this sliding test environment, the chemically stable
WC pieces do not easily form brittle products, and
do not easily attrit wear debris which function as
solid and liquid lubricants. Normally, true contact
area of asperities is about 0.01% of apparent area of
two contact surfaces'”. The asperities are under very
high local pressure of about 10" times of the test
load. This high local pressure causes local cold-
welding by the intermolecular and interatomic bonds
between the contact area. The adhesion is stronger at
higher temperature, and increases friction coefficient.

4. Conclusions

In this study, the following conclusions are reached.

1. T800 powders are almost completely molten
during the flight. In WC-Co particle, However, only
Co (12 wt%) is almost completely molten and a
small portion of WC piece decomposes to less hard
W,C, W and graphite.

2. WC-Co coatings are about twice hard compared
to T800 coatings.

3. In WC-Co coating, hardness decreased with
increasing flame temperature and flight time because
of increased decomposition of WC piece to less hard
W,C, W, and graphite.

4. Porosity of WC-Co coatings are much larger
compared to T800 coatings since a small portion of
WC-Co particle decomposes to W,C, W, and graphite,
and evolves carbon oxide gasses from the coating.

5. T800 coating is highly recommendable for the
coating on the surface vulnerable to frictional heat,
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such as high speed spindle since friction and wear
decrease with increasing coating temperature.

6. Compared to T800 coating, WC-Co coating may
be easily stuck on the surface vulnerable to frictional
heat, such as spindle, since friction coefficient increases
with increasing sliding surface temperature.
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