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General introduction

After decades of development and use, the thermal spray processes have become much
diversified. Among them, the high velocity oxy-fuel (HVOF) spray has become one of the most
advanced processes for producing high performance cermet or alloy coatings due to its
moderate particle temperature, and high particle velocity. Common HVOF thermal spray
systems classically use the combustion of gases, such as hydrogen, propane or a liquid fuel
such as kerosene. However, there is currently a limited amount of literature on the use of
ethanol as a fuel for HVOF process to prepare coatings and investigate their performances.
Ethanol benefits from environmentally friendly features, being less polluting (less emission of
soot particles) than conventional fossil liquid fuels (i.e. kerosene). In addition, it is critical to
avoid or significantly reduce the harmful oxidation and decarburization processes that degrade
many metallic or ceramic coatings (primarily containing carbides). Even though the HVOF
process results in relatively low particle oxidation, one would like always to decrease the flame
temperature and increase the velocity to obtain coatings of higher quality. Therefore, the work
of this thesis aims to investigate such an ethanol-fueled HVOF device (called “eGun HVOF”),
with the objective to define the merits and limitations of that technology. In view of the limited
literature available, it appeared to be of great interest to study the optimization of the spraying
parameters of that new spraying process, as well as thoroughly evaluate the performances of
the corresponding coatings. In addition, we endeavored to improve the eGun HVOF equipment
to create a HVOAF device, which improves coating quality by injecting compressed air into
the combustion chamber to increase particle velocity. The details are as follows.

Chapter 1 offers an overview of the evolution of the HVOF technology starting from its
creation to the latest status. This review will allow to better introduce the ethanol-fueled HVOF
device and highlight its specificities as well as its potential interest and advantages, compared
to the existing ones.

Chapter 2 introduces the experimental setups of HVOF and HVOAF as used in this thesis,



the tested materials (powder and substrate), the characterisation methods of the coating and the
test methods of the coating properties.

Chapter 3 investigates the effect of different oxygen/fuel ratios on the evolution of the
velocity and temperature of in-flight particles in correlation with the properties of the resulting
WC-CoCr coatings prepared by eGun HVOF process. A detailed relationship between particle
parameters and coating properties is elaborated to infer the optimal parameters for the process.

Chapter 4 investigates Cr3C2—25NiCr coatings deposited by eGun HVOF process. The
Taguchi method was employed to adjust the spray parameters to achieve better erosion
resistance at 90° impact angle. Moreover, investigations are also performed to determine the
influence of different stoichiometry conditions, defined as the oxygen/ethanol ratio, on the
evolution of the coating microstructure and in relation with the properties of the resulting
Cr3C2—-25NiCr coatings. Microhardness, porosity, fracture toughness, erosion resistance and
sliding wear resistance of the Cr3C>—25NiCr coatings are compared.

Chapter S introduces the creation of HVOAF device based on the original eGun HVOF
device. NiCoCrAlYTa coatings are prepared using the HVOAF device. Investigations are
conducted to determine the influence of different compressed air flow rates on the evolution of
the microstructure and properties of the resulting NiCoCrAlYTa coatings. Microhardness,
porosity, bonding strength, sliding wear resistance and corrosive resistance of the
NiCoCrAlYTa coatings are investigated.

In summary, this thesis is devoted to the research on the performances of ethanol-fueled
HVOF process, as well as the development and performance study of the HVOAF device. This
work is hoped to provide theoretical and technical foundations for the further development of

this technology.
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Chapter 1 Introduction



1.1 High velocity oxy-fuel spraying (HVOF)

Since the creation of the high velocity oxy-fuel spray (HVOF) technology in 1958 and its
first uses in the industry in the early 1980s, it has been continuously developed to improve the
quality of the corresponding coatings. Therefore, the market share of this spraying technology

has steadily increased [1].

1.1.1 Deposition mechanism and characteristics of HVOF process

HVOF thermal spraying is a technique in which powder material is melted and propelled
at high velocity towards a target surface, using oxygen and fuel gas mixtures. A number of
combustible molecules, including propylene, propane, hydrogen, acetylene, methane, ethylene,
crylene, kerosene, MAPP (methyleacetylene-propadiene stabilised gas), LPG etc. are used as
combustion fuels. A HVOF system consists of a spray gun, a powder feed unit, a flow meter
unit, and an air and gas supply unit. A carrier gas feeds the desired powder from the powder
feed unit to the gun, where combustion occurs. In the combustion zone, the powder material
enters the flame, where it becomes molten or semi-molten, depending on its melting
temperature, its feed rate and the temperature of the flame. The HVOF process can generate
flame jets from moderate to high temperatures up to 3000°C, but with extremely high velocities
up to 2000 m/s, compared to about 100 m/s for conventional flame spraying and 1000 m/s for
plasma spraying. As a result, a stream of spray particles with velocities of 300 m/s—800 m/s
and typical temperatures in the range of 1700 °C-2200 °C is formed during the spraying
process [2-4]. The molten or semi-molten particles are then propelled out of the gun nozzle at
supersonic velocities towards the target/substrate, where the powder material gets deposited.
Fig. 1.1 depicts the basic scheme of the HVOF spray system using the Diamond Jet gun as an

example [5].
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Fig. 1.1 Schematic cross-section of HVOF gun [5]

Due to the high impact velocity of the sprayed powder particles, the coatings produced by
the HVOF spraying process are less porous and have higher bond strength and cohesive
strength than those produced by other processes such as plasma spraying, flame spraying, and
electric arc spraying [6-8]. Coating porosity, bond strength and oxide content are typical
properties influenced by the coating procedure. Table 1.1 summarizes the typical characteristics
of NiCrBSi coatings sprayed by different spraying techniques, indicating that the HVOF
process has advantages in porosity, oxidation degree, hardness, adhesion and young modulus
compared to flame or plasma spraying [9]. In the production of hard metal coatings, the HVOF
process allows deposition of particles slightly below the melting temperature, thus reducing
the oxidation and decomposition of materials such as WC and resulting in excellent wear
resistance [10-12]. In addition, coating formation by the impact of high velocity, solid particles
on the substrate also results in compressive residual stresses which increases the life time of
coated components under dynamic load [13-15]. To summarize, the key advantages of HVOF
sprayed coatings are:

* high density

« strong adhesion to substrates

* high cohesive strength

« strongly limited reactions and phase transformations, e.g. the oxidation or dissolution

of WC in cobalt matrix materials



* high compressive residual stresses possible
Table 1.1 Comparison of NiCrBSi coating properties obtained with the different spraying

Processes [9]

Flame process Plasma process HVOF process

Porosity (%) 5.0+£0.20 2.5+0.10 0.5+0.02
Oxides level (%) 3.0+0.09 2.0+0.06 0.2+0.06
Hardness (HVo.3) 610+92 750£75 890+63
Adhesion (MPa) 3343 45+5 65+6
Young modulus (GPa) 49+5 55+6 81£8

1.1.2 Evolution of HVOF processes

The HVOF technique was first established in 1958 by Union Carbide (now Praxair
Surface Technology), but it was not truly commercialized until the early 1980s, when J.A.
Browning introduced the Jet Kote (Deloro Stellite) system [16]. The principle of Jet Kote is
shown in Fig. 1.2(a), which involves feeding a large amount of combustible gas into a water-
cooled pressurized combustion chamber. The outlet of the chamber is perpendicular to the exit
of the nozzle. The powder is injected into the throat region by a water-cooled injector on the
axis of the gas stream [17]. The gas velocity is increased through the convergent—divergent
nozzle (of the “de Laval” type). When a hot gas exits in the ambient air, as in all spray processes,
the hot jet cools down quickly due to its expansion and the entrainment of the surrounding air.
To prevent this phenomenon, it has been proposed to extend the nozzle by a water-cooled barrel
(up to 30 cm long), where some energy of the jet is lost but much less than by mixing with the
air. Of course, to avoid deposition on the barrel wall, particles should not be over-melted or
remain below the melting temperature. Typical working pressures are in the range 0.3—-0.6 MPa.

The axial flow device shown in Fig. 1.2(b) is the evolution of the initial water-cooled
HVOF design. The powder is still injected axially into the chamber, coaxially with the nozzle.
This design provides axial injection while improving thermal efficiency [18]. Axial injection
of the powder, like the Jet Kote type gun, necessitates the use of a pressurized powder feeder.

Fig. 1.2(c) depicts the next evolution of HVOF design. The powder is injected radially
beyond the throat at the beginning of the barrel or at the divergent region of the nozzle, but the
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chamber remains coaxial with the nozzle. The pressure downstream of the throat is
substantially lower than that in the combustion chamber upstream of the nozzle throat. Injecting
powders at this point simplifies injection and particle entrainment and allows for multiple-port
powder injection if necessary, resulting in a more uniform loading of the exit stream and more
efficient use of the available heat. In general, the operating data shows that radial injection can
at least double the spray rate per unit of energy as axial injection. Furthermore, this design has

enabled the combustion gas pressure to be increased up to 0.8-0.9 MPa.

a N
Axial injection Powder—=—
right angle
Water-cooled Oxygen + Barrel
fuel gas
b
Axial injection Powder —> e
Water-cooled
Barrel

Oxygen + fuel gas

c Poxxder

Radial throat

injection Oxygen + 7 —
Water-cooled Liquid fuel e ]

Powder Barrel

Fig. 1.2 Typical design evolutions of HVOF. (a) Principle of the Jet Kote. (b) Axial injection

and combustion chamber. (¢) Axial chamber with radial powder injection [17]

According to Gartner et al. [19], the development of HVOF systems over the last two
decades has been aimed at lowering particle temperature and increasing particle velocity.
Particle temperatures and velocities obtained in different thermal spray processes, as measured
for high-density materials are shown in Fig. 1.3. Using converging—diverging de Laval-type
nozzle designs and higher gas pressures, higher particle velocities were obtained. HVOF spray
systems of the third generation (DJ2700, DJ2800, JP5000, JP8000, GTV K2 etc.) accelerate

spray particles to velocities of about 650 m/s with chamber pressures of up to 1 MPa.
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Fig. 1.3 Particle temperatures and velocities obtained in different thermal spray processes, as

measured for high-density materials. The arrow indicates the trend of recent developments

(AS: Arc spraying, FS: flame spraying, PS: Plasma spraying, VPS: Vacuum plasma spraying,

CS: Cold Spray) [19].

The schematic diagram of the Diamond Jet 2700 (DJ2700) (Oerlikon Metco) torch is

shown in Fig. 1.4 [20]. The DJ2700 gun uses a combination of oxygen, fuel and air to produce

a high-pressure annular flame, which is characterized by a uniform temperature distribution. In

this process, the fuel gas (typically methane, propylene or hydrogen) premixed with oxygen is

fed from the annular gap to the air cap, where they react to produce high-temperature

combustion gases. The exhaust mixture can reach a temperature of 3000 K, very close to the

adiabatic flame temperature of the oxygen-methane combustion. The flame is accelerated by a

converging/diverging nozzle to become supersonic. Particles are injected axially through the

center port with nitrogen as carrier gas. The combustion chamber is cooled with water and air.



Extended Air Cap
Cooling Water Inlet 4 Cooling Water Outlet

7.16 mm
10.94 mm

Fig. 1.4 Schematic of the DJ2700 torch [20]

Fig. 1.5 shows the schematic of commercial JP5000 HVOF spray equipment (Praxair-
Tafa, Concord, NH, USA) [21]. A mixture of kerosene and oxygen is combusted continuously
to generate a supersonic flow of hot gas, into which the powder feedstock is fed radially at a
point behind the throat of the nozzle. Nitrogen is used as the carrier gas. The entire spray gun

is cooled with water.
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Fig. 1.5 Schematic of the JP5000 torch [21]

The K2 HVOF spray gun (GTV Impex GmbH, Germany) is derived from the famous JP
5000 spray gun. The shape of the combustion chamber and nozzle is the same as that of the
latter. Its large combustion chamber and kerosene atomization assembly are combined to
produce a finer atomization effect, so as to achieve complete combustion. The GTV K2 spray

gun enable preparing not only MCrAlY but also Cr2C3-NiCr coatings boasting high-



performances.

1.1.3 Typical coatings sprayed with HVOF process

(1) Metals

Pure aluminum coatings with low porosity were obtained with a low range of oxygen/ fuel
ratio using HVOF [22]. Iron-aluminide was sprayed using HVOF with 7-15 wt.% oxide
inclusion [23]. Among deposited alloys, the most popular are based on Ni—Cr for which the
adherence on stainless steel substrates is very high (more than 100 MPa) and which is not
affected by thermal fatigue [24]. Such NiCr or NiCrSiB coatings are used against the severe
corrosive environment in waste-to-energy boilers [25, 26]. NiCrMoNbD is also used against
corrosion [27].

In thermal barrier coatings (TBC), a thin oxide scale, called the thermally grown oxide
(TGO), forms upon exposure to high-temperature gases at the bond coat/top coat interface and
continues to grow in thickness during thermal cycling. The uneven and rapid growth of the
TGO potentially results in localized stress concentrations where cracks can nucleate and initiate
a failure process. HVOF coatings of super alloys have been used to achieve dense and uniform
a-Al203 TGO scales with slow growth rates [28-31]. HVOF-sprayed bond coat coatings have
been compared to those obtained by plasma spraying (APS and VPS), cold spraying, and D-
gun. They have higher aluminum content, and the thermally grown oxide (TGO) developed
during cyclic oxidation contains less mixed oxide clusters and a stable Al2O3 layer. Thus, the
TGO has a low growth rate and low tendency for crack propagation that leads to an improved
TBC durability. Fig. 1.6(a) shows the cross section of detonation-sprayed TBC using hollow
sphere YSZ powder with the HVOF bond coat. The microstructure of the typical HVOF bond
coat of NiCrAlY with a narrow size distribution (47-57 pum) sprayed with JP-5000 HP/HVOF
(kerosene—oxygen) is presented in Fig. 1.6(b). It has a lamellar structure and contains dispersed
inclusions of aluminum oxide, as well as pores of varying sizes for a total porosity of 3.2 %.
Its average roughness Ra is 5.38 um. The bond coat presents broader and lower diffraction

peaks of the y-NizAl phase than the starting NiCrAlY powder.

8



w— 50 pm

Fig. 1.6 (a) Cross section of a detonation-sprayed TBC using hollow sphere YSZ powder
along with the HVOF bond coat. (b) Microstructure of the HVOF NiCrAlY coating in the as-

sprayed state [28]

HVOF-sprayed metal coatings (Stellite®6) have excellent resistances to cavitation
erosion [32]. Bulk amorphous coatings (NiTiZrSiSn) have also been successfully sprayed with
reduced the in-flight oxidation by reducing the oxygen to fuel gas ratio [33].

(2) Cermets

These coatings have been intensively studied from the beginning, and the success of
HVOF or HVAF processes substantially relies on them [34-38]. The cermets, which are mostly
sprayed, are WC—Co and Cr3C2—NiCr. One of the key issues for coating quality is to avoid
carbide decomposition or at least to reduce it as much as possible. Spraying with fuel rich
mixtures [39] and using HVAF preferably to HVOF [36, 40] allows reducing drastically or

even avoiding carbide decomposition. These coatings are used for their wear resistance
9



Chapter 1: Introduction

(friction and erosion) and corrosion resistance, especially for those containing NiCr. Typical
microstructures of WC—10Co—4Cr and Cr3C2—25NiCr coatings are shown in  Fig. 1.7 [41].
Other sprayed composite materials are also used, such as MoB-CoCr coatings [42] against
erosion by molten Al-Zn alloys. In that respect, Ni-TiC coatings [43], silicon nitride-based

coatings [44] confer satisfactory corrosion and thermal shock resistance.

WC-10Co-4Cr}

[NiCr

"":._-.-..._

CryC,-25NiICr

Fig. 1.7 SEM photographs of WC—10Co—4Cr and Cr3C2—25NiCr coated on H13 steel: (a)
WC-10Co—4Cr (plan view); (b) WC—10Co—4Cr (cross-section); (¢) Cr3C2—25NiCr (planar

view); (d) Cr3C2—25NiCr (cross-section) [41]

(3) Ceramics
Ceramic coatings are not the strongest asset of HVOF or HVAF processes because the
process is more prone to achieve high velocities than high temperatures. Titania is rather well

melted when working with propylene as fuel [45, 46]. High Weibull modulus values are
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Chapter 1: Introduction

obtained compared to other spray techniques and coatings are very dense and uniform, rutile
being the major phase. Alumina is mostly sprayed with chromia, which allows stabilizing the
o phase [47]. At last, yttria- stabilized zirconia with particles below 10 um can be sprayed, and
it is suggested that sintering can play a role, leading to well adhesive and cohesive coatings
[48].

(4) Polymers

Among the sprayed polymers Nylon 11 is the one most frequently used, with or without
ceramic doping [49-51]. The residence time in the HVOF is generally short enough (~1 ms) to
limit its degradation and a change of its color. Such coatings, when used for their dry sliding
wear performance, are more wear resistant without doping powders because such additions
may lead to abrasive and fatigue wear. Fig. 1.8 shows the microstructure of a pure polyimide

coating deposited by HVOF process onto a carbon-fiber reinforced PMC substrate.

(® | Coating

Fig. 1.8 Microstructure of a pure polyimide coating (B) that was HVOF-sprayed onto a

carbon-fiber reinforced PMC substrate (A) [50]

1.1.4 Main applications of HVOF processes

The HVOF technology enable producing cermets, metals and a few ceramic protective
coatings, which are typically 100-300 um thick, onto surfaces of engineering components to

allow them functioning under extreme conditions. Initially, the focus was on wear resistant
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coatings, but now the coatings are rather extensively studied for their corrosion and oxidation
resistance which can surpass those produced by other spraying technologies. These coatings
have found wide applications in marine, aircraft, automotive, power generation, paper and pulp,

petrochemical and other industries.

1.2 HVAF process and modified HVOF process

It is important to avoid or strongly reduce the detrimental oxidation and decarburization
processes which undermine many metallic or ceramic coatings (primarily containing carbides).

This can be accomplished by lowering the temperature of the gas while increasing its velocity.

1.2.1 Description of the HVAF process

HVAF stands for high velocity air-fuel and was initially developed by J. A. Browning. He
used liquid petroleum instead of combustible gas and air instead of oxygen [52]. It requires a
flow rate at least 5 times higher than pure oxygen. The combustion chamber pressure typically
exceeds 0.8 MPa for a gas flow in the range of 8-10 m*/min, resulting in very high gas velocities
(up to 2,000 m/s) [53]. Evdokimenko et al. have calculated the values of the temperature
generated in the chamber of an HVAF gun operating at 1 MPa with three different gases fed in
stoichiometric composition [54]. They found 2,383 K for hydrogen, 2,267 K for methane, and
2,321 K for kerosene.

To further improve HVAF systems and obtain good performance coatings, Verstak et al.
[55] pioneered the technology of “activated combustion high-velocity air-fuel” (AC-HVAF).
Activated combustion implies that fuel molecules are activated by a catalytic medium made by
a ceramic plate, allowing combustion to proceed stably at a relatively low temperature and
under a wide range of atmospheric pressures. Fig. 1.9 shows a schematic diagram of an AC-
HVAF gun (Kermetico AK07) [56]. The AcuKote 07 (AKO07) spray gun (Kermetico) uses
compressed air as the coolant of the spray gun and the combustion-supporting gas, which
greatly reduces not only the spraying cost but also the risk of particles being oxidized. HVAF

is used for spraying not only low-melting metals such as aluminum [54], but also nickel-
12



chromium [57], Fe-base [58-60] or even WC-based [61, 62] and Cr3Cz-based [63, 64]

composite powders due to the faster particle speed and appropriate particle temperature.

Gas Mixing Ceramic Combustion Shock
Chamber Back Wall Chamber Diamond Substrate

Nitrogen

Powder ¢

Fule

Coating

Compressed Air in

Fig. 1.9 Schematic of a commercial AC-HVAF gun [56]

1.2.2 HVOF process modified with a gas shroud

The modified HVOF device with a gas shroud shown in Fig. 1.10(b) can introduce inert
gas under certain flame conditions. It is an improvement of the JP5000 gun (Fig. 1.10 (a)). This
equipment provides three benefits: (1) it reduces the temperature of the in-flight particles, (2)
it substantially suppresses the oxidation of the sprayed particles, and (3) it increases the velocity

of the in-flight particles.
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Fig. 1.10 Schematic of (a) commercial high-pressure HVOF (JP5000) device, (b) same
device modified with a gas shroud, (c) same device modified with an intermediate mixing

chamber [65]

Fig. 1.11 shows the flight velocity and temperature of the WC-20% Cr3C2-7% Ni particles
that prevail under the three configurations. Without the gas shroud (A-E), the velocity of in-
flight particles increases from 680 to 780 m/s as the value of the combustion pressure Pc (shown
in Table 1.2) increases from 0.63 to 0.72 MPa. The temperature of in-flight particles almost
remains constant around 1950 °C. When the gas shroud is mounted (F-H), the velocity of in-
flight particles is 800-850 m/s, and the temperature is about 1800 °C. This result shows that,
by using the shroud equipment, the particle temperature drops by 150°, whereas the particle
velocity increases [66]. Kawakita et al. [67] also reported that this improved HVOF process
achieved the smaller porosity and lower oxide content of HastelloyC coatings, thus

significantly improving the resistance to seawater corrosion.
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Fig. 1.11 Velocity and temperature of in-flight particles under each condition [66]

Table 1.2 Spraying conditions [66]
Condition Fuel (I/min) Oxygen (I/min) F/O Pc (MPa)

A 0.32 897 0.73 0.63
B 0.38 991 0.78 0.72
C 0.41 944 0.88 0.72
D 0.44 920 0.98 0.72
E 0.44 826 1.09 0.67
F 0.44 826 1.09 0.67
G 0.47 885 1.09 0.72
H 0.50 944 1.09 0.77

1.2.3 HVOF process modified with an intermediate mixing chamber

Fig. 1.10(c) shows a modification of a HVOF torch starting from a JP5000 gun, in which
one has introduced a mixing chamber between the combustion chamber and the powder feed
port. Nitrogen is fed into the mixing chamber in order to adjust the temperature and velocity of
the combustion gas produced in the combustion chamber. Various coatings with varying
oxidation degrees and porosities can be prepared by controlling the nitrogen flow rate. Typical
working conditions for this modified HVOF system are listed in Table 1.3. Fig. 1.12 shows the
evolution of the oxygen content of titanium coatings when using different nitrogen flow rates.
The oxidation level decreases from 5.4 wt.% at 500 slpm N2 to 0.22 wt.% at 2,000 slpm N2 due
to the cooling of the gas and consequently lower particle temperatures (spray distance 280 mm).

However, as shown in Fig. 1.13, the porosity increases with larger average pore size as the
15



nitrogen flow rate exceeds 1000 slpm. This is clearly demonstrated by the cross-section of the
coating shown in Fig. 1.14. Because the particles temperature drops too low, they lose their
plasticity and deformability upon impact. As a result, a compromise must be found consisting
in determining the suitable nitrogen flow rate. Several examples of depositing heat sensitive
materials such as titanium, metallic glass, WC—Co cermet and polymers have been described
along with potential industrial applications. The modification of the HVOF process involving
such a mixing chamber also offers advantages for depositing materials such as metallic glasses
[68], WC-Co cermets [69], oxides [70, 71] and polymers, with potential industrial applications.

Table 1.3 Typical operating conditions [72]

Kerosene (slpm) Oxygen (slpm) Nitrogen (slpm)

0.35 732 500
0.33 643 1000
0.30 623 1500
0.29 548 2000
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Fig. 1.12 Oxygen content in titanium coatings spayed by the HVOF spraying modified with

the addition of a mixing chamber [65]
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Fig. 1.13 Porosity of Ti coatings fabricated using the modified HVOF process, as function of

spray distance [72]

Fig. 1.14 Cross sections of Ti coatings fabricated using the HVOF process modified with the

mixing chamber, at three nitrogen flow rates [72]

1.3 The eGun HVOF device fueled with ethanol

1.3.1 Structure and working principle of the eGun HVOF torch

A new type of liquid fuel HVOF process (called “eGun HVOF”), which uses ethanol as
17



fuel, is - to the author’s knowledge - the most recently developed liquid fuel based HVOF
technology. It was developed by the Flame Spray Technologies Company in the Netherlands.
The schematic of Fig. 1.15 shows the basic design of this spray gun [73]. Ethanol and oxygen
are injected, mixed and atomized in the pre-chamber and then ignited. This mixture enters the
combustion chamber where high-pressure combustion occurs, which creates a supersonic
flame. At the end of the combustion chamber, the powder is radially introduced into the
interconnector. After injection into the barrel, the powder is uniformly heated and accelerated
to very high speeds and then impacts to the substrates. The length of the barrel is 4 inches

(about 100 mm).

Pre-Combustion chamber Hiangsa

Combustion chamber
Powder injection

Spray powder supply

Particles Melting and Acceleration

Ignition

Coating /

b Particles/Substrate Impact
Ethanol Oxygen Cooling water

Fig. 1.15 Schematic of eGun HVOF torch [73]

1.3.2 Advantages of choosing ethanol as a liquid fuel

Choosing ethanol as a liquid fuel has several advantages, especially when compared to
kerosene. These advantages are in terms of:

(1) Environmentally friendliness:

Burning ethanol results in less toxic emissions and less greenhouse gas emissions.

(2) Sustainability (in case of bioethanol, having thus a non-fossil origin):

Ethanol is renewable and its production is increasing worldwide.

(3) Economy:

Less oxygen consumption and less cooling power are required.

(4) Less oxidation of the resulting coatings:

18



Ethanol has indeed a lower combustion enthalpy and lower flame temperature, thereby
reducing the oxidation of spray materials.

(5) Operational flexibility:

Water or other liquids can be added to ethanol fuel to reduce flame temperature and get

still higher particle velocity.
1.3.3 Interest of research on the eGun HVOF process

This ethanol-fueled HVOF process represents a very recent progress in liquid fuel HVOF
technology. In order to make better use of the spraying process for the development of coating
applications, it is meaningful to understand and study the characteristics of this new spraying
process. As mentioned above, ethanol benefits from environmentally friendly features and
creates thus less emissions compared to conventional fossil liquid fuels (i.e. kerosene).
Therefore, it seems of interest to shift towards such alternative HVOF fuel able to reduce
combustion emissions, especially those of carbon dioxide and, in so doing, make thermal spray

“greener”.

1.4 Objectives of this thesis

In this thesis, an ethanol-fueled HVOF device (called “eGun HVOF”’) was employed, with
the aim to define the merits and limitations of that technology. In view of the limited literature
available, it appeared to be of great interest to study the optimization of the spraying parameters
of that new spraying process and thoroughly evaluate the performances of the corresponding
coatings. In addition, it was foreseen to modify the initial eGun HVOF torch to create an “eGun
HVOAF” torch and possibly obtain higher quality coatings. Investigations will be conducted
to identify the original features of this technology and investigate the properties of some
HVOAF-sprayed coatings. A main objective of this thesis is thus to provide a theoretical and
technical foundation for the further development of this technique as well as to explore its

potential applications.
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2.1 Spraying equipment

In this thesis, the thermal spray activity has been carried out using the eGun HVOF system
(Flame Spray Technologies B.V., The Netherlands), while using ethanol as the liquid fuel. The
schematic of the eGun HVOF torch is visible in Fig. 2.1, and a photograph is shown in Fig. 2.2.
Ethanol and oxygen are injected, mixed and atomized in the pre-chamber and then ignited. This
mixture enters the combustion chamber where high-pressure combustion occurs, which creates
a supersonic flame. At the end of the combustion chamber, the powder is radially injected into
the interconnector. After injection into the barrel, the powder is uniformly heated and
accelerated to very high speeds and then impacts to the substrates. The length of the barrel is 4
inches.

We have also worked on an eGun HVOAF device, which has been derived from the eGun
HVOF one and was intended to develop higher particle velocities and lower particle
temperatures. Fig. 2.3 shows a photograph of that novel HVOAF torch. To reach this goal, we
have modified the spray gun of the eGun HVOF system by intercalating a second-stage
combustion chamber between the combustion chamber and the powder feed port, which
enables adding compressed air to the combustion gas. In other words, the mixture of ethanol
and oxygen is first combusted continuously to generate a hot gas, into which compressed air is
then injected through the mixing chamber inserted between the combustion chamber and the
nozzle. By adjusting the flow rate of the added compressed air injected, the microstructure and

various properties of the coatings can be controlled.
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Fig. 2.2 Photograph of the eGun HVOF torch
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Fig. 2.3 Photograph of the novel eGun HVOAF torch

2.2 Materials

2.2.1 Powders

Three kinds of powder were used in this thesis. In chapter 3, commercially available WC-
10%wtCo-4%wtCr (WOKA 3653, Oerlikon Metco, Switzerland) powder was used as the
feedstock. The agglomerated powder was received with a nominal size distribution of 10 — 45
um. Fig. 2.4(a) and (b) show an overview and magnified surface morphologies of the used WC-
10Co4Cr powder observed by SEM. They show that the spray powder exhibits good spherical
shape. In addition, the single particle of the powder is composed of binder phases (Co, Cr),
coarse and fine WC grains and many pores are visible on the surface of the WC-10Co4Cr
particles. The spherical shape of the particles contributes to powder feeding, and the micro

pores on their surface are favorable for a homogenous heating of particles in the flame plume
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[1]. The cross-sectional microstructure of the feedstock particle is shown in Fig. 2.4(c), which
illustrates more clearly the distribution of the carbides and binder phases. Fig. 2.4(d) shows
that the d50 of the WC-10Co04Cr powder particles is 31.8 um, an average of three continuous
measurements determined by a laser diffraction sizer (Mastersizer 2000, Malvern Instruments

Ltd., UK).
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Fig. 2.4 WC-10Co4Cr feedstock particles used in this work: (a) and (b) overview and
magnified SEM images; (c) cross section showing its microstructures; (d) particle size

distribution

In chapter 4, commercially available 75wt%Cr3C2—25wt%NiCr powder (K-584.23, Flame
Spray Technologies B.V., The Netherlands) with a nominal size distribution of 11 - 45 um was
used as feedstock. The received powder is nearly spherical as shown in Fig. 2.5(a), which is
favorable for powder feeding. The BSE image of the cross section of the powder (Fig. 2.5(b))
shows a clear contrast between the carbide and NiCr matrix phases. The carbide grains are
evenly distributed, forming an interconnected network in each powder particle. The d50 of the

feedstock powder particles is about 37.7 um (Fig. 2.5(c)), an average of three continuous
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measurements determined by a laser diffraction sizer (Mastersizer 2000, Malvern Instruments

Ltd., UK).
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Fig. 2.5 Cr3C>—NiCr feedstock powder: (a) SEM image of the overview, (b) BSE image of

the cross section of the powder, (c) particle size distribution

In chapter 5, the commercial Ni-23Co-20Cr-8.5A1-0.6Y-4Ta powders with a nominal size
distribution of 5 - 38 um (Amdry 997, Oerlikon Metco, Switzerland) were used. The
morphology of the raw material powder is presented in Fig. 2.6(a), which shows that the
powder is also spherical. An EDS analysis of the powder surface is visible in Fig. 2.6(b): the
result is basically in line with the specified composition Ni-23Co-20Cr-8.5A1-4Ta-0.6Y. The
powder particle size distribution is shown in Fig. 2.6(c), with a d50 of 20.3 um. The XRD
pattern shown in Fig. 2.6(d) demonstrates that the powder is composed of y-Ni, f-NiAl and y'-
NisAl phases.
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Fig. 2.6 NiCoCrAlYTa powders used in this work: (a) overview and magnified SEM images;

(b) EDS analysis of the surface; (c) particle size distribution; (d) XRD patterns

2.2.2 Substrates

Some 304 stainless steels with dimensions of 50 mm x 25 mm x 2 mm were used as the
substrates of the coatings for the erosion tests and the associated microstructure analyses. Some
304 stainless steels with dimensions of size of @ 25mm x Smm were used for the bond strength
tests and the sliding wear tests. Prior to the spraying process, all substrates were degreased and

grit-blasted with 30 meshes Al203 in order to improve the bonding strength between the coating

and substrate.

2.3 Coatings preparation

This thesis involves two spraying processes, which are the eGun HVOF and HVOAF
processes. As mentioned in section 2.1, the HVOAF process spray gun was derived from the

HVOF one by adding a second stage combustion chamber, through which compressed air
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system is introduced. The flow of compressed air can be changed to vary and study the
performance and microstructure of the resulting coatings. The optimization of the other
spraying parameters is also essential in order to obtain high-quality coatings. Therefore, various
values of the oxygen flow rate, ethanol flow rate, standoff distance, powder feed rate settings
have been tested, as reported in the following chapters. The spray guns of the two spraying
devices were mounted on a programmable 6-axis robot (ABB IRB 1400). The substrates were
fixed on the homemade holder. Specimens were cooled during and after spraying with

compressed air jets. The thickness of all the coatings was kept in the range of 200-400mm.

2.4 Characterization methods

2.4.1 Microstructure of the powders and coatings

The morphologies and microstructures of the powders and the coatings were observed
using an optical microscope from Nikon (Japan) and a scanning electron microscope equipped
with an energy-dispersive spectroscopy (EDS) unit (SEM JEOL-5800LV, Japan). For the cross-
sectional analysis of the powder particles and coatings, the samples were prepared using

standard metallographic procedures with a final polishing using a 0.04 um silica dispersion.

2.4.2 Online diagnosis of in-flight particles

In the past twenty years, important developments in process diagnostic have been
performed to monitor the behavior of on-line particles [2, 3]. One of these systems is the DPV
2000 system (Tecnar, Canada) allows the on-line measurement of the velocity, surface
temperature and diameter of single particles. In this work, a DPV 2000 diagnostic system was
used to monitor flying particles. This device is based on the detection of the thermal emission
of hot particles passing through a measurement space. The corresponding signals are analyzed
in terms of diameter, velocity and temperature of the flying particles. Measurements are
performed in the centerline of the plume at a point located at the standoff distance selected for

the coating deposition. A statistical processing of the acquired data enables determining the
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average and standard deviation of all particles detected by the diagnostic system. The number
of detected particles exceeds 1000 for each measurement run. The measured particle velocity

and temperature reported are the average values of the detected particles.

2.4.3 Porosity and surface roughness of the coatings

The porosity of as-deposited coatings was determined by using the Image] software
(ImagelJ, NIH, Bethesda, Md.). Cross-sectional SEM images were taken with the magnification
of 150 at different points of the coatings to measure its porosity. At least 10 measurements were
done on each specimen to ensure data repeatability.

The surface roughness (Ra) of the coatings was measured using a surface roughness tester
(SJ-210 SERIES, Mitutoyo, Japan). Each coating was measured ten times in different regions;

The average value of these results was taken as the final surface roughness of the coating.

2.4.4 Phase composition of the powders and the coatings

In order to identify the phase transformations during the HVOF and HVOAF processes,
the as-sprayed coatings as well as the feedstock powders were examined by an X-ray
diffractometer (Siemens D5000, Germany) with Co (A=1.78897 A) using a source current of

40 mA, voltage of 35 kV and a scan step of 0.02°.

2.4.5 Mechanical properties of the coatings

Microhardness measurements were performed on the transverse section of the coatings
under a load of 300g for 15 s using a Vickers microhardness tester (Leitz-Wetzlar, Germany).
At least 10 measurements were done on each specimen to ensure data repeatability. The nano-
hardness (HIT) and the elastic modulus (EIT) of the coatings were measured by a Nano-
indentation tester (CSM, Switzerland) with a load of 10 mN, a loading rate of 20 mN/min, an
unloading rate of 20 mN/ min and a dwelling time of 10 s. Before the measurements, the top
surface of coatings was mechanically polished for improving the planeness. Ten times of

repeated measurements were made at least, and the average values were recorded.
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The measurement of the bonding strength of as-sprayed coatings was carried out using
the Escotest-50 pull off adhesion strength tester, which is in accordance with the ASTM
Standard C-633. A commercially available glue with a nominal strength of 68 MPa was
employed. The glued samples were solidified in an oven at 185 °C for two hours. To prevent
the shear forces, the two samples must be kept coaxial. In order to ensure consistency, three
tests were conducted on each coating under identical conditions. The average value was used
to calculate the coating bonding strength.

The fracture toughness of the coatings was characterized by means of the indentation
method using Vickers indenters (Amsler Otto Wolpert-Werke, Germany). The indentation was
carried out on the transverse section of the coatings in the mid-plane region to minimize the
edge and interface effects. A load of 5 kg was applied for a dwell time of 15 s at a fixed rate.
Optical microscopy (VHX-7000, Japan) was used to inspect the indentations for studying the
propagation of corner cracks as well as measuring the length of the cracks. The fracture
toughness (Kc) was evaluated using the well-established formulation established by Evans and

Wilshaw [4], as given below:

K. = 0.079(P/a2)log (4.5a/c) 1)

where P (N) is the load applied to the indenter, a (m) and ¢ (m) correspond to the length
of the indentation half-diagonal and the length of the crack from the centre of the indent,
respectively. The recommended “c/a” ratio in this formula is in the range of 0.6—4.5. Averages

of five readings along with the standard deviations are reported.
2.4.6 Erosion wear tests

The solid particle erosion tests were conducted at room temperature with a homemade
device, as shown in Fig. 2.7, according to the erosion test standard ASTM G76-2013 [5]. The
erodent used for this study was an alumina powder with an average particle size of 250 pm.
Fig. 2.8 exhibits a flaky and angular morphology of these particles. The settings of the erosion
parameters will be detailed in the following chapters. After the test, each sample was removed,

cleaned in acetone, dried and weighed to determine the weight loss on an electronic weight
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balance with an accuracy of 0.0001 g. Three repeats were performed to secure the repeatability
of the test and the average values were reported. The erosion rate (g/g) was calculated as the

ratio of the mass loss of the coating (in g) to the mass of the erodent particles (in g).

Erodent

Particle feeder

<~ ]— Compressed air

Nozzle

Sample

— _
@. Pressure counter
|
!LJ
é}

Sample holder

Fig. 2.7 Schematic of the air jet erosion tester

Fig. 2.8 Morphology of the alumina erodent
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2.4.7 Sliding wear tests

The sliding wear experiments were carried out in an ambient setting (temperature: 20—
25 °C, humidity: 40-60%) using a ball-on-disc tribometer (Switzerland). Prior to the
experiments, samples were polished to a surface roughness below 0.05 um using a normal
preparation process and a further polishing with 0.04 pum silica suspension. The counterpart
material was a 6 mm diameter Al2O3 ball that had been washed with ethanol before the
experiments. For the Cr3C2-NiCr coatings, each test was carried out without lubrication over a
sliding distance / of 5000 m and with a load p of 5 N. A linear sliding speed of 10 cm/s was
achieved, with a rotation radius » of 7 mm. For the NiCoCrAlYTa coatings, each test was also
carried out without lubrication over a sliding distance / of 350 m and with a load p of 5 N. A
linear sliding speed of 10 cm/s was used, with a rotation radius » of 5 mm. The coefficient of
friction (COF) was automatically recorded by the computer. After the friction test, the wear
scars were characterized by SEM and EDS. The cross-sectional areas of the worn tracks were
measured using an Altisurf 500 profilometer (France). The worn loss of the samples was
determined by the product of the cross-sectional areas S (mm?) and the circular length 277 (mm)
of the worn tracks. The wear rate W, (mm>**xN"'xm™) was defined by Eq. (2), expressed as the

wear volume loss (mm?) divided by the normal load p (N) and the total sliding distance / (m).

2MrXS
W = @

2.4.8 Electrochemical measurements

The corrosion behavior of the as-sprayed coatings was assessed using an EC-Lab V10.12
electrochemical system (BioLogic, France). Potentiodynamic polarization measurements (LSV)
were performed in 0.1 M HCI solutions using a three-electrode electrolyte cell with a saturated
calomel electrode (SCE) as the reference and a platinum as the counter electrode. Prior to each
corrosion experiment, specimens were mounted in epoxy resin with an effective square area of
about 1 cm? being exposed to the corrosive medium. All the samples were mechanically

polished till the use of 0.04 pum silica suspension. After the samples were maintained for 30
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min in the testing cell with the HCI solution, potentiodynamic polarization curves were
recorded by applying a potential voltage from -0.9 V to +0 V vs. open circuit potential (OCP)
at a scan rate of 1 mV/s. Results were analyzed to obtain the corrosion potential (Ecorr) and

corrosion current density (icorr).
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Chapter 3 Relationships between in-flight
particle characteristics and properties of

the WC-10Co-4Cr coatings prepared with
the Ethanol-Fueled e-Gun HVOF device
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3.1 Introduction

During the HVOF coating process, the velocity and temperature of in-flight particles and
the corresponding coating properties are affected not only by the properties of the fed powder
but also significantly by the selected spray process and spray parameters. The properties of the
original powder particles in terms of chemical composition, morphology, and size distribution
on one hand and the operating parameters on another hand, such as the standoff distance,
powder particle feed rate, incidence angle, gun geometry and substrate temperature are the
parameters which control the microstructures of the coatings, which in turn affect their
properties [1, 2]. From an optimization perspective, other factors including the fuel type, the
flow rate of fuel and oxygen have significant influence on the control of coating properties.
Many optimizations have been done on HVOF spraying systems, such as the DJ2700 and
JK3500 devices using propene or propane as fuels [3-5], and JP-5000 / 8000 spray system using
kerosene as fuel [6, 7]. Picas et al. [8] studied the effect of the oxygen/fuel ratio on the in-flight
particle parameters and properties of the resulting HVOF WC-CoCr coatings, and found that
the kerosene—oxygen mixtures resulted in a greater velocity and a lower temperature of the
particles than the hydrogen—oxygen ones. Hong et al. [9] employed a Taguchi L9 orthogonal
array method to study the effect of the oxygen and kerosene flow rates, and the spray distance
on the hardness of HVOF sprayed nanostructured WC-10Co-4Cr coatings. They identified the
kerosene flow rate as the most influencing parameter. Murugan et al. [10] optimized HVOF
the spray process parameters to attain minimum porosity and maximum hardness in WC—
10Co—4Cr coatings. They found that the oxygen flow rate has a stronger impact on coating
porosity and hardness than the other HVOF spray parameters. Praveen et al. [2] investigated
the optimization and erosion wear response of NiCrSiB/WC—-Co HVOF coatings using the
Taguchi method as well and identified the standoff distance and powder feed rate as the most
determining parameters on the erosion wear loss. These authors further studied the erosion
properties and mechanism of the coating deposited under the optimal set of spray parameters.

In this chapter, we have employed the new liquid fuel HVOF torch, which uses ethanol as
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fuel. It was developed by the Flame Spray Technologies Company in the Netherlands. The
choice of ethanol as a liquid fuel has distinctive advantages over kerosene, such as being more
environmentally sustainable (in case of bioethanol having non-fossil origin) and less polluting
(less emission of soot particles). By acquiring and exploiting the physical data relating to the
velocity and temperature of in-flight particles during coating experiments, a deeper
understanding of the process can be achieved, enabling the optimization of the spray
parameters to reach the required coating characteristics. To the best of the author’s knowledge,
there is however no report of the effects of such spray data in the case of ethanol-fueled torches.
In view of this gap in the existing literature, it seemed of great interest to tackle this task, which
is: (1) to investigate the effect of the spraying parameters on the velocity and temperature of in-
flight particles and (ii) to assess the resulting impacts on the microstructure and mechanical
properties of the deposited coatings. Another motivation to carry out this study was the interest
of shifting towards an alternative HVOF fuel able to reduce the combustion emissions,
especially those of carbon dioxide and make thermal spray “greener”. The aim of this work is
therefore to investigate the influence of different oxygen/fuel ratios on the evolution of the
velocity and temperature of in-flight particles and correlate these data with the properties of
WC-CoCr coatings deposited with the eGun HVOF device. The investigated coatings
properties were their phase composition, microstructure, porosity level, microhardness and

fracture toughness.

3.2 Preparation conditions of the coatings

In this chapter, the eGun HVOF system was employed to prepare WC—10Co04Cr coatings.
The standoff distance from the nozzle tip to the substrate surface was fixed at 270 mm. The
transverse scanning speed (relative to the substrate) of the spray gun was 0.5 m/s, which was
achieved through programming an ABB robot. Nitrogen (8 NL/min) was used as the powder
carrier gas for all experiments. The powder feed rate was kept constant at 59g/min during the
experimentation. Specimens were cooled during and after spraying with compressed air jets.
The thickness of all the coatings was kept in the range of 250-300mm.

43



A main spray parameter that was investigated is the Oxygen/Fuel ratio which determines
the stoichiometry factor. Here the stoichiometry factor (“SF”) is defined based on the following
equation:

C,Hs0 + (3%SF)0, —» 2C0,+3H,0+3+(SF—1) 0, (1)
where:
- SF <1 corresponds to “rich” combustion conditions, i.e. with insufficient oxygen
- SF =1 corresponds to a stoichiometric combustion
- SF > 1 corresponds to lean and clean combustion conditions with some oxygen excess

The experimental parameters and their values employed in the study were determined in
the light of preliminary experiments and are given in Table 3.1. These parameters were selected
in order to explore diverse gas/fuel flow rates and different stoichiometric factors with the view
to evaluating their influence on the coating properties. To assess the characteristics of particles
in flight, a DPV 2000 diagnostic system was used. Measurements were performed in the
centerline of the plume at the standoff distance of 270 mm from the nozzle exit.

Table 3.1 The experimental spray parameters and corresponding properties of the WC-

10Co4Cr coatings
) . Fracture
C,HeO 0, A" T Porosity Microhard.

Test . toughness
/slph /slpm /[m/s] /C 1% /HVO0.3 n
/(MPam™~)

El 22 430 1.00 57624 1641+£72 1.47+0.16 1067.1+£132.2 4.97+0.43
E2 22 460 1.08 58824  1649+65 1.13+£0.07 1101.7£75.3 5.63£0.9
E3 22 490  1.15 59623  1669+67 1.22+0.11 1219.7+121.5 5.57+1.41
E4 22 520 122 60625  1654+68 0.90+0.28 1220.2+162.3 8.15+0.7
ES 24 520 1.13  618+27 1670+£80 1.49+£0.03 1212.0+£93.4 3.66+0.48
E6 26 520 1.06 63727 171577  1.10+£0.09 1204.0+144.8 5.56+1.21
E7 28 520 096 640+22  1705+75 0.94+0.09 1236.8+66.8 6.16+1.06

3.3 Characteristics of in-flight particles

During the thermal spray process, the speed and surface temperature of the in-flight
particles are two key factors affecting the quality of the sprayed coating. The coating deposited

by molten particles through higher kinetic energy and adequate surface temperature is expected
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to be denser and harder. Using the results of the different series of sprays we have performed
with the eGun system, we have been able to elaborate a correlation map between the
temperature and the velocity of the in-flight particles. The results are presented in the Fig. 3.1.
The flow rate of ethanol varied from 22 to 28 I/h, and that of oxygen ranged from 430 to 520
1/min, resulting in different stoichiometric ratios, which are distributed between 0.96 and 1.22.
The velocity and temperature of the particles are found to lie between 550-700 m/s and 1600-
1700 °C, respectively. Zhao et al. [3] studied the characteristics of flying particles of WC-CoCr
(10-45um) powder sprayed by DJ 2600 (fueled with hydrogen and oxygen) and using the DPV-
2000 device; the particles velocity and temperature were distributed between 400-500 m/s and
1900-2200°C, respectively. The in-flight particle characteristics of WC-10Co-4Cr (10-38um)
powder sprayed by Wokajet-400 (fueled with kerosene and oxygen) and measured by the
Accuraspray-g3 system were also reported. The particles velocity produced by these kerosene-
oxygen mixtures was usually in the range of 700-800 m/s, but their temperature generally
exceeded 1800 °C [8]. As far as ethanol-oxygen mixtures are concerned, they generally
produce a similar particle velocity, but a lower temperature compared with kerosene-oxygen

mixtures and hydrogen-oxygen mixtures.

1720 4| Ethanol flow rate : 22-28 slph
4| Oxygen flow rate : 430-520 slpm ™
1710 4| Seraying distance: 240-300 mm

1700 -
1690 — L]
1680 - = "
1670; = um

1660

Particle temperature(-C)

1650 - n

16404 ®

b T T T u T T T T T T T T T T
570 580 590 600 610 620 630 640 650
Particle velocity(m/s)

Fig. 3.1 Evolution of particle temperatures and velocities for ethanol-oxygen mixtures
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Fig. 3.2 shows a more detailed parametric study relating to the variation of the oxygen/fuel
ratio when using the eGun torch. Indeed, to evaluate the effect of the oxygen flow rate on the
particle characteristics and coating performances, a series of experiments was conducted in
which the oxygen flow rate was varied while keeping the ethanol flow rate unchanged. Fig.
3.2(a) shows the average particle velocity and temperature in function of the oxygen flow rate
at a constant ethanol level of 22 I/h. One can see that both the particle velocity and temperature
initially increase as the oxygen flow rates passes from 430 to 520 1/min. However, a decrease
in particle temperature is observed from a certain oxygen flow rate value, while the particle
velocity continues to increase. The particle velocity goes from 576 to 606 m/s, corresponding
to a 5.2% increase rate. On the one hand, an increase in the total gas flow increases the
combustion chamber pressure. A higher chamber pressure leads to an increased particle velocity,
which is attributed to a growing momentum transfer from the gas phase to the particles and
possibly to the stronger gas viscosity [1]. Consequently, the particle velocity exhibits a quasi-
linear increase against the oxygen flow rate. On the other hand, taking into account the standard
deviation of these measured values, it can be said that the particles temperature changes
relatively little over the varied range of Oz flow rates. However, a certain change trend can still
be observed since the increase of the Oz flow rate changes the characteristics of the combustion
gas. The particles temperature generally depends mainly on that of the flame and on the
residence time within the hot jet. Moreover, the oxygen/fuel ratio determines the stoichiometry
of the combustion, which plays a very important role in controlling the jet temperature and
consequently the underheated or overheated status of the particles with respect to their melting
point. The individual C2HsO and O: flow rates and the corresponding stoichiometry data have
been listed in Table 1 below. When the oxygen content is stoichiometric, i.e. sufficient to
completely burn ethanol but not in excess, the flame temperature theoretically reaches a
maximum. For higher oxygen flow rates, there is an excess of oxygen that then acts as a cooling
gas and consequently decreases the flame temperature. Nevertheless, liquid fuel HVOF guns

are typically operated with excess oxygen to prevent toxic emissions of unburned compounds
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(VOCs and PAHs) and potentially unburned carbonaceous deposits in the combustion chamber.
In addition, the increase in the total gas flow elevates the particles velocity, thereby reducing
the residence time of particles inside the flame, thus reducing the heat transfer between the gas
phase and the particles. This results in the decrease of the particle temperature. For oxygen
flow rates above 490 slpm, the temperature of the in-flight particles decreases due to the shorter
interaction time with the hot jet.

This interpretation also accounts for the evolution of the particle temperature and velocity
in Fig. 3.2(b). At a constant Oz flow rate (520 slpm), when the C2HsO flow rate was increased
from 22 1/h to 28 1/h, the velocity of the particles continued to increase while their temperature
initially increased, reaching a peak value, and then decreased. Although the total flow rate does
increase under the conditions of Fig. 3.2(b), the particle velocity is higher, and the residence
time in the hot jet is shorter, but in this case, the flame temperature (and not the residence time)
plays a dominant role. The oxygen/fuel ratio determines the stoichiometric ratio of combustion

and therefore controls the temperature of the jet, thereby affecting the temperature of the flying

particles.
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Fig. 3.2 Evolution of particles temperatures and velocities: (a) vs. different Oz flow rates; (b)

vs. different C2HeO flow rates.

3.4 Phase composition and microstructure of the coatings

The X-Ray diffraction patterns of the coating powder and those of the HVOF-sprayed

WC-10Co04Cr coatings deposited under the different spray parameters are grouped in Fig. 3.3.
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It is observed that the diffraction peaks obtained for the seven groups of coatings sprayed with
different parameters are almost similar to the peaks of the powder, although all coatings show
several low intensity W2C peaks. There is no significant difference in the phase composition
of the seven sets of coatings, which is predominately made by WC and a small amount of W2C.
This result is consistent with other researchers reports on such coatings [11]. The origin of the
detected W2C phase may be attributed to the decarburization of a part of the WC particles
which takes place in the hot flame. It is well-known that the formation of W2C is largely
dependent on the heating degree of the parent powder [12, 13]. Although the ethanol-oxygen
flames develop lower temperatures than kerosene-oxygen flames, there is still a small extent

of decarburization for WC—-10Co4Cr coatings.
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Fig. 3.3 XRD patterns of the WC—-10Co—4Cr feedstock powder and the coatings with

different spraying parameters.

Fig. 3.4 shows the typical cross-sectional microstructure of the sprayed WC-10Co—4Cr
coatings after polishing. There is no significant difference in the microstructures of the different
coatings obtained over the range of the spray parameters. Overall, it can be stated that the
coating is very dense and well-bonded to the substrate, and both coarse and fine WC grains are
uniformly distributed in the coating, as shown in Fig. 3.4 (a) and (b). The higher magnification
BSE image gives access to some details of the microstructure of the coating, as shown in Fig.

3.5(a). It is reminded that the typical splat-like microstructures with dark and light contrast
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matrix layers correspond to regions of lower and higher average atomic number and density,
respectively. The darker areas correspond to the matrix of Co and Cr, and the brighter regions
to the carbide particles. The EDX analyses of these two areas are shown in Fig. 3.5(b).
Obviously, different local tungsten concentrations are the main reason for the different contrast
levels of the matrix. Most of the WC particles are blocky and angular, while in brighter areas,
the tungsten carbide particles have a rounder appearance and are often partially or completely
enclosed within bright contrast shells of another phase. This may be due to the full melting of
the Co and Cr binder phase and the dissolution of some WC in the Co and Cr matrix. Similar
morphologies have also been found in many HVOF sprayed WC—10Co—4Cr coatings [14, 15].
Therefore, the shell around the WC particles may contain the W2C phase that has been

identified by XRD.

Substrate

Fig. 3.4 Cross-sectional SEM micrographs of coated samples: (a) overview image; (b)

magnified image.
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Fig. 3.5 Higher magnification BSE image showing the details of the microstructure of the

coating: (a) BSE image; (b) EDS analysis results of point 1 and 2 in the coating.

3.5 Evaluation of the porosity and microhardness

Table 3.1 lists the porosity and microhardness data of the WC-10Co—-4Cr coatings
obtained with different spraying parameters, as well as their standard deviations. At a constant
C2HeO level (22 slph), the Oz flow rate increases from 430 slpm to 520 slpm, and one sees that
the porosity of the coatings decreases from 1.47% to 0.90%, as shown in Fig. 3.6(a). When the
oxygen flow rate is fixed at 520 slpm, the porosity of the coatings initially increases and then
decreases with the increase of the ethanol flow rate (from 22 to 28 slph), as shown in Fig. 3.6(b).
The formation of pores is a complex process that involves a series of effects, including the
degree of melting in the flame stream, deformations, diffusion, impact, solidification of powder
particles and interactions with previously deposited splats. It is well known that the general
level of porosity is related to the temperature and velocity of the flying particles during the
spraying process. Fig. 3.7(a) shows the following general trend: the higher the temperature, the
lower the porosity. On can also deduce from Fig. 3.7(b) that the higher the particle velocity, the
lower the porosity, except for the set of parameters E5, which looks to be an outlier. The
combination of high temperature and velocity may lead to the melting and the deformation of

the flying particles which, upon impact on the previous deposited layers, are likely to fill the
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pores and defects of the former layer, resulting in a lower porosity level.
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Fig. 3.6 Evolution of the porosity of coatings: (a) vs. different Oz flow rates; (b) vs. different

C2H6O flow rates.
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Fig. 3.7 Evolution of the porosity of coatings: (a) vs. particle temperature; (b) vs. particle

velocity.

When the ethanol flow rate is kept at 22 slph and the Oz flow rate gets increased from 430
to 520 slpm, a slight increase in the microhardness of the coating (from 1067.1 to 1220.2) is
observed in Fig. 3.8(a). Nevertheless, taking into account the standard deviation, the
microhardness of the coatings tends to be stable when the oxygen flow rate is fixed at 520 slpm
and the ethanol flow rate gets increased, as shown in Fig. 3.8(b). It seems therefore that the
ethanol flow rate has little effect on the microhardness of the coatings at high oxygen flow rates,
which may be attributed to invariable characteristics of the flying particles. The influence of
the particle temperature and the particle velocity on the coating microhardness can be seen in

Fig. 3.9. One observes that a higher particle temperature results in a relatively higher
51



microhardness (See Fig. 3.9(a)). This may be attributed to the higher particle temperature,
which leads to lower porosity and thus higher microhardness. The microhardness of the
coatings also follows a similar trend with the particle velocity. As shown in Fig. 3.9(b), a
relatively high particle velocity leads to a higher microhardness. In general, the microhardness
of coatings measured at 300 gf is related to interlamellar cohesion and the intra-lamellar
characteristics (decarburization, phase composition). However, the microhardness may reflect
here the change in interlamellar cohesion due to almost the same intra-lamellar characteristics
of the seven groups of coatings, as described in section 3.4. Probably, interlamellar cohesion

was enhanced through higher particles velocities at higher total gas flow rates.
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Fig. 3.8 Evolution of the microhardness of the coatings: (a) vs. different Oz flow rates; (b) vs.

different C2HeO flow rates.
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Fig. 3.9 Evolution of the microhardness of the coatings: (a) vs. particle temperature; (b) vs.

particle velocity.
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3.6 Fracture toughness

In order to have high wear resistance, not only high hardness but also high fracture
toughness is required. Fig. 3.10 shows the typical Vickers indent micrographs obtained on the
cross sections of the coating layers sprayed with different parameters. Cracks were found in all
seven coatings after the indentation tests, but with different lengths. One sees that the cracks
mainly propagate into the direction parallel to the interface between the coating and substrate.
Cantera et al. [16] observed that, for sintered materials, the fracture toughness was isotropic
but, for thermally sprayed materials, the fracture toughness was anisotropic. The fracture
toughness perpendicular to the coating/substrate interface is significantly higher than that in
the parallel direction. The propagation of the cracks is much easier when it occurs parallel to
the coating/substrate interface rather than transversely to it, which may result from the
elongated nature of the splats and the residual stress fields present.

From the measurement of the length of the cracks shown in Fig. 3.10, the fracture
toughness was determined by the well-established formulation established by Evans and
Wilshaw. Similar results to those obtained for the hardness were found and are presented in
Table 3.1. When the ethanol flow rate was maintained at 22 slph and the Oz flow rate increased
from 430 slpm to 520 slpm, a significant increase in the fracture toughness of the coating was
observed (from 4.94 to 8.15) in Fig. 3.11(a). However, when the oxygen flow rate was kept
constant at 520 slpm, the fracture toughness first decreased and then increased with the ethanol
flow rate, as shown in Fig. 3.11 (b). Overall, according to these experimental results, it can be
inferred that the use of different spraying parameters has a significant effect on the fracture
toughness of the coating. WC-Co-Cr deposits are the most common cemented carbide coatings
used today; they combine the hard WC particles with the ductile Co and Cr matrix, and the
evolution of their fracture toughness is therefore more complicated. It can be seen from the Fig.
3.11 that the fracture toughness of the coatings changes in a way inverse to porosity. The higher
the porosity, the lower the fracture toughness. This may be tied with the fact the pores of the

coating are preferential sites for crack occurrence and growth.
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Fig. 3.10 Typical indent micrographs on the cross-sections of coating layers sprayed with
different parameters. (a) E1: Ethanol:221/h-02:4301/min; (b) E2: Ethanol:221/h-02:4601/min;
(c) E3: Ethanol:221/h-02:4901/min; (d) E4: Ethanol:221/h-02:5201/min; (¢) ES: Ethanol:241/h-

02:5201/min; (f) E6: Ethanol:261/h-02:5201/min; (g) E7: Ethanol:281/h-O2:5201/min.

54



1.7 1.6
(a) ad cZHGO flow rate: 22slph 16 (b) 94 02 flow rate: 520slpm
L 1. 1.5
& 1.5 &
E 8- = B L14
I 1.4 I
o o 7 -1.3
= L13 2
g 79 s 2 b2 &
£ _— 123 £ :
= = £ 1.1 =
o 64 L1141 = =] <
3 B 3 2
2 = 2 51 10 =
s L1.0 "' [
g 5 ' g
£ Lo0.9 2 a4 0.9
5] . o
o E 0.8
w44 0.8 w 3] .
. r T ; . 0.7 T T T T T T —0.7
420 440 460 480 500 520 22 23 24 25 26 27 28
0, flow rate(sipm) CZHSO flow rate(slph)

Fig. 3.11 Evolution of the fracture toughness with the porosity of the coatings: (a) vs.

different O flow rates; (b) vs. different C2HsO flow rates.

3.7 Conclusions

In this chapter, we have investigated the performances of the ethanol fueled HVOF device.
To that end, we have applied it to the spraying of a WC-CoCr powder, and we have studied the
influence of the spray parameters on (i) the in-flight temperature and velocity determined by
on-line particle monitoring, and (ii) the performances of the resulting coatings. The conclusions
obtained can be summarized as follows:
1. Compared to kerosene-oxygen and hydrogen-oxygen mixtures, ethanol-oxygen mixtures
typically result in lower temperatures of the particles.
2. The oxygen flow rate affects the combustion reaction, but an excess of oxygen will cool
the flame and decrease the particle temperature. Furthermore, the increase in total gas flow rate
increases the particle velocity, reducing the residence time of the particle into the flame,
resulting in a decrease in the particle temperature.
3. The degree of porosity tends to decrease with the increase of the particle temperature and
velocity. Our experimental results also indicate that the coating microhardness tends to increase
with the particle temperature. The fracture toughness of the coating changes to some extent in
the opposite way to the porosity.
4. After cautiously considering the performances of the various coating performances, it is

possible to identify the values of the ethanol and oxygen flow rates that generate the best
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coating performances; these values are 22 slph for ethanol and 520 slph for oxygen.
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Chapter 4 Optimization of the erosion and
sliding wear resistance of Cr3;C2-NiCr
coatings prepared via the novel HVOF

device
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4.1 Introduction

Thermal spray coatings involving hard ceramic particles dispersed in relatively ductile
and tough matrices are widely used to enhance erosion resistance [1, 2] and wear resistance in
a number of applications [3, 4]. For instance, tungsten carbide based coatings sprayed by
HVOF are extensively used to resist abrasion and erosion wear in the automotive and aerospace
sectors for engine components, including pistons [5], shock absorber rods [6], gears [7] etc.
HVOF-sprayed coatings based on chromium carbide are also frequently used to improve the
erosion and wear performance of components involved in paper mills, petrochemical and
power generation applications, such as calendar rolls [8], ball valves [9], impellers of pumps
[10] and hydraulic turbines [11].

As shown in the previous chapter, the microstructure and the corresponding qualities of
the coatings deposited by HVOF processes are greatly influenced not only by the properties of
the feedstock powder employed, but also by the spraying parameters. In particular, the
oxygen/fuel ratio, that determines the stoichiometric factor of the combustion in the torch, plays
a very important role in controlling the temperature of the flame jet, thereby determining the
microstructure, the evolution of the phase composition and the resulting mechanical properties
of the coating.

In this chapter, the ethanol fueled HVOF process (called “eGun HVOF”) has been again
the subject of a study devoted this time to Cr3C>—NiCr coatings. The dual objective of this
study was (i) to optimize — by using the Taguchi method - the spray parameters (ethanol flow
rate, oxygen flow rate, standoff distance, and powder feed rate) to achieve the best resistance
against erosion wear of Cr3C2—NiCr coatings, and (i1) to determine the influence of different
stoichiometry factors on the evolution of the microstructures and properties of the resulting

Cr3C2-NiCr coatings.
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4.2 Optimization and Erosion Behavior of Cr3;C:-NiCr Coatings

4.2.1 Testing methodology and primary results

Previous studies [12, 13] have indicated that the fuel flow rate, oxygen flow rate, powder

feed rate and standoff distance are the important process parameters that determine the

performance of the resulting coatings. Based on some preliminary experiments, we thought

appropriate to test these parameters at three distinct levels, as shown in Table 4.1. As shown in

Table 4.2, a standard Taguchi L9 orthogonal array was used to reduce the number of

experiments. The other spray parameters not specified in the Taguchi matrix have been set as

follows: the speed of the spray gun in the horizontal direction was 500 mm/s and the step in

the vertical direction was 8 mm. The powder carrier gas was nitrogen with a flow rate of 8

1/min. Specimens were cooled during and after spraying with compressed air jets. The thickness

of all the coatings was adjusted in the range of 200-300 um.

Table 4.1 Spray parameters and levels used in this experiment.

Symbol Process parameter Range Levell  Level2  Level 3
A Ethanol flow rate (slph) 24-32 24 28 32
B Oxygen flow rate (slpm)  420-540 420 480 540
C Powder feed rate (g/min)  50.7-102.7  50.7 76.7 102.7
D Standoff distance (mm) 240-300 240 270 300
Table 4.2 Experimental results for erosion wear and corresponding S/N ratio.
Test C2He6O 02 Powder feed Distance  Erosion S/N ratio
flow rate flow rate rate (D)(mm)  wear loss
(A)slph)  (B)(slpm)  (C)(g/min) @)
El 24 420 50.7 240 0.0400 27.9588
E2 24 480 76.7 270 0.0453 26.88763
E3 24 540 102.7 300 0.0508 25.89128
E4 28 420 76.7 300 0.0230 32.76544
ES 28 480 102.7 240 0.0313 30.103
E6 28 540 50.7 270 0.0415 27.63904
E7 32 420 102.7 270 0.0338 29.43452
E8 32 480 50.7 300 0.0345 29.24362
E9 32 540 76.7 240 0.0390 28.17871
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The detailed parameter settings of the erosion tests are listed in Table 4.3. For the
optimization of the HVOF process parameters, the erosion tests were conducted at a 90° impact
angle. Each test was carried out for 10 min. After the test, each sample was removed, cleaned
in acetone, dried and weighed to determine the weight loss on an electronic weight balance
with an accuracy of 0.0001 g. Three repeats were performed to check the repeatability of the
test and the average values were reported. The erosion rate was calculated as the ratio of the
coating erosion mass loss (in g) to the mass of erodent particles (in g). Besides, the erosion
behavior of the optimized Cr3C>—NiCr coatings was also tested at 30°, 60° and 90° impact
angles to analyze the erosion mechanism.

Table 4.3 Erosion test conditions of the Cr3C>—NiCr coatings.

Erodent material Alumina

Average erodent size (um) 250

Erodent velocity (m/s) Constant

Erodent feed rate (g/min) 150

Impact angle (°) 30,60,90

Test temperature Room temperature
Nozzle diameter (mm) 9.5

Nozzle to sample distance (mm) 15

Impact time (min) 10

4.2.2 Analysis of the signal-to-noise (S/N) ratio

The experimental results were further converted into signal-to-noise (S/N) ratios in order
to reduce the experimental errors in the Taguchi method. In general, the performance criteria
can be classified into three categories, namely the nominal-the-better, the higher-the-better, and
the lower-the-better. In this study, the lower-the-better performance characteristic has been
taken to obtain optimal process conditions since a minimum erosion wear loss is desired. The
signal to noise (S/N) ratio(n)) is defined as [14, 15]:

n =-—10log(MSD) (1)

where MSD is the mean square deviation for the erosion wear loss of the coatings. The MSD

in this work can be expressed as:

MSD = ~Y7., E? @)
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where n is the number of tests and E; is the value of the erosion wear loss for the ith test.

Table 4.2 shows the L9 orthogonal array and the associated experimental results in terms
of erosion wear losses, along with the S/N ratios which are calculated using Egs. (1) and (2). It
was observed that the E4 experiment generated the highest S/N ratio, namely 32.77 dB, which
means that the E4 coating had the lowest erosion wear loss. The influence of each spray
parameter is divided into different levels, which is mainly due to the orthogonality of the
experimental design. The mean S/N ratio for each level of the different spray parameters and
the variation span between the three levels are reported in Table 4.4. The ethanol flow rate
shows the largest S/N variation span (3.26dB). Now, according to Taguchis methodology, the
larger the S/N ratio variation span, the greater the influence of spray parameters. In view of
that, it can be stated from Table 4.4 that the ethanol flow rate has the strongest influence on the
erosion wear loss of the coatings. Moreover, the process parameters that affect the wear loss
can be ranked in the following order: ethanol flow rate > oxygen flow rate > standoft distance >
powder feed rate.

Table 4.4 S/N response for erosion wear

Parameter Mean S/N ratio Variation Span ~ Rank
Level 1 Level2 Level3 Max - Min
Ethanol flow rate (A)  26.91 30.17 28.95 3.26 1
Oxygen flow rate (B)  30.05 28.74 27.24 2.82 2
Powder feed rate (C) 28.28 29.28 28.48 1.00 4
Standoff distance (D)  28.75 27.99 29.30 1.31 3

Fig. 4.1 shows the mean S/N ratio curves associated with each of the four spray parameters
for the erosion wear loss test. As mentioned above, the larger the S/N ratio, the smaller the
erosion wear loss of the as-sprayed coatings. One can see that the ethanol flow rate and the
oxygen flow rate exhibit greater S/N variation spans. When the ethanol flow rate increases
from 24 slph (A1) to 32 slph (A3), the mean S/N ratio initially rises from a very low level to
the top of the curve and then goes down slightly, which means that the erosion wear loss of the
coating first decreases rapidly and then slightly increases. This may be attributed to the fact

that the powder particles will melt better at higher ethanol flow rates, resulting in lower porosity
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and higher microhardness of the coatings. However, the variation of the mean S/N ratio for the
oxygen flow rate is totally different from that for the ethanol flow rate. The mean S/N ratio
decreases continuously when the oxygen flow increases from 420 slpm (B1) to 540 slpm (B3).
For higher oxygen flow rates, there is an excess of oxygen that acts as a coolant and shortens
the residence time of particles in the flame, thus causing the temperature of the particles to
decrease. This will subsequently increase the porosity and reduce the hardness of the coating
[16, 17]. Itis also observed in Fig. 4.1 that the mean S/N ratio for the powder feed rate increases
at first and then decreases when this parameter passes from 50.7g/min (C1) to 102.7g/min (C3).
In general, powder particles undergo incomplete melting at higher feed rate, resulting in poorer
particle flattening and increased porosity, which in turn leads to poor erosion resistance.
However, the case of C1 does not conform to this general rule: this may be due to experimental
errors. The mean S/N ratio for the standoff distance decreases at first and then rises with the
increase of the standoff distance from 240 mm (D1) to 300 mm (D3). Indeed, as the standoff
distance increases, the powder particles have more time to interact with the flame and melt
completely, resulting in a lower porosity of the coating. This enhances its erosion wear
resistance. Picas et al. [ 18] actually pointed out that the increase in the standoff distance causes
the temperature of the flying particles to increase and the velocity to decrease. Therefore, the
better erosion wear resistance obtained at a standoff distance of 300 mm can be attributed to a

more suitable set of values of particle velocity and temperature.
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Fig. 4.1 The mean S/N ratio for erosion wear loss.

4.2.3 Analysis of variance (ANOVA)

A statistical analysis of variance (ANOVA) was employed to investigate the impacts of
the different spray parameters on the erosion wear resistance. Table 4.5 shows the results of
such analysis of variance for the S/N ratios relating to the erosion wear loss. The least
influential factor, i.e. the powder feed rate, was categorized as “error”. As shown in Table 4.5,
it can be concluded that the ethanol flow rate has the greatest impact on the resistance to erosion
wear with a 50.07% contribution, followed by the oxygen flow rate that has a contribution of
36.74%. However, it appears that the standoff distance and the powder feed rate (categorized
as “error”) have little effect on the erosion wear loss of the coatings with 8.04% and 5.16%
contributions, respectively.

In conclusion, based on the S/N and ANOVA analyses, the spray parameters become
optimized when adjusting the ethanol flow rate at level 2, the oxygen flow rate at level 1, the
powder feed rate at level 2, and the standoff distance at level 3. To summarize, the optimal
spray parameters (denoted as the “OSP”) to prepare the Cr3C>—NiCr coatings are 28 slph for
the ethanol flow rate, 420 slpm for the oxygen flow rate, 76.7 g/min for the powder feed rate

and 300 mm for the standoff distance. In fact, these OSP are the same as the parameters of the
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E4 test in the orthogonal experiment. Therefore, Table 4.2 and Table 4.5 are consistent with
each other and give the same set of optimized parameters for minimum wear erosion.

Table 4.5 Result of ANOVA analysis for S/N ratios of erosion wear loss.

Process parameter Degree of Sum of squares Variance F-ratio Contribution
freedom(f) (S) V) (F) (%)
Ethanol flow rate (A) 2 16.25 8.12 9.71 50.07
Oxygen flow rate (B) 2 11.92 5.96 7.12 36.74
Standoff distance (D) 2 2.61 1.30 1.56 8.04
Powder feed rate (C) 2 1.67 0.84 1.00 5.16

4.2.4 Characterization of the “optimized” coatings

The X-Ray diffraction patterns of the powder and the HVOF-sprayed Cr3C>—NiCr
coatings deposited using the OSP conditions are grouped in Fig. 4.2. It is reminded that the
feedstock powder consisted predominately of NiCr and Cr3Ca. The as-sprayed coatings were
mainly composed of NiCr and Cr3Cz phases, which just reflect the powder phase composition,
while a small amount of Cr7Cs and Cr203 peaks were also detected. Considering the
temperature conditions of HVOF, only the NiCr phase and a small amount of Cr3Cz particles
were probably melted, and a few new phases (Cr7C3 and Cr203) were formed. This result is

consistent with other researchers reports on similar coatings [19].
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Fig. 4.2 XRD patterns of the Cr3C>—NiCr feedstock powder and of the sprayed coating.

Fig. 4.3 shows a low and high magnification of the polished cross-sectional microstructure
of the Cr3C2—NiCr coating prepared under the OSP, at low and higher magnification. As shown
in Fig. 4.3(a), it can be stated that the coating is very dense and well-bonded to the substrate,
which is mainly thanks to the high velocity of HVOF thermal spraying. Both coarse and fine
Cr3Cz grains are uniformly dispersed in the coating as shown in Fig. 4.3(b), and several pores
and splat morphologies can be seen, which characterize the typical microstructure of Cr3Cx—
NiCr coatings [20]. A higher magnification picture and the cross-sectional element mappings
reveal some details of the coating microstructure, as shown in Fig. 4.4. Microstructures with
dark and light contrast can also be observed, corresponding to regions of lower and higher
average atomic number and density, respectively. The brighter regions correspond to the matrix
of NiCr, while the darker areas correspond to the carbide particles. However, carbides exhibit
distinct greyscale contrast levels. In detail, an even darker core and a slightly brighter rim can
be distinguished. The EDS analyses of these three areas are shown in Fig. 4.5. The element

contents of point 3 indicates that the brightest area is NiCr matrix. Compared with point 1, the
67



nickel content of point 2 is slightly increased. One might infer that the darkest core is the
original unaffected Cr3Cz, whilst the brighter rim and the even brighter carbides are the result
of slight decarburization and/or interaction with nickel. Similar observations were also made

on other Cr3C>—NiCr coatings, as reported by W. Zhou [21].

Fig. 4.3 Cross-sectional SEM micrographs of coated samples: (a) overview image; (b) higher

magnification image.
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Fig. 4.4 Element mappings of a cross-section of as-sprayed Cr3C2-NiCr coating.
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Fig. 4.5 EDS results of points 1, 2 and 3 in Fig. 8.

The optimized coating exhibits an average porosity value of 1.5% (with a standard
deviation of 0.1%). The average microhardness value of that coating was found to be 1048
HV0.3 (with a standard deviation of 120 HV0.3). The average value of its fracture toughness
was 4.03 MPa.m!? with a standard deviation of 0.39. The bonding strength of the optimized
coating is greater than 68 MPa, as it is the glue that cracked in the test. Furthermore, the
performance comparison of Cr3C2-25wt.%NiCr coatings prepared by different HVOF
processes is listed in Table 4.6. One can see that the porosity, fracture toughness, and bonding
strength of the coating prepared with the new eGun HVOF are comparable to those prepared
with the conventional HVOF methods; however, the microhardness proves to be much better.
This result clearly suggests an interesting potential of the ethanol based HVOF technology

within industrial applications and enticed to deepen its study.
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Table 4.6 Compared performances of the Cr3C2-25wt.%NiCr coatings prepared via different

HVOF processes.
particle Fracture Bond
Fuel Porosity Microhard.
Process Torch size toughness strength Reference
type (%) (HVo3)
(um) (MPam'?)  (MPa)
eGun HVOF eGun Ethanol 11-45 1.5£0.1  1048+120  4.03+0.39 > 68 this paper
HVOF DJH2700 Propane 15-45 2.2+0.4 947+144 - - [22]
HVOF DJH2700 Propane 10-38 1.7£1.0 938+79 - - [22]
HVOF DJH2700 Ethene 15-45 - 950+120 - - [23]
HVOF DJH2700 Propane 15-45 5.3+2.1 797£105  4.06+0.49 - [24]
HVOF - Kerosene 5-40 - - - 64.4 [25]
HVOF JP5000 Kerosene - 1.88 879 - 62 [26]
HVOF JP5000 Kerosene 15-45 6.3£3.2 709488 3.59+0.48 - [24]
949483
HVOF K2 (GTV) Kerosene 15-45 <1 - - [20]
(HVo.1)
HVOF K2 (GTV) Kerosene 15-45 4.0£1.7 868+115 4.13+0.40 - [24]

4.2.5 Erosion mechanism of the optimized coatings

Fig. 4.6 shows the average erosion rate, obtained at 30°, 60° and 90° impact angles, of
Cr3Ca-NiCr coatings prepared via the ethanol fueled HVOF device. Generally speaking, for
cermet coatings, the erosion rate of coatings at high impact angles is higher than that at low
impact angles. Zhang et al. [19] carried out a multi-angle study of the erosion behavior of
HVOF sprayed Cr3C2-NiCr coatings and found that the erosion rate was almost proportional to
the angle of impact. Our results also conform to their finding. We actually observed that the
coatings exhibit the worse erosion resistance at 90° impact angle, with an erosion rate of
1.83x107 g/g. They exhibit the best erosion resistance at the 30° impact angle, and a medium
resistance at 60° impact angle, the corresponding values being 1.03x107° g/g and 1.23x107 g/g,

respectively.
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Fig. 4.6 Erosion wear rate of Cr3C2-NiCr coatings at different impact angles

Fig. 4.7 shows the SEM morphologies of the erosion scar generated on the “optimized”
Cr3C2-NiCr coatings at different impact angles. At 30° impact angle, the erosion wear is
dominated by micro-cutting and ploughing. Fig. 4.7(a) and (b) depict the respective micro
cutting produced by the sliding action of erodent particles. The surface of the coating clearly
shows characteristics of cutting burrs due to the micro cutting by small erosion particles,
resulting in a large number of lips formed in the soft bound regions of the coating. However,
the size and extent of coverage of the surface by cutting and ploughing marks suggest that these
damages affect both the matrix and the carbide grains. Many ploughings are formed on the
surface of the coating through long-distance cutting, which is caused by the relatively large-
size of the erosion particles. The underlying reason is that the coating is mainly removed by
the plastic deformation of the matrix through cutting, as well as the micro-cutting of the carbide
grains [19].

Fig. 4.7(c) and (d) exhibit the aspect of the eroded surface of the coating at 60° impact

angle and tend to indicate that the erosion wear mode is a combination of micro-cutting and
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fatigue fracture spalling. With the increase of the impact angle, the number of lips and
ploughings decreases, and the flattened area greatly increases. The impact force of the eroded
particles can be divided into the horizontal component and the vertical component. As the
impact angle increases, the vertical component of the impact becomes predominant in the
aggression of the coating. The large ploughings are not easy to form, however the lip formed
by micro-cutting can be easily eliminated by subsequent erodent particles to form a flat area.
Moreover, some crater features are visible, and a small amount of alumina becomes embedded
into the coating surface. A small number of splat fragmentations and cracks are observed in Fig.
4.7(d), revealing the pattern of fatigue fracture on the coating surface. The increase of the
impact angle promotes the fatigue fracture and splat spalling of the coating, probably because
the strain localization at a higher impact angle accelerates its erosion wear[27].

Fig. 4.7(e) and (f) display SEM images of coatings surfaces eroded at 90° impact angle;
they show that the erosion wear is dominated by cracking and fatigue fracture spalling. One
can observe many large and deep craters formed by the impact of the erodent particles on the
surface of the coating after erosion wear, while the flat area is decreased. In addition, numerous
embedded alumina particles and splat fragments are visible on the surface of the coating. A
large number of cracks are also observed in Fig. 4.7(f). These indicate that the coating is
removed mainly due to the cracking and fatigue fracture spalling at 90° impact angle.

The SEM micrographs of the cross-section of the eroded region of the optimized Cr3Co-
NiCr coatings at the different impact angles are shown in Fig. 4.8. It can be seen that only
rugged ravines are found in Fig. 4.8(a), with no obvious cracks at 30° impact angle. The erosion
damage in Fig. 4.8(b) is slightly more severe than that in Fig. 4.8(a). The depth of the ravine is
higher, indicating that more impact energy tends to induce a stronger inward erosion of the
coating at 60° impact angle. Moreover, one also sees a small number of splat fragmentations
and cracks, as visible in Fig. 4.8(b). It can be clearly inferred from the cross-sectional image
of the coating that the erosion damage of the coating is the most serious at 90° impact angle.
There are obvious indications of subsurface cracks and splat fractures in the cross-sectional

view, as shown in Fig. 4.8(c). An enlarged SEM view of Fig. 4.8(c) is shown in Fig. 4.8(d),
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which clearly indicates that the cracks propagate across some of the carbide particles, as well
as along the interface between the carbide and the matrix in other cases. At 90° impact angle,
the vertical component of the impact dominates the erosion of the coating, causing fatigue
cracking and peeling of the same. This aspect of the cross-sectional views is consistent with

the anti-wear performance of the coating.

Fig. 4.7 SEM micrographs showing the morphology of the eroded surfaces of Cr3C2—NiCr
coatings at different impact angles. (a) and (b): 30° impact angle; (c) and (d): 60° impact

angle; (e) and (f): 90° impact angle.
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Fig. 4.8 SEM micrographs of the cross-section of the eroded region of Cr3C>—NiCr coatings
at different impact angles. (a): 30° impact angle; (b): 60° impact angle; (c) and (d): 90

impact angle.

4.3 Effect of oxygen/fuel ratio on the erosion and sliding wear

behavior of Cr3;C>-NiCr Coatings

4.3.1 Preparation conditions of Cr3;C:-NiCr Coatings with different

oxygen/fuel ratio

The spraying conditions kept unchanged over this new series of HVOF experiments that
are listed in Table 4.7, while the spraying parameters which have been varied in the study are
given in Table 4.8. This set of variable parameters has selected in order to explore diverse
fuel/gas flow rates and different stoichiometric factor with the view to evaluating their

influence on the coating properties. The detailed conditions of the erosion tests are given in
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Table 4.9. Each sample was eroded at an impact angle of 90° for 2 minutes. After testing, the
sample was removed, cleaned in acetone, dried, and weighed on an electronic weight balance
with an accuracy of 0.0001 g to determine the weight loss. The above erosion test procedure
was repeated four times for a total time of 8 min to achieve steady state conditions. The erosion
rate (mg/g) was defined as the ratio of the mass loss of the coatings (in mg) to the mass of
erodent particles (in g). The eroded surface of the coatings was characterized by SEM to
analyze the erosion mechanism.

Table 4.7 The spraying conditions of HVOF for the Cr3C2-NiCr coatings.

Gun eGun

Fuel ethanol
Carrier gas flow rate (Nitrogen) 8 slpm
Powder feed rate 76.7 g/min
Standoff distance 270 mm
Gun speed 500 mm/s
Offset 8 mm

Table 4.8 The spraying parameters and corresponding properties of the Cr3C>—NiCr coatings.

Test C2HeO O2 SF Porosity Microhard. Fracture toughness

(slph)  (slpm) (%) (HVo23) (MPam'?)
El 20 480 1.25 3.39+0.46 669.4+40.0 0.33+0.08
E2 24 480 1.04 1.80+0.41 916.1+28.5 1.39+0.36
E3 28 480 0.89 0.68+0.15 1006.6+56.2 2.38+0.64
E4 32 480 0.78 0.76+0.11 1052.7£73.9 2.65+0.63
E5 28 420 0.78 0.34+0.07 993.4+66.4 3.64+0.57
E6 28 540 1.00  2.02+0.60 1031.1+43.5 3.73+0.39
E7 28 600 1.12 1.39+0.29 996.6+£73.2 1.80+0.64
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Table 4.9 Erosion test conditions.

Erodent material Alumina

Average erodent size (um) 250

Erodent velocity (m/s) Constant

Erodent feed rate (g/min) 150

Impinging angle (°) 90

Test temperature Room temperature
Nozzle diameter (mm) 9.5

Nozzle to sample distance (mm) 15

Impinging time (min) 8

4.3.2 Phase composition and microstructure of the coatings

Fig. 4.9 gives the XRD patterns of the feedstock powder and as-sprayed coatings
deposited using various spray parameters. The phases of the as-received powder are mainly
composed of NiCr and Cr3Ca. There is no significant difference in the XRD results of the seven
sets of coatings prepared with different parameters. Therefore, it can be inferred that different
oxygen/ethanol ratios have little effect on the phase composition of the Cr3C2-NiCr coatings.
The coatings consisted predominately of NiCr based matrix and Cr3Cz phases, as well as a
small amount of Cr7C3 and Cr20s3. This is consistent with other literature reports for this kind
of coating [28]. Bolelli et al. [24] namely reported that HVOF-sprayed Cr3C2-NiCr coatings
retain the qualitative phase composition of the raw powders, including Ni-based matrix, Cr3C2

carbide phase, and minor amounts of the Cr7Cs and Cr203 as well.
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Fig. 4.9 XRD patterns of the Cr3C>—NiCr feedstock powder and prepared coatings.

Fig. 4.10 shows the cross-sectional microstructure of Cr3C2-NiCr coating after polishing.
Although the stoichiometry factor (SF), that is the oxygen/ethanol ratio, has no obvious effect
on the phase composition of the coating, it has a significant impact on the microstructure of the
coating. In order to compare the microstructure differences of the coatings obtained with
different stoichiometry factors, the coatings E1 and E5 were selected for analysis. The two sets
of coatings prove to be well bonded with the substrate, while the coarse and fine Cr3Cz grains
and a small number of pores are evenly distributed in the coating. However, as shown in Fig.
4.10(a) and (c), coating E5 is obviously denser and less porous than coating E1. The higher
magnification BSE image shows more clearly some of the differences in the microstructures
of the two sets of coatings, as shown in Fig. 4.10(b) and (d). In the two sets of coatings, the
dark carbide grains are distributed along the light-colored Ni-based matrix. Many pores and
cracks are found in the coating E1, and almost no splat is found. It is worth mentioning that the
pore level in the coating E5 is significantly reduced. There are typical splats structures, and

almost no detectable cracks are found. Compared with the coating E1, the powder particles
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which generated the coating E5 underwent a more extensive melting, resulting in a significantly
denser microstructure. This is mainly due to the distinct stoichiometry factors used for the two
sets of coatings. The stoichiometry factor of the coating E1 is 1.25, that is, the ethanol is
completely burned and there is an excess of oxygen to act as a cooling gas, resulting in a
decrease in the temperature of the powder particles and a relatively poor melting state. On the
contrary, the stoichiometry factor of coating E5 is 0.78. Theoretically, the ethanol is not
completely burned at this condition, but the temperature of the particles may be relatively more
suitable for the powder to become more extensively melted this time, thereby leading to a better
microstructure. The coating properties obtained with other stoichiometry factors, ranging from

0.78 to 1.25, will be analyzed in detail in the following chapters.

Substrate

Fig. 4.10 Cross-sectional SEM micrographs and BSE images of the Cr3C2-NiCr coating after

polishing: (a) and (b): coating E1; (c) and (d): coating E5.

4.3.3 Porosity and microhardness

The porosity and microhardness of Cr3C2-NiCr coatings prepared using various spraying
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parameters are listed in Table 4.8, as well as their standard deviation. Fig. 4.11 shows the
evolution of coating porosity with the oxygen and ethanol flow rates. The ratio of the flow rate
of oxygen to that of ethanol determines the stoichiometry factor of the combustion. During the
experiments summarized in Fig. 4.11(a), the ethanol flow rate was adjusted at 28 slph while
the oxygen flow rate was increased from 420 slpm to 600 slpm. The corresponding
stoichiometry factor rose from 0.78 to 1.12. It was then found that the porosity of the coating
rose from 0.34% to the maximum value of 2.02%, and then dropped slightly. During the
experiments summarized in Fig. 4.11(b), the oxygen flow rate was maintained at 480 slpm and
the ethanol flow rate was increased from 20 slph to 32 slph; therefore, the corresponding
stoichiometric factor dropped from 1.25 to 0.78. Then the porosity of the coating dropped from
3.39%, a quite high value, down to 0.68%, and then remained virtually stable. Based on the
results of Fig. 4.11, one can conclude that the change of the ethanol flow rate has a more
significant impact on the porosity of the coating than that of the oxygen flow rate. In addition,
when the stoichiometry factor exceeds 1, the porosity of the coating is significantly larger. On
the contrary, when the stoichiometry factor is less than 1, the porosity level of the coating
remains below 1%. It is known that the porosity level of the coating is related to the temperature
and velocity of the in-flight particles during the spraying process. Therefore, the combination
of high temperature and high velocity facilitate the melting and deformation of the flying
particles, making them able to fill - upon impact - the pores and defects in the previously
deposited layer, resulting ultimately in lower porosity levels. When the stoichiometry factor is
smaller than 1, the lower porosity of the coating may be attributed to the higher flame
temperature, which results in more extensive powder particle melting. When the stoichiometry
factor is greater than 1, the excess oxygen lowers the combustion temperature so that the
residence time of the powder in the flame becomes shorter, resulting in poorer melting of the
powder particles, thereby increasing the porosity of the coating. In addition, when the total
flow rate increases, the porosity of the coating also decreases due to the increase in powder
velocity [29]. In summary, for Cr3C2-NiCr coatings prepared using the ethanol-fueled HVOF

spray gun, it can be inferred that when the stoichiometry factor is slightly lower than 1 (at 0.78-
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0.89), the velocity and temperature of the flying particles are more appropriate for the complete

melting and deformability of the in-flight particles, resulting in a lower coating porosity.
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Fig. 4.11 Evolution of the porosity of Cr3C2-NiCr coatings: (a) vs. different O2 flow rates; (b)

vs. different C2HeO flow rates.

In the experiments summarized in Fig. 4.12(a), the ethanol flow rate was adjusted at 28
slph and the oxygen flow rate gradually was risen from 420 slpm to 600 slpm. In view of the
standard deviation, one can say that the microhardness of the Cr3C2-NiCr coating did not
change significantly under these conditions. Although the stoichiometry factor increased from
0.78 to 1.12 in this case, the impact on the coatings microhardness was relatively minor.
However, a trend could still be observed: as the oxygen flow rate increased from 420 slpm to
540 slpm, the microhardness of the coating slightly increased from 993.4 HVO0.3 to 1031.1
HV0.3 (Table 4.8). Moreover, when the stoichiometry factor reached 1, the microhardness
reached the maximum, and then decreased slightly with a further increase of the oxygen flow
rate. However, when the oxygen flow rate was set at 480 slpm, a significant increase in the
microhardness of the coating (from 669.4 HV0.3 to 1052.7 HV0.3) was observed when the
ethanol flow rate was risen from 20slph to 32 slph, as illustrated in Fig. 4.12(b). This
corresponded to the stoichiometry factor decreasing from 1.25 to 0,78. Obviously, compared
with the oxygen flow rate, the ethanol flow rate has a greater impact on the microhardness of
the coating. When the ethanol flow rate was adjusted at a higher value, the microhardness of
the coating stayed at a high value level. To explain this result, one can mention the fact that the

microhardness of the coatings measured at 300 gf is as sensitive to interlayer cohesion as the
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intra-lamellar characteristics (decarburization, phase composition). Since the intra-lamellar
characteristics of all samples are practically the same, as suggested in section 4.3.2, then the
microhardness reflects the change in interlayer cohesion. It is probable that at higher ethanol
flow rates, the interlayer cohesion is enhanced due to the higher values of particle temperature
and velocity. Excessive oxygen flows reduce the temperature of the particles, resulting in

greater porosity, which may result in a decrease of microhardness [29].
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Fig. 4.12 Evolution of the microhardness of Cr3C2-NiCr coatings: (a) vs. different Oz flow

rates; (b) vs. different C2HeO flow rates.
4.3.4 Fracture toughness

The fracture toughness tests were conducted using the indentation method. The data of
fracture toughness obtained for the coatings deposited using different parameters are listed in
Table 4.8. Its evolution versus the oxygen and ethanol flow rates is shown in Fig. 4.13. In Fig.
4.13(a), the flow rate of ethanol was fixed at 28 slph, and that of oxygen was increased from
420 slpm to 600 slpm. The fracture toughness first decreased and then increased as the
stoichiometry factor increased from 0.78 to 1.00; it again decreased when the stoichiometry
factor exceeded 1, as shown in Fig. 4.13(a). When the oxygen flow rate is maintained at 480
slpm and that of ethanol is increased from 20 slph to 32 slph (Fig. 4.13(b)), then the fracture
toughness of the coating shows a similar evolution trend to that of the microhardness. This time,
the fracture toughness gradually increases from 0.33 MPam'”? to 2.65 MPam'?, as the

stoichiometry factor decreases from 1.25 to 0.78, as shown in Fig. 4.13(b).
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In summary, when the ethanol flow rate exceeds or equals 28 slph and the stoichiometry
factor does not exceed 1, then the fracture toughness remains higher than 2.38 MPam'?, which
conforms to the values reported by other researchers [30]. This result is of great interest to

optimize the quality of Cr3C2-NiCr coatings using the ethanol-fueled HVOF gun.
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Fig. 4.13 Evolution of the fracture toughness of the Cr3C2-NiCr coatings: (a) vs. different
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Typical indent micrographs taken on the cross-sections of the E1 and E5 coatings are
shown in Fig. 4.14. One sees that the cracks are mainly generated at the corners of the indent.
In addition, the cracks produced on the E1 coating are significantly longer than those on ES5, as
shown in Fig. 4.14(a) and (c). This is consistent with the evolution of the fracture toughness
recorded in Table 4.8. Furthermore, the cracks mainly propagate into the direction parallel to
the coating/substrate interface, which corresponds to an anisotropic crack propagation in the
coating layers, and results from the elongated nature of the splats and the associated residual
stress fields [31]. A close observation of Fig. 4.14(b) and (d) reveals that the cracks present
both on the E1 and ES5 coatings are propagating along the interface between the matrix and the
carbide (see arrows). This is attributed to a limited cohesion between the carbide grains and the

surrounding matrix.
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Fig. 4.14 Cross-sectional morphologies and enlarged views of the eroded region of Cr3Co—

NiCr coatings. (a) and (b): coating E1; (¢) and (d): coating ES.

4.3.5 Erosion tests

The erosion tests performed on the Cr3C2-NiCr coatings were carried out using solid
particles a 90° impact angle and different stoichiometry factors. The results are shown in Fig.
4.15. One sees that the erosion resistance is almost inversely proportional to the stoichiometry
factor. The higher the stoichiometry factor, the greater the erosion mass loss of the coating,
which means the worse its erosion resistance. Among the seven groups of coatings, the erosion
mass loss of the E1 coating (SF=1.25) is significantly higher than that of the other coatings,
indicating that the erosion resistance is the lowest. When the stoichiometry factor is less than
1, the erosion of each coating is relatively low, and there is not much difference. In relative
terms, the coating E3 and E5 undergo the lowest erosion mass loss, which means they have the
best erosion resistance. It can be seen from Fig. 4.16(a) that the erosion wear rate is basically

proportional to the porosity of the coating. The lower the porosity, the lower the erosion wear
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rate of the coating. Except for coating E6, for which it is likely that the larger standard deviation
of the porosity explains its mismatch with the observed trend. On another hand, the erosion
wear rate varies in the opposite direction to that of microhardness and fracture toughness of the
coating, as shown in Fig. 4.16(b) and (¢). Better mechanical properties imply that both the inter-

and intra-layer cohesion of the coating are good, resulting in better erosion resistance.
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Fig. 4.17. General morphologies and enlarged views of the eroded surfaces of the Cr3C>—
NiCr coatings. (a) and (b): coating E1; (¢) and (d): coating ES.

We decided to examine, for comparison, the morphologies of the eroded surfaces of the
El and E5 coatings which featured the worst and best erosion resistance, respectively (Fig.
4.15). At an impact angle of 90°, some micro-cuttings and many large and deep crater features
were found to be distributed on the eroded surface of the E1 coating in Fig. 4.17(a). In the
enlarged image of Fig. 4.17(b), more specific features of the erosion surface morphology are
observed. Some erodent particles embedded in the coating are found. Moreover, large areas of
splat fragmentation and many micro-cracks were generated with the cumulated stress caused
by the impacts. These are basically the characteristics of fatigue fracture, indicating that the
erosion mechanism of E1 coating is mainly dominated by fatigue fracture and peeling. At 90°
impact angle, the impact energy tends to be perpendicular to the coating. The coating is prone
to fatigue fracture and splat spalling on account of its weak hardness and fracture toughness,
especially at higher porosity levels. In Fig. 4.17(c), micro-cutting, crater morphology as well
as some ploughing and lips features were found in the eroded surface of the E5 coating.

However, the craters were obviously smaller in area and shallower in depth. In the partial
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enlarged view of Fig. 4.17(d), the surface of the E5 coating obviously has fewer cracks,
compared with the E1 coating and the splat fragmentation phenomenon is almost not found.
Lips surround the craters, indicating strain localization and ploughing caused by plastic
deformation, both of which indicates that the ES coating has better toughness. A close look at
Fig. 12(d) seems to reveal the presence of slightly darker carbide grains in the areas marked as
“ploughing”. It implies that the carbide grains of the E5 coating are well embedded in the NiCr
matrix, so that they can be cut and ploughed together with the matrix without being pulled out.
This may be attributed to the high hardness, high fracture toughness and low porosity of the E5S

coating.

Fig. 4.18. Cross-sectional morphologies and enlarged views of the eroded region of Cr3Ca—
NiCr coatings. (a) and (b): coating E1; (¢) and (d): coating ES5.
The red arrows indicate the carbides cracking. The yellow arrows indicate that the cracks
propagate along the matrix/carbide interface.

Fig. 4.18 shows the morphologies of the cross-section of the E1 and E5 coatings in the
eroded area. As shown in Fig. 4.18(a) and (b), one observes a large number of surface cracks,

subsurface cracks and splat fragmentations in the E1 coating. In addition, the cracks propagate
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deeper into the coating. In Fig. 4.18(b) and (d), the red arrows indicate the phenomenon of
carbide cracking, and the yellow arrows show that the crack propagates along the
matrix/carbide interface. From the partial enlarged view of Fig.4.18(b), one can infer that the
cracks originate from the cracking of carbides and some fragile pores, and then mainly extend
horizontally along the matrix/carbide interface. On the one hand, more pores become the
origins of the crack, and on the other hand, the pores also promote the propagation of the crack.
Compared with the coating E1, the erosion damage of the E5 coating is obviously much smaller.
Fewer cracks and splat fragmentations are observed, as shown in Fig.4.18(c). Although a small
amount of carbide cracking is also found in the deeper area of the coating, the cracks are mainly
generated and propagate on the surface of the coating, as shown in the enlarged view of Fig.
Fig.4.18(d). This could be due to the better mechanical properties of the ES coating with the

SF of 0.78.

4.3.6 Coefficient of friction and wear rate

The friction curves of Cr3C>—NiCr coatings established at room temperature show an
initial running-in stage with increasing friction coefficient followed by a steady-state regime
that lasts for the majority of the test duration, as shown in Fig. 4.19. The mean values of friction
coefficients of the coatings deposited with various parameters after reaching the steady-state
are shown in Fig.4.20. It can be seen that the steady state coefficients of friction are comprised
in a relatively narrow range between 0.63 and 0.74, which is comparable with the values
commonly reported in the literature for similar coatings evaluated under similar conditions [22].
Such narrow range indicates a small effect of the spray parameters on the steady-state
coefficient of friction. The dry sliding wear rates of the Cr3C2—NiCr coatings conducted at room
temperature are shown in Fig.4.20. The wear rates of the E1 and E2 coatings are 4.69 x10°¢
mm?>/(N-m) and 3.71x10"® mm?*/(N-m), respectively, two values significantly higher than those
of other coatings. This is due to the lower microhardness and fracture toughness of the coatings
generated with the SF higher than 1. The wear rates of the other five coatings are between

1.73x107® mm?/(N-m) and 2.52x10°® mm?/(N-m), which is also consistent with the values
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generally reported in the literature for such coatings tested under similar conditions [32]. Fig.
4.21 reveals that the wear rates of the coatings are almost inversely proportional to the
microhardness and fracture toughness of the coatings. The higher the microhardness, the higher
is the fracture toughness and the lower is the wear rate. As stated in Section 4.3.3 and 4.3 .4,
when the stoichiometric factor is slightly lower than one, the coatings microhardness and

fracture toughness are higher, thereby resulting in better wear resistance.
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4.3.7 Wear mechanism of the coatings

By analyzing the wear scar surfaces of the coatings E1 and E5, it can be concluded that
the wear mechanism of Cr3C2—NiCr coatings prepared with the ethanol-fueled HVOF device
is a combination of 1) abrasive grooving, ii) peelings caused by cracking, fragmentation, and
pull-out of carbide grains, iii) delamination and tribo-oxidation.

(1) Abrasive grooving can be found on both wear scar surfaces of the coatings E1 and E5;
they are created by hard alumina asperities and/or by wear debris particles. They can freely
move between the mating bodies or stick to the counter body surface. Grooves marked with
arrows in Fig. 4.22(c) and (f) are produced both in the darker and lighter areas, which indicates
that they affect both the metal matrix, and the chromium carbide grains. This point is confirmed
by the EDX analysis that we performed at the points marked in Fig. 4.22 and that are listed in
Table 4.10. The abrasion grooves on the coating E1 are fewer than those on ES, possibly
because the surface microhardness of E5 is higher. The coating E1 is more susceptible to
extensive wear damage caused by cracking and delamination due to its low microhardness and
fracture toughness. In addition, the wear scar width of the coating E1 is significantly larger
than that of the coating E5 as shown in Fig. 4.22(a) and (d), which is consistent with the result
of the wear rate data set out in Fig.4.20.

(2) Peelings caused by cracking, fragmentation and pull-out of carbide grains are
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particularly evident in Fig.4.23. Cracks in Fig. 4.22(c) and (f) can be observed on both the wear
scar surfaces of the coatings E1 and ES5. The enlarged images of the wear scars cross-sections
in Fig.4.23(b) and (d) show a large number of microcracks and long cracks on the surface and
in the subsurface of the coating. The red arrows represent the microcracks generated by the
internal cracking of the carbide, while the yellow ones indicate the long cracks that extend
along the carbide/metal matrix interface. The occurrence and propagation of these cracks can
be mainly attributed to the presence of defects in the carbide grains and to their limited cohesion
with the surrounding matrix. Moreover, a significant number of carbide fragmentations was
also found in Fig.4.23(b) and (d), which is caused by the cyclic stress of the wear test. The
conjunction of carbide fragmentations and cracks promotes the local spalling of the splats. This
aggressive mode of material removal greatly increases the wear rate of the coating. In addition,
the pull-out of single carbide particles in the coating ES is more intense than that in the coating
El (see Fig. 4.22(c) and (f)). This may be because the coating E1 is prone to peel off in a
relatively large area, so that one cannot easily observe the pull-out of an individual carbide
particle. Overall, the wear damage of the coating E5 is slighter than that of the coating E1. In
the latter sample, the damages are actually limited to a very shallow depth with moreover less
cracking and fragmentation, due to the higher microhardness and fracture toughness of the
coating E5.

(3) Delamination and tribo-oxidation are clearly observed in coatings E1 and ES5. As
shown in Fig. 4.22(b) and (e), the delamination of the coating E1 is obviously more serious.
The delamination facies have a morphology that indicates adhesive wear, which probably
depends both on the inter- and intra-lamellar cohesion. Fig.4.24(a) and (c) show the surface
morphologies of the alumina counter-bodies against coatings E1 and ES5, respectively. It is
clearly observed that, during the continuous sliding friction process, some fragments of the
coating surface are pulled off and displaced, tending to shroud the alumina counterparts. This
is confirmed by the element mappings in Fig.4.24(b) and (d), which indicate that the surfaces
of the alumina balls are covered by substantial amounts of Cr and Ni. The sliding process

between the coating surface and the materials wrapping the counterpart surface results in high

90



Chapter 4: Optimization of the erosion and sliding wear resistance of Cr3C2-NiCr Coatings via the novel

HVOF device

friction. As shown in Fig.4.20, the average friction coefficient of the Cr3C2-NiCr coatings
reached 0.63-0.74. Bolelli et al. [33] reported that the friction coefficient of the WC-CoCr
coatings tested under similar conditions are relatively low, ranging from 0.45 to 0.50. They did
not find any adhesion, nor any material transferred to the counterpart in their experimental
conditions. High friction means significantly faster heating. Mohanty et al. [34] mentioned that
the formation of a continuous oxidation film on Cr3C2-NiCr coatings, under similar conditions,
which can reduce friction and wear, appears only at a sliding speed of about 1 m/s. In our case,
while the rapid heating effect is not enough to produce such continuous oxidation friction film,
it is sufficient to oxidize the debris particles and part of the transferred materials. This can be
inferred from the presence of clusters of oxides on the coating surface in Fig. 4.22(c) and (f),
while the EDX analysis also confirms the presence of a large amount of oxygen in these clusters
(Table 4.10). The clusters of oxides generally have a wavy shape which reflects the sliding
under the high contact pressure between the surface asperities or loose debris and the alumina
counter-bodies. This morphology demonstrates the action of large tangential forces, which

induce out-of-plane shear stresses and, as a result, out-of-plane plastic flow [22].

+ Point 2

+ Point 3.,
iy g

Fig. 4.22. SEM micrographs of the wear scar surfaces of Cr3C>—NiCr coatings. (a), (b) and

(c): coating E1; (d), (e) and (f): coating ES.
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Table 4.10. EDX analysis of the points in Fig. 4.22

Point Element composition(wt.%)
O Ni Cr
1 40.50 15.85 43.65
2 0.67 83.54 15.79
3 0 99.23 0.77
4 40.31 16.93 42.76
5 0.39 77.80 21.81
6 0 99.71 0.29

Peel out

Peel ou

Fig. 4.23. SEM micrographs of the cross sections of the wear scars of Cr3C2—NiCr coatings.
(a) and (b): coating E1; (c) and (d): coating ES. The red arrows represent the carbides
cracking. The yellow ones indicate that the cracks propagate along the matrix/carbide

interface.
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Fig. 4.24. SEM micrographs and element mappings of the wear scars produced on the

alumina counter-bodies against Cr3C>—NiCr coatings. (a) and (b): vs coating E1; (c) and (d):

vs coating ES5.

4.4 Conclusions

This chapter has been devoted to studying the mechanical performances of Cr3C>—NiCr
coatings prepared by the recently developed ethanol-fueled HVOF process. The optimization
of the process parameters for Cr3C>—NiCr coatings was carried out using the Taguchi method
to define the adequate spraying conditions for minimum erosion wear. Investigations were also
conducted to determine the effect of different stoichiometric conditions on the evolution of the
coating microstructure and the performance of the resulting Cr3C2-NiCr coating. The
conclusions can be summarized as follows:

1. With the used torch, the optimal spray parameters for minimum erosion wear loss, i.e.
for maximum wear resistance, were found to be 28 slph of ethanol flow rate, 420 slpm of

oxygen flow rate, 76.7 g/min of powder feed rate and 300 mm of standoff distance. The ranking
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of the importance of the spray parameters is as follows: ethanol flow rate > oxygen flow rate >
standoff distance > powder feed rate.

2. Through an ANOVA analysis, it was confirmed that the ethanol flow rate has the
greatest impact on the erosion wear resistance of the coatings with a contribution rating of
about 50 %, followed by the oxygen flow rate with a contribution rating of about 37 %.

3. The coatings deposited under these optimum conditions have an average hardness of
1048 HV0.3 and a porosity of about 1.5 %. Their main constituent phases are NiCr and Cr3Cz,
although small amounts of Cr7C3 and Cr20s3 are also detected.

4. The erosion tests reveal that the coating exhibits a better resistance to erosion wear at
30° and 60° impact angles, as compared with 90° impact angle.

5. The erosion mechanism involves micro-cutting and ploughing of the matrix and the
carbide grains, as well as the cracking of the carbides and fatigue fracture spalling caused by
long-distance propagation of cracks along the matrix/carbide interface.

6. Changing the stoichiometric factors of the torch flame has virtually no effect on the
phase composition of the Cr3C>—NiCr coatings but has a great impact on their microstructure
and properties in terms of porosity, microhardness, fracture, erosion resistance and sliding wear
resistance.

7. The Cr3C2—NiCr coatings with better mechanical properties are obtained with values of
the stoichiometry factor below 1 (with an optimum at 0.78). This result contrasts with the
values of the stoichiometric factor used in conventional kerosene-fueled HVOF devices, which
are generally slightly greater than 1 to obtain a high quality Cr3C2—NiCr coating. This point is
of great significance for optimizing the parameters of Cr3C>—NiCr coatings when using the new
ethanol-fueled HVOF process.

8. The sliding wear mechanism of Cr3C>—NiCr coatings involves the conjunction of
abrasive grooving, peelings induced by cracking, fragmentation, and pull-out of carbide grains,

as well as delamination and tribo-oxidation.
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5.1 Introduction

In recent years, Ni/Co-based alloys and coatings have been widely employed for marine
power systems and the other engineering components due to their excellent mechanical
properties and corrosion resistance [1, 2]. MCrAlY coatings (M = Ni, Co or NiCo) are usually
employed as common top/bond layers to protect the parts from deterioration. The doping with
rare metals, such as Ta, Hf and Re, is known to improve the oxidation resistance and corrosion
resistance of the coating [3, 4]. The NiCoCrAlYTa coatings mainly contain FCC-structure y-
Ni matrix phase, ordered FCC-structure y’-Ni3zAl and BCC-structure B-NiAl precipitates [5]. y-
Ni has a larger solid solubility, and Co and Cr atoms can dissolve into the matrix phase to
reduce the propagation of dislocations thanks to a solution strengthening effect [6]. The
intermetallic compound of B-NiAl displays higher strength and lower plasticity than the y'-
NisAl phase. The latter is the main strengthening phase of the coating, which presents good
plasticity and usually coexists with y-Ni phase [7]. In addition, most of the elements of the
alloy can contribute to the formation of a passive film on the surface to block the corrosion of
the metal [8], especially the element Cr and Ta. Hence, the alloy offers a balanced combination
of mechanical properties and corrosion resistance which makes it suitable for applications
requiring a high resistance to corrosive and wear.

In this chapter, a new HVOAF system was devised and constructed starting from the
original eGun HVOF system, by introducing a secondary combustion chamber to inject
compressed air. NiCoCrAlY Ta coatings were deposited on stainless steel substrates both using
the eGun HVOF and the eGun HVOAF devices. The aim of this study is to investigate the
influence of different compressed air flow rate on the evolution of microstructures and
properties of NiCoCrAlYTa coatings deposited with the original and the modified torch. We
also compared the microstructures and the relevant properties of the coatings prepared by eGun
HVOAF and the HVOF. It is expected that this research will provide a valuable guidance for

understanding the characteristics and applications of the new HVOAF technology.
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5.2 Calculation of the combustion temperature of ethanol in the

combustion chamber

One of the benefits of ethanol as a fuel is that it can be diluted to reduce the flame
temperature. Therefore, it is possible not only to add gas to the spray gun of the HVOF torch,
but also to add water to the ethanol, in order to increase the particle speed and reduce the
particle temperature. Since the root objective is to reduce the flame temperature, this section is
devoted to the calculation of the combustion temperature of ethanol in the combustion chamber,
with and without (i) the addition of air and/or (ii) the incorporation of water in ethanol. The
calculation is based on the equation of the enthalpy balance. The combustion temperature is
not adiabatic because some heat is extracted from the eGun flame by the cooling water circuit;
however, the amount of this heat extraction can be easily quantified from the flow rate, the inlet
and outlet temperatures of the flow rate of the cooling water.

The composition of the “original ethanol” (i.e. the ethanol as procured) is: 93% ethanol +
1.5% 2 - butanone + 1.5% Isopropanol + 4% H20 (by weight). This mass-based composition
corresponds to the molar composition defined by the following coefficients: “e” (for ethanol),
“b” (for butanone), “i” (for i-propanol) and “h” (for H20); these coefficients are used as the
stoichiometric coefficient of the combustion equation (Eq. (1) below). In some of our
experiments, we have diluted the original ethanol by adding some pure water in it.
Consequently, the ethanol which is actually injected results different from the “original ethanol”
in terms of its hydration degree: therefore, it will be distinctively called “the ethanol fuel”. The
amount of water, when added, is defined by the stoichiometric coefficient “w” in Eq (1). The
molar composition of the air is denoted as (1 O2 + n N2), where the coefficient “n” equals 3.76
and corresponds to the normal air composition (i.e.: 21% O2 — 79% N2). The excess of oxygen
in the combustion is defined by the coefficient “A” which is precisely called the “air excess
coefficient”. The value A = 1 corresponds to the stoichiometric combustion, for which the
amount of combustion air used is just necessary and sufficient to completely oxidize the fuel

into CO2 and H20. The molar amount of nitrogen which is potentially mixed with the
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combustion air to reduce the flame temperature and including also the nitrogen used as the
powder injection vector, is noted “ n’ > and must not be confused with “n”. The number of
moles of fuel burned per minute is noted “Nfuel”.

Assuming the ethanol fuel is completely burned, the combustion process is summarized
by equation (1). The thermal energy generated by the combustion of the fuel minus the energy
taken away by the cooling water is the energy used to heat the combustion products from the
ambient temperature to the final temperature. The combustion temperature is calculated
according to equation (2) that expressed the conservation of energy.

(eCH,0 + iC3Hg + b C,HgO + hH,0)+ wH,0 + 0A(0, + nN,)+ n'N,

— ¢cCO,+ (W + w)H,0 + (0oxAxn + n )N, + o(4 — 1) 0, (D

Mmy.oC AT Tc
LHV (fuel) — w Lv(H,0) — —H20=PHa077H;0 _ f ZniCpidT
Nfuel To

Tc To
= fo z niCpidT — j; z niCpidT (2)

where LHV (fuel) is for the “Low Heating Value” of the fuel; Lv(H20) is for the latent
vaporization heat of water, i.e. the fraction of the heating value required to heat vaporize water;
Tc is the combustion temperature and To is the room temperature (25°C). On has to note that
the LHV(fuel) data includes the latent heat of vaporization of ethanol.

The main parameters that influence the combustion temperature of the ethanol fuel are
therefore:

- w: the molar amount of water potentially added to the original ethanol

- A: the “air excess coefficient” which characterizes the excess of air used to perform the
combustion

- n’: the molar of nitrogen potentially added to the combustion air (plus the nitrogen used
as powder vector); to simplify the calculation, this value is initially taken equal to 0.

The ranges of these parameters we have explored in our experiments, are shown in Table
5.1 below. The notation “5% H20” means that 100 g of the “ethanol fuel” contain 5 g of pure

water.
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Table 5.1 The variation range of some coefficients in the equation

W A n
0.121(5%H20) 1 0
0.243(10%H20) 1.25 0
0.364(15%H20) 1.5 0
0.486(20%H20) 1.75 0
0.607(25%H20) 2 0

The calculation leads to the following obvious trends that are illustrated in Fig. 5.1:

- As the added air increases, the temperature of the chamber is considerably reduced.

- Similarly, as the amount of water added to the original ethanol increases, the temperature
of the chamber also decreases.

These data indicate that adding either air to the combustion chamber or water to the
ethanol has a powerful reduction effect on the temperature of the combustion chamber, which
in turn will significantly affects the in-flight behavior (temperature, speed) of the flying
particles and, ultimately, the structure and mechanical properties of the resulting coatings. It
has been observed that adding air allows a stronger reduction of the temperature without
causing a major degradation of the quality of combustion. This result is very important as it
stresses the interest of a HVOAF device. Consequently, our study will focus on the effect of

injecting variable amounts of secondary air in our novel ethanol fueled HVOAF device.
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Fig. 5.1 The effect of adding air and water on temperature
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5.3 Design of the modified torch: “Convert HVOF to HVOAF”

HVOF is a thermal spray system utilizing the combustion of gases, such as hydrogen,
propane or a liquid fuel such as kerosene. This process creates a very high velocity which is
used to propel the particles at near supersonic speeds before impacting onto the substrate. One
of the fundamental rules of spraying is that the higher the combustion pressure, the greater the
gas velocity, and the higher the particle velocity, which generally leads to higher coating quality.
Even though this process results in relatively low particle oxidation, it is highly desirable to
decrease the flame temperature and increase the velocity to obtain coatings with still higher
quality.

This is the reason why this part of our work was intended to transform the initial eGun
HVOF torch to an eGun HVOAF one. In fact, our original idea was to use compressed air
instead of oxygen to lower the flame temperature and increase the velocity. Some attempts
were carried out to add compressed air directly to the oxygen inlet of the initial eGun HVOF
torch. However, our tests showed that the flame became extremely unstable and extinguished
easily due to that direct introduction. Therefore, a modification of the internal design of the
initial torch appeared necessary. The “gun renovation plan” consisted in adding a “second-stage”
combustion chamber in series with the first-stage combustion chamber. The design schematic
is shown in Fig. 5.2. After ethanol is stably burned with oxygen in the first-stage combustion
chamber, the combustion products are subsequently mixed with some added compressed air in
the second-stage combustion chamber, from which they are propelled into the barrel, before
leaving the torch. The detailed schematic of the modified torch is shown in Fig. 5.3. After a
number of experimental adjustments, compressed air was successfully introduced into the
spray gun, which showed the feasibility of the planned transformation, giving rise to a new

“eGun HVOAF device”.
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Fig. 5.2 The design schematic of the torch
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Fig. 5.3 The schematic of the modified eGun HVOAF torch

5.4 Performance of the HVOATF torch: Microstructure and

properties of NiCoCrAlYTa coatings

5.4.1 Preparation conditions of NiCoCrAlYTa coatings

NiCoCrAlYTa coatings were prepared using the ethanol-fueled HVOAF device obtained

as set out above. At first, a study was undertaken to optimize the parameters of this new process

for depositing NiCoCrAlYTa coatings. Then, investigations were conducted to determine the

influence of different flow rates of compressed air on the evolution of the microstructures and

the properties of the resulting NiCoCrAlYTa coatings. Some preliminary experiments led to

select the set of spraying parameters shown in Table 5.2. In order to focus on the influence of

the standoff distance and compressed air flow rate on the properties of the coatings, the ethanol
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flow rate, oxygen flow rate and powder feeding rate were kept constant. We defined three levels
of standoff distance, respectively 200, 250, and 300 mm; The air flow rate was also assigned
three levels, respectively, 200, 400, and 600 slpm. The coating numbers obtained in the
corresponding experiments are E1 to E9. The coating E10, deposited using the original eGun
HVOF process was intended as a reference. The parameters for depositing coating E10 have
been the result of preliminary optimization, after which the coating E10 has been compared
with NiCoCrAlYTa coatings prepared by the HVOAF process.

Table 5.2 Spraying parameters and corresponding properties of NiCoCrAlY Ta coatings

Test  C2HeO 02 air Distance  Feed rate Porosity Microhard.
(slph)  (slpm) (slpm) (mm) (g/min) (%) (HVo.)
El 24 400 200 200 68 0.15+0.02 539+15
E2 24 400 200 250 68 0.23+0.02 433423
E3 24 400 200 300 68 1.84+0.16 363£15
E4 24 400 400 200 68 0.05+0.008 549+17
ES 24 400 400 250 68 0.16+0.02 466+16
E6 24 400 400 300 68 0.38+0.03 409+8
E7 24 400 600 200 68 0.78+0.10 579+32
E8 24 400 600 250 68 1.50+0.17 494422
E9 24 400 600 300 68 2.44+0.57 450426
E10 24 480 0 270 68 0.17+0.02 482428

5.4.2 Optimization of the standoff distance and compressed air flow rate

The results in terms of coating porosity obtained under different standoff distances and air
flow rates are shown in Fig. 5.4. It can be found that with the same air flow rates, the porosity
of the coatings increases significantly as the standoff distance increases. When the standoff
distance is 200 mm, the porosity of the coating associated with the three levels of air flow rate
stays at low values, all the values being lower than 1%. However, when the standoff distance
is fixed and the air flow rate is increased from 200 slpm to 600 slpm, the porosity of the coating
first decreases and then increases significantly. From these results, it seems that a lower
porosity of the coating is obtained when the air flow is 400 slpm.

The evolution of the coating microhardness under different standoff distances and air flow

rates is shown in Fig. 5.5. The microhardness of the coatings decreases when increasing the
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standoff distance, when the air flow rate is kept constant. When the standoff distance is adjusted
and kept at 200 mm, the microhardness of the coatings is higher than 500 HV0.3. When the
standoff distance is fixed, the microhardness of the coatings also increases to a certain extent
with the air flow (from 200 slpm to 600 slpm).

Therefore, it appears that the coating has a lower porosity and a higher microhardness
with a standoff distance of 200 mm. In order to investigate the impact of the air flow rate on
the structure and performance of NiCoCrAlYTa coatings, and compare them to those of
coatings obtained with the original eGun HVOF process, the subsequent part of our work has
focused on the microstructure and properties of the coatings E10, E1, E4, and E7. E10 is the
coating obtained without air addition, marked as “coating-no air”. E1 is that with an air flow
rate of 200 slpm, marked as “coating-air 200”. E4 is that with an air flow rate of 400 slpm,
marked as “coating-air 400”. Finally, E7 is that with an air flow rate of 600 slpm, marked as

“coating-air 600”.
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Fig. 5.4 Porosity of coatings vs standoff distance and air flow rate
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Fig. 5.5 Microhardness of the coatings vs standoff distance and air flow rate

5.4.3 Phase composition and microstructure of the NiCoCrAlYTa coatings

The XRD pattern of the as-received NiCoCrAlYTa powder is shown in Fig. 2.6 in Chapter
2. It is mainly composed of y-Ni, -NiAl and y’-NisAl phases, which have a good crystallinity.
The XRD patterns of the sprayed NiCoCrAlYTa coatings with different air flow rates are
shown in Fig. 5.6. One sees that the as-sprayed NiCoCrAlYTa coatings exhibit a phase
composition similar to that of the as-received powders. This indicates that the powder remains
stable during the deposition process. Nonetheless, the diffraction peaks of the four
NiCoCrAlYTa coatings at 20 angles of 53°, 60°, and 90 °are obviously broader and weaker
compared to the powder. This may be attributed to the severe plastic deformations and the large
temperature difference which occur when the powder particles impact on the substrate at a high
speed. As a result, some grains in the coating are insufficiently grown, resulting in the formation
of microcrystals or incomplete crystals. In addition, it is known that parts of the crystal lattice

of the grains in the splats are disordered due to greater impact [9, 10].

108



& v-Ni

*y'- Ni3AI
. e - NiAl
L) & &
® . Coating air 600 +
= e sl dipe e

Coating air 200

Coating no air
,,,_,,,,J Nl Nscicani L R

40 50 60 70 80 90 100
20(degq)

Intensity(a.u.)

J\q Coating air 400

Fig. 5.6 XRD patterns of the as-sprayed NiCoCrAlY Ta coatings

5.4.4 Microstructures

Fig. 5.7 displays the top surface morphologies of the sprayed NiCoCrAlY Ta coatings with
different air flow rates. It reveals that large-area splats spread out with each other on the surface
of the coating-no air, as shown in Fig. 5.7(a). It implies that the NiCoCrAlYTa powder has
been completely melted and well deposited on the 304 stainless steel substrates under the
spraying conditions used. In the enlarged Fig. 5.7(b), it can be found that there a large number
of fine particles lie around the splats generated by the splashing of the molten powders. Fig.
5.7(c) and (d), indicate that a portion of the molten powder and splashed fine particles are also
present on the surface of the coating-air 200. At the same time, unmelted and semi-melted
powders were also observed. This is because the increase up to 200 slpm of the air flow leads
to an important decrease in the flame temperature, which results in a poorer powder melting.
In Fig. 5.7(e), it is difficult to find a large area of molten powder on the surface of the coating-
air 400. On the contrary, there are more unmelted and semi-melted powders. Some flat powders

are also observed in Fig. 5.7(f). Moreover, the surface morphology of the coating-air 600 is
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similar to that of coating-air 400, as shown in Fig. 5.7(g) and (h). Due to the large increase in
air flow, the flame temperature is greatly reduced, resulting in a poor melting effect. The
presence of some flat powders is due to the larger airflow increasing the particle velocity,
combined with a certain particle temperature, resulting in greater plastic deformation when it
impacts the substrate.

The elemental compositions of the top surface of the feedstock powder and NiCoCrAlYTa
coatings were analyzed by EDS, and the results are listed in Table 5.3. The actual chemical
composition of the as-received powder is 44.09 wt% Ni, 23.39 wt% Co, 21.21 wt% Cr, 6.77
wt% Al 0.50 wt% Y, 4.05 wt% Ta, which is almost equivalent to its theoretical value of Ni-
23Co0-20Cr-8.5A1-4Ta-0.6Y. Furthermore, some oxygen is identified in the sprayed coating-no
air, and the content of Ni, Co, and Cr is slightly reduced, while the other element proportions
are identical to those of the NiCoCrAlY Ta powders. The reason is that the powder particles are
partially oxidized during the HVOF spraying process. Paradoxically, the other three coatings
prepared with additions of air have substantially lower oxygen content, implying relatively less
oxidation during HVOAF spraying process. This is due to the fact that the addition of air flow
reduces the temperature of the flame and increases the velocity of the particles, resulting in a

shorter stay in the flame during the spraying process.
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Fig. 5.7 SEM images of the top surface of the as-sprayed NiCoCrAlYTa coatings. (a) and (b):
coating-no air; (c¢) and (d): coating-air 200; (e) and (f): coating-air 400; (g) and (h): coating-
air 600
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Table 5.3 Elemental compositions of the top surface of the as-received powder and

NiCoCrAlYTa coatings

Element composition/wt%

Samples
Ni Co Cr Al Y Ta O C

As-received 44.09 2339 21.21 6.77 0.50 4.05
powder +033 +0.21 +£0.34  +0.15 +0.47 +0.51

37.60  20.79  17.64 6.99 0.43 4.26 6.37
Coating-no air -
+0.21 +093  +0.10  +0.18 +0.19 +0.62 +0.07

40.64 2230 19.05 6.75 0.41 4.89 2.60
Coating-air 200 -
+0.16 +0.09 +0.06  +0.45 +0.09 +0.33 +0.29

41.01 21.13  19.25 6.32 0.35 5.87 2.19
Coating-air 400 -
+1.46 +0.02 +0.06  +0.25 +0.02 +1.51 +0.08

3936 20.75 18.73 6.43 043 498 1.91
Coating-air 600 -
+0.82 032  +0.37 +0.42 +0.00 +1.82 +0.18

Fig. 5.8 exhibits some SEM micrographs of the cross-section of the NiCoCrAlYTa
coatings. All four coatings prepared with different air flow rates are dense and uniform. The
sprayed ‘“coating-no air” has a distinct layered structure that is typical of HVOF deposited
coatings. This is attributed to the fact that the coating is gradually deposited by the close stack
of splats. The high magnification image in Fig. 5.8(b) shows that it has a typical splat-on-splat
structure with a small number of pores, as well as some darker strip-shaped areas. No such
layered structures and darker strip-shaped areas were found in the other three coatings prepared
with varying amounts of air. Unmelted powder, semi-melted powder and a small number of
pores were observed in the cross-sectional view of the coating-air 200, as shown in Fig. 5.8(d).
In addition, it can be seen in Fig. 5.8(f) and (h) that some flat particles, a few pores, and a few
micro-cracks appeared in the cross-sectional view of the coating-air 400 and coating-air 600.

These features are consistent with the surface morphologies of the coatings in Fig. 5.7.
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Fig. 5.8 SEM images of cross-section of the as-sprayed NiCoCrAlYTa coatings. (a) and (b):
coating-no air; (c¢) and (d): coating-air 200; (e) and (f): coating-air 400; (g) and (h): coating-
air 600
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Fig. 5.9 presents the HRSEM image and element mappings of a cross-section of the
coating-no air, as well as the EDS analyses of some points that are marked in Fig. 5.9 (a). The
microstructure contains precipitates and matrix phases, as shown in Fig. 5.9(a). Furthermore,
the results of the element mapping in Fig. 5.9(b) show that the majority of the elements, i.e. Ni,
Co, and Cr, are evenly distributed, but Al is partially concentrated in the dark area dominated
by precipitates, where the oxygen content is also higher. The EDS analysis in Fig. 1.6(c), (d)
and (e) confirm that the point 3 has a relatively high oxygen content, contrary to points 1 and
2 that contain much less oxygen. This implies that the aluminum-rich area of the coating is
slightly oxidized during the deposition process, resulting in a small amount of aluminum oxide.
This is due to the oxidizing conditions which prevail in the HVOF process and the high affinity
of aluminum for oxygen. In addition, the oxidized zones are primarily distributed at the
boundaries of the splats. This is consistent with the microstructure characteristics of other
HVOF sprayed NiCoCrAlYTa coatings, as reported by Hao et al. [11].

Fig. 5.10 shows the HRSEM image and element mappings of a cross-section of the
coating-air 400, and the EDS results of some points marked in Fig. 5.10(a). It can be found that
there are no obvious precipitates in Fig. 5.10(a). All elements displayed in Fig. 5.10(b),
including Al and O are uniformly distributed in the coating, and are not significantly
concentrated in some areas. The EDS spectra taken at the 3 points show that the oxygen
contents are extremely low, which also confirms that there is basically no oxidation process.
Again, this is because the increase in air flow greatly reduces the flame temperature, thereby
greatly reducing the oxidation of flying particles, due to the combination of low temperature

and high HVOF spraying speed.
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Fig. 5.9 SEM micrographs (a), and element mappings (b) of cross-section of the coating-no

air; and EDS results of point 1 (c), point 2 (d), and point 3 (e) in the areas of Fig. 5.9 (a).
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Fig. 5.10 SEM micrographs (a), and element mappings (b) of cross-section of the coating-air

400; and EDS results of point 1 (c), point 2 (d), and point 3 (e) in the areas of Fig. 2.10 (a).

5.4.5 Roughness and porosity

The roughness and porosity data of the NiCoCrAlYTa coatings obtained with various air

flow rates are gathered in Fig. 5.11, as well as their standard deviation. As shown in Fig. 5.11(a),
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the values of the surface roughness of the four coatings are distributed between 4.7-6.5. When
the air flow rate increases, it also gradually increases due to the poorer melting of the powder
particle. Furthermore, the porosity levels of the four coatings are all below 1% in Fig. 5.11(b),
indicating that all coatings are dense. This may be due to the favorable particle temperature and
particle velocity of the eGun HVOF and eGun HVOAF processes. When the air flow rate
increases from 200 slpm to 600 slpm, the porosity of the coating decreases slightly, and then
increases significantly to 0.78%. This is due to the fact that an increase in air flow speeds up
the particle but also reduces their temperature. Only a proper range of air flow can favor the

low porosity levels.
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Fig. 5.11 The roughness (a) and porosity (b) of as-sprayed NiCoCrAlYTa coatings

5.4.6 Bonding strength

Fig. 5.12 gathers the results of the bonding strength tests of the of NiCoCrAlY Ta coatings
prepared with different air flow rates. All the tensile tests carried out on the coating-no air
fractured at the position of the used glue. Therefore, the bonding strength of coating-no air is
greater than 68MPa, which is the nominal strength value of the glue. In contrast, the fractures
of the other three coatings all occurred inside the coating during the tensile tests. The bonding
strength of the coating-air 200 is 67.7MPa, which is lower than that of the coating-no air. Those
of the coating-air 400 and coating-air 600 are 53.5 and 51.5 MPa, respectively. Overall,
although the bonding strength significantly decreases when increasing the air flow, the values

stay at a fairly good level. Generally speaking, the greater the plastic deformation of the flying
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powder particles when they hit the substrate, the higher the cohesive strength between the splats
and consequently the higher the bonding strength of the resulting coating. The temperature and
velocity of the flying particles together affect their plastic deformation as they impact on the
substrate. On the one hand, increasing the air flow enhances the velocity of the particles i.e.
their kinetic energy, which intensifies the plastic deformations when impacting the substrates.
On the other hand, it lowers their temperature, which leads to less deformable particles at the
impacts, so the coatings bonding strength decrease s slightly. This result indicates that the effect
of the increase in particle speed produced by a higher air flow is insufficient to compensate for

the poorer melting of the particles.
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Fig. 5.12 The bonding strength of the four as-sprayed NiCoCrAlYTa coatings
5.4.7 Microhardness and nano-microhardness

Fig. 5.13 shows the microhardness, nano-hardness (HIT) and elastic modulus (EIT)
measured on cross-sections of the as-sprayed NiCoCrAlYTa coatings prepared while varying
the air flow rate. It can be seen in Fig. 5.13(a) that the coating-no air has the lowest
microhardness of 482 HV0.3. As the air flow rate increases, the microhardness of the coating

gradually increases, from 482 HV0.3 to 579 HVO0.3. Moreover, its nano-hardness follows a
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similar evolution (Fig. 5.13(b)). It increases from 5.74GPa to 6.45GPa, when the air flow
passes from 0 to 600 slpm. However, the elastic modulus exhibits a different trend. The coating-
no air and coating-air 200 have elastic modulus of 238.1GPa and 231.2GPa, respectively. As
indicated also in Fig. 5.13(b), the elastic modulus of coating-air 400 is the highest, at 244.7GPa,
while that of coating-air 600 is the lowest, at 219.5GPa. It has been reported that the higher the
hardness and elastic modulus, the better is the anti-wear property of materials [12]. Therefore,

the increase in air flow rate is likely to be beneficial for the wear resistance of NiCoCrAlYTa

coatings.
(2) 700 (b) 5 300
1 579 6.26 1290
74 6.45
6001 539 549 T 5.74 = [ 280
& 1 482 z 1
o 5001 T / / 6 270
E / . 51 260
g 400-_ g 4 244.7 -250 5‘
5 300 = o, | | mi™ F240 £
8 ] I 3 238.1 [ 230 W
S 2004 231.2 [ 220
| 2+ 219.5 e
100 1] A
J -200
0 : . g f 0 , ' ' . 190
no air air 200 air 400 air 600 no air air 200 air 400 air 600
Coatings Coatings

Fig. 5.13 The microhardness (a) and porosity (b) of the as-sprayed NiCoCrAlY Ta coatings

5.4.8 Sliding wear tests of NiCoCrAlYTa coatings

The sliding wear tests of the as-sprayed NiCoCrAlYTa coatings against Al2O3 balls were
conducted at room temperature. Fig. 5.14 shows the curves of the friction coefficient in
function of the sliding distance. One observes that the friction coefficients of the four coatings
become virtually stable after the run-in period at the beginning of the test. Fig. 5.15 displays
the wear rate and average coefficients of friction of the four NiCoCrAlY Ta coatings. The latter
range from 0.58 to 0.66, which is consistent with the results of NiCoCrAlYTa coatings tested
under similar conditions, as reported by Hao et al.[10, 13]. Moreover, the average friction
coefficient of the coating-no air equals 0.58, which is slightly lower than that of the other three
coatings prepared with air addition. This may be related to the increase in the roughness of the

coating surface when using additional air. In addition, the wear rate of as-prepared coating
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decays from 6.41x10*mm> N"'m! to 3.03x10 *mm?> N"'m ! when the air flow rate rises from
0 up to 600 slpm. Hao et al. [13] studied the tribological behavior of the HVOF-sprayed
NiCoCrAlYTa coatings and found that a wear rate of about 5.45x10*mm® N'm™! under
similar conditions, which fits well with the results of our investigations. As mentioned before,
the wear rate of the coating is closely related both to its hardness (including micro-hardness
and nano-hardness) and its elastic modulus. Higher coating hardness and elastic modulus help
reduce the wear rate. As the air flow rate increases, both the micro- and nano-hardness of the
coating increase. Although the elastic modulus of the coating-air 600 is slightly lower than that
of the other three ones, its highest micro-hardness and nano-hardness result in the lowest wear

rate.
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Fig. 5.14 Friction coefficient-distance curves of the as-sprayed NiCoCrAlY Ta coatings
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Fig. 5.15 The wear rates and average coefficients of friction of the as-sprayed NiCoCrAlYTa

coatings

Fig. 5.16 presents the SEM images and 2D topographies of the wear tracks of the as-
deposited NiCoCrAlYTa coatings. As indicated in Fig. 5.16(a-1), there are many parallel
furrows in the wear track of the coating-no air, which is attributed to the hard abrasive particles
formed during the friction process. Fig. 5.16(a-2) shows that traces of adhesive wear are also
found on the coating-no air. It implies that the sprayed coating-no air experienced not only
severe abrasive wear, but also adhesive wear. This phenomenon was also found by Hao et al.
[13]. This interaction leads to a large increase in wear loss during the sliding friction process.
As shown in Fig. 5.16(a-3), the wear track of the coating-no air is the widest and deepest, and
the cross-sectional area of the wear scar is also the largest. As the air flow rate increases, the
furrows of the coating wear scars gradually become less numerous and shallower, as shown in
Fig. 5.16(b-1), (c-1) and (d-1). On the contrary, the signs of adhesive wear increase significantly.
On the one hand, the addition of air increases the microhardness and nano-hardness of the

coating, resulting in fewer furrows during the sliding wear. On the other hand, it lowers the
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flame temperature, resulting in less oxidization of the coating, and thus adhesive wear is more
likely to occur, becoming the predominant effect in these conditions. Some EDS analyses have
been performed on some spots of each coating, which show adhesive and non-adhesive wear.
These spots are marked in Fig. 5.16(a-2), (b-2), (c-2) and (d-2). The analyses results are
gathered in Table 5.4; they confirm that the areas having experienced adhesive wear contains
more oxygen than the other ones, implying that some oxides were formed in this area. This is
because the wear debris generated during the repeated sliding of the coating surface underwent
tribochemical reactions and generated oxides with a contribution of frictional stress and

frictional heat.
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Fig. 5.16 The SEM images and 2D topographies of wear traces of (a-1), (a-2), and (a-3):
coating-no air; (b-1), (b-2), and (b-3): coating-air 200; (c-1), (c-2), and (c-3): coating-air 400;
(d-1), (d-2), and (d-3): coating-air 600
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Table 5.4 EDS analysis of the points in Fig. 5.16

Point Element composition(wt.%)
Ni Co Cr Al Y Ta 0]
1 30.23 17.64 21.25 11.67 0.71 5.71 12.79
2 42.44 23.94 18.74 9.58 0.58 3.7 1.01
3 33.31 19.28 17.99 10.44 0.74 4.46 13.78
4 40.81 22.99 19.63 10.09 0.2 5.01 1.28
5 38.34 20.41 18.42 8.61 0.25 5.03 8.94
6 41.56 23.09 19.77 8.25 1.25 5.44 0.63
7 35.31 18.87 16.78 7.98 0.16 3.02 17.67
8 40.53 23.06 21.83 7.46 0.87 5.72 0.51

The SEM images of the wear scars detected on the alumina ball counterparts
corresponding to the four NiCoCrAlYTa coatings are illustrated in Fig. 5.17. It can be found
that the wear scar morphologies of these alumina balls and the friction activity of the four
NiCoCrAlYTa coatings are well correlated. The alumina balls matched with the coating-no air
and coating-air 200 are subjected to more severe wear, as visible in Fig. 5.17(a) and (b). The
alumina balls used with the coating-air 400 and coating-air 600 suffer lighter wear as shown in
Fig. 5.17(c) and (d). This is in line with the anti-wear performance of the four NiCoCrAlYTa
coatings. The wear morphology of the surface of the alumina balls results both from (i) the
material transfers between the coating surface and the alumina counterpart during the sliding
wear and (i1) the wear of the oxide formed on the wear surface of the coating due to the

tribochemical reactions.
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Fig. 5.17 SEM morphologies of some worn surfaces of the Al2O3 balls corresponding to (a)

coating-no air; (b) coating-air 200; (c) coating-air 400; (d) coating-air 600

5.4.9 Electrochemical testing

The Tafel curves of the four NiCoCrAlYTa coating obtained in 0.1 M HCI solutions are
reported in Fig. 5.18. The corrosion potential (Ecorr) and the corrosion current density (icorr)
deduced using the Tafel extrapolation method are given in Table 2. Ecorr represents the
corrosion susceptibility of the material from a thermodynamic standpoint: a higher Ecorr value
indicates a lower corrosion tendency. Fig. 5.18 shows that the corrosion potential of the four
coatings is almost the same, which means that their tendency to corrode is similar from the
perspective of corrosion thermodynamics. In turn, the density of the corrosion current is a direct
criterion for evaluating the corrosion resistance because its value is proportional to the
corrosion rate of the tested sample. The values of icorr of the four coatings are quite similar:
3.39E-5 A/em?, 2.78E-5 A/cm?, 2.34E-5 A/cm? and 1.16E-5 A/cm?, respectively, as shown in
Table 5.5. Despite this similarity of the icorr values, there exists a certain trend. As the air flow

increases, the corrosion current density slightly and gradually decreases. This could be due to
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the fact that the increased air flow reduces to some extent the degree of oxidation of the coating,

making it more protective.
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Fig. 5.18 Tafel curves of NiCoCrAlYTa coating in 0.1 M HCI solution

Table 5.5 Results from Tafel polarization of NiCoCrAlYTa coating in 0.1 M HCIl solution

Samples Ecorr (V, vs.SCE) icorr (A/cm?)
Coating-no air -0.368 3.39E-5
Coating-air 200 -0.347 2.78E-5
Coating-air 400 -0.343 2.34E-5
Coating-air 600 -0.341 1.16E-5

5.5 Conclusions

The purpose of this part of our research work was to create a novel ethanol-fueled HVOAF
device and carry out an extensive characterization of its performances. To that end,

NiCoCrAlYTa coatings were prepared using this new HVOAF technique. Investigations were
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conducted to determine the effect of different compressed air flow rates on the evolution of the

microstructure and properties of the resulting NiCoCrAlYTa coatings. The following

conclusions can be drawn based on the current results.

1.

A prototype of such an ethanol-fueled HVOAF spraying device has been successfully
devised and constructed in the laboratory, enabling the addition of a large range of air
flows downstream of the primary combustion chamber.

This device has been applied to fabricating NiCoCrAlYTa coatings on stainless steel
substrates using variable flows of additional air.

Changing the flow rate of additional air has virtually no effect on the phase composition
of the coatings but has, in contrast, substantial effects on their microstructures and
properties, in terms of hardness, bonding strength, and sliding wear resistance.

The addition of compressed air tends to diminish the coatings bonding strength, which
keeps however at satisfactorily elevated values.

The injection of compressed air contributes to increase the hardness of the coating and
dramatically improves the coatings sliding wear resistance.

Adding compressed air also seems to reduce the degree of oxidation of the coatings, which
helps improve their corrosion resistances.

The coupling of abrasive and adhesive wear is the primary wear mechanism, as it is

common for NiCoCrAlYTa coatings.
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6.1 Conclusions

The study carried out during this thesis has been dedicated to the “eGun”, a recently
developed ethanol fueled HVOF device and to a conversion of the same into an HVOAF
prototype. Two powders, consisting in WC-10Co4Cr and Cr3C>—NiCr, were sprayed using at
first the eGun HVOF version of the device, in order to investigate the performances of this new
spraying technology. Furthermore, an eGun HVOAF version was created in the laboratory with
the aim of enabling the introduction of additional air downstream of the combustion chamber,
whereby modifying the in-flight characteristics of the particles, namely their residence time,
speed and temperature. The effects induced by this modification were extensively evaluated by
testing the performances of a number of NiCoCrAlYTa coatings prepared with this HVOAF
version.

The results of the work have been set out in three parts.

The first part reports the performances of WC-10Co4Cr coatings deposited on a 304
stainless steel substrate via the eGun HVOF torch. We have investigated the effect of the
oxygen/fuel ratio on the velocity and temperature of the in-flight particles, as well as the
properties of the resulting coatings. Compared to “conventional” kerosene-oxygen and
hydrogen-oxygen flames, the ethanol-oxygen flames lead to lower particle temperatures. The
ethanol flow rate has a higher impact on the velocity and temperature of the particles than the
oxygen one. The oxygen/ethanol ratio affects the characteristics of the flame. Oxygen in excess
tends to cool the flame and decrease the particle temperature. Increasing the total gas flow
raises the velocity of the in-flight particles, reducing their residence time in the flame as well
as their temperature. Our results show that (i) the level of porosity of the coating gets reduced
when the particle temperature and velocity increase, (ii) the microhardness increases with the
particle temperature and (iii) the fracture toughness changes - to some extent - in the reverse
sense of the porosity. To minimize porosity and maximize both microhardness and fracture
toughness of WC-10Co04Cr coatings, the optimum set of flame conditions is made by a C2HsO
flow rate of 22 slph and an Oz flow rate of 520 slpm, leading to a molar oxygen/fuel ratio of
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approximately 1.22.

In the second part of our work, Cr3C2>—NiCr coatings were deposited on 304 stainless steel
substrates using also the eGun HVOF torch. The main constituent phases of the coatings are
NiCr and Cr3Cz, while small amounts of Cr7Cs and Cr203 are also detected. The Taguchi
method was used to optimize the process parameters for obtaining the lowest erosion wear loss.
The optimal set of spray parameters proved to be 28 slph of ethanol, 420 slpm of oxygen, 76.7
g/min for the powder feed rate and 300 mm for the standoff distance. The ranking of the
importance of the spray parameters is as follows: ethanol flow rate > oxygen flow rate >
standoff distance > powder feed rate. An ANOVA analysis enabled confirming that the ethanol
flow rate has the greatest impact on the erosion wear resistance of the coatings with a
contribution of about 50 %, followed by the oxygen flow rate (37 %). The coatings deposited
under these optimal conditions have an average hardness of 1048 HV0.3 and a porosity of
about 1.5 %. These coatings display levels of porosity, fracture toughness, and bonding strength
comparable to those prepared via conventional HVOF systems such as DJH2700, JP5000, and
K2. However, interestingly, the microhardness proves much better. The erosion wear of the
“optimized coating” was tested at 30°, 60° and 90° impact angles. It turned out that the erosion
rate rises with the impact angle. The erosion mechanism involves processes of micro-cutting
and ploughing of the matrix and the carbide grains, as well as the cracking of the carbides and
some fatigue fracture spalling along the long-distance propagation of the matrix/carbide
interface. Testing was also conducted to determine the effect of the combustion stoichiometry
on the microstructures of the coatings, in correlation with their functional properties. The
results reveal that the stoichiometric factor has little effect on the phase composition of the
Cr3C2-NiCr coatings but have a great impact on their microstructure and properties in terms of
porosity, microhardness, fracture, erosion resistance and sliding wear resistance. Cr3C2—NiCr
coatings with better mechanical properties are obtained with values of the stoichiometric factor
lower than 1 (at about 0.78). Note worthily, as far as kerosene-fueled HVOF devices are
concerned, the stoichiometric factor of is generally set slightly below 1 to obtain good quality

Cr3C2—NiCr coatings. The best performances in terms of sliding wear resistance of the Cr3Ca—
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NiCr coatings were also achieved with a stoichiometric factor lower than 1. The sliding wear
mechanism involves the conjunction of abrasive grooving, peelings induced by cracking,
fragmentation, and pull-out of carbide grains, as well as delamination and tribo-oxidation.

Finally, In the third part of the thesis, the eGun HVOF system has been converted to an
eGun HVOAF one. To that end, it was decided to add a second chamber to the eGun torch in
order to be able to inject compressed air into the stream of the in-flight particles. Such an
ethanol fueled HVOAF prototype was successfully developed and applied to depositing
NiCoCrAlYTa coatings on stainless steel substrates. Investigations were carried out to
determine the effect of different compressed air flow rates on the evolution of the
microstructures and properties of the resulting NiCoCrAlYTa coatings. The results show a
substantial effect of this parameter on their microstructures and functional properties, in terms
of hardness, bonding strength, and sliding wear resistance, while little effect on the phase
composition of the coating was observed. Although the addition of compressed air diminishes
the coatings bond ing strength, this property nevertheless stays at a fairly elevated level. The
injection of compressed air contributes to increase the hardness of the coating and dramatically
improves its resistance to sliding wear. The coupling of abrasive and adhesive wear is the
primary wear mechanism of the HVOAF-sprayed NiCoCrAlYTa coatings. Besides, adding
compressed air helps reduce the degree of oxidation of the coating which occurs during the
spraying process, whereby slightly improving the corrosion resistance of the coating.

Overall, the conversion to an ethanol fueled HVOAF device brings more operational
flexibility, as it enables a customization of the coatings by generating different properties,

through a proper control of the flow rate of compressed air.

6.2 Perspectives

In view of further developments of the ethanol fueled HVOF and HVOAF systems, it
would be valuable to undertake some additional works in the following directions:

1. While the erosion and sliding wear properties of HVOF-sprayed WC10Co04Cr and
Cr3C2-NiCr coatings were the primary focus of the present research, their corrosion and
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abrasive wear performances, and other properties can be studied to better characterize the full
application potential of these coatings.

2. While our working scope has been limited to WC10Co04Cr and Cr3C2-NiCr coatings,
it would also be interesting to use the ethanol fueled HVOF device to prepare and investigate
other types of coatings as an enlargement of the capabilities of this new fabrication route. For
example, one could investigate metal coatings such as NiCrBSi, stellite, 316, etc., as well as
other cermet or polymer-based coatings.

3. A valuable benefit of ethanol as a fuel mainly resides in the lower environmental
impact of its combustion as compared to fossil fuels, provided however it has a biogenic origin.
It can also be blended with water, providing a quite simple way to lower the temperature and
increase the flame speed, although to a less extent than does the injection of compressed air.
This immediate advantage of ethanol fuel torches can also be beneficially studied and exploited.

4. The eGun HVOAF system can also be subject to further improvements. For instance,
the geometry of the second-stage combustion chamber of the torch could be optimized to allow
more compressed air to be added, thereby increasing still particle velocity, and reducing particle
temperature more significantly. The geometry of the torch nozzle can also be revisited to
increase particle velocity.

5. Regarding the NiCoCrAlY Ta coatings sprayed via ethanol based HVOAF devices, the
corrosion performance can be further studied by e.g. exploring the effect of still higher
compressed air flows on their performance and by investigating the prevailing corrosion
mechanisms. Similar developments can be devoted to their resistance to high-temperature
oxidation while taking as reference the performance obtained with the HVOF counterpart.

6. The particle velocity and temperature measurement using eGun HVOAF system is not
easy, especially the measurement of particle temperature under different air flow rates. This
issue should be revisited to help understand the control window of the eGun HVOAF process.
Then combined with the control window of the novel HVOAF process, other suitable materials

and potential applications can be further explored.
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Abstract

The high velocity oxy-fuel (HVOF) spray has become a process of choice for producing
high performance cermet or alloy coatings. Common HVOF thermal spray systems classically
use the combustion of gases, such as hydrogen, propane or a liquid fuel such as kerosene.
However, there is currently a limited amount of literature on the use of ethanol as a fuel within
HVOF processes and the performances of the resulting coatings are not well documented.
Ethanol benefits from environmentally friendly features and is less polluting compared to
conventional fossil liquid fuels (i.e. kerosene) as its combustion generates less nitrogen oxides
and soot particles. In this work, we decide to investigate such an ethanol-fueled HVOF device
(called “eGun HVOF”), with the aim to define the merits and limitations of that technology. In
view of the limited literature available, it appeared to be of great interest to study the
optimization of the spraying parameters of that new spraying process and thoroughly evaluate
the performances of the corresponding coatings. In addition, as a specific development brought
to this technology, we managed some design modifications of the eGun device in view of
improving the quality of the coatings.

At first, commercial WC-10Co-4Cr powder was sprayed using the eGun HVOF process.
Investigations were carried out to determine the influence of different oxygen/fuel ratios on the
evolution of the velocity and temperature of in-flight particles in correlation with the properties
of the resulting coatings. The variation of the ethanol flow rate appeared to have a greater
influence on the velocity and temperature of the particles than that of oxygen. We elaborate
detailed correlations between particle parameters and coating properties to deduce spray
parameters providing the best performing coatings.

Next, we used the eGun to prepare Cr3C>—25wt.%NiCr coatings on a 304 stainless steel
substrate. The Taguchi method was employed to adjust the spray parameters providing the best
erosion resistance at 90° impact angle. We obtained then the optimal spray parameters (OSP)

for minimum erosion wear. We also compared the performances of various Cr3C2-25wt.%NiCr
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coatings prepared by different HVOF processes. This showed that the porosity, fracture
toughness, and bonding strength of the coatings prepared with the new eGun HVOF are
comparable to those obtained with the conventional HVOF devices (DJH2700, JP5000, K2).
Interestingly, the microhardness proved much better. The erosion wear testing of the “optimized
coating” was conducted at 30°, 60° and 90° impact angle. It turned out that the erosion rate
rises with the increase of the impact angle. The erosion mechanism involves micro-cutting and
ploughing of the matrix and the carbide grains, as well as cracking of the carbides and fatigue
fracture spalling caused by long-distance propagation of cracks along the matrix/carbide
interface. In addition, we performed investigations to determine the influence of different
stoichiometric conditions, defined as the oxygen/ethanol ratio, on the coating microstructure
and in relation with the resulting coating properties. The results show that the Cr3C>—NiCr
coatings are denser and of better quality (higher hardness, lower porosity, higher fracture
toughness and higher erosion resistance) when the stoichiometry factor is lower than 1 (with
an optimum at about 0.78).

In the last part of the thesis, we conducted some developments intended to further improve
the capabilities of the eGun, which we used this time as an HVOAF system (i.e. with air added
as a milder oxidizer). To be able to feed the eGun torch with compressed air, it was decided to
design and install a second-stage combustion chamber. NiCoCrAlYTa coatings were prepared
using this modified, ethanol-fueled HVOAF device. Investigations were conducted to
determine the influence of different flow rates of compressed air on the microstructures and
the properties of the resulting NiCoCrAlYTa coatings. The results reveal that the addition of
compressed air contributes to reduce the degree of oxidation of the coating and dramatically
improves its resistance to sliding wear. We elaborated a detailed correlation between the
compressed air flow rate and the coating properties to identify the conditions securing the best
performing coatings.

Keywords: HVOF; ethanol; oxygen/fuel ratios; erosion resistance; HVOAF;

NiCoCrAlYTa; oxidation; sliding wear resistance
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Résumé

La projection oxy-combustible a grande vitesse (HVOF) est devenue un procédé de choix
pour produire des revétements de cermet ou dalliage a haute performance. Les systémes de
projection thermique HVOF courants utilisent classiquement la combustion de gaz, tels que
lhydrog ¢ne, le propane ou un combustible liquide tel que le kérosene. Cependant, il existe
actuellement une quantité limitée de littérature sur lutilisation de léthanol comme carburant
dans les procédés HVOF et les performances des revétements résultants ne sont pas bien
documentées. Léthanol bénéficie de caractéristiques respectueuses de lenvironnement et est
moins polluant par rapport aux combustibles liquides fossiles conventionnels (cest -a-dire le
kéroséne) car sa combustion génére moins doxydes dazote et de particules de suie. Dans ce
travail, nous décidons détudier un tel dispositif HVOF alimenté a 1éthanol (appelé "eGun
HVOF"), dans le but de définir les mérites et les limites de cette technologie. Au vu de la
littérature limitée disponible, il est apparu dun grand intérét détudier loptimisation des
paramétres de projection de ce nouveau procédé de projection et dévaluer en profondeur les
performances des revétements correspondants. De plus, en tant que développement spécifique
apport¢ a cette technologie, nous avons géré certaines modifications de conception du dispositif
eGun en vue daméliorer la qualité des revétements.

Au début, la poudre commerciale de WC-10Co-4Cr a été projecté en utilisant le procédé
eGun HVOF. Des investigations ont été menées pour déterminer linfluence de différents
rapports oxygene/carburant sur lévolution de la vitesse et de la température des particules en
vol en corrélation avec les propriétés des revétements résultants. La variation du débit déthanol
semble avoir une plus grande influence sur la vitesse et la température des particules que celle
de loxygene. Nous ¢élaborons des corrélations détaillées entre les parametres des particules et
les propriétés du revétement pour en déduire les paramétres de projection fournissant les
revétements les plus performants.

Ensuite, nous avons utilisé leGun pour préparer des revétements Cr 3C2—25wt.% NiCr sur

un substrat en acier inoxydable 304. La méthode Taguchi a été utilisée pour ajuster les
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parametres de projection offrant la meilleure résistance a 1érosion a un angle dimpact de 90°.

Nous avons alors obtenu les paramétres de projection optimaux (OSP) pour une usure par
¢rosion minimale. Nous avons également comparé les performances de divers revétements
Cr3C2-25wt.%NiCr préparés par différents procédés HVOF. Cela a montré que la porosité, la
ténacité a la rupture et la force de liaison des revétements préparés avec le nouveau eGun
HVOF sont comparables a celles obtenues avec les dispositifs HVOF conventionnels
(DJH2700, JP5000, K2). Fait intéressant, la microdureté sest avérée bien meilleure. Les tests
dusure par érosion du “ revétement optimisé ” ont été effectués a des angles dimpact de 30 °,
60 ° et 90 °. 11 sest avéré que le taux dérosion augmente avec laugmentatio n de langle
dimpact. Le mécanisme dérosion implique la micro -découpe et le labour de la matrice et des
grains de carbure, ainsi que la fissuration des carbures et 1écaillage par rupture de fatigue
provoqué par la propagation a longue distance des fissures le long de linterface matrice/carbure.
De plus, nous avons effectu¢ des recherches pour déterminer linfluence de différentes
conditions stoechiométriques, définies comme le rapport oxygene/éthanol, sur la
microstructure du revétement et en relation avec les propriétés du revétement résultant. Les
résultats montrent que les revétements Cr3C2-NiCr sont plus denses et de meilleure qualité
(dureté plus élevée, porosité plus faible, ténacité a la rupture plus élevée et résistance a Iérosion
plus élevée) lorsque le facteur de stoechiométrie est inférieur a 1 (avec un optimum a environ
0,78).

Dans la derniére partie de la thése, nous avons mené quelques développements destinés a
améliorer encore les capacités de leGun, que nous avons utilisé cette fois comm e un systéme
HVOAF (cest-a-dire avec de lair ajouté comme oxydant plus doux). Pour pouvoir alimenter
la torche eGun en air comprimé, il a été décidé de concevoir et dinstaller une chambre de
combustion de deuxieme étage. Les revétements NiCoCrAlY Ta ont été préparés a laide de cet
appareil HVOAF modifi¢ alimenté a léthanol. Des investigations ont ét¢ menées pour
déterminer linfluence de différents débits dair comprimé sur les microstructures et les
propriétés des revétements NiCoCrAlYTa résultants. Les résultats révelent que lajout dair

comprimé contribue a réduire le degré doxydation du revétement et améliore considérablement
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sa résistance a lusure par glissement. Nous avons ¢laboré une corrélation détaillée entre le
débit dair comprimé et les pr opriétés du revétement pour identifier les conditions garantissant
les revétements les plus performants.

Mots clés: HVOF; éthanol; rapports oxygeéne/carburant; résistance a lérosion; HVOAF;

NiCoCrAlYTa; oxydation; résistance a lusure par glissement
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