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ABSTRACT

Thermally sprayed hardmetal coatings have been successfully used in many critical
applications including hydraulic cylinders, landing gear, paper machine rolls, ball and
gate valves, and several other parts, which require wear resistance. Currently, due to
variations in the spray processes, feedstock material, and spray parameters, there
might exist a wide range of properties for the same coating material. Perhaps the
most important factor for the coating properties is the feedstock powder and its
quality. The size distribution of the powder needs to be suitable for the process; in
addition to this the particle density, carbide size, and powder homogeneity affect the
properties of the coating. Furthermore, the coating properties for a selected powder
are related to the particle state, more precisely the particle thermal and kinetic energy
at the impact. Today, the particle state can be monitored by in-situ diagnostics with
devices that measure the temperature (T) and velocity (v) of the particles during
flight. The particle state can be further linked to the coating properties and
performance by so-called process mapping methodology. At present, many thermal
spray processes and equipment exist, each having their own specific characteristics
of particle temperature and velocity. For example, the newest thermal spray
processes, such as High Velocity Air Fuel (HVAF), provides about a 1000 °C lower
flame temperature and 30-40% higher particle velocity compared to more
conventional High Velocity Oxygen Fuel (HVOF) thermal spray processes. HVAF
thus produces very dense coating structures and reduces the brittleness caused by
excessive particle heating.

Coating formation also induces stresses caused by the rapid solidification of the
spray droplets (quenching) and thermal mismatch stresses during cooling. The
thermal history will have a major impact on the residual stresses and it may influence
the performance of the coating by affecting the mechanical properties of the coating
as well. In high-kinetic-energy thermal spray processes, e.g. the HVOF, High-
Pressure High Velocity Oxygen Fuel (HP-HVOF), HVAF, and cold spray (CS)
processes, the compressive stress component also known as peening stress,
intensifies during the manufacturing process. Peening stresses act on the substrate

or on the previously deposited layer.



Insufficient attention has been paid so far to the factors arising from the
manufacturing process. Thus the effect of the thermal history and residual stresses
on the properties of coatings is largely unknown. Moreover, there is generally a lack
of knowledge on the property variation in coatings produced by various devices from
the same material, as coating properties are managed largely by the trial and error
approach. Consequently, insufficient understanding and/or information on the
relationship between the manufacturing process and coating properties makes it
significantly more difficult to set property targets for the applications.

This work focuses on the approaches to provide a link between process-
structure-property correlations in high kinetic thermal spraying by utilizing in-situ
monitoring tools, which enable reliable manufacturing of thermal spray coating.
These tools include inflight particle temperature and velocity measurements and an
in-situ coating property sensor (ICP). The ICP measures the substrate curvature
during spraying, enabling the monitoring of information on the coating formation
process and residual stresses. First, the role of gas flows and process conditions on
the particle state was evaluated by mapping the particle temperature and velocity
resulting from different conditions and how they are linked to coating properties.
Further, the in-situ curvature technique and progressive deposition model of Tsui
and Clyne [1,2] were used in order to understand how thermal spray processes and
parameters affect the residual stresses of coatings made by the HVOF, HP-HVOF,
HVAF, and CS processes. Materials focused on in relation to HVOF and HVAF
were WC-CoCr and Cr3Co-NiCr, whereas Al, Ti, and Cu were used in the CS case.
Studies showed that high compressive residual stresses controlled by the particle
molten state, velocity, and substrate temperature can develop in high kinetic thermal
sprayed carbide coatings. The role of compressive stresses proved to be significant
for the cavitation erosion resistance and fatigue life performance of the coatings. It
was shown that the residual stress of cold spray coatings, mostly controlled by impact
pressure and thus in most cases developing into compressive stress, may develop
into tensile stress in conditions with low impact pressure and relatively high thermal

energy.
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TIVISTELMA

Termisesti ruiskutettuja kovametallipinnoitteita on kiytetty menestyksekkdasti
monissa kriittisissd sovelluksissa, kuten hydraulisylinterit, laskutelineet, paperikoneen
telat, pallo- ja porttiventtiilit sekd useat muut kulumiskestivyyttd vaativat osat.
Nykyisin  ruiskutusprosessien, pinnoitusjauheiden ja  ruiskutusparametrien
vaihtelusta johtuen samalle pinnoitemateriaalille voidaan aikaansaada erilaisia
ominaisuuksia. Ehka tirkein tekijd pinnoiteominaisuuksien kannalta on jauhe ja sen
laatu. Jauheen kokojakauman on oltava sopiva prosessille ja timin lisdksi tiiveys,
karbidikoko ja jauheen homogeenisuus vaikuttavat pinnoitteen ominaisuuksiin.
Lisiksi valitulla jauheella saavutettuihin pinnoiteominaisuuksiin vaikuttaa ruiskutet-
tavien partikkeleiden tila. Tarkemmin ottaen partikkeleiden limpd&energia ja
kineettinen energia térmiyshetkelld. Partikkeleiden tilaa voidaan tarkkailla suoraan
partikkelivirrasta mittaamalla niiden limpétilaa (T) ja nopeutta (v) lennon aikana ja
linkittdd prosessin olosuhteet pinnoiteominaisuuksiin ns. “process mapping”’-
menetelmad hyodyntimalld. Nykyisin on kaytossa useita eri termisen ruiskutuksen
prosesseja, joista jokainen voi tuottaa partikkeleille hieman erilaisen limpétilan ja
nopeuden. Tamin takia samalla pinnoitusmateriaalille voidaan saada eri prosesseilla
suhteellisen laaja kirjo erilaisia ominaisuuksia. Esimerkiksi uusimmat termisen
ruiskutuksen prosessit, kuten HVAF, tarjoaa noin 1000 °C matalamman liekin
limpétilan ja 30 — 40 % suuremman partikkelinopeuden tavanomaisempiin HVOF
ruiskutusprosesseihin verrattuna. Tamin takia ne tuottavat erittiin tiiviitd pinnoite-
rakenteita, joilla ei kuitenkaan ole partikkeleiden liiallisesta kuumenemisesta
atheutuvia negatiivisia ominaisuuksia kuten haurautta.

Pinnoitteen muodostumisprosessi saa aina aikaan pinnoitteeseen jannityksid,
jotka ovat seurausta partikkeleiden nopeasta jadhtymisesti ja mahdollisesta alustan ja
pinnoitemateriaalin limpdélaajenemiserosta. Partikkeleiden ja alustan limpdéhistoria
vaikuttaa merkittivisti jadnnosjannityksiin mikd voi vaikuttaa myds pinnoitteen
suorituskykyyn ja pinnoitteen mekaanisiin ominaisuuksiin. Esimerkiksi korkean
partikkeleiden kineettisen energian omaavilla termisen ruiskutuksen prosesseilla
kuten HVOF, HVAF ja kylmiruiskutus saadaan valmistusprosessin aikana synty-
midin partikkeleiden iskeytymisestd johtuva puristusjinnitystila. Partikkeleiden
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iskeytymisesta syntyva iskuenergia aiheuttaa puristusjannityksid joko alustaan tai
ailemmin ruiskutettuun kerrokseen.

Usein valmistusprosessista johtuvien tekijéiden hallintaan on kiinnitetty
riittimatontd huomiota, joten ldmpdhistorian ja jiddnndsjannitysten vaikutusta
pinnoitteiden ominaisuuksiin ei suurelta osin tunneta. Lisdksi eri laitteilla samasta
materiaalista valmistettujen pinnoitteiden ominaisuuksien vaihtelusta ei ole
systemaattisesti kerittyd tietoa. Pinnoitteiden ominaisuuksia hallitaan suurelta osin
yritys ja erehdys -lihestymistavalla, minkd vuoksi ei saada riittdvad ymmarrystd
valmistusprosessin ja pinnoiteominaisuuksien vilisestd riippuvuussuhteesta. Tama
vol jopa haitata merkittivisti eri sovelluksille asetettavia riittivin tarkkoja
ominaisuusvaatimuksia.

Tidssd tyossd hyodynnetddn prosessin aikaisia diagnostiikkaty6kaluja, joita
kiyttdimalld voidaan linkittdd korkeakineettisten ruiskutuprosessien prosessi-
olosuhteet pinnoiterakenteeseen ja pinnoiterakenne pinnoiteominaisuuksiin. Néihin
ty6kaluihin kuuluvat partikkeleiden limpétilan ja nopeuden mittaukseen kaytettivit
diagnostiikkalaitteet sekd ruiskutuksen aikainen pinnoiteominaisuuksien mittauslaite
(ICP), joka tarkkailee substraatin kiyristymistd mahdollistaen pinnoitteen muodos-
tumisprosessin monitoroinnin ja jadnndsjinnitysten madrittimisen. Hyodyntimalld
prosessin aikaista monitorointia saadaan pinnoitteiden valmistusprosessista tietoa,
joka auttaa ymmirtimidn prosessin ja pinnoiteominaisuuksien vilistd vuoro-
vaikutusta. Kaasuvirtausten ja prosessiolosuhteiden vaikutusta partikkeleiden tilaan
arvioitiin kartoittamalla hiukkasten limpdtilaa ja nopeutta erilaisilla prosessisaadoilla,
minki jilkeen selvitettiin millaisia pinnoiteominaisuuksia ja erityisesti jannitystiloja
eri prosessiolosuhteet tuottivat. Jannitysten mairittimiseen kiytettiin Tsuin ja
Clynen analyyttista laskentamallia ja selvitettiin kuinka HVOF-, HP-HVOF-,
HVAF- ja kylmiruiskutusprosessit ja niiden ruiskutusparametrit vaikuttavat
pinnoitteiden jaannosjannityksiin. HVOF- ja HVAF- prosessissa tutkittiin WC-
CoCr - ja Cr3C2-NiCr —pinnoitteita ja kylmaruiskutuksessa Al, Ti ja Cu pinnoitteita.
Tutkimukset osoittavat, ettd korkeakineettisilli termisen ruiskutuksen prosesseilla
saadaan partikkeleiden sulamisastetta, nopeutta ja substraatin limpétilaa sadtamalla
merkittivid puristusjinnityksia omaavia karbidipinnoitteita. Puristusjinnitysten
merkitys osoittautui tirkedksi pinnoitteiden kavitaatioeroosionkestivyyttd ja
visymiskestavyytta parantavaksi tekijiksi. Osoitettiin my0s, ettd kylmiruiskutus-
pinnoitteiden jidnnosjannitykset, joihin tyypillisesti vaikuttaa iskuenergian maird ja
sen vaikutuksesta muodostuva puristusjinnitys, voivat kehittyi my6s veto-
jannityksiksi olosuhteissa, joissa on alhainen iskuenergia ja suhteellisen korkea

prosessilimpétila.
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17 INTRODUCTION

1.1 Background of the research

The extraordinary flexibility of thermal spraying with respect to materials and
versatility with respect to geometry will make thermal spraying a useful solution for
wear and corrosion challenges. Thermal spray technology has been used successfully
in aircraft landing gear [3-5], bearing journals and shafts, valves and pumps in the
process industry, hydraulic cylinders in the offshore and automotive industries, and
calender rollers in a paper machine, etc. [6,7]

Thermally sprayed microstructure is unique. Thermally sprayed coatings are
generated from the impingement of many heated and accelerated individual particles,
which form a lamellar structure. In techniques like High Velocity Oxygen Fuel
(HVOF), High-Pressure High Velocity Oxygen Fuel (HP-HVOF), Cold spray (CS),
High Velocity Air Fuel (HVAF), and Warm Spray (WS), the feedstock material, i.e.,
the powder in these processes, is fed into the flame and within milliseconds is heated
up to molten or semi molten stage and accelerated up to 1100 m/s. Upon impact to
the substrate, particles form lamellae, which are rapidly cooled to the substrate
temperature cooling rate of approximately 106 C/s. The CS process differs from the
other processes in that the particles are in solid state during flight and their adhesion
to the substrate is based on the energy produced by plastic. Currently there exist
many thermal spray processes, each having their own specific principles and
characteristics of particle temperature (T) and velocity (v). The latest thermal spray
processes, such as HVAF and CS, provide lower particle temperature and higher
velocity and produce very dense coating structures, due to the high kinetic energy.
There is much potential foreseen for the new high kinetic thermal spray processes
due to the fact that the low temperature of the processes will lead to very low oxide
content in metallic materials and high velocity in many cases will lead to denser
structures, compared to conventional spray processes. [6—8]

The tendency toward lower particle temperatures has changed the particle
deposition from molten particle impact to semi molten or solid particle impact. For

microstructure manipulation and process optimization, it is essential to understand
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the effect of the particle conditions, impact conditions, and particle quenching on
the formation of lamellae interfaces, on the coating microstructure and further on
the properties. It is well known that the lamellae of thermally sprayed coatings are
not perfectly bonded [9]. Several studies have shown that the lamellae interfaces are
critical as they offer routes for chlorine diffusion or for penetration of liquid
corrosive media through the coating, for instance [10—12]. Lamellae interfaces also
affect the mechanical properties of the coating and their quality is therefore critical
for the wear resistance of thermally sprayed coatings.

Due to the special nature of thermal spraying processes they produce residual
stresses in the coating. Residual stresses in a thermally sprayed coating cannot be
completely avoided but their magnitude can be affected by the spray parameters,
substrate temperature, and powder properties. The magnitude and direction of
residual stresses are of great importance in coating damage or degradation processes
as they are superposed with external loads occurring in the components. It is
reasonable to assume that many coating properties, such as adhesion, wear
resistance, fatigue properties, and even corrosion performance are dependent on the
existing residual stresses in the coating. However, the residual stresses are relatively
seldom linked to the wear properties and mechanical properties of the coatings. One
clear challenge is that the adjustment of spray parameters influences both the coating
properties and residual stresses, and thus their interaction might be difficult to
estimate. In this study the strategy was to harmonize the coating fabrication
procedure in terms of sample size and robot manipulation in order to reliably study
the effect of adjusting other spray parameters which have an influence, e.g., the
particle temperature and velocity, and thus the coating properties and residual
stresses. Data was collected during the deposition process that can be used for
scientific review of the coating formation process. By using the on-line particle
sensor, particle in flight conditions (T and v) can be monitored. In addition, by using
the in-situ curvature monitoring technique, direct measurements of the particle
impact, quenching, and thermal history can be recorded. The curvature technique
also allows the determination of the residual stresses in the coating. In-situ
monitoring can be utilized to collect direct measurements from the spray process
and in that way it allows the relationship to be identified between the processing,
structure, properties, and performance of the coatings.

16



1.2 Aim of the work

In this work, the focus is on the understanding of the residual stresses that are
formed in the high kinetic thermal spray processes, especially the conventional
HVOF, HP-HVOF, HVAF, and CS processes. First, the goal is to understand the
magnitude of residual stresses generated by different processes, how thermal spray
process parameters affect them, and how they can be controlled, influenced, and
optimized. Second, the objective is to develop concepts which help in determining
the residual stresses by utilizing in-situ monitoring tools. Further, the concepts of
optimizing the coating process and development of property maps for thermally
sprayed coatings are considered in order to understand how the coating deposition
parameters are related to the coating properties, especially wear performance, for
example. The main motivation was to understand the effect of processing,
particularly particle kinetic energy and thermal history, on the residual stress state
and mechanical response of the coatings under mechanical loading and to consider
the effect of the stress state on coating performance against wear and fatigue life.
Through deep scientific knowledge of the spray particle interaction and thus the
ability to control and optimize the performance of thermal sprayed coatings, many
still unresolved issues in new demanding applications may be solved. Examples
include corrosion and wear prevention in numerous applications in energy
production or the process industry, which in the future will require the
understanding of the coating and component damage tolerance and the ability to

integrate the coatings as a part of the mechanical design of the components.

1.3 Research questions

This work aims to answer the following research questions:

1. What are the most feasible approaches for assessing stresses via curvature

monitoring?

i.  How do different spraying processes, such as HVOF, HP-HVOF, HVAF,
and CS, and the particle state they produce, affect the mechanical properties
and stress states of the coatings, and how can they be controlled, influenced,
and optimized?
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iii.  How do residual stresses influence the mechanical response and wear

performance of the coating?

iv.  Inwhat way do the properties of the powder affect the residual stresses?

Table 1 clarifies the content and scientific contribution of Publications I - V and

indicates in which publication the research questions of this dissertation are

discussed.
Table 1. Scientific contribution of Publications | - V and their relationship to the research
questions.
Publication Contribution Research
question
Publication 1 Addresses the utilization of process mapping concept and
"Formation mechanisms, process adjustment strategy to develop various particle i
structure, and properties of conditions in HVOF spraying. The relations of process — ii
HVOF-sprayed WC-CoCr particle condition - microstructure properties of WC-CoCr
coatings: An approach toward coatings are presented.
process maps”
Publication 2 Covers the studies of curvature development in cold
“Residual stress developmentin | sprayed Al, Ti, and Cu coatings using the in-situ curvature | ii
cold sprayed Al, Cu and Ti method. Itis one of the first papers to show tensile
coatings” residual stresses in cold spraying.
Publication 3 Studies the critical influence of variation in powder particle
" Influence of powder properties | density and size distribution of WC-CoCr powder on the i
on residual stresses formed in residual stresses in coatings. The study shows the iv
high-pressure liquid fuel HVOF importance of powder properties on the coating quality,
sprayed WC-CoCr coatings” formation of residual stresses, and deposition efficiency.
Publication 4 Studies the residual stress control of various thermal i
“Evaluation of residual stresses | spray processes: HVOF, HP-HVOF, and HVAF, and i
and their influence on cavitation | demonstrates the method of utilizing in-situ curvature and | jii
erosion resistance of high kinetic | temperature data for the calculation of through thickness iv

NiCr coating for increased
fatigue performance *

the process mapping methodology for parameter
optimization in order to prepare high compressive residual
stress in the coating and then shows the improved fatigue
life resulting from the compressive stress state.

HVOF and HVAF-sprayed WC- residual stresses in WC-CoCr coatings. The effect of

CoCr coatings” highly compressive residual stresses on the cavitation
resistance is discussed.

Publication 5 The publication deals with the fatigue performance of HP

“Optimization of HVOF Cr3C2- HVOF sprayed Cr3C2-NiCr coating. It first demonstrates i
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2 HIGH KINETIC THERMAL SPRAYING

Thermal spraying refers to a coating process in which the coating material, usually
in the form of powder or wire, is completely or partially melted and accelerated by a
rapid gas flow to the pre-treated surface to produce a coating [7,8]. Currently there
exist many thermal spray processes, each having their specific principles and
characteristics of flame temperature and velocity, as shown in Fig. 1 [6,7,13,14]. High
kinetic thermal spray processes and their manipulation are introduced in the

following chapters.

APS
- 120 - 400 m/s
Max. 24 000 °C
5000
Flame Spray
40-100 m/s

2800 - 3000 °C)

HVOF
400 -900 m/s
»{ 2100-2900 °C

HVAF
600 — 1100 m/s
1600 — 2000 °C

Wire Arc spray
100 - 150 m/s
(300 - 3422 °C)*

Cold Spray

[ 700-1200 /s

(500 - 800 °C)

Flame/gas temperature [°C]

1200
Particle velocity [m/s]

* In Wire Arc spraying temperature refers to a melting point of the material being sprayed

Figure 1. Classification of thermal spray processes in accordance with particle velocity and flame
temperature based on references [6,7,13,14].
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2.1 Principle of high kinetic thermal spraying processes

In thermal spray technology, coating properties are often directly related to the
temperature-velocity characteristics of the spraying equipment. The newest thermal
spray processes, such as HVAF, provide lower particle temperature and higher
velocity compared to more conventional HVOF thermal spray processes and thus
produce very dense coating structures [6,15]. Fig. 2 shows the principle of Kermetico
Inc’s HVAF equipment as well as the characteristic gas velocities and temperatures.
The new generation HVAF guns such as AKO7 from Kermetico Inc. and M3 from
Uniquecoat Technologies LL.C have a relatively large combustion chamber followed
by a delLaval nozzle. In the process, several thousands of liters/min of compressed
air and several hundreds of liters/min of propane fuel gas are fed through the nozzle
to ensure high particle velocities. A lot of potential is foreseen for the new high
kinetic thermal spray processes since the low temperature and catalytic burning in
the processes lead to very low oxide content in metallic materials. In addition, high
velocity contributes to the formation of denser coating structures compared to the
coatings sprayed with conventional HVOF methods. The tendency toward lower
temperature has changed the particle deposition from molten particle impact to semi
molten or solid particle impact.

Nozzle Combustion chamber Ceramic insert
’
. Fuel Gas
P 4
. Powder +
carrier gas

Air
1100-1500 m/s 850 m/s 40-50 m/s Gas velocity
<1500 °C ~1600°C 1800-1900°C Gas temperature

Figure 2. Schematic diagram of Kermetico HVAF gun and its typical gas temperatures and velocities
in different sections of the gun. Source: Kermetico; www.Kermetico.com
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In HVOF processes (Fig. 3) the heat is generated from the combustion of fuel,
typically hydrogen, propane, propylene, kerosene, or ethylene, with oxygen in the
combustion chamber of the spray gun. The combustion gases are at high pressure
(3-15 bar) in the combustion chamber, from which they are ejected through the
nozzle and accelerated to supersonic velocities. In HVOF processes, the maximum
gas temperatures in the combustion chamber are approximately 3000 °C, whereas in
the HVAF process, the combustion of the fuel gas, propane or propylene, with
compressed air, lowers the flame temperature by approximately 1000 °C compared
to HVOF. The powder is introduced radially into the nozzle or axially into the
combustion chamber. Within milliseconds it is heated up to the molten or semi
molten stage and accelerated up to 1200 m/s toward the substrate. During the
impact on the substrate it is rapidly cooled to the substrate temperature at the rate
of 106 °C/s. The flame temperatures are high enough to oxidize metallic material or
to cause other unwanted effects in hardmetal coatings. For example, in the case of
WC-Co coatings, such effects are carbon loss and dissolution of carbides in the
matrix. Therefore, excessive heating of powder during flight may have a negative
influence on the properties of hardmetal and metal coatings. However, due to the
high particle velocity in high kinetic thermal spray processes, the dwell times (time
above melting temperature) for the particles are relatively short, which is why the
adverse changes, e.g., carbon loss and carbide dissolution in WC—Co(Cr), can be kept
low. In other words, the effects they cause are relatively small if attention is paid to
the selection of powder and adjustment of the spray parameters to control them. In
the HVAF process, the flame temperature is even lower than it is for the HVOF
process, which often has positive effects on the coating properties. HVAF-sprayed
metallic and hardmetal coatings have better properties, as a result of a higher amount
of retained carbide phases and a lower level of oxidation. This results in higher
ductility and may improve wear resistance as well. However, the properties of the
sprayed materials are strongly related to the process and processing, thus careful

attention to the processing and optimization of the parameters is required. [6,8,16]
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Figure 3. Cross-sectional view of a DJ Hybrid HVOF gun. Source: Oerlikon Metco,
www.oerlikon.com/metco/en/products-services/coating-equipment/thermal-
spray/systems/hvof/diamond-jet/.

The CS process (shown in Fig. 4) was invented in the late 1990s. It is, in theory, a
very simple system in which particles are accelerated in a high velocity gas stream.
High-velocity gas stream is produced by generating a high-pressure gas to a
combustion chamber and allowing the gas to expand through a converging-diverging
nozzle. By increasing the temperature and pressure of the gas before expansion, a
CS gas temperature from 400 to 1200 °C can be high enough to exceed the material
dependent critical velocity, which makes deposition upon the particle impact
possible. The major benefit of cold sprayed coatings is that they are pure, i.e., free
of oxides, and noticeably dense. In the CS process, the applicable materials were
initially limited to soft metals such as copper, iron, aluminum, nickel, titanium, and
their alloys. However, it remains very challenging for CS to form coatings with
cermet powders such as WC-Co. The reason is believed to be the lack of
deformability of the powder at the low temperature. Nevertheless, the recent
development of cold spray systems [18] has increased the ability of CS to process
harder materials like WC-Co with a higher matrix content. [19-23]

Powder Hopper
Carrier i
Heater :
[=J]
2
o
o
High Pr.
Sprayed
|::> Particles
Working Gas Gas Heater

Figure 4. Schematic presentation of the cold spray process [24].

22



2.2 Process parameter manipulation, control, and optimization

There are several parameters in high kinetic thermal spraying, which have an effect
on the deposit formation and hence coating properties. The differences are the
biggest between coating processes like first generation HVOF, HP-HVOF, and
HVAF. Furthermore, each coating device may have different hardware setups, which
significantly affects the coating formation. This variability in the devices makes the
comparison of the results often very complex.[14]

After the spray device, fuel gas, and gun configuration has been selected, there
are still several parameters that influence the microstructure of the coatings and thus
the properties. Perhaps the most important is the powder, which needs to have a
suitable particle size distribution for the process. For the optimization of the coating
microstructure and properties, important controllable factors in the high kinetic
process are particle temperature, velocity, and melting state. The fluid dynamics play
a major role in influencing the particle temperature and velocity. The schematic
presentation of the interactions in thermal spray high velocity processes are shown
in Fig. 5.

]
= ST Ou | = 3
5
m
= > ; : : o
> Feedstock Gas dynamics Gas — particle inter Deposition/ impact Micro 2
§ action inflight conditions structure ;‘
=
~ | | Powder Manipulated gas | | Particle Controllable deposition Material properties: g
selection flows conditions conditions: - Hardness g
- Size - Chamber - Temperature - Temperature - Elastic modulus g
- Density pressure - Velocity - Surface roughness - Residual stresses (=]
and - Oxygen/Fuel - Molten state - Gun manipulation: - Wear properties
shape - Oxidation step, traverse speed

Figure 5. The route from the material to performance in thermal spraying via the physical
interactions during the process.

Heat is generated from the combustion of gaseous or liquid fuel at high pressure.
The temperature of the flame is primarily dependent on the characteristics of the
selected fuel, which determines the maximum flame temperature, heat of
combustion, and heat transfer. Flame temperature is expressed by the adiabatic flame
temperature, which shows the maximum flame temperature without any losses to
cooling, for example. Adiabatic flame temperatures of various fuels with different
Oxygen-to-Fuel (O/F) ratios are shown in Fig. 6. The adiabatic flame temperature
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is dependent on the O/F ratio. The flame temperature reaches its maximum close
to the stoichiometric ratio, which means that an optimal amount of oxidizer is
present for complete burning. If there is an excess amount of oxidizer or fuel the
remaining unburned components will make the flame cooler. This allows the fine
tuning of the flame temperature of the process. Notably, the maximum adiabatic
flame temperatures are not reached at the stoichiometric ratio (A\=1) but at slightly
fuel rich ratios. The reason for this is that not only oxidation reactions but also
dissociation reactions occur when burning hydrocarbon fuels. Consequently, in
addition to COg, a minor amount of CO is formed, and the heat loss caused by the
formation of CO can be compensated by excess fuel. [16,25]

| /‘\ HVOF

3000 \etylene

1 / :\eth lene

propane

kerosene (O,)
~

flame temperature °C
L

HVAF (High Velocity Air-Fuel Spraying)

2000 /‘

18007

kerosene (air)
16007

04 06 08 10 12 14 16 18 20
normalized oxygen-fuel ratio 1

Figure 6. Maximum adiabatic flame temperatures of various fuels as a function of O / F ratio [16].

With respect to the gas dynamics, the basic design principle of all HVOF torches is
based on compressible fluid flow through either a converging-straight or converging-
diverging nozzle. In a converging-straight nozzle, the cross-sectional area of the
nozzle decreases after the combustion chamber and remains unchanged throughout
the converging part, whereas in a converging-diverging (or de Laval) nozzle the area
increases after the converging part toward the exit. Converging-straight nozzles have
a velocity limitation of Mach 1 [25,26]. To achieve higher velocities the nozzle must
be designed as a de Laval nozzle. At the nozzle throat the converging flow reaches
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supersonic velocity and increases more at the diverging part due to the pressure drop
for the current constant mass flow. Most of the newer, third generation, HVOF
torches use a converging-diverging nozzle geometry. Their area ratio between the
throat and nozzle exit determines the maximum Mach number of the gases exiting
the nozzle. Typically, the nozzles are designed so that the area ratio produces a design
Mach number of between 2 to 5.

In thermal spraying, the interest is in the particle velocity and temperature (and
melting stage) at impact, since these have the most significant influence on coating
quality. It has been shown that one straightforward way to control the velocity of
sprayed particles is to adjust the chamber pressure using the amount of gas flow
through the nozzle. Particle temperature can be adjusted by adjusting the balance of
fuel gases, i.e., the O/F ratio. With the control of these two vatiables, the chamber
pressure and O/F ratio, travel is possible in the T-v space hotizontally and vertically.
In order to manipulate the particle temperature and velocity, an understanding of
the gas-particle interaction is essential. Regarding the maximum mass flow through
the nozzle, it is dependent on the chamber pressure and accelerating force for the
particles, known as drag force (pg vgz), which is known to be dependent only on the
chamber pressure (P), Mach number (M), and specific heat ratio (y): pgvg2 =
YM?P. Therefore, particle velocity can be controlled by adjusting the chamber
pressure by the total volume of the gas flow. [27-31]

Thermal spraying is a process in which the particle state affects the coating
properties. It is understandable that coating properties are not only determined by
the selected material, but also by the selected spray process and selected parameters.
Coating formation is a complex process and influenced by several factors, as shown
in Fig. 5, thus there is a clear need for a science-based approach to control the
process-property-performance linkages. Process mapping methodology provides a
science-based approach to design, assess, and optimize high performance coatings
as it simply visualizes the relation of different process adjustments on the particle’s
in-flight state and further on the properties. The process mapping concept is
implemented in two stages. First, the availability of particle monitoring via process
sensors, which can measure the particle T and v, have enabled mapping of the in-
flight particle state with various spray parameters. This presentation is called the first
order process map. Second, measuring the coating properties prepared from various
particle conditions allows the mapping of mechanical properties or wear resistances
in the T-v space. Property maps in the T-v space are called second order maps.
Systematic application of the process mapping concept allows understanding of the

process-property interaction for various coating materials. [32—37]
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3 RESIDUAL STRESSES IN THERMAL SPRAYING

In thermal spraying, a particle stream of 6-12 mm spot size is continuously sprayed
in 3-10 mm steps over the work piece to be coated until the desired thickness has
been reached. The spray stream consists of various sizes (depending on the size
distribution) of hot particles. These particles have a certain temperature and velocity
and melting ratio typical of spray process and tuned by selected spray parameters
and spraying distance. Coating quality such as microstructure, density, and lamellae
adhesion are mainly influenced by these particle related factors. Residual stresses,
which are inevitably formed during thermal spraying processing, depend strongly on
the spraying parameters. The resulting stress states are affected not only by the
temperature and velocity of the particles but also by the temperature of the substrate
and the coefficients of thermal expansion (CTE) of the materials. The thermal power
of the spray gun used strongly affects the temperature history of the substrate as well
as such factors as pitch, spray distance, external cooling, and how frequently spray
passes were made. The origins of residual stresses, shown in Fig. 7, from the
manufacturing of the coating are known as a) quenching stress, b) coefficient of
thermal expansion (CTE) mismatch stress, and c) peening stress.

>—<

<>
CTE 1
E— cre:

a) b) ©)

Figure 7. Sketch of the mechanisms of generation of different stress components in thermal
spraying. a) Quenching Stress from the individual particle cooling — tensile, b) Peening
Stress from the particle impact — compressive, ¢) CTE Mismatch Stress during coating and
substrate cool down — tensile/compressive.
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3.1 Quenching stress

Quenching stresses originate from the rapid solidification and contraction of the
impacted spray particles, when they cool down to a substrate temperature. The
interconnected lamellae shrink due to cooling, but the bonding forces between the
other droplets tend to prevent shrinkage. As a result, tensile stress, which is also
called quenching stress, is created on the lamellae. Quenching stresses are micro
stresses by nature, which influence across the whole coating structure through the
contact points of the lamellae. Thus, at micro level the coating may exhibit large local
variations in stress levels. Quenching stress can be calculated by (1) [38]:

O0q = ¢ E.(Tn—T5) M
where a is the CTE of the coating, E_ is the elastic modulus of the coating, and T,
and Tg are the melting temperature and substrate temperature, respectively.
Theoretical maximum values of quenching stress would in many cases lead to
quenching stresses of over 2 GPa. However, in practice, the quenching stresses are
significantly lower because they are relaxed by different relaxation mechanisms such
as microcracking, creep, lamella slipping, and yielding. Quenching stresses can be
controlled to a small extent by the substrate temperature, but its magnitude is more
influenced by the level of adhesion between the lamellae. The better the adhesion,
the higher the quenching stresses that may develop. [38,39]

3.2  Peening stress

Peening stresses are known to be caused by the high-velocity impacts of particles
resulting in the plastic deformation of the substrate and/or previously deposited
coating layers. The magnitude of peening stresses is related to the impact energy of
the particles, Exin=1/2 mv2 Particle mass can be expressed by volume and density
m = 4/3nt3 - o. This shows that the peening effect of the particles is related to the
velocity (v) and mass (m) of the particles [40]. Peening contributes to a different
extent for different materials. Very high peening stresses can result in materials that
are more susceptible to plastic deformation compared to materials with brittle
behavior [41]. Peening stresses are generated by the impact of individual particles
with different sizes and velocities, and therefore the range and magnitude of the

stress field resulting from each particle varies. This results in a relatively complex
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stress. However, the force balance of the substrate deposit is well maintained, which
allows the experimental comparison of different conditions using the curvature
method [42]. This requires the approximation that the peening stresses are applied
across the entire width of each layer. In practice, the magnitude and variation of the
stresses due to peening during the deposition process are not well known. Some
estimation of the thickness of the stress field has been proposed by Bansal et al. [43].
They estimated by finite element modeling that the size of 20-38 pum AISI 316
particle impact in HVOF spraying induces compressive stresses up to a depth of 30
um in the coating. Moreover, further complexity in peening stress estimation comes
from the fact that some material will stick and some bounce off, which generates a
thermal spike in the material associated with its plastic deformation. [43,44]

3.3 Thermal mismatch stress

The sources of thermal mismatch or CTE mismatch stresses are the material
mismatch between the coating and the substrate in the post-deposition cooling stage.
If the CTE of the substrate is higher than that of the coating it tends to contract
more and result in a compressive residual stress in the coating. This is a typical
situation for coatings, which in many cases have a lower CTE than the steel substrate.
Approximately, the stress arising from CTE mismatch can be estimated from the
resulting misfit strains by (2) [45]:

Ec

-ve

Otn = 7 [CTE.(T,) — CTE((T,)] - AT 2)

From this it is evident that thermal mismatch stress is influenced by the CTE of the
substrate and coating material and can be effectively controlled by the substrate

temperature during the coating process.

3.4  Measurement techniques of residual stresses

Residual stresses of coatings can be measured by several non-destructive or
destructive methods. Non-destructive methods include X-ray diffraction, neutron
diffraction, and Raman spectroscopy. Destructive methods include layer removal
techniques and the hole drilling method. In addition, several computational

techniques are available for residual stress estimation. These methods have their own
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characteristics, which affect the residual stress values obtained [41,46]. Diffraction
techniques are based on the measurement of changes in lattice spacing caused by
residual stresses. It is compared to the known lattice constants of the current phase
and transferred to residual stresses by the elastic modulus of that phase. The methods
can measure residual stresses locally from different phases in the material provided
that the lattice parameters and elastic modulus of the current phase are known, which
is not often the case in thermal spraying. In thermal spraying, processing-induced
compositional changes are common and there is also a possibility of the occurrence
of amorphous phases in thermal spraying due to rapid quenching. Thus, the X-ray
diffraction method reveals the micro stresses in the coating, which may be balanced
on the microlevel between different phases and may not transfer macroscopically
over the whole coating structure. One limitation of common laboratory X-ray
equipment is that its penetration depth is only several micrometers and through
thickness profiles cannot be determined without utilizing a layer removal technique,
thus losing the non-destructive nature of the method. High energy X-ray and
neutron diffraction methods have a much deeper penetration depth and enable
through thickness presentation. However, neither of these are considered to be easily
available and they are also expensive. Through thickness residual stress profiles are
commonly determined by layer removal and hole drilling. These methods use strain
gages for measuring the macro strain release in the structure caused by material
removal. The accuracy of layer removal and the hole drilling method are dependent
on the kinds of calibration coefficients used for the coatings, and often these
calibration coefficients of the inhomogeneous coatings do not exist. Furthermore,
layer removal may produce misleading results if layer removal causes plastic
deformation or cracking in the coating. [1,2,41,46-58]

Substrate-coating curvature monitoring is a specific non-destructive method, in
which the bending of the coated strip is measured. Controlled bending in curvature
methods requires spraying the coating on a specific type of substrate strip. Therefore,
it is used mainly for comparative analysis on the effect of different spray parameters
on the residual stresses. The measurement of curvature and temperature in-situ as
proposed by Kuroda et al. [38] and Matejicek et al. [59] can track the origin of all
residual stresses arising from deposition stresses, i.e., quenching and peening, and
post deposition stresses, i.e., CTE mismatch. The strip curvature can be further
transferred to average coating macro stresses by the Stoney (3) [47] or Brenner and
Senderoff (4) [48] equations,

_ Eitgtdx
Oc = 6dt, 3)
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where E/ and E§ are the effective Young’s modulus of the coating and substrate, t,
and tg are the thickness of coating and substrate, and dk is the curvature.

In order to predict the residual stress distribution in a progressively deposited
coating, an analytical model based on the balance of a misfit strain was presented by
Tsui and Clyne [2]. The details of this procedure and the equations are presented in
section 5.3 “Residual stress evaluation”. Tsui and Clyne added the deposition stress
calculation to post deposition thermal mismatch models. In their model, the
quenching stress from each deposition layer causes constant stress and after each
new layer, the force and momentum are balanced between the underlying spray
layers and substrate. Thus, the quenching effect of each coating layer lowers the
quenching stress of the underlying layers. They did not present the calculation of
quenching stress. However, the quenching stress, which is the input value for the
model, can be determined by an in-situ curvature monitoring device as well as
temperatures for the thermal mismatch calculations. Other parameters needed for
residual stress distributions with the analytical model are the elastic properties of the
materials, specimen dimensions, and thicknesses. The Tsui and Clyne model was
developed to predict tensile quenching stresses, whereby the generation of
quenching stress of each new layer can be limited to the layer thickness. If the model
is used for predicting the peening stresses, the thickness of the peening action is not
exactly known. It should be further noted that in calculations based on curvature
measurements, the residual stresses are thought to be evenly distributed throughout
each layer, which naturally significantly lowers the peak stresses that may be present
in the thermally sprayed coating. In reality, quenching and peening stresses cause

significantly higher local stress concentrations than the calculations show. [2,41,46]

3.5  Residual stresses in thermally sprayed coatings

The majority of residual stress studies on thermally sprayed coatings focus on the
area of thermal barrier and wear resistance in WC-Co/CoCr and Cr3;Co-NiCr
coatings. By reviewing the literature of the residual stresses in coatings produced by
high kinetic processes (HVOF and HVAF), it is evident that the variation in the
obtained results of residual stresses in WC-Co/CoCr coatings is significant. For
example, Bolelli et al. [60] reported tensile stress of approximately 1000 MPa
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measured by the X-ray method in a WC-CoCr coating sprayed using D] Hybrid
HVOF. Smith et al. [61] reported a -1000 MPa compressive stress by the curvature
method for the same material sprayed using the JP5000 HVOF process. As shown
in the earlier chapters, the formation of stresses in thermally sprayed coating is
relatively complex and affected by many factors. Particle conditions (velocity,
temperature, and melting degree) upon impact determine whether quenching
stresses or peening stresses dominate at the deposition stage. The material
temperature history of the substrate together with the CTE differences between the
substrate and coating material determine the post deposition residual stresses.
However, relaxation of the stresses by cracking, creeping, and lamella slipping [38]
may be activated, causing the measured stresses not to depend directly on the above-
mentioned factors. Furthermore, different residual stress measurement methods
may give different residual stress levels. Therefore, it is natural that variation in spray
processes, powders, and temperature histories may produce a wide variety of residual
stresses.

The majority of residual stress studies on high kinetic sprayed coatings have been
done for HVOF-sprayed WC-Co and WC-CoCr coatings. With respect to residual
stresses in HVOF-sprayed WC-CoCr coatings, the method used for residual stress
determination has been layer removal, X-ray diffraction (XRD), hole drilling, and
the curvature method. McGrann et al. [62] used the layer removal method to
determine residual stresses in JetKote II HVOF-sprayed WC-17Co coatings.
Coatings were sprayed using various parameters on mild steel or aluminum
substrates in order to modify the residual stress state. In the case of steel substrate,
they reported compressive residual stress states of -124 MPa to -365 MPa in the
coatings; when they used aluminum substrate having a higher CTE they measured
even higher stresses, reaching -80 MPa, -500 MPa, and -760 MPa in the WC-17Co
depending on the parameters. Oladijo [63] used the X-ray diffraction method and
Venter [64] used neutron diffraction measurement in a study in which they altered
the compressive post deposition stresses in JP-5000-sprayed WC-17Co coatings by
varying the substrate CTE. It is noteworthy that JP-5000 uses kerosene fuel and the
powder is fed radially on the nozzle. Table 2 shows the average compressive residual
stress in the coatings with both methods. Santana [65] also showed compressive
residual stresses in JP-5000 WC-17Co coating. Stresses in the coating according to
XRD ranged from -183 MPa to -220 MPa. Luo et al. [66] also showed -120 to -350
MPa compressive stresses for CJS, which is kerosene HVOF with radial powder
feeding and uses hydrogen stabilization to lower the flame temperature compared to
JP-5000. Although the majority of XRD residual stress measurements were
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performed on high pressure kerosene fuel systems, which produce mainly
compressive stresses, it is evident that if the particles are heated, more tensile residual
stresses can be generated in the coating, as shown by Pina et al. [67]. They studied
the residual stresses in WC-12Co coatings by XRD and measured 160 MPa of tensile
residual stress in the coating surface. The coating in this case was sprayed with CDS-
100 HVOF (from Plasma Technik AG), which is a relatively high temperature, first
generation HVOF system.

Table 2. The effect of various substrate CTEs on residual stresses of JP-5000 sprayed WC-Co
coatings. [63,64]
Substrate CTE (10¢/C) Residual Stress (Neutron  Residual Stress
diff.) (X-ray)
Al 23 -378 MPa -224 MPa
0-Brass 19 -48 MPa -149 MPa
Stainless steel 17 -93 MPa
Mild steel 1 -35 MPa
Super invar 1.2 70 MPa -79 MPa

The literature highlights a few aspects that need to be considered when looking at
stress results measured by the XRD method. The first aspect is that typically only
the residual stress of the WC phase is determined by XRD [63,65]. The matrix and
carbide phase may have a different CTE and their thermal mismatch during
contraction may lead to significant local residual stresses. A lower CTE for WC
compared to cobalt for example leads to compressive stresses in WC, as measured
by Larson and Oden [68] for sintered WC-Co. Secondly, the penetration depth of
typical laboratory scale X-rays is only a few micrometers and always measures the
surface [69]. However, the residual stresses of the coatings are not uniform in terms
of through thickness. Often, for example if the WC-Co coting is on top of steel, the
CTE of the coating is lower than that of the substrate, which produces compressive
stresses during post-deposition cooling. On the other hand, the quenching stresses,
which are tensile, dominate the deposition stage. As a result, compressive stresses
are higher near the substrate interface and shift toward tensile as the coating
thickness increases [50]. Stokes and Looney [70] also showed that quenching effects
became smaller as the coating thickness increased up to 1 mm. Therefore, the
thickness coating is an important factor to observe when comparing the residual
stresses of coatings. Furthermore, Pina et al. [71] showed in their study that the
external loading of coated structure do not necessarily transfer the strains to the
lattice level of coating. They bent various coated beams and measured the stresses
by XRD and strain gauges from the top of coatings and for some of the materials
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could not detect the relation between the XRD stress and mechanically applied
stress. They stated that the observed phenomenon of coating behavior is due to the
coating structure, in which the opening of pores and microcracks and the sliding
between lamellae allow the transfer of externally applied strains in the macroscale.
X-ray diffraction operates on a smaller scale than the strains imposed by external
loading. In contrast, strain gages, shown in Fig. 8, glued on the coating surface,
correspond to strains integrated over their underlying surface and add the effects of
the strain of dense material to the strains due to cracks, porosity, and lamella sliding.
Therefore, they state that the magnitude of the strains recorded by strain gages is
higher than that observed by X-ray diffraction. Thus, it is clear, that this specific
structure of the coating must be understood, when evaluating its stress states by
different methods. XRD method measures the local stresses in the lamellae and
depend on the microscale lattice strains and Young’s modulus in the lamellae
whereas the methods based on measuring elongation or deflection such as curvature
and the layer removal method based on strain gages depend on the macroscale
strains and Young’s modulus of the larger coating volume. It is noteworthy that
when coating density and lamellae adhesion improve, the stresses measured by the

different methods converge.

site of an electric
strain- gauge

diffracting
wolurme
(free of flaws)

=l D] -Q‘,A‘d P n\'-u—_'..n. ﬂ’l

s QD
=L TS qi't‘-_qn.

7% SUBSTRATE

Figure 8. A schematic of the different volume scales of the material covered by X-rays and electric
strain gages [71].

A relatively good understanding of the effect of coating processes on the residual
stresses of HVOF-sprayed WC-Co and Cr3C2-NiCr coatings is gained from the
curvature studies of Smith et al., Lamana et al., and Vackel et al, listed in Table 3.
They used an ICP device to measure curvature and average residual stress in the
coating [61,72,73]. Generally, the D] Hybrid HVOF process produces tensile
residual or slight compressive stresses, whereas the JP 5000 produces higher
compressive residual stresses. However, it is evident that variation is relatively wide
depending on the spraying parameters. Smith et al. [61] showed the variation of WC-
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CoCr sprayed by JP5000 to be 14 to -1081 MPa. Vackel et. al [73] showed that
pushing the gas flows higher in the DJ Hybrid process can produce relatively high
compressive residual stress with that torch as well. From the study of LLamana et al.
[72], it is evident that with the same parameters WC-12Co has the tendency for
slightly higher compressive stress compared to WC-17Co.

What is noticeable is that relatively few studies have been carried out for residual
stresses in Cr3C2-NiCr coatings. One of the few studies was the work of Smith et al.,
who showed strong parameter dependency on the residual stresses of Cr3Co-NiCr as
well [61]. Also, residual stresses of HVAF-sprayed coatings have been reported only
in a few studies. They highlight that a colder and higher velocity process than HVOF
shifts the residual stresses toward compressive stress. Kumar et al. [74] showed
compressive stress by XRD ranging from -360 to -500 MPa in a HVAF (AK-00)-
sprayed WC-CoCr coating. Bolelli [75] reported approximately zero residual stress
in HVAF (M3) sprayed WC-CoCr coating.

Table 3. Curvature residual stresses of various carbide-based hardmetal coatings sprayed by
various processes and parameters.
Authors Coating Material Process Residual Stress
(Stoney)
Lamana, Pukasiewicz and WC-12Co HVOF DJ Hybrid 2600 -46
Sampath, 2018 [72] WC-12Co HVOF JP 5000 -434
WC-17Co HVOF DJ Hybrid 2600 -16
WC-17Co HVOF JP 5000 -388
Smith et al., 2020 [61] WC-12Co HVOF DJ Hybrid 2600 -61,-151
WC-12Co HVOF JP 5000 -432
WC-10Co4Cr HVOF JP 5000 14.3,-71,-1081
Vackel and Sampath, 2017 [4] WC-CoCr HVOF DJ Hybrid 2600 -645, 0
Smith et al., 2020 [61] Cr3Ca-NiCr HVOF DJ Hybrid 2600 57,-126
HVOF JP 5000 -432

Regarding cold sprayed coatings, Luzin et al. [76] studied cold sprayed (Kinetic
Metallization) Al and Cu coatings by neutron diffraction and the Tsui and Clyne
fitting and measured compressive residual stresses in both materials. In aluminum,
approximately -9 MPa of compressive stress was measured, whereas residual stress
in Cu was -45 to -81 MPa. Aluminum showed minimal shock hardening compared
to Cu due to its low impact energy. Luzin et al. stated that the deposition stage
stresses play a major role in residual stress development in cold spraying and that
thermal effects do not play a notable role in changing the distribution. The residual
stresses in the material are determined by dynamic flow stress, which is the stress

required to continue the plastic deformation in the material, and impact pressure.
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They stated that the higher impact energy of Cu, despite its higher dynamic flow
stress, leads to a significantly higher plastic strain and compressive stress in copper
than in aluminum [76]. Spencer et al. also followed the approach of Tsui and Clyne’s
progressive model to evaluate residual stresses in aluminum coatings sprayed by the
Kinetic Metallization and CGT Kinetiks 4000 systems [77]. Coatings were sprayed
on magnesium alloy. The residual stress in aluminum coatings sprayed by the Kinetic
Metallization system was -17 - -21 MPa, whereas the CGT system reached -76 MPa
stresses in the aluminum. They concluded that the residual stress profiles were
dominated by the peening process and that the thermal mismatch stresses were
minimal. However, at higher processing temperatures, the thermal mismatch stresses
became notable. Ghelichi et al. [78] pointed out that favorable compressive stresses
may relax considerably due to the process gas temperature from the cold spray to
induce a negative annealing effect in the coating and substrate. This effect was clearly
observed by means of experiments on samples previously grit blasted and then

submitted to the cold spray process without using powder.
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4 WEAR PROPERTIES OF THERMALLY SPRAYED
WC-COCR AND CR3C2-NICR COATINGS

Mechanical wear can be described as the gradual removal or deformation of a
material. The severity of the wear depends on the intensity of the mechanical contact
force that takes place between the surfaces and the relative speed of the counterparts.
It is important to note that wear is not a material property, but a system response.
Many different wear modes have been identified such as adhesive, abrasive, fretting,
cavitation erosion, and impact wear. The wear mode defines a situation which has
relatively similar conditions in the interrelationship of the counterparts. The physical
mechanisms of material removal are still not well defined [79]. Generally, it may be
thought that the mechanism is the detachment or physical separation of material
particles from the surface, starting with the breakdown of the surface or subsurface
material structure as a result of loading from a moving counterpart. Local plastic
deformation resulting in grooving, crack initiation, and crack growth destroys the
surface and results in wear particle formation and accumulation of wear. In abrasive
and adhesive wear relatively high contact loads are most likely to causes severe plastic
deformation at the surface and cause severe wear. Fatigue wear is often mild wear as
it requires crack growth by continuously repeating loading induces the plastic
deformation and contributes to crack initiation and growth under the contact area.
Plastic deformation around an asperity, also in light contact, has been thought to
play an important role in fatigue wear [80]. Cavitation erosion wear and erosion wear
may also take place as the fatigue erosion mechanism. [79-83]

The wear resistance of materials is usually dependent on a complex combination
of fracture toughness and hardness. For most materials, an increase in hardness
results in a decrease in toughness. A good combination of toughness and hardness
is sought by combining the ductility of a metallic phase and the hardness of a hard
phase in a so-called metal matrix composite (MMC). One example of such a
successful material is WC-Co hardmetal, which is traditionally produced by liquid
phase sintering. The high wetting and adhesion between the WC hard phase and Co
matrix are advantageous for the properties of WC-Co. Good cohesion is explained
first by the good wetting of liquid Co on WC, and second, the strong bonding forces
between metallic Co and W. Bonding between hard phases was found to be strongly
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related to the dissolution of carbide in the matrix resulting in a nucleated zone [84].
Hardmetals, such as WC-Co(Cr) and Cr3Co-NiCr are also the most important group
of materials processed by thermal spraying [85]. When the hardness and toughness
of HVOF-sprayed WC-Co were investigated, it was found that the WC-Co coatings
by HVOF were rather brittle, regardless of the Co content. It was clarified that
significant dissolution of WC into the Co binder phase takes place when the Co
binder phase is molten during spraying and there is not enough time available on the
substrate for the dissolved tungsten and carbon to fully precipitate back and form

carbides [86—88].

4.1 Properties of thermally sprayed hardmetal coatings

The microstructure, which is formed by thermal spray processing is unique
compared to microstructures by other processing methods. Thermal sprayed
coatings are generated from the impingement of many heated and accelerated
individual splats, which form a lamellar structure from the rapidly quenching
particles. The lamella boundaries are always the weak links in thermally sprayed
coatings and are responsible for the reduced tensile strength and elastic modulus of
thermal sprayed coatings. The reduction in the properties can be 10% — 60%
compared to the properties of wrought material having a similar phase composition
[8]. The imperfectness of lamellar cohesion has hindered the performance of
thermally sprayed coatings in many applications. For example, weak lamella
boundaries in wear applications can cause increased wear due to lamella detachment.
Recently however, higher velocity HVOF or HVAF processes have led to an
improvement in coating density and in the cohesive properties of the lamella, hence
improving the overall mechanical properties of the coatings.

The variation in the mechanical properties of the WC-Co(Cr) and Cr3C2-NiCr
coatings has also been presented as related to the microstructural changes arising
from oxidation (carbide loss) and carbide dissolution in a matrix. The mechanism of
compositional changes in WC-Co coatings is well described and shown in Fig. 9.
There are two mechanisms for WC-CoCr coatings that change the coating
microstructure and can be detected from the microstructure: a) carbon loss reactions
and b) dissolution of carbide in the liquid matrix. Carbon loss occurs via the direct
oxidation of the carbide which causes the formation of W>C, or via the oxidation of
dissolved carbon from the liquid. Dissolution of WC into the Co binder phase takes
place when the Co binder phase is molten during spraying. Molten Co dissolves the
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WC grains, the carbon and tungsten content of the matrix increases, and the relative
size of the carbides decreases. During cooling, the Co(Cr) matrix becomes
supersaturated from W and C resulting in the formation of W>C on the surface of
the original WC. During slow cooling, the precipitation of eta carbide, CosWsC,
phases occurs in the Co-rich matrix. Usually, the cooling rate is so high that
equilibrium cannot be reached and amorphous or nanocrystalline W-rich phases may

occut. [86,89]

Decarburization mechanism of WC-Co during plasma spraying

decarburization caused
by exidation
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Figure 9. Schematic description of decarburization process in WC-Co powders during flight. (a) In
the original WC-Co powder, the WC particles embedded in the Co matrix are sharp and
irregular, b) the particle after in-flight stage showing diffusion-controlled carbon loss and W
dissolution, and (c) the splat after coating formation and quenching shows carbon loss and
W and C dissolution induced phases such as W2C and eta phase.[90]

In the HVOF spraying of Cr3Co-NiCr, the decarburization during spraying results in
the formation of Cr7Cs and Cr23Cs. Cr7Cs is observed typically around original Cr3Cz
carbides and is associated with the overheating of powder particles during spraying.
The Cr23C¢ carbide occurs in nanosized particles in the matrix as a result of carbide
dissolution. In addition, in Cr3C2-NiCr coating, Cr2Oj3 thin oxide skins may be found
at the lamella boundaries. Neither of these has been shown to have a prominent
effect on the brittleness of the coating. It may be that more of the coating properties
are influenced by carbide bounce-off, especially when sprayed using the HVAF
process [91,92]. [93,94]

Despite the decarburization, the properties of WC-Co(Cr) and Cr3Cz-NiCr
materials are not necessarily degraded during spraying, and coatings in general are
known to represent the most wear-resistant material applied by using thermal spray
processes. Further, many studies have shown that due to the colder flame, the
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carbide dissolution and oxidation is lesser in the HVAF process than in the HVOF
process, which has a positive effect on the ductility of the coating. However, process
optimization by in-situ monitoring of the particle state and linking it to mechanical
properties and wear performance enables further improvement of coatings for their
desired properties. It should also be said that the temperature and velocity of the
particles substantially influence the stress states of the coating, a topic on which there

is little information in the literature.

4.2  Effect of residual stresses on the wear properties of
thermally sprayed hardmetal coatings

Compressive residual stresses have proven beneficial against several wear modes
such as abrasion, adhesion, erosion, fretting, and cavitation erosion [95-98]. In many
cases, stresses are generated on the surface of the components by machining or other
post-treatment processes such as shot peening. In some cases, the wear itself may
induce a hardening mechanism and generate compressive stresses. Garbar et al. [97]
showed that compressive residual stresses, which were initiated by the abrasive wear
process itself, increased the abrasive wear resistance of steels. Steels were heat treated
in various heat treatment stages and wear resistance increased even if the material
had already been treated to its maximum hardness. However, it is ambiguous
whether the improvement in abrasion resistance is affected by the increase in
hardness or the residual stress state. Concerning thermally sprayed coating, the
residual stresses are generated from the coating manufacturing process and have an
effect throughout the whole coating, not only on the surface. Further, the stresses
influence the surface layer of the substrate. Although residual stresses are an
inevitable part of thermally sprayed coatings, their effect on wear resistance has been
investigated only in relatively few studies. Most of the publications address abrasive
erosion and cavitation wear. It is characteristic of the studies on the relation of
residual stresses and the wear of thermally sprayed coatings that it is often unclear
how much the stress state influences the wear resistance. This is because when the
stress state changes due to altering the spray parameters, other coating properties
such as hardness and toughness often change as well, which makes it difficult to
draw conclusions. Moreover, the residual stress states may be generated from many
different sources, leading to stress states at different micro or macro levels.

Inhomogeneous stress states may have an unpredictable effect on the wear resistance
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against various wear mechanisms. Therefore, in many cases, the effect of residual
stresses is only generally stated, but mechanistic examination is lacking.

Oladijo et al. [63,99] identified the correlation of the abrasion wear resistance and
residual stresses of WC-Co coatings (Fig. 10). The residual stresses of the coatings
were altered by spraying onto the substrates with various CTEs. However, the use
of different substrates also resulted in different hardnesses and there was also a
cotrelation between abrasive wear resistance and hardness. Maiti et al. [100] showed
that abrasion wear resistance in the ASTM G-65 rubber wheel test and erosion
resistance in ASTM G-76 improved as an increased amount of coating thickness was
ground. The increased ground thickness contributed to increased compressive
residual stress, which they combined with good abrasion and erosion resistance.
They also mentioned that surfaces were work-hardened due to the grinding process,
which may explain the increased wear performance as well. When studying the
adhesive pin-on disc wear test, Luo et al. concluded that high compressive residual
stress increases the wear resistance, while high tensile stress decreases the wear
resistance [00]. They increased the compressive residual stresses in the coating
surface by adding more spray layers. [63,66,99,101,102]
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Figure 10. Effect of compressive stress on the abrasion resistance of WC-Co coatings on different
substrates [63].

In cavitation erosion, damage is caused by the continuous formation and collapse of
cavitation bubbles that generate a high impulsive load of high intensity. Each
individual load generates microscopic damage and, as they are repeated during the
exposure, macroscopic damage will occur [103]. In metallic materials the cavitation
erosion rate can typically be divided into three stages. In the first stage, incubation,
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dislocation slip planes are formed, and plastic deformation starts to accumulate and
causes crack initiation and growth. During the second stage, material removal will
accelerate as plastic deformation further accumulates. Material removal is observed
in many locations, although some areas appear to remain unchanged. In the third
stage, maximum erosion, the original surface is completely removed, as a network of
cracks has broken the surface into small pieces, which are gradually removed from
the surface. Cavitation thus occurs by a mechanism, shown in Fig. 11, in which a)
cracks are formed due to plastic deformation, b) cracks grow as a consequence of
continuous load impulses, and c) particles are removed from the surface. The
cavitation process requires crack initiation and for this reason it can be considered
as a process requiring fatigue cracking. Therefore, materials capable of sustaining
fatigue crack growth (high fracture toughness, KIC) and which withstand load
impulses without plastic deformation (high yield strength) are the materials that
perform best against cavitation erosion. Such materials include stainless steels or
nickel and cobalt alloys. Several approaches have been successfully applied to further
improve the cavitation erosion resistance of materials. These include surface
hardening by shot peening or laser peening processes or other surface treatments in
order to harden a surface locally to increase the yield strength and to induce a
compressive stress in the surface. This prevents crack opening, hinders crack growth,
and has a positive influence on cavitation erosion resistance [104]. It has been
discussed in several papers that compressive residual stresses, if present in thermally
sprayed coatings, improve their cavitation resistance [72,74,105-107]. However, the
residual stress might not have been measured in the studies or the variation in their
magnitude was insignificant. Furthermore, combining improved cavitation
resistance with a stress state has proven challenging, because changes in the
manufacturing parameters that produce different residual stress states produce
changes in the other properties of coatings as well. For example, factors like porosity,
density, hardness, and other properties of lamella interfaces have been mentioned as
affecting cavitation erosion resistance [106,108]. [60,72,74,103—-107,109,110]
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Figure 11. Cavitation erosion mechanism in WC-CoCr coatings according to Matikainen et al.: a)
crack initiation stage and b) material removal stage. 1) Existing cracks and pores in the
coating, 2) splat surfaces with weak bonding, 3) cracks formed by fatigue wear, 4)
cavitation bubbles, and 5) brittle fracture surface. [106]

4.3  Effect of thermally sprayed coating on the fatigue life of a
component

Repeated loading can start a fatigue mechanism in the material, leading to the
nucleation of a small crack, followed by crack growth, and ultimately complete
failure. Cyclic loading, which is below the yield stress (in the elastic region) initiates
very local plastic deformation as a result of repeated dislocation slipping and
initiation of non-reversable changes in the microstructure. Fatigue failure requires
first the initiation of a crack, usually on the surface, thus it is dependent on the
surface quality. After initiation, the crack growth rate is dependent on the conditions
at the crack tip and is controlled by the load amplitude, frequency, and the material’s
ability to resist crack growth. As the crack initiation and growth rate are dependent
on the stress field in the crack tip, it can be influenced by residual stresses. A
compressive stress state on the surface is one of the clear benefits observed to
improve the fatigue resistance of the components [111]. Several surface treatment
processes that produce compressive residual stress, such as shot peening and laser

shot peening, have been utilized to improve the fatigue resistance of shafts, gear
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wheels, and other components. It is also known that many surface thermo-chemical
treatments such as nitriding and carburizing increase the fatigue life of steel due to
the compressive residual stresses they produce [112].

Studies on the effect of applied thermally sprayed coatings on the fatigue life of
components show that the coating may have either a positive or negative influence.
Several studies show that various HVOF coatings decrease the fatigue life of the
component [3,62,113-115]. Only a few studies show that a positive influence on the
fatigue life can be achieved by thermal sprayed coatings with compressive residual
stresses [73,110], or by increases in the total stiffness of the component thanks to
the application of the coating, thus increasing the fatigue life [117]. In the research
of Vackel and Sampath [73], shown in Fig. 12, it was shown that a HVOF-sprayed
WC-CoCr coating (S + DJB) with high compressive stresses increased the fatigue
performance compared to steel (S), while a HVOF-sprayed WC-CoCr coating (S +
DJA) with tensile residual stresses decreased it.
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Figure 12. Fatigue life of WC-CoCr coatings sprayed by HVOF compared to steel. Coating can either
improve the fatigue performance if the coating is in compression (S+DJB) or worsen the
fatigue performance if the coating is in tension ((S+DJA), compared to steel (S). [73]

It is agreed that the fatigue failures of solid materials usually start on the surface of
a fatigue specimen or at the locations where the highest tensile stress concentrations
have been generated [118-120]. The mechanism of fatigue crack initiation and
growth in coated structures have been investigated in relatively few studies but
various factors have been shown to influence fatigue life. In the case of coatings,

cracks may either occur in the coating or they may be generated in the substrate
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under the coating. In several publications, cracks have shown to be initiated directly
from the surface of the substrate, most typically from irregularities or grit blasting
residues at the coating-substrate interface [115,121-123]. Garcia et al. pointed out
that surface roughening produces irregularities for crack initiation, which decreases
the fatigue life; on the other hand, the grit blasting process produces compressive
stress in the surface, which may increase the fatigue life [116]. However, in some
situations, cracks may initiate in the coating. The coating structure, which is full of
voids, increases the number of potential locations for crack initiation. Several authors
have shown that cracks can initiate in the coating at the locations of weak lamella
bonding or pores in the coating [116,117,124|. Zhu et al. also showed crack initiation
on the coating surface [125]. Thermally sprayed coatings are relatively brittle and
their load carrying capacity is limited. Therefore, perhaps the most important aspect
is how the coating influences the crack initiation of the component if the crack has
initiated from the coating. Research on the fatigue behavior of bi-layered structures
shows that, once initiated, crack propagation is associated with the direction in which
the crack approaches the interface. Moreover, it is influenced by the plastic
properties of the coating and substrate. If the crack approaches from the less brittle
material toward the brittle material, the crack continues to advance through the
interface. If the crack approaches the interface from the plastically weak material to
the material which can plastically deform, the surface layer can behave as a crack
arrestor [126]. Moreover, coating adhesion plays an important role on crack growth
in the vicinity of the interface. It has been shown that if the adhesion of the coating
is low, the crack can start to advance along the interface and thus delamination of
the coating may occur [124]. [3,54,62,73,113,116,117,123,127-129]
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5 MATERIALS AND METHODS

There are several parameters in high kinetic thermal spraying that affect the deposit
formation and hence the coating properties. The differences in parameters are the
greatest between the coating processes such as first generation HVOF, high pressure
HP-HVOF, and HVAF. In addition, each coating device may have different
hardware setups, which significantly affect the coatings. Finally, the processing
parameters are important controllable factors for optimizing the coating
microstructure and properties. The main controllable outputs in the high kinetic
process are particle temperature, velocity, and melting state. By utilizing in-situ
monitoring of the thermal spray process, direct measurements from the spray
process can be collected. In this way the relationship between the processing,
structure, properties, and performance of the coatings can be determined. By using
the on-line particle sensor in flight conditions, T and v, can be monitored, and by
using the in-situ curvature monitoring technique direct measurements of the particle
impact, quenching, and thermal history can be recorded. Finally, curvature
monitoring and the data that it generates allow the determination of the residual

stress distribution in the coating by using analytic models, for example.

5.1 Feedstock materials and deposition methods

The focus of this study is mainly on wear resistance materials such as WC-CoCr and
Cr3C2-NiCr. Commercially available agglomerated sintered powders, with a suitable
particle size distribution for each process, were selected as feedstock. The powders
used are shown in Table 4. For the cold spray process, the studied materials were
atomized metallic powders of copper, titanium and aluminum, which are typically

used in this process.
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Table 4. Powders used for the study.

Material Manufacturer Name Particle size  Spray process
Mm

WC-10Co4Cr? Oerlikon Metco WOKA 3652 15-45 HVOF

WC-10Co4Crb Durum Durmat 135.063 15-36 HVOF

WC-10Co4Cre Durum Durmat 135.017 5-25 HP-HVOF, HVAF

WC-10Co4Crd Fujimi DTS-W827 5-25 HP-HVOF

WC-10Co4Cre Fujimi DTS-W828 5-25 HP-HVOF

Cr3C2-25NiCra H.C. Starck Amperit 584 22-45 HVOF

Cr3C2-25NiCr° Oerlikon Metco WOKA 7304 10-30 HP-HVOF, HVAF

Cr3C2-25NiCre H.C. Starck Amperit 588 5-30 HVAF

Ti GfE - 20-80 Cold Spray

Al TLS Technik - 10-50 Cold Spray

Cu H.C. Starck Amperit 190.068 10-35 Cold Spray

The spray processes studied were commercial high kinetic HVAF, HVOF, and CS
processes. The HVAF process used an AcuKote-07 from Kermetico Inc. (Benicia,
CA, USA); the HP-HVOF process used a Carbide Jet Spray (CJS) from Thermico
GmbH & Co (Dortmund, Germany); and the HVOF process used a DJ-Hybrid
2600 from Sulzer-Metco (Westbury, NY, USA). The CS system used in this study
was a KINETIKS 4000 from Cold Gas Technology GmbH (Ampfing, Germany).
These new generation systems were able to produce high particle velocities with
various particle temperature histories. The spray parameters are shown in Table 5.
For the HVOF and HP-HVOF processes, the parameters A, B, and C were intended
to affect the particle temperature by changing the O/F ratio while maintaining the
chamber pressure at the level so that the velocities were not significantly affected. It
should be noted that the stoichiometric O/F ratios for burning hydrogen (HVOF
process) is 0.5, and for kerosene (HP-HVOF process) it is 3.5. In Table 5, the O/F
is normalized so that the stoichiometric ratio is 1. In the HVAF process the
parameters A, B, and C differed in the total amount of gases fed to the process, with
the main aim of affecting the particle velocity.
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Table 5. Spray parameters used for the coating deposition.
Parameter Spray device  Ha 02 Air N2 Normalized ~ Chamber P SOD*
(slpm) (slpm) (slpm) (slpm) O/F ratio (kPa) (mm)
HVOF A DJ-H 2600 660 192 350 14 0.80 538 250
HVOF B DJ-H 2600 635 216 350 14 0.91 546 250
HVOF C DJ H 2600 580 233 350 14 1.06 539 250
HVOF D DJ H 2600 605 246 350 14 1.06 560 250
Parameter Spray device  Keros. O: Hz N2 Normalized  Chamber P SOD*
() (slpm) (slpm) (slpm) O/F ratio (kPa) (mm)
HP-HVOF A CJS52 18 920 80 32 1.33 1330 200
HP-HVOF B CJS52 16 940 80 32 1.54 1340 200
HP-HVOF C CJS5.2 14 960 80 32 1.80 1360 200
HP-HVOF CJSA CJS5.2 21 900 80 32 1.11 1400 200
HP-HVOF CJSB  CJS5.2 18 1000 80 32 1.47 1470 200
HP-HVOFCJSC CJS5.2 16 1000 80 32 1.66 1420 200
Parameter Spray device  CsHs  CsHs  Air H2 N2 Chamber P SOD*
(kPa)  (slpm) (kPa) (slpm) (slpm) (kPa) (mm)
HVAF A AK 07 676 134 824 35 35 600 250
HVAF B AK 07 600 106 758 35 35 545 250
HVAF C AK 07 517 94 648 35 35 469 250
Parameter Spray device  Nozzle Pressure Temper- SOD*
(kPa) ature (mm)
(°C)
CS Al Kinetiks 4000  Polymer 22 mm 2500 350 40
CSTi Kinetiks 4000  WC-Co 17.5 mm 3000 400 40
CSCu Kinetiks 4000  WC-Co 17.5 mm 3500 700 40

* SOD: Stand-off distance

5.2

Process monitoring and diagnostics

The SprayWatch 2i (Oseir Oy Ltd., Tampere, Finland) diagnostic system was used

for the measurement of average particle temperatures and velocities, allowing the

presentation of the relative difference of each spray condition. Spray Watch 2i

measures the velocities by image analysis of the length of the traces drawn by in-

flight particles during the exposure time. The average particle temperature is

measured by two-color pyrometry. Coatings were deposited on a 228.6 mm x 25.4

mm x 2.5 mm steel strip, which was mounted on an in-situ coating property sensor
(ICP) (ReliaCoat Technologies, East Setauket, USA). The ICP sensor measures the
temperature and curvature of the substrate beam during spraying. The curvature
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sensor is based on the laser sensing of deflections in a strip during thermal spraying,
which is converted to the sample curvature. A simultaneous measurement of

temperature is achieved via multiple thermocouples.

5.3 Residual stress evaluation

The ICP curvature was converted to residual stresses using the analytical model as
per Tsui and Clyne [2]. The model was developed for progressively deposited
coating, in which quenching stresses (or peening stresses) from the deposition stage
and post deposition CTE mismatch stresses are superposed to express the stress

stage of the coatings. The deposition stage stresses, gy, for the new nt layer can be

calculated by (5) 2],

HEg+(n—1) wEjy

Oq bw

Ggn = —— LT | Eiabiey ((n=2)w=6,) ®

bw

where gy is the quenching stress, b is the beam width, w is the layer thickness, H is
the substrate thickness, Ey is the effective Young’s modulus of the deposit, Eg is the
effective Young’s modulus of the substrate, Ak, is the curvature change due to the
deposition of layer n, and §,, is the location of the neutral axis. The calculation of
the neutral axis can be found in the original source [2]. In addition, the stresses
caused by each new layer, n, affect the layers below, which is taken into account in
the Tsui and Clyne model by superposing their effect on the gg,. For example, the
new layer with tensile stresses shifts the underlying layers toward compressive. The

stresses caused by the following layers on the underlying layer, j, can be calculated

by (6) [2]:
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Thus, the deposition stress 0,;in the middle of the it layer between (1 to n) can be
determined based on equations(5) and (6) by (7) [2],
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which expresses the quenching induced stress in the i layer and adds the effect of
all the following layers, j, on that layer. The curvature change, Ak;, caused by each

layer is (8) [2]:

ogbw
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Stresses in the middle of each coating layer can then be calculated even if only the
quenching stress, gy, is known. Quenching stress can be determined by using the
iteration procedure proposed by Tsui and Clyne [1]. In that procedure, the
experimentally measured curvature from the deposition stage after x number of
spray layers and the sum of calculated curvature changes from equation (8) are set as
equal, with the same number of passes. After this procedure, the quenching stress,
g, is known and deposition stresses can be calculated for each layer using equation
7).

Post-deposition CTE mismatch stresses, 0¢rg, which arise due to the contraction
of substrate and coating when cooled from the deposition temperature to room
temperature, can be calculated by the formula (9)[2],

(2 Akc Zg

Octe = Z—:) — E4 Ak, ((” - %) w= 5n) ©)

where X is the stiffness of the composite beam, whose calculation can be found in
the original source [2], Ak, is the curvature change due to the cooling, n is the
number of the layer, and other symbols are as shown eatlier. Here, Ak, can be

expressed as (10) [2],
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Ak, = (10)
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where ACTE is the difference in CTE between the coating and the substrate, AT is
the temperature change during the cooling from deposition temperature to room
temperature, and other symbols are as shown earlier. By using these equations, (10)
and (11), CTE mismatch stresses can be calculated in the middle of each coating
layer by considering that j is the number of layers. The actual in-situ measured
substrate temperatures for each layer is now possible to input in equation (11) in
order to present the CTE mismatch stresses more accurately and to obtain more

realistic data of the residual stresses in the coatings.

The calculation of the layer by layer stresses as per Tsui and Clyne requires the
determination of the quenching stress. This can be done by utilizing the ICP
curvature measurement and the iteration process they propose [1]. In the original
model, the curvature is defined as positive and the residual stress of the layer tensile
if the layer of deposit is on the concave side. In this work, the model was also used
for negative curvature changes induced by compressive peening stresses. For
simplicity, it was assumed that the peening stresses have an influence homogeneously
on the previously deposited layer only. However, the peening stress distribution
generated from each impinging particle is inhomogeneous and affects the unknown
thickness in the layer below the previously deposited layer. In finite element
modeling studies, Bansal et al. estimated the stress field thickness in the steel
substrate due to impingement of HVOLF sprayed particles. They predicted the
peening stress field was 30 pm under the diameter of 29 um AISI 316 particle and
50 wm under the copper particle having the size of 50 um [43,44]. In the progressive
layer by layer calculations of Tsui and Clyne, deposition stresses (originally
quenching stresses) are assumed to be formed only on the newly deposited layer.
Considering that the thickness of a single layer is typically less than 10 pm, the
curvature approach does not necessarily predict the deposition stage peening stresses
accurately. However, as the stress field due to peening actions is not exactly known,
it is appropriate to assume that peening stresses apply only to the newly added layer.
Furthermore, it is assumed that the deposition stresses (peening and quenching
stresses) are uniform within the added layers and have each same magnitude. Finally,
when the stresses based on the measured curvature changes are superposed over the
final coating thickness, calculations of the stresses caused by peening actions can be
considered very useful and a relatively accurate representation. The thickness of the
peening stress field under the particle is assumed to be only some micrometers,
which is less than the thickness of a single layer (10 um). Further, the thickness of
the peening stress field is similar for every layer. Therefore, the calculation of the

stresses caused by peening actions using the Tsui and Clyne method can be
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considered a good and relatively accurate representation of the residual stresses in

coatings.

5.4  Microstructure and mechanical property characterization

The characterization methods included SEM, conventional Vickers hardness
measurement with a 300-gram load, carbon and oxygen content analysis using a Leco
CS230 carbon analyzer (Leco Corp., St. Joseph, Michigan, USA) and Leco TC600
oxygen analyzer (LECO Corp., St. Joseph, Michigan, USA), and phase structure
analysis by X-ray diffraction (Empyrean, PANalytical, Netherlands) using Cu-Ka
radiation (1.5406 A, 40 kV and 45 mA). Phase identification of diffraction peaks was
done with HighScorePLUS software (PANalytical, Netherlands). In addition, the
elastic modulus and fracture toughness of the coatings were evaluated. The elastic
modulus of thermal spray coatings provides a quantitative description of the deposit
microstructure. The elastic modulus of coatings was evaluated by instrumented
indentation (Zwick ZHU 0.2, Zwick-Roell, Ulm, Germany). For fracture toughness
determination, ten indents were taken on polished cross sections at a load of 5 kg.
The corner crack lengths of the indents were analyzed by optical microscopy and the
fracture toughness was calculated by the equation proposed by Lankford [130] or
Evans — Wilshaw [131].

5.5  Wear and fatigue studies

Wear testing was performed using the ASTM G065 abrasive wear test and ASTM
(G32-16 indirect cavitation erosion tests. In the ASTM GG65 rubber wheel abrasion
tests, the coating samples were placed in contact with a rubber wheel at a static force
of 45 N. Quartz sand with an average size of approximately 250 pm was fed between
the rubber wheel and test sample at a rate of 270 g/min. A rubber wheel of 227 mm
diameter was used at 200 rpm for a total sliding distance of 4.279 m (6,000
revolutions) for the samples. Prior to testing, the samples were polished to a
mirrorlike finish with a 3 um diamond suspension.

Cavitation erosion tests were performed with an ultrasonic transducer (VCX-750,
Sonics & Materials, USA), according to the ASTM G32-16 standard for indirect
cavitation erosion. The sample was placed in 25 °C deionized water and a Ti-6Al-4V

tip, with a diameter of 13 mm vibrated at a 20 kHz frequency and 50 um amplitude
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at a distance of 0.5 mm from the sample to create cavitation. The coating surfaces
were ground flat and polished with a polishing cloth and 3 um diamond suspension
to produce a mirror finish. The volume loss rate (mm3-min-) of the samples was
determined from the cumulative volume loss curve by using linear fitting.

A force-controlled constant-amplitude axial fatigue test was performed on the
coated and non-coated samples according to the ASTM E 466-07 procedure for
unalloyed structural steel S355]2G3 bars with a diameter of 20 mm. Corresponding
S-N curves of differently treated samples were compared to the coated samples by

producing fatigue limit estimates based on the computed staircase tests.
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6 RESULTS AND DISCUSSION

This chapter summarizes the main results from Publications I - V and is divided into
five sections, describing the relations of the powders used, deposition process,
particle conditions, and coating properties. The first section presents the type of
powders used for the studies; the second section summarizes the process
manipulation strategies and the effect of process manipulation on the particle
conditions; the third section introduces the coating structures and main mechanical
properties resulting from various spray conditions; the fourth section shows the
examples of residual stresses generated from different deposition processes and
parameters; finally, the fifth section discusses the most obvious effect of residual

stresses on coating performance.

6.1 Powder characteristics

The typical microstructures of the selected WC-10Co4Cr and Cr3C-25NiCr
feedstock powders are presented in Fig. 13 and 14. The powder details including the
superscripts are explained in Table 4. The microstructures are typical for
agglomerated and sintered (a&s) feedstock powders and show the range of powder
particle density among the selected powders. With respect to WC-CoCr powders,
the WC-10Co4Cr? powder used for HVOF (D] Hybrid) in Publication I (Fig. 13 a)
was the most porous and its carbide size was in the micron range. For the HP-HVOF
and HVAF spray processes, a smaller carbide size powder was justified due to a
smaller tendency for carbide dissolution. Therefore, the submicron nominal carbide
size of 0.4 um was selected and used as the main powder in Publications III and IV.
The density of the powder varied depending on the powder manufacturing
parameters or pre-treatment. Clearly the densest WC-CoCr powders were WC-
10Co4Cr» and WC-10Co4Cre (Fig. 13 b), which was also confirmed by the apparent
density. The density of WC-10Co4Crd and WC-10Co4Cre powders were adjusted by
the powder manufacturer in order to consider the effect of powder density in
Publication III. The densest Cr3C2-NiCrb powder was used in Publication V, which
was agglomerated plasma densified powder with spherical morphology and a fully
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dense particle cross section, as shown in Fig. 14 b. Agglomerated and sintered Cr3Co-
NiCr* powder (Fig. 14 a) has a more irregular shape and porous cross section.
Carbide sizes and shapes were also different. In agglomerated sintered Cr3Co-NiCr?
powder, the carbide size was typically 2-4 um. The carbide size distribution of the
plasma densified powder was wider. The finest carbides in the powder were in the
sub-micron range and the largest over 3 um. During plasma treatment the original
carbides partly dissolved in the matrix and precipitated during cooling, which

explains the different microstructure of the plasma densified powder.

Figure 13. Morphology and cross section of the a) WC-CoCra powder used for HYOF and b) WC-
CoCrb powder used for the HP-HVOF and HVAF processes.

Figure 14. Morphology and single particle cross section of the a) CrsC2-NiCra powder used for HVOF
and b) CrsCz-NiCr® powder used for the HP-HVOF and HVAF processes.
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6.2  Particle in-flight properties and their control

Figure 15 a and b show the first order process maps for WC-CoCr sprayed using
various spray torches Publications I, 111, and IV and Fig. 15 ¢ shows the first order
process map for Cr3Ca-NiCr sprayed using HVOF. It is evident that the D] Hybrid
HVOF system with a maximum flame temperature of over 2800 °C can produce
higher particle temperatures than HP-HVOF (CJS 5.2 configuration) and HVAF.
The lower particle heating of the HVAF and HP-HVOF systems makes it possible
to spray finer particle size distributions and yet the surface temperatures of the
particles do not rise as high as with the HVOF process. The maximum flame
temperature of the combustion of a propane-air mixture in HVAF remains under
1900 °C, which is the reason why it has the lowest particle temperatures of the
processes. In HP-HVOF, the lower particle heating is a result of feeding the particle
radially into a barrel where the flame is cooler, and also due to the fact that very lean
O/F ratios can be used because of hydrogen stabilization, resulting in a colder flame.
The flame temperatutes of the torches can be adjusted to some extent by the O/F
ratio and particle velocities by increasing the combustion pressure (CP), as expected.
It is worth noting that increasing the CP also increases the temperature of the
particle. These behaviors can be explained by considering that, as the gas flow
increases the density of the gas flow increases, whereby the drag force increases but
also the heat transfer on the powder surface is more effective. Higher chamber
pressure also slightly increases the combustion temperature, which increases the
temperature of the particles.

The temperature control in HVAF is not possible directly via the O/F ratio,
because the system operates with pressure control. The hardware does not measure
the air flow to the torch, which can be considered a shortcoming in tuning the flows
to certain O/F ratios, because accurate flows are not known. The parameter
manipulation of HVAF is limited only to the increase of chamber pressure when
using specific gun hardware. The tuning of the O/F ratio is usually based on the
visual detection of a stable flame. The margin for the O/F ratio adjustment in HVAF

is very limited.

57



1900 - WC-CoCr? (15-45 um)

1850 4 A OFF =0.80
A A Aok
__ 1800 aa - - -OF =091
O 1750 Ao AATT
5 1700 __OF=1.06
e BVSNC
© 1650 A
[0
a 16004
§ 150 "
= Increasing CP
1500 4
1450 4
1400 T T T T T T T T T 1
550 560 570 580 590 600 610 620 630 640 650
a) Velocity(m/s)
1900 WC-CoCre (5-25 um) = HP-HVOF
-
1850
CP=11 CP=13
5 1800 OIF = 1.07 = W OF=133
g 17504 O/F =123 m \m OfF = 1.54
g 1700 4 l'. |
- ! =
£ 16501 OfF =144 " . O/F. 1.80
‘é’_ 1600 - P60
& 1550
[
1500 % ®cpsa4
1450 CP=47
1400 T T T T T T T T )
680 720 760 800 840 880 920 960 1000
b) Velocity(m/s)
Cr;C,-NiCr? (22-45 um)
17007 P o--- OF=080
—---4%- OF=091
~—~ 1600 -~
o *>
R
O 15004
=2
g 14004 Increasing CP
g. OIF = 1.06
@ 1300 -
2 -
1200
"
1100 +—— : : : ; : ;
660 680 700 720 740 760 780
c) Velocity(m/s)

Figure 15. T-v -plots of a) the size of 15-45 WC-CoCra powder sprayed by the DJ Hybrid (H2) HVOF-
process, b) the size of 5-25 WC-CoCre powder sprayed by the CJS HVOF- and AK7 HVAF
processes, and ¢) the size of 22-45 CrsC2-NiCra powder sprayed by the DJ Hybrid (H2)
HVOF-process. OfF ratios are normalized and chamber pressures (CP) in bars.
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6.3  Coating characteristics

Figs. 16 a, b, and ¢ show the cross-section images of WC-CoCr coatings sprayed by
HVOF, HP-HVOF, and HVAF. The coatings have a clearly different carbide size.
The largest carbide size of the HVOF coating originates from the powder. However,
it is noticeable that very fine carbides are missing in the microstructure due to
dissolution. In WC-CoCr coatings sprayed by the HP-HVOF and HVAF processes,
the fine carbides are still visible in the coatings. The microstructures consist of very
fine WC particles homogeneously distributed in the CoCr matrix. A good indicator
of the temperature that the particles are exposed to during flight is the amount of
W>C in the coating structure. In Fig. 17, the amount of W2C is expressed simply by
the ratio of the peak heights of W>C and WC, and is plotted against hardness. It is
evident that the increase in hardness in the HVOF process is a result of more
effective particle heating and thus the formation of W2C. Due to hotter parameters
the matrix is also hardened, as shown in Publication I. In the HVAF process, the
increase in hardness (in Fig. 17 a) does not seem to be related to the significantly
increased W2C formation but is rather a result of higher particle kinetic energy. This
can be considered as one clear advantage of a cooler HVAF process as well as the
HP-HVAF process. It is also evident in the microstructures of the HP-HVOF and
HVAF coatings, shown in Fig. 16, that the higher kinetic energy of the particles along
with the finer carbide and powder size distributions result in a finer pore size and a
structure having a lower defect population and more homogeneous structure than
HVOF. These factors may explain the good hardness and elastic modulus
combination of HVAF coatings, as shown in Fig. 17 b.
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Figure 16. Microstructures of various WC-10Co4Cr-coatings, which were sprayed using the powder
shown in Table 4. The powder (WC-10Co4Cre) for HYOF had a coarser particle size
distribution and carbide size compared to the powder (WC-10Co04Cre) used for HP-HVOF

and HVAF.
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Figure 17. a) Hardness - W>C/WC relationship and b) hardness-elastic modulus relationship of
HVOF-, HP-HVOF-, and HVAF-sprayed WC-CoCr coatings. Publication IV

With respect to Cr3Co-NiCr coatings, the visible difference between the

microstructures of the HVOF coating (Fig 18 a) and HP-HVOF coating (Fig 18 b)
is partly due to the different powder used. In the HP-HVOF coating, the structure
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of the powder is clearly visible in the structure. However, it is also clear that the
HVOF coating has a lower amount of carbides remaining. Carbide retention may be
a reason for the dissolution of carbides and rebounding of the individual carbide
particle [92]. Both reasons are more likely for powder that is porous and has a larger
carbide size.

Figure 18. Microstructure of a) HVOF coating sprayed using CrsC2-25NiCra powder and b) HP-HVOF
coating sprayed using CrsC2-25NiCr> powder.

6.4  Residual stresses in the coatings

Fig. 19 summarizes the in-situ curvature evolution (in the middle column) and
corresponding average residual stresses in WC-CoCr coatings sprayed using different
parameters. Average residual stresses in the coatings from various residual stress
origins were in this case calculated according to the Brenner and Senderoff
approximation [48]. In general, it is evident that the particle condition determines
the in-situ curvature evolution. However, as the particle temperature is measured on
the surface of the particle and processes differ in the particle feeding location, dwell
time, and gas flow density, the melting degree of the particles does not directly
correspond to the surface temperature. The deposition stresses in the HVOF-
sprayed WC-CoCr coatings are tensile, dominated by quenching stresses, whereas
HP-HVOF coatings have compressive stresses, dominated by peening stresses. The
deposition stresses in HVAF-sprayed WC-CoCr coatings either quench or peen,
depending on the level of kinetic energy. It should be noted that the deposition
stresses for HVAF shift significantly toward tensile, due to the increase in substrate
temperature during the first 3-6 passes. In the Brenner and Senderoff calculations,
this effect clearly underestimates the compressive stress state, which is formed due
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to peening effects. For better comparison of the processes, this behavior is
eliminated in the Tsui and Clyne calculations, as shown in Fig. 20. Only linearly
progressing curvature evolution was used for deposition stage stress calculations and
the temperature was assumed to be constant throughout the deposition. In
Publication IV, stress distributions of the coatings based on the measured substate
temperatures are shown. Post deposition cooling stresses due to the CTE differences
of the WC-CoCr coatings and steel substrate are compressive and directly
proportional to temperature change during cooling. In coatings where the residual

stresses were analyzed, as shown in Fig 19, the substrate temperatures were 170 —
260 °C for HVOF, 180 — 210 °C for HP-HVOF, and 275 — 340 °C for HVAF.
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Figure 19. Temperature-velocity data for WC-CoCr and corresponding curvature evolution on ICP
sensor. On the right the stresses determined by the Brenner & Senderoff equation from
the curvature data.
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For better comparison of the processes, Fig. 20 presents the through thickness
residual stresses of WC-10Co4Cr coatings at a constant 200 °C according to the Tsui
and Clyne analytical model. Here also, the deposition stage stresses (either quenching
or peening) were determined from the actual deposition data with the actual
substrate temperature given earlier. In contrast, the substrate temperatures were set
at 200 °C for the thermal mismatch calculations. Stresses depend significantly on the
substrate temperature and to demonstrate this effect, through thickness stresses in
HVAF WC-CoCr coatings were also given for a higher substrate temperature, as
shown in Fig. 20 c. It should be noted that Publications IIT and IV show the stress
state in these HP-HVOF- and HVAF-sprayed WC-CoCr coatings calculated using
the actual deposition temperature. Fig. 21 presents the through thickness residual
stresses of Cr3C2-NiCr at a substrate temperature of 200 °C. The results show that
very high tensile quenching stresses may develop in the WC-CoCr coatings sprayed
by the conventional HVOF process, whereas for Cr3Co-NiCr coatings, the
quenching stresses remain much lower. With the selected parameters it was even
possible to generate peening stresses in the HVOF Cr3C2-NiCr coating, which was
difficult to do with HVOF WC-CoCr. As the particle temperature becomes lower,
the peening effects produced by HP-HVOF and HVAF processes increase with
both materials used. Peening stresses are evidently the highest in the HP-HVOF
coatings. This is probably partly due to a special feature of the CJS process in which
very lean O/F ratios can be used thanks to hydrogen stabilization, and partly due to
the powder feeding location onto a nozzle. As already shown in Fig. 6 in section 5.2,
the O/F ratio influences the flame temperature and thus heat transfer to particles
can be lowered by adjusting the O/F ratio further from the ratio that gives the
maximum flame temperature. However, stable combustion of kerosene, which is
used for CJS, is not possible with very lean O/F ratios. By using a smaller amount
of hydrogen, leaner O/F ratios and a colder flame can be used, which is the main
reason for the possibility to adjust the cold flame for the CJS process. This is also
the reason why relatively fine WC-CoCr powder fractions can be used for the
process. On the other hand, in the CJS process, particles are fed onto a nozzle instead
of feeding them into a combustion chamber. Therefore, particles do not travel
through the combustion chamber, where the temperature of the gases is considerably
higher than in the nozzle. To summarize the effect of spraying parameters on
residual stresses, the deposition stage residual stresses (quenching and peening) in
WC-CoCr and Cr3Co-NiCr are strongly related to the spray parameters and their
magnitude can vary by several hundreds of megapascals depending on the selected

spray parameters alone.
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Figure 20. Through thickness residual stresses in various WC-CoCr coatings using the Tsui and
Clyne model: a) HVOF with WC-10Co4Cra powder, b) HP-HVOF with WC-10Co4Cre
powder, and c) HVAF with WC-10Co4Cre powder.
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Figure 21. Through thickness residual stresses in various CrsC2-NiCr coatings using the Tsui and
Clyne model: a) HVOF with a&s CrsC2-NiCra powder, b) HP-HVOF with a&s plasma
densified CrsCz-NiCr° powder, and ¢) HVAF with a&s plasma densified CrsCz-NiCr2
powder and a&s CrsCz-NiCre powder.

In addition to spray parameters and substrate temperature, the role of the selected

powder is crucial. The influence of the particle size distribution and density on the
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residual stresses in WC-CoCr coatings are presented in Publication I1I. Moreover, it
is probable that the carbide size and the ability of the matrix to bond the carbide
particle may have a strong influence on the peening stresses as well. In Fig. 21 ¢ the
HVAF Cr3C2-NiCr coating with a powder of dense well bonded carbides (Cr3Co-
NiCrb) shows tensile stresses, whereas the more porous a&s powder (Cr3Co-NiCre)
resulted in compressive stresses. This observation is supported by studies concerning
the carbide retention of WC-Co/CoCr or Cr3Co-NiCr materials, which showed that
small size particles cannot bond carbides well, as the size of the carbide approaches
the particle size, which increases the bounce-off tendency of individual carbides
[91,92]. It became obvious in the work for Publication III that deposition efficiency
and peening effect have a strong correlation. Fig. 22 shows almost a linear correlation
of deposition efficiency and deposition stress when WC-CoCre powder is sprayed
via the HP-HVOF and HVAF processes. This powder is relatively dense and has
small 0.4 um carbides. The deposition efficiency — deposition stress relationship of
denser Cr3Cz-NiCrP powder behaves similatly. However, Cr3Co.NiCre, which is more
porous and has larger carbides, has low deposition efficiency and seems to shift even
lower, see Fig 22 b, when the process temperature was increased. With decreasing
DE, the peening effects intensifies. This unusual behavior may be explained by the
carbide bounce-off effect suggested eatlier. In the case of Cr3C2NiCre powder, the
carbide rebounding must become easier as the ability of the molten matrix to bind

the carbides decreases as the temperature of the particles increases.
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Figure 22. Relationship of deposition stress and deposition efficiency for a) HP-HVOF and HVAF
sprayed WC-Co and b) HVAF sprayed higher density CrsC2-NiCrb and lower density
Cr3C2-NiCre powder.
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With respect to residual stress in cold sprayed coatings, it was shown in Publication
IT that compressive or tensile deposition stresses may develop in the coatings. Due
to the solid particle impact, compressive stresses would have been expected.
Residual stresses in cold sprayed coatings on top of the steel substrate derived from
the data of Publication II are shown in Fig. 23. It was evident that high compressive
residual stresses developed only on the copper coating. This result confirms the
findings of Luzin et al. [76] who stated that deposition stage stresses play a major
role in residual stress development in cold spraying and that thermal effects do not
play a notable role in changing the distribution. The higher impact pressure of copper
in comparison with aluminum led to significantly higher compressive stresses than
in aluminum. It is notable that the deposition stress in aluminum coating is also
slightly compressive. However, the high CTE of aluminum transfers the stress state
in the coating finally to tensile during cool down. The relatively high tensile stresses
that develop during the first two passes are a consequence of the temperature
increase during the first passes. This occurred because the substrate had time to cool
after preheating before the powder feeding stabilized and deposition could be
started. In the case of titanium, it was found that deposition stresses were highly
tensile and no significant peening had developed on that material. It was thus shown
that the residual stress of cold spray coatings, which are mostly controlled by impact
pressure and thus usually develop into compressive, may develop into tensile in
conditions with low impact pressure and relatively high thermal energy, which in this
case meant a gas temperature of 700 °C.

O a0, CS-Al T o2 CS-Al
o 1204 = 0
5 100 o 01 .
s 80 2 g0 V— 100 CS-Al
“g’, 80| g
40 5 o4
e 20 © 50
0 100 200 300 400 500 600 0 100 200 300 400 500 600 .
Time (s) Time (s) /S -Ti
o cS-Ti T oz cS-Ti = 97
T 20 = [2 8
5 1804 o o1 =
= e <
2 1204 2 o0 o -90
o 80 z w0
nE, = -0 o
2 40-_ i ] } . (5] ) i . i . i
0 100 200 300 400 500 600 0 100 200 300 400 500 800 @ -100
Time (s) Time (s)
O 140 CS-Cu T oz CS-Cu 150 4
<l £ CS-Cu
5 10 © 0.1
@ 80 2 5o
8 e 2 -200 ——F——F—+
5« 3 o 00 03 06 09
0 100 200 300 400 500 600 0 100 200 300 400 500 600 Thickness (mm)
Time (s) Time (s)

Figure 23. Substrate temperature, curvature evolution, and through thickness residual stresses as
per Tsui and Clyne for Al, Ti, and Cu coatings on steel substrate.
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6.5  Effect of residual stress on mechanical response, cavitation
erosion, and fatigue performance

In this section it is considered how residual stresses in the coating might affect
performance, and the potential benefits they can bring. As a general comment, it
should be noted that mechanical properties such as the hardness, fracture toughness,
and elastic modulus of the coatings are widely published based on indentation
techniques. It is known that coatings can contain very high local stress
concentrations, but it is not well known how the stresses affect the measured values.
In Publication IV it was shown, for example, that the cracking behavior of coatings
in indentation fracture toughness measurements may be significantly influenced by
residual stresses. Further, it is probable that due to residual stresses different results
can be obtained for the same coating, depending on the indentation location and
direction. Not enough attention has been paid to this phenomenon in earlier
publications.

One noticeable advantage of compressive stress can be found in the fatigue
resistance of the coated component Publication V. Fig 24 shows the results from the
ASTM E 466-07 fatigue test for steel coated with Cr3C2-NiCr with high
compressive stresses, compared to steel with various other surface treatments
including turning, polishing, and grit blasting. The improved fatigue resistance of the
steel in this case is a consequence of compressive residual stress in the surface of
substrate near the interface between the substrate and coating and in the coating,
which hinders crack initiation from the substrate coating interface, or from the
coating and growth toward the substrate. The significant improvement in fatigue life
requires relatively high compressive residual stresses in the Cr3C2-NiCr coating
produced with a HP-HVOF kerosene torch. A beneficial effect of compressive
stresses has been shown by other studies as well [73,1106]. It was also shown in several
studies [3,62,113—115] that the coating may also have a negative influence on fatigue
resistance, which emphasizes the importance of residual stress control in the coating
in order to improve fatigue life.

In Publication IV it was shown that compressive residual stresses may have a
beneficial influence on wear resistance. Compressive stresses are beneficial against
wear mechanisms in which the wear rate is controlled by fatigue crack growth as is
the case in cavitation erosion. Figure 25 shows the very high cavitation resistance of
the HVAF- and HP-HVOF-sprayed WC-CoCr coatings, which had high
compressive stresses, in comparison with the HVOF coating with tensile residual
stresses. The improved wear resistance of the coatings sprayed via HVAF was shown

to be related to their high compressive residual stress as well as a homogeneous
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coating structure. However, high compressive residual wear stresses did not

significantly affect abrasion wear resistance, where the wear mechanism is different.
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Figure 24. Fatigue life increase in a steel bar due to CrsC2-NiCr coating with compressive stresses
(Publication Il).
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coatings (Publication 1V).
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7 CONCLUSIONS

In terms of coating property and performance optimization, it is essential to
understand the effect of the particle state, impact conditions, and particle quenching
or peening effect, on the formation of the coating microstructure including phases,
voids, porosity, and composition. This work took a systematic approach to link the
spray particle conditions on coating formation and especially on residual stresses.
Various high kinetic energy thermal spray processes such as HVOF, high pressure
HVOF, HVAF, and CS were evaluated. First, process mapping methodology was
used for evaluating the effect of process adjustments on the particle state for each
process. Coatings having a different particle state were deposited on an in-situ
curvature device to monitor the particle impact and shrinking induced curvature.
The curvature data was further processed into through thickness residual stress

presentations according to the Tsui and Clyne analytic model.

7.1 Scientific contribution

The research questions set in chapter 1 are discussed below.

i. ~ What are the most feasible approaches for assessing stresses via

curvature monitoring?

It was shown that the analytical residual stress model by Tsui and Clyne combined
with the in-situ data collected by an ICP curvature and temperature-sensing device
allowed through thickness residual stress evaluation of the coatings. In-situ curvature
data is essential in order to use a layer by layer analytical model as they are dependent
on the determination of the deposition stage stresses (quenching or peening)
resulting from each individual pass. In comparison with the Stoney or Brenner and
Senderoff equations, which are also useful, the clear benefit of using analytical
models with in-situ collected data is that a) stresses can be presented through
thickness, whereas the above-mentioned methods give average stresses in the coating

and b) temperature variations during the spray process can be taken into account.

69



ii. How do different spraying processes such as HVOF, HP-HVOF,
HVAF, and CS, and the particle state they can provide affect the
mechanical properties and stress states of the coating, and how can

they be controlled, influenced, and optimized?

It was evident that processes, such as HVAF and HP-HVOF, that possess higher
kinetic energy and lower flame temperature, achieved hardmetal coatings with very
good mechanical properties. In particular, this can be considered as one clear
advantage of WC-CoCr coatings sprayed using the HVAF process, as almost 1700
Vickers hardness and 400 GPa elastic modulus can be achieved without significant
W>C formation. In a conventional HVOF process, over 1500 HV can be achieved
as well but this is a result of more effective particle heating and thus the formation
of W2C and loss of ductility.

A systematic procedure of linking the particle state and residual stresses enabled
the adjustment of the spray parameters of Kermetico AK-07 (HVAF), Thermico
CJS (HP-HVOF), and D] Hybrid HVOF high kinetic thermal spray processes to
significantly influence the stresses in the coatings. The results showed that the
difference in the final stress state was mainly due to the stresses generated during the
deposition stage (peening or quenching). These stresses could be effectively altered
by adjusting the particle state. Moreover, the parameters of high kinetic HVAF and
HP-HVOF processes can be adjusted such that deposition induced stresses are
highly compressive due to the peening effects. In the case of cold spray, the focus
was mainly on the deposition of different metallic materials such as Al, Ti, and Cu
on various substrate materials in order to evaluate their residual stresses. It was
shown that relatively high tensile deposition stresses may develop in cold sprayed Ti
coatings.

Residual stresses are an integral part of thermally sprayed coatings and their
generation cannot be avoided. However, as shown, it is possible to influence the
magnitude of residual stresses significantly. The generation of stresses is a complex
process affected by several factors, which are most importantly: a) the substrate
temperature and CTE mismatches, b) spray equipment and selected process

parameters, and c) powder properties.
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iii. =~ How do residual stresses influence the mechanical response and wear

performance of the coating?

High compressive stresses played a significant role in improving the fatigue
performance of Cr3Cz-NiCr coated steel. Thermally sprayed WC-10Co4Cr coatings
sprayed using the high pressure HVOF and HVAF processes were shown to provide
significant performance improvements in cavitation erosion resistance. The
cavitation erosion resistance of the HVAF-sprayed coatings was seven to times
higher and for high pressure HVOF four to five times higher compared to
conventional gas-fueled HVOF processes. The superior cavitation erosion resistance
of the HVAF and high pressure HVOF coatings was partly a result of the dense and
homogeneous non-brittle microstructure. The significant factor behind the superior
cavitation erosion resistance was probably the high compressive residual stress state
in the coatings, which made fatigue crack formation more difficult, hindered fatigue

crack growth along the lamellae interfaces, and improved the cavitation erosion

resistance.
iv.  In what way do the properties of the powder affect the residual
stresses?

In addition to spray parameters and substrate temperature, the role of the selected
powder is crucial. We showed the influence of powder properties, such as size
distribution, density, and carbide size, on the residual stresses in WC-CoCr coatings.
Further, it is probable that the carbide size and the ability of the matrix to bond the
carbide particle also have a strong influence on the peening stresses.

7.2 Suggestions for future research

It was shown that the residual stress state of coatings varied significantly and
influenced wear and fatigue performance. Residual stresses in the coating may have
a significant effect on the measured properties as well; this effect is largely unknown
because the residual stress state of the coating under measurement is in many cases
unknown. This would certainly merit more systematic studies.

Although in this study the effect of residual stress on cavitation resistance was
clear, it must be noted that other factors such as mechanically improved coating may

also have a role on improved performance. For future studies, the role of lamellar
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interface integrity would need further research in order to separate the effect of the
possibly improved lamellae adhesion and residual stresses, both of which are affected
by adjusting the spray parameters. The challenge would be then to implement such
a test method that could measure the lamellae interface adhesion directly.

In this work, it was shown that the effects of residual stresses mainly due to the
deposition state may be varied significantly by simply changing the powder particle
size distribution or particle density of the WC-CoCr powder. We found a strong
relation between the peening effect and deposition efficiency. The mechanism
behind the peening effect and its magnitude is not completely understood and a
clearly advantageous target would be the ability to generate high compressive stresses
without reducing the deposition efficiency. There are several powder related factors
which require further and deeper research in order to be able to achieve this target.
This could include the effect of powder chemical composition, particle size, carbide
size, particle mass, and further increase in kinetic energy. Further, the possibility to
use separate peening particles during spraying among the powder, with the purpose
of not sticking to the substrate, would be an interesting approach for increasing the

compressive stress.
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Abstract

Our study focuses on understanding the damage tolerance and performance reliability of WC-
CoCr coatings. In this paper the formation of HVOF sprayed tungsten carbide based cermet
coatings is studied through an integrated strategy: First order process maps are created by
using online-diagnostics to assess particle states in relation to process conditions. Coating
properties such as hardness, wear resistance, elastic modulus, residual stress and fracture
toughness are discussed with a goal to establish a linkage between properties and particle
characteristics via second order process maps. A strong influence of particle state on the
mechanical properties, wear resistance and residual stress stage of the coating was observed.
Within the used processing window (particle temperature ranged from 1687 to 1831 °C and
particle velocity from 577 to 621 m/s), the coating hardness varied from 1021 to 1507 HV
and modulus from 257 to 322 GPa. The variation in coating mechanical state is suggested to
relate to the microstructural changes arising from carbide dissolution, which affects the
properties of the matrix and, on the other hand, cohesive properties of the lamella. The
complete tracking of the coating particle state and its linking to mechanical properties and
residual stresses enables coating design with desired properties.

Keywords: Process Map, WC-CoCr, HVOF, Fracture Toughness, Residual Stress

1. Introduction

Thermal sprayed WC-CoCr —cermet coatings are well known and widely used for different
wear and corrosion protection purposes, because of their good performance in abrasion,
erosion, cavitation or slurry type of dynamic contact conditions. Wear resistance of materials
usually depends on their fracture toughness and hardness in a complex manner, because for
most materials the increase in hardness results in decrease in toughness. Furthermore, in



thermal spraying, the coating performance is not only related to the inherent properties of
material but also to the process induced degradation of material properties resulting from the
thermal exposure. The most suitable and used technology among thermal spray processes for
deposition of carbide based materials has been HVOF-spraying due to the favorable
relationship between kinetic and thermal energy in the process, represented by the particle
velocity and the flame temperature. Recently, HVAF and even Cold spraying have
challenged HVOF deposited WC-CoCr coatings. However, the variation of coating properties
within each thermal spray process is not very well understood neither to what level of
accuracy process parameters in HVOF spraying is needed to control to obtain reliable coating
performance [1-4]

All high velocity processes involve a number of operational parameters, which affect the
temperature history and kinetic energy of the particles. How these parameters determine a
flame condition and consequently the interaction with the particles and finally coating
properties will be addressed in this study. Representation of process materials interactions
through the use of process maps applied at different stages of any thermal spray process
provides a science base approach to design, assess and optimize high performance coatings
[5]. Such maps allow spraying parameters to be successively related to in-flight particle state,
to the linkage between particle state and microstructure, to the microstructure-property
relationships and then finally to the performance of the coating. Such a strategy has been
made possible in recent years through availability of process sensors and materials
characterization tools [6, 7].

It is well known that when spraying the WC-Co there are compositional changes arising
from particle/flame interactions during the spraying, which can affect the properties and
damage tolerance of the coating. The mechanism of compositional changes in WC-Co-
coatings is well described. It has been observed that significant dissolution of WC into the Co
binder phase takes place when the Co binder phase is molten during spraying [8]. Molten Co
dissolves the WC grains and the carbon and tungsten content of the matrix increases and
relative size of carbides decreases. Carbon loss occurs by diffusion of dissolved carbon
through the liquid followed by reaction with the oxygen from the surroundings. During
cooling, Co-rich liquid becomes supersaturated resulting in the formation of W>C and
amorphous or nanocrystalline W rich phases. During cooling, precipitation of efa-carbide
[(CosWe)C] phases may occur in the Co-rich material [8]. Despite the decarburization, the
properties of WC-Co and WC-CoCr materials are not necessarily degraded during spraying,
and coatings in general are known to represent the most wear resistant material applied by
using thermal spray processes. However, special features derived from the use of CoCr-
matrix, are not so well understood. Furthermore, detailed information on the effect of these
changes on the properties of carbides and matrix and on coating performance is not often
reported [8, 9].



Process maps allow a science base strategy to study the effect of operational variables on
particle state in ensuing flame conditions. For WC-Co-based material it is well known that
during flight spray particles melt to different extents depending on their size, density and
dwell times. The aim in this study is to find correspondence between particle state, coating
properties and performance. Coatings produced by selected operational parameters from the
first order process map were evaluated by measuring their hardness, elastic modulus, fracture
toughness, residual stresses and wear resistance. For more detailed analysis of the coating
instrumented nano-indentation was carried out at nanometer resolution via in-situ SPM
(Scanning Probe Microscopy) imaging. Finally, the coating properties are correlated to wear
resistance and analyzed to establish the linkage between properties and particle state via
second order process maps. The process mapping approach adopted in this paper is shown to
offer a methodology for better control of the coating deposition process and to provide tools
for microstructural design and property optimization of the coating.

2. Experimental Methods

2.1 Feedstock Characteristics

Agglomerated and sintered WC-10%Co0-4%Cr powder (Sulzer Metco WOKA GmbH,
Germany) having particle size 15 to 45 pm was used to spray coatings. Fig. 1a shows the
spherical morphology of the powder and Fig. 1b shows the cross section of the powder

particles.

Fig. 1. a) Typical spherical morphology of the WC-10%Co-4%Cr particles. b) Cross section
of the powder particles.

2.2 HVOF process control, diagnostics and coating deposition

Water cooled HVOF DJ-Hybrid 2600 (Sulzer-Metco, Westbury, NY, USA) with hydrogen as
a fuel gas was used in this study. Average values of temperature and velocity of the spray
stream of several different conditions were measured. The operating space of DJ-system was



explored by tuning two independent operational parameters: Oxygen (O2) volume flow and
fuel (H2) volume flow. Air and nitrogen (carrier gas) volume flows were kept constant. Two
main variables were taken into account for the design of experiments: fuel to oxygen ratio
(F/O-ratio) and total volume flow (or back pressure). F/O ratios ( ) were calculated by using

equation (1):

_ Hydrogenflow (1)
4 Oxygen flow +0.21x Air flow

To manipulate process temperature, different Fuel/Oxygen (F/O) -ratios 1.9, 2.2 and 2.5
were used. At each F/O-ratio, the chamber pressure was increased gradually by increasing the
total gas flow at each constant F/O- ratio level. The value of backpressure was measured in
the nitrogen line (carrier gas), and was registered as it is directly related to the pressure in the
combustion chamber. Used parameter set for particle online measurements is shown in Table
1. Average values of temperature and velocity of the spray stream of several different
conditions were measured. For particle diagnostics, Spray Watch 2i (Oseir Oy, Tampere,
Finland) was used. Spray Watch uses a digital CCD camera with special spectrally resolving
optics. The ultra-fast electronic shutter camera and dedicated real-time image processing
software enables on-line measurement of the velocity. Velocities are measured by image
analysing the length of the traces drawn by in-flight particles during the exposure time. The
average particle temperature is measured by two-colour pyrometry.

The coatings from various conditions indicated with A to I from Table 1 and Fig. 2, were
deposited on beam samples and evaluated with an in-situ coating property sensor (ICP) [6]
(ReliaCoat Technologies, East Setauket, USA). ICP sensor measures the temperature and
curvature of the substrate beam during spraying. Low carbon steel beams of 228.6 mm
length, 25.4 mm width and 2.5 mm thickness, grit blasted on both sides, were used as a
substrates. In all experiments 18 to 29 passes were sprayed to produce coatings of 0.3 to 0.5
mm thickness.

Single splats were collected onto polished stainless steel substrates at room temperature. A
shuttering system consisting of a window moved by a pneumatic arm in front of the particle
stream was used to collect a snapshot of in-flight particles. A splat map at a feed rate of 5
g/min was qualitatively characterized by SEM.

2.3 Coating characterization
The phase structure of the powder and coatings were characterized by X-ray diffraction
(Philips PW3710 applying Mo K-alpha radiation and Philips PW3830 applying Cu K-alpha
radiation). Carbon and oxygen contents were analysed by using Leco CS230 carbon analyser
and Leco TC600 oxygen analyser. Analysers involve combustion of the 50 — 100 g of the
crushed coating and measurement of combustion gases by infrared absorption.

Coatings were cut, mounted, ground and polished and cross sections were examined by
SEM (JEOL JSM-6400, Japan). The conventional Vickers hardness was measured with 300
grams load (HV 0.3) for all of the coatings assuring that the applied loads did not lead to



formation of the cracks. Elastic modulus for thermal spray coatings provides a quantitative
description of the deposit microstructure. Elastic modulus of coatings was evaluated by
instrumented indentation (Zwick ZHU 0.2). Elastic modulus or Young’s modulus values
were calculated from the load-displacement data taken from the indentations at the coating
surface following the procedure proposed by Oliver and Pharr [10]. The elastic modulus, E
can be calculated with the help of the following Equations (2) and (3):
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where S is the contact stiffness, E; is the reduced modulus, E; and vi are the indenters elastic
modulus and Poisson’s ratio respectively (for diamond indenter vi= 0.07 and E; = 1140 GPa).
Elastic modulus for the sample is E and its Poisson’s ratio is v [10].

Indentation fracture toughness Kic was measured from the cross-section or the surface of
thermal sprayed coating. From the surface, one usually gets four corner cracks with the same
length and the boundary conditions described in JIS R 1607-1990 can be used. Because of
higher loads needed to initiate corner cracks compared to hardness measurements, the
maximum plastic depth of the indentation cannot be more than one tenth of coating thickness
to avoid any substrate effects. The cracks prefer to grow in the direction parallel to the
substrate and vertical cracks are rarely produced in HVOF WC-CoCr coatings. Because of
this preferred crack growth direction, the equations and boundary conditions developed for
homogenous bulk ceramics cannot apply. If the cracks grow only in parallel direction, the
average crack length (1) is calculated by dividing the total crack length (=sum of the cracks)
by two, not by four as when measured from the surface. One requirement is that the cracks
should initiate near the diagonal corners. If other major cracks than the corner cracks are
developed, the measurement is not valid. In present work, because of preferred Palmqvist
crack geometry developed in WC-CoCr coatings, the Fracture toughness values were
calculated with the Evans — Wilshaw —equation (4 and 5) [11]:
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where Kic = fracture toughness (MPa*m'?), a is indentation half-diagonal (um), c is crack
length measured from the centre of indentation (um) and P is applied load (mN) [11]. The
equation is valid in the range of 0.6 < c/a < 4.5. Furthermore, it does not use materials
hardness or Young’s modulus values, like most Kic —equations do. This eliminates the
uncertainty from the hardness (H) and Young’'s modulus (E) measurements. The loads used,



in this case, sufficient to initiate the cracks to the corner of the Vickers tip were 196.2 N for
the top surface and 98.1 for the cross-section surface.

2.4 Residual Stress

In thermal spraying, there are three main origins for residual stresses [12]: a) quenching of
the lamellas on the substrate, which generates tensile stresses, b) peening of the spray
particles to the subsequent coating layer, resulting in compressive stresses and c) thermal
mismatch, when substrate and coating having different CTE’s are cooled down to e.g. room
temperature after the deposition. The latter stresses are tensile or compressive depending on
the CTE’s of the materials. Final residual stress state is a sum of these stress components. By
using curvature technique the stresses can be monitored in-situ. For this study, the in-situ
coating property (ICP) —sensor was used to monitor the curvature and temperature while
spraying of coatings at different spraying conditions. The curvature sensor is based on laser
sensing of deflections in a strip during thermal spraying, which is converted to sample
curvature. A simultaneous measurement of temperature is achieved via multiple
thermocouples. Curvature sign convention is described as follows. If the beam is bending
with the coating in the concave side, the curvature is of positive sign and the coating is in
tension, whereas if the beam is bending with the coating in the convex side, the curvature is
of negative sign and the coating is in compression. Evolution of residual stresses can be
discussed by considering that during spraying quenching stress [12] promotes positive
curvature (tension), peening results in the negative curvature (compression) and the
difference in thermal contraction (CTE of WC-10%Co4Cr coating, taken as reference, is
5.3*10° m/m K and CTE of steel is 12*10° m/m K) will input compressive stresses in the
coatings during cooling. Evolving stress formed by each coating layer can be calculated by
Stoney s equation (6):[13]

‘2
o, =L dx (6)
6 di.

where ey is evolving stress of the layer with thickness d¢, that causes a curvature of dx,

E. is the in-plane elastic modulus (=Ey/(1-vs), where Es is Young's modulus and vs Poisson’s

ratio of the substrate) and t, is the thickness of the substrate [14, 15]. Deposition stress can be
determined from the curvature change in the substrate-coating system during coating
deposition by Brenner and Senderoff equation (7) [15].
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where o, is deposition stress, E, is the in-plane modulus of deposited coating, dR is the

change in radius caused by deposition stress in a deposited layer thickness dt. and the rest as
in equation (2) above.

Thermal stress can also be calculated with Brenner and Senderoff’s equation [15] for thick
coatings. The curvature change due to different CTE’s from the end of spraying to the
cooling down of substrate-coating system to the room temperature is analysed. The following
material specific values were used to calculate the stresses with equations (2) and (3):
Young’'s modulus [GPa], Poisson’s ratio and coefficient of thermal expansion [um/m°C] of
300, 0.22 and 5.3 for WC-CoCr and 200, 0.3 and 12 for steel. The actual coating thicknesses
determined from the cross sectional images of each deposited coating were used for
calculations.

2.5 Wear Testing

Rubber wheel abrasion tests were performed according to ASTM G65 procedure D. Prior to
testing samples were grinded to a surface finish of Ra 0.3. Samples were put in contact
against a rubber wheel at a static force of 45 N. A rubber wheel of 227 mm diameter was
used at 200 rpm for a total sliding distance of 4.279 m (6.000 revolutions). Quartz sand used
was of rounded particles with an average size between 212 and 300 pm. Sand mass flow rate
was 270 g/min. Two samples per coating were tested.

3. Results and Discussion

3.1 First Order Process Map

First order process maps were determined using the parameters shown in Table 1. The results
from the temperature and velocity measurements are shown in Fig. 2. It should be noticed
that F/O-ratio is the main factor determining the temperature levels of the particles. Salient
differences in particle temperatures were observed when going from a hydrogen rich flame to
an oxygen rich flame. Oxygen rich chemistry conditions results in low temperature of
particles, and when tuning towards fuel rich conditions the temperature increases reaching the
maximum at F/O ratio of 2.5, as can be detected in Fig. 2. The increase in particle
temperature is approximately 150 °C when changing the F/O-ratio from 1.9 to 2.5.

The velocity at each selected F/O-ratio can be increased by increasing the flow of oxygen
and hydrogen. The velocity increase can be explained by a higher combustion pressure
resulting from the increase of total volume flow of the gases and therefore higher flow
density of the gases, which provides higher drag force to the spray particles. The increase of
total flow (or back pressure) was also slightly affecting the particle temperature, which can be
detected from the increasing trend of particle temperature at higher velocities. This responds
to the amount of power inserted in the flame. It could, however, be noticed that particle
velocities are not directly proportional to the backpressure level. With F/O-ratio 2.5, for
example, the velocity was higher with similar backpressure than at F/O ratio 1.9. This finding



indicates that gas composition and residues of the combustion gases has also significant
effect on the acceleration of the particles.

Table 1. Spray parameters used for the determination of the first order process map.

Condition Gas flows N2 Back
H, 0, Air N» F/O- Total | Pressure
(slpm) (slpm) (slpm) (slpm) ratio  (slpm) | (bar)
1(A) 565 225 350 14 1.9 1154 5.28
2 (D) 580 233 350 14 1.9 1177 5.39
3 590 238 350 14 1.9 1192 5.46
4(G) 605 246 350 14 1.9 1215 5.53
5 615 250 350 14 1.9 1229 5.60
6 (B) 610 205 350 14 2.2 1179 5.34
7 626 212 350 14 2.2 1202 5.40
8 (E) 635 216 350 14 2.2 1215 5.46
9 644 220 350 14 2.2 1228 5.50
10 650 223 350 14 2.2 1237 5.54
11 (H) 665 230 350 14 2.2 1259 5.62
12 (C) 645 185 350 14 2.5 1194 5.33
13 (F) 660 192 350 14 2.5 1216 5.38
14 670 196 350 14 2.5 1230 5.43
15 690 204 350 14 2.5 1258 5.53
16 () 710 212 350 14 2.5 1286 5.61
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Fig. 2. Results for the determination of first order process map. The conditions selected for
spraying the test coatings are indicated with dotted circles.



As a summary from parameter manipulation, these results ensure that the velocity of the
sprayed particles can be controlled by adjusting the chamber pressure and particle
temperature can be adjusted by adjusting the F/O-ratio. This gives a possibility to travel in the
T-v space horizontally and vertically.

3.2 Evolution of residual stresses

The differences in residual stress built up in different conditions, which are selected from the
corners of process window (Fig. 2) are shown in Fig. 3 (A, C, G and I). In each condition
each pass contributes to the curvature by inserting tensile stresses. In DJ Hybrid spraying of
WC-CoCr, the evolving stress, which is simply the slope of the curvature during spraying, is
in all cases tensile as presented in Table 2 and Fig.3. This effect can only be explained by
dominant quenching stress. Note, that evolving stress can be also compressive if peening
effects dominates the residual stress formation. After completing the coating in the present
case when the coating CTE (5,3*10° m/m K) is lower than that of the substrate (12*10°° m/m
K), cooling will reduce the stress state towards the compressive, but resulting in stress state
after cool down to room temperature, which remains tensile in all cases. Noteworthy is the
significant difference in final stress state between high particle temperature coatings (I and C)
and low particle temperature coatings (A and G). When the final stress is calculated by using
Stoney’s equation, the residual tensile stress values for A and G (lower temperature) were 92
MPa and 109 MPa respectively and for I and C (higher temperature) 291 MPa and 359 MPa,
respectively.

Table 2: Measured properties for WC-10%Co-4%Cr —coatings.

Fracture | Fracture
Toughness,Toughness,
Back Carbon/Oxygen Abrasive | Evolving | Indentation Cross Top
Sample pressure, loss, |content. Hardness, Wear, Stress, Modulus, Section, | Surface,
code |F/O-ratio bar % w-% [W,C/WC| HV 0,3 |mg/30 min MPa GPa MPa*m"? | MPa*m"?
A 1.9 5.28 7.0 | 0450 | 0.09 |1021+172| 17.5+0.0 118 257+25 44+1.2 -
B 22 534 6.9 | 0.323 0.17 1259 +86 | 142+0.5 296 299+ 13 51+0.1 | 55+£0.6
C 2.5 533 9.5 |0.154 | 022 |1310+145| 9.6+1.0 460 262+9 46+0.7 | 57+04
D 1.9 5.39 6.7 | 0400 | 0.14 1195+66 | 13.2+1.2 199 270 £15 - -
E 22 5.46 9.1 | 0260 | 0.18 |1382+152| 9.2+0.5 516 321+26 6.1+0.6 | 6.7£0.6
F 2.5 538 11.0 | 0218 | 024 |1472+164| 83+0.1 553 312+29 57+1.1 | 54+07
G 1.9 5.53 55 10375 0.17 | 1242+ 146 13.0+ 1.4 411 304+ 13 55413 | 74+03
H 22 5.62 82 1 0.199 | 021 |1470+212| 9.8+1.0 636 321+£24 62+0.6 | 7404
I 25 5.61 13.8 | 0.174 | 0.28 [1507+117| 8.9+0.4 559 322+ 12 54+05 | 41+1.0

Could not be measured due to unfavourable cracking behaviour
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Fig. 3. Difference in curvature evolution during spraying and cooling for four different
particle temperature — velocity combinations (A, G, C, and I). Positive curvature change
denotes the generation of tensile stress and negative the generation of compressive stress.

Higher evolving stress during the deposition at higher temperatures (steeper slope of the
curvatures curves [ and C) compared to lower (curves A and G) may be a result from better
lamella cohesion. From its definition the quenching stress is generated to a solid material
from the constrained shrinking of individual lamellas from solid material to a substrate
temperature. Stresses can increase up to the point, at which relaxation mechanisms like
yielding, interfacial sliding or micro cracking takes place [12]. Therefore, increased lamella
cohesion may explain the increased capacity of coating to bear evolving stress. Further
details and analysis of the stress evolution will be needed as well as thffect of stress state of
coating on properties like modulus etc. It is evident that process parameters have considerable
influence on residual stress generation of WC-CoCr deposits.

3.3 Microstructural examination and compositional changes

Micrographs of the coatings sprayed at conditions A, E, I and G (as presented in Fig. 2 and
Table 2) are shown in Fig. 4. It is well known that during flight spray particles melt to
different extent depending on their size and dwell times. These effects concentrate on the
outer core of the particles. On small size particles, the whole particle can be affected from
melting and decarburization. Thus, regions of tungsten rich phases formed can be observed in
these particles as brighter regions in SEM backscatter imaging.



velocity combinations (A, E, I, and G).

Appreciable differences in porosity are observed in the cross-sectional microstructures of the
various deposits in Fig. 4. In coating A, in deposition of which the particle temperature and
velocity has been lowest, large amount of macro porosity is visible in the coating. In coating
G, where particle temperature is low and velocity is increased the porosity is reduced, but still
some micro porosity related to the original internal porosity of the spray particles is evident.
In coating I, which represents the highest particle temperature and highest velocity the
density is excellent, but noteworthy is the massive carbide dissolution witnessed by the loss
of small carbides, rounding of bigger carbides, white W2C areas around the carbides and even
metallic W stripes in the coating. In coating E, the coating structure is dense without
significant carbide dissolution effects. Results point out the importance of the melting state
of the particles in obtaining high density of the coatings. In general, particle state conditions
at a relative low temperature (and low velocity) show higher porosity. Therefore, it can be
concluded that for the DJ Hybrid HVOF process the inherent melting stage of the spray
particle during flight is an important factor for determining the coating porosity. On the other
hand, the effect of compositional changes on the coating properties and performance in the
coatings deposited at higher temperatures needs to be carefully evaluated.

It is well known from the Ellingham-Richardson diagram that WC becomes less stable than
W2C above 1242 °C (1515 K) [16] as considered the decomposition kinetics depending on
the temperature. In Fig. 5 the carbon loss, oxygen content and W>C/WC-ratio (given as a
ratio of XRD peak intensities) in the coatings are shown as a function of particle temperature
at each nitrogen backpressure level. Backpressure I is in the level of 5.2 to 5.27 (conditions A,
B and C), backpressure II is between 5.4 and 5.41 (conditions D, E, and F) and backpressure
[T is from 5.6 to 5.68 (Conditions G, H, I). The ratio of W>C and WC peaks clearly depends
on particle temperature. Carbon loss and the ratio of W2C phase and WC phase can be
noticed as measures of the heat load on the particles. In literature there is not, however,
general agreement of the acceptable level of W2C in the coating. It is presented that some
extent of W>C formation on the WC and matrix interface is advantageous for good bonding
between the matrix and carbide [17], but on the other hand, dissolution of carbide to the



matrix will decrease the ductility of matrix and in some cases W rich lamella may form onto
the coating as seen in coating I (Fig.4). These lamellae will definitely decrease the damage
tolerance of coatings [18]. Also, evolving stress can be seen as an indicator for heat load on
the particle. Higher the temperature, the higher is the tensile evolving stress as presented in
Fig. 3. However, it can be seen, that if the particle temperature increase is excessive (in this
case above 1830 °C), the coating capacity to bear tensile stress becomes limited and evolving
stress cannot increase further higher. Lowered capacity for tensile stress at high particle
temperatures might be linked to microstructural changes in the coating. This may activate the
different relaxation mechanisms, for example micro cracking, in the coating.

It was clear that when spraying with DJ Hybrid, the matrix was fully molten with all
parameters, which was confirmed by single splat studies (Fig. 6). Although the peening
stresses may occur in the material underneath the impinging particles having partly molten
structure, this result shows that the magnitude of tensile stresses was controlled mainly by the
particle temperature and the effect of particle velocity and the peening are insignificant.
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Fig. 5. Carbon loss, oxygen content, W>C/WC-ratio and evolving stress as a function of
particle temperature at each back-pressure level.

Fig. 6. Single splat sprayed by using a) spray condition F and b) spray condition G.



Oxygen content in the coating was found to decrease and carbon loss to increase with
increasing temperature. This is expected, since the higher is the temperature the more carbon
is dissolved to the molten droplets and the more effective reducing agent carbon is based on
the Ellingham diagram [16]. Furthermore, in the current hydrogen-oxygen combustion the
flame temperature decreases at oxygen rich gas mixtures, while the oxygen partial pressure
increases. It is evident that at higher temperatures and lower oxygen partial pressures in the
gas phase carbon acts as a more effective reductant than at lower temperatures, where
oxidation of matrix metal may occur to a larger extent. It can therefore be concluded that
carbon-oxygen reaction in WC-CoCr spraying plays a decisive role in the oxidation of
metallic material in the coating during the spraying. Similar behaviour has also been found by
Sampath and Wayne, when they observed that oxide content in the Mo-Mo,C system is
reduced due to preferential carbon oxidation [19]. Needless to say, the dissolution of WC
carbide into the molten matrix is a key factor for carbon to act as an effective reducing agent.
Its dissolution is highly temperature controlled and restricted at lower temperatures where
WC is more stable than W>C. It should be pointed out that according to the results high
partial pressure of oxygen at relatively low temperature does not increase the carbon loss and
hence increase the formation of more brittle W>C. Therefore, the lower temperature oxygen
rich flame can be used without the risk of marked loss of properties. However, in this case the
risk of chromium oxidation is more pronounced, which may affect the corrosion resistance of
the matrix. The preferred chromium oxidation instead of Co has been found in several studies,
which show that oxidation of the Co matrix is usually very low (<0,2 %) compared to CoCr
matrix [20, 21]. Therefore, it is likely that oxidation of chromium is responsible for the
increased oxide content at lower temperatures also in the present study.

3.4 Linkage between the process and properties

The properties of the coatings are presented in Table 2. The linkage between the process
conditions and coating performance are visualized in the second order process maps in
Figures 7 a to f. The maps were generated by interpolating the contours from originally nine
spray conditions. In the process window studied particle temperature varied from 1687 to
1831 °C and particle velocity from 577 to 621 m/s. It should be noted that the top values for
temperature and velocity are at maximum, which can be achieved with the particular spray
system. The inlet gas pressures cannot be further increased, which limits the gas flow
velocities and thus the particle velocity. Also, it was found that maximum particle
temperature is achieved at approximately 2.5 F/O-ratio. Within the current process window
the hardness varied from 1021 to 1507 HV and modulus varied from 257 to 322. It can be
seen (Fig. 7a and 7b) that elastic modulus and hardness increases towards the top-right corner
where particle velocity and particle temperature is at maximum. The results thus strongly
suggest that both increased particle temperature and particle velocity have a beneficial effect
on the mechanical properties of the coatings. In thermal sprayed coatings the mechanical
properties of a coating are complexly dependent on the intrinsic micro-structure of the
lamellas, cohesion between individual lamellas (microporosity) and the macroporosity and it



is usually difficult to evaluate, which factor is dominating the reduced mechanical
performance compared to bulk materials having same phase composition. Nevertheless, it
can be assessed that reduced visible porosity and increased lamella cohesion are among the
key factors behind improved hardness and elastic modulus.
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Fig. 7. Second order Process Maps of various properties for WC-CoCr deposited by DJ
Hybrid.



Even though the magnitudes of fracture toughness’s from the cross section and the top
surface are not directly comparable due to the difference in used loads, an interesting
perspective for lamella cohesion and inherent lamella property could be found by comparing
the cross section and the top surface fracture toughness’s maps, which show significantly
different behaviour in each case. The fracture toughness measured from cross-section
increases up to certain point when going to hotter and faster conditions until at the hottest
spray conditions the toughness decreases again. It was found that the cracks initiating from
the edge of the Vickers indenter tip follows the path of lamella boundaries as shown in Fig. §.
It is evident that the increased particle temperature improves the lamella bonding and makes
more difficult for crack to grow until the toughness of the lamella boundary region has
decreased excessively due to carbide dissolution effects described earlier. Fracture toughness,
which is measured from the cross section of the coating, is therefore connected to the
properties of the lamella interfaces. The fracture toughness measured from top surface
behaves differently reaching a maximum value at coldest and fastest parameters where also
tensile residual stress is at minimum. Actually, top surface fracture toughness decreases when
more heat is introduced to the particle and similarly tensile residual stress increases. It was
already presented that when particle temperature was increased the dissolution of the carbide
was higher. A conclusion, which can be made, based on these findings is that the cross
section fracture toughness is related to the fracture and cohesion properties of the lamella
boundaries and the top surface fracture toughness is related to the intrinsic properties of the
matrix material in the lamella and residual stresses. As the top surface Kic value is related to
the inherent state of the lamella, the cross-section Kic is related to the composition of lamella
boundaries, lamella cohesion and interlamellar porosity. Similar findings from the anisotropy
in indentation fracture of WC-Co coatings has been made earlier by Usmani et.al [23]. They
proposed that crack growth in the top surface will require fracture within a splat which would
in turn require substantially larger fracture energy while in the cross section interfacial
discontinuity provides an easy path for crack propagation along the splat interfaces.

Fig.8. Crack path starting from the edge of indentation tip is following the lamella
boundary (edited from [22]).



When comparing the maps for cross section fracture toughness and evolving stress, a clear
tendency can also be noticed. If the evolving stress is tensile, its origin is particle quenching
during deposition. From Fig. 7e it can be noticed that similar to cross section indentation
fracture toughness the evolving stress reaches the maximum at a specific temperature velocity
range after which it does not increase further. Though, maximum tensile evolving stress is
dependent on both particle temperature and lamella cohesion and the highest evolving stress
is generated when lamella interfacial cohesion is maximized. Also, it is clear that cross
section fracture toughness is not significantly improving, when particle velocity is increasing.
This indicates that the increase in the particle velocity in this case was not enough for
significant improvement of lamella cohesion. As seen from Fig. 2, the particle surface
temperature at constant F/O-ratio increases, when the process is forced to a higher velocity by
increasing the back pressure. This leads to excessive decarburization, carbide dissolution and
W>C formation especially at the particle surface area. It is likely that a rim of brittle phases is
formed on the surface of solidified spray particle. This type of effects are not beneficial for
fracture toughness and therefore increased velocity of WC-CoCr particles at high temperature
(when spraying with DJ Hybrid) does not significantly improve the fracture toughness of
coating and hinder the increase of evolving stress. However, at lower temperatures the
increase in velocity leads to the maximum top surface fracture toughness. Thus it is more
beneficial to increase velocity at lower flame temperatures, which may give interesting
possibilities for processes like HVAF, which has lower particle temperature, but high
velocity.

Regarding the abrasive wear there was relatively small difference in wear performance
between conditions. However, the coatings C, F and I produced by the hottest spray
conditions seemed to represent the highest abrasive wear resistance, which is most probably
related to the high density of the coatings. The surface porosity plays an important role for
the abrasion resistance as the initiation of the scratches become easier at the pore edges,
which has been shown elsewhere /24/. Also the hardening of the matrix phase can play an
advantageous role, as it was evident that the wear resistance improves as more heat is
introduced to the particles. The fact that the hottest condition, G, does not represent the
highest wear resistance might be linked to the lowered fracture toughness of the coating. The
fracture toughness might be even more important, for example, if load-carrying capability or
erosion resistance is needed. Then the importance of surface Kic, as design parameter of the
coating might be more pronounced.

4. Conclusions
The present study examined the effect of spraying parameters on the formation,
microstructure and properties of WC-CoCr -coatings by HVOF through the framework of
process maps. The presented process map constitutes an excellent tool towards addressing the
effects of spraying parameters on cermet coatings, on which particle temperature and velocity
plays a decisive role in coating performance.

It was demonstrated that spray conditions have a significant effect on coating elastic
modulus, hardness, residual stress stage and fracture toughness. Within the used processing



window, in which the particle temperature ranged from 1687 to 1831 °C and particle velocity
from 577 to 621 m/s, the coating hardness varied from 1021 to 1507 HV and the modulus
from 257 to 322 GPa. It was also found, that a moderate heat load in DJ Hybrid spraying of
WC-CoCr has a beneficial effect for all the mentioned coating properties. This behaviour was
proved to be linked to both a) the improved lamella cohesion and b) hardening of matrix. The
amount of heat is critical and excessive heat input was found to reduce the fracture toughness
of the WC-CoCr coating specially if measured from the top surface by indentation. Results
showed also an effect of process conditions on matrix properties. A complete tracking of the
coating particle state (temperature and velocity) linking to mechanical properties and residual
stresses enables coating design with desired properties.

Acknowledgement

In Finland this research was supported by the Finnish Funding Agency for Technology and
Innovation, VTT, Aalto University, Metso Paper Oy, Metso Automation Oy, Fortum Power
and Heat Oy, Condens Oy and Oseir Oy via FUNSURF-project (1175/31/05) and in US by the
GOALI program of the National Science Foundation under award number CMMI-1030942.



References
[1] Ding Z, Zhang Y, Zhao H (2007) Resistance of HVOF Nanostructured WC12Co
Coatings to Cavitation Erosion International in Thermal Spray Conference 2007: Global
Coating Solutions B.R. Marple, M.M. Hyland, Y.C. Lau, C.J. Li, R.S. Lima, and G.
Montavon (Ed.) Materials Park, Ohio, USA
[2] Jia K, Fischer TE (1996) Abrasion Resistance of Nanostructured and Conventional
Cemented Carbides. Wear 200: 206 — 214
[3] Ghabchi A, Varis T, Turunen E, Suhonen T, Liu X, Hannula S-P (2010) Behavior of
HVOF WC-10Co4Cr Coatings with Different Carbide Size in Fine and Coarse Particle
Abrasion. J Therm Spray Techn 19(1-2): 368 — 377
[4] Stewart DA, Shipway PH, McCartney DG (1999) Abrasive Wear Behaviour of
Conventional and Nanocomposite HVOF Sprayed WC-Co coatings, Wear 225-229: 789 —
798.
[5] Sampath S, Jiang X, Kulkarni A, Matejicek J, Gilmore DL, Neiser RA (2003)
Development of process maps for plasma spray: case study for molybdenum. Mater Sci
Eng A 348: 54 - 66.
[6] Matejicek J, Sampath S (2003) In situ measurement of residual stresses and elastic
moduli in thermal sprayed coatings: Part 1: apparatus and analysis. Acta Mater 51 (3)
Issue 3: 863 — 872
[7] Vaidya A, Streibl T, Li L, Sampath S, Kovarik O, Greenlaw R (2005) An integrated
study of thermal spray process—structure—property correlations: A case study for plasma
sprayed molybdenum coatings. Mater Sci Eng A 403(1-2): 191 — 204
[8] Verdon C, Karimi A, Martin J-L (1998) A study of high velocity oxy-fuel thermally
sprayed tungsten carbide based coatings. Part 1: Microstructures. Mater Sci Eng A 246:
11-24
[9] Kear BH, Skandan G, Sadangi RK (2001) Factors controlling decarburization in
HVOF sprayed nano-WC/Co hardcoatings. Scripta Mater 44: 1703 — 1707
[10] Oliver WC, Pharr GM (1992) An improved technique for determining hardness and
elastic modulus using load and displacement sensing indentation experiments. J Mater
Res 7(6): 1564 — 1583
[11] Evans AG, Wilshaw TR (1976) Quasi-static solid particle damage in brittle solid. I.
Observations analysis and implications Acta Metall 24: 939 — 956
[12] Kuroda S, Clyne TW (1991) The quenching stress in thermally sprayed coatings.
Thin Solid Films 200: 49 — 66
[13] Stoney GG (1909) Proc Roy Soc Lond A82:172
[14] Ohring M (1992) The materials science of the thin films. San Diego (CA), Academic
Press
[15] Brenner A, Senderoff S (1949) Journal Res Natl Bur Stand 42: 105
[16] Gaskell DR (2008) Introduction to the Thermodynamics of Materials. Taylor &
Francis, New York, NY, USA, 5th edition



[17] Qiao Y, Fischer TE, Dent A (2003) The effects of fuel chemistry and feedstock
powder structure on the mechanical and tribological properties of HVOF thermal-sprayed
WC—Co coatings with very fine structures. Surf Coat Tech 172: 24 — 41

[18] Valarezo A, Bolelli G, Choi WB, Sampath S, Cannillo V, Lusvarghi L, Rosa R
(2010) Damage tolerant functionally graded WC—Co/Stainless Steel HVOF coatings. Surf
Coat Tech 205: 2197 — 2208

[19] Sampath S, Wayne SF (1994) Microstructure and properties of plasma —sprayed Mo-
Moz2C composites. J Therm Spray Techn 3 (3): 282 — 288

[20] Zimmerman S, Keller H, Schwier G (2003) New carbide based materials in HVOF
spraying in ITSC 2003: Advancing the science and applying the technology Marple BR,
Moreau C (ed.) Materials Park, Ohio, USA: 227 — 232

[21] Schwetzke R, Kreye H, (1999) Microstructure and Properties of Tungsten Carbide
Coatings Sprayed with Various High- Velocity Oxygen Fuel Spray Systems J Therm
Spray Techn 8 (3): 433 — 439

[22] Suhonen T, Varis T, Turunen E, Liu X, Ge Y, Soderberg O, Hannula S-P (2008)
Modelling the Effect of Microstructure on Mechanical Properties of HVOF Sprayed WC-
CoCr Coatings. World Materials Research Institute Forum, Proceedings of the Workshop
for Young Materials Scientists (1st International Workshop), Tsukuba, Japan National
Institute for Materials Science (NIMS) No: 16:1 — 14

[23] Usmani S, Sampath S, Houck D, Lee D (1997) Effect of Carbide Grain Size on the
Sliding and Abrasive Wear Behavior of Thermally Sprayed WC-Co Coatings. Tribol T 40
(3): 470 — 478

[24] Ghabchi A, Varis T, Turunen E, Suhonen T, Liu X, Hannula S-P (2010) Behavior of
HVOF WC-10Co4Cr Coatings with Different Carbide Size in Fine and Coarse Particle
Abrasion. J Therm Spray Techn 19 (1-2): 368 — 377






PUBLICATION
|

Residual stress development in cold sprayed Al, Cu and Ti coatings

T. Suhonen, T. Varis, S. Dosta, M. Tozrell, ].M. Guilemany

Acta Materialia, vol 61, pp. 6329-6337, Aug 2013
DOI: 10.1016/j.actamat.2013.06.033

Publication reprinted with the permission of the copyright holders.

107






CrossMark

ELSEVIER

Available online at www.sciencedirect.com

SciVerse ScienceDirect

Acta Materialia 61 (2013) 6329-6337

2 ACIA MATERIALIA

www.elsevier.com/locate/actamat

Residual stress development in cold sprayed Al, Cu and Ti coatings

T. Suhonen **, T. Varis?, S. Dosta®, M. Torrell®, .M. Guilemany "

SVTT Technical Research Centre of Finland, Advanced Materials, Metallimiehenkuja 8, 02044 Espoo, Finland
® Barcelona University, CPT, Marti I Franqués 1, 08028 Barcelona, Spain

Received 26 March 2013; received in revised form 14 June 2013; accepted 16 June 2013
Available online 8 August 2013

Abstract

Residual stresses play an important role in the formation and performance of thermal spray coatings. A curvature-based approach
where the substrate-coating system deflection and temperature are monitored throughout the coating deposition process was used to
determine residual stress formation during cold spray deposition of Al, Cu and Ti coatings. The effect of substrate material (carbon steel,
stainless steel and aluminium) and substrate pre-treatment (normal grit blasting, grit blasting with the cold spray system and grinding for
carbon steel substrate) were studied for all coating materials with optimized deposition parameters. Mainly compressive stresses were
expected because of the nature of cold spraying, but also neutral as well as tensile stresses were formed for studied coatings. The mag-
nitudes of the residual stresses were mainly dependent on the substrate/coating material combination, but the surface preparation was

also found to have an effect on the final stress stage of the coating.

© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Cold spraying; Residual stresses; Aluminium; Copper; Titanium

1. Introduction

In cold spraying, the feedstock material in powder form
is injected into a heated gas jet behind the nozzle, from
where it is propelled onto the substrate with compressed
and heated gas, generally nitrogen or helium. Solid-state
particles are accelerated in a high-pressure supersonic gas
jet, causing the particles to plastically deform during the
impact with the substrate or with the previously deposited
coating itself. Above a certain particle velocity, which is
characteristic of the respective coating material as well as
e.g. the powder oxide scale thickness, particle size distribu-
tion and morphology, the particles can form a dense, solid,
well-adhered coating upon impact. Because of lower oper-
ating temperatures compared with more conventional ther-
mal spray methods, cold spraying is highly suitable for
depositing oxygen and temperature sensitive materials such
as aluminium, copper and titanium. Also, thick coatings

* Corresponding author. Tel.: +358 40 501 2163; fax: +358 20 722 7069.
E-mail address: tomi.suhonen@vtt.fi (T. Suhonen).

can be produced without adhesion failure from several
materials. The high kinetic energy/low temperature forma-
tion of the coating leads to a wrought-like microstructure
with near theoretical density values [1-4]. The distinguish-
ing feature of the cold spray process compared with con-
ventional thermal spray processes is that the detrimental
effects of high temperature oxidation, evaporation, melting,
recrystallization, phase transformations, residual stresses,
decohesion and other concerns associated with thermal
spray methods can be minimized or even eliminated [5].
In conventional thermal spraying, like plasma spraying,
most of the residual stresses originate from the quenching
of the molten particles. The temperature drop in the solid-
ification of molten particles upon impact with the substrate
leads to tensile stresses (also known as quenching stress)
because the contraction is restricted by the adherence to
the substrate [6,7]. The temperature of the substrate is also
typically increased during deposition of the coating. When
the substrate—coating system is cooled down to e.g. room
temperature after the deposition, a thermal mismatch stress
(also known as thermal stress) is generated. The nature of

1359-6454/$36.00 © 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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the thermal stress (tensile, neutral or compressive) is
determined by the difference in the coefficients of thermal
expansion (ACTE) of the coating and the substrate [7,8].
In high-velocity thermal spray systems, like high-velocity
oxy—fuel (HVOF) or high-velocity air—fuel, and cold spray-
ing, a compressive component (also known as peening
stress) can be introduced during the deposition. This is
caused by the high-velocity impact of the particles causing
plastic deformation of the substrate and/or previously
deposited coating material [9]. Typically, all of these com-
ponents will be present in thermal sprayed coatings, but the
magnitude of the quenching, thermal and peening stress is
dependent on, for example, the temperature difference
before and after the impact of the particle with the sub-
strate, the temperature difference of the substrate—coating
system during and after the spraying, and the ability of
the substrate and coating to plastically deform and work
harden upon impact of the particle. The combined effect
of quenching and peening is known as evolving stress,
and represents a stress developed when a layer of material
is deposited in the substrate—coating system. Compressive
evolving stress indicates that the peening effect is more
dominant, and the tensile mode indicates that the quench-
ing effect is more dominant [10,11].

In the cold spray process, the feedstock powder, usually
with metal as a main component, is injected into a gas
stream and accelerated to a speed of ~500-1000 m s~ .
When the particles impact on a metallic substrate, the
plastic deformation of the particles under pressure gener-
ates new interfaces with conformal contact, enabling
metallic bonding, which forms the coating. Although a
localized increase in temperature occurs at the interface
due to the impact, the overall temperature of the substrate
does not increase considerably. The bond strength and
cohesion of the coating are determined in part by the
residual stresses arising from the peening process [12].
Residual stresses are very important factors influencing
the make-up of the coating-substrate system, as well as
its performance. In cold spray coatings, a compressive
residual stress in the coating can be expected as a result
of the plastic deformation, in a similar fashion to some
HVOF coatings [13].

In situ residual stress measurements have been reported
in the literature for plasma- and HVOF-sprayed coatings
[10,11,13]. The same curvature-based method has also
been used to extract the in-plane elastic modulus or the
CTE of the coatings deposited. Elastic modulus of the
coatings can be calculated from the coating-substrate sys-
tem curvature change due to the thermal mismatch
[10,11]. Sprayed beams can be subjected to low tempera-
ture thermal cycling after deposition. In these experiments,
the deposited coating—substrate system is uniformly
heated (e.g. to 150 °C) and cooled down to room temper-
ature by free convection. The cooling portion can be taken
for analysis. According to Tsui and Clyne’s [14] curvature
change model, during cooling, the elastic modulus can be
calculated from Eq. (1):

1
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where Ak is the curvature change due to the decrease in
temperature (A7) and A is the ACTE between the deposit
and the substrate. ¢, is the coating thickness, tg is the sub-
strate thickness, and £, and E§ are the moduli of the coat-
ing and the substrate, respectively. Continuous monitoring
of the curvature and the temperature during the heating—
cooling experiment allows the estimation of the deposit
modulus by the curve-fitting method. By spraying coatings
with the same parameters on substrates having different
CTEs, the CTE of the coating can be determined by iterat-
ing the unknown E. and «., Young’s modulus and CTE of
the coating, respectively. However, the different substrate
materials might have a minor effect on the coating structure
and, because E. is known to be more sensitive than o, to
the substrate material, an alternative method to determine
the E. could be used.

Several methods have been used for residual stress mea-
surement and estimation of cold sprayed coatings. Meth-
ods including theoretical models and experimental
methods like the modified layer removal technique, X-ray
and neutron diffraction [15-19] have been used for residual
stress characterization of cold spray coatings, but no infor-
mation about the in situ measurements have been reported
in the literature. In this study, for the first time, an in situ
technique has been used to measure the in situ residual
stress of several cold spray materials.

2. Experimental procedure
2.1. Materials

Three different powders, three different substrate materi-
als and three different substrate pre-treatments were used in
this study.

The Al, Cu and Ti powders are commercially available
and especially designed for thermal spraying. The Al pow-
der was provided by TLS Technik GmbH, the Cu powder
was from H.C. Starck (Amperit 190.068) and the Ti pow-
der was from Gfe GmbH. Gas atomized aluminium pow-
der had a purity of 99.7% (according to manufacturer).
The particle size distribution was —50 + 10 um with an
average particle size (dsp) of 32 um. The copper powder
was also gas atomized with 99.89% purity (according to
manufacturer), a particle size distribution of —35 + 10 um
and average particle size of 22 pm. In the case of titanium,
a crushed powder with purity of 99.7% (according to man-
ufacturer) was used to deposit the coatings. The particle
size distribution was —80 + 20 um with an average particle
size of 38 pum.

Coatings were deposited on carbon steel (S355), stain-
less steel (AISI316) and aluminium (6061-T6) substrates
with dimensions of 228.6 mm x 25.4 mm x 2.5 mm. Three
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different surface pre-treatments were performed in order to
improve the coating adhesion: grinding with P240 SiC
paper, grit blasting with 24-grade corundum and grit blast-
ing with 220-grade corundum using a cold spray system
(with coating deposition parameters).

The cold spray system used in this study was a KINET-
ICS 4000 (Cold Gas Technology GmbH), with nitrogen as
an operating gas. Different types of nozzles were used for
the different feedstock materials. A polymeric nozzle (type
33) was used to deposit the aluminium coatings, whereas a
cermet nozzle (type 24) was used to produce the copper and
titanium coatings. The main spray parameters used for
each powder are presented in Table 1.

2.2. Microstructural characterization

For the microstructural characterization of cross-sec-
tions of all of the deposited coatings, the surfaces of pre-
treated substrates and the morphologies of used powders,
a JEOL JSM-5310 scanning electron microscope was used.
The surface roughness of the substrates pre-treated with
grinding or grit blasting were measured with MITUTOYO
Surftest-301 equipment.

2.3. Residual stress measurements

An in situ coating property sensor (ICP-sensor, Relia-
coat Technologies, US) is an in situ curvature device, in
which the curvature of a plate sample is monitored online
by three lasers during the deposition process. In this way,
the various stages of stress build-up can be monitored
and the various stress contributions can be evaluated sepa-
rately. The curvature sensor is based on laser sensing of
deflections in a strip during thermal spray deposition,
which is then converted to the sample curvature. A simul-
taneous measurement of temperature is achieved via multi-
ple thermocouples.

Evolving stress formed by each coating layer can be cal-
culated by Stoney’s equation:

E\2 dx
Oop — —_
6 dt.

where o, is the evolving stress of the layer with thickness
dt,, which causes a curvature of d, E. is the in-plane elastic
modulus (= E/(1 — vy), where E; is Young’s modulus and
v, 1s Poisson’s ratio of the substrate) and ¢, is the thickness
of the substrate [20,21].

Deposition stress can be determined from the curvature
change in the substrate—coating system during coating
deposition by Brenner and Senderoff’s equation [22]:

2

Table 1
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where o, is the deposition stress, £/, is the in-plane modulus
of deposited coating, dR is change in radius caused by
deposition stress in a deposited layer thickness df. and
the rest are as in Eq. (2) above.

Thermal stress can also be calculated with Brenner and
Senderoff’s equation [22] for thick coatings. The portion
from the end of spraying to the cooling down of the sub-
strate—coating system to room temperature is analysed.
The residual stress value reported is the sum of the deposi-
tion stress and thermal stress.

The following material-specific values were used to cal-
culate the stresses with Egs. (2) and (3): Young’s modulus
(GPa), Poisson’s ratio and CTE (um m °C~ ) of 70, 0.33
and 23 for aluminium, 110, 0.35 and 16.4 for copper, 103,
0.34 and 8.6 for titanium, 205, 0.3 and 12 for carbon steel
and 193, 0.284 and 16 for stainless steel. The actual coating
thicknesses determined from the cross-sectional images of
each deposited coating were used for the calculations.

04

3. Results
3.1. Microstructures

3.1.1. Feedstock powders

The aluminium and copper powders (Fig. la and b,
respectively) used to deposit the coatings showed a spheri-
cal morphology, typical of gas atomized powders. In the
case of titanium, a crushed powder (Fig. 1c) with irregular
morphology was used to produce the coatings.

3.1.2. Substrates and coatings

The coatings were produced on three different sub-
strates, carbon steel, stainless steel and Al alloy, which were
superficially activated before the coating deposition. The
effect of grinding with P240 SiC paper (Fig. 2a), typical grit
blasting with 24-grade corundum (Fig. 2b) and grit blasting
with 220-grade corundum directly with the cold spray sys-
tem (Fig. 2c) were evaluated for carbon steel substrate.
Grinding with P240 SiC paper resulted in groove-like but
smooth surface with negligible amount of abrasive residue.
A residue of corundum can be observed on the substrate
surface when grit blasted with 24-grade corundum. Even
more corundum residue was observed when grit blasting
was performed by the cold spray system, caused by higher
temperature and velocity of corundum particles. In all sub-
strate materials, alumina particles adhered after the grit
blasting processes.

The main coating-material-specific cold spray parameters for deposited coatings.

Powder Pressure (bar) Temperature (°C) Nozzle Average coating thickness (pm)
Al 25 350 Polymer (22 mm) 500
Cu 30 400 WC-Co (17.5 mm) 600
Ti 35 700 WC-Co (17.5 mm) 1000

Five deposition layers, with 1 mm step size, 500 mm s~ traversing velocity and 40 mm distance from the substrate were used for all coatings.
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(@)

(b)

100 pm

(c)

Fig. 2. Scanning electron microscopy images of different surface pre-treatments produced on carbon steel substrate: (a) substrate grinding, (b) grit blasting
with 24-grade corundum and (c) grit blasting with 220-grade corundum with a cold spray system.

Besides the differences in residues, the pre-treatments
produced different surface roughness values for the studied
carbon steel substrates. The surface roughness values (R,)
for the different surface treatments are 0.5+0.1,
5.6 +0.3 and 4.7+ 0.4 for the substrate grinding, grit
blasting 24-grade Al,O; and grit blasting 220-grade
Al,O5 with the cold spray system, respectively.

The spraying parameters used to produce the coatings
(shown in Table 1) were adequate to obtain dense coatings
for each respective feedstock material. One pre-heating
pass was done prior to the coating deposition in all exper-
iments. The coating material-specific deposition parame-
ters were kept the same for all the substrates and surface
treatments. Cross-sections of copper coatings deposited
onto different substrate materials are presented in Fig. 3.

Slight differences in deposition efficiency were observed
when changing the substrate material but maintaining the
same spraying parameters. The obtained surface roughness
and the amount of abrasive residue were also seen to be
affected by the substrate material in the grit blasting with
the cold spray system.

e
(a)

Fig. 4 shows cross-sections of Al, Cu and Ti coatings
with the same substrate material and surface preparation
(carbon steel, grit blasted with the cold spray system). All
the coatings, except the topmost surface, appear to be
dense and well bonded to the substrate.

Fig. 5 shows a comparison of titanium coating cross-sec-
tions deposited on carbon steel substrate with different sub-
strate surface preparations. Variation in the substrate
surface roughness and abrasive residue can be also
observed.

3.2. Residual stresses

In situ residual stress measurements were performed on
15 samples. The variables between samples were: the pow-
der used, the substrate material and the substrate pre-treat-
ment. The coatings deposited, the substrates used and the
pre-treatments are shown with sample numbering in Table
2.

Typical ICP-sensor curvature and temperature curves
with explanations of the stress component are presented

(b) (c)

Fig. 3. Cross-sections of Cu coatings produced with the same surface preparation (grit blasting with a cold spray gun) on different substrate materials: (a)

carbon steel, (b) stainless steel and (c) aluminium alloy.
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(b)

Fig. 4. Cross-sectional images of coatings deposited on carbon steel substrate (grit blasting with a cold spray system): (a) aluminium, (b) copper and (c)

titanium.

Fig. 5. Ti coating cross-sections deposited on carbon steel substrate with different substrate surface preparations. (a) Ground, (b) grit blasted with a cold

spray gun and (c) normal grit blasting.

in Fig. 6. The evolving and deposition stresses were moni-
tored from the start to the end of the actual coating depo-
sition, the thermal stresses from the end of the deposition
to the cooling down of the coating—substrate system to
room temperature, and the final residual stress state is
given as the sum of the stresses generated. Fig. 6 presents
the recorded data from sample 6 (Ti coating, carbon steel
substrate with cold spray system grit blasting).

Eq. (2) was used for thin films, and Eq. (3) for thick
films, to calculate the formed stresses from the sensor data.
Results for all samples are presented in Table 3 for alumin-
ium coatings, in Table 4 for titanium coatings and in Table
5 for copper coatings. The results are graphically presented
according to Eq. (3) because of the relatively high coating
to substrate thickness ratio in all samples in Figs. 7-9.

The results in Table 3 are also graphically presented in
Fig. 7a for Al coatings according to Eq. (3). The deposition
and thermal stresses are presented separately for various
pre-treatments and substrates. It can be seen that, for alu-
minium, which has a relatively high CTE, thermal stresses
dominate the final residual stresses when sprayed on car-
bon steel or stainless steel. After the coatings had been
completed, the resulting residual stress state in the alumin-
ium coatings was tensile in all cases. When aluminium was

Table 2

sprayed onto aluminium, the final stress state was close to
Zero.

Interestingly, the results shows variations in the deposi-
tion stresses when sprayed onto carbon steel substrates that
had been pre-treated with different procedures. It can also
be seen that stresses formed during the deposition can be
either compressive (peening dominant) or tensile (quench-
ing dominant). The low density and high CTE of alumin-
ium are factors which affect the peening—quenching ratio
during deposition. The variation in the thermal stress com-
ponent in sample 2 (compared to samples 1 and 3) was
caused by slight delamination of the coating during cool-
ing. The effect of deposition stresses can be more clearly
seen from Fig. 7b, where the curvature history in alumin-
ium deposition for each pre-treatment for carbon steel is
presented. Clear tensile stress development can be seen
for the coating deposited on top of a typically grit blasted
substrate during the first deposition layer (sample 3). The
stresses formed during the deposition and cooling down
of five coating passes can be clearly seen in Fig. 7b.

The deposition, thermal and residual stress results for
deposited titanium coatings are presented in Table 4. The
results are also graphically presented in Fig. 8a for Ti coat-
ings according to Eq. (3).

Deposited coatings, substrates and pre-treatments, with respective sample numbers.

Coating material CS substrate (GBC) CS substrate (Gr)

CS substrate (NGB)

SS substrate (GBC) Al substrate (GBC)

Al 1 2
Ti 6 7
Cu 11 12

3 4 5
8 9 10
13 14 15

CS, carbon steel; SS, stainless steel; GBC, grit blasting with the cold spray system; Gr, grinding; NGB, normal grit blasting.
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Fig. 6. Temperature and curvature graphs of sample 6, illustrating the concepts of evolving, deposition, thermal and final residual stresses.

Table 3

Deposition, thermal and residual stresses for deposited aluminium coatings.

CS substrate (NGB) SS substrate (GBC) Al substrate (GBC)

Al CS substrate (GBC) CS substrate (Gr)
Deposition stress (MPa) —10.9/-11.6 —3.8/—-4.1
Thermal stress (MPa) 59.4/63.0 41.9/44.8
Residual stress (MPa) 48.5/51.5 38.1/40.7

25.8/27.1 10.7/11.2 0.3/0.4
55.3/58.1 38.4/40.2 0.8/1.0
81.2/85.2 49.1/51.4 1.1/1.4

Results from Eq. (2) for thin films are shown first, then results from Eq. (3) for thick films. A positive value represents tensile stress and a negative value,
compressive stress. GBC, grit blasting with the cold spray system; Gr, grinding; NGB, normal grit blasting.

Table 4

Deposition, thermal and residual stresses for deposited titanium coatings.

Ti CS substrate (GBC) CS substrate (Gr) CS substrate (NGB) SS substrate (GBC) Al substrate (GBC)
Deposition stress (MPa) 30.1/35.6 47.4/54.5 71.5/83.5 38.5/45.9 72.4/86.0

Thermal stress (MPa) —44.1/-52.0 —46.4/-53.4 —47.6/-55.6 —99.3/-118.3 —213.6/-253.7
Residual stress (MPa) —13.9/-16.4 1.0/1.1 23.9/27.9 —60.8/-72.4 —141.2/-167.7

Results from Eq. (2) for thin films are shown first, then results from Eq. (3) for thick films. A positive value represents tensile stress and a negative value,
compressive stress. GBC, grit blasting with the cold spray system; Gr, grinding; NGB, normal grit blasting.

Table 5

Deposition, thermal and residual stresses for deposited copper coatings.

Cu CS substrate (GBC) CS substrate (Gr) CS substrate (NGB) SS substrate (GBC) Al substrate (GBC)
Deposition stress (MPa) —35.5/-51.6 —38.1/-42.0 —15.7/-17.6 —58.8/—66.4 —47.5/-66.1
Thermal stress (MPa) 21.8/31.6 36.5/40.2 35.8/40.1 0.9/1.1 —29.7/-41.3
Residual stress (MPa) —13.7/-19.9 —1.6/-1.8 20.1/22.5 —57.9/-65.3 —77.3/-107.5

Results from Eq. (2) for thin films are shown first, then results from Eq. (3) for thick films. A positive value represents tensile stress and a negative value,
compressive stress. GBC, grit blasting with the cold spray system; Gr, grinding; NGB, normal grit blasting.

In the case of cold spraying of titanium, which has a
lower CTE than any of the substrates, the thermal stresses
are compressive and dependent only on the substrate used.
Also, it can be seen that, as expected, the higher the CTE
difference, the higher the compressive thermal stresses
are. Similarly to aluminium, the pre-treatment affects the
resulting deposition stresses, but in the case of titanium
the deposition stresses are all tensile.

When looking at the curvature history of spraying of
titanium on carbon steel in Fig. 8b, it can be seen from
positive evolving stress generation that significant quench-
ing stresses are generated during the deposition.

The deposition, thermal and residual stress results for
deposited copper coatings are presented in Table 5. The
results are also graphically presented in Fig. 9a for Cu
coatings according to Eq. (3).

When spraying copper, which has a CTE (16.5) between
those of carbon steel and aluminium and very close to that
of stainless steel, the thermal stresses correspond very well
to the CTE differences between the coating material and
substrate, as shown in Fig. 9a.

By looking at the deposition stresses, it can be observed
that relatively high peening stresses are generated during
spraying, which can be confirmed from the negative
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Fig. 7. (a) Stresses for aluminium coatings: 1, CS substrate, grit blasting with a cold spray system; 2, CS substrate, grinding; 3, CS substrate, normal grit
blasting; 4, SS substrate, grit blasting with a cold spray system; and 5, Al substrate, grit blasting with a cold spray system. (b) Stress formation during and
after aluminium coating deposition on carbon steel substrate with different pre-treatments (sample numbers presented in Table 2).
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Fig. 8. (a) Stresses for titanium coatings: 6, CS substrate, grit blasting with a cold spray system; 7, CS substrate, grinding; 8, CS substrate, normal grit
blasting; 9, SS substrate, grit blasting with a cold spray system; and 10, Al substrate, grit blasting with a cold spray system. (b) Stress formation during and
after titanium deposition on carbon steel substrate with different pre-treatments (sample numbers presented in Table 2).
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Fig. 9. (a) Stresses for copper coatings: 11, CS substrate, grit blasting with a cold spray system; 12, CS substrate, grinding; 13, CS substrate, normal grit
blasting; 14, SS substrate, grit blasting with a cold spray system; and 15, Al substrate, grit blasting with a cold spray system. (b) Stress formation during
and after copper coating deposition on carbon steel substrate with different pre-treatments (sample numbers presented in Table 2).

curvature generation during deposition in Fig. 9b. The high  aluminium and titanium, substrate pre-treatment plays an
density and medium CTE affect the peening—quenching  important and similar role on the deposition stress
ratio during Cu deposition. In the case of copper, like both  evolution.
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The graphs of residual stress development of Al, Cu and
Ti coatings deposited on top of a stainless steel substrate
are presented in Fig. 10. The development of deposition
stresses during the first pass of copper is observed to be
quite neutral (the peening and quenching stresses are the
same), but compressive stress development is observed
for the following four passes. The thermal stresses are
observed to be neutral because of the similar CTEs of cop-
per (164 um m°C™") and stainless steel (16 pm m°C™h).
The deposition stresses for the aluminium coating are
observed to be quite neutral, but slight tensile stresses are
generated during cooling of the coating-substrate system
caused by CTEA; > CTEgs. The high gas temperature used
to deposit titanium (twice that for aluminium coatings) is
observed to result in tensile deposition stresses, but the
final residual stress state is observed to be compressive
because of the highly compressive thermal stresses that
develop during the cooling, caused by CTEt; < CTEgs.

4. Discussion

Three different substrate materials were used to study
the effects of substrate CTE, and mechanical and deforma-
tion behaviour. When considering the role and magnitude
of different residual stress origins (thermal stress, peening
or quenching stress) in various substrate material systems,
it should first be noted that thermal stresses, which are gen-
erated after the deposition, are directly proportional to the
ACTE between materials. In the case of aluminium deposi-
tion, the thermal stresses are most tensile for the carbon
steel substrate because of the largest ACTE, less tensile
for the stainless steel substrate because of a slightly smaller
ACTE and basically zero for the aluminium substrate
because of no ACTE. For copper, the thermal stresses fol-
low the same tendency as with Al coatings: most tensile for
the carbon steel substrate because CTEcg < CTE(,, basi-
cally zero for the stainless steel substrate because the ACTE
is close to zero and compressive for the aluminium sub-
strate because CTE4; > CTE(,. For titanium, the thermal
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Fig. 10. Deposition and thermal stress development during and after Cu
(sample 14), Al (sample 4) and Ti (sample 9) coating depositions on
stainless steel substrate. Evolving stresses are shown below curves.

stresses increase in compression as a function of the
increased ACTE.

Secondly, the generation of evolving stresses seemed to
be dependent on (i) the density of the particles and their
deformation behaviour upon impact, (ii) the CTEs of the
sprayed material and the substrate, and (iii) the tempera-
ture and velocity of the particles. For titanium coatings,
the medium-low density (4.5gem™), low CTE
(8.6 um m°C ") but high deposition temperature resulted
in tensile deposition stresses for all substrate materials. It
was hence observed that quenching stresses can develop
even in relatively low temperature kinetic cold spraying.
It was also found that the greater the ACTE, the larger
the tensile stress observed during deposition (samples 6, 9
and 10). For copper coatings, the high density (8.9 g cm ™)
and medium-high CTE (16.4 pm m°C™!) are responsible
for the highly compressive deposition stresses for all sub-
strate materials (samples 11, 14 and 15), which indicates
that the peening stresses dominate the stress generation.
For aluminium coatings, the low density (2.7 gcm ™) and
high CTE (23 pm m°C ") are responsible for the low depo-
sition stresses for the carbon steel, stainless steel and Al
substrates with the same pre-treatment (samples 1, 4 and
5), and the resulting evolving stresses are relatively neutral.

Three different substrate pre-treatments were studied for
the carbon steel substrate. It was found that the effect of
the first layer on residual stresses is the most important.
The residual stress on the first coating layer in many cases
differs from subsequent layers; for example, tensile stresses
were generated during the first deposition layer even
though the other four deposition layers generated compres-
sive stresses. The effect of surface preparation was clearly
observed, and the tendency was the same for all of the coat-
ing materials studied. Deposition stresses went from “more
compressive” to “more tensile” in the order of: 220-grade
corundum with the cold spray system, grinding with P240
SiC paper and typical grit blasting with 24-grade corundum
(as observed from Figs. 7a, 8a and 9a). The most likely rea-
son for this is the adhesion of the first deposition layer (as
observed in Figs. 7b, 8b and 9b). The greater the adhesion
of the first layer, the greater the quenching effect and the
higher the tensile residual stress. The improved adhesion
is in correlation with the measured surface roughness and
the observed residue of the abrasive medium. It was
observed that the grinding with P240 SiC paper resulted
in the lowest surface roughness, but basically no residue
of the abrasive medium was left on the surface. Grit blast-
ing with typical 24-grade corundum resulted in the highest
surface roughness, with a small amount of abrasive med-
ium on the surface. Grit blasting with 220-grade corundum
using the cold spray system also gave good surface rough-
ness, but a large amount of the abrasive medium was left
on the surface, which hindered the adhesion and tensile
residual stress generation on the first coating layer. Some
stress relief might also have occurred with the grit blasted
samples, but this was not observed during the single pre-
heating pass prior to deposition. Thermal stresses were
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approximately equal within each coating material when
deposited on the carbon steel, as expected, unless there
was a coating adhesion problem observed during cooling
(as for sample 2). It should also be noted that the grit blast-
ing with 220-grade corundum with the cold spray system
was only performed for the side of the plate to be coated,
unlike in typical grit blasting with 24-grade corundum
(where both sides are grit blasted in order to avoid bending
of the substrate before coating deposition). This resulted in
slight pre-compressive bending of the substrates. The cur-
vatures used for the stress calculations were taken as differ-
ences from the initial curvatures.

The final residual stresses were calculated as a sum of
the stresses during (deposition stress) and after (thermal
stress) the deposition. Tensile residual stresses can be
observed for all Al coatings, with the exception of neutral
stresses when deposited on top of an aluminium substrate.
For Ti coatings deposited on carbon steel substrates with
different pre-treatments, residual stresses from tensile to
compressive can be observed. Large compressive stresses
can be observed for Ti coatings deposited on larger CTE
substrates like stainless steel and aluminium. Cu coatings
deposited on top of carbon steel samples resulted in resid-
ual stresses ranging from tensile to compressive, depending
on the pre-treatment. Large compressive stresses can be
observed for Cu coatings deposited on larger CTE sub-
strates like stainless steel and aluminium, caused by com-
pressive deposition and neutral or compressive thermal
stresses.

Eq. (3) for thick films was used in graphical presenta-
tions due to the high coating to substrate thickness ratio
(over 1:5 in all cases), even though the differences between
the results obtained with Egs. (2) and (3) were observed to
be relatively small.

5. Conclusions

Residual stresses in cold sprayed coatings manufactured
from aluminium, copper and titanium powders were mea-
sured by using an in situ curvature technique. The residual
stresses were determined for coatings deposited on carbon
steel (S355), stainless steel (AISI316) and aluminium (6061-
T6) substrates. The effect of various pre-treatments, such as
normal grit blasting, grit blasting with a cold spray device
and grinding, on the residual stress was studied.

The magnitude of residual stresses of cold sprayed coat-
ings may vary significantly, depending on the substrate/
coating material system and the substrate pre-treatment.
The following conclusions can be drawn from the studies:

— The effect of the first layer’s adhesion, which is depen-
dent on the method used to pre-treat the substrate,
strongly influenced the ability to generate tensile stress
during the deposition of the first layer.

— The generation of evolving stresses in cold sprayed coat-
ings can be either compressive or tensile, dependent on
(i) the density of particles and their deformation behav-
iour upon impact, and (ii) the CTEs of the sprayed
material and the substrate.

— The thermal residual stresses, which are generated after
the deposition, are directly proportional to the ACTE
between the materials.

— Mainly compressive stresses were expected because of
the nature of cold spraying, but neutral as well as tensile
stresses were also formed with the coatings studied.
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ARTICLE INFO ABSTRACT

This paper presents a systematic study of the effect of various WC-CoCr powders on the residual stresses of the
high pressure HVOF sprayed coating. As the residual stresses are recognized to play a significant role in the
mechanical and fatigue resistance of the coating, it is understandable that their management is important for
damage tolerant coating design. Several studies have recently shown that processes, which produce high particle
kinetic energy and lower particle temperature, such as Warm spray, HVAF and high-pressure HVOF processes,
generate higher peening stresses and therefore final residual stresses is more compressive compared to lower
kinetic energy HVOF systems. In addition to the spraying process, powder properties are known to be one of the
most important variables in thermal spraying. Nevertheless, only few studies can be found on the effect of
powder properties on residual stresses. The aim of this study was to understand the effect of different powder
properties on the formation of residual stress. In situ monitoring was utilized to record curvature and tem-
perature during spraying and to calculate coating residual stresses. This approach is a useful tool for under-
standing of residual stresses during the thermal spraying process enabling their manipulation. It was found that
the powders, with only minor differences in density and particle size, produced a significant difference of about
350 MPa in the stress states of the coatings. The combined effect of spray powder properties and spray para-

Keywords:

High pressure HVOF
Thermal spraying
Residual stress
WC-CoCr

Apparent density
Agglomerated powder

meters on residual stress was almost 560 MPa.

1. Introduction

Residual stresses can in worst-case cause delamination or macro-
scopic cracking of a thermal sprayed coating [8, 14, 34, 35]. Moreover,
the high magnitude of residual stresses may have an effect on the
coating performance such as adhesion strength, wear resistance, and
fatigue life of the coatings during its use [1, 11, 23, 28, 32]. Recently,
results of WC-CoCr -coatings sprayed by high kinetic thermal spray
processes, such as Warm spray (WS), high velocity air fuel (HVAF and
high-pressure high velocity oxygen fuel (HP-HVOF)) -process, show
that residual stresses generated from these processes are more in
compressive stress compared to conventional HVOF process. Very good
cavitation wear resistance of WC-CoCr HVAF-coatings has been linked
partly to these highly compressive residual stresses [5, 6, 15, 20, 27].

Particle size distribution, density and homogeneity of the powder
are known to have a critical influence on the coating quality, and
therefore powder is considered as one of the most important variables
in thermal spraying [4, 10, 36]. For this reason, the powder

* Corresponding author.

manufacturing process is of great importance. Agglomerated and sin-
tered (a&s) powders, which has become more common, have some
porosity in the powder structure while fused and crushed (f&c) powders
are fully dense. Moreover, the density among a&s powders from dif-
ferent sources may vary. This is because the equipment and parameters
used in spray drying have a major influence on the properties of the
powder. Moreover, slurry chemistry in powder agglomeration and
sintering temperature have a great influence on the powder density,
morphology and strength. In addition, powder chemical composition
and carbide size may influence on the powder morphology and density
as well. The apparent densities of WC-CoCr powders may vary e.g. from
4.0 to 5.8 gem 3 [3, 10, 36].

The density of the powder was shown to have a great influence on
the carbon loss in HVOF spraying of WC-Co materials, which is related
to a melting behaviour of porous particles [3, 4, 7, 36]. The original
porosity of the initial powder particles was also shown to have an in-
fluence on the density of coating as the filling of spray droplet is in-
sufficient and porosity in the powder remains in the coating structure
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[21]. However, due to a lower heat load of the new generation high
kinetic processes, decarburization of porous particle can mostly be
avoided [5, 6]. In addition, the higher kinetic energy of the particles
can be thought to facilitate particle condensations. Low heating gives
also a possibility to use smaller powder size distribution [6], which
minimises the problems arising from insufficient filling [3, 6, 21].

The origins of residual stresses in thermal spraying (quenching,
thermal mismatch stress, and peening stress) are well known [2, 8, 16-
19]. However, the effect of the powder characteristic on the residual
stresses are not often discussed. This study addresses the effect of ap-
parent density of WC-10Co4Cr powder on the residual stresses in high
pressure HVOF spraying.

2. Experimental

Three a&s WC-10Co4Cr powders, two (D1, D2) from Fujimi (Fujimi
Incorporated, Kiyosu, Japan) and one (D3) from Durum (Durum
Verschleiss-Schutz GmbH, Krefeld, Germany), were selected for the
studies. The powders had different apparent densities and the particle
size distributions were relatively similar. The powders had nominal size
of 0.4 pm WC-particles in CoCr matrix and their nominal size dis-
tribution was 5-25 pm. Particle strength for the powders D1 and D2 was
measured by the procedure shown in [7]. More detailed data on the
powders are given in Table 1.

Coatings ~ were  deposited by using a robot on
228.6 X 25.4 x 2.5 mm low carbon steel (§355) flat bars by Carbide
Jet Spray (CJS) high pressure liquid fuel HVOF -process (Thermico
GmbH & Co, Dortmund, Germany) equipped with K5.2 nozzle config-
uration. This new configuration was specially developed for the
spraying of fine powders (< 25 pm). In the Thermico CJS liquid kero-
sene HVOF-process, the combustion chamber has been designed such
that the combined combustion of kerosene and hydrogen (with oxygen)
is optimized. In the K 5.2 configuration, hydrogen and kerosene com-
bustion takes place in different areas of the chamber and allows stable
burning of the flame with lean kerosene ratios as it is assisted by hy-
drogen. This results to a colder flame temperature and make spraying of
fine powders without particle overheating possible. In this study, the
flame temperature was varied by changing the fuel/oxygen (F/O)-ratio
and gas velocity by changing chamber pressure. Spray parameters with
the information of the F/O-ratios and combustion chamber pressures
are shown in Table 2. Selected kerosene flow rates were 14, 16 and
18 I'h ™!, and the oxygen flow was varied to produce three different F/
O-ratios at two different chamber pressure levels, which were ap-
proximately 13.4 bars for parameters P1, P2, and P3 and 11.3 bars for
parameters P4, P5 and P6. As the stoichiometric F/Op,ss-ratio of ker-
osene (CyoHs) combustion is 0.29, all parameters (P1-P6) were all
clearly oxygen-rich. It is commonly known the flame temperature de-
creases as it is moved away from the stoichiometric ratio. It should be
mentioned that complete burning of added hydrogen (80 1) consumes
160 I'min ! of oxygen. This amount is subtracted from the oxygen flow
rate and taken into account in the calculation of the F/O-ratios in
Table 2. With respect to gas velocities it was expected that they were
relatively constant at each chamber pressure levels. Average particle
velocities and temperatures were measured at the spraying distance
(200 mm) by Spray Watch 2i particle monitoring device from Oseir ltd,
Tampere, Finland, which measures the velocities by inbuilt image

Table 1
The information of the powders from powder manufacturers.
D1 D2 D3

Apparent density [g-em 2] 4.43 5.02 5.38
Size distribution [um], D10-D90% —26 + 12 —-26 + 11 —29 + 15
Average size [um], D50% 17.2 16.6 21.0
Carbon content [w-%] 5.94 5.87 5.38
Particle Strength [MPa] 300 490 -
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Table 2
Spray parameters used for the deposition of the coatings with HP-HVOF spray
gun.a

P1 P2 P3 P4 P5 P6

Kerosene [I'h 1] 14 16 18 14 16 18
Hydrogen [slpm] 80 80 80 80 80 80
Oxygen [slpm] 960 940 920 800 785 770
Nitrogen [slpm] 32 32 32 32 32 32
Fuel/oxygen-ratio® 0.17 019 0.22 020 0.24 0.29

Combustion Chamber Pressure [bar] 13.6 134 133 113 11.2 113

@ Assumed in the calculations that hydrogen burns 160 1/min of oxygen,
Fuel/Oxygen-ratio for neutral flame: 0.29.

analysing the length of the traces drawn by in-flight particles during the
known exposure time of digital CCD camera. The average particle
temperature is measured by two-colour pyrometry.

Prior to deposition, the substrates were grit blasted on both sides
using 500-700 um corundum particles. Gun traverse speed of 1 m/s and
step of 4 mm were used. During the deposition, the substrates were
mounted on an in-situ coating property (ICP) sensor [25] (ReliaCoat
Technologies, East Setauket, USA). The fixture on the ICP sensor allows
the free bending of the sample and enables the monitoring of deflection
of the bar by using three laser sensors. The temperature from the
backside of the substrate was recorded by using two contacting ther-
mocouples.

Deposition efficiency (DE) was measured by weight gain principle in
which the deposited mass per fed mass is calculated by using the Eq.
(1):
pE="a=Ma LW,

Ryt U w, @™
where mg; = mass of the substrate and coating, ms; = mass of the
substrate, Ry = powder federate, t = effective time when gun is
spraying on the substrate, 1 = length of the substrate, w = width of the
substrate, U = gun traverse speed, W, = step, and n, = number of
passes.

With the used method for DE calculation, there is an error since
some of the material is over sprayed from the sides of the samples
during the “effective time”. The estimated effect from the overspray on
the DE is approximately —20%. However, coatings were made with
same robot program and thus DE values are comparable with each
other.

The powders and the polished cross section samples of coatings
were characterized with a field-emission scanning electron microscope
(FESEM, Zeiss ULTRA plus, Carl Zeiss AG, Oberkochen, Germany). The
mechanical properties of the coatings were determined by indentation-
based techniques. An instrumented indentation device (Zwick ZHU 0.2,
Zwick-Roell, Ulm, Germany) was used for evaluating the coating
hardness. For Vickers hardness 9 indentations were taken on polished
cross section with 300 g load (HVO0.3). The fracture toughnesses of the
coatings were determined from the corner cracks of the seven Vickers
indented with the load of 5 kg by using Evans and Wilshaw Eq. (3) [9]:

P 4.5a
Kic = 0.079] —— | I —_—
© (am) Og( c ) 3

where: P is load of Vickers indenter (mN), a = half-diagonal of the
Vickers mark (um), ¢ = length of the cracks obtained in the tip of the
Vickers marks (um).

Through thickness residual stress of the coatings were determined
by using Tsui and Clyne analytical model [29] with following proce-
dure. First, the deposition stress either quenching or peening, was de-
termined by iterating the deposition stress by procedure proposed by
Tsui and Clyne [30]. In the procedure, deposition stress (quenching or
peening stress) was adjusted to a value, which produces equal curvature
with the analytical model and ICP sensor. Then through thickness
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stresses resulted from the quenching or peening were calculated for
progressive deposited coating by using Tsui and Clyne analytical model
[29]. The actual temperature data before each coating pass from the
ICP sensor was used for calculation of thermal mismatch stresses for
each layer. Finally, deposition stress and thermal mismatch stress for
each layer were superposed. Equation for example for the residual
stress in the midpoint of nth layer was Eq. (2) [29]:

Jd
F 1 F
= ow Eq(cy — Kn—1)((" - E)W - 5n) + (;ZE) — Eq (x5 — %)

((j -3 5") @

where n = layer in question, 1 < j < n, F, = normal force due to
quenching stress, Fcrgy = force due to CTE difference, b = beam
width, w = single layer thickness, h = coating thickness, E; = Young's
modulus of the deposit, x, — x,—1 = curvature change due to the de-
position of layer n, §, = location of neutral axis.

3. Results and discussion
3.1. Powders

The differences in the powder characteristics are shown in powder
morphology figures (Fig. 1) and Table 1, which shows apparent density,
carbon content, and particle strength. Particle morphologies show a
structure typical of agglomerated and sintered WC-10Co4Cr powder.
Higher density of the powder D3 comparing to D1 and D2 is evident
from the morphology figures. The differences between the powders D1
and D2 are mainly due to the sintering temperature. Higher sintering
temperature of powder D2 resulted in higher apparent density and, and
higher particle strength of powder compared to powder D1. It may also
have contributed to the slight decrease in carbon content in powder D2.
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Fig. 2. Temperature and velocity of the powder D3 measured by Spray Watch
device.

The surface morphology figures also show that powders D1 and D2 has
more fine particles (< 5 pm), which can also be seen in the particle size
distributions.

3.2. Spray diagnostics

Particle velocities were measured for the powder D3 to determine
the relative differences in spraying parameters. The temperature-velo-
city plot in Fig. 2 shows, as expected, that particle temperatures depend
on the F/O-ratio. Closer the F/O-ratio to the stoichiometric ratio, 0.29,
higher the particle temperature at constant chamber pressure. With the
same kerosene flow rates, the particle temperatures at parameters P1-
P3 were approximately same level as those at parameters P4-P6 al-
though the F/O-ratios (Table 2) of parameters P1-P3 were significantly
lower than those of corresponding P4-P5 parameter. One would expect
that a change in the F/O-ratio would lead to lower particle

Fig. 1. Surface morphologies of the powders D1 (apparent density = 4.43 g/cm®), D2 (apparent density = 5.02 g/cm®), and D3 (apparent density = 5.38 g/cm®).
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Fig. 3. Back scatter SEM images of the coating microstructures with two magnifications, where D refers to a power density in Table 1 and P refers to a spray
parameter in Table 2. Lower magnification (upper) shows a difference in splat flattening degree and higher magnification (below) a micro porosity structure of the

coatings.

temperatures when using P1-P3 parameters. However, since the par-
ticle temperatures are at the same level, it can be assumed that the
higher combustion chamber pressure with parameters P1-P3, will result
in a higher gas flow density and thereby more efficient heat transfer to
the particle. This may explain why a lower F/O-ratio resulted in the
same particle surface temperature levels. With respect to particle ve-
locity, difference between parameter sets P1, P2, P3 and P4, P5, P6
showed that the particle velocity increased with increased chamber
pressure and the particle velocities at different temperatures were
possible to adjust satisfactory to a desired level by adjusting the
chamber pressure with oxygen.

3.3. Microstructures, phase structure, and mechanical properties of the
coatings

Evaluation of the coatings from microstructural bases showed only
some minor differences in coating structures. In general, coatings
shown in Fig. 3 are all relatively dense but have some, the size typi-
cally <1 pm, micro-porosity. Such porosity maybe a result of in-
complete filling. Part of this porosity may also be due to incomplete
melting of the largest powder particles, which has caused pull-out
porosity to occur during sample preparation. High amount of micro-
pores is most noticeable in coating D1 P3 but also overheated areas in

this coating are visible. This coating is sprayed using the hottest flame
temperature of the powder with a low apparent density, whereby larger
porous powder particles can adhere to the substrate and cause porosity.
On the other hand, Chivavibul et al. [6] explained that the porosity of
the coating with a powder having a low particle strength could be due
to disintegration of the powder particles in flight and thus they have
smaller size and less peening effect. In this study, no similar signs of
degradation could be observed in the microstructure, but in any case,
the porous particles have less mass and less peening effect, which may
explain the high micro-porousness. In other respects, the largest no-
ticeable difference in the microstructures was the greater portion of
well flattened lamellae as the flame temperature increased. Further-
more, it can also be observed that the smallest carbides dissolved in the
matrix in coatings, which were sprayed by parameters P5 and P6.
Coating hardness, fracture toughness, W,C/WC-ratio, and DE are
shown in Table 3. A good indication of the temperature particles was
exposed to is the amount of W,C in the structure. In here the proportion
of W,C was presented simply by ratio of W,C (26 = 39.8°) and WC
(35.7°) peaks. When looking at the w-ray diffraction (XRD) results, in
Fig. 4, it was evident that the higher the temperature the higher the
amount of W,C at 20 = 39.8°. W,C is formed in the structure as a result
of carbon loss from the particles during the flight. The carbon is oxi-
dized directly from the carbide surface and from the molten matrix in
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Table 3
Hardness, fracture toughness, W,C/WC-ratio, and deposition efficiency of the
coatings.

Coating  Hardness [HV 0.3]  Fracture toughness W,C/WC  DE [%]

[MPa'm'/?]
D1P1 1287 + 88 461 = 0.37 0.10 39.6
D1P2 1377 + 125 437 + 0.88 0.13 43.6
D1P3 1405 + 83 3.41 = 0.72 0.17 44.4
D2P1 1342 + 83 434 + 0.27 0.10 37.2
D2P2 1415 + 54 4.46 *+ 0.66 0.12 387
D2P3 1426 + 24 4.48 + 0.47 0.17 40.6
D3P1 1414 = 30 3.50 + 0.43 0.12 29.1
D3P2 1371 + 98 435 + 0.41 0.12 33.9
D3P3 1341 = 135 436 = 0.22 0.15 39.4
D3P4 1164 = 146 441 = 0.53 0.12 41.6
D3P5 1344 = 109 4.62 + 0.15 0.13 46.3
D3P6 1438 + 112 427 + 0.43 0.15 46.7

which some minor amount of the carbide is dissolved. As a result,
during the rapid cooling some of the tungsten and carbon in the matrix
form W,C on the surface of original WC grains [12, 33]. In addition,
mixed carbides of W, Co and Cr may crystallize in the matrix or con-
tribute to the formation of an amorphous phases in the matrix during
rapid cooling [12, 33]. Although the amount of W,C is a direct index of
decarburization and thus the heat input, it is not detrimental for the
properties in small quantities. In Table 3, the W,C/WC-ratios are much
lower than the ratios that have been presented for gas fuelled low
pressure HVOF process [12].

A clear trend in most cases in Table 3 and Fig. 5 is that when the
particle temperature is higher, the hardness is higher. Hardness in-
crease could be related to the spray temperature due to a hardening of
matrix when it is alloying with tungsten and carbon [31, 33]. In
Table 3, in most cases, the increase of flame temperature did not have
significant negative influence on the fracture toughness of the coatings.
However, the coating sprayed by powder of low apparent density and
hot flame (D1 P3) had low fracture toughness assumably due to too
high flame temperature, which resulted to a poor microstructure. A
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Fig. 5. Vickers hardness and deposition efficiency for powders D1, D2 and D3
sprayed with different parameters P1-P6.

good indication of higher flame temperature is slightly increased
amount of W,C in the coating. The formation of relatively low amount
of W,C, like in this case, is not believed itself to sufficiently lower the
fracture toughness, because it is formed as thin rims around original WC
particles [33]. Solubility of the carbide in the matrix is more likely to
have a greater effect on fracture toughness. The properties of CoCr-
matrix in HVOF sprayed WC-CoCr coating are known to be degraded
due to the partial (minor) dissolution of WC grains to the matrix, which
may leads to the formation of amorphous phases in the W and C rich
matrix during a rapid cooling [33]. Indeed, in the XRD of D1P3 coating
a notable increase of the background intensity can be detected between
20 angles 35° and 45°, which may explain the loss of the fracture
toughness of the matrix. On the other hand, the microstructure of this
coating showed a lot of micro-pores in the structure, which may be
caused by large porous particles, which stack onto the substrate and
had insufficient filling. In addition, the coating D3P1 sprayed using the
highest apparent density powder sprayed by cold parameters had low
fracture toughness as well which most likely was due to high
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Fig. 4. XRD-diffraction curves for the WC-CoCr a) powders D1, D2 and D3 of different density and b) and c) resulted coatings sprayed using parameters P1-P6.
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Fig. 6. Temperature and Curvature graphs of the deposited samples measured in-situ by ICP-sensor, where temperature variations during spraying clearly affected
curvature. D refers to a powder density D1 < D2 < D3 and P refers to a spraying parameter (in Table 2 and Fig. 2).

compressive residual stresses, which are known to effect on the crack
growth around Vickers indentation [13, 24].

As shown in Fig. 5, generally the DE decrease as the apparent
density of the powder increases, which is well in line with the study of
Chivavibul et al. [6]. Furthermore, in Fig. 5, the hardness — DE relation
of powder D3 sprayed with parameters P1, P2 and P3 was different
from what was obtained by powders Dland D2. The hardness of the
coatings sprayed using densest D3 powder increased as the flame
temperature and DE decreased. The hardening of the coating in this
case may take place by different mechanism and evokes the thought
that strong peening effect, may be responsible for hardening, which
idea is supported by literature [6].

3.4. Curvature and residual stresses

Substrate temperature and curvature evolution during the sprayings
are shown in Fig. 6, where positive curvature change indicates tensile
stresses and negative curvature change compressive stresses. Typically,
during the first 1-5 passes curvature changes to a positive direction due
to increasing temperature evolution of the substrate, which had higher
coefficient of thermal expansion (CTE) than that of the coating. After
this, the substrate temperature is relatively constant and the curvature
changes linearly in either a positive or a negative direction, depending
on whether quenching stresses or peening stresses dominate, respec-
tively. After completing the coating, during the cool down the curvature
change in this case is negative, because the (CTE) of the substrate
(11 x 107®K™1') is higher than that of the coating (5.2 X 107 ¢ K™1).
Stresses (+ for quenching and — for peening) at the surface of the
coatings resulted from different residual stress origins (deposition,
thermal mismatch, and final) by Tsui and Clyne procedure, thermal
mismatch stresses, and final residual stress are shown in Table 4 and
Fig. 7. Overall, substrate temperatures varied depending on spray
parameters and cooling adjustments from 185 to 255 °C and it is no-
table that due to this temperature differences (and coating thicknesses),
the thermal stresses in the coatings varied only from —191.8 to
—253.3 MPa. Fluctuations seen in temperature with parameter P1 are
presumably due to unstable combustion due to the low F/O-ratio and
the curvature change for the coating D1 P2 after 120 s was due to
cooling problem, which increased the temperature approximately by
15 °C.

Through thickness residual stress profiles of the coatings by Tsui
and Clyne procedure are shown in Fig. 8. Real substrate temperatures

Table 4
Deposition stress, CTE mismatch stress, and final stress on the surface of the
coatings by Tsui and Clyne model (+ tensile and — compressive).

Deposition stress Thermal mismatch stress Final stress

[MPa] [MPa] [MPa]
D1 P1 —56.0 —211.3 —267.3
D1 P2 —36.4 —242.2 —278.5
D1 P3 —60.1 —244.4 —304.5
D2 P1 -91.1 —-197.7 —288.8
D2 P2 —-72.1 —191.8 —263.8
D2 P3 —25.8 —220.3 —246.1
D3Pl  —363.1 —253.5 —616.6
D3 P2 3134 —241.5 —554.9
D3P3 —-151.8 —247.4 —399.4
D3 P4 +15.7 -171.8 —156.1
D3P5 +130.6 —187.9 —57.3
D3P6  +134.1 —219.0 —84.9

were used in the calculations and it can therefore be noted that lower
substrate temperatures during the first 5 passes lowered the thermal
mismatch stresses of the first spray layers. More specifically, during the
spraying of first passes the increase of the substrate temperature caused
a tensile stress for previously deposited layers. This tensile stress
transfers to a compressive during cool down, but remains lower than for
the layers, which were deposited onto hotter substrate.

By looking at the final residual stress levels on the surface of the
coating in Fig. 8 and Table 4, it was evident that all the coatings were at
the compressive residual stress. When WC-CoCr is deposited on top of
steel, the thermal stresses due to CTE differences provide a compressive
stress state when cooled from deposition temperature onto a room
temperature. As stated earlier, the thermal mismatch stresses due to
differences in CTE of the coatings varied from —191.8 to —253.3 MPa.
In many lower kinetic energy and hotter flame temperature HVOF
processes, the stresses generated during coating deposition are strongly
dominated by tensile quenching stresses, whereby the final residual
stress state is typically close to neutral or may be even tensile [31]. The
spray parameters of high pressure HVOF process can be selected such
that, due to the high particle velocity and low DE, the impact energy of
the particles generates compressive peening stresses in the coating. In
this study, the peening stresses were dominant with all parameters
except with parameters P4-P6 for powder D3. It was clear that the CJS
process has a wide enough process window to significantly influence
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the coating stresses on powder D3 by parameter selection. It was clear
that the CJS process had a sufficiently wide process window to sig-
nificantly influence the deposition stresses of the coatings by parameter
selection for powder D3. With high gas flow parameters (P1, P2, and
P3), the D3 powder provided high compressive deposition stresses and
by reducing the total gas flow and increasing the F/O-ratio with para-
meters (P4, P5 and P6), tensile deposition stresses were developed on
the coatings. A change in the parameters increased the heat transfer to
the particles, which can be deduced from increased DE. Improved
particle heating was due to an the increase in the flame temperature at
a higher F/O-ratio and a longer dwell time of the particles at a lower
velocity.

It was evident that particle properties played an important role in
the magnitude of peening stresses. Different powders produced sig-
nificantly different peening stresses with same parameters as shown in
Figs. 7, 8 and Table 4. The deposition stress of the densest powder, D3,
was clearly the highest and even with the same deposition efficiency,
the peening effect with D3 powder was higher (D3P3 in Fig. 9) com-
paring to powders D2 (D2P2 in Fig. 8) and D1. Furthermore, spraying
parameters clearly influence the deposition stress in the coating when
using the densest powder (D3). For the powders D3 and D2 the no-
ticeable was that high peening stresses were not developed. In addition,
it was found that deposition stresses correlate well with DE in Fig. 9,
which shows an increase in compressive stresses as DE decreases. The
results confirmed the obvious assumption that higher proportion of
particles bounce off from the substrate, the higher the peening effect.
Instead, if the hot particles stick on the substrate, the quenching effect
compensates the peening effect, which was why correlation between DE
and compressive stress was seen. Thus, whether the particle adheres to
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Fig. 9. Relation of deposition stress of coatings and deposition efficiency of
powder D1, D2 and D3 sprayed with parameters P1-P6.

the substrate or not is of great importance for the stress state. Therefore,
high compressive peening stresses could be produced only by using
powder D3 with highest density and peening effect for that powder was
higher the lower the spray temperature and lower the DE. For powder
D2 the compressive peening stress increased slightly when flame tem-
perature was lowered from parameter P3 to P2 to P1. For powder D1
the peening stresses during the deposition remained relatively similar
although the process temperature was changed and DE improved. It
was obvious that with the same spraying parameters, porous particles
reach higher temperature, or the melting rate is higher, which increases
the effect of quenching stresses compared to peening. This is most
probably the reason why lower apparent density powders do not pro-
duce high compressive stresses. However, even the high DE parameters
for D1 and D2 powders did not yield high tensile deposition stress. It
remains unclear why tensile stresses could not develop into more
porous powders, but the cause can be searched for example from the
role of different relaxation mechanisms, which influence on the coating
and relaxes some of the stress components. For example, it is con-
ceivable that quenching stresses do not develop during the particle
cooling, because the tensile stresses are relaxed by microcracking or
lamella sliding. It might be possible that the peening effect due to the
high particle velocity is significant and moves the stress state towards
the compression even if the DE is high.

This study demonstrates that powder properties had a strong in-
fluence on the residual stress and more specifically ability to generate
compressive peening stresses. However, the formation of residual
stresses is complex in nature and is influenced by many factors, that was
earlier highlighted. Since the particle size distributions of the powders
differed slightly, it is also necessary to consider the relative effect of the
particle size of the powders on the residual stresses. As known the
particle kinetic energy (impact energy) can be calculated by Ey;, = 1/
2mv?, where v is particle velocity, and m is particle mass. Mass is ob-
tained by multiplying density (p) and volume (V), where volume of the



T. Varis, et al.

presumably circular powder particles is expressed by V = 4/3mr’.
Thereby, the particle impact energy is directly proportional to the
density, to the square of the particle velocity, and to the cube of the
particle diameter. Impact energy calculations show that the size of
29 pm fully dense WC-CoCr particle has approximately 100 times more
impact energy than the size of 5 um particle, but only 30% more than
size of 26 um. Therefore, large particles play a major role in develop-
ment of peening stresses. It is notable that small particles may have an
important role for peening effect as well in the cases when they do not
attach on the substrate. In studies concerning the carbide retention of
WC-Co/CoCr or Cr3zC,-NiCr materials, it is shown that small size par-
ticles cannot bond carbides well, as the size of the carbide approaches
the particle size, which increases the bounce of tendency of individual
carbides [22, 26]. What comes to the effect of velocity on the impact
energy, the difference in kinetic energy between the parameters P1-P3
and P4-P6 (for size of D50 particle) is only 20%. As the impact energy is
directly proportional to the density the particle with 50% porosity has a
50% lower impact energy. When assessing the effects of various factors
on the formation of peening stresses of this study it can be stated that
the particle size distribution has the most significant effect on the
generation of peening stresses. Highest particle population is around
average particle size (D50 value in Table 1) and hence it is appropriate
to look at the impact energy of average size particle. By comparing the
impact energy of average size, assumingly fully dense, particle of D1
and D3 powders, D3 powder has approximately 5 times more impact
energy. This difference is further increased by the lower density of the
D1 powder. This may explain the high peening effect achieved for D3
powders compared to D1 and D2 powders. The effective peening action
requires the particles to bounce off the substrate. For this reason, the
particle density has a great influence also on the residual stress state as
it effects significantly on the whether the particle will stick onto a
substrate or not.

This study emphasizes that powder properties such as size dis-
tribution and density play an important role in coating quality and the
formation of residual stresses coating in high kinetic energy process.
Powders of the same nominal composition and only slightly different
apparent densities may result in a very different residual stress state.
Therefore, it is important to identify powder properties and their effect
when selecting WC-CoCr powder for a thermal spray process and when
designing the coating performance for the application. The resulting
stress state particularly peening effect is significantly dependent on the
powder size, powder density, and selected spraying parameters. High
compression stresses can be useful in applications, which requires fa-
tigue resistance or cavitation erosion resistance [20, 27, 32]. Peening
effect is strongly related to deposition efficiency and to achieve high
compressive residual stress it is advisable to choose compact powder,
cold parameters. However, in this case DE will be lower. By using a
dense powder, high-quality coatings can be obtained which, depending
on the coating parameters, are in compressive or tensile stress. In the
case of a more porous powder DE is typically higher (with comparable
parameters), but the stress state is not so easily controllable by the
parameters. Furthermore, care must be taken with respect to the
parameters so that the coating properties are not impaired by excessive
heating of the particles. Finally, it should be noted that residual stresses
are strongly process dependent and similar effects might be impossible
to achieve by the process having lower particle velocity and higher
temperature and/or more limited temperature-kinetic energy process
window.

4. Conclusions

The effect of various WC-10Co4Cr powder on the residual stresses of
the coatings sprayed by liquid fuelled high kinetic HVOF processes was
studied. The powders differed mainly in their apparent density and
particle size distribution. They had same nominal particle size dis-
tribution, but measured particle size distribution differed. The coatings
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were sprayed by using six different spray conditions onto a substrate,
which was mounted on the integrated coating property (ICP) -sensor. As
the ICP enables accurate in-situ monitoring the curvature and tem-
perature of the sample, it was possible to calculate residual stresses
arising from the deposition (peening or quenching stress) and thermal
mismatch by using Tsui and Clyne analytical model.

Following conclusions were made from the study:

Powder properties (apparent density and particle size distribution)
have a significant influence on stress states of the high pressure
HVOF-sprayed WC-CoCr-coatings. The difference in residual stress
arising mainly from powder was approximately 300 MPa.

- Powder density clearly affected on the deposition efficiency (DE)
which had a strong correlation with peening stresses. The peening
(compressive) stress was higher if the particle bounced off from the
substrate instead of sticking onto it. Therefore, denser powder
having slightly larger particle size deposited with low DE para-
meters produced a coating which had clearly highest compressive
stresses.

Deposition stress of the densest powder, D3, was able to be affected
strongly by spray parameters. The final residual stresses on the
surface of the coating varied approximately 530 MPa depending on
spray parameters used for D3 powder.

- The most noticeable effect of powder density was that the melting of
porous powder was easier leading to higher DE and therefore
compressive stresses could not be developing as much with same
parameters, that produced high peening stresses for D3 powders.
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Abstract Thermal spray processes have been developing
toward lower particle temperature and higher velocity.
Latest generation high-velocity oxygen-fuel (HVOF) and
high-velocity air-fuel (HVAF) can produce very dense
coating structures due to the higher kinetic energy typical
for these thermal spray processes. Thermally sprayed
coatings usually contain residual stresses, which are
formed by a superposition of thermal mismatch, quenching
and, in case of high kinetic energy technologies, peening
stresses. These stresses may have a significant role on the
mechanical response and fatigue behavior of the coating.
Understanding these effects is mandatory for damage tol-
erant coating design and wear performance. For instance,
wear-resistant WC-CoCr coatings having high compressive
stresses show improved cavitation erosion performance. In
this study, comparison of residual stresses in coatings
sprayed by various thermal spray systems HVOF (Ther-
mico CJS and Oerlikon Metco DJ Hybrid) and HVAF
(Kermetico AcuKote) was made. Residual stresses were
determined through thickness by utilizing Tsui and Clyne
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analytical model. The real temperature and deposition
stress data were collected in the coating process by in situ
technique. That data were used for the model to represent
realistic residual stress state of the coating. The cavitation
erosion and abrasion wear resistance of the coatings were
tested, and relationships between residual stresses and wear
resistance were discussed.

Keywords cavitation-resistant coatings - fracture
toughness - HVAF - HVOF - in situ monitoring - residual
stresses - WC-CoCr

Introduction

The unique droplet-by-droplet manufacturing process of
thermally sprayed coatings may generate relatively high
residual stresses, which are necessary to understood and
controlled well to avoid residual stresses causing failures
during the coating manufacturing process or in use (Ref 1-
3). Some of the latest high kinetic thermal spray processes,
such as high-pressure high-velocity oxygen-fuel (HVOF)
or high-velocity air-fuel (HVAF), typically produce lower
flame temperatures and higher particle velocities compared
to traditional HVOF spray devices (Ref 4). The tempera-
ture-velocity conditions of the spray particles certainly
have a major influence on the coating residual stresses,
whose effect on the wear performance is of interest. There
have been numerous studies on the effect of residual
stresses on interfacial adhesion, wear resistance, and fati-
gue performance of HVOF and HVAF coatings. Luo et.al.
showed that the wear resistance decreased in adhesive wear
test (pin-on-disk, POD) when coating tensile stresses grew
with increased coating thickness (Ref 5). Studies on fatigue
resistance of coatings have shown that the effect of HVOF-
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sprayed carbide coatings may have either positive or neg-
ative influence on fatigue life of steel. (Ref 6-9) Positive
influence on the fatigue life has been observed with coat-
ings that have been in high compressive residual stresses
caused by spray particle shot peening, which is shown to
play an important role in preventing the crack initiation
within the coating or at the interface between the coating
and the substrate (Ref 8). Good cavitation erosion resis-
tance of HVAF coatings has been reported in several other
studies, in which this was proposed to be mainly related to
the high kinetic energy of the particles (Ref 10-12). Studies
on cavitation erosion resistance of WC-CoCr has shown
that erosion of HVAF coatings takes place by the mecha-
nism of fatigue crack growth, preferably along the weak
lamella boundaries. Continuous impacts resulted in crack
propagation, crack growth and material removal in larger
blocks. It has been discussed that compressive residual
stresses hinder the crack growth and positively influence
cavitation erosion resistance of the thermally sprayed
coatings (Ref 13-15). However, the residual stresses of
coatings have been determined with adequate precision
only in few studies yet, thus being able to link the residual
stresses to wear performance. This may be attributed to the
general limitations on experimental measurements of
residual stresses in thermally spray coatings, since the
origins of residual stresses are known to be relatively
complex.

The origins of residual stresses regarding the coating
process are well known (a) quenching stresses, (b) peening
stresses, and (c) thermal mismatch stresses. Quenching
stresses are tensile (—) and generate from the rapid
shrinkage and contraction of the splats during the forma-
tion stage of the coating from these splats. Peening stresses
are compressive (4) and are known to be originated from
the high-velocity impacts of the particles resulting in
plastic deformation of the substrate and/or previously
deposited coating material. As the quenching stresses and
peening stresses generate during the deposition stage, they
are referred hereafter to as deposition stresses separated by
negative or positive sign, respectively. Thermal mismatch
stresses generate in the post-deposition cooling stage due to
material mismatch between the coating and the substrate
which have different coefficients of thermal expansion
(CTE) (Ref 3, 16-21).

Several methods can be used for residual stress mea-
surement and/or estimation. Typically, layer removal
techniques, hole thrilling method, bending techniques,
x-ray diffraction and neutron diffraction are used as
experimental methods in the case of thermally sprayed
coatings as well as computational models. All of these
methods are useful but have some limitations (Ref 22). By
conventional laboratory x-rays only a low depth from the
sample surface can be measured. Therefore, determination
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of through thickness residual stress profiles requires pro-
gressive mechanical or chemical layer removal, which
makes the measurement of depth profiles time consuming.
Furthermore, only crystalline phases, with known elastic
parameters can be measured, although coatings often
include also amorphous phases. Neutron diffraction
method requires relatively thick coatings and is an expen-
sive method. Hole drilling method is one of the most
commonly used due to its simplicity, portability and ability
to track residual stress variation with depth. Accuracy of
the hole drilling method as well as layer removal method is
dependent on which calibration coefficients are used; these
calibration coefficients of the inhomogeneous coatings do
not often exist. The accuracy of hole drilling method for
thermally sprayed coatings has been further improved by
utilizing finite element analysis to determine the required
calibration coefficients (Ref 22-27)

In situ curvature method, by which the coating substrate
curvature is measured during spraying, is the only method,
which can track the origin of the all residual stresses;
quenching or peening, and thermal mismatch (Ref 22). The
main limitation of the curvature method is, that the cur-
vature data is not simple to transform into coating stresses.
Stoney (Ref 28) or Brenner and Senderoff (Ref 29) equa-
tions have been used in many cases for the residual stress
estimation although these methods have some assumptions
and the accuracy is therefore arguable. Tsui and Clyne (Ref
30) have developed their analytical model to determine
residual stresses through thickness for progressively
deposited coatings. The model combines quenching or
peening and thermal mismatch stresses. However, it
requires the deposition stresses and temperature data from
the deposition process as input parameters (Ref 22, 24, 31-
34).

In the present study, the residual stress state of WC-
CoCr coatings produced by various high kinetic thermal
spray processes was compared by using the Tsui and Clyne
model. In combination with in situ curvature technique,
which can be used to determine the deposition stresses and
measure the temperatures, a realistic estimation of through
thickness stresses can be achieved. The main subject of this
study is to address the effect of stress state on the cavitation
erosion resistance of HVAF- and high-pressure HVOF-
sprayed WC-CoCr coatings, which has been found to be
particularly good. Additively, abrasion wear resistances of
the coatings were studied less extensively in order to
compare the effect of differently coatings under exposing
another type of wear mechanism. In addition, the abrasion
resistance of coatings was investigated less extensively to
compare the durability of differently processed WC-CoCr
coatings under another type of wear mechanism.
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Experimental
Spraying of the Coatings

WC-10Co4Cr powder from Durum Verschleiss-Schutz
GmbH, Krefeld, Germany was used for the sprayings with
AcuKote-07 (AK7) HVAF device (Kermetico Inc., Beni-
cia, CA, USA), and Thermico Carbide Jet Spray (CIJS)
high-pressure HVOF device (Thermico GmbH & Co,
Dortmund, Germany) The feedstock used was an agglom-
erated and sintered powder with a nominal size distribution
of 5-25 pm, which had a nominal size of 0.4 micron WC-
particles in the CoCr matrix. For spraying with Diamond
Jet Hybrid 2700 (DJH 2700) spray device (Oerlikon-
Metco, Westbury, NY, USA) the similar type of WC-
10Co4Cr powder from Durum was used. This powder had
nominal particle size distribution 15-36 pm, and the
nominal carbide size was 0.4 pm too.

Spray parameters for the Diamond Jet Hybrid 2700
(later HVOF 1) process were selected based on the rec-
ommendation of the equipment manufacturer. For the
Thermico Carbide Jet Spray (later HVOF 2), three
parameters (HVOF 2A, 2B, and 2C) with different kero-
sene levels, 14, 16, and 18 m> h™! were selected. Kerosene
flow is known to affect the flame temperature strongly.
Kerosene level alteration was compensated with oxygen
adjustment targeting to maintain combustion chamber
pressure and this way keep the particle velocity relatively
constant. For the AcuKote HVAF (later HVAF) process,
the operating window for the adjustment of fuel-oxygen -
ratio was relatively limited. Therefore, particle conditions
were to be affected by increasing the pressures of the gases
fed to the HVAF gun and hence keeping the ratio in the
accessible range. This increases the chamber pressure,
which is expected to give the particles higher velocity
(shorter dwell time) and higher temperatures. Three
parameters were selected for HVAF (HVAF A, B, and C),
which had increasing chamber pressures. The spray
parameters are presented in Table 1. Particle temperature
and velocity (Table 1) were measured with Spray Watch 2i
(Oseir Oy, Tampere, Finland) in case of both HVOF pro-
cesses and Spray Watch 4i (Oseir Oy, Tampere, Finland) in
case of HVAF, which confirmed that parameter adjust-
ments affect the particles as earlier presented.

The coatings were deposited on S355 low carbon steel
flat bars of 228.6 mm in length, 25.4 mm in width, and
2.5 mm thick, which were grit blasted on both sides by
using the size of 500-700 pm corundum particles. Gun
traverse speed of 1 m s~ and step width of 4 mm was
used. Deposition was evaluated in situ using in-situ coating
property (ICP) sensor (Ref 2) by ReliaCoat Technologies,
East Setauket, NY, USA. The ICP sensor measures the

temperature and curvature of the substrate beam during
spraying. Details of the technology are given below.

Characterization of Microstructure and Mechanical
Properties

The polished cross-sectional samples of the coatings and
worn surfaces in the erosion test were characterized with a
Zeiss ULTRA plus field-emission scanning electron
microscope (Carl Zeiss AG, Oberkochen, Germany) using
accelerating voltage of 15 kV. The porosities of the coat-
ings were measured from the backscatter images using
ImagelJ software. The lateral depth of the surface craters
after the wear tests was analyzed from the
0.81 x 0.81 mm? area with an optical profilometer (In-
finiteFocus G5, Alicona Imaging GmbH, Austria). The
phase compositions of the coatings were determined by x-
ray diffractometry (XRD: Empyrean, PANalytical,
Netherlands) using Cu-Ko radiation (1.5406 A, 40 kV and
45 mA). Phase identification was done with HighS-
corePLUS software (PANalytical, Netherlands). Coating
hardness and elastic modulus were measured using an
instrumented indenter (Zwick ZHU 0.2, Zwick-Roell, Ulm,
Germany) with a Vickers tip. Hardness and indentation
modulus were measured on the polished cross sections at a
load of 300 g. Ten indentations were performed on each
coating. Elastic modulus was calculated from the load-
displacement data taken from the indentations at the
coating cross section following the procedure proposed by
Oliver and Pharr (Ref 35). For fracture toughness deter-
mination, ten indents were taken on polished cross sections
at a load of 5 kg. Corner crack lengths of the indents were
analyzed by optical microscopy, and the fracture tough-
ness’s were calculated by the equation proposed by
Lankford (1) (Ref 36):

Kic = 0,0363(E/HV):-(P/a"?) - (a/c)", (Eq 1)

where E is indentation modulus with 0.3 kg, HV is Vickers
hardness with 0.3 kg, P is indentation load, a is half-length
of the indentation diagonal and, c¢ is average crack length
measured from the center of the imprint of the indent.
Equation | is valid for both crack modes: radial cracks
(known as Plamqvist cracks) formed radially from the
corners of the imprint and median cracks formed with
higher loads under the pyramid tip.

Wear Tests
Cavitation erosion tests were performed with an ultrasonic
transducer (VCX-750, Sonics & Materials, USA) accord-

ing to the ASTM G32-16 standard for indirect cavitation
erosion. The vibration tip was an alloy of Ti-6Al-4 V and
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Table 1 Spray parameters used for the deposition of the coatings, corresponding particle temperature and velocity, and resulting coating

thicknesses

HVOF 1 HVOF 2 A HVOF 2 B HVOF 2 C HVAF A HVAF B HVAF C
Propane pressure, kPa 517 600 676
Propane flow, L min~" 94 106 134
Air pressure, kPa 648 758 827
Kerosene flow, m* h™"' 14 16 18
Oxygen flow, L min~" 215 960 940 920
Air flow, L min~" 350
Hydrogen flow, L min~" 635 80 80 80 35 35 35
Nitrogen flow, L min~" 15 16 + 16 16 + 16 16 + 16 35 35 35
Chamber pressure, kPa 538 1358 1338 1331 469 545 600
Stand off distance, mm 230 200 200 200 250 250 250
Particle temperature, °C 1867 1643 1732 1785 1500 1510 1630
Particle velocity, m s™" 621 844 872 851 798 835 908
Powder feed rate, g min~! 40 69 68 67 95 94 97
Thickness, pm 350 275 340 370 380 330 310
Number of passes 26 34 34 34 30 30 30

tip diameter was 13 mm. In the test, the frequency was
20 kHz, amplitude 50 pm. Samples were attached at
0.5 mm distance of the transducer and water temperature
was kept at 25 °C. The coating surfaces were ground flat
and polished with a polishing cloth and 3 pm diamond
suspension to produce a mirror finish. Samples were
cleansed in an ultrasonic bath with ethanol, dried, and
weighed after 0, 2, 4, and 6 h. Volume loss rate (mm3 -
min~!) was determined from the cumulative volume loss
curve by using linear fitting. The material densities used for
calculating the volume losses from the weight losses was
14.6 g cm™". The volume losses were further divided by
the tip area of 123 mm? and multiplied by a 1000 to get the
maximum rate of erosion (Lm hh).

Rubber wheel abrasion tests were performed according
to ASTM G65 procedure D. Prior to testing samples were
ground to a surface finish of Ra 0.3. Samples were placed
in contact against a rubber wheel at a static force of 45 N.
A rubber wheel of 227 mm diameter was used at 200 rpm
for a total sliding distance of 4.279 m (6.000 revolutions).
The quartz sand used consisted of rounded particles with an
average size between 212 and 300 pm. Sand mass flow rate
was 270 g min~'. One sample per coating was tested.

Determination of Residual Stresses

An ICP-sensor monitors the curvature and temperature of a
flat bar sample during the deposition process. Three lasers
in the center and 45 mm from the both ends of the beam
detect the curvature. A simultaneous measurement of
temperature was recorded via multiple thermocouples.
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Laser data was converted to the sample curvature, which
can be used to determine the stresses evolved during
deposition and cooling. Average deposition stresses and
thermal mismatch stresses inside the coating was calcu-
lated by Brenner and Senderoff’s equation (Ref 29) for
thick coatings (2):

 Eg (i + Bt

E,
. =
6dRd1.

p= (Eq 2

2

where o, is the average stress in the coating, E.’ is the in-
plane modulus of the coating, E' is in-plane modulus of the
substrate, 7, is thickness substrate and dR is change in
radius caused by deposition of layer thickness df.. Depo-
sition stresses were calculated from the initial curvature (0)
to the curvature, which exists immediately after deposition,
while the thermal stresses were calculated from the end of
spraying to the cooling down of the substrate-coating
system to final curvature at 30 °C. The final average stress
in the coating is the sum of the deposition stresses and
thermal mismatch stresses. The material-specific values for
WC-CoCr and steel, which were used to calculate the
stresses with Eq 2-5 are presented in Table 2.

Residual stress distribution in the coating was deter-
mined by Tsui-Clyne analytic model. Compared to the
Brenner and Senderoff’s equation, it results in through
thickness residual stress data. In addition, the effect of
varying substrate temperatures on the residual stresses can
be considered. In the following it will be only explained
how the model was used in the scope of this study, while
the complete description of the model can be found in its
original source (Ref 30). The model considers the
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Table 2 Material-specific
values for WC-CoCr and steel

Steel substrate WC-CoCr coating

used for calculations

Young’s modulus, GPa 200 In Table 4
Coefficient of thermal expansion, 107¢ ¢! 11 5.2°
Poisson’s ratio 0.3 0.22

“Ref 40

deposition stresses generated by each individual coating
layer, as well as the stresses caused by the different thermal
expansion coefficients of the coating and substrate. The
model determines the stress in the middle of the coating
layer and can be calculated between the first and last
coating layers (1 < j < n). For example deposition stress in
the middle of the n™ layer (last deposited layer) can be
calculated by using formula (3) (Ref 30):

F, 1
Gdn:m—Ed(Kn_Kn71)<<n—§>w_6ﬂ>7 (Eq 3)

where F, = normal force, b =beam width, w = layer
thickness, Eq4 = Young’s modulus of the deposit,
Kn — K,—1 = curvature change due to the deposition of
layer n, J,, = location of neutral axis. Each deposited layer
causes deposition stresses, either being of peening or
quenching nature, which either increases or decreases the
stresses of underlying layers, respectively. The stress of
these layers are added to the underlying layer by super-
posing the effect of each following layer by (4) (Ref 30):

=3 (s ey ot (3 ).
(Eq4)

where 1 <j <n, E; = Young’s modulus of the substrate
and H = thickness substrate. The normal force (F,) for
each layer in Eq 3 and normal force (F;, found by replacing
n with i) in Eq 4 for following layers is calculated by using
Eq 5 (Ref 30):

HE + (n — 1)wEq

F,, = O’de
HE + nwEy

(Eq 5)
where term a4 is the deposition stress, which is needed to
be determined in order to further calculate the stresses in
each layer. In this case, an iteration process described by
Tsui and Clyne (Ref 37) was used, in which the deposition
stresses were adjusted as such, that the measured curva-
tures from the ICP sensor and the curvatures from the Tsui
and Clyne model were equal. Only that part of the curva-
ture curve was used, where the temperature was constant,
and curvature caused by each pass was changing relatively
linearly. In practice, this meant curvature change between
the passes 5 and 25.

Stresses due to CTE mismatch can be determined if the
decline in temperature, the specimen dimensions, the
Young’s modulus and the CTEs of the materials are known
from Eq 6 (Ref 30):

F 1
OCTE = (;ZE) — Eq(15— 1) ((J - 5) w— 5n> (Eq 6)

where Fcrg) is a balancing force due to CTE mismatches,
and other symbols as earlier. The calculation of the thermal
mismatch stresses can be found more detailed in the orig-
inal source (Ref 30).

Finally, the stress in the middle of each coating layer
was calculated by superposing the stresses from (a) the
layer in question, (b) stresses caused by layers deposited
after layer in question, and (c) thermal mismatch stresses
during the cool down. In these calculations, the only
modification on the original procedure was that the actual
temperature before each pass was used instead of a con-
stant temperature. The temperature was recorded by ICP
from the back of the flat steel bar. This allows capturing the
effect of altering temperature on the residual stress profile.
Often at the beginning of the spray process the temperature
increases until it stabilizes on a certain level for the rest of
the deposition.

As a summary, in this case the residual stresses distri-
bution inside the coatings was determined by using Tsui
and Clyne analytical model with following procedure:
(a) The deposition stresses either quenching or peening
were determined by iterating the deposition stress by using
the real curvature data from the ICP, (b) through thickness
stresses were calculated for progressive deposited coatings
(Eq 3, 4, and 5), (c) the temperature data before each
coating layer was used for the calculation of the thermal
mismatch stresses (Eq 5) and (d) stresses from (b) and
(c) were superposed.

Results

Coating Microstructures and Phase Compositions

The microstructures of the coatings with the measured
porosity in the upper right corner of the image are shown in

Fig. 1. Coatings HVOF 2 and HVAF are very dense and
only some minor micro-porosity in the coatings can be
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detected. Although the porosity of all coatings is relatively
low, there is a clear difference in pore size and location
between HVAF/HVOF 2 and HVOF 1 coatings. In HVAF
and HVOF 2 coatings, the pores are small and evenly
distributed in the coating structure. HVOF 1 coating clearly
has larger size pores and some microcracking, which are
concentrated on interlamellar region. HVAF coatings are
the densest and have a lower porosity as the particle
velocity increases. Regarding to HVOF 2 process, it can be
stated that the coldest spraying parameter (A) does not
sufficiently compact the initial porosity of the powder
which has remained in the coating structure.

Further observations on coating structures can be made
based on the XRD analysis and contrast differences. There
are two mechanisms for WC-CoCr coatings, which change
the coating microstructure. These can be detected either
from the microstructure or from the XRD: (a) carbon loss
reactions and (b) dissolution of carbide into a liquid matrix.
In general, heavier elements appear brighter in SEM
backscattering images. Thus, dissolution of W can be
estimated to some extent from contrast differences. Carbon
loss results in a formation of W,C on the surface of original
WC, which is detectable by XRD. In all the coatings, some
of the WC is dissolute into the matrix, which appears
lighter after intake of tungsten. In HVAF process, due to
lower flame temperature and longer residence time com-
pared to HVOF 2 process particles the particles have
heated more evenly and coatings shows relatively
homogenous microstructure and no major differences
between parameters A, B, and C was found. The HVOF 2
coatings are more inhomogeneous compared to the HVAF
coatings. Carbide dissolution into the matrix seems to be
more concentrated on the surface of the particles, which
causes the visible concentration difference between the
inner and outer regions of the lamellae. In the HVOF 1,
coating significant amount of carbide dissolution was evi-
dent in the microstructure and small carbides are missing
inside the microstructure. The W,C peak in Fig. 2 (location
of 20 = 40°) for HVOF 1 coating the highest among all
coatings. Other coatings contained an increasing amount of
W,C with the increasing measured particle temperature
resulting from decarburization process, but to such an
extent that it has no significant effect on the coating
properties. Other observations from the XRD are that the
HVOF 2A coating has either a visible Co3W;C- or Co/Cr-
peak (location of 20 = 42.7°), which most probably origi-
nates from the powder, and shows that the heating of the
particles during the deposition of HVOF 2A coating has
been the lowest among all coatings. For all of the coatings
except for HVOF 2A, there was also a notable increase in
the background intensity between 26 angles 35° and 45°,
from the formation of amorphous and nanocrystalline
phases due to carbide dissolution can be inferred (Ref 38).
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Curvature and Temperature Measurements
and Calculated Residual Stresses

Table 3 presents the deposition stress, thermal mismatch
stresses and final residual stresses at the surface of the
coating evaluated by Tsui and Clyne model and average
residual stresses by Brenner and Senderoff equation. The
temperature and curvature curves from the ICP device are
presented in Fig. 3 and corresponding residual stresses at
the coating surface according to Tsui and Clyne-model in
Fig. 4. Through thickness residual stresses of the coatings
by Tsui and Clyne analytical model are given in Fig. 5.

The coating HVOF 1 shows the increasing convex
(positive) curvature during spraying, which means that
negative deposition stresses (tensile quenching stresses) are
dominating during the spraying process. During the cool
down, the beam convexity decrease and the coating shifts
toward a lower tensile stress state. After the cool down, the
beam is still convex and final residual stress in HVOF 1
coating is tensile, compare Figs. 3 and 4. The average
residual stress in the coating by Brenner and Senderoff
equation was + 166 MPa. Tsui and Clyne through thick-
ness residual stress profile shows increasing tensile stress
toward the coating surface as the thickness increases. The
residual stress on the surface was 4+ 299 MPa for HVOF 1
process.

In contrast to HVOF 1, HVOF 2 and HVAF processes
produced negative or very slight positive curvature during
the deposition stage, which shows that compressive depo-
sition stresses were mainly dominant. Post-deposition
thermal mismatch stresses for HVOF 2 developed similarly
as for HVOF 1 and are almost constant across variations.
For HVAF, thermal mismatch stresses were higher due to
the higher deposition temperature and decreased with ris-
ing particle velocity. The final average residual stresses
determined by Brenner and Senderoff equation varied from
— 404 to — 652 MPa for HVOF 2 and from — 422 to
— 965 MPa for HVAF. The residual stress on the surface
of HVOF 2 and HVAF coatings according to Tsui and
Clyne model were highly compressive varying from — 281
to — 586 MPa and — 289 to — 628 MPa, respectively.

As it is shown in Table 1, the particle temperatures in
the HVOF 2 process were higher, when the kerosene level
was increased, while the particle velocities were compa-
rable. Having higher kerosene flows causes higher flame
temperature, which heats up the substrates more and thus
results in higher thermal mismatch stress during cool down.
From the HVOF 2 curvature changes in Fig. 3, lower
particle temperatures increase the peening effect during the
deposition as a negative curvature change is developing in
the HVOF 2B and 2A coatings. For the HVOF 2 coatings it
was evident that a lower flame temperature correlates with
higher developed compressive deposition stresses, which is
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Fig. 1 Microstructures of the coatings by scanning electron microscope with backscatter detector. Porosity, if measured, in the upper right
corner of the image
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Fig. 1 continued

summarized in Fig. 4. It was noticed that the HVOF 2A
coating had the highest amount of positive deposition
stresses (peening stresses) among all coatings.

In the HVAF deposition (Fig. 3), rapid curvature chan-
ges to a positive direction during the first 4-5 passes were
seen, which can obviously be attributed to a simultaneous
temperature increase. The effect of the temperature during
early passes on the residual stresses can be seen in through
thickness residual stress profile in Fig. 5. It shows lower
compressive stresses for the first passes than for subsequent
passes. For HVAF, the particle temperature and velocity
both increased from parameters A to B to C. From the
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curvature curves in Fig. 3 and Brenner and Senderoff
presentation in Table 3 for HVAF, lowest particle T and v
parameter (HVAF A) produces tensile deposition stresses
while the highest T and v parameter (HVAF C) results in
compressive deposition stress.

Mechanical Properties and Wear

Mechanical properties and wear resistances of the coatings
are shown in Table 4. Hardness and elastic modulus are
clearly the highest for the HVAF coatings and relatively
similar for the both HVOF coatings. Fracture toughness
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Table 3 Average residual

. Coating Deposition stress, MPa Thermal mismatch stress, MPa Final residual stress, MPa
stresses of the coatings by
Brenner and Senderoff (B&S) T&C B&S T&C B&S T&C B&S
approximation, and surface (on surface)  (average) (on surface) (average) (on surface)  (average)
residual stresses by Tsui and
Clyne (T&C) model (+ tensile HVOF 1 + 553 + 498 — 254 — 332 + 299 + 166
and — compressive) HVOF 2 A — 369 - 302 - 217 — 349 — 586 — 652
HVOF 2 B — 181 — 129 — 225 — 364 — 406 — 493
HVOF 2 C — 61 — 24 — 219 — 381 — 281 — 404
HVAF A + 18 + 147 — 307 — 568 — 289 — 422
HVAF B — 121 + 1.1 — 373 — 711 — 494 — 710
HVAF C — 192 30.5 — 436 — 995 — 628 — 965
HVOF 1 HVOF 2
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Fig. 3 Temperature and curvature of the deposited samples measured in situ by ICP-sensor

results with 5 kg loads show significant differences
between coatings. The best coatings, HVAF 2B, HVOF 2C
and HVAF A, had very good fracture toughness’s while
HVAF B and C had surprisingly low fracture toughness’s.
HVAF B and C coatings had crack lengths typical of “half-
penny”-type cracking while other coatings had crack
lengths typical of Palmgqvist type cracking. The abrasion
wear resistances of the coatings, in Fig. 6(b), did not vary
significantly, while significant differences in the cavitation
erosion resistance was evident in Fig. 6(a). Compared to
the HVOF 1 coatings, of HVOF 2 coatings had 4-5 times

and HVAF coatings even 7-11 times better cavitation
erosion resistances.

SEM studies revealed a clear difference in remained
non-eroded surface areas of the eroded surfaces of coatings
depending on the spray method used as shown in Fig. 7.
Coatings sprayed by HVAF process had large amount of
non-eroded surface after the 6 h of erosion and HVOF 2
coatings had some. HVOF 1 coatings surface was almost
completely eroded. It was clear that at the areas where the
surface of the coating had the appearance of an original
polished surface there were no signs of matrix or carbide
removal. In the worn, area fractured surfaces and already
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Fig. 5 Through thickness residual stress profiles of the coatings by
Tsui-Clyne analytical model. Substrate is on the left side
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In the present study, the curvature data from the deposition
process was used for determination of deposition stress and
real temperature data from in situ curvature device for
determination of thermal mismatch stress. This data was
used for residual stress calculation with the Tsui and Clyne
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Table 4 Mechanical properties and wear resistances of the coatings

Vickers hardness Elastic

Fracture toughness (crack type®),

Cavitation erosion resistance, Abrasion resistance,

(0.3 kg) modulus, GPa MPa m'”? min pm ! min mm >

HVOF 1 1455 + 198 303 £ 29 4.6 £ 13 (PorM) 18.4 42.1
HVOF 2 1400 £+ 195 306 + 32 54+ 0.5 (P) 91.0 49.8
A
HVOF 2 1395 £+ 125 318 £ 26 6.5+ 1.0 (P) 90.0 48.1
B
HVOF 2 1355 £ 192 301 £8 6.1 +£ 0.6 (P) 75.0 47.6
C
HVAF 1505 + 119 396 £ 25 72+ 13 (P) 134.5 47.1
A
HVAF 1591 + 56 375 £ 62 55+ 0.9 M) 177.8 47.1
B
HVAF 1691 + 97 359 + 21 24+ 04 (M) 209.0 46.1
C
*P for radial Palmqvist cracks when ¢/a < 2.5 and M for median crack, when ¢/a > 2.5
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Fig. 6 (a) ASTM G 32 cavitation wear resistance and (b) ASTM G65D abrasion resistance of the coatings

procedure layer by layer. It was found, that residual
stresses calculated by wusing Brenner and Senderoff
approximation and Tsui Clyne model showed mostly
similar tendencies. However, it was evident that the
Brenner and Senderoff’s equation overestimated especially
the thermal mismatch stresses quite much. This result
corresponds to the error analyses of Zhang et al. (Ref 39)
regarding the use of Brenner and Senderoff equation for
relatively hard coating with high thickness ratio of coating
and substrate. They stated, that in the worst-case residual
stress values can be overestimated approximately 30%
using this method. However, in this case most of the errors
for Brenner and Senderoff calculations came from the
temperature increase during the first 3-5 passes. Temper-
ature increase in the beginning causes the positive curva-
ture change and hence shifts the deposition stresses, which
are determined from curvatures between “start spray” and

“end spray” (Fig. 3), toward the tensile stresses and thus
exaggerates the thermal mismatch stresses by increasing
the “end spray” curvature. If the temperature could have
been kept constant during the deposition the difference
between Brenner and Senderoff and Tsui and Clyne cal-
culations would probably have been less.

Analytical model as per Tsui and Clyne had two
advantages compared to Brenner and Senderoff calcula-
tion: (a) it represents through thickness residual stresses for
progressively deposited coatings and (b) stresses arising
from different origins can be evaluated. However, this
requires that the deposition stresses and temperature
change during the spraying process can be defined realis-
tically by using real data from the deposition, which can be
done by using an ICP sensor. It was clear that the tem-
perature data during the spraying is significant for the
resulting final stress state. Thus, in this case, the substrate
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HVAF C

Fig. 7 SEM and optical profilometer images of cavitation erosion surfaces of the HVOF 1-, HVOF 2A- and HVOF 2C-coatings

temperature data from the beginning of each pass was used.
Considering the temperatures, it was evident that the
HVAF process heats up the substrates more effectively
than the two HVOF systems used in this work. Therefore,
the high substrate temperature, which in this case created
compressive thermal stresses due to CTE differences of
coating and substrate materials, was the main reason for
extremely high compressive residual stresses in the HVAF
coatings. In the experiments, the temperatures of the sub-
strates were under 230 °C for HVOF systems as they were
between 280 and 340 °C when the HVAF system was used.
High temperature of the HVAF substrates was certainly
affecting the residual stresses, and it should be noted that
these high temperatures are usually not possible in indus-
trial coatings in cases where the workpieces are large, or
the dimensions of the workpieces are critical. In this
regard, the substrate temperatures in this study might not
correspond exactly to those demanded in industry. How-
ever, the residual stress profiles presented here are realistic
for the current sample geometry.
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From the residual stress profiles in Fig. 5 and deposition
stresses from Table 3, it can be seen that using the DJH
2700 HVOF (HVOF 1) process creates tensile stresses,
which increase toward the surface of the coatings as the
number of passes increase. In the CJS HVOF (HVOF 2)
and Kermetico AK7 HV AF-processes, the peening stresses
were dominant and the final residual stress states were
compressive. The compressive deposition stresses (peening
stresses) increased along with a lowered thickness/pass,
which shows that the stresses here were related to the heat
transfer onto the particles. However, the amount of heat
transfer could not be deduced from the surface tempera-
tures of the particles. Actually, it was found that in the
HVOF 2 process the peening stresses (compressive depo-
sition stresses) were of higher amount compared to HVAF
process although the particle surface temperature in the
HVOF 2 process was higher. The explanation for this can
most likely be the particle dwell time, which is different in
these spray guns due to the particle feeding location. In the
CJS (HVOF 2) -process, the particles were fed radially into
the nozzle, while in Kermetico AK7 HVAF and DJH
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(HVOF 1) processes, the powder was injected axially into
the combustion chamber. This resulted in a shorter dwell
time for particles in the HVOF 2 process compared to the
HVAF process. Albeit the higher flame temperature (and
particle surface temperature) the dwell time kept the par-
ticle melting rate lower, which meant lower deposition
efficiency and a higher peening effect. Furthermore, it was
found that for HVAF process the lowest particle surface T
parameter produces the highest tensile deposition stress,
which can also be explained by the dwell time effect.
Decrease of the total gas flows in HVAF increases the
dwell time of the particles and therefore melting rate
increases. This can also be witnessed by highest thick-
ness/pass with HVAF A parameter.

Mechanical Properties

Hardness and elastic modulus were on a good level for all
of the coatings, but the highest elastic modulus and hard-
ness were clearly achieved with HVAF coatings. Hardness
and elastic modulus of thermally sprayed coatings typically
increase, when the coating is denser. However, the hard-
ness of a WC-CoCr coating may increase as well if the
particle temperature has been sufficiently high to create
hard and brittle secondary phases in the matrix (e.g., eta
phase) and on the surface of carbides (W,C) by carbon loss
and carbide dissolution (Ref 38, 40). By looking at the
microstructure and considering that the HVOF 1 coating
was the only coating, which had significant amount of W,C
in the XRD analysis, it can be proposed that its high
hardness is a result of the high spray temperature. For the
HVOF 2 and HVAF coatings, the microstructures were
extremely dense and no major W,C was found. From the
microstructure, a high amount of retained small carbides
was detectable too, which may partly explain the good
mechanical properties of HVAF coatings. Obviously, the
significant advantage of the HVAF and HVOF 2 coatings is
the achievement of very good mechanical properties by
relying on their high density and structural homogeneity
without a risk of formation of brittle phases.

The good mechanical properties and wear resistance of
thermally sprayed coatings are to be improved by the well-
bonded lamellae. Lamellae boundaries often weaken ther-
mally sprayed coatings, which resembles grain boundaries
in solid material. In particular, the high elastic modulus and
high hardness (without significant W,C formation) of
HVAF-coatings indicate good lamella cohesion. In this
study, the lamellaec cohesion was further evaluated by
indentation fracture toughness measurements, in which the
cracks were formed from the edge of Vickers tip. It was
earlier found that Palmqvist type of cracks initiating from
the edge of the Vickers indenter tip usually follow the path
of lamellae boundaries. Hence, fracture toughness, which is

measured from the cross section of the coating, is linked to
the lamellae cohesion (Ref 40). In the current study, there
was no indication of improved cross section fracture
toughness for coatings, which had excellent other
mechanical properties. In contrast, fracture toughness of
coatings HVAF B and C was clearly reduced. For these
coatings, the thermal mismatch stresses were — 373 to
436 MPa, respectively. In order to understand the observed
reduction of fracture toughness’s linked to high compres-
sive stress the occurrence of cracking under indentation
needs to be discussed. Indenting the material with rela-
tively small loads the plastic deformation at the edge of the
Vickers tip creates usually Palmqvist type cracks. These
cracks initiates at the edge of the indenter and develop in
the surface of the material driven by tensile stresses when
the lateral faces of the Vickers tip push the material in
different directions (Ref 41). Palmqvist cracks are
addressed to be present if ratio of average crack length to
indenter half diagonal (c/a) is < 2.5 (Ref 42). Median
cracks are formed with higher loads. First, a plastic zone is
formed under the indenter and if the load is increased
enough the median cracks parallel to the loading direction
are formed under the plastic zone (Ref 41, 43). During the
unloading plastic zone do not relax and stress field remains
and is responsible of development of the “half-penny” -
cracks onto a surface (Ref 41). These cracks are visible at
the same locations on the sample surface as Palmqvist
cracks and are addressed to be present if c/a > 2.5 (Ref
42). Considering the high compressive stresses in the
HVAF and HVOF 2 coatings it is obvious that in our case
they have an influence on the crack initiation and growth.
When hardness measurement is made on the cross section
of the coating, it is likely that compression at the crack tip
hinders the crack growth at the Palmqvist crack region. On
the other hand, compressive stresses parallel to indentation
direction increases the depth of plastic region and thus
median cracks develop deeper into the material resulting to
longer “half- penny”-cracks as they develop onto the
surface (Ref 44-46). It is conceivable that, due to the stress
state in the coating,” half-penny”-cracks become more
favorable. Since the effect of the stress state on the for-
mation of indentation cracks was not the scope of this
study, it is sufficient to state that due to the strong effect of
the residual stresses in the coatings on the indentation
fracture toughness measurements, the fracture toughness
values cannot be considered comparable figures without
taking into account of these residual stresses.

It was further noted that high compressive stresses did
not reduce the fracture toughness of the HVOF 2A coating,
which had high compressive residual stress (— 580 MPa)
on the coating surface as well. On this basis it may be
suggested that HVOF 2A had either better lamella cohesion
compared to HVAF B and C or then the way the tensile
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stress is created (peening or CTE mismatch) has an effect.
It may be possible that the residual stresses generated from
the peening are not that detrimental in terms of crack
propagation due to their local nature. In contrast, thermal
mismatch stresses uniformly affect the entire structure and
provide steady stress field under the indentation tip for the
formation of longer half-penny cracks.

Wear

Cavitation erosion resistance results varied considerably
between different coatings. In addition, the cavitation
erosion resistance of the HVAF coatings was superior
compared to the both HVOF coatings. These results are
consistent with the findings of other recent studies carried
out on WC-10Co4Cr coatings (Ref 13, 15, 47). Matikainen
et al. that the cavitation erosion performance of the coat-
ings can be improved by increasing kinetic energy and
decreasing particle temperature from HVOF to HP/HVOF
to HVAF, which they linked to higher density and lower
degree of decarburization. Similar results have been found
in other studies as well (Ref 47). Based on the results in
this study, seems evident that the high compressive residual
stress state of these coatings plays a very important role in
improved cavitation erosion resistance. This suggestion is
supported by a higher cavitation erosion resistance of the
HVOF 2 an HVAF coatings, which showed compressive
residual stresses compared to the HVOF 1 coating, which
were characterized by tensile residual stresses. Moreover,
the cavitation erosion resistance increased for the HVOF 2
and HVAF processes, when compressive residual stress
increased too. Cavitation erosion can be considered as a
cyclic fatigue load caused by continuous collapsing of
cavitation bubbles on the surface. Therefore, the erosion
rate is controlled by fatigue crack growth mechanism
preferably along the weak lamellae boundaries and a rate of
removal of fractured areas. Probably the high compressive
stresses resulted from the spraying process of the WC-
CoCr coatings impede the fatigue crack formation and
growth along the lamellae interfaces and therefore improve
the cavitation erosion resistance, which is supported by the
literature (Ref 15). Furthermore, it may be more advanta-
geous if the compressive stresses are originated from
thermal stresses rather than peening stress, since the stress
in previous case is more homogeneous and acts at the
macro-level. This may explain the improved performance
of the HVAF coating over the HVOF 2 coatings.

The influence of other factors on the good cavitation
erosion performance may be important as well. Consider-
ing the cavitation erosion resistance of solid material, in
addition to hardness, the strain-hardening ability of mate-
rial plays an important role in resisting the crack growth
caused by pressure of the collapsing cavitation bubbles.
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The CoCr matrix in solid WC-CoCr has a relatively high
strain-hardening exponent and thus resists cavitation well.
However, the thermally sprayed WC-CoCr coatings always
reveal some amount of the dissolution of the WC into the
matrix, which increases the tendency of formation of mixed
(Co,W),C -carbides or amorphous phases during the rapid
cooling. Hence, the matrix is not an optimally composed
metal alloy, but instead hardened and more brittle. Based
on the microstructure and XRD it seems evident that less
solution occurs in the HVAF and HVOF 2 coatings com-
pared to the HVOF 1 coatings and that spraying conditions
do not affect the properties as much as compared to HVOF
1. It is known that too much carbide dissolution into the
matrix can decrease the fracture toughness of the matrix
(Ref 40), which may result to the poor cavitation erosion
performance of HVOF 1. Actually, Matikainen et al. (Ref
13) showed that especially brittle phases in HVOF-sprayed
coatings are susceptible to brittle fractures. In addition, the
lamellae cohesion is commonly believed to affect the wear
performance of the thermally sprayed coatings. Superior
performance of the HVAF and HVOF 2 coatings might be
therefore partly related to optimal particle heating. This
results in good lamellae cohesion and lack of brittle areas
inside the coatings and thus hinders brittle fracture in the
lamellae interfaces. Lamana et al. (Ref 15) showed that
fatigue cracking caused by cavitation mainly began at the
interface between the lamellae and found a strong corre-
lation between fracture toughness measured at the cross
section of the specimens and cavitation erosion resistance
of the coatings. In this study, such a correlation could not
be demonstrated since residual stress state was found to
significantly influence the fracture toughness measured
from the coating cross section. Perhaps, a better correlation
might have been obtained if the fracture toughness had
been measured from the surface of the coating, since the
cracks produced would then have been initiated corre-
spondingly to those generated by cavitation. However, this
was not possible, because very high loads and thus thick
coatings would have been needed that such an experiment
could have been done.

With respect to abrasive wear resistance, it was rela-
tively unaffected by the used spray process, and residual
stresses and the spray parameters. Only the abrasion wear
resistance of HVOF 1 coating was slightly lower compared
to HVOF 2 and HVAF coatings. In order to consider, the
removed material volumes in various wear tests in
Fig. 6(a) and (b), it should be noted that in abrasion tests
the wear area is about twice as large as in cavitation ero-
sion test. Proportional to the same area material removal
rate for most worn sample (HVOF 1) in abrasion test is
roughly two times more than in cavitation test. The most
cavitation-resistant coating the material removal rate is
approximately 20 times higher in abrasion test. The large
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difference in wear rates between tests can be explained by a
different wear mechanism. Considering the abrasion wear
the proposed mechanism is mainly micro-cutting, i.e., sand
particle needs to penetrate on the material and remove the
material from the surface in the form of a chip (Ref 48).
Therefore, in the abrasion test unlike the cavitation erosion
test, the wear rate is not controlled by fatigue crack growth
and it is not surprising that residual stresses do not have
effect on abrasion wear rate. Rather, the abrasion wear rate
is controlled by such factors as hardness of the softest
phase in material, carbide size related to the abrasive size,
mean free path of carbides related to the abrasive size. For
thermally sprayed WC-CoCr, the wear may further be
affected by the factors related to spray process such as
porosity, lamellae adhesion, toughness reduction/hardening
of matrix due to the dissolution of carbides onto a matrix,
which may explain the minor differences between HVAF
and HVOF 2 coatings. The surface porosity may be in this
case an important factor, which may explain the lower
wear resistance of HVOF 1 coating, which had larger size
porosity in the microstructure. The abrasive particles can
more easily cut the chip from the material from the edge of
the pore as presented by Ghabchi et al. (Ref 49). However,
it may be concluded that the abrasion resistance was good
for all of the coatings and the coating characteristics did
not affect significantly on abrasion wear resistance.

Conclusions

In the study, the residual stress state of the high kinetic
thermal spray processes such as high-pressure HVOF and
HVAF were compared to conventional thermal spray pro-
cesses. Residual stress state of WC-CoCr coatings was
determined by Tsui and Clyne laye-by-layer analytical
model. The in-situ coating property device was utilized to
determine the realistic quenching stress and temperature
data as input to the analytical model. By this way, a real-
istic through thickness calculation of residual stresses was
achieved. Cavitation erosion, abrasion wear and mechani-
cal property tests were conducted, and the effect of the
residual stress state on the wear resistance and mechanical
performance was discussed.
Following conclusions were made from the study:

e The analytical residual stress model by Tsui and Clyne
combined with the data from ICP curvature and
temperature-sensing device allows for the determina-
tion the through thickness residual stress state of the
coating. However, to achieve a result the specific flat
bar samples needs to be used. Compared to the values
achieved by Brenner and Senderoff equation, which is
commonly used for average residual stress

approximation, the final residual compressive stresses
were significantly lower.

e The spray parameters of the Kermetiko AK7 and
Thermico CJS high kinetic thermal spray processes can
be adjusted to produce compressive deposition stresses.
For DJ Hybrid, the deposition stress was tensile. As a
result, relatively high compressive final stress states
inside the WC-CoCr coatings can be achieved by the
high kinetic processes and altered significantly by
spraying parameters. In this study, the final compres-
sive stress state at the surface of coating, determined by
Tsui and Clyne analytical model, altered from — 289 to
— 628 MPa for the AK7 HVAF process and form
— 281 to — 586 MPa in the case of Thermico CJS
(HVOF 2) process.

e Thermally sprayed WC-10Co4Cr coatings sprayed by
high-pressure HVOF and HVAF processes can provide
significant performance improvements in cavitation
erosion resistance. The cavitation erosion resistance of
the HVAF-sprayed coatings was 7-11 times higher and
for high-pressure HVOF still 4-5 times higher com-
pared to conventional gas-fuelled HVOF processes.

e Superior cavitation erosion resistance of the HVAF and
high-pressure HVOF coatings was partly a result from
the dense and homogenous non-brittle microstructure.
Moreover, it seems that the most important factor
behind the superior cavitation erosion resistance might
probably be the high compressive residual stress state
in the coatings. The high compressive stresses make the
fatigue crack formation more difficult and hinder the
fatigue crack growth along the lamellae interfaces and
in this way improves the cavitation erosion resistance.
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Thermally sprayed coatings are strong candidates to be used for replacement of hard chromium - process which
isregarded as an environmental risk — in many sliding surfaces for engineering applications such as hydraulic cyl-
inders and aircraft landing gears. Recent advance in thermal spraying technology, based on the increase of the
spray particle velocity, has led to improved coating quality. This study focuses on the fatigue performance of
structural steel coated with Cr3C,—NiCr coating. Coating has been produced by using high kinetic HVOF thermal
spray process. First, the coating was optimized for fatigue purposes by studying the residual stress generation.
The optimized coating was selected for deposition of axial fatigue tests specimens, whose fatigue performance
was compared to the uncoated steel specimens having different surface treatments (turning, polishing, and
shot blasting) relevant for the target applications. The results showed that by using a high kinetic energy coating,
the fatigue performance of Cr3C,—NiCr coated structural steel was clearly improved compared to uncoated steel
of similar surface quality. Increased fatigue resistance of the coated material was attributed to the substantial
compressive residual stresses that hindered crack initiation and that was caused by the high velocity spray par-
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ticles during the coating process.
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1. Introduction

Hard coatings, produced by laser cladding or thermal spraying, are
potential solutions for many engineering applications [1,2]. In recent
years, thermally sprayed Cr3C,—NiCr or WC-CoCr coatings have been
used widely for hard chrome replacement in several applications, e.g.,
pistons and valves in hydraulic cylinders and aircraft landing gear com-
ponents [2,3]. It has been shown that compared to hard chromium coat-
ing, thermally sprayed coatings can improve wear resistance, corrosion
resistance and in some cases also the fatigue life of the component [4,5].
Improved fatigue performance relative to hard chromium is the conse-
quence of compressive residual stresses generated both during grit
blasting of the substrate material prior to spraying, as well as compres-
sive residual stresses generated during the actual coating deposition
phase [6-9]. However, compared to uncoated samples, a reduction of fa-
tigue performance of the coated samples has usually been reported 5,6,
8,10-12]. In component design, this ambivalent effect caused by coating
needs to be carefully considered.

The mechanism of fatigue crack initiation and growth in coated
structures has been viewed in relatively few studies but various factors

* Corresponding author.
E-mail address: tommi.varis@tut.fi (T. Varis).

http://dx.doi.org/10.1016/j.surfcoat.2016.08.012
0257-8972/© 2016 Elsevier B.V. All rights reserved.

have been shown to influence on fatigue life. Moreover numerous fac-
tors issues that influence fatigue crack initiation and growth has been
brought out. It is agreed that fatigue failures usually start at the surface
of a fatigue specimen or at the locations where highest tensile stress
concentrations have been generated [13], [14]. In case of coated compo-
nents the crack can initiate from substrate [8] or from the coating at the
locations of weak lamella bonding, pores in the coating [7,15] or from
the cracks on the coating surface [16]. In several publications cracks
have shown to be initiated from the irregularities or grit blasting resi-
dues at the coating-substrate interface [9-11,17]. The research of fatigue
behaviour of bi-layered structures shows that once initiated, crack prop-
agation is associated to the direction in which the crack approaches the
interface and moreover influenced by the plastic properties of coating
and substrate. If the crack approaches from the less brittle material to
the brittle material the crack continues to advance through the inter-
face. If the crack approaches the interface from the plastically weak ma-
terial to the material which can plastically deform, the surface layer can
behave as a crack arrestor [ 18]. It has been shown that coating adhesion
plays an important role on the crack propagation. If the adhesion of the
coating is low the crack can start to advance along the interface and thus
the delamination of the coating may occur [7].

An essential effect on the fatigue resistance of the coated structure is
caused by the surface roughness and residual stress arising from the
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preparation of the coating. Surface roughness by grit blasting along with
grit residues on the blasted surface creates irregularities for crack initia-
tion which decreases the fatigue life, but on the other hand the grit
blasting process produces compressive stress in the surface, which may
increase the fatigue life [15]. Perhaps, in practice, the only effective way
to increase the fatigue life of the component by HVOF spraying is to in-
crease the compressive residual stresses at the component surface. It
has been shown that when relatively heavy WC-Co particles are deposit-
ed by using DJ Hybrid HVOF process the fatigue strength of the compo-
nent was increased [8], but other authors have suggested that in case of
lighter Cr3C2—NiCr deposited by JP 5000 particle deposition the residual
stress was not enough to delay the fatigue fracture of the component [6].

Thermally sprayed coating is formed by accelerated molten or semi
molten particles, which impacts onto a substrate. Recently, thermal
spray processes, such as newest generation high pressure HVOF, HVAF,
and Cold Spraying, have been developing towards lower spray particle
temperature and higher particle velocity. High particle velocities, which
can exceed 1000 m s~ !, assist to produce very dense coating structures.
Also importantly, due to higher kinetic energy and lower particle temper-
atures residual stresses in the coating are going towards compressive. The
overall residual stress state after spraying has three sources: a) quenching
stress b) thermal mismatch stress and c) peening stress. In conventional
thermal spraying like plasma spraying most of the residual stresses orig-
inate from the quenching of the solidified particles, which have impacted
the substrate and stuck to it. [19,20] During the deposition of the coating,
temperature of the substrate and coating is typically increased to 50—
200 °C. After completing the coating, the substrate-coating system is
cooled down to, e.g., room temperature, which generates a thermal mis-
match stress. The nature of the thermal stress (tensile, neutral or com-
pressive) is determined by the difference in the coefficient of thermal
expansion (CTE) of the coating and the substrate [20,21]. In high-velocity
thermal spray systems, like HVOF, HVAF and cold spray, a compressive
component (also known as peening stress) can be introduced during
the deposition. This is caused by the high velocity impact of the particles
causing plastic deformation of the substrate and/or previously deposited
coating material [22,23]. Typically all of these components are developing
in a thermal sprayed coating, but the magnitude of the final stress state is
dependent on temperature difference of the individual particles before
and after the impact of the particle to the substrate, CTE differences of
the substrate and coating, as well as the ability of substrate and coating
to plastically deform and work harden upon impact of the particle.
These issues may have a significant role on the fatigue behaviour of the
coating and understanding these effects are crucial for damage tolerant
coating design. Nowadays, the possibility to determine residual stresses
by in situ techniques [23,24], offers interesting tool to evaluate the origins
of residual stresses on each coating-substrate system and makes it possi-
ble to tailor the stresses to a great extent.

In this study, a liquid fuelled HVOF system (Carbide Jet Spray system
from Thermico GmbH, Germany) was used to produce coating having
significant compressive residual stress. The goal was to increase fatigue
performance of the component by introducing maximised compressive
residual stress state onto the coating and substrate. The experimental
part of the paper is divided into two parts: first, coating was carefully
optimized for its intended purpose — wear resistance and fatigue perfor-
mance, then the coated specimens were fatigue tested and their perfor-
mance was compared with the fatigue performance of uncoated
substrate material having undergone different surface treatments
(turning, grit blasting and polishing) relevant for the production of
components for the target applications.

2. Experimental procedure
2.1. Spraying processes, materials, and coating preparation

In the study two HVOF systems Carbide Jet Spray (CJS, from
Thermico Germany), and D] Hybrid (DJH, from Oerlikon Metco,

Westbury, USA) was used. Before producing actual fatigue test speci-
mens coating optimization tests was made. The coatings were sprayed
on flat carbon steel (S355) substrates mounted on In-situ Coating Prop-
erty sensor (ICP-sensor, Reliacoat Technologies, US) for residual stress
measurements (technique described in Section 2.2.2) and
50 mm x 40 mm x 8 mm for wear test. ICP sensor allows monitoring
of the sample curvature and temperature from the back side of the sam-
ple. Prior to deposition, all coated substrate materials were grit blasted
with size of 500-700 um alumina particles.

For the fatigue testing, CrsC,—NiCr coatings were deposited on top
of axial fatigue test specimens made of unalloyed structural steel
S355J2G3 (more detailed description in Section 2.2.3). During the
spraying of actual fatigue specimens, temperature was monitored by in-
frared temperature device and specimen temperature was maintained
under 180 °C by using air cooling and controlling the spray interval.
This temperature is supposed to be low enough in order to avoid resid-
ual stress relaxation of the grit blasted surface.

Agglomerated, sintered and plasma densified Cr3C,—25(80Ni20Cr)
powder from Sulzer Metco WOKA GmbH, Germany was used as feed-
stock material. Particle size distribution of 10 to 30 um was used,
which is suitable for (JS. Agglomerated and sintered
Cr3C,—25(80Ni20Cr) powder from H.C. Starck, with particle size from
22.5 to 45 pm, was used for DJH. Fig. 1a shows the surface morphology
of the agglomerated, sintered and plasma densified powder and Fig. 1b
shows the surface morphology of more typical agglomerated and
sintered powder.

Thermico Carbide Jet Spray (CJS) uses kerosene as a fuel gas and it is
characterized as a temperature controlled process since it uses hydro-
gen in addition to kerosene for more precise control of the flame tem-
perature. Hydrogen addition enables to use very lean kerosene
mixtures without a risk of unstable burning. Therefore the temperature
window in the CJS process is wider compared to spray guns using only
kerosene. Before spraying the actual fatigue test specimens, six param-
eters for CJS were selected to evaluate the optimal spray condition for
Cr3C,—NiCr powder. Only in four of those parameters temperature
was high enough to actually deposit the coating. Therefore, actual sam-
ples for optimization purposes were produced by using four different
parameters with CJS and, as a reference, one sample set sprayed by
using Diamond Jet Hybrid with hydrogen as fuel gas (DJH).

The spray parameters used are shown in Table 1. In liquid kerosene
HVOF process (Thermico CJS) two significant parameters were varied.
Kerosene levels of 16, 18 and 21 1 h~! and oxygen levels of 900 and
1000 1 min~ " was used. As an indicator of the thermal and kinetic ener-
gy of the flame, cooling power and chamber pressure can be monitored
during spraying. Cooling power is defined here as power loss to the
cooling water and it can be determined from difference of cooling
water inlet and outlet temperatures with known water flow by using
the equation dQ = C (Toyt — Tin), where C (J K~ mol ') is a heat capac-
ity. Chamber pressure was measured directly from the combustion
chamber. The Cooling power-combustion pressure values used for the
experiments is presented in Fig. 2, which shows that by increasing

Fig. 1. Surface morphologies of the a) typical plasma densified and b) agglomerated and
sintered Cr3C;—NiCr-powder.
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Table 1
Spray parameters used for thermal spraying.
Hydrogen Oxygen Air Nitrogen
Coating Kerosene (I (1 (1 (1
code Spray system (Ih™ min™")  min™') min~') min~")
CSA Thermico CJS 18 80 1000 - 32
CSB Thermico CJS 18 80 900 - 32
qgsc Thermico CJS 21 80 1000 - 32
dsb Thermico CJS 21 80 900 - 32
CSE Thermico CJS 16 80 1000 - 32
CJSF Thermico CJS 16 80 900 - 32
DJH Oerlikon Metco 660 192 344 14
DJ Hybrid

kerosene flow the cooling power increased and similarly combustion
pressure increased. Oxygen flow adjustment from 900 | min~! to
1000 I min~" increases only chamber pressure and has an insignificant
effect on temperature. It should be noted, that at spray conditions CJS E
and CJS F conditions were too cold to be able to deposit the coating.

2.2. Coating characterization methods

2.2.1. Abrasive wear test, mechanical testing and microstructures

Sand abrasion tests were performed according to ASTM G65 (proce-
dure D) with samples ground to a surface finish of R, 0.3 um. A static
contact force of 45 N against the rubber wheel was used. The rubber
wheel was 227 mm in diameter and during the testing time of 30 min
at 200 rpm the total sliding distance was 4279 m (6000 revolutions).

100+
cJSD
n cisc
o
g 904
X
.
2
g CISB
E u CJSA
= 80 ]
Q
O
. CISE
[ ]
70 ’ ; .
13 14 15

Combustion pressure (bar)

Fig. 2. Cooling power and combustion pressures measured for the spray parameters.

Quartz sand used was of rounded particles with an average size be-
tween 212 and 300 um. Sand mass flow rate was 270 g min~'. Two
samples per coating were tested. Mass loss of samples was measured
by using at different time intervals (10, 20, and 30 min) to ensure the
linear wear performance during dry rubber wheel abrasion testing.
The mass of the coatings was measured by using high accuracy precision
balance. Before each intermediate measurement the samples were re-
fined from abrasive particles by using pressurized air blasting. The initial
mass and the mass after abrasion test was determined for the air blasted
and ethanol washed sample which was then dried and let stabilize in
the desiccator overnight.

2.2.2. Residual stress measurements

In-situ Coating Property (ICP-sensor, Reliacoat Technologies, US)
sensor is an in-situ curvature device, which monitors the curvature of
a plate sample by three lasers during the deposition process. It enables
the evaluation of the various stress contributions separately. The curva-
ture sensor is based on laser sensing of deflections in a strip during ther-
mal spray deposition. Deflections can be converted to sample curvature.
A simultaneous measurement of temperature is achieved via contacting
thermocouples on the back side of the sample.

Evolving stress formed by each coating layer can be calculated by
Stoney's Eq. (1):

Oey = T (]>

where 0, is evolving stress of the layer with thickness dt, that causes a
curvature of dk, E; is the in-plane elastic modulus (=Es / (1 — vq)),
where E; is Young's modulus and v Poisson's ratio of the substrate
and t; is the thickness of the substrate [25,26].

Deposition stress (quenching or peening) can be determined from
the curvature change in the substrate-coating system during coating de-
position by Brenner and Senderoff Eq. (2) [27].

Eits (ts + B%dtc) E.
4= ""6drdt. " E @
where 0y is deposition stress, E. is the in-plane modulus of deposited
coating, dR is change in radius caused by deposition stress in a deposited
layer thickness dt. and E; and t, as in Eq. (1) above.

Brenner and Senderoff's equation [27] for thick coatings can also be
used for the calculation of thermal stresses. The portion from the end of
spraying to the cooling down of substrate-coating system to the room
temperature is analysed. The final residual stress value reported is a
sum of deposition stress and thermal stress.

The following material specific values were used for calculations for
Egs. (1) and (2). Young's modulus, Poisson's ratio and the coefficient of
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Fig. 3. Dimensions of axial fatigue test specimens machined from S355J2G3 structural steel. For each test series, the midsection was machined to the corresponding target R, value.



126 T. Varis et al. / Surface & Coatings Technology 305 (2016) 123-131

Table 2
Cutting conditions in machining of specimens.

Feed rate Depth of cut Cutting speed Corner radius
Specimens Machining (mmrev ') (mm) (mmin~") (mm)
Series A (R, 1.6-1.7 um) Roughing 0.18 0.6 120 0.8
Finishing 0.062 0.24 114 0.4
Series B (R, 2.7-2.8 um) Roughing 0.18 0.6 120 0.8
Finishing 0.078 0.24 114 04
Table 3
Source material machining steps of specimen series.
Specimens Roughness Source material Machining
Series A R, 1.6-1.7 um $355]2G3 round bar Turned (Table 2)
Series B R, 2.7-2.8 ym $355J2G3 round bar Turned (Table 2)
Series C R, 0.15-0.20 pm Specimens from Series B production Turned, grit blasted, coated, diamond belt ground and emery paper polished on lathe
Series G R. 4.3 um Specimens from Series B production Turned, grit blasted
Series P R, 0.16 um Specimens from Series A production Turned, emery paper polished on lathe

thermal expansion for CrsC,—NiCr were 230 GPa,0.3 and 83 umm™ ' °C™ ",
and for carbon steel 205 GPa, 0.3 and 12 pm m~! °C~, The actual coating
thicknesses determined from the cross sectional images of each deposited
coating were used for calculations. Examples of calculated stress values are
shown in Table 6, Section 3.2.

For fatigue specimens, residual stress measurements of a number of
specimens were done with an X-ray diffraction (XRD) based stress
analyser, XStress3000 (manufactured by Stresstech Oy, Vaajakoski,
Finland). A CrKa radiation source was used and a theta angle of 156°
for the base metal and 148° for the Cr5C, coating. For the base metal
the exposure times ranged from five to 15 s, while for the coated spec-
imens the exposure time was 180 s. For residual stress measurements
pertaining to the fatigue test specimens, see Table 7, Section 3.2.

2.2.3. Axial fatigue test

The axial fatigue tests were performed on an MTS 810 (100 kN) ma-
terials test rig and encompassed five test series with differently treated
specimens. Corresponding S-N curves were produced and fatigue limit
estimates based on stair case tests were computed.

The different test series were selected in order to study how the fa-
tigue performance of the base material (substrate) was influenced by
the effect of different machining and surface treatment phases and by
HVOF coating. Please refer to a later section in this chapter (after Table
4) for a discussion of the selection of the different surface treatments.

The base material was unalloyed structural steel S355]2G3, received
as round bar (diameter 20 mm h9) from which specimens according to
ASTM E 466-07 [28], cf. Fig. 3, were produced. All specimens were pro-
duced from the same batch of steel.

According to the manufacturer's certificate, the chemical composi-
tion of the steel was: 0.16% C, 0.22% Si, 1.17% Mn, 0.010% P, 0.023% S,
0.023% Al The proof strength (Rp0.2) was 560 MPa, the tensile strength
(Rm) was 610 MPa, and elongation (A5) was 14%. For HVOF coating, the
material chosen was chromium carbide Cr3C,—25(80Ni20Cr), as ex-
plained in Section 2.1.

The cutting conditions used during turning (lathe: Okuma LB-15)
are specified in Table 2 and an overview is given in Table 3 of the source
material and the machining steps used for producing the different spec-
imen series.

The thickness of the coating of the 15 diamond belt ground and
polished fatigue specimens of Series C was 173 pm 4 18 um (ave +
sd). The thickness was determined from the difference in specimen
gauge diameter before coating and after coating and surface treatments
(Fig. 4).

The grit blasting of Series G was done using brown aluminium oxide
grit with blocky and sharp edged shape (Duralum Blast E 24/30). The

size was 24-30 mesh. The grit blasting system used 8.2 bar pressure
and the manual blasting was done from a distance of 5 to 8 cm with
an angle of about 60°. The samples were brushed with acetone before
blasting to get rid of unwanted compositions such as grease. After the
blasting, brushing was done to remove the grit from the surface.

Surface finishing in Series C was done by diamond belt grinding
(manually, circumferentially) on the lathe, followed by polishing with
3 M micro-finishing film 472 L (40 pm) and Wendt fine finishing film
(30 um), both using silicon carbide abrasives. In Series P, the surface
finishing was also done on the lathe manually and circumferentially,
using emery papers with progressively smaller grit size (P240, P320,
and P400 for the last phases).

When inspecting the produced fatigue specimens, some scatter was
detected in the surface roughness values due to variations during ma-
chining and polishing, cf. Table 4. Surface roughness was measured
with a stylus profilometer (Taylor-Hobson Surtronic 3 +) and analysed
with the Talysurf software. In Table 4, it is also shown that within each
series the specimens were grouped such that those with a slightly lower
R, value were used for the S-N curve (the slope) whereas the specimens
with a slightly higher R, value were used for the fatigue limit. Accord-
ingly, the former specimen surface quality groups were tagged A1, B1,
etc., and the latter groups A2, B2, etc. While the differences in mean R,
values are not large, the fatigue limit estimates may be somewhat

Fig. 4. Photo of coated specimens (from Series C). The specimens received coating all along
the length of the specimen (no. 18 in the photo). Subsequently the midsections were
polished to a surface quality representative of sealing surfaces of hydraulic cylinder rods
(no. 1-3).
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Table 4
Surface roughness characteristics of fatigue specimens of the different test series.

Series Surface quality Part of test R, (um) (ave =+ sd) R, (um) (ave + sd) Rek (—) (ave £ sd) No of specimens
A Al S-N slope 1.63 £+ 0.03 8.78 + 0.36 0.06 + 0.23 9
A2 Fatigue limit 1.70 £+ 0.04 8.97 + 0.27 0.05 + 0.13 7
B B1 S-N slope 2.72 + 0.09 14.07 £ 0.59 0.61 &+ 0.07 11
B2 Fatigue limit 2.82 + 0.08 14.73 £+ 0.80 0.51 4+ 0.14 7
C C1 S-N slope 0.15 4+ 0.04 1.55 + 043 —3.80 + 2.37 8
c2 Fatigue limit 0.20 4+ 0.03 2.07 + 035 —4,03 + 249 7
G G1 S-N slope 432 +0.33 2220 + 1.53 n/a 10
N Fatigue limit N N ? 0
P P1 S-N slope 0.16 4+ 0.00 1.21 + 0.04 —0.95 + 0.18 8
P2 Fatigue limit 0.16 + 0.00 0.30 + 0.33 —0.98 + 0.31 7
R.: arithmetic average deviation from center line of surface profile.
R.: average maximum height of surface profile.
Rsk: skewness of surface profile.
n/a: data not available.
# No fatigue limit (staircase) tests were done for the grit blasted specimens.
lower than what would have been the case, had all specimens featured Constant amplitude, fully reversed (stress ratio R = — 1) fatigue

the better R, value level.

Series C represents a surface that could replace hard chrome plated
sealing surfaces in fluid power components. Series B was made as an al-
ternative to Series A to see if machining to a higher R, value (with pos-
sible increased throughput in production) had any significant effect on
the fatigue performance of the base material already in the beginning
of the chain of production. Turned surfaces with a surface quality corre-
sponding to either Series A or B would be used in the starting phase in
producing sealing surfaces. Series G was tested to see how grit blasting
contributed to fatigue performance compared to the corresponding
starting point, Series B. Would better performance be achieved through
compressive stresses or would the roughened surface instead reduce fa-
tigue resistance. Series P (polished/sanded base material) was tested for
comparison with the coated and polished C series (that has approxi-
mately the same mean R, value); possible differences should be attrib-
utable to the coating process (including grit blasting to make the coating
adhere better to the substrate). Hard chrome plating of specimens was
not done in this study, but Series P represents specimens with a surface
quality suitable for chrome plating. Chrome plating adds only a thin
coating, so the substrate needs to be prepared very close to the final
sealing surface quality.

The fatigue tests were performed mainly according to the procedure
specified in reference [29] (p. 108), even if slightly more specimens
were used in the present study and a different testing order was follow-
ed. First, the S-N slope was determined (8-11 specimens) and then the
staircase method was used to estimate the fatigue limit (7 specimens).
No fatigue limit test was done for the grit blasted specimens as they
only represented an intermediate production state in producing coated
specimens.

tests were performed. The tests were run continuously until fracture
or until the runout limit of five million cycles was reached. Loading fre-
quency was 8 Hz in all tests but the G Series, which was run at 20 Hz.
The 8 Hz frequency was selected so as to avoid heating of the specimens,
which would occur at high load levels if higher frequencies were used.
The grit blasted specimens (G Series) were tested first and at the load
levels needed for those tests no adverse heating of the specimens
were detected. The need for lower loading frequency was detected in
pre-tests of the coated specimens, which had to be loaded with clearly
higher forces. After that, all tests (A, B, C, and P Series) were run at
8 Hz. In the tests, the applied stress (and load) ranges were: for uncoat-
ed specimens: 248 MPa-360 MPa (19.5 kN-28 kN), and for coated spec-
imens 350 MPa-414 MPa (27.5 kN-32.5 kN). All tests were conducted
at room temperature and in air (in the open atmosphere in the
laboratory).

3. Results
3.1. Coating microstructure and properties

The microstructures of the coatings, which were prepared by using
adequate spray conditions (CJS A-D, shown in Fig. 2), are presented in
Fig. 5. Mechanical properties and wear resistance of the coatings are pre-
sented in Table 5. Results show that coating hardness and wear resistance
did not vary significantly when sprayed with CJS but higher kerosene
level (higher cooling power) increases the Elastic modulus of the coating.

The coating D, which gave the best combination of mechanical per-
formance, deposition rate and compressive stress was selected for fa-
tigue testing.

Fig. 5. SEM microstructures of the coatings CJS A-D. Deposition layer is shown at two magnifications.
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Table 5
Results from the coating optimization.

Thickness/pass Substrate temperature DE* Hardness Elastic modulus
Coating code Spray system [um] [°C] [%] [HV 0,3 kg] [GPa] Abrasive wear [mg 30 min~ ']
CJSA Thermico CJS HVOF 4.8 215 271 1096 + 117 227 + 16 41.7 £ 045
dsB Thermico CJS HVOF 6.3 220 339 1127 £ 103 224+ 11 35.8 + 0.56
gsc Thermico CJS HVOF 78 240 447 1180 + 50 240 £ 6 36.8 £+ 0.66
CJSD Thermico CJS HVOF 9.7 260 55.4 1177 + 108 235+ 12 34.5 4+ 047
DJH Sulzer Metco D] Hybrid 10.9 265 55.2 1143 + 64 203 +6 34.6 + 040

p = density, U = gun traverse speed, W, = step, Ry = powder feed rate.
2 Deposition efficiency was calculation by using equation DE = ”““’,’?#

3.2. Residual stress measurement results

The comparison of in-situ curvature measurements for CJS D and
DJH are shown in Fig. 6, and calculated residual stress (Table 6) shows
significant difference in residual stress evolutions for two coatings. Dur-
ing spraying (between “start spray” and “end spray”) in-situ curvature
of DJH is developing towards positive, which means that tensile deposi-
tion stresses (quenching stress) are generating and in CJS D the curva-
ture is negative resulting from compressive peening stresses. During
the cool down (between “end spray” and “end cool”) the negative cur-
vature change in both coatings indicates that coefficient of thermal ex-
pansion of substrate is higher than that of coating and during cool
down thermal stresses pushes coatings towards compression. As a re-
sult, the final residual stress is compressive in both coatings. It is clear
that spray device has a significant effect on the residual stress evolution
in the coating and it was evident that evolution of high compressive re-
sidual stresses was only possible for CJS. The temperature of the optimi-
zation samples sprayed onto thin ICP plate substrate (in Table 5) was
between 215 and 265 °C, which may cause some the relaxation of the
grit blasted substrate. However, the purpose in optimization samples
was to evaluate and demonstrate the residual stress of the coating and
these samples were not fatigue tested. It should be noted that thermal
mismatch stresses (in Table 6) are therefore overestimated.

For fatigue specimens, the results of residual stress measurements
(XRD) are shown in Table 7. We did not have the possibility to measure
residual stresses of all tested specimens. Nevertheless, in order to assess
the initial surface stress level of the specimens, one to two specimens
from the test Series B, C, G, and P were measured. The measurements
were taken in the middle of the specimen, on both sides, i.e., 180°
apart. A choice between samples form Series A and Series B had to be
made, and Series B was considered more important as Series C was
made from specimens taken from the Series B production. In addition,
tensile residual stresses of the order of 200 MPa were measured in a pre-
vious study for turned fatigue specimens with an R, value of 3.2 pm [30],
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Fig. 6. Comparison of the curvature evolution of the coatings, which were sprayed by using
CJS and DJH torches.

, where h,q = thickness/pass.

so it would be instructive to see if similar stresses would be present in
Series B having an average R, value of 2.8 um. In the same study, speci-
mens with a R, value of 1.6 um had compressive residual stresses in
three out of four measured samples.

3.3. Fatigue results

The results of the fatigue tests are shown in the S-N curves in Fig. 7.

The fatigue limits were estimated by running staircase tests for the
A, B, C, and P series, Table 8. The estimation was done according to the
procedure presented in [29]. Table 8 also shows the stress increment,
the lowest stress level, the number of stress levels and the number of
specimens used in the stair case test.

The results show that the lowest fatigue limit was for turned series B,
which had the highest surface roughness (R, 2.8 pm in fatigue limit
tests, Table 4). Series A, which was turned to lower surface roughness
(Ra 1.7 yum in fatigue limit tests), had higher fatigue resistance, the in-
crease in the fatigue limit being 12%. It is perhaps easier to detect the dif-
ference in fatigue performance between Series A and B in terms of
fatigue limit values than by looking at the S-N curves of Fig. 7.

The fatigue limit of the polished specimens (Series P) was 4-16%
higher than the fatigue limit of the specimens with turned surfaces. By
comparing the fatigue limits of Series P and C (having similar surface
roughness), it can be seen that the beneficial influence of the coating
procedure was 18%. When compared to fatigue limit values of untreated
(only turned) specimens of Series A and B, the overall treatment of Se-
ries C (coating procedure and polishing) increased the fatigue limit by
23% to 38%.

Typical fracture surface of coated (C) and uncoated (P) specimens
are shown in Figs. 8a and b. In the figures, the regions separated with
dotted line are marked as 1) slow crack growth 2) fast crack growth
and 3) final overload fracture. Comparison of fracture surfaces shows
that the fatigue crack propagation in the C and P samples are different.
In the uncoated sample the fatigue crack has been initiated from the
top and propagated towards the bottom of the surface. In the coated
sample multiple cracks have been initiated at the circumference of the
surface and they have grown towards the center. Moreover, no cracks
or delamination along the coating-substrate interface could be detected
(Fig. 8b), which indicates that adherence of the coating, is good.

4. Discussion
4.1. Spray parameter optimization

Six different parameter combinations, suitable for CJS process, were
selected for coating optimization with the target of producing

Table 6
Calculated residual stresses for the coatings.

Coating Deposition stress Thermal stress Residual stress
code [MPa] [MPa] [MPa]

dsb —470.7 —2279 —698.5

DJH 96.0 —1149 —189
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Table 7
Residual stress of sample fatigue specimens measured by XRD at mid-specimen.

Axial direction Circumferential direction
Series Material Surface state Average (MPa) Number of measurements (—) Average (MPa) Number of measurements (—)
B Base metal Turned, R, 2.8 pm 334.9 4 3714 4
C Coated Polished, R, 0.15 um* —652.3 4 —660.4 4
G Base metal Grit blasted —141.7 4 —110.3 3
P Base metal Polished, R, 0.15 um —300.1 2 —266.0 2

@ Avalue of the elastic modulus of 235 GPa was used in the calculations.

compressive residual stress. Based on the results, one of the parameter
sets (CJS D) was selected for use in actual fatigue specimen deposition.
With all the selected coating parameter sets it was possible to produce
coatings, which all have relatively similar microstructure, mechanical
properties and wear resistance. However, deposition efficiency (DE)
varies significantly, being reasonably high only for the coating CJS D.
The DE result of CJS D is comparable to the reference coating DJH. It
was found that despite similar DE the processes produces completely
different residual stresses, which is most probably related to the particle
impact velocity and particle temperature. As a conclusion, the selected
coating CJS D gave the best combination of mechanical performance
and deposition efficiency. Most importantly, despite the highest DE
the residual stress in the coating was highly compressive, which made
the coating suitable for fatigue testing purposes.

4.2. Fatigue performance

Increased surface roughness decreases the fatigue performance be-
cause of the notch-like surface structure involved which can promote
cyclic slip and fatigue crack nucleation [13, pp. 48-49], [31]. Conse-
quently, crack initiation life will be much shorter than for surfaces
with fine surface finish [14]. Certain surface production methods, such
as non-gentle grinding or quite often turning, can produce tensile
stresses at or near the surface of the workpiece [32-34]. These tensile
stresses will reduce the fatigue performance even further.

The turned base metal specimens have a surface geometry
consisting of closely spaced grooves perpendicular to the loading direc-
tion. Therefore this is not beneficial for the fatigue performance and as a

consequence, Series A and B have the lowest S-N curves in Fig. 7. In ad-
dition, the tensile residual stresses caused by turning (cf. Table 7), was
an additional detrimental factor.

The fatigue results for the uncoated specimens show that surface
compressive stress increases the fatigue resistance of the sample. This
can be noticed when comparing the S-N curves in Fig. 7. Both grit
blasting (G Series) and grinding/polishing (P Series) increases fatigue
performance compared to the situation for the turned base metal spec-
imens (A and B Series). In the case of polished specimens, relatively high
compressive stresses were measured in the sample surface. However, it
might is not only the increased surface compressive stress but also rad-
ical smoothening of the surface, which would positively affect fatigue
resistance. Grinding/polishing of the turned surface produces a surface
structure that is much less prone to crack initiation (Series P). In addi-
tion, this surface treatment appears to ensure that the initial surface
stress state involves compression (cf. Table 7). The overall effect is a re-
duced slope of the S-N curve compared to those pertaining to the
turned-only material (Series A and B). In Fig. 7 it can also be seen that
grit blasting (Series G) leads to better fatigue performance compared
to turned-only material at higher cycles despite the rough surface
micro-geometry. On the other hand, in the high load and lower cycle re-
gime (below some 90,000 cycles) one can assume, based on the slope of
the S-N curve of Series G in comparison to those of Series A and B, that
the adverse effect of the rough surface will outweigh the beneficial ef-
fect of the compressive stresses.

The results show that the applied coating process had a clearly stron-
ger beneficial effect on the fatigue performance compared to only a
treatment of the substrate metal surface, even if the final surface was
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Fig. 7. S-N curves corresponding to each of the axial fatigue tests series A, B, C, G, and P.
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Table 8
Estimated fatigue limits and information relating to stair case tests.
Fatigue Stress No of
Test limit” increment Lowest stress ~ No of stress  specimens
series® (MPa) (MPa) level (MPa) levels (—) (=)
A 255 12.7 267 3 7
B 227 12.7 248 3 7
C 313 15.9 350 2 7
P 265 15.0 300 2 7

@ Fatigue limit was not estimated for grit blasted specimens (G Series) as this was only
an intermediate state of fabrication.

> With a confidence level of 90%, 95% of the outcomes observed in tests are expected to
exceed the fatigue limit.

of similar quality in both cases. The good fatigue resistance of the C Se-
ries specimens was naturally a consequence of both surface treatment
and coating, but it appears that the coating plays the leading role.
After coating the C Series specimens were belt ground and polished to
a surface quality relevant for the end product (sealing surface of hydrau-
lic cylinder rods). The P Series specimens received a similar surface fin-
ish after a sequence of grinding and polishing steps with emery papers.
In Table 8 it can be seen that polishing only somewhat increases the fa-
tigue limit of the turned base metal (10 MPa), while the combined effect
of coating and polishing results in a significant increase (86 MPa). While
belt grinding and polishing as such will influence fatigue performance
positively, the good performance of Series C cannot be explained solely
by these last surface treatment steps. The HVOF coated specimens were
in a class of their own, mainly due to the compressive residual surface
stress state caused by the coating process.

It has been presented that fatigue failures in the coated specimens
usually start at the interface of coating and substrate at the locations
where highest tensile stress concentrations are generated [9,13,14]. As
discussed before, tensile residual stresses and surface irregularities
and residue alumina particles [10] are not beneficial. Many authors [5,
6,9-12,17] have reported that HVOF coating reduces the fatigue resis-
tance, mainly due to those mentioned flaws at the interface. However,
compared to CJS D coating, the processes they have used usually pro-
duces more tensile stresses similarly as coating DJH. In our study we
saw a significant increase in fatigue performance of coated specimens,
which is seldom reported. It has been earlier clearly shown that com-
pressive stresses due to peening effects positively on the coating fatigue
performance. Voorwald et al. [9] showed that by shot peening of the
specimen surface prior to coating deposition the fatigue life can be in-
creased to the same level as it was without coating. The compressive
stress impedes crack initiation and propagation and thereby increases
the fatigue life [8]. In our case, we propose that the compressive state
of the coating and especially the substrate caused by spray particle
peening, plays an important role in preventing the crack initiation. The
peening effect in CJS process is high due to the high kinetic energy of
this particular deposition process and this effect seems to be even
higher than compressive stress produced by shot blasting procedure.
As can be seen in Fig. 8b, a uniform thin layer of compressive residual
stress can be seen to be produced on the steel substrate similarly as pre-
sented by Ibrahim et al. [8]. This effects on the crack propagation orien-
tation and also presumably, on the growth velocity.

To understand the good performance on the coated (and polished)
samples, its residual stresses needs to be discussed in more detail.
High compressive stresses in the coating were confirmed in our study
by both X-ray for round bar (—652.3 MPa in Table 7) and curvature
techniques for flat specimen (—698.5 MPa in Table 6). Difference in
the results can be explained by the different shapes of the specimens
measured and characteristics of the measurements techniques. Curva-
ture technique and calculation of stresses based on curvature data are
the average stresses in the coating. On the other hand, X-ray technique
shows the stresses at the very thin layer on the surface of the coating
and this surface layer might be at a different stress level than layers

beneath. Bolelli et al. [35] have shown, that surface layer is different, be-
cause it has not been subjected to peening by the particles.

Unfortunately, it was not possible to get data of the residual stress at
the coating-substrate interface, from where the cracks most definitely
initiates. However, based on the residual stress formation mechanisms
some further discussions can be done. The residual stresses generated
in the coating during the deposition process derive from three origins
[22], which all can be detected from beam curvatures: CTE difference
of coating and substrate, peening effect and quenching of the individual
particles. Stress from the CTE difference is well understandable.
Cr3C,—NiCr-coating has lower CTE than steel, which pushes the coating
layer towards the compressive stress during the cooling of the sample
from about 180 °C to room temperature. (It is necessary to note, that
mentioned temperature was the temperature of the coating surface
and underlying substrate remains well below that during the deposition
process. Substrate temperature was therefore low enough, that relaxa-
tion of residual stresses was not significant.) When coating is in com-
pression force balance requires the substrate material to be in tension.
As the tensile stresses are not beneficial for fatigue life the role of the
other stress components on the good fatigue behaviour of coated sam-
ple seems evident. It is important to note that quenching stress is always
tensile for the spray particles but quenching of first deposition layer en-
forces the underlying substrate towards more compressive stress. Thus
quenching stresses are preventing the crack initiation from the sub-
strate interface. Due to the small size of the spray particle and relatively
thin layer thickness (thickness/pass in Table 5), quenching stresses are
supposed to effect only on the thin layer under the first layer and cannot
affect deep in the substrate. Peening of the particles effects compres-
sively and seems to influence the underlying layers more deeply. As a
result, we propose that due to the combination of the peening and
quenching, the substrate surface has locally relatively high compressive
stress, which improves the fatigue performance of the CJS D coating. It is
also important, like in the CJS case, that coating itself is in compressive
stress and thus cracks cannot initiate easily from inside the coating
and neither from the surface of the coating.

Finally, it is important to note that coating increases the stiffness of
the component and thus can carry a larger portion of the applied load
as described by Ibrahim et al. [8]. It is also essential that coating needs
to be excellent quality as can be achieved by CJS and needs to be well ad-
hered to be able to increase stiffness and prevent the crack growth at the
interface and thus avoid the delamination of the coating.

5. Conclusions

The results showed that the applied CJS coating process had a clearly
stronger beneficial effect on the fatigue performance compared to only a
surface quality-improving treatment of the substrate metal, even if the
final surface was of similar quality in both cases. Even if the good fatigue
performance of the coated specimens was naturally a consequence of
both surface treatment and the coating process, the main influence
can be attributed to the latter. The high kinetic manufacturing process

Fig. 8. Fracture surfaces of a) uncoated and b) coated specimen showing the regions of 1)
slow crack growth, 2) fast crack growth and 3) final fracture.
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has high impact energy to produce a relatively deep compressive resid-
ual stress layer on the substrate, which hinders crack initiation and
growth. Due to this spray particle peening effect, one could expect a
clear increase in fatigue performance by CJS coating the mild steel spec-
imens. Such was indeed the case, as the HVOF coated specimens were
clearly superior to other treatments in the fatigue tests.

It should be noted that residual stresses of thermally sprayed
Cr,C3—NiCr are relatively sensitive to the spray process used and the
selected spray parameters. The coating for the fatigue tests was pro-
duced by using one out of six different HVOF spray parameter sets
that were used to evaluate the optimal spray condition. The selected
high kinetic HVOF-sprayed Cr3C,—NiCr coating had a hardness of
1177 HV and was very dense and well adhered to the substrate.

In conclusion, HVOF Cr,C3—NiCr coating produced by using high ki-
netic thermal spray process can be considered a very promising solution
for improving fatigue performance of structural steel components in
several industrial applications, as well as a good candidate for hard
chrome replacement on sealing and bearing surfaces in fluid power
components.
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