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Abstract

This study examines the microstructure and mechanical properties of plasma transferred wire arc
(PTWA) coating of typical alloyed steel, deposited on diecast aluminum alloy cylinder bores. The
coating surface and microstructure were characterized in terms of surface roughness, features (i.c.,
defects, splats formation mechanisms, distribution of oxides, re-solidified particles, and interfacial
metallurgical bonding) using laser scanning confocal microscope, scanning and transmission electron
microscope (SEM and TEM). Residual stress through the thickness of the coating was measured
using x-ray diffraction (XRD) and hole-drilling method. In post-processed samples, compressive
residual stress was measured throughout the coating with a value close to 100 MPa at the interface,
resulting from the thermal mismatch between coating and substrate materials. In terms of mechanical
properties, coating hardness was estimated at both the micro- and nanoscale and examined the

influence of microstructure inhomogeneity on the mechanical performance and failure modes.

The PTWA coating of typical alloyed steel deposited on diecast aluminum alloy cylinder bores is
investigated via experimental pull tests for three types of samples of varying interface pattern and/or
substrate material and finite element model (FEM) simulations. FEM simulations account for the
portion of adhesion attributed to solely mechanical interlocking, whereas the experimental results rely
on the adhesion at the interface due to mechanical interlocking, potential metallurgical bonding,
and/or other factors at play. Experimental results show that differences in interface pattern and/or
substrate material will result in varying degrees of adhesion failure at the interface and cohesion
failure within the sprayed coating itself. The average bonding strength across the three types of

samples was found to be 37.59, 27.55, and 33.15 MPa (for D319, W319, and W356 sample types).

Monotonic three-point bending tests of curved samples extracted from trial cylinder bores and
consequent analysis using the equivalent section method yielded stress-strain properties for both the
substrate and coating materials. SEM observation of fracture surfaces showed three modes of failure
involving coating delamination and breakage, which is related to the deposition process and the
various features within the coating. Further bending tests of flat samples were performed for four
combinations of interface pattern orientation and substrate material. Bending tests were conducted at
three temperatures within an environmental chamber (room temperature, 100°C, and 250°C) to
simulate the relevant thermal conditions within the engine during operation. Results show that
differences in interface pattern and/or substrate material will result in differing failure mechanisms
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and strengths as well as the trends associated with increasing operating temperatures. It was found
that the A356 substrate generally performed better than the corresponding A319, and the samples

with dovetail rows running along the length were stronger than the opposing orientation.

Cyclic three-point bending tests were performed for four combinations of interface pattern
orientation and substrate material. The Basquin parameters were obtained for all twelve combinations
of substrate, orientation, and temperature. The fatigue strength predicted by Basquin parameters are
more conservative compared to what is seen in experimental data. Results show that differences in the
interface pattern and/or substrate material will result in differing failure mechanisms and fatigue
properties, as well as trends associated with increasing temperatures. It was found that the A356
substrate generally performed better than the corresponding A319 and the dominating failure
mechanism was specific to the sample orientation (i.e., delamination and interlock
breakage/separation). An increase in temperature is generally associated with reduced fatigue
properties and increased delamination/separation due to the thermal coefficient mismatch during
expansion between the coating and substrate materials. Overall, it was found that the combination of
A356 substrate in the H-orientation with the interfacial wave pattern surface activation is a candidate

with high potential towards the application of cylinder bores.
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Chapter 1

Introduction

1.1 Motivation

Climate change has unveiled several serious environmental concerns related to the automotive
industry where efforts have diverged into two approaches: the introduction of hybrid/electric vehicles,
and improved fuel economy. Fuel consumption and greenhouse gas (GHG) emissions are some of the
most critical challenges faced in the automotive industry. The transportation sector was responsible
for almost 30% of Canada’s annual energy consumption and over 37% of Canada’s GHG emissions
in 2015. Passenger fleets accounted for more than 50% of the emissions from transportation. Similar
trends across the world indicated the need for global and local environmental legislation targeted
towards automotive fuel efficiency. A 50% improvement over 2008 vehicles is required by the U.S.
CAFE standards by 2025 [1], while Canada is aiming to reduce overall GHG emissions by 30%
between 2005 and 2030 [2]. This is indicative that more aggressive efforts towards emission
reduction are crucial. The new standards and global competitivity amongst original equipment

manufacturers (OEM) drive the strong motivation for technological innovation in this front.

These emissions regulations have consequently resulted in drastically improved fuel economy as a
key constraint in the design of new generation transportation vehicles. Improved fuel economy by
vehicle light weighting saw earlier initiatives with the replacement of the grey cast iron in the engine
block with cast AlSi and iron/steel cylinder bore liners in the 1970’s [3]. This resulted in up to 50%
weight reduction in the engine [4]. The research around plasma transferred wire arc (PTWA) thermal
sprayed aluminum-silicon alloy (AlSi) cylinder bores is motivated by the ongoing initiative to
improve fuel economy through automotive light weighting efforts and the challenges surrounding
cylinder bore liners. Liners can account for over 10% of the total weight of a typical six-cylinder
engine block and have a thickness of over 2 mm, lowering engine volume and efficiency. Relative to
these traditional liners, thermal sprayed coatings are significantly thinner, can increase cylinder
volume, improve engine efficiency and tribological properties, and potentially resolve the
aforementioned issue of deformation [5]. Sprayed coatings also have the potential to be more time
and cost efficient regarding both automotive manufacturing and repairs. The high deposition
efficiency and high feed rate of PTWA has made it appealing at the mass production level since
complete cylinder processing can be completed in less than 60 seconds [6]. The technology can be

applied to older cast iron or aluminum blocks, or worn engines that would have been scraped
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otherwise during remanufacturing [7]. Remanufacturing is a major benefit of coating technology:
compared to manufacturing a brand-new engine, remanufacturing can have a significant effect on
GHG emission reduction and sees over 85% savings on raw material and 55% less energy to produce.
A study by Automotive Parts Remanufacturers Association reports the results of remanufacturing
auto parts in the European automotive industry, showing that only among the 28 European Union
members a potential CO2 emissions reduction of 0.4Mt can be realized by allowing the
remanufacturing of old/worn automotive parts. This study shows sizable natural resources savings of
88% in raw material, and 56% in energy can be made as compared to manufacturing a new part. It

also suggests that the market can offer 32,000 additional job in EU [8].

1.2 Objectives

The objective of this project is to investigate the key PTWA coating candidates towards cylinder bore
applications. While the coating is superior to the lining in many ways, there is a need to address the
key challenges related to understanding the coating/substrate interaction under both quasi-static and
cyclic thermo-mechanical loads. The local properties of the coating alone and coating/substrate
interface, fracture mechanisms causing delamination, and coating cracking are of particular interest
because they have not been addressed in the existing literature. The importance lies in determining

the coating structure and properties, and their effects on the coating performance.

The objectives of this present work are to (1) characterize the microstructure and bonding
mechanisms of the coating, substrate, and interface of steel PTWA coating on AlSi substrate, and (2)
obtain quasi-static properties of the coating, and (3) obtain the cyclic properties of the coating under
the appropriate operating conditions. The results from these objectives can be used to establish the

coating structure and property relationship for the steel PTWA coated AlSi substrate.

1.3 Thesis Overview

The upcoming contents of this thesis are organized as a manuscript-based thesis. Chapter 2 highlights
and reviews the key topics and literature that are relevant to the current research. Chapter 3 describes
the materials, samples, and experimental methods involved in each stage of analysis, which extracted

from the corresponding manuscripts and manuscript drafts.

Chapter 4 is a manuscript which has been published to Surface & Coatings Technology reporting

the key research findings of the coating microstructure. These studies made key discoveries on the
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coating structure and features, interface, residual stress, and coating hardness and serve as an
important prerequisite to understanding the quasi-static and cyclic properties, as well as the

relationship between the structure and resulting failure mechanisms.

Chapter 5 is a manuscript draft that is to be published. It discusses the adhesion study of the
coating, which is a necessary standard procedure in understanding the bonding of the coating to the
substrate. The analysis is done using the experimental results and finite element modelling in tandem
to determine the properties of the coating under a pull load, as well as the separation and failure
mechanisms. In particular, the focus is divided among types of samples to determine the better

candidate for bonding due to mechanical interlocking and/or metallurgical bonding.

Chapter 6 is partially the published manuscript from Chapter 4 and a second manuscript draft to be
published, both discussing monotonic three-point bending testing. The published manuscript
describes the quasi-static bending properties and failure mechanisms of samples extracted from the
cylinder bore, which are consequently curved. This study poses limitations due to the constraints of
both the extraction process and curved geometry but serves as the best representation of the given
application geometry. The second study outlined by the manuscript draft describes the quasi-static
bending properties and failure mechanisms of flat substrate sheets that are coated. While these
samples are not curved like cylinder bores, they offer much more flexibility and breadth to
experimental studies. The testing of flat samples was able to cover two substrate materials, two
extraction orientations, and three temperatures (room temperature and elevated temperatures). This
allowed for the comparison analysis of these key variables which affect the properties and more

substantially, the failure mechanisms of the coated samples.

Chapter 7 is a third manuscript draft to be published. It discusses the fatigue behaviour and fracture
mechanisms of the flat samples in Chapter 6 under three-point bending load. The behaviours are
monitored for the same three variables (i.e., substrate material, orientation, temperature) and offer
important insights into the performance of PTWA coated cylinder bores under typical engine

operating conditions.

Finally, Chapter 8 outlines the conclusions of the studies pertaining to PTWA spray technology for
engine cylinder bore application as well as future work recommendations. The letter of copyright

permission and references follow.



The candidate is the primary author of all manuscripts and was responsible directly in data
collection or coordinating it, as well as analysis of results. A detailed description of contributions of
co-authors is provided in the Statement of Contributions. The modifications made to each article
include an introduction, reorganizing sections, tables, figures, and references for appropriate

integration into the thesis document.



Chapter 2

Background and Literature Review

2.1 Thermal Spray Coatings

Thermal spray technology has been used in various applications such as in turbines, engines, pumps,
valves, industrial plants, and have been subject to different temperatures and operating conditions.
They are used as both protective coatings and a means of part repairment. As a result, considerable
work has been conducted on a wide array of spray applications. Common thermal spray processes
include various plasma, PTWA, high velocity oxygen fuel (HVOF), high velocity air fuel (HVAF),
and cold spray. Each process involves the heating (to different degrees) of a feedstock material to be
deposited on a substrate material. Thermal sprays are an effective way to provide thick or thin
coatings at efficient deposition rates to change the properties of the surface. The range of coating
materials is vast, including metals, ceramics, composites, and plastics. The general concept behind the
deposition is the application of successive particles on the substrate surface, which flatten to form
splats, shown in Fig. 1. The coating structure and bonding at the interface will depend on the thermal

spray process and deposition parameters.

Heat transfer
and rapid
solidification

Lamellar build up
of the coating

Impinging
particles

Fig. 1 Formation of thermal sprayed coating highlighting three areas of interest in
microstructural analysis: coating (red), interface (yellow), and substrate near interface (white)

[7].

The general advantages of thermal spray processes include their diversity and flexibility. As
previously mentioned, a wide range of choices is available as feedstock material, and it can be used to
coat intricately machined parts effectively as well as restore damaged parts or coatings without
greatly affecting the properties. The most common uses of thermal spray technology pertain to

improved wear resistance, corrosion resistance, thermal insulation and electrical conductivity in
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aerospace, automotive, power, and chemical industries. However, the choice of material is specific to
the given application. The flexibility in thermal spray processes allow for many variables to be
custom tailored to address specific needs including coating thermal properties (i.e., coefficient of

thermal expansion), density, heat conductivity, and particle shape and size distribution [9].

For the application towards cylinder bores, the system must accommodate the small diameter and
rotate coaxially to the bore (i.e., systems with a rotating spindle). Several thermal spray processes fit
this setup, including rotary atmospheric powder plasma (APS), rotating twin wire arc (TWA), HVOF,
and PTWA. The preferred feedstock is wire, which is easier to handle than powder feedstocks that
require specific feeding equipment [4]. As a result, thermal spray technology development uses wire-
based feedstock materials in order to meet the automotive industry’s cost and process stability
requirements [7]. Combined with the desired coating material, the PTWA process has been
predominantly used for this application and engine remanufacturing/repairs due to its high wear
resistivity. A comparison of thermal spray processes in terms of various engine bore coating criteria is

outlined in Table 1.

Table 1 Comparison of thermal spray processes for coating deposition in engine cylinder bores

[10]

Criteria Processes
Wire arc (wire) HVOF (wire or powder) Rotating plasma (powder)
Versatility in the choice of material Metallic alloys Metallic alloys carbides, Metallic alloys carbides,
composites ceramics, composites
Restricted choice of Limitation for refractory High versatility
materials materials
Low Medium High
Heat transfer into the engine block Medium Very high Low
Reliability of the melting process Formation of the melted
particle is difficult to control
Medium High (powder) Medium (wire) High
Coating thickness as sprayed 500 pm 200 pm 200 pum
Coating properties for cylinder bores Medium High High
Process cost Low Very high Low
Industrial status Prototypes Prototypes In industrial production

since 4 years

Previous studies of wire-based systems showed that the best results have been achieved by the PTWA
process which produces a low cost and high-quality coating with a reliable system for engine bores. Due
to the high speed of the spray particles, very dense coatings with low porosity (around 2%) can be applied
to the bores. Additionally, PTWA systems have also been used in production at Caterpiller Inc. to repair

engine and power train components with worn out surfaces [7].



2.2 PTWA Spray

The PTWA thermal spray process (Fig. 2) was first developed by Flame Spray Industries and is a
common method of thermal spray application to liner-less cylinders. The process involves propelling
the molten coating material (in this case, alloyed steel) to the substrate (diecast aluminum alloy) using
a stream of atomizing gas at extremely high temperatures (~15,000°C) and velocities (200 to 300 m/s)
to form splats on a substrate surface [11]. In the typical plasma spray process, the cooling rate is
approximately within the 107 to 10® K/s range [12]. The plasma gun performs melting between
tungsten cathode and copper anode nozzle. When molten particles are accelerated in the air, they are
mixed with oxygen to produce wiistite (FeO) which is 70% harder than the coating steel matrix and
thereby increases the wear resistance of the cylinder bore [5,13]. It has been previously shown that

the hardness and roughness of the coating have a direct correlation to the coating wear performance

[9].

Rotating
spindle

Cathode Atomizing
gas

Fig. 2 Picture of PTWA system (left) and a schematic of the PTWA process (right) [4].

In vehicle engines, the steel liners in combination with the aluminum engine block introduced in
the 1970’s [3] resulted in a considerable weight reduction (up to 50%) in the previously cast iron
block [4]. The liners undergo deformation that may lead to the development of a heat pocket, which
increases oil and fuel consumption. To achieve high wear resistant hypereutectic AlSi alloys, the
manufacturing (i.e., casting) process becomes difficult. Otherwise the low hardness and poor wear

resistance properties of hypoeutectic AlSi alloys does not satisfy the contact tribological requirements
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between the piston ring and cylinder bore wall, making the liners a necessary addition [14]. This
called for the necessary grey cast iron liners with embedded graphite lamellae that served as a natural
solid lubricant. However, the required heat transfer during engine cycles was not satisfied due to the
low conductivity of cast iron in high power level conditions. Thermal sprayed systems with
aluminum substrates have the potential to pull generated heat away and allow engines to generate
higher power levels, as well as alleviates the issues related to hypoeutectic and hypereutectic alloy

substrates.

The topography obtained after the finishing process of PTWA sprayed liner-less bores significantly
decreases both the coefficient of friction and fuel consumption by 2 to 4% [15]. The successful use of
PTWA sprayed cylinder coatings is used in NASCAR and Formula 1 engines to achieve better
performance and cost benefits [10]. These engines are typically rebuilt more often than consumer
vehicles hence there is a need for a better understanding of the mechanical adhesion at the
coating/substrate interface, as well as metallurgical bonding for this application. Further discoveries
in the failure mechanisms due to coating/substrate interactions under various loadings are also

necessary.

Prior to deposition of the PTWA sprayed coating, the substrate often requires a surface activation
process to facilitate better mechanical interlocking of the sprayed material. This process is necessary
in creating a rough surface that allows for more bonding strength between the substrate and the splats
close to the interface. Finite element analysis has also been previously performed to determine the
optimal profile dimensions of the dovetail geometry [19]. It was found that the bond strength between
the coating and substrate was 48 MPa for grit blasted substrates and 58 MPa for surface activation
involving dovetail pattern profiles [4]. The bonding strength resulting from surface activation is
further discussed in Section 2.5 Hardness and Bonding Strength. Furthermore, the effects of dovetail
profile height on adhesive tensile strength between substrate and coating was investigated. For
heights as low as 25 to 45 um, almost no interlocking between the surface activated substrate and
coating was observed in adhesive tensile strength tests. However, the adhesive tensile strength
increased from 38 MPa to 53 MPa with an increase of height from 75 pum to 105 pm [16]. Typically,
an undercutting angle of 20° guarantees an interlocking between substrate and coating and fills
undercuts with coating material. It was also found that in addition to interlocking, there were also

diffusion effects between components. With increasing number of dovetail elements per length,



higher coating/substrate connection strength was observed [17]. The variables in the dovetail profile

geometry are shown in Fig. 3.

Structure element

- Width | Distance_ | /%
L | {

—a— Flank —=

Substrate

: Undercutting angle
: Structure angle

Fig. 3 Geometry of dovetail profile surface activation pattern [17].

In the case of thermally sprayed engine bores, interpolated selective area mechanical roughening
can be used and is based on circular interpolation. The produced result is equivalent or higher in bond
strength compared to other surface activation methods. The advantages lie in its ability to allow for
roughening and coating of only a particular portion of the cylinder bore, reduced steel wire and
energy consumption, and elimination of a bimetallic cut on the joint face of the block. The procedure
involves the use of a peripheral milling tool and a rotary tool. These two tools are used to cut
concentric grooves in the bore walls through interpolation, and deforms the grooves to produce an
undercut, respectively. The optimal groove dimensions, primarily dependent on ratio of peak height
(h) to crush (Ah), were investigated using finite element analysis (Fig. 4). This process was
implemented reliably at low volume and has also be adapted for the purpose of roughening aluminum

brake rotors [18].



Mises Stress

4522 2
Tool feed Ryl

- In process

(b)

(c)
Fig. 4 Mises stress during/after deformation for 10 um peak width, 200 um peak height, 15 um
crush and different profile parameters (a), (b), and (c) with FEA shape predictions [18].

After the process of surface activation is complete and the coating deposition is performed, the
surface of the coating is post-processed by a selection of techniques, including machining and/or

honing to produce the desired surface roughness and tribological requirements.

2.3 Microstructure

In general, the microstructure of thermal spray coatings can be described as layered structure.
However, the inconsistent and irregular nature of the individual splat shapes consist of several smaller
grains [19]. This causes the layered microstructure to be uneven in terms of the thickness of each

layer and results in a lamellar microstructure with undulations [9].

Even when employing the dovetail profile during substrate surface activation, pores, voids, and
oxides exist at both the coating surface and within the coat. In transmission electron microscope
(TEM) investigations of PTWA coatings, the coating exhibited underlying microcrystalline (uc)
matrix of ferrite (¢-Fe) and nanocrystalline (nc) precipitates of cementite (Fe;C) and wiistite (FeO)
[19]. Wiistite is a hard oxide phase which serves as solid lubricant and is responsible for the good

tribological properties of Fe/FeO coatings [20].

Previous studies found that due to the high-velocity material deposition process, the coating
microstructure is comprised of both amorphous and crystalline structures [12]. However, this means

the coating splat morphology that consists of pores and other features will act as locations of stress
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concentration leading to failure [5]. Generally, it was proposed that the pores between flattened splats
were caused by loose packed layer structure or gas porosity phenomenon, while other pores within
the particles were caused by volume shrinkage [21]. Open porosity was measured by the mercury
intrusion technique (Quantachrome Autoscan 33 porosimeter) with pressure up to 230 MPa [22].
Total porosity was obtained by comparing the difference between density of the coated specimen and
theoretical density [23]. Porosity is also affected by impact velocity of the PTWA process: in the case
that it is too low, the result is increased porosity which is caused by the inability of the particle to
penetrate into all surface cavities [9]. Thicker coatings are also found to have greater porosity, which
contributes towards higher crack initiation [24]. Remaining pores caused by casting defects, even
post-honing surface smoothing, can lead to an increase of the lubricant consumption during engine

operation. As a result, it is important to control defect size at the surface [13].

Generally, structure porosity in coating is a good indication of the coat quality and increased
strength can be obtained by reducing porosity [22]. In the case of PTWA, low porosity is the result of
high deposition rates and good control over the process. For engine cylinder block requirements,
porosity level of the material must be below 1% and the maximum pore size must be below 500 um
on the running surfaces [5]. It was found on coated cylinder bores, that porosity percentage is
constant along the cylinder (~1%), but this was not the case for oxides [13]. An increase in Fe content
also resulted in increased amount and size of pores. This can be attributed to the increase in $-phase
(B-AlsFeSi) which has platelet morphology that is needle-like and is the most detrimental to the
intermetallic phase of cast AlSi alloys. By physically blocking the metal feeding, the 3-phase
promotes shrinkage porosity during solidification. This phase is more prone to crack linkage and
failure when compared to a-iron (a-AlSiFe) that has a more compact morphology that is less

detrimental to mechanical properties [25].

Oxidation of the sprayed coating can take place in the vapor phase surrounding the droplet or at the
droplet surface in a vein-like configuration. The formation and growth of the oxide film on the metal
surface are important as it induces residual stresses (RS) [26]. The low fracture toughness of the
interfacial oxides can cause splat delamination upon frictional contact in ferrous coatings. The wear
initiated by abrasion is then enhanced by splat separation, which is caused by the propagation of
cracks at splat interfaces along the oxides [26]. Thin oxide layers are more prone to cracking, while
thicker oxides are relatively resistant. Overall, the low fracture toughness of the interfacial oxide

could cause splat delamination upon frictional contact in ferrous coatings. On top of that, wear
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initiated by abrasive loading is then enhanced by splat separation, which is caused by the propagation

of cracks at splat interfaces along the oxides [26].

Pin-on-disk wear tests were performed on a sliding wear apparatus where the sliding speeds were
between 0.2 and 2.5 m/s, and load was constant between 10 and 75 N. It was found that high wear
rates at high loads/low speeds were due to the fracture of heavily deformed splat tips. However, at
high loads/high speeds, surface oxidation was the main wear mechanism. A method was proposed by
A. Edrisy to estimate friction induced contact surface temperatures of the thermal spray coatings.
Surface temperatures in coatings with high initial iron oxide content would reach higher values during
sliding contact, which would consequently promote surface oxidation [27]. Overall, it was found that
increasing rotational speed of coating process parameters from 400 to 600 min™' resulted in better
oxide distribution, which provides better wear resistance of the coating [4]. Deposition atmospheres
containing dust and heat (less ventilated) lead to higher oxidation thus thicker coatings, but it is still

possible to manufacture very thick coatings without an effect on the microstructure’s oxides [13].

2.4 Residual Stress

One of the factors that influences the fatigue life of thermal spray coated components is the RS of the
coating which arises during the thermal spraying process. These stresses are inherent in the coatings
because the process makes use of large temperature gradients with varying material mechanical
properties. In many cases, the Young’s modulus of the coating is only a small percentage of that of
the substrate. In the plasma electrolytic oxidation (PEO) coating process, it was found that internal
stresses were caused by three components of the process: (1) formation/growth of oxide film on metal
surface, (2) thermal effects from surface micro discharges, and (3) phase transformations in oxide
films. The degree of each component varies on the temperature level coating process history and
impact velocity, and therefore can be controlled by deposition parameters. Thermal effects include
stresses caused by differential thermal contractions between coating and substrate, as well as those
caused by temperature gradients with the coating during treatment. The phase transformations for
PEO coatings on an Al substrate involve a y = o transformation, and a similar phenomenon is
observed in various other deposition methods [28]. The RS is also related to coating features: when
oxides are present, they usually have a larger volume than the metal from which is formed, and if the

oxide maintains crystallographic coherency with that metal, it is in compression while the metal is in
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tension. High compressive residual stress in the coating enhances fatigue life, but it may induce

coating separation from substrate, intra-coating spallation, and formation of cracks [28].

Studies of HVOF thermal coating processes found that the distribution of the RS through tungsten
carbide-cobalt (WC-Co) coated aluminum samples showed compressive RS at the coating surface
with an increase through the coating (compressive), then approached zero while within the substrate
material [29]. Three sample types of varying compressive residual stress were studied: high, medium,
and low: the through-thickness plot of a high RS sample is shown in Fig. 5. It was found in constant
deflection bending fatigue tests (cantilever) of these WC-Co HVOF sprayed coatings that there was a
direct relationship — fatigue life can be changed by a factor of ten due to the degree of compressive
residual stress in the coating. Increased compressive residual stress resulted in increased life of the
specimen but may also introduce an increased likelihood of failure due to spalling [29]. Residual
stress can either enhance or decrease adhesion strength, especially in thicker coatings [30]. Tensile

residual stress in coated samples was found to induce early crack initiation [24].
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Fig. 5 Thorough-thickness residual stress distribution for four high RS specimens (WC-Co on
6061 Al with high compressive residual stress in coating) [29].

Tests with ceramic thermal boundary coatings found that the adhesion between coating and
substrate is mainly influenced by the residual stresses in the interface. Residual stress measurements
in HVOF and APS spraying have shown that stresses in coatings strongly depend on the temperature
level, coating process history, and particle impact velocity [30]. Grinding is an another process that
was found not only to enhance the surface roughness in Cu-Ni-In coatings, but also to increase the

magnitude of surface compressive residual stress [31]. Further testing specific to PTWA sprayed steel
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coatings and the related post-processing techniques are necessary to evaluate the state of RS and how

it affects performance for the application of cylinder bores.

2.5 Hardness and Bonding Strength

Hardness is one of the critical parameters to evaluate coating performance — for example, it influences
coating failure during fretting fatigue. The micro-hardness of flame-sprayed coatings is lower than
that of HVOF sprayed coatings which can be attributed to microstructural changes associated with
differences in the particle temperature and the cooling rate of the molten/semi-molten particles after
deposition. It is also found in HVOF coatings that the micro-hardness remained almost constant
throughout the coating and drastically reduced to the substrate micro-hardness at the interface [32].
The hardness of PTWA sprayed cylinder bores has yet to be comprehensively evaluated. Since
adhesion of coating influences mechanical integrity of the coat-substrate interface during service, it is
also an important factor to investigate. Additionally, cohesion (the bonding between particles in the

coating), controls coating properties and performance [33].

For automotive applications, the bonding strength requirement must be above 30 MPa. When an
adequately high surface activation is not achieved in the substrate before deposition, the coating may
peel away from the surface. This will cause high thermal flux within the coating that cannot dissipate
and lead to overheating with high oxidation in delaminated areas. The surface activation process is
necessary in creating this rough surface to have better adhesion between the substrate and coating.
This can be achieved by controlling surface roughness by grit-blasting or pressurized water jet or
controlling the profile during mechanical roughening. It was found that mechanical roughening using
a half circle profile yields low bonding strengths of 15 MPa, whereas creating holes using laser
texturization gives a bonding strength of 25 MPa and grit-blasting of 40 MPa [13]. When the
mechanical roughening process involves fine cutting using the aforementioned dovetail-like profile
(Section 2.2 PTWA Spray) instead of grit blasting, the adhesion strength can be elevated to 60 MPa
from 15 MPa, which falls greatly above the commended 30 MPa [7]. Partial delamination has been
observed at both the coating-adhesive and coating/substrate interfaces, particularly at the

circumference of the specimen.

Spray process, operating conditions, feedstock particle size distribution and morphology, substrate
material, residual stress, and the environmental conditions affect the coating adhesion. Coating
cohesion is mainly provided by interlocking of splat particles and adhesion strength [19]. It was found
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that cohesion failure was attributed to the pores and micro-cracks existing in the coated layer [9]. In
the case that impact velocity is too low during the deposition process, poor adhesion occurs at the
interface and poor cohesion occurs within the coating [9]. However, it was found that bonding
strength could be improved by controlling the interfacial microstructures [34]. Lamellar bonding in
ceramic coatings was shown to be dominated by particle deposition temperature, where bonding ratio
at the lamellar interface can increase with the increase of temperature to over 80% [33]. Quasi-static
adhesion tests suggest that coating/substrate failure is mainly due to adhesion failure [4], but failure
due to cohesion has also been reported [9]. Due to the limited studies in the literature, supplementary
investigations are necessary for monotonic adhesion/cohesion and bending to evaluate related failure

modes and strength properties.

As-sprayed coatings have a low elastic modulus, which can be attributed to the weak boundary
bonding between splats. The boundaries are weak due to the short splat bonding time during impact
with the solid substrate or pre-deposited coating, as well as the surface of the liquid droplet
undergoing oxidization for atmospheric spray of low carbon steels [35]. Lastly, in facilitating the
creation of metallurgical bonds, conditions for incipient melting of the substrate by the impinging
particle are favourable. Greater bond strengths are observed in particle-substrate systems when
solidification-melting conditions are easily realized compared to a system where these conditions are

not met [36].

2.6 Quasi-Static and Fatigue Properties

Interfacial fracture toughness has previously been investigated using quasi-static four-point bending
tests with a saw-notched specimen and modified chevron-notched short-bar specimen, which were
found to be a more sensitive means of evaluation in terms of mechanical integrity of coating/substrate
interface compared to tensile testing [37]. During these bending tests, the loading caused crack
initiation around the notch, and the main crack propagated through the thickness of the coating to the
interface. This caused coating delamination along the coating/substrate interface. Cracking of the
coating is another potential failure mechanism that is enabled by inconsistency in local coating

properties (i.e., presence of pores and other features in the coating microstructure) [5].

Overall, the fatigue behaviour of coatings is dependent on surface properties such as hardness,
roughness, coating thickness, and residual compressive stresses. Coating hardness and roughness
affects the wear, while thicker coatings with compressive residual stress delay crack initiation and
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propagation [29]. All these factors have a hand in extending the fatigue life of the coating. Different
loading conditions of the cylinder inner bore are induced during engine operation. Combustion
pressure and thermal stresses caused by thermal loads contribute to the main loading of hoop stress,
which are cyclic. This causes two modes of fatigue: High cycle fatigue (HCF) mode results from the
fluctuating combustion pressure with a peak firing pressure as high as 200 bar, while low cycle
fatigue (LCF) mode is from the start-stop engine cycle which creates a temperature difference in the
cylinder and surrounding temperature of engine peak temperature (250°C). During this thermal cycle,
the previously mentioned thermal expansion coefficient mismatch at the coating/substrate interface
will cause notable thermal stresses. Further investigation is necessary to better understand the

behaviour of PTWA coatings under cyclic thermal loading.

Previous plain fatigue tests showed that on each side of the interface, there are differences in elastic
properties, as well as potentially significant Mode II shear from the thermal expansion mismatch
between the coating and substrate [34]. Especially under cyclic loading, this mismatch is an area of
concern. When fatigue properties were observed at various temperatures, the coating was found to
have a higher fatigue resistance at elevated temperatures such as 300°C compared to room
temperature [35]. This may be due to the rapidly increasing elastic modulus, which is attributed to
annealing of the sprayed microstructure at such elevated temperatures. Additionally, oxide-rich

regions were more prone to fatigue crack initiation in coatings [35].

Another factor that influences the fatigue life of the thermal spray-coated components is the RS in
the coating, which arises during the spray process or post-processing. Prominent contributors to RS
are the differential thermal mismatch between the coating and substrate, as well as stresses caused by
temperature gradients within the coating during treatment [38]. Iron oxides are usually present in the
coating; these oxides have a larger volume than the metal from which they are formed and if the
oxides maintain crystallographic coherency with the matrix, they are in compression while the matrix
is in tension. Previous works have found that high compressive RS in the coating delays crack
initiation and enhances fatigue life [29]. However, compressive RS also facilitates coating
delamination from the substrate, intra-coating spallation, and crack formation, which reduces wear
resistance [28,39]. On the other hand, tensile RS in the coating has been found to induce early crack

initiation [24].
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Previous bending fatigue studies report that coating cohesion is mainly provided by the
interlocking of splat particles and adhesion strength [19], while cohesion failure is attributed to the
pores and micro-cracks existing in the coating layer [9]. Studies in fretting fatigue of thermally
sprayed Al203 coatings on AA6063 substrate reported fretting fatigue behavior depended on coating
hardness, roughness, thickness, and RS [40]. Wear resistance was found to be influenced by hardness
and roughness, while thicker coatings with compressive residual stress delay crack initiation and
propagation leading to extended fatigue life [29]. Of the limited comprehensive studies that are
available in the literature, few reported PTWA coatings specifically, and many involve sample
materials that are not relevant to engine bore applications. As a result, there is a need to evaluate the
fatigue properties of PTWA coatings, specifically related to the cylinder bore application.
Additionally, due to the thermal mismatch of the coating and substrate materials that are present in

this application, testing at elevated temperatures is also an area of interest and potential research.
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Chapter 3

Materials and Experimental Methods

3.1 Coating Characterization Samples and Methods

The materials used in this study include a typical mild steel alloy that is PTWA coated on diecast
AlSi alloy substrate. All samples were prepared by Comau LL.C USA in Michigan using PTWA
process and deposition parameters for application in engine block bores similar to parameters
reported in [13]. The chemical compositions of the substrate and coating materials are reported in

Table 2.

Table 2 Chemical composition of the materials used in this investigation (in wt.%).

Cast Si Cu Mg Mn Fe Zn Ni Others Al
. total
Aluminum 7595 3040 <03 <05 0813 <30 <03 <0.5 bal.
Fe Cr Mn C Si Mo S P -
Steel Alloy ~ 973- 0811 04- 028 0I5 0I5 <0.04 <0.035 -
98.22 06 033 0.35 0.25

Since it is not possible to obtain the properties of the coating by traditional tensile testing, results
from Anton Paar instrumented cyclic indentation were used. In this process, a spherical indenter is
used to successively indent a single location to obtain representative stress-strain curves. Based on
properties from Anton Paar analysis, the yield stress is 785.5 MPa in the coating, and 322 MPa in the
substrate. Both coating and substrate values from the Anton Paar results were considered in analysis
since the ratio of the two relative to each other is important. The data from Anton Paar results is

shown in Appendix A.

The substrates used in this investigation were mechanically roughened. The dovetail geometry is
very similar to those used in other studies and was chosen due to its superior bond strength (up to 60
MPa) compared to other activation methods, such as grit or water jet blasting (as low as 15 MPa,
which is lower than the recommended 30 MPa), and differing profile geometries [9,24]. The dovetail-
like surface profile is achieved by interpolated selective area based on circular interpolation with two
tools: (1) a side cutting end mill with peripheral grooves that cuts concentric grooves through

interpolation, and (2) a rotary tool that deforms grooves to produce an undercut [18]. As a result, this
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surface activation approach and geometry is chosen as a prime candidate by automotive

manufacturers due to its potential application to cylinder bore coatings.

The samples were in the form of cylindrical sleeves with PTWA coating deposited on the inner
surface (Fig. 6). Due to the orientation of the surface roughening process, the dovetail cut profile is
only visible along longitudinal cross-sections of the cylinder sleeve (Fig. 7(a)). Rectangular samples
were extracted from the cylinder sleeves for microstructure analysis (Fig. 7 inset) hot mounted in two
different orientations using conductive resin, and polished. The face along the longitudinal direction
with a visible dovetail profile is shown in Fig. 7(a). The face along the circumferential direction in
Fig. 7(b) is parallel to the rows of dovetails, and therefore does not show the profile. Secondary
electron (SE) and back-scattered electron (BSE) SEM imaging from the FEI Quanta Feg 250 ESEM
with EDX (20 kV) was used to reveal microstructural features and determine elemental composition
for both etched and non-etched conditions. Another set of SEM samples were prepared using 1 pm
diamond paste polishing followed by argon ion milling for 30 mins at 8 kV with 3 degrees gun tilt in
a Gatan Precision Etching Coating system (PECS™ II) [41] in order to obtain images that better

feature re-solidified particles.

Fig. 6 As-sprayed, diahon, and machined cylindrical sleeves with PTWA coating.

Coatings in their original as-deposited state are post-processed to achieve a smooth mirror-like
surface finish. After the coating deposition, the samples were subjected to the machining or diahon
process. Machined samples have the as-deposited coating that is subjected to conventional cutting
insert rough machining. Diahon samples have the as-deposited coating that is subjected to quasi-hone
grinding (20-30 pm particle size) rough machining. Based on a preliminary microstructure study, it

was found that the as-deposited samples have a coating thickness of roughly 800 um, varying due to
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the roughness at the surface, and post-processed coatings were 300 um thick (reduced by ~500 pum).
Imaging of the coating surface also revealed that the honing step for both processes produced a cross-
hatched surface texture. The main purpose of the post-processing, regardless of the method, is to
smoothen the surface of the as-deposited coating. This is a necessary step that reduces stress
concentrations and failures that occur directly due to the surface roughness. The two methods are
investigated in order to confirm that post-processing differences do not affect the various properties
that are studied, and rather the only notable difference lies in the properties between as-deposited

samples and post-processed samples (regardless of method).

No visible dovetail

Fig. 7 Cross-sectional Backscattered-Electron (BSE) SEM image of dovetail profile with inset

cut sample location along (a) longitudinal direction, and (b) circumferential direction.

3.2 Interface Characterization Samples and Methods

The same specimen extracted from the coated cylinder bores described in Section 3.1 Coating
Characterization (material composition in Table 2) were used to characterize the coating/substrate
interface. The TEM sample lamella was prepared from a mounted and polished sample using the

focused ion beam (FIB) method and then observed under TEM (JEOL 2010F) operated at 200 kV.

3.3 Surface Roughness Samples and Methods

As a preliminary study, the surface roughness of the coating surface was evaluated. In order to better

understand the surface differences between as-deposited and post-processed samples, the surface
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roughness of the varying states of coatings were measured from 2 x 2 mm? area using the Keyence
laser scanning confocal microscope. The specimen and materials are identical to those described in

Section 3.1 Coating Characterization and Table 2.

The evaluation of the cylinder coating surface roughness is also critical in order to match the

surface preparation of bending samples, further discussed in Section 3.8.1 Bending Samples.

3.4 Residual Stress Samples and Methods

The RS through the coating, interface, and substrate were measured by both the XRD and the hole
drilling methods. The XRD method measures surface residual stresses whereas the hole drilling
method provides through the depth measurements. Electropolishing method was used to remove
layers of the surface for successive XRD residual stress measurement to obtain residual stresses
through the coating thickness. The XRD measurements involved ring samples that were cut laterally
from the cylinder sleeve (described in Section 3.1 Coating Characterization and Table 2) to preserve
stress in the hoop direction. The thickness of these cuts was approximately 10 mm, and the rings had
an inner sleeve diameter of 84 mm (Fig. 8(a)). Through-thickness RS of the coating and substrate was
measured using a Bruker D8-Discover XRD equipped with a VANTEC-500 two-dimensional area
detector at an operating condition of 30 kV and 45 mA. The Cr-K,, (A\=2.2897 A) was used on the Fe
[211] plane (20=156.08°) with the Sin*y method [42]. The measurements were taken from the inner
coated surface of the rings as shown in Fig. 8(a). To determine the RS through the coating thickness,
successive layers were removed electrolytically. The layer removal was conducted by
electropolishing using the PROTO Electropolisher (Model 881). PROTO Electrolyte A was used with
a 6 mm diameter round probe and 20-59 V for 10 seconds. Each sample was evaluated at three

different locations on the ring at 120° apart to obtain multiple measurements per sample.

The SINT Technology RESTAN-MTS-3000 device was used for the RS evaluation by the hole
drilling method. 1-SINTD2/1 diamond inverted cone endmills were used due to the high hardness of
the material. To accommodate the installation of strain gauges, rings with wider dimensions (15 to 20
mm) were cut from the sleeve (Fig. 8(b)). The laterally cut cylinder rings were partitioned into three
samples, each encompassing 120° of the rings, using waterjet cutting to reduce the amount of induced
stresses and released hoop stress before measurement (Fig. 8(b)). Tokyo Measuring Instruments Lab
FRAS-2-23-1LJB strain gauges with 2 mm gauge length were installed using Micro-Measurements

M-Bond 200 adhesive to measure the strain released during drilling. The drilling begins on the
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coating side, through the interface, and into the substrate. Each drilling depth increment was 20 pm
with a nominal hole diameter of 1.8 mm and advancing speed of 0.1 mm/min with a 5 second pause
between each measurement. The SINT EVAL software was used in post-processing the micro-strain
measurements and calculating the RS in the hoop direction using the Integral method which is an
isotropic linear elastic model. In the case of hole drilling, its advantages lie in the resolution that can

be obtained through the depth of the coating, as well as the accuracy of the depth measurement.

The advantages of the XRD measurements lie mainly in the fact that full ring samples can be tested
and stress in the hoop direction can be preserved. However, the successive removal of the coating by
electropolishing does not allow for as many measurements through the coating depth compared to the
hole drilling method, and the accuracy of each 10 second removal is less precise compared to each
hole drilling depth interval. The hole drilling method allows for more resolution through the depth of
the coating, but due to the limitations in accommodating sample shapes, the cylinder ring sample

must be cut, potentially releasing hoop stresses which are of particular interest.

NP "

Fig. 8 Experimental set-up for RS measurements using (a) XRD method, and (b) hole drilling
method.

3.5 Coating Hardness Samples and Methods

The hardness of the coating and substrate was measured using both Vickers micro-hardness and nano-
indentation tests. The same samples from microstructural analysis (described in Section 3.1 Coating
Characterization and Table 2) were used in this study. Samples were also prepared in the same
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manner as SEM characterization — hot mounted in resin and polished. The Clemex JS-Tango (100 gm
load and 10 second dwell time) was used for micro-harness measurements. The Anton Paar NHT?
with Berkovich indenter (50 mN and 100 mN load, 5 second dwell time) was used nano-scale
hardness measurements. Vickers micro-hardness measurements were taken starting from the coating,
passing through the interface, and then to the substrate side at a 45° angle to obtain more indentations
within the coating depth. Nano-indentation tests targeted more localized areas of interest, such as
specific coating features (e.g., re-solidified particles, splats, boundaries), which is beyond the
achievable resolution of micro-hardness testing. A 100 mN load was used for nano-scale
measurements within re-solidified particles, large oxide-rich regions, and splats areas. A 50 mN load
was used to create a smaller indentation within areas that required higher precision where 100 mN

indentations would include regions outside the area of interest (i.e., oxide boundaries between splats).

3.6 Adhesion Testing Samples and Methods

Adhesion pull testing will offer insight into the adhesion strength and allow evaluation of failure
modes and trends related to interface adhesion and coating cohesion. It also provides a better
understanding of the differences between varying surface activation techniques when subjected to this
type of loading. However, the physical pull test report results that encompass both the mechanical
interlocking, as well as possible metallurgical bonding or other factors at play. Alternatively, finite
element modelling (FEM) can be used to investigate the adhesion strength provided solely by
mechanical interlocking. By coupling this experimental work with finite element simulations, the role
of mechanisms besides mechanical interlocking can be determined. The other aspects of loading that
cannot be monitored during experimental testing (i.e., stress concentrations, separation behaviour) can

also be observed using FEM.

The adhesion study is a key part of addressing the challenges related to understanding the
coating/substrate interaction under both quasi-static and cyclic thermo-mechanical loads. The
importance lies in determining the various coating properties and their effects on the coating
performance. The objectives of this present work are to (1) obtain adhesion properties and behaviour
of steel PTWA coating on AlSi substrate, and (2) determine the relationship between these results and
the coating microstructure/properties. The results from these objectives can be used to establish the
overall coating structure and property relationship for the steel PTWA coated AlSi substrate. Future

work is required to determine fatigue properties, including those at elevated temperatures.

23



The materials used in this study vary slightly from the previous microstructural studies (Sections
3.1,3.2,3.3, 3.4, and 3.5) and include a typical mild steel alloy that is PTWA coated on diecast AISi
alloy substrate (A319 and A356). All samples were prepared by Comau LLC USA in Michigan using
the PTWA process and deposition parameters for application in engine block bores similar to
parameters reported in [13]. The chemical compositions of a typical diecast AlSi alloy substrate and

coating materials are reported in Table 2.

Table 3 Chemical composition of the materials used in this investigation (in wt.%).

Si Cu Mg Mn Fe Zn Ni Others  4)
A319 total
5.5-7.5 3.0-4.0 <0.5 <0.5 <1.0 <3.0 <0.5 <0.5 bal.
Si Cu Mg Mn Fe Zn Ti Others 4
A356 total
6.5-7.5 <0.25 0.25-0.45 <0.35 <0.5 <0.35 <0.25 <0.15 bal.
Fe Cr Mn C Si Mo S P -
Steel
0.15-
Alloy 97.3-98.22 0.8-1.1 0.4-0.6 0.28-0.33  0.15-0.35 0.25 <0.04 <0.035 -

The substrates used in this investigation were mechanically roughened — two interface geometries
were chosen and are like those used in microstructural analysis studies: a dovetail and a wave pattern.
Fig. 9(a) and (b) show the dovetail pattern, while (¢) and (d) show the wave pattern. The dovetail was
chosen due to its superior bond strength (up to 60 MPa) compared to other activation methods, such
as grit or water jet blasting (as low as 15 MPa, which is lower than the recommended 30 MPa).
Industry development has recognized that this is a particular surface activation pattern of interest.
Note that the dovetail profile in this analysis varies slightly from the one seen in cylinder bore
samples for microstructural analysis (Fig. 7(a)). The wave pattern is a lesser known and more newly
introduced pattern that has a high potential to resolve the bonding issues seen in typical dovetail
patterns (i.e., disturbed splat structure), as well as a candidate that may yield more successful
mechanical interlocking. Finite element analysis has also been previously performed to determine the
optimal profile dimensions of the dovetail geometry [18]. To further improve the effectiveness of

mechanical interlocking, the wave pattern was selected for consideration.

24



190 pm

80 pm

|

225pm 125 pm

500 pm 150 pm
——

Pattern:
Wave

500 pm 150 pm
— —

Fig. 9 Micrographs of two interface patterns showing (a) dovetail pattern with as-deposited
coating, (b) dovetail pattern geometry, (c) wave pattern with as-deposited coating, and (d) close-

up of wave pattern.

3.6.1 Adhesion Test Setup

ASTM C633 standard test method for adhesion or cohesion strength of thermal spray coatings was
used for testing. ASTM C633 is appropriate for thermal sprayed coatings of thickness greater than
380 um. Based on a preliminary microstructure study, it was found that the as-deposited samples
have a coating thickness of roughly 650 pm, varying due to the roughness at the surface. The coating
surface was machined to produce a smoother surface and post-processed coatings were 400 um thick
(reduced by ~250 um). The samples were in the form of coupon aluminum samples, resembling short
cylinders with steel PTWA coating deposited on the top circular face. This coating reduction region is
shown in Fig. 9(c) and Fig. 10(a) and (b) show the preparation of the samples before and after
machining. In this case, the coupon and counterpart both had a radii of 12 mm. The test setup and

coupon geometry are shown in Fig. 10(c) and (d), respectively.
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As-received samples

(d)
Threaded bolt I:I

Threaded bolt

Fig. 10 Coupon samples (a) as-received and before machining, and (b) post-machining to
smooth the coating surface, and adhesion testing (c) setup, and (d) coupon geometry with
threaded hole.

Three types of samples were tested: (1) D319: dovetail pattern with A319 substrate, (2) W319:
wave pattern with A319 substrate, and (3) W356: wave pattern with A356 substrate. Coating and
counterpart mating surfaces were cleaned and degreased prior to the application of Master Bond
EP15ND-2 adhesive, which was used to join the two surfaces with a bond line thickness of 50-127
pum. In alignment with the ASTM C633 strain rates (0.013 mm/s to 0.021 mm/s), a rate of 0.015 mm/s
was used (monotonic tension), and five repetitions are recommended. The 25 kN 8874 Instron Biaxial
tensile frame was used for uniaxial tensile testing. Coupon samples and counterparts were secured

and aligned in the Instron using a fixture (Fig. 11), adhesive was applied, and grips were lowered to
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specify the bond line thickness. The two parts were clamped together using an alignment fixture to
ensure no eccentric load or bending moment to the specimen during testing. The adhesive was cured
within the Thermo Scientific Lindberg/Blue M oven with the alignment fixture at a temperature of
300-350°F (150-177°C) for 60 to 90 minutes. Maximum load is recorded at the point of rupture and
the corresponding pull strength is calculated by dividing the maximum pull load by the circular cross-
sectional area. Each specimen failure is described as to whether failures occurred at the
coating/substrate interface (i.e., adhesion), in the coating (i.e., cohesion), in the bonding agent (i.e.,
epoxy), or a combination of these. Average stress of each of the three sample types (D319, W319,
W356) is reported, along with the standard deviation.

& s 3/8-18 Tapped Hole

3/8-14 Close Fit Clearance Hole

Fig. 11 Alignment fixture for adhesive curing.

SEM analysis was performed using the FEI Quanta Feg 250 ESEM (with EDX) in high vacuum
mode (20 kV beam). The samples were cut perpendicular to the rows of the surface activation
dovetail/wave pattern to observe two specimen orientations: at the fracture surface, and the side cross-
sectional view such that the dovetails are visible. The fracture surface will provide a qualitative
representation of the type of failure and amount of coating remaining across the coating surface. The
cross-sectional view shows the layers and depth of coating removed, as well as deformation from the

interfacial interlocking.

To determine possible intermetallics at coating/substrate interface, an exposed three-point bend
tested fracture surface was observed under SEM (Zeiss LEO 1530). Elemental distributions were
evaluated using the EDX for Fe, Al, Si, and O.
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3.6.2 Adhesion Simulation

ABAQUS finite element modelling was used to simulate the pull tests of the two varying surface
activation geometries. Three models were devised based on the dovetail and wave drawings, shown in
Fig. 12(a) and (b). Since the wave pattern had many discrepancies from its ideal drawing, a model
was also created using an SEM image of the pattern (Fig. 12(c)) by digitizing the points of an SEM
image using MATLAB.

Fig. 12 Basis of the three finite-element models: (a) dovetail drawing, (b) wave drawing, and (c)
wave SEM image. Perspective view of models for (d) dovetail drawing, (e¢) wave drawing, and
(f) wave SEM image. Perspective view of stress distribution for models based on (g) dovetail
drawing, (h) wave drawing, and (i) wave SEM. Two-dimensional separation view for models of
(j) dovetail drawing, (k) wave drawing, and (I) wave SEM image. Boundary conditions are
shown for the (m) Applied displacement is shown at the (m) top face and boundary conditions

are shown for the (n) bottom face.
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Three-dimensional models were created, as opposed to two-dimensional, in order to best obtain
pull strength results that matched the experimental values. The pull strength is obtained by dividing
the applied load by the contact area of the coating and substrate. The three-dimensional model allows
the contact area to be considered more accurately and consider the locations where stress
concentrates. Sub-size models were used to reduce the complexity of the models — varying views are
shown in Fig. 12(d) through (1). The interface region was modelled as a surface-to-surface contact
with an interaction property static friction coefficient of 0.61 for unlubricated mild steel on aluminum
[43]. At the bottom surface, the model is constrained in all directions. Specified displacement is
applied at the top surface. Structured hex (i.e., C3D8R) elements were used for the mesh. While a
mesh analysis is more difficult for the intricate wave pattern model (18,576 nodes, 14,568 nodes), a
mesh convergence study was performed to show that the intricacy of the mesh used in the dovetail
pattern converged quickly and the moderately coarse mesh shown (2637 nodes, 1904 elements) could

be used effectively.

A main limitation of the models is that they closely resemble the interface pattern of the test
specimen, but the occasional irregularities are not accounted for along the dovetails. In the models
based off drawings the irregularities through the depth of the dovetail rows are also not accounted for,
which would affect the mechanical deformation of the interface pattern observed in experiments.
Additionally, the layered splat structure and various features of the coating (i.e., splat boundaries, re-
solidified particles, voids) are not represented. Cohesive breakage within the coating would be
heavily dependent on the coating structure and features, which is not reflected in the stress
distribution of the model. Lastly, only mechanical bonding is modelled (metallurgical bonding and

other mechanisms omitted).

3.7 Quasi-Static Bending Samples and Methods for Curved Cylinder Specimen

Rectangular samples for quasi-static three-point bending tests were machined (dimensions 12 x 70 x
5 mm?®) from the cylinder bores used for microstructural analysis studies (Section 3.1 Coating
Characterization) with the same material composition (Table 2). Samples were extracted along the
longitudinal direction to include both the substrate and coating material. Due to the original
cylindrical shape, the machined samples contained a slight curvature along the width (12 mm
dimension). ASTM D5947 standard test methods for physical dimensions of solid plastic specimen

was used as a basis to dimension the PTWA coated samples, though samples in this case were curved.
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To visualize the crack initiation and propagation during testing, the reflective coating surfaces were

painted white.

ASTM E290-14 standard test methods for bend testing of material for ductility was used for
testing. Three-point bend tests were performed using the 8873 Instron uniaxial machine and
monitored with a Digital Image Correlation (DIC) system. The load was applied on the substrate side
to facilitate cracking on the coating side at a loading rate of 1 mm/min. Using the equivalent section
analysis method [44], stress at various points can be calculated; the maximum tensile stress (coating
surface) and both sides of the interface (substrate and coating) are the locations of interest. A bottom
and side view of the loading process was captured using the DIC. A total of six samples were tested
and fracture surfaces were observed under the Zeiss Leo 1530 FESEM. The displacement-controlled

tests used a ramp loading path with a rate of 1.00 mm/min.

The force data recorded from the tensile frame allowed the stress to be obtained using the
equivalent section analysis method [44]. By transforming the composite material (i.e., a combination
of hard steel coating and soft Al substrate) to a single material for calculations, the stress at the

coating surface can be calculated from three-point bending test results.

3.8 Quasi-Static and Cyclic Bending Samples and Methods for Flat Plate
Specimen

ASTM E290-14 standard test methods for bend testing of material for ductility was used for testing.
ASTM D5947 standard test methods for physical dimensions of solid plastic specimen was used to
dimension the PTWA coated samples.

3.8.1 Bending Samples

The same flat plates are used for quasi-static and bending samples. The plates have the same surface
activation profiles as the adhesion studies (Section 3.6 Adhesion Testing Samples and Methods), and
material composition (A319 and A356, specified in Table 3). The substrate material is mechanically
activated at the interface using the wave pattern, shown in Fig. 13. The as-deposited coating in Fig.
13(a) was machined to eliminate the roughness at the surface, shown in Fig. 13(b). All bending
specimen must be prepared to match the coating surface that is found in its application to the engine

cylinder bores.
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Fig. 13 SEM images of the interface region with wave pattern that was cut into the substrate at
the bottom showing (a) as-deposited coating, and (b) after machining to smooth the coating

surface.

A specimen extracted from a coated cylinder bore is shown in Fig. 14(d) which is used to match the
desired surface of the bending samples to the cylinder bores. The specimen with as-deposited coat in
Fig. 14(a) is machined to achieve the smooth surface shown in Fig. 14(b). The surface must then be
subjected to various successive grinding processes to achieve engine bore surface quality. The image
of the specimen post-grinding is shown in Fig. 14(c), where the grinding process has achieved a

mirror finish on the coating.
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Fig. 14 Photograph of bending samples at various stages of preparation: (a) as-deposited
coating, (b) machining shown in Fig. 13(b), (c) final product after grinding, and (d) sample

extracted from coated cylinder bores.
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To determine the appropriate surface quality of bending samples, images of the engine bore coating
were evaluated and shown in Fig. 15. A similar image shown in Fig. 16(a) can be used for
comparison with Fig. 16(b) and (c), which show the bending sample coating surface after being
ground to 800-grit and 1200-grit, respectively. It can clearly be seen that the 800-grit surface better
represents what is seen at the surface of coated engine bores. Keeping the bending sample coating in
an as-deposited or as-machined state (Fig. 14(a) and (b)) will result in early crack initiation and
failure of the coating, and the coating in its intended application will not be well-represented in

testing.

Fig. 15 Coating surface of cylinder bore samples using (a) SEM and (b) scanning optical

microscope.

]
- o

Fig. 16 SEM images of the coating surface of (a) cylinder bore samples, (b) bending samples
grinded to 800-grit, and (c) bending samples grinded to 1200-grit.

The quasi-static and cyclic bending specimen dimensions are roughly 70 mm X 12 mm X 4 mm
and shown in Fig. 17(a). It should be noted that the dimensions of each specific test specimen vary
slightly from the prescribed dimensions. After testing, each fracture surface was evaluated using a
microscope to determine the exact cross-sectional dimensions and coating thickness pertaining to
each specimen. The samples are extracted from flat coated sheets in two orientations perpendicular to
each other described as the W- and H-orientations, shown in Fig. 18(a) and (b) respectively. Fig.
17(c) highlights the rows and interface pattern location of the two orientations: in the W-orientation,

the interface pattern can be seen on the long edge, while the rows of waves run along the shorter
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width of the sample, indicated in the red dotted lines. The H-orientation shows the pattern on the

shorter width and rows run along the length of the sample.
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Fig. 17 Schematic with coating side indicated in red showing (a) bending specimen dimensions
(b) three-point bending loading diagram, and (c) the two bending sample orientations extracted
perpendicular to each other from the flat plates where the W-orientation shows the wave
pattern on the long edge and the H-orientation with the pattern on the short edge and rows of

wave that run vertically.
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Fig. 18 Diagram of extraction from flat coated plates at two orientations: (a) W-orientation and

(b) H-orientation.

This is to pinpoint the properties of the coating specific to the orientation of the mechanical

roughening in the engine bore and the relevant loading that occurs during operation. The samples

extracted in the two orientations are then painted to accommodate analysis using the digital image

correlation (DIC) system. Quasi-static specimen were subjected to a white paint job with a black

speckled pattern in order to accommodate strain measurements, whereas cyclic specimen are painted

plain white Fig. 19. Very High Temperature (VHT) brand flame proof spray paint was used, which is
appropriate for applications up to 1093°C.
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Fig. 19 Speckled samples for strain measurements in quasi-static tests and white samples

without speckles for crack initiation detection in cyclic tests.

3.8.2 Bending Experimental Methods

The comprehensive testing plan includes all combinations available across the two substrate materials
and two sample orientations (W, H), and the three temperatures of interest. This results in a total of
twelve test categories, shown in Fig. 20. For quasi-static testing, two test repetitions within an
acceptable variance range were performed for each category for a total of 24 tests, producing result
values that average the two tests. Quasi-static testing was displacement-controlled using a ramp

loading path with a rate of 1.00 mm/min.

Cyclic tests were force-controlled with a load ratio of R = 0.1 with a sinusoidal wave shape. While
test continues to run until the entire sample (i.e., combination of coating and substrate) fails, the cycle
where a visible crack initiates in the coating is identified by DIC is recorded as the life of the coating,
which is the main area of interest. Lifespans of 1,000,000 cycles were considered run-out. Four to six
load levels based off failure strength were used for each specimen category with two repetitions

within an acceptable variance range for each load level. The failure strength was based off the results
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of quasi-static three-point bending studies on the same specimen categories and under the same

testing conditions.

For all bending experiments, the Instron 8872 uniaxial (load capacity 25 kN) and Instron 8874
biaxial (load capacity 25 kN, torque capacity 100 N-m) test frames were used for RT testing. The
MTS 810 (load capacity 50 kN) was used for elevated temperature testing with the Instron 3119-609
environmental chamber which is temperature rated for -100°C to 350°C. The three-point bending
fixture was installed within the heated chamber and the GOM-ARAMIS 3D 5MP DIC device with
two high resolution CCD cameras of 2448 %2048 (5M) pixels resolution and frame rate 15 fps was
used for quasi-static testing to capture the strain. For cyclic testing, the Correlated Solutions DIC
device with two high resolution (5SM pixel) CCD cameras (13 fps at full resolution) was used to
determine the cyclic and location of crack initiation. The DIC’s were required to operate outside the
chamber during elevated temperature testing, with cameras pointed through the chamber’s glass
window for high temperature conditions. The complete quasi-static setup is shown in Fig. 21 (a
different DIC for the cyclic setup). It is important to note that the two supports are on the coating side,
while the load is applied to the non-coated substrate side of the sample to facilitate cracking on the
coating side. The loading schematic is shown in Fig. 17(b), where the coated side of the specimen is
indicated in red. SEM analysis was performed using the Zeiss Leo 1530 and UltraPlus FESEM (with
EDX/OIM).
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Fig. 20 Test plan showing the twelve combinations of the two substrates, two orientations, and

three temperature conditions.

Fig. 21 MTS test setup for quasi-static elevated temperature testing including three-point
bending fixture installed within the environmental chamber. The DIC device cameras are

required to operate outside the chamber and through the chamber’s glass window.
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3.8.3 Bending Analysis

The equivalent section method described in Section 3.7 Quasi-Static Bending Samples and Methods
for Curved Cylinder Specimen is used to determine the maximum tensile bending stress at the coating
surface from the maximum load in quasi-static tests. The same method is used to convert load levels
in cyclic testing to stress at the coating surface. This is based on the cross-sectional dimensions

measured of the fracture surface for each specimen.

Since the testing was not fully reversed (load ratio of R = 1) due to the nature of testing (i.e.,
bending), mean stress correction is necessary to transform the stresses to equivalent stress values with
zero mean stress. Two mean stress correction methods were used for this conversion: Morrow and
Smith Watson Topper (SWT). The Morrow method uses stress amplitude (g,), and failure stress in its
conversion (0y) to determine the equivalent stress amplitude for fully reversed loading (o), shown
in Equation 1. Stress amplitude is obtained from the aforementioned conversion from load amplitude
to stress amplitude, while failure stress is obtained from the quasi-static study results for the particular
specimen category (specific to the material, orientation, and temperature combination) [45]. The
advantage of the SWT mean stress correction method (Equation 2) lies in the absence of material

properties (i.e., of in Morrow) as it uses only stress amplitude and maximum stress (0p,qy) values,
which are directly from the test loading.
1

1-%a

of

Our = \/OmaxFa (Equation 2)

The Basquin equation (power law relationship) can be used to describe the relationship between the

Ogr =

(Equation 1)

fully reversed stress amplitude and coating life (which is linear on a log-log scale). Proceeding the
mean stress calculation, the regression analysis yields the stress-life model, described in Equation 3

by the Basquin parameters o5’ and b, for each of the twelve specimen categories. Note that the life
(Ny) in this model corresponds to the life of the coating as recorded by DIC crack initiation as

opposed to the life of the coating and substrate together (i.e., entire sample).

Our = a}(ZN f)b (Equation 3)
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Chapter 4
Characterization of PTWA Coating on Cylinder Bores

The results presented in the current chapter are published as a journal paper in Surface & Coatings

Technology in Volume 426, November 2021, 127757 (Fig. 22).
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This study examines the microstructure and mechanical properties of plasma transferred wire arc (PTWA)
coating of typical alloyed steel, deposited on diecast aluminum alloy cylinder bores. The coating surface and
microstructure were characterized in terms of surface roughness, features (i.e., defects, splats formation mech-
anisms, distribution of oxides, re-solidified particles, and interfacial metallurgical bonding) using laser scanning
confoeal seanning and electron (SEM and TEM). Residual stress through the
thickness of the coating was measured using X-ray diffraction (XRD) and hole-drilling method. In post-processed

Failure mechanisms
samples, compressive residual stress was measured throughout the coating with a value close to 100 MPa at the

interface, resulting from the thermal mismatch between coating and substrate materials. In terms of mechanical
properties, coating hardness was estimated at both the micro- and nanoscale and examined the influence of

i on the ? and failure modes. Three-point bending tests and
cansequent analysis using the equivalent section method yielded stress-strain properties for both the substrate
and coating materials with a maximum coating strength averaging 1480 = 108 MPa. SEM observation of fracture
surfaces showed three modes of failure involving coating delamination and breakage, which is related to the
deposition process and the various features within the coating.

Fig. 22 J. Zhang, D.C. Saha, H. Jahed, Microstructure and mechanical properties of plasma

transferred wire arc spray coating on aluminum cylinder bores, Surf. Coatings Technol. 426

(2021) 127757 [45].

1. Introduction

‘The research around thermal sprayed aluminum-silicon alloy (AISi)
cylinder bores is part of the ongoing initiative to improve fuel economy
and reduce g gas (GHG) emissions through ive light-
weighting efforts [1]. In the engine block, the replacement of grey cast
iron with cast AlSi and iron/steel eylinder bore liners resulted in up to
50% weight reduction [2,3]. These cylinder bore liners undergo defor-
‘mation that may lead to the development of a heat pocket, increasing oil
and fuel consumption [4]. However, these liners are necessary due to the

thermal spray application to liner-less eylinders. The process involves
propelling the molten coating material (in this case, alloyed steel) to the
substrate (diecast aluminum alloy) using a stream of atomizing gas at
extremely high temperatures (~15,000 °C) and velocities (200 to 300
m/s) to form splats on a substrate surface [©]. In the typical plasma spray
process, the cooling rate is approximately within the 107 to 10° K/s
range [7]. When molten particles are accelerated in the air, they are
mixed with oxygen to produce Wustite (FeO) which is 70% harder than
the coating steel matrix and thereby increases the wear resistance of the
cylinder bore [5,8]. It has been previously shown that the hardness and

low hardness and poor wear resi: of ic AlSi

of the coating have a direct correlation to the coating wear

alloys, which do not satisfy the contact tribological requirements be-
tween the piston ring and the cylinder bore wall. In comparison to the
traditional liners, thermal sprayed coatings are significantly thinner,
which can increase cylinder volume, improve engine efficiency and
tribological properties, and could potentially resolve the issue of
deformation [5].

The plasma transferred wire arc (PTWA) thermal spray process was
first developed by Flame Spray Industries and is a common method of

* Corresponding author.
E-mail address: hamid.jahed@uwaterloo.ca (H. Jahed).

https://doi.org/10.1016/j.surfcoat. 2021.127757

performance [9].

It has been found in previous studies that due to the high-velocity
material deposition process, the coating microstructure is comprised
of both amorphous and erystalline structures [7]. However, this also
means that the coating splat morphology consists of pores and other
features that act as locations of stress concentration leading to failure
[5]. Oxidation of the sprayed coating can take place in the vapor phase
surrounding the droplet or at the droplet surface in a vein-like
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The porosity, oxide content, surface roughness, and hardness are important factors to consider as
they are indicative of the coating quality, and affects coating properties/failure mechanisms. In this
section, the microstructure of the coating and its interaction with the substrate at the interface are
discussed. Coating properties are also analyzed by considering the residual stress through the coating

and coating hardness.

4.1 Coating Characterization

Extensive microstructural characterization revealed various types of defects such as voids and pores,
microcracks, re-solidified particles, and inter-splat oxides. Images of the coating with highlighted
features is shown in Fig. 23, while detailed features images are shown in Fig. 24. Penetration of the
steel coating into the substrate at the interface was also observed (Fig. 24(a)). Other instances showed
an accumulation of particles identified at the bottom section of the dovetail geometry that often

appear to be fragmented in nature.

<" Microcracks ™
{ y

Splat Boundaries Resolidified particle

i

Fig. 23 BSE SEM microstructural images showing (a) the coating cross-section and (b) the same

image with various features and defects outlined.
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Fig. 24 BSE SEM microstructural images of coating cross-section showing various features and
defects such as (a) coating penetration into the substrate, (b) pores/voids, (c) inter-splats gap

and boundary oxides, and (d) oxides and re-solidified particles.

4.1.1 Splat Structure

The formation of coating splats is mainly related to the direction of the deposition process. The splat
thickness and distribution will affect the adhesion and cohesion strength of the coating which has a
prominent role in coating delamination. It was found that initially, the splats have a flat structure, but
with the progression of subsequent splat deposition, heat build-up facilitates multiple splats
combining to form a larger splat. Based on the splat formation observed in as-deposited samples
shown in Fig. 25, three distinct regions within the coating were identified. These regions are mainly a
result of the splat proximity to the interface pattern and whether the local effects of the interface are
prominent. Adjacent to the substrate interface (Region A), the splats’ thickness varies along each
splat quite prominently, and splats mainly accumulate together at the bottom area of dovetails. In the
middle section (Region B), the splats line up and numerous splats consolidate to form a longer splat.

Finally, the top section (Region C), shows an area that is unaffected by local dovetail patterns, the
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major splats are uniform, and the distance/thickness between splats does not vary like Region A. It
should be noted that the upper portion of Region C is typically machined off during the post-

processing step.

The varying regions are mainly an artifact of the proximity of splat deposition to the interface
pattern during the coating process. The more uniform coat quality described in Regions B and C are
ideal; the accumulation of splats causing irregular splat thickness and orientation in Region A will
result in the respective oxide boundaries to be irregular in both size and shape. Specifically in Region
A, the presence of these irregular oxides has the potential to cause crack initiation, be included in the

path of propagation, or cause cohesion failure within the coating.

2% Region A

\ s

Fig. 25 BSE SEM image of as-deposited coating, showing three different splats formation

regions.

4.1.2 Resolidified Particles and Pores

While it was determined that pores or voids were uncommon, few were still present within the
coating and interfacial area. Fig. 24(b) shows an example of a larger void within the coating which
measures 33 um, diagonally. Voids were identified as regions lacking in notable elemental
composition during EDX analysis. These regions can be recognized easily by the darker shades in

SEM images, but also being irregular in their shape. Dark shapes that are more circular are artifacts of
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the sample preparation method (i.e., hot mounted resin), and are not indicative of void features. The
concerns regarding voids are related to their role as potential crack initiation sites as well as an
indication of poor metallurgical bonding between the splats. Since thermal spray coating is conducted

in the air, oxidation and chemical reactions occur during coating deposition.

Re-solidified particles, shown in Fig. 26, are undesirable as they can act as stress concentration
sites and facilitate oxide formation at their boundaries. The size distributions and locations of re-
solidified particles contribute to the final fracture modes and failure mechanisms under static and
dynamic loading. The presence of the re-solidified particles adjacent to the dovetail profile wall (i.e.,
at the vicinity of coating/substrate interface) represents poor coating/substrate metallurgical bonding
and may lead to sharp interface separation. On the other hand, the re-solidified particles at splats and
splat boundaries have limited contribution to the final fracture mode. Fig. 26(a) depicts the re-
solidified particle size and distribution relative to the position on the dovetail profile, combining five
images taken from different locations overlaid. For comparison, Fig. 26(b) shows a similar size and
distribution overlay that highlights the voids present in the coating. Most particles, while smaller in
size, accumulated at the top location (Region C, as shown in Fig. 25) of the dovetail, and fewer but
larger particles are located at the bottom location (Region A). The overall size distribution of the
particles is described in Fig. 26(c), where more than 200 particles within the coating were measured,
indicating that most particles fall within 6 to 10 um diameter range. The area fraction that accounts
for re-solidified particles is 2.03% of the coating, as estimated by using Keyence VHX-7000

communication software.
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Fig. 26 Optical images showing the morphology and locations of the (a) re-solidified particles,

(b) voids, and (c) the size range distribution of re-solidified particles.

44



4.1.3 Oxides

When the molten metallic particles oxidize in air, oxides shells are formed at the boundaries (Fig.
24(c) and (d)). These areas are identified as regions of oxides due to the high oxygen content in the
elemental composition reported during EDX analysis. The inter-splat gap or outline is mostly oxide
inclusions or a network of oxides that formed during in-flight oxidation. Additionally, the surface of
solidifying splats is further oxidized by surrounding oxygen before being covered by the next arriving
droplet particles. Therefore, two types of oxidation occur during the deposition: (a) oxidation of
molten droplet shell in-flight before impacting on the substrate, and (b) post-impact oxidation which
mainly occurs due to the time lag between each successive splat deposition. The latter oxidation is
negligible compared to the former one, as the time lag between the successive splats (10-20 ps) is
much shorter than two successive passes (a few seconds) [46,47]. The higher in-flight oxidation time
produced a high volume of oxide shell around the re-solidified particles which can be seen in Fig.
24(d) compared to a very thin oxide outline between the splats as shown in Fig. 24(c). A large amount
of oxide phase is expected in the thermal spray coating since oxides make the coat harder and more
wear resistant. However, the oxides may deteriorate the strength, corrosion, and machinability of the
coating. The distribution of the oxide layer is dependent on the coating deposition parameters. For
example, a better distribution of oxides has been reported when spindle revolution speed increase
from 400 to 600 min"'[4]. Since oxides surround the various features of the coating (i.e., splats, re-
solidified particles), the structure and distribution of said features are directly related to that of the

oxides.

4.2 Interface Characterization

To investigate the metallurgical bonding between the steel coating and Al substrate, a TEM
membrane was prepared using the FIB method from the lower region of the dovetail. Fig. 27(a)
shows a SEM image of the region of interest comprised of equal coating and substrate regions. The
prepared FIB sample was observed under TEM and a very sharp coating/substrate interface was
found without the presence of intermetallic compounds (IMCs), as shown in Fig. 27(b). The enlarged
view of the coating/substrate interface (Fig. 27(c)) exhibits several features such as dislocation pile-
up at the steel coating due to rapid solidification, and lattice strain because of the phase
transformation. On the Al substrate side, several shear bands were identified which are believed to

have been induced during the dovetail pattern cutting process. Upon coating deposition, heat build-up
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occurs very quickly at the Al substrate, which favors the recrystallization process. Therefore, several

recrystallized Al grains can be observed as highlighted in Fig. 27(c).

Dislocation

pile-up
Steel Coating /
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Shear bands &-

‘ Recrystallized grains

Fig. 27 (a) Interface selection for TEM membrane preparation using FIB method, (b) bright-

field TEM image of steel coating and Al substrate interface, and (c) enlarged view of the

rectangular area on (b).

The energy dispersive x-ray spectroscope (EDX) analysis of Fe, Al, Cr, O, and Si elemental
distributions are presented in Fig. 28. No visible Fe-Al IMC layer was identified, which may suggest
that the solidification rate was so rapid that the potential diffusion of Fe and Al atoms was restricted.
Usually, the IMC:s are brittle and have a low resistance to cracking, leading to early crack initiation
under mechanical loading. Although no IMCs were detected, traces of steel coating could be seen on
the Al substrate and is likely related to the mechanical interlocking. The absence of an IMC layer was
further confirmed by EDX line scanning across the coating/substrate interface as shown in Fig. 29,
where no identifiable IMCs were detected. Lack of IMCs may be due to the high solidification rate of

the deposited coating which did not provide enough time for diffusional phase transformation.
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Fig. 28 Bright-field TEM image of the interface with EDX elemental mapping of Fe, Al, Cr, O,
and Si.
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Fig. 29 EDX line scanning across the steel coating and Al substrate interface.

4.3 Surface Roughness

Surface roughness is an important coating property to determine since it plays a crucial role in the
wear performance of the coating. As expected, as-deposited coatings, which are rough to the touch,
had a considerably higher average surface roughness (R,) value of 18.5 pm. The roughness

significantly decreased after diahon and machining processes since both samples had a mirror-like
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surface finish: R, values were 0.17 um and 0.14 um, respectively. Similarly, the difference between
the tallest peaks and deepest valleys (R,) was measured to be 149.3 um for the as-deposited sample,
and 8.44 um and 6.4 um for diahon and machined (Fig. 30). As a result, diahon and machined

surfaces are expected to have better tribological properties compared to the as-deposited structure.
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Fig. 30 Comparison of as-deposited, diahon, and machined samples in terms of (a) surface
roughness, (b) average surface roughness (R,), (¢) difference between tallest peaks and deepest

valleys at the surface (R,), and (d) trace of surface roughness line profiles excluding large pores.

4.4 Residual Stress

The RS distribution throughout the coating thickness was measured using the XRD peak broadening

method. Results for the two post-processed samples (i.e., machined and diahon) yielded compressive
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RS in the range of -500 MPa at the coating surface (Fig. 31). The RS trend approached zero through
the thickness of the coating and approaching the interface (Fig. 31). However, for the as-deposited
sample shown in Fig. 32, the resulting trend was different: RS at the surface is essentially zero and
while the stresses vary between compressive and tensile through the thickness, they are of low
magnitudes that can be considered near zero up to 200 um thickness where it shows a small
compressive residual stress. Unlike post-processed samples, the stresses do not reach a value greater
than -150 MPa (Fig. 32). This implies that the post-processing (i.e., machining/grinding and honing)

induces a considerable amount of compressive RS.
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Fig. 31 XRD residual stress distribution across the machined and diahon coatings.
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Fig. 32 XRD residual stress distribution across the as-deposited coating.
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The results of the RS evaluation using the hole drilling method (machined and diahon) along with
the XRD results are plotted together in Fig. 33. Like the XRD results, the coating and substrate
regions are divided by the y-axis, but the area right of this represents the height of the dovetail region.
At the interface, this region contains both steel and Al, shown in Fig. 33 inset. As a result, within this
region where both materials are present and alternating, there are uncertainties in the RS calculations,
which are intended for single material consideration. Overall, outside the dovetail region, the
following conclusions about RS can be made from the hole-drilling results: (1) RS in the coating is
compressive, (2) RS value ranges from -600 to 200 MPa, and (3) beyond the depth of 200 pm in the

substrate, there is small RS that can be considered close to zero.

These results are consistent with those obtained by the XRD method, which ensures they are
independent of sample preparation and measurement method. The compressive RS at the interface in
the as deposited coating can be attributed to the thermal mismatch between steel and aluminum. Due
to the extremely high temperature (~15,000°C) of the deposition process, the large thermal
deformation of the substrate relative to the coating will cause the surface of the coating to experience
compressive stress. Since lower compressive stress values were measured within as-deposited
samples, it was found that the compressive RS is accentuated to a higher degree by the post-
processing that occurs. It has been identified through extensive High Angular Resolution Electron
Backscatter Diffraction and Transmission Electron Microscopy analysis along with XRD Sin’y
technique [48] that the RS value at the substrate immediately below the splats is tensile in nature,
which is confirmed in the current investigation. The RS transition from highly compressive at the
coating surface to the little tensile at coating/substrate interface was reported to be the combined
effect of stress-relieving phenomena (edge curling) and low splat-substrate adhesion due to the

heterogeneous nucleation over an oxidized surface [48,49].
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Fig. 33 Residual stress distribution across the coatings using hole-drilling method and XRD

methods, and substrate using hole-drilling for machined and diahon samples.

4.5 Coating Hardness

Vickers micro-hardness and nano-indentation studies were conducted to determine the local
mechanical properties of the coating, interface, and substrate. Overall coating hardness is important to
evaluate as it will directly contribute to the wear resistance properties of the coating. The hardness
distribution within the coating is also a crucial consideration since locations of higher hardness
surrounded by lower hardness areas can cause failure within the coating, affect the mechanical
properties, and potentially change failure modes related to interface bonding. The plot of micro-
hardness as a function of distance from the coating/substrate interface for the post-processed samples
is shown in Fig. 34. The results showed the average hardness of the Al substrate was around 95 + 3
HV, while micro-hardness within the coating varied from 200 to 450 HV. The large micro-hardness
deviation in the coating can be attributed to the various coating features. The coating has a composite-
like structure, featuring a combination of hard and soft phases. Since these microstructural features
are much smaller in size than the micro-hardness impressions, the hardness value will differ
depending on the combination of features present within the indented region. As a result, three
categories of coating hardness were identified as highlighted in Fig. 34: (i) indentation partially or
fully within the splats with 200-300 HV, (ii) indentation comprising both splats and oxides with 300-

400 HV, and (iii) indentation partially within oxides with 400-500 HV. The hardness within the splat
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is expected to be relatively low, whereas oxides are expected to have high hardness values,
considering FeO (wiistite) is 70% harder than the steel matrix [7].
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Fig. 34 Vickers micro-hardness distribution across the coating thickness of the post-processed

samples.

While micro-hardness testing is important in determining the overall hardness of the materials, the
hardness of the microstructural features can be better resolved using nano-indentation techniques due
to the nanometer-range indenter size. It was found that the nano-hardness within a re-solidified
particle was about 500 HV, and the same three categories evaluated in micro-hardness tests are as
follows: (1) 150-250 HV, (2) 250-400 HV, and (3) 400-700 HV. When comparing the results (Fig.
35) of the three regions from micro and nano-indentation, the hardness values are within a more
localized region and it can be concluded that these values accurately describe how splats and oxides
contribute to the lower and higher hardness values, respectively. Micro-indentation results provide a
better representation of hardness values when considering the overall coating and its features as a
whole, while localized values obtained by nano-indentation have identified areas of high hardness and
potential failure sites. Specifically, the crack initiation and propagation may follow the path of the
irregular high hardness values within the coating, which were identified to be oxide-rich regions.

Similarly, cohesion issues within the coating will occur when the coating bonding is weaker than
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interfacial bonding, which is again dependent on the coating microstructure and corresponding

hardness.
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Fig. 35 Comparison of micro- and nano-hardness ranges on oxide, oxide/splat, and splat

regions.
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Chapter 5
Adhesion Properties of PTWA Coating

5.1 Experimental Bonding Strength

Five tests for each of the interface patterns were conducted on the A319 substrate, with the addition
of three supplementary wave pattern tests on the A356 substrate. The load and stress data for each

specimen, average stress for each sample type, and standard deviation are shown in Table 4.

Table 4 Stress results of bending testing with qualitative failure description

Pattern/Substrate Test Stress Average Stress Standard Failure Fracture
Type Deviation  Description’ Surface
01 1.25 A, C
02 -0.13 A,CE
D319 03 -0.58 0.96 0.84 A, C Smooth
04 1.57 A, C
05 1.55 A,C,E
06 -0.84 A, C
07 -0.35 A, C Mild
W319 08 -0.45 -1.04 -1.11 A, C cohesion
09 -1.50 A,CE issues
10 -0.72 A,C,E
11 0.04 A,C Prominent
W356 12 0.93 0.08 0.26 A, C cohesion
13 -0.77 A, C issues

IFailure observed, including adhesion (A), cohesion (C), and epoxy (E)

In addition to the load and stress data, there were clear qualitative trends observed in the three
specimen types. Even when inspected by the naked eye, the fracture surface of the D319 (dovetail
dovetail) samples were smooth and shiny (to varying degrees). The W319 and W356 (wave) samples
were more similar — splotches of coating remnants were obvious across the fracture face. Fig. 36
shows camera images of the fracture surfaces of four samples. Fig. 36(a) and (b) show D319
substrates which are shiny and smooth relative to the others. Fig. 36(c) and (d) show the W319 and
W356 samples, which there is an uneven distribution of coating remaining, indicating that there has
been failure within the coating (cohesion failure) as opposed to at the interface (adhesion failure). It is
also clear that the W319 sample in Fig. 36(c) has experienced milder cohesion issues when compared
to (d), where a more significant amount of coating remains. Previous quasi-static adhesion tests in
literature suggested that coating/substrate failure is mainly due to adhesion failure [4], which is what
is predominantly seen by the dovetail pattern samples (D319). Other studies in literature reported

failure due to cohesion [9], which has been seen by the wave pattern samples (W319 and W356).
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(a) (b) (c) (d)

Fig. 36 Camera images comparing the fracture surfaces of (a) D319-03, (b) D319-04, (¢) W319-
09, and (d) W356-13.

When comparing the two D319 images, Fig. 36(a) shows a sample with the lowest recorded
maximum stress, and (b) with the highest maximum stress. The SEM images at X50 magnification of
the same two samples are shown in Fig. 37(a) and (b) where examples of coating remnants are
highlighted in yellow. Though both are D319 samples, the degree of cohesion issues is clearly
different — Fig. 37(a) D319-03 experiences a lower maximum stress (28.83 MPa) and has only a few
spots of coating, whereas Fig. 37(b) D319-04 experiences higher maximum stress (43.18 MPa) and
has a considerably amount of coating breakage. The coating thickness and location is better observed
in the side cross-sectional images shown in Fig. 38(a) and (b). Lack of interlocking at the interface
will result in a relatively clean adhesion breakage at that location. When there are cohesion issues, it
is an indication that the interlocking is successful. Since we see more coating breakage and successful
interlocking in D319-04, it also experiences a higher maximum stress before failure. It is also clear
that effective interlocking of the coating occurs within the lower portion (or “wells”) of the dovetail

pattern.

Similarly, when comparing the W319 and W356 results from Table 4, the lower average maximum
stress of W319 corresponds to the lesser degree of cohesive coating breakage shown in Fig. 37(c) and
Fig. 38(c), versus the W356 with higher degrees of coating in Fig. 37(d) and Fig. 38(d). Overall, in
W319 samples, the separation due to adhesion failure was greater than coating cohesion breakage.
W356 samples experienced similar amounts of adhesion failure and cohesion coating breakage. While
mechanical interlocking is successful in both cases of the wave pattern, it is more prominent in the

W356 sample.
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500 pm

500 pm : 500 pm

Fig. 37 SEM images at x50 magnification comparing the fracture surfaces of (a) D319-03, (b)
D319-04, (c) W319-09, and (d) W356-13, with examples of coating remains highlighted.

Fig. 38 SEM images comparing the side cross sectional view of (a) D319-03, (b) D319-04, (c)

W319-09, and (d) W356-13, with examples of coating remains indicated in yellow.

Based on the severity of deformation, five levels were devised as follows: (D0) No deformation,
(D1) Mild deformation, (D2) Medium deformation, (D3) Heavy deformation, and (D4) Fracture.

Mainly the heaviest two degrees of deformation, D3 (heavy) and D4 (fracture) were observed in the
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dovetails, shown in Fig. 39(a). The entire range of deformation severity was identified on wave
samples, shown in Fig. 39(b). Generally, the degree of deformation is associated with the failure type
— heavier deformation results in adhesion failure since mechanical interlocking is weaker, and milder
deformation sees cohesion failure since the coating fails before considerable deformation occurs. The
relationship between the degree of deformation seen and the failure mechanisms is discussed in

Section 5.3 Fracture Mechanisms.

At the fracture surface of the aluminum substrate, textured areas were found in both the dovetail
and wave samples, existing at the bottom region of the geometry. EDX analysis revealed that these

areas may indicate the presence of Iron Aluminum intermetallics (Fe-Al IMCs), displayed in Fig. 40.

. No deformation

. Deformation (Mild)

. Deformation (Medium)
. Deformation (Heavy)

. Fracture

Fig. 39 SEM images highlighting the degrees of mechanical deformation of (a) dovetail, and (b)

wave interface patterns.
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Fig. 40 EDX elemental analysis of the textured regions showing Fe, Al, Si, and O distribution.

5.2 Coating Strength Simulation

Results of the simulations yielded maximum stress values of 50 MPa for the dovetail drawing, 10
MPa for the wave drawing, and 34 MPa for the wave SEM image. Stress is calculated from the
maximum force during the applied separation, divided by the adhesion area. Since it is extremely
apparent that the ideal wave drawing (Fig. 12(b)) is not an accurate representation of the wave pattern
observed on the specimen (Fig. 12(c)), this model was not considered in further analysis. The
discrepancies arise from the irregular deformation that the waves are subjected to during the splat
deposition process of the coating. This was mirrored in the results of the wave drawing deviated so
much from experimental and expected values. The stress versus separation curve is shown in Fig.

41(a).
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Fig. 41 Plots showing (a) stress versus separation curve for dovetail drawing (red) and wave

SEM (blue) models, and (b) parametric study where the static friction coefficient is varied.

A parametric study was performed on the dovetail model to examine the sensitivity of the results
particularly to the static coefficient of friction used to describe the interaction between the materials at
the interface (Fig. 41(b)). It was found that there is under 0.45% change in maximum stress per 1%
change in the coefficient value. Overall, there is a percent difference in maximum stress ranging from
-13.24% to 9.72% for coefficient values of 0.4 to 0.8, respectively. This indicates that the model
results can change by a considerable amount if the static friction coefficient were to greatly deviate

from the value of 0.61 that is used.

The simulated analysis also presents several limitations. The model of the dovetail pattern
resembles the SEM interface image shown in Fig. 42(a), but occasional irregularities are not
accounted for along and through the dovetails. Similarly, the wave pattern model shown in Fig. 42(b)

describes an example of the types of irregularities that occur at the interface (i.e., along the waves),
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however it also does not account for variance through the depth of each row. The variance through
the depth of the rows can be seen in the dovetail fracture face SEM image shown in Fig. 42(c). In
both models, the layered splat structure and various features of the coating are not modelled. It has
been observed in experimental results that breakage within the coating is varied and heavily
dependent on features. Breakage and separation are especially prominent at the splat boundaries,
highlighted in Fig. 43, and not reflected in the stress distribution of the model since coating structure
is not included. Potential metallurgical bonding at the interface is not considered. IMCs may be

present at nano-scale depth (Fig. 40), but previous TEM analysis showed no visible IMCs [45].
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Fig. 42 Cross-sectional SEM image comparison with (a) dovetail model, (b) wave model, and (c)

fracture face SEM image showing the orientation of cross-sectional image AA’.

Fig. 43 SEM images with experimental breakage highlighted in yellow for (a) dovetail and (b)

wave patterns.
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5.3 Fracture Mechanisms

When examining the dovetail model at both the fracture surface and side-view, the stress distribution
in Fig. 44 shows that the coating is expected to break in the areas highlighted by yellow dashed lines.
Consequently, the model shows that the coating breakage will be embedded in the regions outlined in

white dotted lines, between the dovetails and at the “wells”.

(a) [IBL A STEEL COATING ™

Model Stress: ~49 MPa

STEEL COATING
(b) .

‘ FRACTURE SURFACE

T STEEL COATING

~777Y Coating
! breakage [ SIDE-VIEW
_! expected )
. Embedded
: coating

: location on
substrate

Fig. 44 Dovetail pattern model with expected coating breakage regions highlighted in yellow
dashes, and location of embedded coating on substrate highlighted in white dots for (a)

complete side view, (b) separate fracture surface view, and (c) separate side view.

Similarly, Fig. 45 shows the stress distribution in the wave pattern at various orientations with
coating breakage highlighted in yellow dashed lines and locations of coating embedding in white
dotted lines. It can be seen clearly that the breakage is most likely to occur first in the two waves
highlighted by yellow, where the stress concentration is indicated in red. In both the interface
patterns, we can see that the locations of expected breakage/embedding match what is seen in the

SEM images of the tested samples, previously shown in Fig. 37 and Fig. 38.
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Fig. 45 Wave pattern model with expected coating breakage regions highlighted in yellow
dashes, and location of embedded coating on substrate highlighted in white dots for (a)

complete side view, (b) separate fracture surface view, and (c) separate side view.

The wave pattern stress concentration is shown again in Fig. 46(a) with a potential fracture path
shown. The pink region highlights where the stress concentration is high on the model (i.e., red) and
breakage would initiate. The breakage would then propagate to the white path, where the subsequent
stress concentration is located. After that point, there is no clear region of concentration, and the
breakage path can travel in various ways. Three examples are shown in the yellow (i.e., dashed,
dotted, and dash-dotted lines). The dashed line and dotted line show a breakage path at varying
distances away from the interface, whereas the dash-dotted line shows breakage at the interface. Both
the dashed and dotted lines result in breakage through the coating (cohesion failure) that would cause
varying degrees of coating to remain on the substrate. This cohesion failure would result in DO, D1
(no/mild deformation) levels of substrate pattern mechanical deformation, previously described in
Fig. 39. This is due to breakage within the coating occurring before the substrate waves are subjected
to heavy loading. In contrast, the dash-dotted line shows adhesion failure at the interface which would
result in little to no coating remnants at the interface. Adhesion failure also results in D2, D3, D4

(medium/heavy deformation, fracture) levels of substrate deformation. After the initial fracture and
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early breakage, the path is dependent firstly on if the mechanical interlocking at the interface is
weaker than coating cohesion — in which case, adhesion failure will occur along the interface pattern
with high substrate deformation and low degree of coating remnants. If coating cohesion is weaker,
then the breakage path will follow the features within the coating (i.e., splat and particle boundaries,
and voids), with low substrate deformation and high degree of coating remnants. These three paths
shown in Fig. 46(a) are all clearly observed in the experimental specimen SEM images, shown in Fig.
46(b). In both the model and SEM images, three lines are highlighted: (1) cohesion coating breakage
far from the interface is indicated by dashed lines, (2) cohesion coating breakage close to the interface
is indicated by dotted lines, and (3) adhesion breakage is indicated using dash-dotted lines. Studies in
literature found that bonding strength could be improved by controlling the interfacial microstructures
[34]. It was found through FEM analysis that the fracture path is unclear after a certain point in terms
of stress concentrations, hence the three potential lines of failure mentioned above. However, it was
confirmed from the SEM analysis of experimental specimen that the fracture path is dictated by the

microstructure of the coating (i.e., features) local to the interfacial region after initial breakage.
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Fig. 46 Wave pattern (a) model showing expected breakage paths, and (b) SEM image of test
sample with various breakage identified: breakage at interface (green dash-dotted line),
breakage within coating while close to the interface (white dotted line), and breakage within the

coating while further from the interface (yellow dashed line).

Overall, the dovetail model pull strength is higher than what is seen in experimental results, which

is likely due to the small irregularities that occur within this pattern that have not been considered
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since it was modelled after the dovetail drawing geometry. While the discrepancy between the
drawing and SEM images for the dovetail pattern are not as prominent compared to the wave pattern,
the drawing is still not a perfect representation of the interface pattern. The small irregularities in the
actual pattern also contribute to the varying degrees of deformation and/or breakage of the side
portions of the interface geometry, whereas the model shows the same stress concentration for all
these regions. Similarly, the wave model stress is also greater than the average stress of the
corresponding experimental results. However, some samples had a pull strength greater than the
model. The highly irregular wave pattern can contribute to varying degrees of mechanical
interlocking and it is likely that in those samples, mechanical interlocking was more successful than
the region of the SEM image that the wave model was based on. It was also found that due to the
intricate geometry of the wave pattern, it had a higher likelihood of improper coating deposition
which results in unfilled voids at the interface, specifically within the waves. These regions can be

seen in the SEM images prior to testing shown in Fig. 9(c).

While maximum pull stress shown in Fig. 41 is calculated using the maximum pull load at failure
and the cross-sectional area at the interface, the model shows the stress concentrations at the interface,
which are much higher than the resulting pull strength. The stress concentration in the wave model is
shown in Fig. 47(a) with orange and red circles for the coating and substrate respectively. The stress
at these specific locations is plotted in Fig. 47(b). Based on properties from Anton Paar analysis, the
yield stress of the coating is 785.5 MPa (highlighted by the orange circle in Fig. 47(b)) which occurs
at a separation of 10.0 um, where corresponding pull stress is around 31 MPa. Similarly, the yield
stress value of the substrate is 322 MPa (highlighted by the red circle in Fig. 47(b)) which also occurs
at a separation of 10.7 um and corresponding pull stress of around 32 MPa. In the wave model, the
coating and substrate will both yield around the same point (around 10-11 pm separation, 32 MPa
pull stress). A number of these failures within the substrate waves and interlocked coating then occur

before the entire sample fails at 15 um separation, 34 MPa pull stress.
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Fig. 47 Wave model stress concentration (a) locations in coating (red) and substrate (orange),

and (b) stress concentration plotted with separation.

The stress concentration for the dovetail model is shown in Fig. 48(a). Using the same yield
properties, the substrate yielding (highlighted by the red circle in Fig. 48(b)) occurs at a separation of
65 um and corresponding pull stress of around 27 MPa. However, the coating does not reach its yield.
Contrary to the wave model, not only do the substrate and coating not yield at a similar point, the
coating also does not experience high enough stresses to cause yielding. This means that in an ideal
model, the failure of the sample is solely due to failure within the substrate since coating yielding is
not present. However, since the sample failure occurs at 36 um separation, 49 MPa pull stress, the
substrate is not expected to yield before the mechanical interlocking at the interface is compromised
due to deformation. This matches what is observed experiments, where the coating does not
experience breakage (Fig. 38(a)) and there is deformation that eliminates interlocking (Fig. 39(a)).

Again, the reason that experimental results show some yielding in the substrate is seen (Fig. 39(a)), as
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well as coating remnants due to breakage/cohesion issues (Fig. 38(a)) is rooted in the limitations of

the model related to unmodelled irregularities in the geometry and coating microstructure.
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Fig. 48 Dovetail model stress concentration (a) locations in coating (red), and (b) stress

concentration plotted with separation.

The locations of stress concentrations within both the coating and substrate (as well as separation
behaviour) from the model can be used to predict where they are expected in experimental pull tests.
Though we don’t have measurements of the stress concentrations occurring in experimental testing,

they are likely like those experienced in the finite elements model.

Since the model does not account for the multitude of microstructural intricacies in the thermal
sprayed coating, the sensitivity of the model to two common features was briefly investigated. The
location of these features was based on previous characterization that identified where these features
are most likely to reside (Fig. 49). These features were taken into consideration in modelling

representative particles and voids in the dovetail model, shown in Fig. 49(c) and (d) respectively. The
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simulation of the original model in Fig. 49(e) shows separation that is even across the dovetails,
whereas the models with features in Fig. 49(f) and (g) show that the balanced separation is disrupted
by the feature. It can also be seen that the particle away from the interface in Fig. 49(f) has little effect
when it comes to the type of loading present in adhesion pull tests, and the particle at the interface is
causing uneven separation that is greater on the left side. Similarly, the void model in Fig. 49(g)
shows larger separation on the left. The stress is not reported in the figure since the modelled values
are not necessarily relevant or accurate in the model where only the effects of a few single features
are considered. In reality, the entirety of the coating is comprised of features and splats that affect the

stress that is experienced.

When inspecting the substrate, it can be seen in Fig. 50(a) that the original model experiences stress
concentrations in the aluminum across the two tips of each dovetail. When particles are considered
(Fig. 50(b)), a stress concentration is seen at a location that experiences the most interlocking, which
is no longer evenly distributed due to the uneven separation. In the case of the void (Fig. 50(c)), the
location of heavy interlocking is near the void, but due to the absence of material to facilitate
interlocking at this location, the stress concentrates on the other side of the dovetail. A combination of
the deformations seen in the simulation are observed in experiment - it is likely that in cases where
separation is more balanced, heavy substrate deformation at the dovetail tips is observed (D3 in Fig.
39(a)). When separation is uneven and stress concentrations are not distributed across dovetail tips,
fracture is more likely to occur (D4 in Fig. 39(a)). In reality, a combination of all types of
deformation (D0, D1, D2, D3 in Fig. 39(a)) is observed because there are an abundance of features
within the coating — in many areas the features would result in some balance, and others would result
in varying degrees of imbalance in separation across the fracture surface which results in the

corresponding array of substrate deformation.

When considering the coating side, the stress is concentrated at the bottom region of each dovetail
in the original model without features (Fig. 50(d)). However, it was previously shown in Fig. 48(b)
that the coating does not necessarily yield. It is also seen in Fig. 50(e) and (f) that the uneven
separation also affects the location of stress concentration in the coating, namely where the lowest
degree of separation occurs, and mechanical interlocking is prominent. Consequently, the discrepancy
between the model pull strength (Fig. 41) and experimental results (Table 4) is attributed to the
effects of the varying types of features as well as the combination of such. The plot of pull strength

with separation for various models is shown in Fig. 51(a). The particle model (grey) follows the
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original model (blue) until 15 pm separation before it begins to deviate where it likely experiences the
effects of the particle close to the interface. The models with the void (yellow), and an additional
model including the particles and void (orange) show lesser pull strength at the corresponding
separation. Overall, the pull strength reduction is much greater with the addition of a void compared
to particles. A similar stress concentration analysis that was performed on the original models in Fig.
47 (wave) and Fig. 48 (dovetail) can be done for the dovetail model with features to compare
differences in the point of yield. Fig. 51(b) shows the stress concentrated locations within the
substrate (from Fig. 50) plotted with separation values of the various models. Substrate yield is
indicated with the horizontal red line, which shows that yielding in the substrate occurs at differing
separation points amongst the models. This shows that the addition of imbalance due to coating
features will cause yield to occur at a considerably lower separation compared to cases of more
balanced separation depicted in Fig. 49(e). Again, yielding of the substrate does not indicate complete

failure of the sample, but rather when breakage first occurs in the interface geometry.

It should be noted that the numeric values of pull strength (Fig. 51(a)) and separation at yield (Fig.
51(b) are just a relative comparison and not values to be considered since an unrealistic configuration
of features is modelled. The study is only to show the effects on separation that features can cause and
the corresponding stress distribution changes. The modelling is also aggressive as it is applied to a
sub-size model which implies the features are repeated across the multitude of dovetails in a sample.
Not only is this not the case, but some combination of features will also balance out the separation
such that is it like the original model in Fig. 49(e). The sensitivity study confirms the degree of
separation differences due to the coating microstructure can have a large effect on the pull strength:
between 13 and 30 percent reduction in pull strength in the addition of these features. This along with
the unmodelled irregularities of interface across the dovetails and through the depth of the row

account for the discrepancies observed in the experimental and model pull strength values.
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Fig. 49 SEM images showing common locations of (a) voids and (b) resolidified particles. Model
representations of (c¢) particle inclusions and (d) void feature. Simulations showing the (e)

original dovetail model, (f) model with particles, and (g) model with void.
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Fig. 50 Simulations showing the substrate side of the (a) original dovetail model, (b) model with

particles, and (c) model with void. The simulations are also shown for the coating side of the (d)

original dovetail model, (¢) model with particles, and (f) model with void.
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Chapter 6
Quasi-Static Characteristics of PTWA Coating at Room and High

Temperatures

6.1 Quasi-Static Properties of Cylinder Samples at Room Temperature

6.1.1 Quasi-Static Properties of Cylinder Samples

Three-point bending tests were performed and monitored by a DIC and video camera system. During
the tests, the load-displacement data was recorded directly from the tensile frame and the
corresponding strain distribution map across the sample along the x-direction was calculated using the
GOM ARAMIS software, shown in Fig. 52(a) to (d). The images captured during the tests were also
recorded; the side and bottom views of the sample at the time of failure are presented in Fig. 52(e)
and (f). The strain distribution just prior to failure exhibited maximum strain at the bottom face (Fig.
52(c)) which corresponds to the coating surface and decreases towards the substrate surface. Multiple
strain localization points were identified and may be correlated to surface defects resulting from post-
processing of the coating (i.e., diahon or machining). The strain distribution at the fracture location is
shown in Fig. 52(d) which is located exactly in the middle of the sample. The maximum bending

strain at the coating surface was recorded to be over 1.5% before failure.

A sample of the calculated stress (equivalent section analysis method for composite beams) and
recorded strain plots at the coating surface and both sides of the interface are shown in Fig. 53(a). A
comparison of the calculated bending strength at the coating surface and both sides of the interface
across all tested samples are shown in Fig. 53(b). Among the bending strengths at three different
locations, the coating surface experienced a maximum strength with an average value of 1480 + 108

MPa.

6.1.2 Quasi-Static Fracture Mechanisms of Cylinder Samples

SEM inspection of the fracture surface (Fig. 54) revealed that crack initiation occurred at the
dovetail wall (as opposed to the coating surface where maximum bending stress is present as shown
in Fig. 53(b)), and eventually propagated towards the coating surface. In some samples, the crack was
transferred from one side of the dovetail wall to the other and coating delamination occurred on this
sidewall, shown in Fig. 54. When the fracture surface (i.e., the dovetail wall) was observed from both

the substrate (Al side) and coating (steel side) sides, it was found that the steel side contained a
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considerably large amount of re-solidified particles compared to the typical distribution throughout
the coating. This finding is important in realizing: (1) a key incompetency of the coating deposition
process regarding this type of surface roughening profile, and (2) key areas of weakness in the
samples and the related microstructural features. Due to the presence of these re-solidified particles
and their high-hardness oxide boundaries on the dovetail wall and the fact that crack initiation occurs
at this location, this implies that there is inadequate bonding between the coating and substrate on
these sidewall portions of the dovetail profile. Bonding occurs mainly on the top (Region a, Fig. 54)
and bottom (Region b) sections of the dovetail. Recall that it has been observed during interface
microstructure studies via TEM that there is barely any metallurgical bonding between steel coating

and Al substrate.

Before failure At failure

Before failure At failure

Failure location

] 'oom vie

Fig. 52 Three-point bending tests using DIC and video camera system showing (a) the sample

j—v- _a—

before failure, (b) the sample at the time of failure, (c) strain distribution along x-direction
before failure, (d) strain distribution along x-direction at the time of failure, (e) side view of the

fracture location, and (f) bottom view of the fracture location.
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Fig. 53 Monotonic three-point bend test results showing (a) transformed bending stress vs.
strain curves at three different locations (coating surface, interface at coating side, and interface
at substrate side), and (b) maximum bending stress across six samples at three different

locations.

A microstructural examination of the fracture surfaces was conducted using SEM as shown in Fig.
55. Based on the crack initiation and propagation sites identified on the fracture surfaces, three

distinct failure modes are proposed and schematically presented in Fig. 55(a) with the corresponding
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failure load in Fig. 55(b). The schematic shown in Fig. 55(a) is the bottom facing side of the three-

point bend fractured sample, and the monotonic load was applied on the top (i.e., opposite) surface.

Studies in literature observed coating delamination along the coating/substrate interface
prominently on the fracture surface. Cracking of the coating was also a potential failure mechanism
due to the inconsistent local coating properties (i.e., coating features and structure) [5]. These
mechanisms are seen with greater detail in the bending tests that were performed: the failure modes
can be categorized as complete sidewall delamination (Mode A) or partial sidewall delamination
(Modes B and C). In Mode A, the crack path propagated along the dovetail sidewall, ensuring
complete separation of coating from the Al. This is due to the lack of metallurgical bonding resulting
from the excessive re-solidified particles shown in Fig. 54. In contrast, both Modes B and C showed
partial dovetail sidewall separation. In Mode B, one dovetail in the coating experienced breakage and
the crack moved through the coating to another sidewall. In Mode C, multiple dovetails broke which
resulted in the crack path moving back and forth in a zigzagged manner between sidewalls. While
crack initiation did not occur due to the varying hardness values amongst the features within the
coating, in Modes B and C, the coating experiences breakages as the crack propagate. In Mode A, the
bonding at the dovetail sidewalls poses weaker points than the corresponding hardness distribution
within the coating. In Modes B and C, there are one or multiple points where the hardness distribution
causes weaker locations than the bonding at the dovetail sidewalls, causing breakage through the
coating,. If this is the case in multiple locations as the crack travels, the breakage will occur at
numerous points within the coating and the crack propagates in a zigzagged manner, as it does in
Mode C. The hardness distribution in the coating (Section 3.5 Coating Hardness) is related to the
composition and features within the microstructure (i.e., splats, oxides, re-solidified particles,
boundaries), discussed in Section 4.1 Coating Characterization. Therefore, at areas of higher hardness
within the coating (oxide-rich regions or oxide boundaries of splats and re-solidified particles) and
depending on the degree of insufficient sidewall bonding, there is the potential that the crack will
break through the coating (following areas of high hardness) instead of continuing a path of complete

sidewall delamination.

Out of six three-point bend samples, four samples experienced Mode C failure, and one failed to
each Modes A and B. When the mode of failure is compared with failure peak load, it was found that
Mode C absorbed more load before fracture. This can be correlated to the fracture path which

involves the breakage of multiple dovetails that will ultimately lead to the more absorbed energy. A
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shift of failure mode from A to B or C is dependent on the metallurgical bonding between coating and
patterned Al substrate, the existence of limited re-solidified particles (related to the coating deposition
parameters), coating features, and hardness. When the failure modes were compared with

microstructural analysis, it was determined that Mode C is the preferred mode of failure.
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Fig. 54 Detailed view of the fracture surface on both Al substrate and steel coating sides.
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Fig. 55 The three-point bend test results showing (a) a schematic of three different failure
modes identified in the fractured samples, (b) a plot of failure load as a function of fracture

modes; and SEM micrographs of each mode of fracture.
6.2 Quasi-Static Properties of Flat Samples at Room and High Temperatures

6.2.1 Quasi-Static Properties of Flat Samples

The mechanical properties obtained from three-point bending testing at RT, 100°C, and 250°C for the
four categories of samples are summarized in Table 5. In addition to the yield and ultimate strengths,
the Ramberg-Osgood coefficients, strength coefficient (H) and strain hardening exponent (n) are

calculated from the output data.
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Table S Mechanical Properties from Quasi-Static Bending Testing

Mechanical A319-W A319-H A356-W A356-H
Properties RT 100°C  250°C RT 100°C  250°C RT 100°C  250°C RT 100°C  250°C
Elastic
Modulus. E 214 191 118 272 203 167 219 149 100 285 112 129
? Std. 41 Std. 81 Std. 7 Std. 24 Std. 10 Std. 21 Std. 74 Std. 41 Std. 20 Std. 28 Std. 30 Std. 22
|GPa]
Yield
Strength! 649 714 466 758 637 524 973 702 567 980 890 578
Std. 51 Std. 165 Std. 14 Std. 30 Std. 10 Std. 9 Std. 121 Std. 113 Std. 24 Std. 15 Std. 56 Std. 145
[MPa]
Engineering
Ultimate 844 871 502 833 746 528 991 854 607 1041 942 590
Strength Std. 60 Std. 129 Std. 2 Std. 7 Std. 26 Std. 18 Std. 46 Std. 30 Std. 31 Std. 12 Std. 28 Std. 122
[MPa]
True
Ultimate 861 885 513 846 763 531 1004 869 616 1052 961 597
Strength Std. 57 Std. 135 Std. 0 Std. 5 Std. 38 Std. 17 std. 55 Std. 34 Std. 28 Std. 18 Std. 28 Std. 120
[MPa]
Engineerin;
a8 | 7 2 6 3 4 2 2 2 6 1 7 5
. Std. 1 Std. 1 Std. 5 Std. 2 Std. 1 Std. 2 Std. 2 Std. 0 Std. 1 Std. 1 Std. 6 Std. 6
Strain [%]
Strength
Coefﬁcigentz 2190 1378 595 1782 1227 637 2585 1259 767 2331 1167 796
’ Std. 884 Std. 134 Std. 19 Std. 442 Std. 77 Std. 34 Std. 1329 Std. 355 Std. 48 Std. 419 Std. 230 Std. 68
H [MPa]
Strain
Hardening 0.195 0.101 0.038 0.141 0.112 0.031 0.160 0.082 0.049 0.141 0.054 0.031
2 Std. 0.056 Std. 0.052 Std. 0.005 Std. 0.039 Std. 0.012 Std. 0.004 Std. 0.080 Std. 0.061 Std. 0.004 Std. 0.025 Std. 0.056 Std. 0.010
Exponent”, n
1'0.2% offset

2 Ramberg-Osgood coefficients: € = %+ (%)1/11

The true stress-strain are plotted for RT, 100°C, and 250°C and shown in Fig. 56(a), (b), and (c)
respectively. When considering elastic modulus, yield strength, true ultimate strength, and
engineering ultimate strength values, the A356 substrate (yellow and black plots) generally have
higher yield strength values when compared to the corresponding A319 results (red and blue plots) in
the same orientation, indicating that the A356 substrate is stronger for this type of loading. This can
be directly related to the bulk substrate properties — A319 has a lower yield strength than A356,
though they both have the same modulus value. The engineering fracture strain showed no obvious
trends. H values are mostly higher in A356, except for the 100°C results, which are higher in A319
which correspond to the extrapolated value of the true stress at true strain of 1.0. Most values of n

were higher at A319 apart from the A319-W-250 result (0.038), which was lower than A356-W-250
(0.049). This indicates that the A319 substrate is generally more elastic than A356.

The effects of orientation show that the A356 H-orientation consistently reports higher strength
values compared to its W-orientation counterpart. This is generally due to the way the pattern rows
run along the sample — the H-orientation can be likened to applying bending force perpendicular to
the grain in wood where the force can be maximized in this configuration, where more energy is

required for breakage through all the rows compared to delamination along one row. The effects of
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orientation are less evident in the A319 substrate. Most values of n were higher in the W-orientation
apart from A319-W-100 (0.100), which was lower than A319-H-100 (0.112). While the same
materials are involved, this may infer that the W-orientation is generally experiences more elasticity

due to the orientation of the interfacial pattern than the H-orientation.

To best display the effects of temperature, all three temperatures for each of the four specimen types
are shown in Fig. 57. The modulus and strength values are reduced as temperature is increased — a
trend that is observed across all sample categories. Engineering fracture strain lacked a
distinguishable trend with increasing temperature. H values also consistently decreased as
temperature was increased. Finally, decreasing n values were observed increasing temperature, apart
from A319-H results which showed values of 0.096, 0.112, and 0.031 for RT, 100°C, and 250°C. The
trends observed in the results are better represented visually by the true stress strain curves for the six
tests performed at RT, 100°C, and 250°C are shown in Fig. 56. For instance, when comparing true
ultimate strength in these curves, all A356 values are larger than A319 plots in the corresponding

temperature and orientation (except for the W-orientation at 100°C).
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Fig. 56 True stress strain curves of RT quasi-static bending testing with A319-W in orange,

A319-H in blue, A356-W in yellow, and A356-H in green at (a) RT, (b) 100°C, and (c) 250°C.
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Fig. 57 Stress strain plot comparing the effects of three temperatures for (a) A319-W, (b) A319-

H, (c) A356-W, and (d) A356-H.

6.2.2 Quasi-Static Failure Mechanisms of Flat Samples

The failure mechanisms of very similar testing were previously studied and reported to identify three

different modes of failure. The difference in testing was that samples were extracted from coated

cylinder sleeves instead of flat coated plates. As a result, prior test samples had a slight curvature to

them and were only extracted in the W-orientation. The interface pattern geometry was different as it

resembled the traditional dovetail [17]. The paths of the three failure modes involving various degrees

of delamination and breakage within the coating are shown in Fig. 55(a) using red arrows. The failure

modes can be categorized as complete sidewall delamination (Mode A), or partial sidewall

delamination (Modes B and C). In Mode A, the crack path propagated along the dovetail sidewall,

ensuring complete separation between the coating and substrate. In contrast, Mode B sees one

dovetail in the coating experiences breakage and the crack path moves through the coating to another

sidewall. Mode C shows multiple dovetails break which results in the path moving back and forth in a

zigzagged manner between further sidewalls.
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When it comes to the wave patterned samples, the SEM fracture surface images at RT are shown in
Fig. 58 for all four categories. It can be noted that the wave pattern can be observed in the H-
orientation fracture surfaces (A319-H in Fig. 58(b) and A356-H in Fig. 58(d)). The coating, and
substrate regions are labelled, sandwiching the interface region that encompasses the height of the

dovetail. The interface region is where the SEM analysis is focused and the main area of interest.

The W-orientation is similar to prior cylinder sleeve testing and the modes of failure can be
compared. W-orientation samples experience areas of delamination down a row, as well as breakage
through the coating to another row, where it delaminates again before breaking through the coating
again. This is clearly seen in the W-orientation images, A319-W (Fig. 58(a)) and A356-W (Fig.
58(c)). At the interfacial region, breakage in the waved dovetails (Fig. 59(a)), coating cohesion failure
(Fig. 59(b) and (c)), and interlocking breakage (Fig. 59(d)), are observed at RT. As a result, the W-
orientation RT results represent Modes B failure. More breakage through the coating is seen at
elevated temperatures, shown in Fig. 59(a), Fig. 61(a) and (c) for each of the temperatures. As a
result, Mode C failure was identified at higher temperatures — 250°C fracture paths were more
zigzagged in nature than the corresponding 100°C paths. Higher temperatures also resulted in more
breakage at the interface which is highlighted in Fig. 59(d), and present in Fig. 61(a) and (c). At
higher temperatures, it was observed that the substrate material has a prominent effect on the overall
failure mechanism. The increase in temperature caused softening of the substrate material, making the

coating/substrate interface more prone to fracture under the quasi-static loading.

Since the curved engine sleeve testing was not performed in the H-orientation, the previously
observed failure modes are not applicable in this orientation. Coating cohesion failure (Fig. 60(a) and
(d)), coating cohesion failure (Fig. 60(b) and (c)) are observed at RT. The abrupt cohesive coating
breakage that occurred is due to the maximum stress at the coating surface. Failure in both substrates
for this orientation was dominated by coating/substrate delamination at the interface. Individual
coating features within each interfacial pattern wave are generally insignificant in terms of their
effects on the overall failure mechanism. Samples at RT and 100°C did not show major failure
mechanism differences; however, a significant coating/substrate delamination was observed at 250°C.
Additionally, 250°C samples showed large degrees of separation at the interface due to the
differences in thermal expansion of the coating/substrate materials at elevated temperatures. As a
result, complete separation/delamination of the coating from the substrate was seen. At this

temperature, the substrate material was also seen to fracture in a ductile manner, as identified by
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degree of dimple feature occurrence shown in Fig. 61(d), as opposed to the other temperatures (Fig.

60 and Fig. 61(b)).

Fig. 58 SEM images of the RT fracture surfaces with the coating, region where interlock occurs
(interface pattern height), and substrate for (a) A319-W, (b) A319-H, (c) A356-W, and (d)
A356-H specimen.

83



Coating cohesion failure Interlock breakage

Fig. 59 SEM images of the RT fracture surfaces in the W-orientation showing (a) breakage in
the A319-W pattern, (b) coating cohesion failure in A319-W, (c¢) coating cohesion failure in
A356-W, and (d) interlock damage in A356-W specimen.

Coating cohesion failure

Coating/substrate delamination i : ~

Fig. 60 SEM images of the RT fracture surfaces in the H-orientation showing (a) coating
cohesion failure in A319-H, (b) delamination in A319-W, (c¢) delamination in A356-W, and (d)
coating cohesion failure in A356-W specimen.
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Fig. 61 Fracture surface SEM images of (a) A356-W at 100°C, (b) A356-H at 100°C, (c) A356-W
at 250°C, and (d) A356-H at 250°C.
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Chapter 7
Fatigue Behaviour and Fracture Mechanisms of PTWA Coating at

Room and High Temperatures

7.1 Fatigue Properties

The fatigue properties obtained from cyclic three-point bending tests at RT, 100°C, and 250°C for the
four material-orientation combinations (A319-W, A319-H, A356-W, A356-H) are shown in Fig. 62.
Fig. 63(a) displays a sample of the uncorrected values where R = 0.1 (black) is plotted with the
Morrow (blue) and SWT (red) corrected values where R =1 for RT tests of A356-W samples. This
visually shows the distinct difference between the uncorrected and corrected values, as well as the
differences between the mean stress correction methods. When plotted on a log-log scale, the linear
relationship between the corrected stress amplitudes and coating life is evident and shown in Fig.
63(b) for A356-W-RT samples. The Basquin parameters oy’ and b described by Equation 3 are
reported in Table 6 for both methods. Using the corrected two S-N curves from Morrow and SWT
methods, the corrected fatigue strength amplitude at 1,000,000 cycles, as predicted by the Basquin

curves for each of the twelve sample conditions was obtained and stated in Table 6.
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coating cycles to failure on a log-log scale for both Morrow and SWT correction methods.
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Table 6 Basquin Parameters (Morrow, SWT) from cyclic three-point bending tests

Basquin A319-W A319-H A356-W A356-H
Property RT 100°C  250°C RT 100°C  250°C RT 100°C  250°C RT 100°C  250°C
Morrow:
2345.49 1286.29 1774.82 2183.43 1775.92 1884.82 2160.35 6002.33 10109.10 4858.19 2306.93 2288.53
'
95
Morrow: -0.18
-0.19 -0.14 -0.17 -0.15 -0.14 -0.15 -0.16 -0.26 -0.30 -0.23 -0.17
b
SWT:
1300.57 879.61 713.86 1031.17 890.03 715.44 1172.41 1786.90 1937.10 2035.33 1202.04 985.32
’
7
SWT:
-0.13 -0.10 -0.10 -0.09 -0.08 -0.08 -0.11 -0.15 -0.17 -0.15 -0.11 -0.11
b
QS Failure
Strength' 841.66 870.84 510.97 846.05 746.47 527.94 991.19 836.10 601.20 1041.47 929.47 668.19
[MPa]
Morrow:
Predicted
Fatigue 155.98 162.23 156.69 248.32 237.40 212.34 205.88 146.41 133.62 174.42 207.14 176.42
Strength
Amplitude
[MPa]
SWT:
Predicted
Fatigue 196.27 200.66 176.28 279.70 260.27 218.75 254.90 197.77 175.74 234.12 250.25 208.63
Strength
Amplitude
[MPa]

! From quasi-static three-point bending experiments and analysis (Table 5)

The Basquin analysis results in Table 6 are more effective when considered visually. The curve
described by the SWT Basquin parameters are plotted in Fig. 64, which shows plots comparing
temperature for each of the four substrate-orientation combinations of specimen. The predicted
fatigue strength amplitude occurs at the very right of the plot where cycles is at 1,000,000 (runout).
The location of each of these curves at runout can be compared to the data points of experimental
results that reached runout, which are also plotted. Note that some categories did not yield any runout
samples, for example A356-W specimen at all three temperatures). However, in cases where
experimental runout data is available, the points occur at a lower stress amplitude value than what is
predicted by the corresponding curve. Since the staircase method was not performed to determine
experimental fatigue strength, the experimental values that achieved runout have lives that greatly
exceed 1,000,000 cycles. There is also a possibility that the fatigue strength predicted by the Basquin
curve is more conservative than what was seen in experiment. For example, for the A319-H plot in
Fig. 64(b), the 100°C (black) and 250°C (red) curves predict stress amplitudes of 260.27 and 218.75
MPa (Table 6), respectively. The experimental values show 167.80 (black) and 147.49 (red) MPa in
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Fig. 64(b) which are 36% and 33% lower. Previous studies in fatigue found the coating to have a
higher fatigue resistance at elevated temperatures (i.e., 300°C compared to room temperature) [35].
Based on the RT and 250°C seen in Fig. 64, this may be true for A319-W and A356-H specimen
when considering lifespans that exceed 1,000,000. It is possible that the trends seen at 250°C will be
further exasperated at 300°C.
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Fig. 64 S-N curves predicted by the Basquin equations showing the RT, 100°C, and 250°C
results for (a) A319-W, (b) A319-H, (c) A356-W, and (d) A356-H. Specimen in experimental
cyclic tests that reached runout at 1,000,000 cycles are included in the plots.

The three variables involved in analysis include (1) orientation of dovetail rows, (2) material of the
substrate, and (3) temperature. To evaluate the effect of orientation, the substrate can be kept
constant. Looking at the A319 substrate (Fig. 64(a) and (b)), the W-orientation has lower fatigue
strength amplitudes at RT, 100°C, and 240°C (196.27, 200.66, 176.28 MPa) compared to the H-
orientation (279.70, 260.27, 218.75 MPa). Note that the SWT correction values are considered for
this analysis. W-orientation curves at the various temperatures also see more convergence as high

cycles are reached than the H-orientation. Similar is true in the A356 substrate (Fig. 64(c) and (d))
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except for A356-W RT results. Overall, the effects of orientation are mainly seen in the higher fatigue
strength of the H-orientation samples as well as the slight difference in degree of convergence at high
cycles when temperature is varied. This is generally due to the configuration of the rows (acting
similarly to grains in wood) being perpendicular to the applied load and maximizing the strength. The
friction that exists between the coating and substrate at the interface will also contribute towards the
strength in the H-orientation, particularly at elevated temperatures where thermal effects are more
prominent. The W-orientation sees less contributions from friction in comparison because breakage
does not occur through all the dovetail rows — instead delamination is seen. Notable displacement

between the two materials is not observed in the W-orientation like it is in the H-orientation.

To consider the effects of substrate material, the orientation can be kept constant. Comparing the
two SWT W-orientation plots (Fig. 64(a) and (c)), the maximum stress at lower cycles of A319
samples is lower than A356 samples. For example, at N = 1,000 cycles, the stress amplitude of A319
samples at RT, 100°C, and 250°C (482.93, 405.55, 343.08 MPa) are lower than the corresponding
A356 samples (527.11, 564.03, and 550.94 MPa) using the SWT method. The same is true at higher
cycles: at N = 100,000 cycles, the stresses of A319 samples (264.97, 253.70, 220.09 MPa) is also
lower than A356 (324.75, 280.47, 257.20 MPa), even with the cross-over of the RT curve in A356-W.
The same is true in the H-orientation, where stress amplitude values at low and high cycles are
consistently higher in A356 samples. Note that the difference between substrate stress amplitudes is
greater at lower cycles than higher cycles. Overall, the A356 substrate is stronger than A319 but the
effect of substrate is more prominent at lower cycles. Additionally, as the temperature increases, the
difference between A319 and A356 decreases, and the effect of substrate is lessened at elevated
temperatures. This falls in line with the previously stated expectation that the A356 may have
superior performance at low to intermediate temperatures below 200°C, whereas the A319 may be
more stable at higher temperatures but have lower ductility at room temperature. This fatigue study
showed that while the superiority of the A356 substrate is most prominent at lower temperatures,
even when approaching and briefly exceeding 200°C, the performance of the A356 is still notably
better. Since the test temperature range falls within the operating range of the given application, the
A356 substrate will perform better than A319 for the operating temperature range of typical consumer

vehicle engines.

When considering the effects of temperature, the general trend from Fig. 64 plots show that the

strength of the coating decreases with increasing temperature with some exceptions. This trend is also
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seen in the quasi-static bending study (values shown in Table 6). Like the impact of substrate
material, the effects of temperature will be lessened at high cycles and lower stress levels. At higher
stress levels that encounter low cycle fatigue, the difference in temperature is most prominent. In the
case of A319-W (Fig. 64(a)) and A356-H (Fig. 64(d)), the RT and 100°C results overlap at high
cycles where N > 100,000, showing an increase in fatigue strength amplitude from RT to 100°C of
2.19% and 6.45% respectively (SWT values). However, for A319-H and A356-W (Fig. 64(b) and
(c)), there was a decrease in fatigue strength amplitude from RT to 100°C of 6.95% and 22.41%
respectively. In all four categories, there was a decrease seen from RT to 250°C, which showed
changes of A319-W: 10.18%, A319-H: 21.79%, A356-W: 31.06%, and A356-H: 10.89%. Overall,
the A319-H and A356-W samples showed consistent decrease in fatigue strength with increasing
temperature with A356-W showing the most prominent changes (22.41% to 100°C and 31.06% to
250°C). The increase in fatigue strength amplitude from RT to 100°C seen in A319-H and A356-W
samples remain under 7%, which is relatively low. All samples saw a decrease in fatigue strength
amplitude from RT to 250°C that exceeded 10%. If RT is assumed to be approximately 20°C, it can
be said that the decrease in fatigue properties is most prominent with a more significant temperature
change (i.e., RT to 250°C where AT = 230°C), whereas a smaller temperature change (i.e., RT to
100°C where AT = 80°C) has varying small effects. The decrease in amplitude from 100°C to 250°C
in SWT values were more consistent and fell within the 11 to 17% range (A319-W: 12.15%, A319-H:
15.95%, A356-W: 11.14%, and A356-H: 16.63%).

7.2 Fatigue Failure Mechanisms

SEM analysis showed that the failure modes are determined by the orientation and temperature of the
sample and has little to do with the substrate type — for that reason, only A356 substrate images are
shown for comparison. The region of crack initiation is at the coating/substrate interface, which may
be attributed to the poor metallurgical bonding at these regions due to a potential build-up of features
such as resolidified particles. The particles are indicative of oxide-rich regions due to the surrounding
oxide boundaries. This matches previous findings in literature showing that oxide-rich regions were

more prone to fatigue crack initiation in coatings [35].

At 100°C, the mild steel coating structure and properties are not expected to change significantly
from RT because it is below the tempering temperature of mild steel. RT to 100°C changes the

properties of the substrate which was observed in milder degrees of rupture failure behaviour,
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interface delamination, and interlock breakage. The differences in temperature are more prominently
seen between RT and 250°C test conditions. For both W- and H-orientations, the ductility of the
substrate increases substantially with this increase of temperature, indicated by the dimpled fracture
surface. The substrate is seen to play a major role in high temperature fatigue where fatigue cracks
initiated at the coating/substrate interface and propagated abruptly to the substrate before coating
breakage occurred in a rupture-like manner. The fracture path was seen to be more zigzagged for
increased temperature. Specific to the W-orientation, the breakage through multiple dovetail rows is
more prominent with increasing temperature and severe delamination is greater. Additionally, the
randomness of the fatigue fracture path increases with increasing fatigue life cycles which is

indicative of more damage.

For consistency, the A356 substrate SEM images of the W-orientation (i.e., no visible wave pattern
at the fracture face) of all three temperatures are shown in Fig. 65 (low-cycle fatigue) and Fig. 66
(high-cycle fatigue). These images are constructed by combining several SEM images that span the
entire width of the sample. The absence of the wave and direction of loading in this orientation make
delamination particularly prominent as well as easy to view. The notable ductility of the substrate,
delamination, and breakage across dovetail rows at 250°C is highlighted in Fig. 65(c). Previous
bending studies raised the concern of significant Mode II shear from the thermal expansion mismatch
between the coating and substrate [34]. This is seen specifically in Fig. 65 — as the temperature
increases, the in-plane shear at the fracture surface is more prominent. Significant coating-substrate
delamination at 250°C is due to the different thermal expansion properties of the aluminum substrate

and steel coating.
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Fig. 65 Low-cycle fracture surface images of A356 substrate samples in the W-orientation at (a)
RT (25,600 cycles), (b) 100°C (26,460 cycles), and (c) 250°C (25,300 cycles).
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Fig. 66 High-cycle fracture surface images of A356 substrate samples in the W-orientation at (a)
RT (209,200 cycles), (b) 100°C (164,000 cycles), and (c) 250°C (192,000 cycles).

SEM of A356 samples in the H-orientation (i.e., visible wave pattern at the fracture face) of all
three temperatures are shown in Fig. 67 (low-cycle fatigue) and Fig. 68 (high-cycle fatigue). Due to
the loading in this orientation, it makes coating and substrate breakage a more relevant failure
mechanism than delamination. Compared to A356-W, the fracture faces are less flat in the H-
orientation due to the fracture path not having a clean row to follow. The breakage along varying

wave pattern row depths, resulting in a less flat fracture surface, is shown in Fig. 70(b). While
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breakage through the coating rows does occur in the W-orientation, delamination fracture path
follows the straight dovetail rows. It can be seen in Fig. 67(b) (100°C) and Fig. 68(b) (250°C) that
large portions of the coating will lift off the coating such that they have different fracture paths in the
H-orientation. The mismatched displacement of the coating and substrate is more prevalent at higher

temperatures and is also a result of the thermal expansion coefficient mismatch.

It was also noted that deformation and breakage of the interlocking pattern (Fig. 70(a) and Fig.
71(a)) occurs at earlier cycles and that subsequent cycles incur low degrees of further damage. For
example, this is seen in the amount of separation seen in low cycle fatigue (7,850 cycles) at 100°C in
Fig. 67(b) compared to high cycle fatigue (96,320 cycles) in Fig. 68(b) — the fracture surfaces are
very similar. The amount of separation is dependent on the amount of applied load, resulting in either
low- or high-cycle fatigue. At higher load levels (low-cycle fatigue), the separation is greater: Fig.
70(a) shows 130 um of separation at 12,800 cycles (250°C). Lower load levels (high-cycle fatigue),
shows comparatively lower separation: Fig. 71(a) shows 120 pm of separation at 163,950 cycles
(250°C). The size of the separation gap also increases dramatically with an increase of temperature,
which is seen at both low- and high-cycles. Coating/substrate interfacial separation (up to 130 pm) is
a prominent failure mechanism in the H-orientation, whereas the W-orientation exhibits very small
degrees of separation (10 um in Fig. 69(a)). On the other hand, the H-orientation does not experience

the effects of severe delamination that the W-orientation does.
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Fig. 67 Low-cycle fracture surface SEM images of A356 substrate samples in the H-orientation

at (a) RT (10,050 cycles), (b) 100°C (7,850 cycles), and (c) 250°C (12,800 cycles).
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Fig. 68 High-cycle fracture surface SEM images of A356 substrate samples in the H-orientation
at (a) 100°C (96,320 cycles) and (b) 250°C (163,950 cycles).
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Fig. 69 Close-up SEM images of low-cycle fracture (25,300 cycles) surface of A356 substrate
samples in the W-orientation at 250°C showing (a) the degree of coating/substrate interfacial

separation, and (b) fatigue microcracks on the wave pattern wall surfaces.
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Fig. 70 Close-up SEM images of low-cycle fracture (12,800 cycles) surface of A356 substrate
samples in the H-orientation at 250°C showing (a) the degree of coating/substrate interfacial
separation and pattern deformation, and (b) breakage through pattern rows and the ductile

nature of the substrate.

Fig. 71 Close-up SEM images of high-cycle (163,950 cycles) fracture surface of A356 substrate
samples in the H-orientation at 250°C showing (a) the degree of coating/substrate interfacial

separation and pattern deformation, and (b) the ductile nature of the substrate.
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Chapter 8

Conclusions

8.1 Concluding Statements

PTWA sprayed steel coatings were evaluated to address the application towards replacing AlSi

cylinder bore liners. The studies conducted served to characterize the microstructure and bonding

mechanisms of the coating, substrate, and interface. Quasi-static and cyclic properties, including

failure mechanisms, were obtained. The major findings of this work are summarized below.

8.1.1 Microstructural Characterization Conclusions

1.

Microstructural studies revealed coating features including coating penetration into the
substrate, voids and pores, microcracks, re-solidified particles, and oxides. As-deposited
samples showed three regions of varying splat structure with inter-splat oxides. Re-solidified
particles made up 2.03% area fraction of the coating and had oxide-rich boundaries. The
differing splat arrangements and distribution of re-solidified particles contribute to the failure
mechanisms of the coating. No visible intermetallic compounds were identified in the TEM
study, indicating the absence of diffusional phase transformation due to the rapid

solidification of the deposited coating.

Post-processed samples exhibited high compressive residual stress at the coating surface (-
600 MPa) which approached zero at the interface, and low tensile stress (< 200 MPa) within
the substrate. The lack of RS in as-deposited samples indicates that post-processing, which is
necessary for appropriate surface roughness, induces a considerable amount of compressive

RS at both the coating’s surface and through its depth.

Micro-indentation revealed a large hardness deviation, ranging from 150 HV to 700 HV.
Precise nano-indentation determined that oxides contributed to high hardness (400-500 HV),
while splats had lower hardness (200-300 HV).

8.1.2 Bonding (Adhesion/Cohesion) Property Conclusions

1.

Adhesion failure causes little to no coating remnants on the substrate fracture surface and
higher severity of substrate interface pattern geometry deformation. Cohesion failure causes
varying degrees of coating remnants on the substrate fracture surface and low substrate

interface deformation.
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2. Samples that experience more adhesion failure (and more substrate deformation) indicate that

mechanical interlocking is present but not stronger than the cohesion within the coating.
Samples that experience more cohesion failure indicate that interfacial interlocking surpasses

bonding within the coat.

When failure is more so characterized by adhesion failure, the resulting pull strength is lower.
This is seen within each experimental sample type (i.e., D319, W319, W356), as well as
when comparing the three types. As a result, failure with higher degrees of cohesion more

desirable to achieve higher pull strength.

The model shows stress concentrations in regions where breakage, separation, and
deformation are expected. Varying degrees of deformation shown in the model are also
observed in experimental sample fracture surfaces. Stress concentrations show that the
coating and substrate yield at a similar point in the wave model, whereas only substrate
yielding is imminent in the dovetail. Experimental results show a combination of
coating/substrate breakage in the wave pattern, and mainly substrate yielding in the dovetail,
which matches the simulations. Cases where coating experiences yielding can be attributed to

the unmodelled geometric irregularities and coating microstructure.

The deformation in the wave model is a result of the three main types of fracture paths which
are seen in experiment but not depicted by the model due to the lack of coating features
included. A sensitivity analysis also shows that the effects of void features are more
prominent than resolidified particles. Particles away from the interfacial region also

contribute little effect to the initial yielding of the sample.

8.1.3 Quasi-Static Bending Conclusions

1.

Three-point bend tests of curved samples extracted from cylinder bores reported a maximum
average bending stress of 1480 = 108 MPa at the coating surface. Stress at the interfaces on
the coating-side and substrate-side were found to be 1265 + 92 MPa and 438 + 32 MPa,
respectively. Crack initiation occurred at the interface sidewall and leads to either complete
or partial dovetail wall delamination. This was due to the accumulation of re-solidified
particles and implies that limited bonding occurs between the coating and substrate at these
sidewalls. Three failure modes were observed involving varying degrees of delamination and

breakage within the coating. The mode of failure with more instances of breakage within the
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coating and less continuous delamination (Mode C) absorbed more load before fracture,
making it the preferred failure mode. As a result, re-solidified particle distribution in the
interfacial coating microstructure can cause insufficient bonding and pose issues related to
crack initiation and delamination during bending. Breakage within the coating affects the
fracture path and is also related to the coating microstructure, specifically the distribution of

splats/re-solidified particles and oxides which cause local hardness variations.

The effects of substrate generally saw that A356 had higher elastic modulus, yield strength,
and strength coefficient than A319 at the corresponding orientation and temperature. A319
strain hardening exponent values were generally higher. This means that the A356 substrate
is more resistant to elastic deformation and can withstand higher loads before permanent
deformation and failure. This may imply that the bonding of the PTWA coating performs
more efficiently on the A356 substrate.

The effects of orientation show that the A356 H-orientation has higher elastic modulus and
yield strength compared to its W-orientation counterpart. Engineering fracture strain values
were lower in the H-orientation at RT and 250°C, whereas strength coefficient values were
lower at RT and 100°C. Strain hardening exponent values were also generally lower in the H-
orientation. This is ideal, as the H-orientation is the preferred and likely orientation in
application to cylinder bores and will consequently be stronger until yield. Past the yield
point, the lower strain hardening values in the H-orientation will result in failure strength in

both orientations to be similar.

An increase of temperature showed a decrease in modulus, strength, and strength coefficient
values across all substrate and orientation groups. Similarly, strain hardening exponent values
generally decreased with the increase of temperature. Across the board, a decrease in
mechanical properties is seen with increasing temperature, meaning that the coating is

substantially weakened under these conditions.

The operating temperatures of the automotive engine falls within the range of testing
considered in this study. Since a considerable decrease in mechanical properties is seen at
elevated temperatures, to best accommodate the required conditions, the A356 substrate and
H-orientation perform more effectively and may be more appropriate candidates in design

when involving PTWA thermal sprayed coatings. Reducing the occurrence of resolidified
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particle features within the coating, particularly at the interfacial boundary between the

coating and substrate, may delay crack initiation.

W-orientation tests at RT showed failure to Mode B, whereas elevated temperatures saw
Mode C failure which is characterized by an increase of breakage through the coating with
increasing temperature. An increase in breakage at the interface pattern was also observed

because of the prominent softening of the substrate material.

H-orientation tests saw abrupt cohesive coating breakage dominated by delamination and
separation at the interface. The increase in temperature resulted in an increase of the
separation due to the differences in thermal expansion of the two materials. The substrate was

observed to fail in a ductile manner at elevated temperatures.

8.1.4 Fatigue Bending Conclusions

1.

The fatigue strength amplitude predicted by the Basquin parameter curves produce more

conservative results than what is seen in runout data from experiments.

The W-orientation sees lower fatigue strength as well as slightly more convergence at higher
cycles. The A356 substrate material is stronger than A319, though the difference is more

prominent at lower cycles and lower temperatures.

Fatigue stress amplitude generally decreases with an increase of temperature, though a larger
difference is seen from RT to 250°C than RT to 100°C, where increase in stress amplitude

was also seen at small degrees.

It was seen that the main failure mechanism in the W-orientation was delamination,
predominantly following one pattern row, then breakage across multiple rows and the
subsequent fracture path following another row. The main failure mechanism in the H-
orientation was interface interlocking breakage and consequent separation of the coat and

substrate.

The increase of temperature is mainly related to delamination: the degree of delamination in
the W-orientation increases significantly with increasing temperature due to the thermal
coefficient mismatch of the substrate and coating materials. The mismatch is also responsible
for the mismatch in fracture path between the coating and substrate in H-orientation samples,

as well as the increased degree of separation.
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6. H-orientation interface separation and breakage occurs at earlier cycles and subsequent cycles
incur low degrees of further damage. Degree of separation is dependent on the amount of
applied load, resulting in either low- or high-cycle fatigue. Higher loads result in larger

separation (low-cycle) than low loads (high-cycle).

7. The increased ductility of the substrate at elevated temperatures also affects both orientations
as it is likely to pull away from the more brittle coating at the interface. This is exhibited by
the delamination in the W-orientation and the differing fracture paths of the substrate and

coating in the H-orientation.

8.2 Future Research

There are a few investigations that can be considered to further the findings that were found within
the scope of this project. For instance, the presence of IMCs was not identified with the TEM study
performed (Section 4.2 Interface Characterization), but signs of its existence were detected using
EDX in pull testing where adhesion failure occurred (Fig. 40). TEM study images (i.e. Fig. 27) show
that the scale of the investigation was within the hundred-nanometer range, but there is the possibility
that IMCs cannot be identified at such a scale. Further TEM studies can be performed to investigate
the presence of IMCs by reducing the range by a factor of ten such that the scale falls within a few

tens of nanometers.

The wear performance of the coating under cyclic loading is extremely relevant to the piston action
during engine bore operation. Fretting fatigue testing will provide an area contact with normal slip
friction force to exam the local fatigue behaviour of the coating. ASTM E2789 can be followed to
perform these tests under lubricated conditions. The results can be compared to the bending fatigue
testing in the relevant temperature and orientation (i.e., RT, W-orientation), but preliminary tensile
fatigue testing can be performed to quantify the effects of fretting on fatigue strength reduction and
failure mechanisms. The fretting behaviour can also be correlated with the findings from the
microstructural analysis to determine the effects of coating features and the coating surface

roughness.

Other coating technologies, especially the fast-growing cold spray (CS) technology with similar
mechanical interlocking adhesion properties, can be considered for comparison. The advantages of
CS make it a viable candidate for consideration: it is a solid-state process with no need for surface

activation, high throughput, and is a green coating technology [50]. It is suggested that an initial
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study, like the flat specimen studies of this work be performed of similar samples coated by CS and
compared with the PTWA. Similar characterization studies featuring zinc coatings on AZ31B have
been conducted to investigate the effects of single/multi-layer CS coatings [51]. Parametric studies
have also targeted the topic of residual stress within the substrate during CS deposition [52]. Fatigue
life for AA7075 CS coatings on AZ31B cast alloy have been studied to determine the cyclic
properties of such coatings [38]. The work outlined in these studies can be considered for CS

technology development towards the engine bore application.
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Appendix A

Anton Paar Data

Note that due to the unsatisfactory accuracy of indentation at the “interfacial region”, only the results

for the coating and substrate regions were considered during analysis.

/f\_j Anton Paar

Method : Nanoindentation Tester (NHT?)
Related to 1ISO 14577

Indenter Type Sphéro-conical

Indenter Radius 20 [um]
Loading Type Sinus

Maximum Load 100 [mN]
Pause at Max Load 10 [s]
Loading/Unloading Rate 200  [mN/min]
Sinus Frequency 5 [Hz]
Sinus Max Amplitude 10 [mN]

Aluminum Subst

: Location 3 , T TSR
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Width = 4190 m 100 pm
File Name = C356-110.tif
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Sample 1: Comau Pattern
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ANTON PAAR
E[GPa] Stdev YS [MPa] Stdev 500 -
Substrate  91.817 1.50 285.0366667 60.69
Interface  92.094 4.19 270.155 5.30
Coating 126.2325 23.94 773.2475 142.34
BULK PROPERTIES
E [GPa] YS [MPa]
Substrate 73.8 153.5 o | | | | | | ‘
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Interface indentations
inly at the boundary

Sample 2
E[GPa] Stdev YS [MPa] Stdev
Substrate 87.9545 0.97 358.0875 72.76
Interface  73.5915 410 266.5825 50.89
Coating  124.365 19.41 797.7075 232.52
E [GPa] YS [MPa]
Substrate 73.8 153.5
4130 Steel 205 435

Sigma

1500

1000

Sample 2: Kyocera Pattern
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