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Abstract of the Dissertation
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Materials Science and Engineering
Stony Brook University

2015

Thermal Spray (TS) coatings have seen extensive application as protective surfaces to
enhance the service life of substrates prone to damage in their operating environment (wear,
corrosion, heat etc.). With the advent of high velocity TS processes, the ability to deposit highly
dense (>99%) metallic and cermet coatings has further enhanced the protective ability of these
coatings. In addition to surface functionality, the influence of the coating application on the
mechanical performance of a coated component is of great concern when such a component will

experience either static or cyclic loading during service.

Using a process mapping methodology, the processing-property interplay between
coating materials meant to provide damage tolerant surface or for structural restoration are
explored in terms of relevant mechanical properties. Most importantly, the residual stresses
inherent in TS deposited coatings are shown to play a significant role in the integrated

mechanical performance of these coatings. Unique to high velocity TS processes is the ability to



produce compressive stresses within the deposit from the cold working induced by the high
kinetic energy particles upon impact. The extent of these formation stresses are explored with

different coating materials, as well as processing influence.

The ability of dense TS coatings to carry significant structural load and synergistically
strengthen coated tensile specimens is demonstrated as a function of coating material,
processing, and thickness. The sharing of load between the substrate and otherwise brittle
coating enables higher loads before yield for the bi-material specimens, offering a methodology
to improve the tensile performance of coated components for structural repair or multi-

functionality (surface and structure).

The concern of cyclic fatigue damage in coated components is explored, since the
majority of service application are designed for loading to be well below the yield point. The role
of coating properties and residual stress, processing effects, and substrate choice on the changes

in specimen fatigue life is explored, with a mechanism for failure postulated.
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1 Introduction

Background

In the design of an engineering component and the subsequent material selection process, there is
often the need for multiple properties and characteristics that one single material may not be able
to provide or be economically feasible. Thus arises the need for composite or multi-layered
materials, incorporating two or more materials that synergistically combine to provide the
necessary component properties enabling a desired performance. In cases where the surface
properties of a component are not met by a material that is otherwise favorable in the design,
coating overlays or diffusion based alterations may be used to provide the required surface
properties. In the case of coatings or overlays, an independent material is mechanically or
chemically bonded to the base substrate, allowing a diverse flexibility of coating and substrate
combinations through processes such as plating, chemical or physical vapor deposition,
sputtering, and thermal spray. Examples and classification of some coating technologies is
shown in Figure 1-1. Thus, the proper coating of a component offers an effective and economical
way to provide the surface characteristics needed to mitigate degradation mechanisms in service
life (e.g., excessive heating, tribological wear, corrosion), provide a change in surface
functionality from the substrate (e.g., thermal or electrical conductivity, wetting) or to

repair/restore damaged substrates.



| Surface modifications | | Overlay Coatings |

» Case Hardening » Thin Films (1-20 microns)
» Carborizing + PVD

* Nitriding + CVD

« anodizing * Thick Films (0.01 to 1 mm)

 Electroplating

* Boronizing « Thermal spray

+ lon Implantation - Weld overlays (> 1mm)

Figure 1-1 Examples of common coating and surface technologies

In choosing a coating process for particular surface characteristics, there is first a primary
constraint of the deposition materials i.e., the desired coating materials must be able to be
synthesized in the desired form onto a substrate. Secondary constraints, such as substrate
temperature, line-of-sight processing, or thickness needs may also guide the designer’s
consideration of coating processes. In addition to technical factors, economic feasibility will also
need to be taken into consideration when a coating process is considered. It is with the
assessment of all these criteria wherein a coating process is selected for use surface modification

of an engineering component.

Introduction to Thermal Spray

One such coating technology, Thermal Spray (TS), has found extensive use in several industrial
sectors. The basis of TS coating processing is the use of a heat source, such as plasma, oxy-fuel
combustion, or electric arc, to melt and propel feedstock material (commonly powder or wire) at
high speeds towards a surface, where the molten droplets solidify and cool upon impact to
mechanically bond with a substrate surface. Such deposited molten droplets are referred to as

“splats™, with the repeated deposition and buildup of these splats forming a thick coating. TS



coatings are normally in the thickness range of 10s to 100s of microns and in some cases Yield
free-standing forms centimeters thick [1]. With a large flexibility of commercially available
feedstock materials and TS processes, a wide variety of TS coatings are used in industry, such as
thermal barriers, electrical insulators, sacrificial and barrier type corrosion control, friction
control/wear resistance, and repair of worn substrates. Thermal spray is used extensively in

aerospace, power generation, heavy machinery, oil and gas, paper/pulp, and biomedical implants.

The Unique aspects and Classifications of TS

The basis of TS coating formation is through splat-by-splat bonding and buildup. Thus, the
behavior of individual splats’ impact and solidification from a molten state has a strong influence
on the properties of the coating. The thermal and kinetic energy of these splats at the moment
before impact, referred to as “particle state”, is determined by the transfer of thermal and kinetic
energy from the torch plume to the particles. Thus, the experience of the particle from
introduction into a TS torch plume, acceleration and heating (with exposure to the surrounding
atmosphere), and the deposition onto a surface are all factors in determining the coating

microstructure, with varying degrees of control over the microstructure and resulting properties.

Over the past few decades, many different TS torches have become commercially available.
These can be classified by the thermal source and general design. TS torch designs range from
simple to complex, but more importantly have a large role in determining what particle states are
achievable for a given feedstock. This is due to variations in plume enthalpy and velocity. An
overview of TS processes and the expected relative thermal and kinetic energy expected is

shown schematically in Figure 1-2
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Figure 1-2 Schematic of typical Thermal and Kinetic energy for a given feedstock in different TS
processes

High Velocity torch descriptions

High Velocity TS processes are well known to produce dense and well-adhered coatings and
work on the principle of directing a combustion reaction through a de Laval type nozzle,
producing plume exit gases at supersonic velocities [2]. A schematic of the relative particle states

from the various high velocity TS process in shown in Figure 1-3.
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Figure 1-3 Thermal and kinetic energy process space for various types of high velocity TS processes
and the commonly associated feedstock materials

Such processes include High Velocity Oxy-Fuel (HVOF) and High Velocity Air-Fuel (HVAF).
HVOF torches can be further sub-divided into Gas Fuel (GF) and Liquid Fuel (LF), depending
on the combusting fuel. Fuels for GF-HVOF commonly include hydrogen, propylene, or
acetylene, whereas LF-HVOF generally uses kerosene. GF and LF-HVOF torches work on the
same principle, yet the particle states of a feedstock are generally different due to these fuel
differences and subsequent torch design. One key difference between GF and LF HVOF is the

introduction of feedstock powder, shown in Figure 1-4.
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Figure 1-4 Powder Introduction relative to De Laval Nozzle for (a) GF-HVOF and (b) LF-HVOF

GF-HVOF torches generally introduce the powder axially into the plume before the nozzle’s
compression and expansion. LF-HVOF torches generally introduce the powder radially and after
the combustion gas expansion, limiting thermal exposure. In addition to a shorter dwell time, the
higher combustion pressure of the LF torches generally produces particles with higher velocities
and lower temperature as compared to GF-HVOF. With HVAF the combustion temperature is
reduced by the nitrogen present in the air, and further lowers the thermal exposure of the
particles. Cold spray has cooler particle deposition by only using the expansion of highly
compressed gas with no combustion (in general). Coating deposition relies principally on

localized heating from adiabatic shearing upon particle impact for the bonding mechanism [3].

TS Stresses

As splats deposit and rapidly solidify on a substrate, the contraction of these droplets are
constrained by the mechanical interlocking between the splat and typically roughened surfaces.
This results in a net tensile stress within the splat, known as a “quenching stress”. These stresses
are a consequence of molten droplet deposition and are highly dependent on the thermal and
kinetic energy of the particles, as well as deposition conditions (temperature, surface wettability)
of the substrate. High stresses can be accommodated by micro-cracking in the case of more
brittle materials, permanent deformation in more plastic materials, and interfacial sliding and de-

bonding in both material types. With the invention of the high velocity deposition processes, the



high kinetic energy of the depositing particles impart solid-state cold working to the impacted
surface [4]. This peening mechanism has the ability to produce compressive stresses within the
impacted coating layer that can minimize, neutralize or even overcome the tensile stresses
normally associated with the quenching of splats, as well as aid compaction and densification of
the coating [5] The summation of the stresses from coating formation are termed Deposition
Stress or Evolving Stress when only considering the coating formation during steady state
deposition (i.e., not the first coating layer). In addition to the stresses involved in coating
formation, thermal mismatch strains result from differences in the thermal expansion coefficients
between the coating and substrate. This can induce thermal stresses as a coated part cools to
ambient temperature after deposition termed Thermal Stress The summation of the quenching
and peening stresses involved in coating formation and the thermal stress from cooling produces

a residual stress profile within the coating, as well as a balancing stress within the substrate.

The ability to quantify the residual stresses of films and coatings was first demonstrated by
Stoney in 1909 [6], where the radius of curvature of a coated beam is used to calculate the
residual stress within the coating layer. The measurement of in-situ beam curvature during TS
coating deposition was first demonstrated by Kuroda [7] and followed by detailed modeling of
the layer-by-layer stress build-up process by Tsui and Clyne [8]. The technique was further
expanded by Matijicek and Sampath [9] and correlated with X-ray and Neutron based techniques
[10]. The ability to measure both the coating deposition and cooling gives insight into the coating
formation stresses, as discussed above. This so called evolving stress, calculated by measuring
the incremental change in curvature with deposition of each layer [11], quantifies the net
contribution of peening and quenching stresses during coating deposition, which differ with

feedstock, process selection, torch operating parameters, deposition rate, and substrate



temperature [12-14]. The use of such an in-situ beam curvature method and process knowledge
offers the opportunity to tailor a desired residual stress. An example of curvature measurements

for a sample of HVOF coating depositions is shown in Figure 1-5(a), along with the respective

calculated stresses in Figure 1-5 (b)
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Figure 1-5 (a) Depiction of curvature evolution during layer-by-layer HVOF spray deposition of WC-
CoCr measured using in situ beam displacement monitoring. The oscillations are due to rastering of
the torch in front of the beam. The slope of the curvature-time graph is termed as evolving stress
which is a result of particle solidification (quenching stress) and particle impact (peening stress). The
oevolving Value is obtained from Stoney formula. Detailed explanations of principles and operative
mechanisms are available in the literature. The post-deposition cooling further incorporates thermal
mismatch stresses between coating and substrate with the final curvature reporting the residual stress.
(b) Shows values of evolving and residual stresses for the graphs in (a).

Feedstock Degradation

In addition to being able to produce dense and compressive coatings, the relatively short particle
dwell times within the plume and surrounding atmosphere before impact allows high velocity TS

processes to mitigate alterations occurring to the feedstock material in flight. This makes high




velocity TS processes more ideal for deposition of materials prone to oxidation or decarburizing,
such as metals or carbide containing cermets, where possible phase changes considered
undesirable for coating performance are significantly reduced compared to other TS processes.
Further control of these feedstock alterations can be controlled by the selection of high velocity

TS process, feedstock chemistry and morphology, and manipulation of torch parameters.

Role in Component Performance

It is the management of phase decomposition, tailorable formation stresses, high density, and
bond strength that have allowed high velocity TS coatings to find a wide range of applications as
wear resistant surfaces, corrosion barriers, and heavy machine element repairs. Such applications

of metallic or cermet coatings include

-Oxidation-resistant bond coats for gas and aero turbines

-Wear-resistant surfaces for hydraulic cylinders and aero landing gears

-Friction-reducing surfaces for aero engine mating surfaces

-Corrosion and wear protection for paper rolls

-Repair of machine elements that have been degraded from prior services.

Most applications typically use these coatings in passive roles, where protection of the base
substrate is achieved by the desired surface properties of the coating. The properties of these
coatings, and thus performance, are highly dependent on coating processing, such as spray
parameters and deposition conditions. As a consequence of TS processing, containing a large
number of variables and lack of repeatability and robust processing, TS coatings are often

delegated to a passive role and are not incorporated in the design of most prime reliant



engineering components. Along this theme, TS coatings for substrate repair have historically
been considered primarily for cosmetic or dimensional repair, with little expectation in load

sharing contribution.

Great strides in process control of TS hardware have been made over the last several decades.
These advancements have enhanced the reliability of a highly stochastic process through
feedstock control, automated process gas controls, and robotic torch manipulation. Additionally,
TS process-specific sensors, such as in-flight particle state monitors and feedstock injection
optimization, have added great value to process development, control and repeatability. Such
controls and sensors have enabled TS to become a more reliable deposition process relative to
the spray plume. However, the understanding of coating formation, properties, and performance
are still emerging in the sensor and controller world. Such tools as in-situ beam curvature
monitoring have provided a great deal of information for coating repeatability, as well as
scientific insight into coating formation and residual stresses. As these tools and controls benefit
TS processing, opportunities exist for enhanced component performance through scientific

guidance.

In order to consider TS coatings as part of the prime reliant design of an engineering component,
an understanding of the process-property-performance relationships within TS coatings is
essential. Using a process map approach, the variations in particle and deposition states during
the TS process and the resultant coating properties and performance can be mapped-out so that
more rapid optimization of a specific coating function can be assessed. Such mapping requires
the use of specialized tools for assessing the TS process, such as particle diagnostics sensors, and

property measurements. Linking coating processing to properties to performance through
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processes mapping has been successfully employed through previous studies [11, 13], where

keys properties can be mapped out for a particular material and TS process.

Multifunctional Requirements

It is often the case that materials or coatings are required to be multi-functional, where many
performance attributes are demanded from them. TS coatings are no exception. Though the
coatings may be implemented for a single primary purpose, there are often numerous roles that a
coating fulfills in protecting the substrate from undue damage during operation, or at the very
least cause no significant detriments in other performance criteria. Influences such as chemical
environment, mating surface, or thermal exposure will often drive the material selection for
individual components. In the case of damage tolerant coatings, the system requirements are
many, including wear resistance, corrosion protection, and fatigue endurance. These performance
attributes will be uniquely affected by TS processing in ways highlighted in Figure 1-6, with

subsequent discussion.
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Figure 1-6 : Key performance and processing factors that affect design and manufacturing of
structurally integrated coating systems.

Wear

One of the most widely used applications for high velocity TS coatings is for wear resistance.
Depending on the component’s design and purpose, wear scenarios can include three-body
abrasion, erosion, impact, sliding/adhesive wear, fretting wear, cavitation, or contact fatigue.
Numerous compositions and material types are employed for such surface protection, including
WC-CoCr, WC-Co, CrC-NiCr, Tribaloys and other hard facing alloys, as well as ceramics such
as Alumina or Chromia [15-20]. As discussed above, the properties of the TS deposited coating,
such as residual stress, hardness, and toughness, will be different from that of the bulk materials
[21]. This will require TS processing control and knowledge in order to produce the optimal

coating surface for a wear scenario.

Corrosion

12



Similar to providing a wear protection surface, TS coatings for corrosion protection require the
consideration of a combination of both the intrinsic property of the feedstock material and the TS
processing influence on microstructure for proper coating design. With the proper feedstock
composition for an operating environment, TS processing becomes the key factor in the
performance of the coating. Typical corrosion control through TS coatings is achieved by
providing a more active surface (Zinc, Al) than the substrate [22]. In the case of dense coatings
produced via high velocity TS processes, corrosion protection is achieved by providing an
adequate barrier between corrosive media and the substrate [23-26]. Such properties as residual
stress, porosity, and thickness are critical for corrosion protection by preventing the infiltration
of the electrolyte solution to the substrate. Additionally, galvanic coupling between the coating
and substrate must be considered in order to prevent unexpected attack of the substrate due to the

coating.

Fatigue/Load Endurance

In the case of load bearing components, such as aero landing gear, hydraulic cylinders, and drive
shafts, the changes in static and cyclical mechanical behavior due to the processing and presence
of a TS coating is critical. The variations in residual stresses and coating properties that arise
from TS processing will have implications on the fatigue life of a coated component [27]. The
superposition of applied stress and residual stress offer a different loading experience than for the
uncoated substrate. In the case of component repair, having load recovery and structure
stabilization with proper coating application offers considerable benefit to be gained in the
remanufacture of expensive machine elements. Restored or enhanced mechanical properties vs
the substrate material can be achieved through applied knowledge of the process-property

relationships in TS coatings.
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2 Statement of the problem

TS coatings are clearly able to provide life extension for many engineering components
by providing surface protection to damage-prone surfaces or as a repair to restore damaged base
materials. With the advent of high velocity deposition processes, the ability to synthesize nearly
fully dense metallic and cermet coatings has been achieved, displaying excellent surface
hardness for wear resistance applications and electrolyte barriers for corrosion protection. Many
processing factors can influence the ability of these coatings to have to desired properties and
performances. However, further complications arise from the many TS coating processes and
feedstock choices available for different service environments. Various service environments

often demand that the coating has a multi-functional role, thus making the processing critical.

When considering the prospect of treating the coating as a prime reliant contributor to the
component’s life and performance, rather than just life extension layer, one needs to tally up the
key requirements that the TS coatings provide to a similar level of confidence as the structural
component. Coating adhesion, cohesion, relevant properties (hardness, stiffness, and toughness),
wear and corrosion resistance, and fatigue-life of the coated component are all important factors
in design consideration. Process-induced effects on the substrate (e.g., formation and residual
stresses, thermal input) are also important parameters that will depend on materials, process
conditions and deposition conditions (e.g., cooling, surface speed). The last two decades have

seen significant advancements in TS processing hardware and feedstock materials that have
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enhanced the capability of the technology to meet the stringent design requirements for the
proposed class of structurally integrated, damage tolerant coatings. In terms of process hardware
advancements, the industry has developed a number of spray torches which allow manipulation
of the particle streams, imparting a range of particle thermal and kinetic energies. Advanced
mass flow based control consoles have enabled greater precision in managing/manipulating gas
flows and feedstock input, enhancing the reproducibility and control of the spray stream.
Integration of robotics has allowed enhanced process precision and application repeatability. A
number of suppliers now offer various feedstock powders with well controlled particle size,
composition, and morphology. These are necessary advances but not always sufficient to meet

the goals of prime-reliant design and manufacturing of advanced coatings.

Perhaps the most important development in TS technology is enhanced scientific
understanding along with user-friendly diagnostic and characterization sensors. Optical sensors
that monitor thermal and kinetic energies of particle in-flight, including their spatial distribution,
is now common place in most advanced facilities. Combined with sophisticated control systems,
they allow day-to-day process repeatability. In recent years, the use of in-situ beam curvature
measurements during deposition is prevalent in advanced laboratories and is being adopted in
manufacturing. This provides real time measurement of coating formation dynamics through
extraction of layer-by-layer stress evolution, as well as elastic properties of the coating. All of
these sensors have enabled a greater insight into the processing-property-performance
correlation, by allowing an understanding of the relations between hardware, feedstock selection,
and the final coating properties and expected performance. Such a methodology, termed
“process mapping”, has been a useful tool for rapid optimization of coating properties and

enables the design for damage-tolerant coatings in a systematic fashion as opposed to empirical-
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based optimization. Coupling the demands for damage-tolerant surfaces with the need for the
coating to be structurally integrated in a finished component make for a significant opportunity

to produce optimized processing and coatings for high performance engineering components.

To date, there is limited understanding of the interplay between TS processing and the
effective role of the coating’s structural integration beyond that of a simple adhesion test. Fatigue
testing of TS-coated components are often constrained to a single coating process and lack a
mechanistic explanation of coating processing and the relevant effects on fatigue life. This lack
of understanding could potential result in premature failure due to mechanical loading of the part
instead of surface damage that the coating was put in place to protect. With advancements in
process control and TS-specific sensors, there is the opportunity to develop the knowledge for
optimizing TS coating structural integration, in conjunction with surface functionality.
Therefore, this work is directed at identifying the key processing-property interactions of high
velocity TS processing that allow for a multi-functional, structurally integrated coating to be
produced. This will aid in yielding the desired surface characteristics as well as a neutral or

beneficial effect on the static and cyclic load endurance of a coated component.
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3 Process-Property-Performance relationships in Damage Tolerant

Coatings: Surface Functionality

3.1 Introduction

The last two decades of thermal spray technology have seen the emergence of torches and
processes, such as High Velocity Oxy-Fuel (HVOF), that are capable of imparting high kinetic
energy to the spray particles. One of the most prominent applications of HVOF coatings is in
aggressive wear environments, where materials such as WC-Co, WC-CoCr, and CrC-NiCr are
deposited onto components, such as landing gear, hydraulic cylinders, gate valves, and paper
rolls, in order to provide protection against wear/corrosion damage and imparting component life
extension [28, 29]. In cases where only corrosion protection is required, barrier-type corrosion
coatings of more noble metals are often deposited by HVOF, either directly for corrosion
protection of the base material or for repair functions. Feedstock selection of such protective
coatings are dependent upon the base material in order to avoid galvanic coupling of the coating
and substrate, but a wide array of metallic feedstock is often suitable for such purposes,

including Ni, Ni alloys, and Stainless Steels.

In addition to a large variety of feedstock chemistry, there exist different configurations
of commercially available HVOF torches that are designed to uniquely facilitate thermal and

Kinetic energy transfer onto depositing particles, thus enabling large process windows,
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particularly in terms of particle kinetic energies. Historically, the trend of high velocity torch
design has pursued higher particle velocity. The general premise is that the higher the impact
velocity, the greater the density of the coating, and thus yielding enhanced performance against
wear and corrosion. One important design difference is the type of fuel used, such as gas fuel
(GF) using Hydrogen or Propylene, or liquid fuel (LF), which is commonly Kerosene [30]. The
thermal exposure and kinetic energy coupling of these two different types of HVOF torches can
thus be significantly different based upon torch design. Other fuel variants are also possible,

further expanding the potential application methods.

The key properties of interest with HVOF coatings (e.g., hardness, density, bond
strength) are a function of coating chemistry and microstructure, both of which are processing
sensitive [11]. In addition, besides the intrinsic hardness of WC-CoCr cermets or relative nobility
of Nickel, the high kinetic energy contributes to a peening mechanism that can occur with HVOF
particle impact. The depositing particles are thus able to work harden the previously deposited
layer, imparting a compressive residual stress into the coating and also aid in coating
densification [4]. This peening stress generation, unique to high velocity TS processes, can help
neutralize or even over-compensate the quenching stress associated with rapid quenching and

solidification of molten particles on the substrate [4, 11].

In order to examine the effect of torch selection, processing parameters, deposition
conditions and feedstock selection of HVOF deposited coatings for wear and/or corrosion
resistance, a process-mapping methodology is employed. The interactions between the torch
plume and feedstock particles are measured using in-flight particle diagnostic sensors, allowing
the construction of a first-order process map [11, 13, 31, 32]. Deliberate variations of in-flight

particle states through operating parameters, as well as deposition conditions, will affect the
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coating formation dynamics, including microstructure and coating formation stress, referred to as
“evolving stress” [11, 13]. These, in turn, will facilitate the determination of the coating
properties, such as hardness and modulus and related performance measures of wear and
corrosion. The association between coating formation and subsequent properties are captured in
the form of second-order process maps [11, 31, 32]. An illustration of the overall TS process
chart is shown in Figure 3-1. In this chapter, a methodology for HVOF deposited WC-CoCr,
CrC-NiCr, and Ni are presented, also allowing consideration of a range of thermal spray
materials and processes. As will be shown, the availability of both in-flight process diagnostics
and the monitoring of in-situ coating stresses enables these strategies to be used for coating

optimization for specific applications [32]
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3.2 Experimental Methods

3.2.1 Feedstock powders

Numerous feedstock powders including WC-CoCr, CrC-NiCr, and Nickel were sprayed

under different conditions in a series of design-of-experiments. All powders are commercially

available with composition and powder size listed in Table 3-1
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L . Manufacturing . .
Name Composition Size Method Carbide Size
Agglomerated,
JK120H 86WC 10Co -45+5pm Sintered, and 1-10pm
4Cr P
Densified
86WC 10Co Densified
S$X178 pr -44 +10pm Spherical 1-10um
Amperit 86WC 10Co Agglomerated
556.059 4cr -30 +5um and Sintered <Tum
Spherical,
WOKA 3652 | S86WC10Co -45 +15um Agglomerated 1-10pm
4Cr :
and Sintered
SX195 75CIC 25NiCr -44 +10pm Densified 1-10pm
Spherical
Ni 914-3 >99% Ni -45 +16pm Atomized N/A
Table 3-1 Feedstock powders for Chapter 3

3.2.2 Spray Parameters

All coatings were sprayed with one of two torches- a Hydrogen-fueled Diamond Jet (DJ)
2260 by Oerlikon Metco, Westbury, NY, USA and a Kerosene-fueled JP 5220 (JP) by Praxair
Surface Technologies, Indianapolis, IN, USA. All experiments were conducted using torch
dedicated gas flow control systems and robotics for torch manipulation to aid in repeatable

operation. A series of design-of-experiments (DOE) were used to provide variations in the spray

stream.

3.22.1 DOE1

The first design of experiment utilized a WC-CoCr powder (JK 120H, size range -
45+5um) from Kennametal Stellite, Goshen, IN, USA. For the DJ torch studies, an orthogonal
Taguchi- 4 parameter and 3 level design-of-experiment was employed [33], varying the total gas
flow, stoichiometric O2/Ha ratio (1), spray distance, and feed rate. Air was used as the shroud gas
(an internal design feature of the DJ torch).The O2/H> flow ratio is calculated including
combustion of the Oz from the shroud air. The N2 contribution from the shroud air is kept at a
constant volumetric ratio of 0.23 N»/total gas flow. For the JP torch studies, a single oxygen and
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fuel parameter is used, with three varying spray distances. The Taguchi developed spray

conditions for DJ and the conditions for JP are described in Table 3-2 and Table 3-3, respectively

DOE 1

ﬂ o | S| oty | Fesaras | S,
[SLPM] A [mm] [um]
“ 1158 0.81 254 30.4 230
“ 1158 0.90 229 38.0 290
“ 1158 0.99 203 45.6 310
“ 1286 0.81 229 45.6 260
“ 1286 0.90 203 304 220
“ 1286 0.99 254 38.0 270
1415 0.81 203 38.0 220
“ 1415 0.90 254 456 250
“ 1415 0.99 229 30.4 200

Table 3-2 Taguchi design of experiment for Diamond Jet conditions with JK120H powder in

[SLPM]| [SLPM] |[mm]

Feed Rate

J 944 0.41 152 7.23 1.12 279 65 70
J 944 0.41 152 7.23 112 330 65 140
J 944 0.41 152 7.23 112 381 65 150

Coating
Thickness

[pm]

Table 3-3 Spray conditions for JP torch with JK120H powder in DOE 1

In order to maintain similar coating thickness per pass, the increment between each stroke
during spraying is 3mm and 5mm for Diamond Jet and JP, respectively, due to the difference in

spot size and feed rate between the torches. A 1m/s raster speed is used for all spray runs.
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3.2.22 DOE?2

Three feedstock powders were used for DOE 2, all of them WC-CoCr. An orthogonal
Taguchi- 4 parameter and 3 level design-of-experiment was employed for both the DJ and JP
torches. The parameters varied for the DJ torch were total volumetric gas flow, stoichiometric
O2/H; ratio (L), spray distance, and the No/Total gas flow (from air). The parameters varied for
the JP torch were combustion pressure, stoichiometric O2/Fuel ratio (), spray distance, and
barrel length. The levels for the parameters of the DJ and JP torch are shown in Table 3-4 and

Table 3-5, respectively.

Total Flow [SCFH] 2500 2800 3100

O,/Fuel Ratio 0.75 0.9 1.05
N,/Total Flow 0.25 0.22 0.19
Spray Dist. [mm] 254 229 203

Table 3-4 Parameter levels for Taguchi test matrix for the DJ torch in DOE 2

Barrel Length [mm] 102 152
Comb. Press. [MPa] 0.52 0.62 0.72
O,/Fuel Ratio 1.0 1.15 1.3
Spray Distance [mm] 381 330 279

Table 3-5 Parameter levels for Taguchi test matrix for the JP torch in DOE 2
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Matching of the parameter order and effective torch condition is changed between
feedstock powders in order to increase variability of spray parameters and is shown in Table 3-6

and Table 3-7 for DJ and JP, respectively.

Powder P1 P2 P3 P4

SX 178 No/Total S.D. Total Flow O,/F
Amperit 556 S.D. Total Flow QO./F N,/Total
WOKA 3652 Total Flow O,/F Ny/Total S.D.

Table 3-6 Parameter arrangement per each feed stock for the DJ spraying in DOE 2

Powder P1 P2 P3 P4

SX 178 Comb Press O,/F S.D. Barrel
Amperit 556 Barrel Comb Press QO./F S.D.
WOKA 3652 S.D. Barrel Comb Press O./F

Table 3-7 Parameter arrangement per each feed stock for the JP spraying in DOE 2

In an effort to maintain uniform coating application, the increment between each stroke
during spraying is 3mm and 5mm for Diamond Jet and JP, respectively, due to the difference in
spot size and feed rate between the torches. A 1m/s raster speed is used for all spray runs. A feed

rate of 30g/min and 65g/min were used for the DJ and JP, respectively

For deposition condition studies, a single parameter for the JP was used, shown in Table 3-8

ich. Feed
0, Flow Fuel Barrel Comb Stou_:h §pray ee
[SLPM] Flow | Press | Ratio | Distance Rate
[SLPM] [MPa] A [mm] [g/min]
944 0.41 152 0.72 1.12 330 65

Table 3-8 Center JP parameter used in testing deposition conditions in DOE 2
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3.2.2.3 DOE3

The third design of experiment utilized CrC-NiCr feedstock powder being sprayed by the
LF-HVOF JP Torch. Torch conditions are shown in Table 3-9 with a feed rate of 65g/min and a
spray distance of 16 inches. Raster speed for all conditions was 500mm/s. Parameters were

designed to attempt three combustion pressure level and the range of stoichiometry the torch can

provide.
Kerosene | Oxvaen Chamber Coating
Condition flpm] [Igr?‘l] O./Fuel Pressure | Thickness

[Mpa] [um]

1 .28 453 1.2(0) 0.41(L) 160

3 .22 576 0.8 (F) 0.37(L) 150

4 .35 564 1.3(0) | 0.52(m) 210

5 32 649 1.0(8) | 0.52Mm) 280

6 .27 722 0.8 (F) 0.50 (M) 330

7 49 788 1.3(0) 0.79 (H) 550

8 44 909 1.0(S) 0.77 (H) 260

9 .38 1010 0.8 (F) 0.72 (H) 240

Table 3-9 Test matrix for CrC-NiCr sprayed by the JP torch, where the ratios and levels of Fuel
and Oxygen flow were changed in order to achieve plume stoichiometry of Oxygen Rich (O),
Stoichiometric (S), and Fuel Rich (F). The resulting combustion pressures where classified as
Low (L), Medium (M), and High (H)

3.2.2.4DOE 4
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The fourth experimental design utilized Nickel feedstock powder, with only two torch
conditions shown in Table 3-10 for the LF-HVOF JP Torch. A Feed rate of 65g/min and a raster

speed of 1000mm/s was used for coating deposition

Kerosene | Oxygen Chamber
Condition [L/hr] [SEE’M] Q,/Fuel | Pressure
[MPa]
High 25 943 1.09 0.75
Low 19 849 1.28 0.63

Table 3-10 Test conditions used by the JP torch to spray Nickel in DOE 4

3.2.3 Particle State Measurement

In-flight particle properties (temperature and velocity) were measured using an
Accuraspray G3 ™ (Tecnar Automation LTEE, St-Bruno, QC, Canada) with a low emission
measurement sensor head. Measurements were made prior to coating deposition at the stand-off
distance, with the average of more than 10 seconds of recorded data used for reported values.
Particle state measurements for DOE 2 were taken at a reduced feed rate in an effort to conserve

powder.
3.2.4 Coating Stress Analysis

Coatings were deposited onto 25.4 x 228.6 x 2.3 mm grit blasted low carbon steel
substrates with concurrent monitoring of their curvature changes and substrate temperatures
during deposition using the in-situ coating property (ICP) sensor [7, 13]. The details of the
measurement procedure are provided in reference [12, 34]. Layer-by-layer stress evolution in the
coatings are then calculated via Stoney’s formula [6]. Evolving stress, defined as the stress

during the formation of each layer, is calculated using the incremental curvature change for each
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spray pass, after the substrate temperature reaches a steady state (i.e., after a few initial coating
passes). The final residual stress is obtained using the net curvature change in the substrate at the
end of the cooling [11, 12, 34, 35]. Details of the stress descriptions and the methodologies for
their extraction are provided in References [7, 13, 34]. Further explanation of stress calculation

from curvature is shown in Chapter 10

To define the terminology used with regards to coating stress measured by beam curvature:

Residual Stress: The calculated stress value using the initial and final curvature measurements of

the beam using Stoney formula. It is assumed to be equivalent in-plane (x and y), with an
assumption of no stress difference in the through thickness direction (z). The residual stress

value contains two constituent parts, the Thermal and Deposition stress.

Thermal Stress: The calculated stress value using the curvature at the beginning of cooling (after
spraying) to the end of cooling. This is the magnitude of in-plane stress the coating has due to the
thermal mismatch between the coating and substrate as the specimen cools from the deposition to

ambient temperature (assuming no delamination or spallation during cooling).

Deposition Stress: The calculated stress value using initial curvature and the curvature

immediately after spraying. This curvature point is the same as the beginning of cooling for the
thermal stress calculation. The deposition stress takes into account all of the formation stresses
within the coating, including the first adhesion layer, quenching stresses from splat bonding,
peening stress from high kinetic energy impact, and any stress relaxation that may occur in the

coating during the deposition process.

Evolving Stress: This uses an adaptation of the Stoney formula where the change in curvature

with coating deposition is used to calculate the evolving stress. It is similar in value to the
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Deposition stress, but uses the steady state deposition regime of curvature change once the
coating process has reached steady state i.e., excluding the adhesion and the passes prior to
steady state temperature of the beam. The evolving stress examines the character of the layer by
layer deposition of a particular coating process, with the summation of quenching stresses,

peening stresses, and any stress relaxation.

3.2.5 Coating Characterization

3.2.5.1 Micrographs

Cross-sectional micrographs were obtained on metallographic polished coating cross-
sections using a scanning electron microscope, Hitachi TM3000 (Angstrom Scientific Inc.,

Ramsey, NY, USA) under electron back-scattered diffraction mode.

3.2.5.2 X-Ray Diffraction

X-ray diffraction spectra for coatings and the feedstock powder are collected under
ambient conditions, using Philips diffractometer type PW 1729 (Philips Analytical Systems,

Mahwah, NJ, USA) at rate of 1.2 degree/minute.

3.2.5.3 Microhardness

Cross-sectional Vickers hardness of coatings was measured on their polished cross-
sections at 0.3 Kg load with a 15 second hold period. Indent size was measured by optical
microscopy. For each coating at least ten measurements were made and their average values are

reported.

3.2.5.4 Micro-Indentation
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Indentation modulus measurements were taken on the top surfaces of polished coatings
using an instrumented indenter with a Berkovich tip (Micro-Materials Limited, Wrexham
Technology Park, Wrexham, UK). Elastic recovery of the coating upon unloading was used to

calculate the indentation modulus, as described by Oliver and Pharr [36]

3.2.6 Coating Performance

All coating surfaces were ground and polished, with a final polishing step using 1um

diamond solution for a mirror finish prior to all coating performance tests.

3.2.6.1 Abrasion Wear Testing

Abrasive wear studies were conducted using the standard ASTM G65 method on select
coatings under a load of 5kg for the stated periods of time. Sample were weighed before and

after testing to determine weight loss

3.2.6.2 Sliding Wear Testing

A 6.35mm diameter alumina ball was used for a pin on disk wear test, done in lab air.
Surfaces were cleaned with alcohol and dried prior to testing. Load, tangential speed, and total

distance for the wear tests are shown in Table 3-11

Load [N] | Distance [m]| Ang. Speed [mm/s]
10 700 49
20 630 a4

Table 3-11 Sliding Wear test conditions for WC CoCr samples

3.2.6.3 Corrosion testing
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Corrosion performance was evaluated on their polished surface using electro-chemical test
setup (Gamry 3000 potentiostat, Warminster, PA, USA) in a 3.5 wt% neutral NaCl solution. For
each specimen, the setup is stabilized for two hours to obtain an open circuit potential (OCP)
with reference to a standard calomel electrode. The potentiodynamic measurements were then
conducted with a -0.3 to +1V scan with reference to the OCP at 5 mV/sec scan rate. The

corrosion performance were benchmarked against uncoated and polished carbon steel.

3.3 Results

3.3.1 WC-CoCr - Single Feedstock Process Map: A Case Study
3.3.1.1 Particle State Manipulation

The in-flight particle temperature and velocity measurements of the spray conditions of
gas and liquid fuel HVOF for JK120H powder are shown in Figure 3-2 as a 1% order process map
from DOE 1 and the conditions given in Table 3-2 and Table 3-3. As expected the two torches
produce particle states that occupy different zones of the temperature and velocity map, with the
gas fuel DJ torch occupying a generally higher particle temperature and lower particle velocity
regime than that of the liquid fuel JP torch. Such temperature and velocity regimes for different
torches have been reported before, and can be attributed to the differences in torch designs,
particularly in the manner in which particles are injected into the plume. The gas fuel DJ has the
powder introduced axially into the combustion chamber, prior to the convergent-divergent
nozzle. This is used to achieve supersonic gas velocities in HVOF torches, which allows a longer
dwell time to particles within the hot gases. The liquid fuel JP torch has the powder introduced
radially after the convergent-divergent nozzle, where the hot gases have already expanded to
supersonic speed, providing a more immediate acceleration of the particles and thus reducing the

dwell time of the particles in the hot gas. The exit velocity of the combusted gases from the
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respective torches also contribute to the differences in particle velocity as there is a momentum

transfer from gases to particles.
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Figure 3-2 A particle temperature —velocity map for gas and liquid fuel sprayed WC-CoCr subjected to
deliberate variations in process conditions identified in Table 3-2 and Table 3-3

Coating conditions for the DJ torch were selected in order to fit into a Taguchi design of
the experimental matrix. Analysis of the particle temperature and velocity data for the coating
conditions for the DJ is conducted using signal-to-noise Taguchi array analysis. The temperature
and velocity values from this analysis for each spray parameter are shown in Figure 3-2 and

Figure 3-3
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Figure 3-3 Signal to Noise ratio of Diamond Jet operating parameters of Total Gas Flow, Plume
Stoichiometry (1), Spray Distance, and Powder Feed Rate on particle temperature and velocity

Within these considered parameters for the DJ torch, it can be observed that the total gas
flow has the widest relative influence on particle state, with higher flow producing hotter and
faster particles. The stoichiometric O2/H> ratio (1) also has a large influence on particle states,
with a more fuel rich flame having hotter and slower particles. Spray distance shows some
variation with particle temperature, though there is relatively little influence on the particle

velocity. On the other hand, powder feed rate shows minimal effect on particle state. However a
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drop in both temperature and velocity at the highest feed rate level can be noticed, which is likely

due to the quenching of the plume at those higher feed rates.

It should be noted that the Taguchi design of experiment used has limitations in
describing the influence of parameter selection on particle state influence, since individual
parameters are not varied independently of other parameters. Additionally, the extrapolation of
parameter influence beyond the explored ranges cannot be used with a large degree of
confidence. There exist more robust design of experiments that could be used for particle state
exploration, but Taguchi was used for its limited use of resources as compared to other

experimental designs.

The change in particle state for the JP-5220 conditions can be observed in Figure 3-2,
where only the spray distance of the particles was changed. Unlike the spray distance behavior
for the DJ’s signal-to-noise ratio analysis, both particle temperature and velocity drop as the

spray distance of the JP-5220 increases.

3.3.1.2 Feedstock phase changes/decomposition

The rapid melting of particles within a TS plume and quenching upon impact is a unique
aspect of TS processing, where metastable feedstock material can be deposited with the proper
process selection and operating parameters. The relatively short thermal dwell time of particles
in high velocity TS processes offer an advantage over low velocity TS process having a longer
thermal soaking time, such as plasma spray. The minimizing of phase changes and/or
decomposition within the feedstock powder can be achieved and offers tighter control of phase-

based defects that may have deleterious effects on the desired coating performance. Each
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feedstock material is a unique case in the chemical changes it can be prone to, such as

decarburization or oxidation, with direct implications for the processing parameters

WC is often considered a metastable phase, where with a high enough temperature
(~450°C), the preferred carbide phase is W>C. This phase is hard like WC, but is often associated
with a higher degree of brittleness [37-40]. The excess carbon is generally thought it oxidize with
excess oxygen in the spray plume and atmosphere. When WC is within a Co or CoCr matrix, as
in the case of thermal spray powder, tertiary phases of W, C, Co, and Cr can form during thermal
spraying as carbon may also diffuse into the matrix material [37-40], which may also be
detrimental to intended wear performance of a WC-CoCr coating. Thus, the presence of W,C
and other unintended phases within a WC-CoCr coating are considered undesirable and are kept
to a minimal level. The degree of WC to W>C, referred to as decarburization, is easily observable

in X-ray diffraction measurement of coating surfaces.

To illustrate the degree of decarburization of WC-CoCr associated with process selection
and torch operating parameters, XRD measurements of select coatings using the torch operating
parameters shown in Section 3.3.1.1 for both GF and LF HVOF were carried out. The results, as

well as the calculated peak intensity ratio between W>C and WC, are shown in Figure 3-4
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Figure 3-4 X-Ray diffraction patterns and the ratio of the W,C and WC peak intensities of the as-
received powder, D1, D5, D9 and J2 coatings

The relatively low level of W>C detected in the as-received powder indicates that a
significant degree of decarburization occurs during the particle’s thermal soaking time. The GF
DJ2600 torch, with generally higher particle temperatures, displayed a higher ratio of W>.C:WC
in the sprayed coatings, while the LF JP5220 coating had a slightly lower degree of

decarburization.
3.3.1.3 Process Induced Stress — Formation and Residual

The generation of residual stresses are inherent to the TS process, based upon with the
rapid quenching of molten droplets which induce tensile stresses during deposit formation. As
discussed in the Introduction, high velocity TS processes have the ability to induce cold working
as particles with high kinetic energy impact the surface, inducing compressive stresses into the
previously deposited layers. Thermal mismatch strain between the coating and substrate
produces thermal stresses within the coating and substrate, with the ability to induce either

compressive or tensile stresses within the coating, depending on the sign of the CTE difference.
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The combination of all of these factors control the residual stress within TS coatings, with
significant differences possible with TS process selection, feedstock, torch parameters, and

deposition conditions.

The evolving stress as a coating is deposited gives an insight into the concurrent
quenching and peening stresses that occur within high velocity TS coatings, offering a valuable
tool for assessing coating integrity. Through the use of in-situ beam curvature monitoring,
evolving and residual stresses can be calculated based on the Stoney formula for quantitative

assessment of coating formation dynamics [6].

An example of such curvature measurement is shown in Figure 3-5, which are of the
WC-CoCr coatings produced using the coating conditions in Table 3-2 with measured particle

temperature and velocities shown in Figure 3-2

In-situ Curvature Measurment

D1 (Quenching)

i Quenching

D5 (Neutral)

Curvature [m™]

D9 (Peening)

l‘.‘ J2 (Peening)
\

\
N~

T T T T
0 200 400 600 800

Time [s]

Figure 3-5 Examples of in-situ curvature evolution results during HVOF spraying for selected spray
conditions exhibiting quenching, neutral, and peening evolving stress.
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The change in curvature with coating addition clearly shows the nature of the evolving
stress within these coatings, with an increase in curvature indicating net quenching stresses and a
negative curvature growth indicating a net peening stress. The undulations within the coating
deposition are from the torch rastering over the substrate. Curvature induced after coating
deposition is a result of the thermal mismatch strain upon cooling, with all samples accumulating
negative curvature (compressive stress) for the coating-substrate system of WC-CoCr on steel in

Figure 3-5.

Using the measured velocity of the in-flight particles and a theoretical mass of the
particles (using the d50 of the powder size distribution), the kinetic energy was calculated and
plotted against the calculated evolving stress for all the DJ and JP conditions of JK120H and are

shown in Figure 3-6
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Figure 3-6 Correlation between evolving stress and particle kinetic energy for the various deposited
samples indicating a linear trend (with confidence 95% confidence interval) between particle Kinetic
energy and the dominant formation stress

The results suggest a linear dependency between the two measured values with all the
data nearly enveloped within a 95% confidence interval band. As anticipated, the greater the
kinetic energy, the more compressive is the evolving stress. Coatings with larger thermal
exposure (e.g., D1, D2, D3) experience greater thermal soaking due to the lower velocity (longer
dwell time). These coatings result in quenching dominated tensile residual stress, classifying D1,
D2 and D3 as low peening intensity conditions. Particles with lower temperatures (due to shorter
dwell time at higher kinetic energies) display primarily a peening (compressive) contribution,
and hence belong to high peening intensity conditions, such as all the JP conditions and D9 for
DJ. The remarkable feature of this result is the ability of the HVOF process to modulate the

deposition stresses through parametric control.
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The representative coating microstructures from different regions of the peening intensity

plot are shown in Figure 3-7, with insets of optical micrographs for measured porosity.

D1 ~ Quenching D5 - Neutral A
% Porosity =3.8 04 % Porosity - 23%03

D9 - Peening
% Porosity =2.5%0.3

Figure 3-7 Representative scanning electron micrographs and apparent porosity values of the D9, D1,
D5and J2 coatings, corresponding to the various stress states shown in Figure 3-5

These microstructures at first glance do not reveal a significant difference among the
coatings. The JP coating shows lowest porosity attributed to the high impact velocities. The
results of DJ samples are subtle but present a pattern. Here, the coatings produced at higher
temperatures and higher velocities (e.g., D9) shows marginally lower porosity, while the coating
produced under the quenching condition displays somewhat larger porosity. Both the neutral and

compressive condition coating show similar apparent porosity.

3.3.1.4 Properties

As a damage-tolerant surface, where often the primary goal of coating application is to
protect against undue component wear, WC-CoCr coating hardness has been considered a

critical property. Though WC-CoCr has a high hardness as a bulk sintered material, splat-to-splat
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bonding, phase decomposition/decarburization, and evolving and residual stresses all play a role

in the hardness value of high velocity TS deposited WC-CoCr.

The measured Vickers hardness of the coatings produced by JK120H using the DJ2600
and JP5220 conditions in Table 3-2 and Table 3-3 are shown in Figure 3-8 with a graphical

correlation between processing induced coating residual stress and hardness.
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Figure 3-8 Graphical correlation between cross-section Vickers hardness of the various coatings and
process induced residual stresses among the various coatings. The results generally point to increased
hardness with increasing compressive residual stress state in the coatings.

The results of Figure 3-8 suggest that, in general, coatings with more compressive
residual stresses exhibit higher hardness values. This is observed for both DJ and JP torches.
This relationship can be explained based on the particle peening intensity and coatings residual
stresses. The successive peening of the particles densifies the coating structure beneath and
imparts the compressive residual stress. In addition, the peening phenomenon can work-harden
the metal binder matrix, resulting in extrinsic hardening benefits. Particularly in WC-CoCr, other

mechanisms may also contribute, for instance, the phenomena of decarburization which is likely
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prevalent in the case of the DJ coatings. Formation of W>C in the coating can potentially result in
increased hardness due to the harder intermetallic phase as well as increased dissolution of
carbon in the binder. This may be an explanation for higher hardness of D7 coating compared to

D9, despite having similar residual stresses.

Additionally, it can be noted that the hardness values appear to reach a plateau at a
hardness of around 1400 Hv. This can be attributed to the limitation of WC-CoCr’s intrinsic
hardness, and also to the processing limitations to provide a denser and more compressive
coating. It is clear that interplay between microstructure, residual stress, and feedstock
decarburization as a result of processing hardware and parameters have a tailorable effect on

coating hardness.

3.3.1.5 Performance

As a predominantly wear resistant coating, the damage tolerance of WC-CoCr is of
critical importance to the protection of a substrate that is incapable of withstanding harsh service
environments. With variations in processing, the properties of TS sprayed WC-CoCr have
considerable breadth. As would be expected, the wear performance of such coatings would vary
as well. Abrasive wear performance was conducted on three of the DJ coatings with tensile (D1),
neutral (D5) and compressive (D9) stress states from Figure 3-5 and are shown in Figure 3-9(a).
The JP coatings from the same study were not sufficiently thick for testing and as such the data is

not included.
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Figure 3-9 (a) Abrasive wear results obtained from the ASTM G665 test for three selected DJ coatings
displaying tensile, neutral and compressive stress states. (b) Effect of evolving stress on coating
performance evaluated via potentiodynamic polarization curves for three of the DJ samples displaying
tensile, neutral and compressive stresses. Similar to the wear performance coatings subjected to greater
degree of peening show improved corrosion protection.

Not surprisingly, the mass loss (or wear rate) correlates well with the evolving stress state
and coating hardness. These results demonstrate not only the efficacy of HVOF process
optimization for functional coating performance, but also the ability of controlling particle state
and understanding stress evolution dynamics for efficient coating design and performance

prediction.

Since many service environments for wear resistant coatings also have the potential for
corrosion damage, whether from chemical or atmospheric moisture, corrosion response of these
coatings are also of interest. Potentiodynamic corrosion test results of the selected DJ coatings
(D1, D5 and D9) are shown in Figure 3-9(b). The selection criteria for these coatings were
described in an earlier section and were of equivalent thickness. Figure 3-9(b) shows both the

corrosion potential as well as the corrosion current density. Samples with higher corrosion
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potential and lower current density represent superior corrosion resistance. All of the data is
benchmarked against a plain carbon steel and indicates that all of the three WC-CoCr coatings

provide a measure of protection to the steel.

Figure 3-9 also points to a strong correlation between the evolving stress state (peening
vs quenching) and corrosion potential of the coatings. The corrosion potential (Ecorr) D9 coatings
was higher than D5 followed by D1 coatings, suggesting a systematic improvement in coatings’
corrosion performance with evolving stress state changing from quenching to peening. These
observations can be attributed to the larger peening and residual stresses present in coating D9,
which result in a denser microstructure than the other two coatings. This densification would
thus decrease the permeability of corrosive solution to penetrate deeper into the coating, possibly
to the substrate. All of the coatings offer very good protection to the underlying steel substrate,
with D9 offering the best protection, implying that complete penetration of solution to the
substrate was not likely. The results again point to the coupling of process-property relationships

in driving engineering performance of this class of HVOF spray coatings.

3.3.2 WC CoCr — Multiple Feedstocks, Torch Parameters, and Deposition conditions

3.3.2.1 Particle State Manipulation

With the wide variety of commercial feedstocks available for the same nominal
composition of 86WC-10Co 4Cr, it is important to understand how different particle sizes and
morphologies will interact across the parametric operating space of both GF and LF HVOF. The
particle state of three different powders and a Taguchi arrangement of parameter selection for
both the DJ2600 and JP5220 from Table 3-6 and Table 3-7 were measured, with the results

shown in Figure 3-10
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Figure 3-10 Measured particle velocity and temperature for three different WC CoCr powders sprayed
by both GF and LF HVOF. SX178 and WOKA 3652 had similar particle size and WC grain size
whereas Amperit 556 was a smaller particle size with finer WC grains.

Again, it is clear to see that the GF-HVOF DJ2600 produces a particle state with on
average higher particle temperatures and lower particle velocities for the same reasons as
described in the experiment of a single feedstock powder. Both torches have the same general
trend where higher particle temperature and higher particle velocity occur concurrently. It is also
clear that the Amperit 556 powder experiences higher particle temperatures and velocities than
the other two powder. The two differences in the feedstock powder include the powder’s smaller
particle size and smaller carbide size. It is likely that the smaller particle size accounts for faster
heating rates, with a larger surface area able to be heated at the same volumetric feed rate, while

being lighter would account for the quicker acceleration of the particles within the plume.

45



The analyzed signal-to-noise ratios for the GF-HVOF particle temperature and velocity,

with a different selection of parameters, are shown in Figure 3-11. A reduced and constant feed

rate among the different powders was used for particle state measurement.
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Figure 3-11 Signal to Noise ratio of Diamond Jet operating parameters on particle temperature and

velocity for three WC-CoCr feedstocks

It is seen in Figure 3-11 that the total gas flow is again a dominant factor in the particle

temperature and velocity, where increasing total gas flow increases both temperature and

velocity for all three powders. The stoichiometric ratio shows a different behavior than the

signal-to-noise analysis for the JK120H powder for the most fuel-rich conditions, but displays a

similar trend for more oxygen-rich conditions. Again, spray distance does not appear to have a
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large influence on particle velocity again, expect with the smaller size feedstock powder. The
total nitrogen flow, accounted for by the air being used as a shroud gas within the DJ torch, has

the smallest effect on particle state, with only marginal drop in particle temperature being the

only observable phenomena.

With a design of experiment involving more than spray distance for the JP5220, the
spread of achievable particle states within the LF-HVOF regime is more easily observable in

Figure 3-10. Analysis of the Taguchi design of experiments for the three WC-CoCr powders are

shown in Figure 3-12
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for three different WC CoCr powders
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Altering the physical hardware of the gun by changing the barrel length was a unique
capability of the LF-HVOF torch, which shows an increase of both particle temperature and
velocity with increasing barrel size. This can be attributed to the longer barrels entraining the
particles within the exit gas plume for a longer period of time before reaching the atmosphere,
allowing further transfer of thermal and Kkinetic energy of the gases onto the particles. The
combustion pressure of the torch offered a large increase in particle velocity over the range
selected, with some additional increase in particle temperature with increasing combustion
pressure. The spray distance is shown to have more influence on the particle velocity as well,
with some effect on particle temperature. Finally, the O2/Fuel shows a small role in decreasing

the particle temperature and velocity with a more oxygen-rich flame.

3.3.2.2 Feedstock decomposition

Since the onset of decarburization is thermally driven, it would seem intuitive that the
amount of W>C in a coating would be influenced by the thermal history of the particle during
flight. This can vary largely with torch selection and operating parameters, as observed for the
case of a single feedstock in Figure 3-4. In order to gain a wider perspective on the degree of
decarburization across feedstock morphology and process, XRD measurements of select coatings
produced by the processing conditions in Figure 3-10, along with quantitative W.C:WC ratios

vs. particle temperature, are shown in Figure 3-13(a) and (b), respectively.
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Figure 3-13 Analysis of the extent of decarburization in HYOF WC-CoCr for various processes and
material types. (a) X-ray diffraction spectra show that significant presence of W-C phase in fine
(<1pm) and coarse (1-10um) carbide material. The particle temperature is a contributing factor in the
decarburization reaction exemplified through the process map of in Figure 1(b) where the ratio of
W-,C/WC is plotted as a function of measured particle temperature (via optical pyrometry).

Varying amounts of WC are detected, depending on torch selection and carbide size, as
seen in Figure 3-13(a), with the fine carbide powder morphology and GF-HVOF process
showing the greatest amount of decarburization. The coarser carbide powder morphology has
smaller amounts of W>C and is largely independent of process selection. The fraction of
W>C:WC vs. particle temperature in Figure 3-13(b) gives an indication of the correlation
between particle temperature and decarburization. As only a measurement of the particle’s
temperature upon impact, the thermal history of the particle will also include dwell time i.e.,
particle velocity. However, it is still clear to see the trend that a higher particle temperature for a
single carbide morphology leads to higher decarburization. It is also very clear to see the
sensitivity of carbide size and decarburization, as a higher specific surface area of a fine particle

will increase the rate at which the reactions involved in producing W-C will progress.
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With the influence of in-flight thermal soaking of a particle and the associated
decarburization with the coating established, the aspect of local deposition temperature is another
factor that may have influence on W>C formation. The X-Ray spectra was measured for the two
coatings produced by the condition in Table 3-8 that were deposited at different substrate
temperatures by manipulating time between coating strokes, thus allowing the substrate surface

to cool to different temperatures. The XRD patterns for the two coatings compared to the

feedstock powder are shown in Figure 3-14
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Figure 3-14 XRD spectra of WC CoCr coatings produced by a single LF-HVOF torch condition but
different pause time between coating strokes, thus manipulating the substrate temperature

Very little difference is observed between the two coatings, indicating the local surface
temperature upon particle impact did not significantly contribute to additional W>C formation in

this case. Overheating of the substrate surface by a very slow surface speed or close spray
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distance may provide the amount of necessary heat, but is generally avoided to reduce the risk of

overheating a sprayed part. Thus it can be said that the overwhelming portion of decarburization

in WC-CoCr occurs in-flight.
3.3.2.3 Formation and Residual Stresses

In order to explore the sensitivity of different feedstock powders on the expected peening
intensity of HVOF-deposited WC-CoCr, select conditions from Table 3-4 and Table 3-5 (with
particle temperatures and velocities shown in Figure 3-10) were sprayed and evolving stresses
were measured via in-situ beam curvature measurements. The curvature evolution during coating

deposition for the WOKA 3652 and Amperit 556 powder are shown in Figure 3-15(a) and (b),

respectively.
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Figure 3-15 Curvature evolution of LF-HVOF deposited WC-CoCr at 65g/min with a raster speed of
1000mm/s for (a) WOKA 3652 showing tensile evolving stress and (b) Amperit 556 showing both
tensile and compressive evolving stress.
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Here it can be seen that different WC-CoCr feedstock powders with the same range of
torch operating conditions behaves differently in the evolving stress of the coating during
deposition. Though the measured particle state of the two powders were different, this trend is
evident with GF-HVOF deposition as well. In the case of the WOKA 3652 powder, deposition
results in tensile evolving stress for all four conditions sprayed. For the Amperit 556 powder,
with a finer carbide size, the evolving stress easily span tensile and compressive through the

manipulation of torch parameters alone.

In conjunction with particle start and powder morphology, the way in which the coating
is deposited can significantly alter coating formation and residual stress. The multiple deposition
parameters, including feed-rate, surface speed (rastering), pitch between successive torch passes,
can be combined into the effective Deposition Rate Parameter (DRP) as Feed Rate x Raster
Speed ! x Pitch L. Previous studies have indicated how the DRP can influence the evolving
stress and even coating microstructure [14], primarily through the differences in local deposition
temperature and the time between successive particle impact. In addition to feed-rate and
deposition control, cooling air and the time between successive coating passes can also influence
the coating residual stress, primarily through manipulation of the thermal stress by changing the
average temperature of the coating-substrate system during deposition. An example of the
measured in-situ beam curvature of a LF-HVOF WC-CoCr coating sprayed by a single torch
parameter is shown in Figure 3-16(a), where feed rate and time between successive coating

passes were altered.
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Figure 3-16(a) curvature evolution of a single troch parameters, with variations in feed rate and pass
pause time. (b) The calculated evolving stress vs thickness per pass for the same feedstock, with the
groupings of torch parameter variation and feed rate variations indicated

Though the coating deposition rate is significantly lower (perhaps to an economically
prohibitive level), the curvature evolution of the coatings in Figure 3-16(a) have been
significantly lowered with reduction in powder feed rate. Note, there is a small influence in
particle temperature and velocity with changes in feed rate, but they can be assumed to be minor
relative to torch operating parameters. The calculated evolving stress vs. thickness/pass in Figure
3-16(b) highlights the influence the powder feed rate (and thus deposition per pass) can have on
coating formation stresses, especially with comparison to the studies that altered the torch
operating parameters (and thus particle velocity) for this powder-torch combination. These
operating parameters are those included in the particle state data shown in Figure 3-10 for

powder A.

The coinciding residual stress of these coatings, which combine both the deposition stress
and thermal stress, indicated that the lower evolving stress of the low feed rate conditions carry

over into the final residual coating stress. It is interesting to note that the difference in pause time
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between coating strokes produces a significant difference in the coating residual stress. With the
higher average coating-substrate temperature that incurs from no pause time between successive
coating layer depositions, a higher thermal stress (AaAT) is accrued, driving the coating into a

more compressive residual stress state upon cooling.
3.3.2.4 Implications on Properties and Performance

Further exploration of the effect of coating residual stress on hardness is shown in Figure
3-17, where a variety of selected coating hardness’s from conditions outlined in Table 3-4 and

Table 3-5 are shown vs. coating residual stress.
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Figure 3-17 The relationship between residual stress and Vickers micro hardness for gas and liquid fuel
HVOF WC-CoCr for fine and coarse carbide sizes

Again, there is a noticeable trend that with greater compressive residual stress, there is a
higher coating hardness, demonstrated by several powders and torch parameters with similar
deposition conditions. The main exception in this plot is the fine carbide feedstock deposited by

GF-HVOF, which displays higher hardness. This can be attributed to greater degree of
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decarburization and concomitant formation of the harder, though more brittle, W>C phase. Such
a phenomena for the propensity of W-C formation in high temperature, fine carbide grain sized

feed stock was also noted in Section 3.3.1.2

Similar to how evolving and residual stresses can be influenced by deposition conditions,
coating properties of WC CoCr can also be effected. One such example is of the coatings
produced with a single torch parameter with different pause time between coating strokes, where
the top surface indentation modulus and cross section Vickers hardness for the substrate at Low

Temperature (LT) and High Temperature (HT) coatings are shown in Figure 3-18
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Figure 3-18 Indentation modulus and cross section hardness of the HT and LT WC CoCr coatings

A slight influence on the coating properties is observed, as the coating with higher
deposition temperature has a slightly higher coating modulus and hardness, though the
differences are within the standard deviation of the measurement. Thus it is more likely to
influence coating properties via torch operating conditions and subsequent particle state in this

case. SEM backscatter micrographs of the two coating are shown in Figure 3-19 indicating little
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visual difference between the coatings” microstructures, though there is a large difference in the

residual stress between them.

Lower Deposition Temp.

Figure 3-19 SEM micrographs of the WC-CoCr coatings deposited at different substrate temperatures
by using difference in pause time between coating strokes

In order to assess the differences in wear and corrosion performance of a WC-CoCr
coating based on deposition conditions and not particle state, sliding wear and corrosion tests
were performed on the coatings shown in Figure 3-18. The measured wear track width under two
different wear loads and the Tafel plots of the coating surface are shown in Figure 3-20(a) and

(b), respectively.
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Figure 3-20 Performance Data for the high and low deposition temperature WC CoCr coatings (a)
sliding wear track width measured by optical microscopy and (b) Tafel curves from an ASTM G61
type corrosion test.

Based on the wear track width of the sliding wear scar, little difference in the wear
performance of these two coatings is observed, despite their largely different residual stresses.
There is a slightly higher wear track at the higher load for the lower deposition coating, but the

value is well within the standard deviation of the measurements.

A larger difference between the two coatings exist in their corrosion performance, where
the higher deposition temperature coating provides a better corrosion barrier than the lower

deposition temperature, though both coatings offer better corrosion resistance than the bare steel.

3.3.3 CrC-NiCr — Alternative Damage Tolerant Coating Feedstock

3.3.3.1 Particle State Manipulation
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The spraying of a CrC-NiCr feedstock at a fixed spray distance with the LF JP5220 was
performed using the conditions in Table 3-9, which emphasizes the influence of the combustion
pressure and plume stoichiometry on the measured particle state of CrC-NiCr. Measured particle

temperature and velocity are shown in Figure 3-21.
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Figure 3-21 Measured particle velocity and temperature of LF-HVOF sprayed CrC-NiCr, with relative
combustion pressure and plume stoichiometry indicated

The most striking difference from the measured particle temperature and velocity of the
LF-HVOF CrC-NiCr and WC-CoCr is the general trend, where a higher particle velocity
coincides with a lower particle temperature. It should be noted that this similar particle
temperature between the two different feedstocks does not mean that equivalent states of melting
are reached, since different powder size, morphology, dwell time, and intrinsic melting point and
thermal conductivity will all determine how molten the particle is. This method of describing the

thermal state of a particle is described as the melting index parameter [41, 42], but is beyond the

scope of this work.

3.3.3.2 In-flight Oxidation and Decarburization
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As expected, the higher combustion pressure results in a higher particle velocity and
lower particle temperature. However, there is a wide variation in the measured particle
temperature, as oxygen-rich torch plumes result in a much higher particle temperature, with the
fuel-rich plumes reducing the temperature. This highlights the sensitivity of CrC-NiCr particles
to exothermic oxidation. The reaction of particle temperature to an oxygen rich flame
stoichiometry is indicative of in-flight particle oxidation occurring due to the presence of Cr.
This behavior has also been observed in the case of pure NiCr sprayed by different TS processes
[11]. In addition to binder material, the CrsC phase can decarburize in different phases,
including Cr23C7 and Cr7C3[19, 43, 44]. The X-Ray diffraction patterns CrC NiCr coatings

sprayed with LF and GF are shown in Figure 3-22.
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Figure 3-22 Examples of XRD spectra of CrC NiCr powder and coating produced via GF and LF
HVOF

Though carbide decomposition and particle oxidation is also important in HVOF CrC-
NiCr, X-Ray diffraction pattern of CrC-NiCr coating is not as clear to interpret as the case for

WC-CoCr, due to considerable overlap of phase peaks of possible CrC (CrzCz, Cr23C7, Cr7Cs),

59



NiCr, and chrome oxide. Additionally, there is little difference in XRD patterns between GF and
LF HVOF CrC-NiCr due to very fine distribution of the oxide phases and dissolved carbides.
Mechanistically, the thermal exposure of the particle and carbide size will determine
decarburization in a similar way to WC-CoCr. However, the oxidation of the Ni and Cr (present
in a much higher abundance than in WC CoCr) will be more dependent on the flame

stoichiometry, though difficult to quantify with XRD.
3.3.3.3 Peening Intensity and Evolving Stress

The particle state influence of alternative hard facing coating materials, such as CrC-
NiCr, will also play a role in the formation and residual stresses present within high velocity TS
deposited coatings. Using the measured velocity of the in-flight particles from Figure 3-21, the
kinetic energy was calculated using the particle size d50 and density and plotted against the
evolving stress of coatings produced using those measured particle temperatures and velocities

under the same deposition conditions are shown in Figure 3-23.
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Figure 3-23 Relationship between particle kinetic energy and evolving stress, or peening intensity, with
differences in combustion pressure and plume stoichiometry highlighted.

The higher torch combustion pressure clearly increases the kinetic energy of the particles,
with some degree of correlation between particle kinetic energy and evolving stress. However,
the large role of flame stoichiometry is still observable, where the coating produced with an
oxygen-rich plume had greater compressive evolving stresses than those conditions with the
same combustion pressure and a fuel-rich flame. This again points to the in-flight particle
oxidation playing a large role in the formation stresses of HVOF deposited CrC-NiCr. This can
likely be attributed to the oxide film on the particle developed in-flight inhibiting splat bonding
upon impact. With reduced bonding, the stresses from splat quenching are reduced as limited
force is transduced with splat shrinkage, making the peening stresses from particle impact more

dominate in coating formation.

3.3.3.4 Properties and Performance
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The hardness of TS sprayed CrC-NiCr is also of interest as an alternative hard facing
candidate. Though the intrinsic hardness of CrC-NiCr is lower than WC-CoCr, significant

influences on coating hardness from processing still make an assessment of CrC-NiCr processing
necessary.

The hardness measurements vs. the residual stress of the LF-HVOF CrC NiCr samples

from Table 3-1 are shown in Figure 3-24
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Figure 3-24 The relationship between residual stress and Vickers microhardness for liquid fuel HVOF
CrC-NiCr deposited at various process conditions.

In the case of LF-HVOF deposited CrC-NiCr, a clearer trend between the coating
residual stress and coating hardness is observable, with the particles with higher kinetic energy
producing a harder coating. However, there is still a large role in the plume stoichiometry on the

coating hardness. The effect of torch stoichiometry on measured particle temperature and
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velocity was observed earlier in Figure 3-21, which carries through into differences in the

coating hardness.

The LF-HVOF deposited CrC NiCr coatings shown in Figure 3-21 were subjected to an

abrasive wear test, with the results plotted vs the measured coating hardness shown in Figure

3-25
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Figure 3-25 Sample mass loss vs. Coating hardness for a G65 type abrasive wear test, with combustion
pressure and plume stoichiometry indicated

A clear correlation between the coating hardness and the mass loss of the coating
subjected to wear testing shows that with higher CrC-NiCr coating hardness, the abrasion
resistant of the coating increases. The groupings within Figure 3-25 indicate the combustion
pressures of the torch conditions used to deposit the coatings, with higher combustion pressure

generally leading to higher coating hardness. A secondary effect in processing evident from
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Figure 3-25 is the influence of the plume stoichiometry, with fuel rich conditions generally

having hardness and therefore more wear resistance.

The open circuit corrosion potential for the LF-HVOF deposited CrC NiCr coatings was
measured and the results for those produced at the highest combustion pressure are shown in
Figure 3-26. Little difference between other coating conditions and the bare steel was measured

and are not shown.
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Figure 3-26 Corrosion potential of CrC-NiCr coatings on steel deposited at the highest combustion
pressure from Figure 3-21

The corrosion potential for these three coatings produced at the same combustion
pressure show a large influence from the torch plume stoichiometry. Here, the oxygen-rich flame
offers little corrosion protection above that of the steel, whereas the fuel-rich flame offers
excellent corrosion protection, with the neutral plume performing between them. This again
gives indication that the properties and performance of TS CrC-NiCr coatings are strongly

influenced by plume stoichiometry, resulting in in-flight particle oxidation altering splat bonding
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mechanisms. Permeability of the coating microstructure to corrosive solution can also be visually
observed, as seen in microstructures in Figure 3-27, where a higher degree of porosity exists in

the oxygen rich sprayed condition as compared to the neutral or fuel rich condition.

O, Rich L _ Neutral ’ Fuel Rich

Figure 3-27 SEM micrographs of the CrC-NiCr coatings sprayed by the highest combustion pressure
with varying plume stoichiometry. The Oxygen rich microstructure shows a higher degree of porosity
as compared to the Neutral and Fuel rich conditions, indicating higher permeability of the
microstructure to corrosive solution.

3.3.4 Nickel — Corrosion Resistance and Repair potential

3.3.4.1 Particle-Plume Interactions

As the main alloying element in a large array of superalloys and bond coat materials, as
well in surface repair, the behavior of Nickel within a spray plume is of particular interest. The
measured particle temperature and velocity of two spray conditions in Table 3-10, high and low,

are shown in Figure 3-28, with variations in the spray distance.
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Figure 3-28 Measured particle velocity and temperature for LF-HVOF Nickel with two conditions at
varying spray distances

The overlying trend is similar to WC-CoCr, where a higher particle temperature
coincides with a higher particle velocity. The dissimilarity from the behavior of CrC-NiCr may
indicate that no or limited exothermic in-flight particle oxidation is occurring. Similar trends in
particle state were measured with the High and Low spray conditions, where spray distance can
be used to closely match the article state between the two conditions, though this shouldn’t be

considered a universal phenomenon.

When pure metals are considered for high velocity TS, such as Nickel, the nobility and
resistance of in-flight oxidation will largely determine the amount of oxides present within the
final coating. The XRD spectra of the Ni coatings produced with the High and Low conditions at
406mm. and 305mm. spray distances, respectively, are shown in Figure 3-29 and show no

significant difference in phase content.

66



Intensity [a.u.]

High Condition
Low Condition

20 30 40 50 60 70 80

Bragg's Angle [20]

Figure 3-29 XRD spectra of LF-HVOF Nickel coatings, produced with the high and low condition at
406mm and 305mm spray distance, respectively

The phase stability of pure Nickel upon high velocity TS spraying is noticeably clear, as
the only observable dominate peaks are of the Nickel, with no observed oxides. Depending upon
the coating’s functional purpose, small amounts of oxides may be beneficial, as finely dispersed
oxides within a TS sprayed metal material may enhance coating strength. However, excessive
particle oxidation, which could be experienced in plasma spraying, may inhibit splat bonding,

degrading the coating’s integrity.
3.3.4.2 Formation and Residual Stresses

Without a metastable hard phase within pure Nickel feed stock powder and limited in-
flight oxidation, the formation stresses of high velocity TS sprayed Nickel is somewhat
simplified. Coating curvature vs. deposition for the torch parameters of Figure 3-28 are shown in

Figure 3-30(a), with the calculated stresses shown in Figure 3-30 (b). The measured particle
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temperature and velocity and calculated stress values are very similar, even though these the

torch spray conditions were largely different.
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Figure 3-30(a) Curvature evolution for the Nickel coatings deposited at High and Low condition at
406.4mm and 304.8mm spray distances, respectively, with (b) calculated stress values derived from the
curvature measurement using the Stoney formula.

With a similar particle state and controllable deposition conditions kept the same, these
two Nickel coatings exhibit similar curvature evolution as well as similar stresses during coating
formation and cooling. The Low condition has slightly more compressive evolving stress, which
may come from a cooler substrate surface during deposition, as evident by the slightly lower
degree of thermal stress calculated, or from a lower degree of quenching stress from splat
bonding. Micrographs in Figure 3-31 show a slight difference in coating porosity, with the Low

condition displaying a slightly more porosity than the coating spray with the High condition
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Figure 3-31 backscatter SEM micrographs of Nickel spray at the Low and High conditions

The curvature evolution for the two coatings of a single torch parameter (High condition)
with variations in deposition conditions via substrate temperature being manipulated by pause-

time between coating strokes is shown in Figure 3-32(a)
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Figure 3-32(a) Curvature evolution of a single torch parameter for LF-HVOF Nickel with variation in
pause time between strokes, producing higher and lower substrate temperatures and (b) the calculated
stress values from the curvature using the Stoney formula
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The difference in deposition rate between the two nickel coatings is clearly observed in
the curvature evolution, though calculations of the stresses are required for proper comparison,
as shown in Figure 3-32(b). Here it can be seen that there are significant differences in all
contributions to the residual stress. As expected, the thermal stress is higher in the coating
deposited at a higher temperature, even though there is a relatively small thermal mismatch
between steel and nickel (~12 and 13 um/m °C, respectively). More interesting is the difference
in the evolving and deposition stress between the two coatings. The lower deposition temperature
coatings have a higher degree of peening during the coating formation, which can be attributed to
the impacting particles striking a cooler substrate surface that is more able to accommodate cold
working. Micrographs of the two coatings in Figure 3-33 so little variation between the two

microstructure, though the residual stresses of the two coatings are quite different.

Higher Deposition Temp. Lower Deposition Temp.

200 pm : 200 pm

Figure 3-33 Backscatter SEM micrographs of Nickel deposited at the Higher and Lower deposition
temperature

3.3.4.3 Properties and Performance
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Since the use of a nickel coating is not primarily wear resistance, but is intended instead
for corrosion protection or component repair, the hardness of TS Nickel coatings are generally
not a great concern for designers. However, the splat-to-splat bonding, and thus the hardness of
the coating for corrosion or repair applications, are instead more important. The Vickers

hardness of the Nickel coating produced with the high and low torch conditions shown in Figure

3-30 are shown in Figure 3-34
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Figure 3-34 Vickers hardness of the Nickel coatings sprayed with the High and Low torch conditions at
406.4mm and 304.8mm spray distance, respectively.

Even with similar particle states and evolving and residual stress, the hardness of the two
Nickel coatings made by the High and Low condition reveals little difference in the properties of
these two coatings, with the High Condition producing a slightly harder coating than the coating

produced by the Low condition, though within the scatter of measurement.
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The hardness of the Nickel coatings produced with spray parameters of the High

condition but with variable deposition conditions through stroke pause timing are shown in

Figure 3-35
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Figure 3-35 Vickers hardness of Nickel coatings produced by different deposition conditions (High and
Low Deposition Temperature).

With these results, there is little influence of the deposition stroke timing in LF-HVOF
deposited Nickel on the Vickers hardness. This observation could be explained by the balance
between splat bonding and extrinsic hardening i.e., peening of the coating during deposition.
With a higher surface temperature that comes from little pause time between deposition strokes,
the splat-to-splat bonding is enhanced. Densification of the coating may also be enable by the
high local temperature and the ease of peening. However, the higher net compressive deposition
and residual stress in the low deposition temperature coating may contribute extrinsic hardening

that compensates for possibly weaker splat to splat bonding.
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As a metal that is intrinsically more noble than steel, Nickel can often be employed as a
corrosion barrier coating, protecting carbon steel from infiltration of electrolyte media and
reduce corrosion. In the case of a TS nickel coating being used to repair a damaged substrate,
particularly if the initial damage mechanism was corrosive, the corrosion performance of the
coating critical to the coating design. This performance can be influenced both with processing

conditions and deposition parameters, as will be shown.

Tafel curves of the coatings, produced both by the High and Low processing parameters,
as well as the variations in deposition temperature, are shown in Figure 3-36(a) and (b),

respectively.
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Figure 3-36 Tafel plots of Nickel coatings from a G61 type corrosion test compared to a steel substrate
with (a) High and Low spray conditions with the same deposition conditions and (b) High and Low
deposition temperatures with the same torch condition, with repeat measurements shown for the
coatings.

Little difference in the corrosion performance of the High and Low nickel conditions are

observed in Figure 3-36 (a). With a very similar particle state between the two conditions (via
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manipulation of spray distance), as shown in Figure 3-28, it can be expected that similar coating
performance for the same deposition conditions can be expected. In the case of changes in
deposition parameters, it is seen that a higher deposition temperature increases the corrosion
performance of the coating, as seen in Figure 3-36 (b). Since particle state is not different
between these two coatings, it is the enhanced splat bonding and densification that occurs on a

hotter surface that enables a better corrosion performance of the coating.

3.4 Discussion

3.4.1 Particle-Plume Interactions

With the presented results, it is clear that a single global behavior cannot describe the
processing and subsequent properties of TS WC-CoCr, CrC-NiCr, and pure Nickel, where each
material will interact with processing parameters in different ways and carry this history into the
coating’s properties. However, there are several governing principals that guide the process
development of such coatings. These take into account the manipulation of particle state,
deposition conditions, and feedstock decomposition that will determine the processing influence

on coating properties.

The selection of TS processes is one of the primary influences in coating formation
dynamics, due to the varying capabilities of a torch design to transfer thermal and Kinetic energy
to a given feedstock powder. As is evident in Figure 3-2 and Figure 3-10, the particle state
regimes achievable with a single feedstock powder are significantly different based on GF and
LF HVOF, with only marginal overlap achieved with the explored operating parameters. In

general, torch design differences between the achievable particle states is responsible for these
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differences. Overall torch enthalpy and exit gas velocity will be dependent on the combustion
dynamics and process gas flows, changing the experience of the particle within the plume. With
a GF HVOF torch, the thermal soaking of the feedstock material is larger than that of the LF-
HVOF torch, as the powder is axially introduced into the combustion chamber prior to gas
compression and expansion. The radial and downstream injection of powder into the plume of an
LF-HVOF dramatically reduces the thermal soaking time of the powder. The LF-HVOF gun also
has a larger exit gas velocity [2] than most GF-HVOF torches, propelling the particles to a higher

velocity and further reducing the dwell time of the particles within the plume.

Within a given torch selection, significant control of the particle state can be achieved
through the manipulation of torch operating variables. The influences of combustion pressure or
total gas flow in LF and GF HVOF, respectively, plays a large role in the kinetic energy of the
in-flight particles, as observed when torch operating parameters were altered (Figure 3-3,Figure
3-11,Figure 3-12,Figure 3-21, and Figure 3-28). Other torch parameters such as LF-HVOF barrel
length or spray distance allow other methods of particle state manipulation, which changes the
entrainment and path length of the particles, respectively. The example seen in Figure 3-28
shows how reduction of combustion energy was able to be compensated for by shortening the
spray distance. A material such as Nickel experiences very little decomposition/phase changes
during flight, as evident by the XRD spectra in Figure 3-29: thus shortening or lengthening flight
time will not alter the final coating composition as in the cases of feedstock with carbides or

oxidation-prone elements.

The measurement of particle temperature and velocity may also be influenced by factors
other than thermal energy transfer from the combustion gases. As was observed for NiCr

feedstock [11], in-flight particle oxidation can occur, as would be the case for the oxidation-
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prone CrC-NiCr. The operational influence of flame stoichiometry on the measured particle state
shown in Figure 3-21 indicates a higher particle temperature under oxygen-rich conditions.
Exothermic oxidation of the Cr in the feedstock can give rise to either increased particle heat or
may be an artifact of the measurement technique that used light spectra for measurement or both.
Suffice to say, the integrity of the feedstock is more prone to degradation with oxygen-rich
processing conditions. Though the addition of a hard phase (Cr.03), produced by the oxidation of
free Cr, may be considered beneficial for coating hardness, the inhibiting of splat bonding by an
oxide skin on the particle has a likely more detrimental effect on the coating’s structure and wear

performance.

Decarburization, which occurs in both WC and CrC, will also occur during the in-flight
travel of the particle. As Figure 3-13 shows, the degree of decarburization is dependent not only
on the particle’s thermal experience (i.e., particle temperature and time of flight), but also on the
surface area of carbide that enablers faster decarburization rate. The fine WC grains in the HC
Starck powders are thus more adversely effected by thermal decomposition of the carbides
during flight. The formation of W>C produces a harder coating, but is commonly known to be
detrimental to the coating toughness [37]. Similar decarburization of CrC is thought to be
detrimental for the coating’s wear performance as well [45]. However, it is difficult to
characterize the degree of CrC decarburization through XRD, such as the case of peak intensity
of W>C:WC, due to the number of nearby diffraction peaks in XRD for the expected phases

within a CrC-NiCr coating.

3.4.2 Evolving and Residual Stresses

Production of residual stresses are innate to TS coating deposition and will be influenced

by all aspects of processing, including material composition and morphology, particle state, and
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deposition conditions. Being a highly effective indicator to the nature of the depositing coating,
the evolving stress offers coating designers unique insight into the projected coating residual
stress. It also offers knowledge of the primary formation mechanism involved during coating
formation. As a coating property diagnostic, the evolving stress also allows isolated studies of
the effects of particle state, powder morphology, and deposition conditions on coating formation:

the key processing influences in TS sprayed coatings.

As shown in Figure 3-6 the evolving stresses of the JK120H WC-CoCr is directly
correlated to the kinetic energy of the particles for both GF and LF HVOF processing. The high
degree of compressive stress (on the order of 1 GPa) seems slightly unexpected, though previous
residual stress measurements of splats deposited by high kinetic and thermal energy have
indicated the same level of stress [46]. LF HVOF CrC-NiCr also shows a dependence on the
kinetic energy of the particle and the associated evolving stress. Intuitively, it makes sense that
particles with larger kinetic energies would also be able to induce the most work hardening
within a deposit upon impact. Similar past studies have explored this, considering particle size
and torch operating conditions on the kinetic energy of HVOF stainless steel [4]. Though
increased kinetic energy will increase particle peening, such factors as powder size and
morphology will determine the magnitude of such peening, as well as the relative responsiveness
to processing changes. In the case of the HC Starck powder seen in Figure 3-15, the fine carbide
and powder size shows a high sensitivity to torch operating parameters, being able to experience
a compressive or tensile evolving stress. However, large/coarser feedstock, such as SX178 and

WOKA 3652 generally have tensile evolving stresses during deposition.

Considering that the evolving stress is the net coating formation mechanism, with both

guenching and peening forces occurring, such factors as particle oxidation or substrate surface
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temperature will change the formation mechanisms of a coating. One such example is that of
CrC-NiCr, where the oxidation prone conditions have a more compressive evolving stress, yet
they have lower kinetic energies than the particles with the same combustion pressure in a fuel-
rich plume have. With oxidation inhibiting the splat-to-splat bonding, the tensile portion of the
evolving stress is reduced, allowing for peening to be more dominant. A lower substrate surface
temperature, achievable by varying deposition conditions, will also affect how splats bond to the
surface [47, 48]. One such example is that of the stress in Figure 3-32, where the coating made
with a lower deposition temperature has a slightly more compressive evolving stress with the
otherwise same particle state and feed rate. The influence of feed rate, or the effective Deposition
Rate Parameter, can be more directly influential on the coating’s evolving stress, as shown in
Figure 3-16, where lowered thickness per pass drastically reduces the tensile stress during

coating formation. However, this may be at the level that is economically unfeasible.

A second contributor to residual stress in a TS coating is the thermal stress. Largely
independent of the deposition and evolving stresses of a TS coating, the thermal stress upon part
cooling can either induce tensile or compressive stress, depending on the sign difference of the
CTE mismatch between the coating and substrate. Higher deposition temperatures contribute to
higher magnitudes of thermal stress, which can be alleviated by part cooling or pause time
between successive coating passes or strokes. The source of the heat input to a component being
coated comes from both the convective heat from the hot gas plume passing over the surface and
the latent heat of solidifying particles. Thus, thermal stress is influenced by such aspects as
particle temperature and the deposition rate, but is primarily controlled by other deposition
controls as seen in Figure 3-32, where pause time between coating strokes effectively reduces the

magnitude of the thermal stress.
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3.4.3 Coating Properties

The properties of TS materials are considerably different than that of their bulk
counterparts. Besides the residual stress induced from processing, in-flight phase changes and
splat bonding behavior will dictate the properties of the coating. It is critical to understand the
influence of processing on the coating properties in order to achieve a proper coating design for a

particular service application.

In the case of damage-tolerant coatings such as WC-CoCr and CrC-NiCr, a combined
effort of the coating’s superior strength, hardness, and toughness relative to the substrate are all
required for effective coating use. The use of these cermet materials rely upon both the hard
phase (carbide) and ductile phase (binder) for these properties, but the microstructure, phase
composition, and residual stress are all subject to TS processing changes. Coating hardness has
long been used as an assessment measurement for the quality of HVOF deposited WC-CoCr.
Figure 3-8 shows the hidden variable of residual stress, largely being driven by the evolving
stress, correlating well to coating hardness. The successive peening of the particles densifies the
coating structure beneath and imparts the compressive residual stress. In addition, the peening
phenomenon can work-harden the metal binder matrix, resulting in extrinsic hardening benefits.
Particularly in WC-CoCr, other mechanisms may also contribute, for instance, the phenomena of
decarburization which is likely prevalent in the case of the DJ coatings. The formation of W-C in
the coating can potentially result in increased hardness due to the higher hardness of the
intermetallic phase as well as increased dissolution of carbide in the binder [37, 38]. This may be
an explanation for higher hardness of the D7 coating compared to the D9, despite having similar

residual stresses.
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The hardness of CrC-NiCr, shown in Figure 3-24, again indicates the plume
stoichiometry and subsequent in-flight particle oxidation playing a large role in the coating
hardness in conjunction with particle kinetic energy. With the deposit compaction that comes
from higher particle kinetic energy, the splat-to-splat bonding can still be inhibited by the oxide
film that occurs. Though the intrinsic hardness of the CrC NiCr may only be marginally
different, the inability of splats to elastically carry load upon indentation due to a less dense

microstructure leads to a lower coating hardness.

The local deposition temperature seen by impacting splats can be manipulated by
allowing greater substrate cooling, allowing more peening to accrue in some cases, as seen in
Figure 3-32 However, there can be implications of the splat bonding behavior, where a cooler
substrate surface will have lower bonding of the splats to the surface. This influence is not as
large as is particle state, with the measured hardness of Nickel sprayed this way (Figure 3-35)
indicating little difference between the warmer and cooler substrate surfaces. This can be
attributed to the possibly competing effects of higher wetting and lower quenching rate of the
splat in the warmer substrate temperature, allowing a better bond to form, as well as the higher
surface temperatures allowing easier densification. However, extrinsic hardening through greater
peening intensity and compressive residual stress in the lower substrate temperature samples may
compensate in hardness for the lower splat-to-splat bonding. Preliminary indentation modulus of
the two coatings indicate a higher modulus of the warmer substrate coating, pointing to a better

degree of splat-to-splat bonding.

3.4.4 Performance
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In the validation of a TS coating, some performance test is often required in order to
estimate the expected behavior of a coated material in service. Controlled exposure to the
expected service wear or corrosive scenarios yields useful information to the designer and offers
insight into the characteristics of the coating and the processing methods involved. Again, the
linkage between TS coating processing, properties, and performance all need to be understood

for the proper design of a coating for a specific purpose.

In the case of damage-tolerant coatings such CrC-NiCr and WC-CoCr, wear performance
is critical in assessing the potential benefit that a coating may have. As Figure 3-9 (a) shows,
parametric influence on the coating’s abrasive wear mass loss is observable, as the higher kinetic
energy and lower decarburization of coating D9 (as opposed to D1) tend towards denser
microstructure and preserved feedstock composition, respectively. The similar hardness of D9 to
D5 indicates little wear difference, but D9 still performs better due to the higher compressive
stress induced during deposition. The influence of coating hardness on the wear behavior of CrC-
NiCr is clearly observed in Figure 3-25, where a higher coating hardness resists abrasive wear
mass loss. Artifacts of coating processing such as particle state and evolving stress are strong
influencers in this performance data. The ability to manipulate residual stress through deposition
conditions showed no great difference in the sliding wear test, shown in Figure 3-20(a). This is
also indicated by the indentation modulus and hardness measurements for these experiments
(Figure 3-18). Thus, it is largely the formation stresses arising from particle state and torch
operating conditions that determine the coatings wear performance. With coating formation
monitoring and process design capabilities outlined above, the ability to optimize a wear resistant

coating for a giving feedstock material is readily achievable.
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In addition to wear resistance, corrosion barrier protection is another key performance
requirement of a damage tolerant or material repair coating. In the case of WC-CoCr, Figure
3-9(b) highlights the parametric influence of particle state on both the corrosion potential and
corrosion current. Though all three coatings offer better corrosion protection compared to the
steel, the different densities and stresses of the coatings differentiate the ability for the coating to
protect the substrate. Additional compressive stresses induced by thermal stress also aids in the
coating’s corrosion resistance, as seen in Figure 3-20(b). The mechanism for this could be
described as the compressive stress aiding in closing micro-cracks, inhibiting the penetration of
electrolyte. However, it could also be the increase in splat bonding corresponding to a higher
substrate temperature (and thus higher thermal stress) that is the mechanism for increased

corrosion resistance in this sample.

In the case of CrC-NiCr, the results in Figure 3-26 show a high dependence on the plume
stoichiometry, and thus inter-splat bonding, to ensure a dense coating that will hinder the
infiltration of electrolyte solution. Past corrosion studies have shown that interconnected porosity
and residual stresses will either hinder or allow the penetration of electrolyte solution to attack
the base material [49]. Adequate coating thickness, coupled with dense and compressive coatings
will ensure corrosion barrier protection of the substrate. Fortunately for coating designers, this
similar qualities are the same properties one desires for wear resistance. Hence, corrosion and
wear resistant coatings can be produced via proper processing that ensures dense microstructures
with limited in-flight particle degradation, achievable through high kinetic energy deposition

yielding compressive stresses.

In the case of a repair coating, corrosion resistance is both a galvanic coupling issue, as

well as ensuring a proper barrier against corrosive media penetration, though there is not always
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an explicit need for wear resistance. In the case of Nickel on steel, galvanic coupling is limited,
and thus barrier-type corrosion protection is the necessary parameter that can be controlled via
processing. The influence of particle state and deposition conditions are seen in Figure 3-36, as
the denser and more cohesive coatings protect better against corrosion. Concerning deposition
conditions, the coating sprayed at a higher deposition temperature (Figure 3-35) showed
considerable improvement in the corrosion behavior as compared with the coating sprayed at a
lower temperature. The coating also has a larger magnitude of compressive residual stress,
resulting from the additional thermal stress. Thus, in this case, the slightly more compressive
evolving stress of the low temperature deposition condition is dwarfed by the overall
compressive residual stress. This indicates that within a single torch condition, manipulation of
corrosion performance can be enhanced via deposition temperature. Thus, both particle state and
deposition conditions are important to determining the corrosion behavior of HVOF Nickel

coatings.

3.5 Conclusions

The ability to control and manipulate coating properties for desired surface performance
in wear and corrosion through processing has been demonstrated for several feedstock materials
using the HVOF process. The processing-induced effects on in-flight particles and their effects
on coating properties have been demonstrated in systematic studies that determine the relevant

influence of each processing parameters for different feedstocks.

-Particle state from processing parameters will depend on feedstock characteristics to
some effect, though combustion pressure/gas flow is the predominate influence on particle

kinetic energy
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-Peening intensity through particle kinetic energy is one of the most dominant aspects of

coating formation in high velocity TS coatings

-Evolving stress and resultant residual stress offers key insight into coating formation and
expected properties and performance. Both particle state and deposition conditions determine

evolving stress for single feedstock material/morphology

Factors such as kinetic and thermal energy transfer were found to be key in coating
formation, with particle-plume interactions also occurring, such as particle oxidation. Extrinsic
coating properties i.e., residual stresses, are inherent in the TS process and can also be used to
tailor the properties and performances of coatings and are heavily dependent on the coating’s
evolving stress. The evolving stress is shown to be a direct result of particle state and deposition
conditions, both being factors that are controllable by torch manipulation. Key properties to
determine intended wear performance, such as hardness for wear resistance, reveal the
manifestation of both intrinsic feed stock material properties and the processing-induced
changes. Using the key concepts of damage tolerant and corrosion resistant coating formation,

the optimization of coating processing for optimized coating performance is readily achievable.
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4 Structural Integration of High Velocity Thermal Spray Coatings

Part |: Static Tensile Behavior

4.1 Introduction

Most modern TS applications seek to enhance surface functionality of a wide variety of
substrate materials. However, the roots of the technology lay in machine component repair,
reclamation, and restoration. From its inception in the early 1900s to about the 1960s, worn out
engineering components such as shafts, hydraulic cylinders, paper mill rolls, etc., have been
restored using TS overlays followed by secondary finishing operations [50, 51] in order to
restore a working function. However, the available TS deposition techniques of the time, such as
arc and flame spray, were limited in their ability to produce very dense coatings, often with
undesirable oxidation of the sprayed material. Given the porosity and defects inherent in these
spray assembled materials, most regenerated surfaces were not considered to have the same
mechanical integrity as bulk materials and treated as such in applications. As such, the primary
duty of these restorative coatings were relegated to simple, low demanding applications such as

refitting dimensional tolerance or cosmetic repair.

The last few decades have seen the introduction of advanced high velocity TS process
including high velocity oxy-fuel (HVOF), high velocity air-fuel (HVAF) and even non-thermal

cold spray based solid state consolidation [52-56]. In all of the above, the very high particle
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kinetic energies allow for the synthesis of deposits with near full density. This enhancement in
coating density, with considerably more sophisticated deposition and operating controls, has led
to concomitant improvements in properties and performance and has led to expanded
applications of TS coatings to meet stringent performance requirements. For instance, these
advanced coatings offer excellent wear and corrosion resistance and even improved

functionalities such as near bulk electrical properties [28, 54, 57, 58].

Increasingly, there is significant interest in considering TS for not just a protective barrier
coating but enabling duality of function (structure and surface) through synergistic benefits
arising from structurally integrated coatings [59]. Several examples embody this development,
including aero landing gear (through replacement of electroplated Chromium), hydraulic
cylinders in earth-moving machinery, and repair and reclamation of superalloy gas turbine
engine components. More recently, TS has been considered as potential repair solutions for
selective locations of infrastructures experiencing severe corrosion and material loss [60]. These
new opportunities have pushed the requirement landscape of thermal sprayed layers from just
surface modification to one involving system level functionalities. Today, advancements in TS
technology may allow for their applications in true structural restoration and even additive

manufacturing via layered spray-based assembly.

There has been a significant amount of past work producing near-bulk materials using a
spray forming process, generally with low pressure plasma [1, 61-63]. Microstructural
characteristics and defects were correlated to mechanical properties of the spray formed
materials, often with post processing heat treatments for improved performance [63]. Materials
formed ranged from ceramics and layered composites [1] to superalloy compositions for gas

turbine applications [61]. Mechanical testing of these spray formed materials were assessed on
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free standing coatings, using substrates only for collection of the deposited material and then

removed mechanically or through chemical dissolution.

Traditionally, the design of structural members does not take into account any load
bearing contributions of the sprayed layers. As new opportunities emerge for spray based

structural reclamation and additive manufacturing, several questions arise as follow;

e Mechanical behavior/strength of the spray assembled materials.

e Adhesion with the parent metal and bonding at the restored/substrate interface.

e Changes, if any, to the characteristics of the remaining original structure, having been

subject to impacting particles (peening) and thermal effects during processing.

e Fatigue and cyclic load performance of spray coated metallic composites.

e Corrosion response of the reclaimed system and potential galvanic issues.

In addition to microstructural integrity, residual stresses play an integral role in defining
the properties and performance of a TS coating, including hardness, reclaiming strength, wear
and corrosion behavior [64]. The evolution of these stresses are complex, arising from impact,
thermal mismatch and phase changes. In processes involving melting and solidification, large
tensile quenching stresses arise due to constrained shrinkage and cooling of impacting droplets
[7]. Thermal mismatch stresses are imposed due to expansion mismatch between the depositing
material and substrate. In high velocity spray processes, additional stress variants arise due to
solid state peening, which results in local compressive stresses. All of the above stress variants

and their intensities are affected by material, process condition, and parameters, as described in
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Chapter 3. Impact and peening processes may offer the benefit of compaction of deposited
layers, enhancing the characteristics of these coatings. Much progress has been achieved in
understanding formation and quantification of residual stresses including process parameter
effects to control such stresses [65]. The above attributes of substrate-deposit interaction,
microstructural integrity, and state of stress in deposited material all affect the effective
properties of the coating, and ultimately that of the substrate-coating system. The latter is of

significance in structurally integrated coatings whose major role requires load bearing

4.2 Experimental Methods

4.2.1 Spray Coatings
4.2.1.1 Nickel Coatings

Commercially available nickel spray powder (NI 914-3 - Praxair Surface Technologies,
Indianapolis, IN, USA) was sprayed using a liquid fuel HVOF thermal spray torch (JP 5220 -
Praxair Surface Technologies, Indianapolis, IN, USA). Spray parameters are indicated in Table

4-1.

All nickel coatings were sprayed with a 102mm barrel and a standoff distance of 406mm.

Nickel was chosen as the reclaiming material for various reasons as stated below

e When sprayed, nickel and nickel alloys experience limited in-flight oxidation compared to
ferrous alloys during TS processing (steel powders were also tested but they were found to

experience significant inflight oxidation resulting in poor consolidation).

e Relatively small thermal expansion mismatch with steel and ferrous alloys.
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e Excellent ductility, enabling densification and peening during high velocity TS processing.
e Reasonable corrosion resistance.
4.2.1.2 Other Feedstock Materials

Other feedstock materials, including copper (Diamalloy 1007, Oerlikon Metco), WC-CoCr
(WOKA 3652, Oerlikon Metco), Alumina (ALO 1110HP, Praxair), and Alumina + Nickel were
deposited by the HVOF process to investigate the mechanical response of different coating

materials with conditions listed in Table 4-1.

Kerosene | Oxygen | Spray Distance Combustion
Material Condition o pray O,/Fuel Pressure
[L/hr] [SLPM] [mm]
[MPa]
Nickel A 25.7 821 406 0.93 0.69
Nickel B 254 943 406 1.09 0.71
Nickel o} 17.0 453 406 0.78 0.35
Copper 15.9 932 356 1.71 0.63
WC-CoCr 24.6 943 330 1.12 0.74
Table 4-1 Processing conditions for coatings produced with the LF-HVOF JP5220 torch

Deposition of Alumina and Alumina blended with Nickel powder by HVOF required the use of the
HV2000 torch by Thermac Inc. in order to provide the necessary heat to melt the ceramic powders. The

torch condition used is shown in Table 4-2

Hydrogen | Oxygen | Spray Distance
[slpm] [slpm] [mm]

710 280 150

Table 4-2 Torch condition for HV2000 used to deposit Alumina coatings
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Cold Spray and Arc Spray Aluminum were deposited onto Aluminum substrates in order
to compare high and low velocity deposition processes for additive manufacturing. Arc spray and
Cold spray were used to deposit aluminum coatings using a Thermion 500 and CGT 4000,

respectively. Conditions used for the Thermion 500 are shown in Table 4-3

Condition
1 Low Power, 152 mm Spray Distance
2 High Power, 152mm Spray Distance
3 High Power, 76mm Spray Distance, 2x raster speed

Table 4-3 Power, Spray Distance and relative raster speed of Aluminum sprayed by Thermion
500

Conditions for the CGT 4000 were kept consistent with a chamber pressure of 35bar and a
gas temperature of 350°C. Deposition rate was changed by altering raster speed and feed rate, as

seen in Table 4-4

Condition
1 300mm/s Raster, 32 g/min Feed Rate
2 500mm/s Raster, 32g/min Feed Rate
3 500mm/s Raster, 16g/min Feed Rate

Table 4-4 Deposition conditions for Cold Sprayed Aluminum using the CGT 4000

Unless otherwise noted, coating thicknesses were attempted to be sprayed at ~10% of the

corresponding substrate thickness

4.2.2 Particle State Measurements
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In cases of comparing torch parameters for nickel coatings, inflight particle properties
(average temperature and velocity) were measured using an Accuraspray G3 ™ (Tecnar
Automation LTEE, St-Bruno, QC, Canada). Measurements were made prior to coating
deposition at the stand-off distance of the would-be surface, with the average of more than 10

seconds of recorded data used for reported values.

4.2.3 Coating Stress Analysis

Coating stress calculations were made through the measurement of in-situ beam
curvature, with stress values calculated using the Stoney Formula [6]. Substrate temperature was

concurrently measured via contact thermocouple on the substrate back-side.

4.2.4 Coating Properties

4.2.4.1 Hardness

Vickers Hardness was measured using a 300g load for 15s on the polished top surface of
coupons sprayed alongside the beam curvature monitoring, as well as the substrate material.

Measurements of the indent diagonals were performed using optical microscopy.

4.2.4.2 Indentation Stress Strain

Indentation Stress Strain measurements of coating surfaces were achieved using WC-Co
Brinell indenters at 6.4mm and 3.1mm dimeters at loads of 5, 10, 20, and 30kg force. The
diameter of the indented surface was measured using white light optical profilometry (Zygo
Corporation, Middlefield CT). Stress and Strain were calculated using the Taber method,

described in ref [66]
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4.2.5 Coating Deposition

To assess the mechanical behavior of the coating-substrate system, coatings were sprayed
on both sides of the steel specimens as shown in Figure 4-1. To ensure good bonding during
spraying, the tensile substrates were grit blasted with alumina grit on both sides, followed by air
blowing away excess grit. They were then placed in an acetone ultrasonic bath to remove any
embedded grit. For nickel coating application, the substrates were mounted on a disk and spun on
a carousel with the torch rastering past the necked region with shielding to reduce over spray on
the gripping portion of the dogbones. After coating one side, the specimens were flipped and
coated to equal thickness on the other side. Air cooling was directed at the samples during spraying,
which kept the substrate temperature to be below 300°C (monitored with infra-red thermal
camera). Non-nickel coated samples were sprayed in a stationary manner, where the tensile

specimens were fixtured and the spray torch rastered over the surface to deposit the coating.

Substrate
+

Nickel
Coating

%

— 3mm —

Figure 4-1 TS Nickel coated specimen and its schematic (neck width 12.7mm, length 63.5mm). Note it
is coated on both sides to maintain symmetry.

4.2.6 Substrate Preparation
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4.2.6.1 Steel Samples

The substrates were commercially produced rolled 1008 carbon steel sheet materials and
laser cut into a dog-bone shape. Substrates were used either in the as-received condition, stress
relieved at 300°C in a furnace under inert atmosphere, or mechanically grooved in order to
simulate “damaged” substrates prior to spraying. Select steel samples were fully annealed at 925°C
for a soaking time of 2hrs before furnace cooling back to room temperature in order to remove the

rolled grain structure of the steel. Annealing was performed under vacuum.

4.2.6.2 Other substrates

Copper (>99.9%) tensile specimens of the same dimensions were additionally prepared,
and were annealed at 500°C in a furnace under inert atmosphere. Aluminum 6061 Samples were

sprayed in the as received condition, though were thicker (4.7mm) than the steel or copper.

4.2.7 Tensile Testing

All the tensile tests were conducted with a servo hydraulic tensile testing machine with a static
200kN load cell. The deformation within the sprayed specimen was measured with a clip-on
extensometer (with resolution of ~1um) with the clips placed 25mm or 50mm apart. The
mechanical arm pull rate was set at 2mm/min, producing a strain rate of 0.033/min between the
two grips, approximately 60mm apart. In all cases, at least three samples from each condition were

tested for repeatability

4.3 Results

4.3.1 Mechanical behavior of nickel coated steel

4.3.1.1 Nickel Deposit Characterization

93



It is well known that thermal spraying introduces residual stresses in both the coating and
the substrate due to splat quenching, impact peening, and mismatch in coefficients of thermal
expansion. The extent of residual stresses in the deposit, as well as the mechanical properties, is
known to be sensitive to spray parameters. To assess their role in understanding the performance
of the spray coated laminates, three different sprayed parameters were investigated to yield
differences in nickel coating properties as well as interactions with the substrate. Average in-
flight particle temperature and velocity were measured for each condition, shown in Figure
4-2(a). Coating A is sprayed with a high combustion pressure and a reducing flame, which
results in high particle velocity and particle temperature. Coating B is also fabricated with high
combustion pressure but with an oxygen rich flame to enhance the probability of particle
oxidation. Coating C was sprayed with the lowest combustion pressure among the three

conditions, resulting in lower particle temperature and velocity.

The hardness and residual stress for these coatings are shown in Figure 4-2(b). All the
coatings have significantly higher hardness than that of the 1008 steel. The higher hardness of
coatings A and B vs. coating C can be explained from the high densities of these coatings as
evident from the SEM micrographs shown in Figure 4-3. Coatings A and B are almost fully
dense at >99% of bulk nickel. It is estimated that 95MPa compressive stress is present in coating

B, while lesser amount for coatings A and C (65 and 55 MPa, respectively).

94



(a)1600

A — high energy =

— - b) 350 100
O 1550 | (reducing flame) ( )w ———— o
~ @* © 300 | = Residual o Py
g ¢ S 250 * g
® 1500 B — high energy & 2
o) (oxidizing flame) @ 200 1 (60§
: = :
o 1450 % T 150 ; o S
L o
[ C—Jowenergy | g 1007 ’{—‘ =
1400 —————————————— S 50 io0s ]| ©
500 600 700 800 S A Bl [Tl sow 5
velocity (m/s) 0 =0 8

Figure 4-2 (a) Measured in-flight particle velocity and temperature of the nickel sprayed by the
parameters in Table 4-1. (b) Residual stress (measured by beam curvature) and hardness of the
coatings produced by the same parameters
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Figure 4-3 SEM micrographs of Nickel A, B, & C coating cross-sections

These compressive stresses and hardnesses affect the overall mechanical behaviors of
coated specimens as shown in Figure 4-4, where the tensile behavior of the as-received tensile
specimens coated with conditions A, B, and C. All coatings were sprayed to the same thickness
of 0.175mm on each side of the tensile specimens, for the total thickness of 0.35mm. In all
cases, the stress is adjusted for the increase in the thickness due to nickel addition i.e., the cross-

section under load includes the thickness of the coating. Note that “average stress” is shown here
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since the actual stresses within the steel and nickel is different due to their different stiffness. The
average stress-strain relations of less dense and lower residual stress coating C is very similar to
that of steel only specimen which suggests that the actual stress-strain of this nickel coating is
likely to be similar to that of steel. On the other hand, specimens with higher energy coatings A
and B show higher yield strengths, corresponding with their higher hardness values, as compared
to steel and coating C. These measurements show the yield stress of nickel coating to be
significantly higher than that of steel. In fact, to account for ~40MPa rise in the average yield
strength when the coating is only about 10% of total thickness, its yield stress would have to be
greater than that of bulk nickel, which would be unreasonable. Hence, it is likely that some
modification of the substrate occurs during the spray process (this will be explained in Section
4.3.1.3). It is also important to note since the compressive residual stresses (55~95MPa) are
present in nickel coatings (see Figure 4-2(b)), these stresses must be subtracted when estimating
their yield strengths. For processes A and B, the stress-strain behaviors begin to merge at about

0.6% strain.
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Figure 4-4 Average stress-strain relations of as-received specimens sprayed under different process
conditions. All are with 0.35mm thick nickel coatings.
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The repeatability of multiple coated specimens was very good (at least 3 samples per
condition), as their measured stresses were within £4MPa for any given strain. The only major

variability occurred in the failure above 15% strain (not shown).

As the best performing coating in the sense of hardness, compressive residual stress, and

composite stress-strain behavior, coating B was used for additional mechanical characterization.

4.3.1.2 Coating Thickness Effect

Nickel coatings were sprayed to different thicknesses onto the same, as-received steel
substrates with the processing parameter of coating B. Here two other coating thicknesses,
0.08mm and 0.70mm, were prepared in addition to the 0.35mm thick coating shown previously.
These dimensions were selected to test if a similar behavior can be observed in a very thin
coating as well as in a moderately thick coating. The thicknesses of three coatings represented
about 2.5%, 10% and 20% of the total specimen thicknesses. Although results of coatings with
additional thicknesses will offer clearer picture of nickel coated specimens’ behaviors, the
selected thicknesses should reveal their dependence on the thickness. Note that for potential
applications (e.g., repair), thicker coatings will be more of the interest. In all cases, nickel
coatings were sprayed onto both sides of substrate to maintain symmetry. The measured
averaged stress-strain behaviors are shown in Figure 4-5. The result of the 0.08mm thick coated
specimen differs very little from that of the steel only specimen while the specimens with thicker
coating (0.35mm and 0.70mm) exhibited appreciable rises in the average yield stress. Although
both specimens yield at around 230MPa, the hardening rate is higher for the one with the thicker
nickel coats (0.70mm). The tangent modulus of 0.70mm thick coat specimen is about double of
that of 0.35mm thick coat specimen, which is consistent with the coating thickness ratio.

However at about 0.35% strain, the 0.70mm thick coating develops cracks within the coating and
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also partially delaminates from the substrate near the edge of the filet of the dogbone. At this
point the strain hardening halts and the stress remains nearly constant. Although the nickel
coating has partially failed at this stage, most is still adhered to the substrate, albeit
discontinuously. This explains the stress level being kept around 260MPa and not dropping to
the level of the uncoated steel. For the thinnest nickel coating, it may retain strength even at a
strain of 1%. However, since its thickness is so much smaller than that of the substrate, its actual

behavior is somewhat unclear.
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Figure 4-5 Average stress-strain relations of nickel coated specimens with various thicknesses.
Specimen without the coating (as-received) is also shown as a reference.

These measured results raise an important question. In elastic plastic bi-metal specimens,
if the response of each phase is independent of the other, the effective behavior should still show
the nonlinearity near the lower yield strain of the two metals. Here the nonlinear behavior of
steel begins at about 0.1% strain but the average stress-strain curve of coated specimen remains
linear well-passed this strain. The only way to explain this phenomenon is that the coating
application alters the stress state of the steel substrate. This question is more closely investigated

in the following section (4.3.1.3).
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4.3.1.3 Coating on Stress Relieved Substrates

The results in Section 4.3.1.2 suggest that some changes in the mechanical behavior
occurred in the substrate steel due to the heating during spraying (both from the torch and
solidifying particles). In order to minimize such effects, 1008 steel substrates were heat treated at
300°C in an inert gas furnace for 2 hours and allowed to cool prior to spraying. This pre-heat
treatment condition was selected in order to relieve any residual stresses within the tensile
specimens that would otherwise occur during coating deposition, since the measured substrate
surface temperature stayed below 300°C during the spray (besides moments when the torch was
directly on the measured area). Note that when a molten droplet initially strikes the substrate, the
surface temperature rises above this value. However, due to the small size of the droplets, the

heat transfer is limited and the high temperature region is relatively small.

The stress-strain relations of “stress relieved” and “as-received” steel specimens are
shown in Figure 4-6. The heat-treatment essentially removes embedded stresses and exhibits the
upper and lower yield points of the steel (230MPa and 220MPa, respectively) as well as provides
linear behavior at higher stresses prior to yield. Both essentially exhibit similar behaviors for

strains greater than 0.6%.

Nickel coating at condition B was then deposited on the stress relieved steel substrate.
The stress-strain behaviors of coated and steel only specimens are shown in Figure 4-6. Here the
stress-strain relation of nickel coating on as-received steel is also included. It essentially overlaps
that of nickel coating on heat-treated steel. These results suggest that heat input from spray

essentially causes the similar effects on the rolled steel as the heat-treatment at 300°C
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Figure 4-6 Average stress-strain relations of Ni coating on stress relieved and as-received steel
substrates. The results of steel only specimens (stress relieved and as-received) are also shown.

4.3.1.4 Estimated stress-strain relation of nickel coating

The large increase in the yield strength of the nickel-coated specimen can be explained by
the increase in the effectively heat-treated steel. However, there is a large discrepancy between
the post-yielding behavior between the steel and the nickel coated specimens. Based on the
results shown in Figure 4-6, the difference in behavior between coated and non-coated stress
relieved specimens was analyzed to estimate the property of the nickel coating. First, the elastic
modulus of the stress relieved 1008 steel was carefully extracted from the stress-strain relations
and determined to be E = 204GPa. Then the linear part of stress-strain behavior of the nickel
coated specimen was measured and found to have an effective modulus of 199GPa. From the
thickness ratio of coating to substrate, the modulus of the nickel coating was then determined to
be 121 +5GPa. The relatively large error bound arises from the fact that the coating is only about
10% of the total specimen thickness. Thus, the entire stress-strain of the nickel coating is

essentially estimated from subtracting the steel-only result from the composite result (after
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adjusting for thicknesses). In the procedure, a residual stress of -95MPa in the nickel coating

(Figure 4-2(b)) was also taken into account to obtain the nickel coating stress-strain behavior.
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Figure 4-7 Estimated stress-strain relation of the TS Ni coating obtained from the difference in the
measured stress-strain results of Ni coated and stress relived steel only specimens

The overall stress-strain relation is shown in Figure 4-7. As shown in the Figure, the
estimated maximum stress of the nickel coating is about 515MPa which occurs at about 0.55%
strain. Note that the results from repeat specimens are within £20MPa of this value. Without
considering the residual stress effects, the peak stress reaches about 560MPa. After reaching the
peak, the stress gradually decreases as damage and cracks begin to develop within the nickel
coating (resulting in lower load carrying capability). If a free-standing nickel coating were tested,
it would likely fail (fracture) at a lower strain. However, since the coating is adhered to the

substrate, it effectively retains its stiffness albeit in a decreasing manner.
4.3.1.5 Repairing of “Damaged” Substrates

In order to simulate the repair of a damaged structural element, the as-received specimens
were locally grooved on one side within the gage-section and then re-filled with sprayed nickel
as shown in Figure 4-8. It should be noted that it was only this section that used grooved
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specimens for tensile testing. Coating were only applied on the grooved side of the specimen. In
a preliminary test, the groove depth was chosen to be 0.25mm and condition B described earlier
was sprayed. To illustrate repair of the substrates to desired load bearing capability by the
coatings, the total load vs. extension (between extensometer clips) records are shown in Figure
4-9. As seen in Figure 4-9, the grooved specimen has a lower load bearing capability. After the
groove is filled in, the resulting load-displacement curve is raised. The approximate difference in
the load is carried by the nickel coat. The post-yield load (~10.4kN) is higher than that of the
same thickness steel specimen without groove (~9.6kN). This is possible since the coating has a

higher yield strength, as demonstrated in Section 4.3.1.4.

Figure 4-8 Photograph of grooved and nickel repaired tensile specimens
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Figure 4-9 Load vs Displacement of grooved and groove-filled steel with the TS Ni coated specimens

4.3.1.6 Substrate Surface Preparation

In all the cases shown thus far, the substrate surface has been grit blasted prior to coating
application in order to enhance the mechanical bonding between the coating and substrate. With
a weaker bond strength, the ability for the coating to stay adhered under any stressing is reduced.
In order to demonstrate the difference in the load bearing capability of the nickel coating based
upon surface preparation, coated specimens with and without grit blasting prior to coating

application are shown in Figure 4-10
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Figure 4-10 Load vs. Extensometer travel for the stress relieved steel plus nickel coating, with and
without grit blasting(GB) prior to coating application

The load vs. extension behavior of the two coated specimens are mostly the same prior to
yielding, but the load suddenly drops after the yield point in the non-grit blasted sample. In the
grit blasted sample, the load continues to be higher than the un-coated substrate. Without proper
anchoring of the coating with grit blasting, the load carried by the coated specimen is
significantly lower and nearly matches the load-extension behavior of the uncoated steel after
~1mm of extension (corresponding to ~4% strain), as the coating prematurely delaminates. The

grit blasted sample continues to carry a higher load long after this strain

4.3.1.7 Nickel Coating on 1018 Steel

Additional tests were conducted for the TS nickel coating on stress relieved 1018 steel
(sprayed with condition B). The thicknesses of steel is 6.3mm with 0.73mm of coating. This steel

has significantly higher yield strength (325MPa) than that of 1008 steel as shown in Figure 4-11.
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This steel shows almost no hardening up to 1.3% strain then begins to harden to 460MPa at
about 10% strain (outside the range of the plot). The average stress-strain relation of the coated
specimen exhibits a very similar behavior as that of the 1018 steel only specimen. In fact, the
only apparent difference is about 20MPa higher average stresses during post-yielding (up to

1.5% strain).
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Figure 4-11 Estimated stress-strain relation of TS Ni coating obtained from the difference in measured
stress-strain results of Ni coated and 1018 steel only specimens.

The stress-strain relation of the nickel coat was extracted with the same method described
in Section 4.3.1.4, with the estimated residual stress of -13 MPa. It is noted that this residual
stress value is different from the value measured via bi-layer curvature in Section 4.3.1.1 (-95
MPa), though it is not surprising that the spraying of a stationary flat beam vs beam mounted to a
rotating carousel would produce a different magnitude of residual stress due to differences in
factors such as cooling and application rate. The peak stress reaches about 535MPa which is
consistent with the 1008 steel substrate tests. However due to the higher yield and post-yield
stress of 1018 steel, the difference between the steel only and nickel-coated specimens is very

small, as shown in the Figure 4-11. Thus the estimated property is less accurate than those
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obtained earlier. In fact, a small noise in the measured data translates to larger error and
oscillation as shown in the Figure. The estimated post-yielding behavior of this coating is
somewhat different from the previous tests. It still exhibits softening but at a lower rate.
Nevertheless, the general trend is still consistent with the other cases, and this is described more

in detailed in Section4.4.

4.3.1.8 Steel Condition

As indicated in Figure 4-6, the metallurgical condition of the 1008 steel is slightly altered
by the thermal input from the TS coating process causing substrate stress relaxation. This
changes the behavior of the steel from having a non-linear stress strain behavior near the yield
point to having a clearly observable upper and lower yield point. With coating application to
both of these steels, the specimen’s stress strain behavior near yield is essentially the same,
confirming the synergistic benefit that the nickel adds to the steel. However, since the rolled steel
does not undergo full annealing at 300°C, the grain structure of the rolled steel remains the same.
With a full anneal at 925°C, the rolled grain microstructure of the steel is removed and an
isotropic grain distribution within the steel is produced. Etching of the polished cross section of

these two steel states in the lengthwise, widthwise, and planar is shown in Figure 4-12.
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Figure 4-12 Grain microstructure from etched cross-sections of the stress-relieved and fully annealed
steel tensile specimens

With a difference in the anisotropic vs. isotropic grain structure of the steels, the expected stress
strain behavior can be expected to be different to some degree. Comparisons of the tensile
behavior of these two steels are shown in Figure 4-13. The same nickel condition was sprayed
onto both substrate types within the same spray run, with examples of the stress strain data

shown in Figure 4-13.
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Figure 4-13 Nickel coating condition B on stress relieved and fully annealed steel in (a) Load-
Displacement and (b) Stress-Strain.

The tensile behavior of the 300°C and 925°C steel (stress relieved and annealed) show
considerable post yield differences in the uncoated state, though the yield point of two are quite
similar, indicating that little work hardening was present in stress relieved steel (as well as the
as-received 1008 steel). The onset of hardening occurs at a much later strain in the annealed
925°C steel (>0.04%), whereas work hardening begins almost immediately after yield in the
stress relieved steel. This difference is likely due to both the grain orientation, as well as size,
where the rolled grain microstructure is oriented in line with direction of tensile pulling, allowing

limited strain until hardening occurs.

When the same nickel coating is put onto these steels, a noticeable change in the yield
behavior of the composite is observed, as well as the load carrying capability. The fully annealed

steel does not reach as high of an average stress throughout lower yield point, instead showing
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noisy/serrated behavior as the coating likely begins the accumulate damage through cracking or
delamination. However, the composite strength is still higher than that of the uncoated substrate,
indicating that the coating still offers a benefit to the steel. The extracted stress strain behavior
for the coatings on both stress relieved (300°C) and fully annealed (925°C) substrates are shown
in Figure 4-14 where it is seen that the nickel coating applied to the 300°C treated steel has a
peak stress value soon after the initial yielding of the steel, followed by a gradual decrease in the
stress level with further strain. The nickel coating on the 925°C treated steel does not reach the
same stress peak and instead shows a choppy stress strain behavior after the composite’s yield
point. The maximum stress value within the coating is experienced near 0.04 strain, with a
behavior similar to the nickel on 300°C steel shortly afterwards. This point corresponds to the
onset of hardening in the uncoated steel. Though the same coating was put onto the tensile
specimens, the extracted coating properties are different. The exact reason for this is not
understood but points to differences in the synergistic behavior of the coating and substrate,

which can be seen in Figure 4-13
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Figure 4-14 Extracted stress strain behavior of Nickel coating on stress relieved and fully annealed
steel (300°C and 925°C heat treatment temperature, respectively)

4.3.2 Non-Ferrous Substrates
4.3.2.1 Copper on Copper

When considering the repair of non-ferrous material components, the behavior of the
substrate material with coating application and its reaction to the processing conditions must also
be considered if one is to properly interpret the strength of the coating. One such example is the
spraying of copper onto an annealed copper substrate. Due to the high sensitivity to work
hardening, the grit blasting of a copper surface prior to coating application significantly alters the
stress-strain behavior of the material. The stress-strain of tensile dog bone in the annealed and

annealed plus girt blasting state are shown in Figure 4-15
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Figure 4-15 Stress strain behavior of copper coating on copper substrates with and without grit blasting
prior to coating application. Annealed copper substrate with and without grit blasting also included

Here it is clear to see that the work hardening induced into the copper via grit blasting
dramatically increased the yield point of the tensile specimen. Even though grit blasting
primarily impacts the stress state near the surface, there is still enough of a change in overall
stress-strain of the specimen from the compressive stresses and cold working induced by the grit

blasting of the annealed copper.

When a copper coating is applied to each substrate, shown in Figure 4-15, it is noticeable
that a net benefit in the stress strain behavior of the coating application is only observed in the
case of the non-grit blasted substrate. When the substrate is grit blasted prior to a coating being
applied, the average stress strain behavior of the specimen is lower than the specimen with grit
blasting alone. It does not make sense that the same coating applied to a grit blasted and non-grit

blasted substrate would affect the stress-strain behavior differently, especially since the sample
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that wasn’t grit blasted prior to coating application (which could be more susceptible to coating
delamination) showed the coating improving the yield point of the specimen. Thus, it must be

that the coating processes can change the stress-strain behavior of the substrate.

In addition to copper being easily work hardened, it is also easily annealed back to a
softer state. In order to ascertain if relief of the work hardening from grit blasting was being
achieved by the coating process, the coating property approximation method used for the
extraction of the nickel coating properties shown in Figure 4-7 and explained in Section 4.3.1.4
was used. First, the stress-strain properties of the coating were extracted from the sample that
was not grit blasted prior to spray. These coating properties were then subtracted from the coated
specimen that was grit blasted prior to spraying. This difference reveals the stress strain behavior
of the grit blasted substrate that has been exposed to the heat from the coating process and is

shown in Figure 4-16.
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Figure 4-16 (a) Extracted stress-strain behavior for the grit blasted copper substrate after thermal

softening, using the coating properties of the copper coating on the non- grit blasted substrate for

subtraction. (b) Stress strain behavior adapted from Figure 4-15 including the thermally softened
substrate

Figure 4-16(a) shows that a significant portion of the work hardening effect that was
induced by grit blasting has been relieved, with the extracted stress-strain behavior of the
substrate that has been grit blasted and subjected to the process heat lying in between that of the
annealed copper and the annealed plus grit blasted copper. When this substrate property is
substituted for the sample that was grit blasted prior to coating application, a more sensible
difference between the coated and un-coated is seen, as shown in Figure 4-16(b). Here, both
coated specimens shown improvement over their uncoated equivalent state. Figure 4-17compares
the extracted coating properties between the two specimens, using the equivalent substrates

shown in Figure 4-16(b) for the computation.
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Figure 4-17 Extracted stress-strain behavior of both copper coatings using the correction of the
thermally softened substrate in the case of grit blasting prior to coating application (Figure 4-16(a))

As it is seen, the extracted stress-strain behavior of the coating are very similar. Since
both these coatings were sprayed in the same manner at the same time, it should be expected that
their properties should be very similar, verifying this methodology and confirming that substrate
work hardening relief is occurring. The copper coating shows a much higher yield stress (~250
MPa) than the substrate material, though significant drop in stress occurs quickly after yielding.
The stress gradually decreases in the coating at higher stains though there is still significant

strength in the coated layer.

The heat supplied to the substrate during coating application comes from the convective
heat from plume and the conductive heat from the solidifying deposited particles. To ascertain
the effective contribution of work hardening relief from each both heat source, a grit blasted

copper substrate was subject to heating by the HVOF torch as if the coating was being deposited,
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though without any powder put into the torch plume. The resulting tensile behavior is shown in

Figure 4-18
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Figure 4-18 Stress strain behavior of grit blasted copper substrate that was exposed to torch heat only
(no powder), with little difference from only grit blasted substrate

Very little difference occurs in the stress-strain behavior of the grit blasted specimen after
heating with the torch, pointing to the conclusion that the majority of the work hardening relief
of copper is due to the conductive heat from the depositing particles. Thus the amount of relief
would be dependent on the thermal load of the deposit, such as particle temperature and

deposition rate.

4.3.2.2 Nickel Coating on Copper Substrate

The nickel coating condition “B”, established in the previous sections as being able to

strengthen the overall composite structure, when sprayed onto steel, was sprayed onto an

115



annealed and grit blasted copper substrate for tensile testing, with the results shown in Figure

4-19. The annealed and grit blasted copper stress-strain behavior is also shown for comparison
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Figure 4-19 Stress-Strain behavior of Nickel coating on copper, with annealed and annealed plus grit
blast for comparison

The nickel coating addition strengthens the composite structure compared to both the
annealed and annealed plus grit blasted substrate. This was not the case with the copper coating,
where the coating addition onto the grit blasted substrate showed weaker stress strain behavior
than the grit blasted copper alone, indicating a higher strength in the nickel coating. This was due
to the thermal input of the coating process relieving a portion of the work hardening induced by
grit blasting in the copper substrate. The same effect can be expected here, since a significant
thermal energy input can be expected from the solidifying nickel particles depositing on the

substrate surface. Figure 4-20 shows the extracted coating’s stress-strain behavior for the nickel
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coated copper, based on the substrate behavior in the annealed, annealed plus grit blasting, and

partially relieved (from Figure 4-16(a)) condition.
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Figure 4-20 Extracted stress-strain behavior of nickel coating on copper, using the annealed, annealed
plus grit blast, and thermally relieved stress strain behavior

As expected, the highest estimated coating stress strain behavior is expected when the
furnace annealed copper specimens is used in the calculation and the lowest when using the
annealed plus grit blasted specimen. Though it cannot be expected that the same degree of work
hardening relief will be experienced with the deposit of the nickel coating as the copper coating
in Section 4.3.2.1, Figure 4-20 shows some insight into the expected stress strain behavior of the
nickel coating on copper substrates. No assumption of the coating residual stress has been made,
though it can be expected that the coating is in a more compressive residual stress state than if on

steel due copper having a larger CTE (~16.4 um/m °C) than nickel.

The most noticeable difference between the nickel coating’s behavior on copper as

compared to steel (Figure 4-7) is the post yielding behavior, where dramatic oscillations in the
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stress strain behavior are observed up until 2% strain, as opposed to the smooth post yield
behavior of the similar coating on steel. This is not experimental noise but likely to be from
unstable damage and local micro-cracking taking place in the coating. Compared with the stiffer
steel substrate, the compliant copper substrate amplifies the unstable events since the coating’s

strength makes for a larger portion of the overall tensile specimen’s strength.
4.3.2.3 Aluminum on Aluminum

When considering the tensile behavior of such TS coated composites, whether it be for
repair, additive manufacturing, or enhanced surface functionality, all of the above mentioned

effects of processing and substrate condition must be considered

Besides repair, the prospect of thermal spray as an additive manufacturing process holds
appeal, with the high deposition rates of arc spray and cold spray being adequate for rapid
deposition of material onto surfaces. However, the deposition methods, coating properties, and
expected residual stresses from these process are largely different. In-Situ beam curvature
measurements for deposition of arc spray and cold spray aluminum coatings deposited onto Al

6061 substrate are shown in Figure 4-21 (a) and (b) respectively
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Figure 4-21 In-Situ curvature measurement of aluminum sprayed onto AI6061 Substrates by (a) Arc
Spray and (b) Cold Spray

In the case of the Arc Spray (AS) deposition processes, the deposition of molten

aluminum with low particle velocity produces a large degree of quenching stress during

deposition, resulting in a tensile residual stress. Cold Spray (CS) deposition relies upon solid

state deposition, with particle bonding dependent on adiabatic shearing upon impact as opposed

to melt quenching. As such, limited quenching stresses are produced during coating deposition

and a neutral/slightly compressive residual stress is produced in these coating examples.

The expected mechanical properties of these coatings are different as well. Micro-

indentation of these coatings reveal how the load transfer upon compression is endured, giving

an indication of the bonding between the deposited particles. The resulting indentation stress-

strain using the Taber approximation [66] of these coatings are shown in Figure 4-22
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Figure 4-22 Indentation Stress Strain of the Arc Spray and Cold Spray Aluminum from Figure 4-21
using the Taber approximation

The indentation stress strain of the two coatings show considerable difference across
deposition techniques, with the CS Aluminum displaying a stronger plastic deformation
resistance to indentation load than the AS Aluminum. This is indicative of a mechanically
stronger coating via the bonding of deposited particles, where it would be expected that the CS
coating would supply more of a synergistic strength benefit to an aluminum composite than the

AS coating.

Selection of a single parameter from the AS and CS samples were sprayed onto both
sides of Al 6061 dogbone specimens and tensile tested in order to determine the strength of the
aluminum-based composite. The load vs displacement and stress vs strain near the yield points

are shown in Figure 4-23(a) and (b), respectively.
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Figure 4-23 Tensile behavior of Arc and Cold spray Aluminum on Al6061 in (a) Load vs Displacement
and (b) Average Stress vs. Strain

When considering the load contribution that each coating contributes in Figure 4-23(a),
both coatings raise the composite’s load capacity to the same yield point, which can be expected
as thickness is added to the cross-sectional area of the tensile specimen. When the coating’s
thickness is taken into account for the calculation of average stress in Figure 4-23(b), it is
revealed that the specimen’s strength is actually lower than that of the bare Al 6061. The
differences in the coating’s contribution between the two processes is highlighted, where the
weaker and tensile residual stress AS coating offers the weakest contribution to the composite.
The neutral/compressive residual stress state of the CS coating, coupled with the better
indentation response performs better compared to the AS coating, though it is evident that the

strength of the CS coating does not match that of the Al 6061 substrate.

4.3.3 Damage Tolerant Coatings
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When considering the use of TS coatings as a repair or additive manufacturing technique,
the mechanical behavior of the coated composite is inherently clear as a relevant performance
evaluation in order to determine the integrity of the coating. It may be less obvious to consider
the mechanical behavior of a TS coated composite wherein the primary function of the coating’s
addition is surface functionality. However, when the composite component is subjected to load,
there is a need to understand the mechanical behavior the TS coating addition can have. As
mentioned in the Chapter 1, there are many instances with the applications of damage tolerant

coatings where the coated component will experience loading.

Damage tolerant coatings are considerably harder than metallic coatings, though the
increased hardness comes at a price of increased brittleness. Cermet materials, such as WC-
CoCr, use metallic binders in order to increase toughness, but the mechanical stress-strain
behavior of the coating can be expected to behave differently than a purely metallic material,
such as nickel. To illustrate, a WC-CoCr coating, was applied to the same steels as the nickel
coating in Section 4.3.1.8. The load-displacement and stress-strain behavior of the coated

specimen is shown in Figure 4-24
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Figure 4-24 Tensile behavior of WC-CoCr coated Steel, both in the stress relieved and annealed state,
in () Load vs. Displacement and (b) Average Stress vs. Strain

Again, the differences in the tensile behavior of the stress-relieved and annealed steel are
observed, with nearly the same yield points and the annealed steel’s onset of hardening occurring
at a much higher strain. With the WC-CoCr coating addition, a load carrying case is observed in
both cases. However, when the WC-CoCr thickness is accounted for in the calculation of average
stress, the strength of the composite is nearly the same in the case of the annealed steel, with a
slight increase in the case of the stress relieved steel. The extracted stress-strain behavior for

these coatings are shown in Figure 4-25
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Figure 4-25: Estimated stress strain behavior of the WC-CoCr on both stress relieved and annealed
steel (300°C and 925°C heat treatment, respectively)

Here it is seen that the WC-CoCr coating has a much higher stress level when on the
300°C steel, with an initial peak followed by oscillations, and even increasing after 0.01 strain
when the uncoated substrate would begin to harden. The coating stress strain behavior on the
925°C steel shows a rapid peak in stress similar to the coating on 300°C steel, followed by a

much larger drop and more intense serrations in the stress-strain behavior in the coating.

Besides cermets, ceramic coatings can also be employed as wear resistant surfaces due to
their high hardness. However, this is a significant loss in the toughness in purely ceramics
coatings, as the metallic binder material is not available to offer any ductility to the coating.
Typically, there is a limited processing range where high velocity thermal spray processes can
successfully deposit ceramic coatings due to limited particle dwell time, lower plume enthalpy
(compared to plasma), and higher feedstock melting temperature. However, significant densities

can be observed once successful deposition is achieved. HVOF alumina coatings were deposited
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onto both sides of the stress relieved steel (300°C heat treatment) and tensile tested. To produce
ceramic coatings with a small amount of dispersed metal within the microstructure (a pseudo-
Cermet), a portion of alumina feedstock was blended with a small amount nickel powder and
deposited onto tensile specimens in an attempt to raise the toughness/ductility of the coating. The

results of the tensile testing are shown in Figure 4-26 , with both load-displacement and stress-

strain.
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Figure 4-26 Tensile behavior of Alumina and Alumina blended with Nickel on both stress relieved and
annealed steel in (a) Load vs. Displacement and (b) Average Stress vs. Strain

Again, the addition of the coating raises the load bearing capacity of the tensile specimen,
with the alumina + nickel offering the greater load increase. When the thickness is accounted for
in the calculation of average stress, both TS coated composites perform poorer than the steel
substrate alone. This indicates that the strength and load enduring ability of the coating is very

poor, likely due to the brittle nature of the alumina coating.
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4.4 Discussion

The present study has investigated a potential role of metal and cermet TS coatings as
load supporting components within a bi-material structure. The application of dense TS coatings
onto steel can lead to enhanced strength of the existing structures due to the added metal as well
as through process induced changes to the system, as seen in the case of nickel deposited onto
steel. To further interpret the results, it is of importance to identify the respective contributions of

the substrate (subjected to TS), the coating material and any synergistic effects of the two.
Substrate Effects

The question of how the surface preparation and coating application affect the parent
material's stress-strain response requires critical examination. As shown in Figure 4-6, the stress-
strain response between the coated structures made with stress relieved and as-received steel is
nearly the same, though the response of the heat stress relieved and as-received steel is different.
It is likely that the as-received substrates contained residual stress from manufacturing and
machining, indicated by the lack of the upper and lower yield points seen in the heat-treated
specimen. Latent particle heat during deposition as well as heat from the torch may have
contributed to alterations to the substrate steel. Thermal camera images indicate substrate
temperatures to remain below 300°C (with spray time under ten minutes), which indicates full
annealing accompanied with microstructural changes is not likely to occur, though some stress
relief is possible. A mixture of residual stress in the as-received specimens, grit-blasting, and
accumulation and relaxation during deposition from particle impact and cooling, respectively,
may also induce the phenomenon of static strain aging in the substrate steel, though no change in

yield point was observed in samples that were grit blasted and heated by the torch plume (no
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introduction of powder into the plume) and is not shown. In the cases of fully annealed steel
specimens, the post yielding stress-strain behavior has dramatically changed in the uncoated
material as seen in Figure 4-13. Such a difference is induced only by substrate annealing and is
not approached by TS coating deposition. The softening and grain regrowth, resulting in
isotropic grain size and orientation (Figure 4-12), accounts for this stress-strain behavior

difference, with delayed hardening after yield.

Non-ferrous substrates, such as copper and aluminum, have their own unique tensile
behaviors and sensitivities to the TS process. For example, copper showed a large susceptibility
to work hardening from grit blasting (Figure 4-15), a copper surface preparation method to
prepare a substrate for grit blasting. The heat from the process partially relaxed this work
hardening, changing the stress strain behavior of the underlying substrate within a coating-
substrate composite as seen in Figure 4-16. The alterations to the copper from the TS process
plays a large role in the composite stress-strain behavior, where the same coating applied to a grit
blasted and non-grit blasted substrate are dramatically different. In the case of Al on Al in Figure
4-23, changes within the substrate were not investigated, but the sensitive tempering of the

Al6061 substrate may be disturbed by higher temperature processes
Coating Properties and Synergistic Behavior

Based on several tests of repeat samples, the modulus of the TS nickel coating B was
estimated to 120GPa while its maximum strength was estimated to be about 500MPa, which is
greater than many of structural metals. The reduction of 30% in the Young’s modulus is due to
presence of weak interfaces (i.e., boundaries between splats) within the TS nickel coating. Since
the coating is 99%+ dense, the modulus reduction due to porosity should be small. On the other

hand, the maximum strength is comparable to the strength of bulk Ni. There are two scenarios
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for this high stress. The rapidly solidified metal is known to comprise of fine grains, which are
known to provide higher hardness and consequently higher yield strength [67]. In addition, the
HVOF sprayed Ni could have finely dispersed oxides which can contribute to dispersion
strengthening, though no oxide phases were detectable through X-ray diffraction measurements
of Coating B. However, in this particular case, the explanation of high tensile strength lies on the
“load transfer” mechanisms of coating-substrate structure. As damage initiates at some voids
and/or weak interface, its progression is prevented by the local load transfer through the

substrate.

No other coating material shown (WC-CoCr, alumina, or copper) demonstrated as high a
strength as nickel condition B. WC-CoCr, though a hard and strong material, shows to be too
brittle to accommodate load as well as the nickel. Figure 4-25 shows how the abrupt drop in
coating stress strain occurs immediately after the composite yield point, though the coating layer
does not drop to zero indicating some residual strength still exists. Alumina coatings, even more
brittle than the WC-CoCr, do not contribute to the overall stress-strain behavior of the composite,
even with a small load increase as seen in Figure 4-26. The copper coating, though ductile and
displaying a smooth stress-strain drop after yield (Figure 4-17), is not as strong as the nickel
coating. This can be attributed to the inherent properties of the metal, where copper is much

softer than nickel

The coating stress-strain behavior is largely different for the coatings sprayed onto the
fully annealed samples. The load bearing capability of both nickel and WC-CoCr coatings has
been diminished with the larger degree of plasticity after the yield point of the steel, as seen in
Figure 4-14 and Figure 4-25. This may be due to the inability of the coating material to

accommodate the higher strain of the steel after yielding, forming cracks and damage within the
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coating. The reduced ductility of the coating material with the TS processes also contributes to

this phenomena.

It has been observed in all the material systems presented that an increase in load
carrying capability occurs with a coating addition. However, it is more important to the designer
that the composite’s strength be considered, where in the processing of the coating becomes
critical, since a debit in the combined strength of the coating and substrate can occur in the case
of weaker coatings, as is the case in Figure 4-23. When bonding is weaker, as is the case in the
alumina coated dogbones in Figure 4-26, limited load benefit is offered by the coating
application, since even as the coating becomes fragmented and weaker, continued attachment to

the substrate does continue to provide additional load support
Mechanism

Based on the extracted stress-strain curves of the nickel coating on various substrates, the
tensile deformation of TS metallic coating on a substrate can be described in three stages, as
shown in Figure 4-27(a). In the 1% stage (strains less than ~0.2%), near linear elastic response
prevails (with E = 120GPa for Coating B). In the 2" stage (strains between 0.2% and ~0.5%),
some damage is initiated and progresses. If there were no substrate to transfer load, sudden
failure (at the weakest site) is likely to occur during this stage. Such an event is statistical and the
actual failure stress should depend on the size of specimen (i.e., a larger specimen is more likely
to contain weaker sections and tends to have a lower failure load). Though not tested, failure
stresses of free-standing TS nickel specimens would be in the range of 200~300MPa. With the
substrate to transfer load as schematically shown in Figure 4-27(b), the nickel coating can
continue to carry load although at a slightly lower modulus (~100GPa) in this stage. However

once the stress reaches the yield stress of bulk nickel (~500MPa), the deformation increases
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rapidly and the coating begins to fail at many locations. In the 3™ and the final stage (strains
greater than ~0.5%), cracks form and the coating loses its stiffness or effectively softens, as
illustrated in Figure 4-27(a). Even with cracking, as long as the nickel coating is still adhered to
the substrate, it provides some residual load sharing to the overall specimen and does not fail
suddenly as the case without the substrate. How TS coatings soften will depend on the (plastic)
deformation behavior of substrate with different softening behaviors of TS nickel coating on

different substrates
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Figure 4-27 (a) Estimated three deformation stages of the nickel coating on substrate is shown in
tensile stress-strain relation. (b) Schematic of load transfer mechanisms during stage 11

4.5 Conclusions

The present study elucidated the mechanical behavior of high velocity TS coatings and its
capacity to carry mechanical load as a bi-material structure. The synergy between coating and
substrate, including the conditioning of the substrate, was also shown to be critical in composite
loading. Such an understanding is needed for potential application of TS metals and cermets in
uses where load bearing of the component takes place. The highest performing coating in this
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study, an HVOF nickel coating, benefited from the enhanced strength and compressive residual
stress imparted by the TS process. TS Ni’s deformation behavior can be described in three
stages. The key mechanism is the load transfer which occurs when it is deposited on to a
sufficiently ductile substrate. Having the support of the substrate prevents the TS coating from
failing at much lower loads. With the substrate, the maximum strength of TS Ni reaches near the
strength of bulk Ni. It is expected that other near fully dense metallic coatings have similar
deformation stages as introduced here, such as the copper coating which was discussed. Harder
and more brittle coating materials, such as WC-CoCr and alumina, suffered from their lack of
ductility and lost load carrying strength at a faster rate than that of the metallic coatings.
However, the WC-CoCr coating studied, with metallic binder for increased toughness,

outperformed the alumina coating in synergistic strengthening of the coating-substrate system.

Although only tensile behaviors were examined here, the compression behavior of the TS
coating is expected to be different, especially at large strains. The softening behavior may not
occur under compression. Since many of engineering structures are subjected to compression
(e.g., bridges, buildings, landing gear), investigation of TS coatings under compression is clearly

needed and should be studied in the future
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5 Structural Integration of High Velocity Thermal Spray Coatings

Part I1: Cyclic Mechanical Behavior of TS Coated Specimens

5.1 Introduction

In the design of a component in normal service life, the loads applied to the material are
meant to be well below the yield strength in order to ensure safe operation and to prevent
premature failure. However, cyclic loading over long periods of time below the yield point can
still accumulate damage within the material, leading to eventual failure by the mechanism of
fatigue. Fatigue occurs when cyclic loading of a material gradually moves dislocations to the
edges of grain boundaries and surfaces, inducing microscopic roughness. This roughness leads to
a local stress intensity which are higher than the overall body, which may eventually initiate a
crack, known as a “fatigue crack”. With further cycling, the stress intensity near the crack drives
the crack growth in accordance with Paris’ law up until the point of sudden failure [68]. For
ferrous materials, there generally exists a minimal stress amplitude where fatigue failure will not
occur with more cycles, known as the “endurance limit”, which generally is accepted at 10’
cycles of loading without failure for ferrous materials. Some non-ferrous materials, such as
Aluminum alloys, never reach a true endurance limit and are designed with this in mind. With
the awareness of such fatigue phenomena, the design of cyclically load bearing parts takes

precaution to avoid fatigue failure by using adequate material and dimensions to keep the
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expected stress below the endurance limit or within a safer operating range. In addition to the
intrinsic fatigue resistance of materials, surface modifications can be employed to delay or
reduce the likelihood of fatigue crack initiation and growth, such as reducing surface roughness
through finishing, inducing compressive residual stresses such as shot peening, and other

methods of surface hardening (nitiriding, carburizing, remelting)[69-72].

The incorporation of a TS coating in the design of a load bearing component would
require assurance that the effects of the coating’s presence and processing will not incur a debit
to the fatigue life of the component. Preferably, coating addition would have an increase in the
fatigue life while maintaining surface functionality. The prospect of enhanced fatigue life is very
appealing, where multi-functional added value to the part through TS processing would allow for
higher performing components. Incorporating surface functionality and fatigue/mechanical
integrity requires in depth understanding of the factors that determine coating properties and
performance, as well as the interplay between the coating and substrate as well as the behavior of
the substrate independent of coating application. Figure 5-1 highlights these location based

demands of a structurally integrated coating.
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Figure 5-1 Location specific functionality of structurally integrated TS coatings

Numerous academic fatigue studies of TS coated specimens have been carried out,
though no common consensus on whether an enhancement [7-10] or debit [7, 11-14] in fatigue
life is generated with coating application. Since TS coating properties are highly dependent on
the processing parameters used [5, 15], an assessment with one coating process parameter does
not offer a complete picture on the fatigue of TS coated specimens [13, 16]. With parametric
studies of coating processing, it has been reported that the residual stress state of the coating has
a large influence on the relative fatigue life of coated specimens [12, 16, 17], as well as coating
properties such as coating toughness [10]. The presence of residual stresses throughout a material
prone to fatigue loading has been considered a critical factor for the fatigue life of uncoated
components as well [18, 19], as the superposition of the applied stress and residual stress
throughout a fatigued body leads to local stress intensifications. Such stress intensifications are
then prone to fatigue crack initiation and growth as described by Paris’ Law [20]. Other
investigations into the effect of substrate preparation prior to coating deposition, such as shot
peening or grit blasting, have also been studied as residual stress contributors in attempts to
mitigate fatigue debits incurred by coating application [11] or to isolate the coating’s influence

on fatigue life [7].
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Property and Stress Based Approach to Fatigue Life

As described in Section 3, the role of particle state resulting from feedstock material,
torch type, and torch operating parameters play a large role in determining the properties and
performance of damage tolerant coatings. Most importantly, there are large differences in the
formation and residual stress within the coating. The force resulting from these stresses are also
balanced through a stress profile within the substrate as well. The presence of residual stresses
throughout a material prone to fatigue loading has been considered a critical factor for the fatigue
life of uncoated components [70, 72] as the superposition of the applied stress and residual stress
throughout a fatigued body leads to local stress intensifications. In addition to the residual
stresses inherent in thermal spray coatings, the properties involved in coating load bearing
(modulus, yield strength) have also been demonstrated as being controllable via particle state
manipulation as seen in Section 4. Thus the control of torch operating parameters and particle
state have the ability to manipulate the load bearing capability of TS coatings, as well as the

residual stress state through coating formation stresses.

Residual stresses within the substrate and coating of a TS coated specimen can also arise
from sources other than the state of depositing particles. The thermal stress, arising from thermal
expansion mismatch strain (e=AaAT), can also contribute significantly to the residual stress state
of a coating-substrate, particularly when the thermal mismatch between the two is large or a
relatively high deposition temperature is expected. Since deposition rates, pause time between
passes, part size and geometry, and directed cooling are all variables in TS coating application,
the managing or exploitation of thermal stresses can also be used as a tool to alter the residual

stresses in a coating-substrate system.
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Since surfaces are prone to large stress intensification due to roughness, it is important to
note that typical substrate surface preparation for TS may also induce alterations to the residual
stress state, and thus fatigue life, of the specimen. Such preparations include grit blasting, a
common preparation technique to enhance the mechanical bonding of the coating to the
substrate, induce compressive residual stresses into the surface, as well as grain distortion and
surface roughening, which can have implications on fatigue behavior. Fatigue prone surfaces can
also be treated with processes such as shot peening that intentionally induce compressive
residual stresses, which are well known to delay surface fatigue crack initiation and growth at the
substrate surface [70, 73, 74]. Any introduction of stresses into the substrate prior to coating

application will also have effects on the fatigue life of a TS sprayed specimen.

Finally, the fatigue behavior of the substrate has a large role in the how the coated
component will perform, due to the majority of the structure being comprised of the parent
material. As such, considerations of the substrate modulus, strength, toughness, and composition
will have dominating roles in the fatigue life when mated with a coating. Additionally, the fatigue
life of the substrate alone is what any coated substrate will be compared to, as designers account
for the relative differences that coating application can have on the part and decide on its
implementation. However, there is also the need to consider the interplay that can occur between
the coating and substrate during coating deposition if different substrate choices are considered for
design, such as adhesion strength and thermal expansion mismatch induced stresses, as well as the
load sharing capabilities between the substrate and coating, such as modulus and strength

differences

5.2 Experimental Methods

5.2.1 Feedstock and Spray Parameters
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Several sets of experiments were conducted wherein the role of particle state, thermal
stress, substrate preparation, and substrate type on fatigue life of TS coated specimens were
examined. All coatings were sprayed with a JP-5220 spray system (Praxair Surface
Technologies, Indianapolis, IN), a liquid fuel HVOF torch. Selection of operating parameters
were based on both manufacturer recommended conditions, as well as variations from
experimental work. Feedstock material used included the commonly employed damage tolerant
coating compositions of CrC-NiCr and WC-CoCr, though several powder morphologies were
used for specified tests. All powders used were commercial varieties, selected from Table 3-1.

The spray conditions (and powder used) for each fatigue specimen is shown in Table 5-1

Kerosene | Oxygen | Barrel Spray Combustion Coating
Condition Material Powder Distance O,/Fuel Pressure Thickness
[L/hr] [SLPM] | [mm]
[mm] [MPa] [um]
1 Cre- sx 105 18.9 648 152 406 1 0.52 110
NiCr
CrC-
2 Nicr sx 195 23.5 1009 152 406 1.26 0.79 110
We-
3 Cor | WOKA 3652 20.0 623 152 305 0.91 0.50 220
WC-
4 Cor | WOKA 3652 28.0 858 203 305 0.89 0.72 160
We- .
5 Amperit 556 22.7 778 203 279 1 0.61 150
CoCr
WC- )
6 Amperit 556 18.9 651 102 381 1 0.50 150
CoCr
We- .
7 Amperit 556 18.9 873 152 381 1.35 0.62 150
CoCr
We-
8 Cor | WOKA 3652 235 969 152 330 1.23 0.73 165
WC-
9 Cor | WOKA 3652 24.6 943 152 330 1.12 0.74 120
Table 5-1 Sprayed conditions and associated powder for coating used in fatigue testing

5.2.2 Measured Particle State
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Inflight particle properties (average temperature and velocity) were measured using an
Accuraspray G3 ™ (Tecnar Automation LTEE, St-Bruno, QC, Canada). Measurements were
made prior to coating deposition at the stand-off distance of the would-be surface, with the

average of more than 10 seconds of recorded data used for reported values.

5.2.3 Coating Stress Characterization

Coating stress calculations were made through the measurement of in-situ beam
curvature, with stress values calculated using the Stoney formula [11, 75]. Substrate temperature
was concurrently measured via contact thermocouples on the substrate back side. Spray patterns
on the beam were altered in order to alter substrate temperature in several cases. Pause time
between the strokes was also changed for temperature manipulation. Schematics of the

difference between “box” and “ladder” rastering programs are shown in Figure 5-2

AN

1 Box Pattern I

v

€————— Ladder Pattern |

Figure 5-2 Deposition patterns used on the in-situ beam curvature measurement device in order to alter
substrate temperature

viv

5.2.4 Coating Property Measurements

5.2.4.1 Vickers Hardness

138



Vickers hardness of the coatings was measured on mounted and polished cross sections at
a load of 300g for 15s. Measurement of the indent diagonals were performed using optical

microscopy.
5.2.4.2 Indentation Modulus

Indentation modulus measurements were taken on the top surfaces of polished coatings
using an instrumented indenter with a Berkovich tip (Micro-Materials Limited, Wrexham
Technology Park, Wrexham, UK). Elastic recovery of the coating upon unloading was used to

calculate the indentation modulus, as described by Oliver and Pharr [36]
5.2.5 Fatigue specimen preparation

Rotating Bend Fatigue (RBF) specimens were machined out of cold drawn 1018 steel to
the nominal dimensions shown in Figure 5-3. All samples were annealed within a vacuum furnace
at 900°C for a dwell time of 2hrs and allowed to cool within the furnace to ambient temperature
in order to remove work hardening and reduce the cold drawn grain structure within the steel to
produce a stress free steel. Titanium 6Al 4V (Ti64) samples were not heat treated and were sprayed

in the as received condition.

Coarea; Portion

| |

12.7 mm 6.24 mm
38.1.mm

101.6 mm

Figure 5-3 Rotating bend fatigue specimen nominal dimensions, with portion coated by WC-CoCr
indicated.
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The planar steel beams, cylinders, and selected RBF samples were grit blasted using an
alumina grit. Samples were cleaned in an acetone bath with ultrasonic agitation for cleaning prior
to coating deposition to ensure no trapped grit would be included in the coating-substrate interface.
Select RBF samples were shot peened in a similar manner, using the same grit blasting equipment

with steel shot replacing the alumina grit.

Samples were coated in a manner shown schematically in Figure 5-4, with sample spinning
at a constant rotation (600 RPM) and the torch slowly rastering (50mm/s) down the neck region
of the samples. Raster speed of the torch was used so that one full turn of the sample would
correspond with a vertical travel distance of 5mm (the same used between coating strokes on planar
samples when using the JP torch). Shields and masking were used to eliminate overspray onto the

non-neck portions of the sample.

Constant RPM

“ﬁ

Slow
Vertical
Traverse

Pause
off of i

specimen

Figure 5-4 Torch view schematic of coating technic used for RBF and uni-axial fatigue specimens,
with rotation of the specimen and vertical traverse down the neck of the sample

5.2.6 Temperature Measurements
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Surface temperature of the necks of the RBF samples during spraying were monitored by
an IR thermal camera (FLIR Systems, Wilsonville, OR), with manipulation of the temperature

being accomplished by robotically varying the time between coating strokes on the samples.

5.2.7 Rotating Bend Fatigue Testing

Fatigue testing was performed using a RBF-200 model rotating beam fatigue testing
machine (Fatigue Dynamics Inc., Dearborn MI, now System Integrators LLC, Glendale AZ).
Samples were tested at a frequency of ~100Hz, under fully reversed loading (R=-1), at varying
applied moments until failure or severe deformation triggered the motor’s cutoff switch while the
cycle counter recorded the number of cycles to failure. No grinding or polishing of the substrate
or the coating after deposition was done in order to not alter the roughness of the coating after
deposition. Micrographs of fatigue fracture surfaces were taken using either an optical stereoscope

or SEM in backscatter mode.

Select RBF testing (4340 Steel substrate samples) was performed by Darmstadt Technical
University in Germany, under Prof. Dr.-Ing. Brita Pyttel. Similar testing procedures were used as
those in CTSR, though coated samples were ground and polished with SiC paper to desired

thickness prior to testing. Figure 5-5

B— S —_—

15.9mm |‘-— - 5mm

Figure 5-5 Image of RBF specimen for 4340 Steel samples with dimensions labeled

5.2.8 Uniaxial Fatigue Testing
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Uniaxial fatigue testing was conducted with a servo hydraulic tensile testing machine
(Instron 8800, Norwood MA) with a 200kN static and 100kN dynamic load cell. Deflection was
measured with a clip-on extensometer (with resolution of ~1pum) with the clips placed 12.5mm
apart. Fully reversed (R=-1) testing at a rate of 5Hz was conducted until specimen failure or

elongation larger than the extensometer range occurred.

5.2.9 Coating Stripping

WC-CoCr coating stripping was performed using a solution of Potassium Sodium
Tartrate (Rochelle salt) and Sodium Carbonate in distilled water at concentrations of 50 g/l and
150 g/I, respectively. A D.C. voltage of 3-4 volts was applied to the sample and an immersed
steel electrode, producing a current of 1-1.3 Amps. The solution was continuously stirred and
keep ~60°C during the stripping process, with periodic light brushing of the coated area to
expedite the stripping process. After coating removal, the RBF samples were washed with
distilled water and dried prior to fatigue testing. Similar procedures have been used to effectively

strip WC-CoCr coatings [76, 77]

5.3 Results

It should be noted that in order to calculate a stress amplitude value for the surface of the RBF
specimens, the increase in specimen diameter due to coating thickness is treated as if the coating
is identical to the substrate, which is not an ideal assumption. However, in the case of most
coated component design, the coating is not treated as a load carrier but its thickness is taken into
the measurement of the part’s geometry. Thus all stress amplitudes on the fatigue specimens are

reported as if composed of the substrate alone.
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5.3.1 Role of Torch Parameters and Particle State.

As discussed in Chapter 3, the operating conditions of an HVOF torch will have
significant influence on the thermal and kinetic energy state of a particle. This in turn will affect
the coating formation behavior and the properties of the coating. These properties (e.g., residual
stress, modulus, hardness) have an influence in the fatigue life of HVOF coated specimens, as

will be demonstrated.

5.3.1.1 Rotating Bend Fatigue of CrC-NiCr on 4340 Steel

Though there are differences in spraying on flat specimens vs round specimens for
fatigue testing, the qualitative trends in properties can be assumed to be similar based on what
was observed in planar specimens. The first example of this is the stress and properties of two
CrC-NiCr coatings that were sprayed onto an in-situ beam curvature device using the conditions
1 and 2 in Table 5-1. These spray parameters produced two largely different stress states and
coating properties, measured from samples taken from the coated beams. The measured particle
state and planar evolving and residual stresses are shown in Figure 5-6 (a) and (b) respectively.
Here it is seen that the manipulation of particle state strongly influences the evolving stress and
residual stress of the coating, where the difference between a quenching and peening evolving
stress has been demonstrated simply through torch parameter manipulation. The hardness and
indentation modulus of these two coatings, referred to as “neutral” and “compressive” due to
their expected residual stresses, are shown in Figure 5-7. Here it is seen that the coating with
compressive residual stress has both higher hardness and indentation modulus as compared to the
neutral coating. These differences in stress and properties are expected to play a large role in the

fatigue life of the coated specimens.
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Figure 5-6 (a) Temperature and Velocity of CrC-NiCr sprayed by LF-HVOF with selected coating
conditions used to spray onto fatigue specimens. (b) Evolving and Residual stress calculations from in-

situ beam curvature measurement of the conditions shown in (a)
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Figure 5-7 Measured properties on the planar samples of the “neutral” and “compressive” CrC-NiCr

samples
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These conditions were then sprayed onto 4340 steel RBF specimens, with deposition
rates and cooling arrangements kept constant for the two conditions. After grinding and
polishing, the RBF specimens were then tested until failure or runout (>107 cycles without
failure). Uncoated and grit blasted only specimens were tested as well to compare the relative

differences. The SN graph of these samples are shown in Figure 5-8

650

600 -

550 +

500 4 L]

450 4

400 4

Maximum Stress Amplitude [MPa]

® Virgin
350 + Grit Blasted
¥ CrC NiCr - Neutral Residual Stress
B CrC NiCr - Compressive Residual Stress
300 —

1e+4 1e+5 1e+6 1e+7 1e+8

Cycles to Failure

Figure 5-8 Stress Amplitude vs Cycles to failure for CrC-NiCr coated 4340 steel, with the bare and grit
blasted substrate shown for comparison. White filled samples indicate run out

It can be seen that the coating with a higher amount of expected compressive residual
stress and stronger mechanical properties outperformed the coating that was expected to have a
nearly neutral residual stress and weaker mechanical properties. Both coated specimens
outperformed the bare and grit blasted substrates, offering a synergistic benefit to the fatigue life
of the specimens through coating addition. Grit blasting did not appear to influence the fatigue

life of the bare substrate.
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5.3.1.2 Rotating Bend Fatigue of WC-CoCr on 1018 Steel

Similar characterization involving WC-CoCr was done, where manipulation of torch
operating parameters were able to produce different particle states, as conditions 3 and 4 shown
in Table 5-1. Depositing these conditions onto steel beams with simultaneous curvature
measurement was used to calculate the different evolving and residual stresses for the particular

conditions shown in the Figure 5-9
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Figure 5-9 (a) Temperature and Velocity of WC-CoCr sprayed by LF-HVOF with selected coating
conditions used to spray onto fatigue specimens. (b) Evolving and Residual stress calculations from in-
situ beam curvature measurement of the conditions shown in (a)

Again, it can be seen that the particle state has a strong influence on the evolving and
residual stress. In this case, net compressive evolving stress is not observed, in contrast with the
second CrC-NiCr deposits shown in Figure 5-6(b). Hence the compressive residual stress here is

primarily a result of the thermal mismatch stress between the steel and WC-CoCr coating.
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These two spray conditions were then sprayed onto as received (cold drawn) 1018 steel
RBF specimens, where deposition parameters of cooling and surface speed were kept constant,
though different from the CrC-NiCr samples. Again, uncoated and grit blasted only specimens

were tested to observe the relative comparisons. The results are shown in Figure 5-10
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Figure 5-10 Stress Amplitude vs Cycles to failure for WC-CoCr coated 1018 steel under the two
conditions shown in Figure 5-9(a), with the bare substrate shown for comparison.

It is seen that the coating with a higher expected magnitude of compressive residual stress
offers the greatest improvement in specimen fatigue life. The coating with an expected neutral
residual stress also yields a benefit to the fatigue life, but to a smaller amount than that of the
compressive coating. Both coatings do offer improvement to the overall fatigue life of the

component, similar to the case of the CrC-NiCr coated samples.

5.3.1.3 Uniaxial Fatigue of Alternative WC-CoCr and 1018 Steel
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An alternative feedstock material of WC-CoCr, with a smaller particle size and finer
carbide size, was subjected to a variety of torch operating parameters that produced different
particle states (conditions 5, 6, and 7 in Table 5-1. More uniquely than the WC-CoCr in Section
5.3.1.2, the evolving stress of the fine carbide WC-CoCr was much more manipulate-able via
torch operating parameters, offering a wider menu of stresses within the coating. Curvature vs.
time measurements of three selected coating conditions are shown in Figure 5-11(a), where the
resultant coating residual stresses on the planar beam result in coatings with tensile, neutral, and
compressive residual stress. It is noted that the most compressive residual stress coating also has
a negative evolving stress, indicating the dominance of peening in the coating’s formation.
Hardness measurement of the coatings shown in the Curvature vs. time plot are also included in

Figure 5-11(b) where the compressive coating has a higher hardness than the other two coatings.
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Figure 5-11 (a) Curvature evolution of three torch conditions spraying fine carbide WC-CoCr (Amperit
556) resulting in a tensile, neutral, and compressive residual stress state and (b) measured cross
sectional Vickers hardness of the three coatings in (a)
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These coatings were then applied to the specimen geometries shown in Figure 5-5 and

fatigue tested in the uniaxial direction until failure. The results of this fatigue testing is shown in

Figure 5-12, as well as uncoated, as received 1018 steel samples
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Figure 5-12 Uniaxial fatigue behavior of 1018 steel coated with the conditions in Figure 5-11 in (a)
Load vs cycles to failure and (b) average stress amplitude to failure

When considering the fatigue strength simply as the uniaxial load, all coated specimens
show some benefit to the fatigue life, particularly the compressive stress coating. However, as
cross sectional thickness is added to these specimens, it would be intuitively expected that the
load enduring capability of the entire specimen would increase, thus not making as rich of an
assessment of the integrated fatigue resistance of the specimen. When taking the additional
cross-section into the account for an average stress (average due to differences in the moduli and
Poisson ratios), it becomes clear to see that the compressive residual stress WC-CoCr coated

specimen is the only sample to gain a fatigue life credit.
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Due to such phenomena as static strain aging [78] or the possible softening or stress relief
of the substrate as seen in Section 4, the question of how the process influences the fatigue life of
the steel base material was preliminarily investigated. Steel samples were grit blasted and
subjected to the torch heat without any powder in the same manner as if coating were to be
deposited. These steel samples were then fatigue tested, with results shown in Figure 5-13,

comparing the relevant sample with a coating by the same condition.

(a)95 ) (b)4go
@ AsReceived Steel
€ Neutral g Coated
9.0 o @ Torch Heat (N Cond) 460 - o
‘w440 |
8.5 o %
— [1}]
i g 420 A
3 8.0 4 L N E’ o 0
3 ~N £ 400 o
Y w
7.5 LN o o\
~ = 380 ] o
w
~ N
7.0 ® ~
360 - o] °
6.5 R L T S AERY 340 ‘ .
1e+3 1e+4 1e+b 1e+6 1e+3 1e+4 1e+5 1e+6
Cycles to Failure Cycles to Failure

Figure 5-13 Uniaxial fatigue behavior of 1018 steel with the neutral residual stress condition WC-CoCr
and the samples only exposed to the heat from the torch in (a) load vs cycles to failure and (b) average
stress vs cycles to failure

There appears to be no significant difference in the fatigue life of the base material as
compared to the grit blasted and torch heated sample. Thus, it can be said that grit blasting and
the convective heat supplied by the torch did not greatly alter the fatigue behavior of the base

material. This emphasizes the influence of the coating processing, namely the particle state and
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resultant evolving and residual stresses, on the relative fatigue life of the WC-CoCr coated steel

tested in uni-axial fatigue.

5.3.2 Deposition Parameters and Thermal Stress

5.3.2.1 Thermal Stress Manipulation

In order to assess the magnitude of difference in residual stress that can be achieved by
deposition conditions (i.e., pause time between coating strokes) as opposed to different particle
states, beam curvature measurement was used to monitor the deposition of WC-CoCr. Substrate
temperature was manipulated by changing the amount of pause time between coating strokes using
robotic programing while spraying condition 9 from Table 5-1. The measured and smoothed
curvature-time behavior for the deposition and cooling of the WC-CoCr coatings sprayed onto low
carbon steel planar beams are shown in Figure 5-14(a), with deposition and cooling regimes noted.
Values for the deposition, thermal, and resultant residual stress calculated by the measured
curvature with the Stoney formula are shown in Figure 5-14(b), using the curvature points
indicated in Figure 5-14(a) The average back side substrate temperature stabilized at
approximately 350°C for the High Temperature (HT) coating and 200°C for the Low Temperature
(LT). As such, a larger compressive thermal stress is produced in the HT coating by the higher
deposition temperatures and the substrate having a larger coefficient of thermal expansion than the
coating. Both coatings had a similar deposition stress, making the residual stress primarily different

by the thermal stress component.
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Figure 5-14 (a) Measured beam curvature during the deposition and cooling of the WC CoCr coatings
on steel with both short and long passes between successive coating strokes and (b) calculated
deposition, thermal, and residual coating stresses from curvature measurements

To assess the mechanical property influence from deposition parameter manipulation, hardness
and indentation moduli of the two coatings from Figure 5-14(a) and (b) were measured and are
shown in Figure 5-15(a), where it is seen that the coatings properties have been slightly influenced
by the time between deposition strokes. Changing the specimen geometry while keeping similar
deposition stroke timing to that of the RBF samples, steel and aluminum cylindrical samples of
12.7mm diameter were sprayed in order to assess the influence of coating-substrate CTE mismatch
on coating hardness, with results shown in Figure 5-15(b). Also included in the Figure is a 25.4mm
diameter steel sample sprayed in the same manner in order to give an indication of surface speed
effects. Though higher hardness than the planar samples was measured, the relative difference in
coating hardness with pause time (and thus substrate temperature) show subtle yet consistent
differences in the coating hardness on the cylindrical samples, with little influence from the
substrate’s CTE or diameter.
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Figure 5-15 (a) Indentation modulus and cross section hardness of the short and long pause coatings on
the planar steel beams shown in Figure 2(a). (b) Cross section hardness of coatings deposited on
different cylindrical substrates with both short and long pause time.

Control of the surface temperature on the RBF samples during deposition via deposition
stroke timing produced two coatings, referred to henceforth as Low Temperature (LT) and High
Temperature (HT) coatings. IR measured surface temperatures during LT and HT deposition were
approximately 50°C and 150°C, respectively, at the beginning of each coating stroke. In order to
avoid the complexities in fatigue behavior arising from surface compressive residual stress,
roughness, and grain distortion that can be induced by grit blasting, a set of rotating bend fatigue
samples were coated without grit blasting. No coating delamination was observed while spraying
onto the substrates or during fatigue testing, which confirmed adequate bonding. A set of
specimens where the steel was grit blasted prior to coating deposition was also tested with the
same coatings. The stress vs number of cycles to failure curve (S-N) for the annealed (A) steel, LT
coated, and HT coated samples, with and without grit blasting prior to spraying, are shown in
Figure 5-16. It is clear to see that there is a large difference between the coated samples’ fatigue
life depending on which coating is applied to the steel and if grit blasting was used.
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Figure 5-16 Stress amplitude vs. cycles to failure for Annealed 1018 steel (A) with Low and High
Temperature WC-CoCr coated steel (A+LT and A+HT, respectively), specimens that were annealed
and grit blasted (A + GB) with and without LT and HT coating deposition. Arrows indicate runout.

In the cases where the substrates were not grit blasted, the HT coated samples (A + HT)
produced a large increase in fatigue life vs. the uncoated steel. The LT coated samples yielded a
fatigue debit relative to the uncoated steel, indicating a high sensitivity of the coating application

and surface deposition temperature on expected specimen fatigue life.

The set of samples that were grit blasted prior to coating deposition are also shown in
Figure 5-16. From the Figure, it is evident that grit blasting slightly increased the fatigue life
relative to the annealed steel samples, which can be attributed to the compressive stresses and grain
distortion induced into the surface of the sample from the blasting process. The samples with the
LT coating applied to grit blasted substrates did not show significant fatigue life difference from
the grit blasted only samples. Although compared to the LT coated samples without grit blasting

(A + LT), the difference between a fatigue debit or credit with LT coating deposition relative to
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the annealed steel samples is shown to be dependent on grit blasting prior to coating application.
The samples with grit blasting and the HT coating showed an increase in fatigue life relative to the
grit blasted only specimens, with a slight increase in fatigue life when compared to HT coated

samples that were not grit blasted.

Another set of samples were shot peened and tested with and without the application of the
HT WC-CoCr coating and behaved very similar to the grit blasted substrates in the same scenarios

and are not shown.

A typical fracture surface of the non-grit blasted and coated samples is shown in Figure
5-17(a), with the fatigue crack initiation and final fracture sites within the substrate indicated.
Coating delamination was observed on many specimens adjacent to the final fracture site, though
no adhesive coating failure was observed adjacent to fatigue crack initiation sites, confirming an
adequate coating bond strength during fatigue testing, even without grit blasting. Figure 5-17(b)
shows a more detailed image of the crack initiation site, where cohesive coating failure was

frequently found in the adjacent area.

Fracture surfaces of the sample grit blasted prior to LT WC-CoCr coating deposition are
shown in Figure 5-18(a). The coating shows a severe amount of in-plane cracks, as well as
complete cohesive coating failure adjacent to the fatigue crack initiation site in the substrate. The
fracture surface of the LT coating on a non-grit blasted substrate is shown in Figure 5-18(b), with
an inset highlighting a crack that passed through the coating and substrate. Cohesive cracking
within the coating is again visible, yet this instance shows a crack path passing through the

substrate and into the coating.
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Figure 5-17 (a) Optical image of typical fatigue fracture surface with fatigue crack initiation, final
fracture site, and coating de-bonding from final fracture indicate. SEM of the highlighted region of
initiation site shown in (b) with cohesive coating failure and fatigue crack initiation site. Both images
are of asingle A + HT sample

Cohesive
coating cracks

Figure 5-18 SEM images of fatigue fracture surface of LT coated samples (a) grit blasted prior to
coating deposition, with fatigue crack initiation site and cohesive coating cracks indicated and (b) not
grit blasted prior to coating deposition with similar cohesive

5.3.2.2 Coating Processing Effects
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Grit blasted and non-grit blasted substrates that had both LT and HT coatings were
chemically stripped and fatigue tested, as shown in Figure 5-19(a) for the LT coated and stripped
samples and Figure 5-19(b) for the HT coated and stripped samples. It can be seen in the cases
where the steel was not grit blasted prior to coating deposition that the S-N curve falls back in line
with the annealed steel, indicating that the coating process did not induce a large change in the
fatigue life of the steel in this case. The grit blasted specimens that were coated and stripped before
fatigue testing also show a return to the S-N curve of the annealed and grit blasted specimens,

though a slight drop in fatigue life is observed.

Fatigue testing of a stripped specimen that had been shot peened and coated showed no

difference in fatigue life from that of only shot peened specimens.
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Figure 5-19 Stress amplitude vs. cycles to failure for specimens that were coated and stripped prior to
fatigue testing, with and without grit blasting. LT and HT coated samples included for comparison in
(a) and (b), respectively.

5.3.2.3 Partial Fatiguing
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In order to assess how the coating and substrate deteriorate during fatigue testing, coated
samples were fatigue tested for certain portions of the expected fatigue life and then halted from
testing prior to fracture. The WC-CoCr coating was then removed by the stripping processes
described in the experimental methods and resumed fatigue testing until failure as a bare substrate.
No grit blasting of the substrates was done in this case. The results of this testing is shown in
Figure 5-20(a) for a sample with the LT coating and Figure 5-20(b) for a sample with the HT
coating, both with the relevant data from Figure 5-16 shown in grey. Sample a, with the LT WC-
CoCr coating applied, was fatigued to approximately 50% of the expected linearly measured
fatigue life at that stress, which correlates to 95% of its expected logarithmically measured fatigue
life. After pausing fatigue testing and stripping the coating off, sample a’ was fatigued at the same
load until failure, falling short of the expected fatigue life for the uncoated steel samples, indicating
significant damage to the substrate had occurred during prior fatigue testing as sample a. Sample
b with the HT WC-CoCr coating applied was fatigue tested to the similar portion of expected
fatigue life as sample a (50% linear, 95% logarithmic), though at a higher load and longer time
due to the HT coated sample’s prolonged life. After pausing and stripping the coating off, sample
b’ was fatigue tested to failure, reaching a life equivalent to that of the baseline annealed 1018
steel material, suggesting that no significant damage accumulated within the substrate during the

prior fatigue testing as sample b

158



(a) 3s0 (b) 350
— 300 A — ] .
K © i 50% pre-fatigued b
= stripped, s > a '
2 re-tested ® -/
E ® 3 S stripped, re-tested
EL 250 ]\ ‘S 250 1
£
< < b’.
B —> A 7
g a o
@ 200 { 50% pre- ? 200
fatigued
150 ‘ . 150 — . o "
le+4 1e+5 1e+6 1e+7 1e+4 1e+5 1e+6 1e+7
Cycles to Failure Cycles to Failure

Figure 5-20 Stress amplitude vs. cycles to failure for coated samples that were partially fatigue tested,
stripped, and tested as uncoated until failure for a sample with (a) LT coating and (b) HT coating.
Related samples from Figure 3are included in grey as reference

5.3.3 Role of Substrate

Though a large amount of structural components that require damage tolerant coatings
are steel based, the composition and metallurgical condition of the steel (grain size, % work
hardening) will have a large influence on the fatigue life of a steel specimen undergoing cyclic
stress. In the presented cases thus far, the 1018 steel RBF and uniaxial fatigue specimens have
been in either in the as-received (cold drawn) state or annealed. In order to characterize the grain
structure of the two steels, longitudinal and radial cross sections were mounted, polished and
etched with 2% Nital solution. The optical images highlighting the differences in grain structure

for the two samples is shown in Figure 5-21
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Figure 5-21 Etched cross section of the as received and fully annealed 1018 steel used for RBF testing

Here it is seen that the as-received steel contains longitudinal oriented grains, resulting
from its cold drawing production, thus producing an anisotropic microstructure. With annealing,
it can be seen that some change in grain size and direction is produced, though an anisotropic

grain microstructure still resides in the annealed specimens.

A WC-CoCr coating was deposited with the same torch and deposition conditions
(condition 8 in Table 5-1) onto both the as-received and annealed RBF samples and fatigue
tested until failure. These results are shown in Figure 5-22. Both substrates were grit blasted

prior to coating application
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Figure 5-22 Stress amplitude vs. cycles to failure for the same WC-CoCr sprayed onto as received and
fully annealed 1018 RBF steel specimens, with both uncoated substrate included for comparison

It can be seen that the annealing of the 1018 steel reduces the fatigue life relative to the
as-received state considerably. Fatigue of steel materials have shown that grain orientation can
both increase or decrease the rate of damage propagation, depending on the loading direction
[79]. In the case of the longitudinal grain orientation being in-line with the applied stress and
normal to the preferred direction of fatigue crack growth, the higher fatigue life of the as-
received steel can be explained. Annealing of the steel may also soften the material, lowering the

yield strength of the steel and therefore the threshold for fatigue damage to initiate.

When an identical WC-CoCr coating is put onto both the as-received and annealed RBF
specimens, the resulting S-N curve shows that both coatings offer fatigue benefit to the samples,

yet the initial fatigue life debit incurred through annealing is not fully recovered by coating
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application. With the same processing parameters and expected thermal stresses, no residual
stress differences in the coating or substrate is to be expected. The two steel states would also
have the same elastic modulus, thus not altering the load sharing or stress profile within the
coated specimen, leaving the dominating fatigue of the specimen’s fatigue life the state of the

steel prior to coating application in this case.

In the pursuit of lighter base materials, a designer may choose a material such as titanium
or aluminum based alloys for the substrate material. In such a case, not only is the fatigue
behavior of the base material subject to be different than that of the steel conditions shown here,
but several differences in coating-substrate interactions will arise in coating deposition and
specimen loading. The difference in thermal expansion between the coating and substrate will
produce considerably different thermal stresses, and thus residual stresses, with the same torch
operating parameter. Figure 5-23(a) shows the calculated residual stresses from beam curvature
measurements of the same torch operating parameter as used for the steel RBF specimens
(condition 8 in Table 5-1) sprayed onto low carbon steel and Ti64. Two different deposition
patterns (Figure 5-2) for each resulting in two different substrate temperatures, shown in Figure

5-23(b).
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Figure 5-23 (a) Calculated residual stress of the same WC-CoCr coating sprayed onto steel and Ti64
substrates using different deposition patterns on an in-situ beam curvature measurement device. (b)
Substrate backside temperatures measured for the spraying of samples in (a) with different deposition
patterns.

The same torch parameter (and thus particle state) result in largely different residual
coating stresses, with coating applied on the steel substrate in compression and the same coating
on Ti64 resulting in a tensile residual stress. As discussed in Section 5.3.2, the thermal stress can
contribute significantly to the coating residual stress. In the case of steel (CTE ~ 12um/m °C)
and WC-CoCr (CTE ~ 6um/m °C), a significant thermal mismatch strain is expected, adding
compressive residual stress upon cooling, whereas the CTE of Ti64 (~9um/m °C), the expected
thermal stress is roughly halved. Deposition stresses may be different between the substrate, and

subsequently, factors such as bond strength due to interfacial forces and wetting may be altered.

When the same coating condition as the as-received and annealed steel specimens above
are sprayed onto Ti64 RBF samples (Condition 8 in Table 5-1), it can be assumed that the

expected residual stress state will be largely different and possibly in the opposite stress state.
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The coated Ti64 samples were fatigue tested in the same manner, with the SN results shown in

Figure 5-24. All samples were grit blasted prior to coating application
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Figure 5-24 Stress amplitude vs. cycles to failure for the same WC-CoCr coating condition in Figure
5-22 sprayed onto Ti64 substrates. Uncoated Ti64 shown for comparison

The fatigue life of the as-received Ti64 is much higher than that of either steel, though
when the WC-CoCr coating is applied, there is a decrease in the relative fatigue life as compared
to un-grit blasted and uncoated samples. Assuming a largely different residual stress state is
present in the coating, with nominally the same properties as the coating sprayed onto the steel
samples, a change in the fatigue life could be expected as seen in the case of thermal stress
manipulation in 5.3.2. As an additional difference from steel RBF specimens, the lower modulus

of Ti64 would place a larger portion of the load carrying onto the coating during fatigue testing.
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This would raise the stress experienced by the coating in addition to the likely tensile residual

stress

Other factors may include any detrimental thermal sensitivity of the Ti64 alloy to the
coating process or the roughening from the grit blasting process having accounting for fatigue
life reduction through the severe notching sensitivity in titanium alloys. These aspects were not

investigated.

5.4 Discussion

In the TS coated specimen fatigue work presented, it has been demonstrated that many
factors influence the fatigue life of a TS coated component, such as the initial substrate fatigue
behavior, torch operating parameters, and deposition conditions. The substrate also provides a
benchmark of which to compare these coating processing influences, allowing for dissection of
these fatigue results. TS coatings are inherently defect-containing structures with pores, cracks,
and inter-splat boundaries. Whereas fatigue of bulk materials depends upon dislocation pile-up to
provide roughness and necessary stress intensification for fatigue crack initiation, the presence of
defects in TS coatings provide stress intensification points within the coating prior to any
mechanical loading. This inherently changes the fatigue nature of TS coatings, where stresses
and defects within the coating play the larger role in determining fatigue life of a coated

specimen.

As any material is loaded either uni-axially or in a bending moment, an applied stress
profile exists within the material, which is uniform in the uni-axial case but variable in bending.

When stressed and un-stressed below the yield point repeatedly, the material is prone to failure
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by fatigue and the expected fatigue life of the material is related to the amplitude of peak stresses
experienced within the applied stress material. If a material is coated, it becomes a bi-material, as
in the case of the TS coated specimens. The resulting stress profile within the substrate and
coating upon application of a bending moment or uniaxial load to the RBF sample is altered, due
to the presence of the TS coating. The magnitude of the applied stress throughout the specimen
will depend on the coating’s thickness and modulus, altering the stresses experienced within the
substrate and coating as compared with an uncoated sample. Specimen curvature calculated
using statics equations of pure bending of a coated cylinder (an assumption for the thinnest
diameter of the RBF specimen) take into account the moduli difference and dimensions of the

coating and substrate as such.

. 64 M
EsT[Ds4'+Ec‘IT(Ds+c4'Ds4)

Equation 1

Where K is the curvature of the specimen, M is the applied moment, E is the modulus of
the coating or substrate, and D is the diameter of the substrate or substrate with coating. Knowing

the curvature of the specimen allows for calculation of the local stresses throughout the specimen.

os=EsKR Equation 2

oc=EKR Equation 3

Where R is the radius throughout the specimen. Figure 5-25 shows the calculated
longitudinal stress profile under a single moment using these equations for different coating
moduli, using coating and substrate dimensions from those in Section 5.3.2. It is clear to see that
coating addition lowers the local stress amplitude within the substrate by the coating

accommodating a portion of the load, depending on the modulus of the coating.
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Figure 5-25 Calculated applied longitudinal stress profile from pure bending moment (6.78 Nm, 60 in-
Ib,) of a cylinder with coating modulus at 0.5, 1.0, and 1.5 times that of the steel substrate. Dimensions
and values used
Substrate: E =205 GPa, v = 0.29, Radius =3.12 mm, Coating: v = 0.23, Thickness = 0.165 mm

The dimensions of the substrate and coating are simple variables that will depend on a
case by case basis, as well as the elastic modulus of the substrate material. The coating modulus
will be limited by the intrinsic modulus of the material chosen for coating application and will
also vary largely upon processing. With phase change considerations aside, the apparent modulus
of the coating will be determined by such factors as splat-to-splat bonding, where any coating
porosity or weak inter-lamellar bonds will reduce the stiffness of the coating. Particle state has
been shown to have a large influence on the formation of the coating on a splat bonding basis
(Figure 5-6, Figure 5-9, Figure 5-11), with secondary effects of deposition surface temperature

shown in Figure 5-15(a) having the ability to influence the indentation modulus of the coating as
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well. Once these deposition factors are coalesced into a coating with particular mechanical
properties, the stress profile across any specimen geometry can be predicted (assuming perfect

mechanical bonding).

In addition to the applied stress profile of a TS coated specimen upon loading, there is
also the superposition of the residual stress within the coating-substrate profile that must be
considered for accurate description of locally experienced stresses within the materials. As it has
been repeatedly shown throughout this work, residual stresses inherently arise from TS coating
processing in the forms of quenching and peening deposition stresses and thermal mismatch
stresses. Since stress intensification is considered a large condition in determining fatigue crack
growth rate and local stresses within a specimen lead to the likelihood of fatigue crack initiation,
it is critical to understand the super-position of both the applied stresses and residual stresses
within a TS coated component. The manipulation of residual stresses in TS coatings through
torch selection, operating parameters and deposition conditions, described in Chapter 3, offers a
coating designer considerable freedom in targeting desired coating stresses not only for surface
functionality, but also for fatigue considerations. As Figure 5-8 and Figure 5-10 show, cermet
coatings with expected higher compressive stresses performed better than those materials with a
less compressive or more neutral expected residual stress. The same behavior is seen in the case
of the uniaxial fatigue specimens in Figure 5-12, where the coating with the highest expected
compressive residual stress is the only set of samples that offer a fatigue life benefit as an
integrated structure. Note that the residual stresses measured by beam curvature methods, i.e.,
planar samples cannot be assumed to be exactly the same as in the cylindrical substrate due to

differences in relative surface speed, expected angular particle impact, and different substrate
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surface temperatures. However, the qualitative residual stress differences can be expected to be

the same between coating conditions.

It is important to consider that the differences in residual stresses in the examples
described in Section 3 which were achieved through particle state manipulation also changed the
coating properties in-tandem. In order to manipulate the coating residual stress with the same
torch operating parameters and with as little alterations of the coating properties as possible, the
study in Section 5.3.2 was carried out where manipulation of the thermal stress component was
achieved through deposition stroke timing. With curvature based stressed measurements, it is
clear to see that a higher surface temperature during coating deposition primarily results in large
differences in thermal stress, and ultimately the coating’s residual stress, as shown in Figure
5-14(a). It has been documented how the local deposition temperature of an impacting splat can
affect its quenching behavior, particularly bonding strength [47, 48]. With both deposition
conditions for the HT and LT coatings in Figure 5-14(a), which have the same surface speed,
feed rates, and cooling, the different surface temperatures experienced during deposition explain
the differences of the measured coating hardness and modulus for the planar samples as seen in
Figure 5-15(a). In the case of these coatings being sprayed on cylindrical samples, the higher
thermal expansion mismatch between aluminum (~24 pm/m °C) and HVOF sprayed WC-CoCr
(~6 um/m °C) versus low carbon steel (~12 um/m °C) would nearly double the expected thermal
stress, yet it is primarily the surface deposition temperature influencing coating hardness in
Figure 5-15(b). Therefore, it can be inferred that the impact of thermal stress alone on the coating
hardness is negligible in this case and it is instead the quenching and bonding behavior of
individual splats that are affected. Thus, it can be stated that the slight differences in coating

hardness and large differences in thermal stress occur in tandem as a result of the deposition
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parameters (stroke pause timing) and subsequent surface temperature, yet do not directly

influence each other.

Such differences can be expected in the case of the LT and HT coatings sprayed onto the
RBF specimens, where a slightly stiffer HT coating would offer a larger contribution to the load
sharing of the sample’s bending moment than the LT coating. More importantly, the expected
differences in coating residual stress due to thermal stress would impart the HT with a greater
magnitude of compressive residual stress. Figure 5-26 shows the magnitudes of expected
longitudinal thermal stress for the two coatings, calculated using the model described by Tsui and
Clyne [80] and a deposition temperature of 50°C and 150°C for the LT and HT coatings,
respectively. Depending on the modulus of the coating after deposition, the magnitude of the stress
imposed in both the coating and substrate can vary, with a stiffer coating producing higher stresses.
This demonstrates the high sensitivity of the coating’s stress state on the thermal stress, with a
significantly lower stress induced in the substrate for this scenario. Calculation of an expected
deposition stress contribution using the Tsui and Clyne model for the RBF specimens cannot be
assumed to be the same as the planar specimens due to differences in relative surface speed,
expected angular particle impact, and different substrate surface temperatures. However,
calculations indicate approximately a 10 to 1 ratio for the magnitude of deposition stresses
experienced by the coating and substrate, respectively, within these expected dimensions. This

again underlines the critical importance of processing on coating residual stress.
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Figure 5-26 Calculated longitudinal thermal stresses of a cylinder using the Tsui and Clyne model for

the Low Temperature (LT) and High Temperature (HT) coatings with coating modulus at 0.5, 1.0, and

1.5 times that of the steel substrate. Deposition temperatures of 50°C and 150°C were used for the LT
and HT coatings, respectively, and ambient temperature of 25°C

Substrate: E =205 GPa, v=0.29, Radius =3.12 mm, oo = 12 pm/m °C
Coating: v = 0.23, Thickness = 0.165 mm, oo = 6 pm/m °C

Similarly, additional residual stresses due to grit blasting or shot peening would also
superimpose on the stress profile, offering a benefit to the substrate and thus to the coated
specimen’s fatigue life, as seen in Figure 5-16. These stresses produced via grit blasting or shot
peening are largely left unaltered by the coating process heat, which is evident by the samples that
were coated and stripped prior to fatigue testing (Figure 5-19). In the case of the annealed steel
sample in Figure 5-16, grit blasting adds a noticeable credit to fatigue life of the steel, whereas in
cases on non-annealed steel, such Figure 5-8, the grit blasting does little to affect the fatigue life
of the steel. Perhaps the compressive stresses induced were lower owing to differences in the
strength of the material or that the roughness increase largely counteracted whatever gain was

achieved through the blasting. In the case of Ti64, the high notch sensitivity of the alloy reduces
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the fatigue resistance of the material with grit blasting, which may account for the drop in fatigue
life observed in Figure 5-24. It is also suggested from the stripped coating samples without any
grit blasting that the high kinetic energy particles that initially impact the substrate surface do not
impart a fatigue life benefit such as grit blasting or shot peening does. Thus, it can be said that the
state of the substrate is largely left unaltered by the coating processes in this scenario. This may
not be the case for more thermally sensitive or softer substrates, such as tempered aluminum alloys

or copper, for example.

The expected residual and applied stress profiles can now be utilized to explain fatigue
performance. As evident for samples b’ in Figure 5-20, testing a significant portion of the expected
HT coated sample’s fatigue life did not accumulate significant damage within the substrate,
indicating that the stiffness of the coating adequately reduced the stress amplitude experienced by
the substrate, delaying damage accumulation. The higher hardness and more compressive residual
stress in the coating contributes to the integrity of the coating being maintained for a longer period
of fatigue testing. The opposite case was observed with the LT coating in samples a and a’, with
the higher amount of coating tensile stress and lower hardness not being able to maintain the
coating integrity during fatigue testing. It is possible that a lower coating stiffness in the LT coating
did not adequately alleviate the stress experienced by the substrate as well. Thus, the substrate

began to accumulate fatigue damage much earlier in the same portion of expected fatigue life

In the case where both coating stresses and properties were largely different, such as the
CrC-NiCr coated fatigue specimens in Figure 5-8, both residual stresses and the coating properties
play a role in the fatigue life. The compressive coating is expected to have a higher modulus than
the neutral coating, as the planar samples did (Figure 5-7). This would reduce the stress intensity

experienced by the substrate during fatigue testing. The compressive stress within the coating,
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along with the higher hardness, allows the coating to withstand cyclic loading for a longer period
of time before accumulating damage, where the load carrying ability of the coating would be

reduced.

Experimental studies, as well as modelling [81],have reported on the behavior of crack
advancement through two well bonded materials of the same modulus. Crack advancement occurs
in the softer material when the crack is initiated in the harder material, and crack blunting occurs
when an initiated crack within the softer material approaches the interface of a harder material. In
the case of a WC-CoCr coating perfectly bonded to a 1018 steel substrate, it is possible that crack
advancement from the coating into the substrate can occur. However, the weaker coating-substrate
interface and the anisotropic nature of thermal spray coatings inherent in their deposition method
[37] offer different crack pathways than the through-thickness direction, producing the in-plane
and interfacial branching directions the coating crack takes in Figure 5-18(b). The large amount of
in-plane (cohesive) coating cracks observed on the fracture surfaces of the majority of the RBF
samples agree with this preferred crack pathway, with primary fatigue crack initiation occurring
in the substrate. It can be hypothesized that the coating can act to delay fatigue damage initiation
and propagation within the substrate if adequate stress reduction is supplied to the substrate. The
hardness and the residual stress of the coating determines its ability to resist damage due to cyclic
loading, yet does not increase the likely-hood for premature deleterious coating-to-substrate crack
advancement in these scenarios and is instead driven by substrate fatigue crack initiation and

growth

5.5 Conclusion
The fatigue life of TS coated components was explored through several studies that

included variations in coating materials, spray torch parameters, deposition conditions, and
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substrate materials on both uniaxial and rotating bend fatigue specimens. It was shown that both
increases and decreases to the fatigue life of coated parts are possible with the above process

changes.

One of the key factors in determining the fatigue life of TS coated components is the
compressive residual stress within the coating. Better coating properties for damage tolerance
(e.g., hardness, modulus) can be expected from more compressive residual stress coatings, as
discussed in Chapter 3. Both specimen heating by the torch and stripping of the coating prior to
fatigue testing indicated that little change occurred to the substrate’s fatigue life due to the TS
process. Stripping of the coating after partial specimen fatigue testing revealed no change in the
fatigue life of the substrates for those coatings with higher compressive residual stress. This was
not the case in samples with less compressive residual stress in the coating, where fatigue life of
the substrate was shortened. Substrate choice and condition with the same coating was shown to

different fatigue life changes, with a benefit to steel and a detriment to titanium-based substrates.

The mechanism of how TS coatings modifies fatigue life of components was discussed.
Coating addition reduces the stress upon the substrate material, depending on the properties and
dimensions of the coating. The residual stress profile from the TS process is superimposed on the
coating-substrate system, further changing the local stress experienced. It was then shown that as
the coating deteriorates from cyclic loading, more load gets transferred to the substrate, thus
increasing the stress levels experienced in the substrate. The initial condition of the substrate, as
well as sensitivities to grit blasting and the coating process then determines the remaining fatigue

life.
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6 Synthesis of work

The body of this work has presented several aspects of the processing-properties-
performance relationships for TS coatings produced by high velocity deposition, with the aim to
develop the necessary criteria for the coating to meet the multi-functional requirements of wear
and corrosion protection, while simultaneously offering synergistic benefit to the structural
performance of the entire coated component. With these processing considerations, a schematic
pathway for understanding the mechanical behavior of structurally integrated TS coatings is

shown in Figure 6-1, with several of the topics addressed in this work.

175



Structural Integration of TS Coated Components
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Figure 6-1 Schematic pathway for the factors determining the effects of structurally integrated TS
coatings

The first box in Figure 6-1 accounts for the intrinsic static and fatigue strength of a substrate
that is to be coated by TS. The composition and metallurgical state of the substrate to be sprayed
on will vary depending on the particular application, thus having different properties. Some of
these substrate properties will be interact with the coating’s properties, such as thermal
expansion mismatch (Section 5.3.3), whereas other properties will be independent until
considered in mechanical testing. The benchmark comparison of the mechanical performance of
the uncoated substrate vs. coated substrate will also give an indication if the coating application
gives a synergistic benefit, enhancing the component’s performance and enabling the

consideration of prime reliance.
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The second box, coating processing, is where all the factors of feedstock composition, torch
selection, torch parameter, and deposition conditions are explored and the coating surface
functionality is decided. The processing and properties of these coatings will determine
functional performance, such as corrosion protection and/or wear resistance, though these same
properties will have a role in the structural integrated performance of these coatings. Section 3
explored several of these materials and processing parameters and their influence on coating

properties.

The third box indicates how load sharing in the coating-substrate system is now altered
through addition of a TS coating. Coating and substrate elastic mechanical properties and the
load or moment applied to a coated component will determine the local stress experienced
throughout the coated body. Manipulation of processing parameters, coating thickness, and
specimen geometry will all play a role in determining what stresses are to be expected. Similar to
any structural material design, management of these applied stresses will aid to ensure

mechanical failure does not occur in service.

However, as the fourth box indicates, the nature of TS processing results in considerable
residual stresses present within the coating and substrate. These residual stresses would then be
superimposed onto the applied stresses experienced in a coated component, thus altering the
experienced stress within a loaded coating-substrate system. Manipulation of these stresses
through processing was demonstrated throughout this work, showing how feedstock materials,
torch selection and operating parameter, deposition conditions, and coefficient of thermal

expansion differences can all play a role in determining coating stress.

Finally, the fifth box brings consideration of secondary effects to the coating-substrate

mechanical performance from the pre-processing or coating processing itself. Such effects
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include how the substrate is prepared prior to grit blasting (e.g., shot peening, grit blasting)
where changes in surface roughness and addition of compressive residual stress have shown
differences in mechanical behavior (Figure 4-18Figure 5-19Figure 4-18 Stress strain behavior of
grit blasted copper substrate that was exposed to torch heat only (no powder), with little
difference from only grit blasted substrate). Proper coating adhesion must also be ensured by
surface preparation, where a lower adhesion will reduce the coating’s load carrying contribution
to the specimen (Figure 4-10), thus lacking structural integration. Heat input to the substrate
during coating application also has the potential for changing mechanical performance through

such mechanisms as stress relief (Figure 4-6).

When all these considerations are taken into account, the ability to predict the fatigue life or
static strength of a TS coated component is elucidated. The residual stresses and defect
containing microstructures of TS coatings considerably vary the mechanical behavior when
compared to bulk materials, requiring in depth study of the processing-property relations of the
spray process. With these necessary relationships are identified, the optimization of a structurally
integrated TS coating can be used in the design of a load bearing component to enhance not only

surface functionality, but synergistic mechanical benefit as well.
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7 Conclusion

Several aspects of the processing influence on coating properties and performance for
wear and corrosion protection were outlined in Chapter 3, including the variables of spray
material and process selection. Each spray material and torch selection then has further variables
of feedstock material morphology and torch operating conditions, producing variations in
particle state from the transfer of thermal and kinetic energy from the plume to the particles.
Further particle-plume interactions were documented pertaining to the phase changes and
decomposition experienced by the particles during flight. The state of the in-flight particles,
coupled with deposition conditions, was found to have significant influence on one of the most
critical aspects of TS coatings; formation and residual stresses. The magnitude of formation and
residual stresses were assessed via in-situ beam curvature measurements, offering key insights
into the evolving stress based on kinetic energy and deposition rate. Properties such as modulus
and hardness give indicators of the coating density and integrity of splat- bonding, with the
densification and compressive stresses from high particle kinetic energy compacting the coating

for beneficial wear and corrosion performance.

With the ability to produce dense and strong coatings through high velocity TS processes
and judicious parameter selection, the load bearing capability of these coatings were assessed in
the form of tensile testing in Chapter 4. The coating processing benefits of high velocity TS was

shown to have synergistic benefits in composite strengthening in select cases, such as HVOF
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nickel deposited onto steel. Though TS coatings are generally more brittle than the bulk
materials they are comprised of, the load sharing between strong coatings and their substrates
displayed synergistic benefits of strengthening of the bi-materials, as well as graceful failure
when the coating takes on damage. The effect of coating application on the stress-strain behavior
of the substrate was also shown to be minimal in the case of ferrous substrates, with some stress
relief occurring in substrates that have residual stresses from previous processing. With substrate
that are more sensitive to work hardening and thermal effects, such as copper, the coating
processing effects on the substrate are more severe, where grit blasting and heat from deposited
particles are able to change the stress-strain behavior of the substrate. The additive
manufacturing of aluminum by contrasting processes of wire arc and cold spray again
demonstrated that not all TS coatings are able to offer the same synergistic strengthening, even
as the load bearing of the composite increases with added thickness. The stress-strain behavior of
damage tolerant coated steel, such as WC-CoCr and alumina, demonstrated different load
carrying abilities with purely ceramic coatings yet suffered from higher degrees of brittle-ness
and not adequately strengthening the tensile specimen. WC-CoCr, a Cermet material, was able to
synergistically strengthen the tensile specimen without brittle coating failure, aided by the

addition of ductile binder material (CoCr).

Engineering components are generally not designed for operation near expected failure
stresses, therefore the predominant mechanical failure mechanism of concern that can occur in
coated components comes from changes in expected fatigue life from the substrate. Thus, the
alterations to the fatigue life of a component that has been TS coated were the focus of Chapter
5, where the influence of coating processing on fatigue life was investigated. The role of the

residual stresses within the TS coating were clearly shown to have an influence on the relative

180



fatigue life. Manipulation of these residual stresses were achieved both by varying particle state
and by controlling deposition conditions. Variation of the particle state through torch operating
conditions also had large influences on the coatings’ mechanical properties, such as indentation
modulus and hardness. Stress manipulation through the deposition conditions explored had
minimal effects on these coating properties. The damage progression of a coated component was
demonstrated, where stripping of a coating part way through fatigue testing revealed whether or
not fatigue damage had accrued within the substrate up until that point. It was demonstrated that
in the case of a poor coating, damage occurred within the substrate when tested to a percentage
of the expected fatigue life. However, in the case of fatigue enhancing coating added to the
substrate (i.e., a coating condition that extended overall fatigue life), no damage had accrued
within the substrate at the same percentage of expected fatigue life. It was also demonstrated that
the same coating may not be ideal for different substrate scenarios, where a single coating
condition on a titanium and steel substrate offered a fatigue debit and credit, respectively.
Differences in expected residual stress (through thermal stress differences), substrate sensitivity
to pre-processing (i.e., grit blasting), and substrate modulus differences could account for these
differences. Thus, consideration of both the substrate and coating (both processing and presence)

are paramount in prediction of fatigue life.

Once considered only for surface functionality or for low performance demanding repair
(restored dimensions, cosmetic), TS coatings can now have significant ramifications on the
mechanical performance of a coated components either in static tensile or cyclic fatigue
scenarios. The pathway to processing a coating that adds both surface functionality and
maintaining or enhancing mechanical performance of the entire component is the key to

providing multi-functionality of TS coatings. The tensile and fatigue behavior discussed in
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Chapter 4 and 5, respectively, describe testing methodologies for mechanical assessment of
coating application. Coating properties, and most importantly residual stress, are critical for how
load will be distributed throughout the component and the locally experienced stresses. The
synthesis and control of such properties were thoroughly demonstrated in Chapter 3, where
feedstock material, processing control, and deposition will determine coating residual stresses
and properties. Additionally, the surface performance of these coatings (wear and/or corrosion)
are also dependent upon these very same processing conditions. The difference between treating
TS coating as a surface enhancement vs. a structurally integrated layer addition is the
consideration of the coating and substrate as a system within TS processing. Whereas surface
characteristics such as wear resistance generally do not depend on the underlying substrate,
structural performance of a coated component is highly dependent on the substrates behavior,

with a coating having the ability to significantly alter component mechanical behavior and life.
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8 Future Work

8.1 Process-Property Relationships

Feedstock Morphology/Chemistry and Evolving Stress

In Section 3.3.2.3, it was discussed how the different morphologies of WC CoCr had
drastically different evolving stresses based on the same torch operating conditions. The
mechanism behind this observed effect is not entirely clear, but points to the powder size and
carbide grain size having an effect in this case. Other factors may include morphological density,
which may change the melting state achieved in-flight and the particle impact and bonding
behavior. The implications of a different evolving stress, and thus residual stress state within a
coating, have been shown on such performance aspects as wear, corrosion, and fatigue. Thus, the
ability to understand the mechanism that powder morphology can have on tailoring coating
stresses opens new opportunities to reliably and robustly produce coatings with desired residual

stresses.

In conjunction with feedstock morphology, the chemistry of the feedstock powder will
have a large influence on the evolving stress in high velocity TS deposition. Every coating
material has a degree of workability for compressive stresses to be generated during deposition,
such as soft metals like copper, whereas harder materials will be unlikely or impossible to
achieve peening dominant evolving stress, such as high volumetric carbide Cermets or pure

ceramics. As it was discussed in section 3.3.3.2, the tendency for inflight particle oxidation for
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susceptible metals can drastically change the evolving stresses of such species. The primary
mechanisms suspected for this would be the subtraction of quenching stresses from inhibited
splat bonding, allowing peening to be the dominant stress mechanism for more oxidized
particles. The effect on particular coating properties and performance from this effect would be
particularly interesting, to see if a benefit from compressive stresses arising particle oxidation

could be optimized for a greater performance than un-oxidized and coatings in tension.

One example of both powder chemistry and morphology is shown in Figure 8-1, where
alternatives for a powder feedstock material reveal differences in evolving stress for the same

torch operating parameter.
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Figure 8-1 Curvature evolution of three Cermet feedstocks of various morphology and chemistry
sprayed with the same DJ torch parameters

Here it can be seen that the denser morphology powder (red) has a net peening evolving
stress, whereas the less dense particles (green and black) have a quenching evolving stress.
Based on performance requirements, the benefits or detriments of such feedstock differences
would be worthwhile to explore as cheaper coating feedstock alternatives could exist that would

enable greater cost benefit or lower the entry costs for particular coating applications. Such
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process mapping and mechanistic study of the effects listed in Section 3 would be necessary for

such a study

8.2 Static Tensile Testing

Incorporation of Digital Image Correlation

The use of digital image correlation (DIC) for the mapping of 2D strain within tensile
specimens have gained significant popularity in recent years, especially in cases of additive
manufacturing [82]. The ability to globally assess two dimensional strain offers considerable
benefit over strain gauges or extensometer measurements. TS coatings are a prime candidate to
benefit from DIC measurements, where the surface behavior such as cracking and delamination
can be more easily quantified and correlated to coating properties such as toughness and residual
stress. Extrinsic factors on coating tensile performance, such as coating thickness or finishing,
may also be explored using digital image correlation. An example of WC CoCr sprayed to
different thicknesses is shown in Figure 8-2, where the delamination behavior is considerably
different. The use of DIC could enhance the understanding of coating failure under loading and

be used to optimize coating properties and thicknesses.
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Figure 8-2 Cracking and delamination of WC-CoCr coatings on steel tensile specimens at different
coating thickness (a) 65um and (b) 200 pum

Preliminary work has also shown significant differences in the fracturing and
delamination of coated specimens under static tensile load. One such example shown in Figure
8-3, shows how the fracturing behavior of pure ceramic and ceramic blended with metallic
material is changed by introduction of ductile material. This increased the coating’s cohesion and

adhesion, as well as delayed the onset of visible damage onset within the coating.
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Figure 8-3 Cracking and delamination behavior of coatings on steel tensile samples. (a) HVOF
deposited Alumina, showing brittle cracking and delamination. (b) HVOF Alumina-Nickel blended
powder, showing increased coating cohesion and adhesion.

8.3 Dynamic Mechanical Testing: Fatigue

The role of TS coated specimens has been explored in this work and comes to a
hypothesis that the dictating factors in the relative fatigue life will be dependent on the coating
properties (stiffness, residual stress, etc.). The load bearing of the coating is thought to reduce the
load experienced by the substrate until significant degradation of the coating shifts load back
onto the substrate. The advancement of a coating crack directly into the substrate is not believed
by the author to be a primary mechanism in the fatigue failure of TS coated specimens. Instead,
it is the loss of load bearing due to coating crack growth that allows for greater fatigue damage to
incur nearby in the substrate. The confirmation of this hypothesis would require in-situ
monitoring of fatigue crack growth among an assortment of coating and substrate materials, with

different mechanical properties and residual stress.
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With the general principles of fatigue behavior of TS coated specimen described on the
basis of coating properties and residual stress, the manipulation of coating processing leaves a
great deal of flexibility for coating design. Among those possibilities include the ability to
construct a multi-layered or functionally graded coating architecture. Such benefits of a graded
or multi-layer microstructure include the ability to varying the stiffness and therefore the applied
stress profile throughout a coated component. The tailoring of residual stress by multi-layer
processing would also allow a designer to similarly manipulate the superimposed stress profile
across a component experiencing cyclic loading. Consideration of surface functionality must also
be considered, as a wear or corrosion protective surface is often the primary need fora TS
coating. Such multi-layer examples include the use of a softer metallic bond coat that could
enhance coating adhesion or reduce galvanic coupling, while allowing the top surface of the
coating architecture to be a harder layer for wear resistance. The fatigue behavior of such multi
or graded layer TS coatings are largely unexplored, though the surface functionality has seen

considerable interest in past [83].

With fatigue behavior of a coated component considering the coating and substrate as a
system, the sensitivity of a substrate to the coating process is also a critical factor, where
particular engineering alloys are often specifically heat treated or tempered for their
performance. The changes to the substrate due to coating processing and the thermal effects that
coincide with it will vary from material to material, thus requiring future study based upon
application needs. Such an example was the fatigue work presented on Ti64 in Section 5.3.3,
where it is likely that the grit blasting of the substrate decreased the fatigue resistance of the
material. Optimizing surface preparation for titanium alloys for TS coating application is an

important subject, where TS coatings have opportunity to protect the surface of high strength-to-
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weight ratios titanium alloys and thus enable their insertion into service where the surface

properties of uncoated titanium are of concern.
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10 Appendix

10.1 Extended Micrographs of Coatings from 3.3.1
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Figure 10-1 Coating D1
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Figure 10-3 Coating D3
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Figure 10-11 Coating J2
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10.2 Stress Calculation from Beam Curvature Measurements

10.2.1 Formulas

As described in Section 3.2.4, the use of beam curvature measurement for calculation of coating
residual stress was used for large portions of this work. The following is a demonstration of
using curvature data measured from an in-situ measurement device to derive the deposition,

thermal, residual, and evolving stress.

The Stoney formula, shown in Figure 10-13, is the basis for translation curvature to coating
stress. It uses the change in curvature, modulus thickness and modulus, and the coating
thickness. When incorporating the coating thickness and modulus into the stress computation, the

Brenner-Senderoff formula in Figure 10-13 can be used for more accurate coating stress

calculation
(a) Stoney Formula (b)  Brenner-Senderoff Formula
E’\ti _ Elsts(ts + ﬁ5/4At[))' - E,D
Gq o , Gq - AD, ’ B =
6ARA¢, 6ARA#, E's

Figure 10-13 (a) Stoney Formula and (b) Brenner-Senderoff Formula for coating stress measurements
from beam curvature

The difference between the calculated values of the residual stress based on these two formula
will depend on the thickness of the coating and substrate, as well as the in-plane moduli of the
coating and the substrate. A ratio of the value of Brenner-Senderoff stress to Stoney stress is

shown in Figure 10-14, indicating that as the coating to substrate thickness ratio and coating to

substrate in-plane modulus increases, the differences in values between the two stress methods
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increases. In general, a coating thickness of less than 10% of the substrate is used for stress

calculations, keeping the error difference between the methods low

E'c/E's

002 004 006 008 010 012 014 016 018 020
Coating Thickness: Substrate Thickness

Figure 10-14 Ratio of Stoney Formula to Brenner-Senderoff Formula values of coating residual stress
based on coating to substrate thickness ratio and coating to substrate in-plane modulus ratio

10.2.2 Data Example

A typical data output of curvature vs. temperature is shown in Figure 10-15, with the different
regions of pre-heat, deposition, and cooling highlighted. The undulations in the curvature data is

due to the pass by pass deposition as the torch rasters past the surface.
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Figure 10-15 Typical curvature data measured by an in-situ beam curvature device, with preheating,
deposition, and cooling captured. The undulations from a single coating pass is indicated.

Zooming in on a portion of the data, as shown in Figure 10-16, the individual coating strokes on
the panel can be seen, as the spikes in curvature shown the deflection of the beam from the force
of the plume. Pause time in-between the coating passes are also seen, where the curvature
changes from the short period of cooling and where the difference in substrate and coating

thermal expansion.
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Figure 10-16 Highlighted curvature data of a single coating pass comprised of multiple restring strokes
and cooling time in between the next coating pass

To determine the Deposition stress, the curvature measurements at the beginning of spraying and
the end of spraying are used, as shown in Figure 10-17, along with the respective coating and
substrate thickness. Thickness of the substrate is measured prior to coating deposition, followed
by a measurement of the substrate with the coating in order to determine the thickness of the
coating. Thermal stress is calculated in a similar manner, with the difference in curvature
between the end of cooling and the end of spraying used with the coating and substrate

dimensions
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Figure 10-17 Curvature data with start of spraying and end of spraying points highlighted

Measurement of the Evolving stress is a slight adaptation of the Stoney formula, where instead of
the total curvature change with the coating thickness used to calculate deposition stress, the
steady state slope of curvature change with continuous coating thickness addition is used. In
order to calculate Evolving stress, two curvature points that represent the linear chance in
curvature with time are chosen, as shown in Figure 10-18. The first few coatings passes are
excluded from this measurement to ensure a steady state deposition temperature has been

reached and that no first pass effects are considered for Evolving stress. The amount of curvature
change accrued between these two selected curvature points has a corresponding time. This time
of curvature accumulation is then related to the amount of coating thickness added during that

time by using the time of coating deposition and total coating thickness.

212



0.20 040

151 ‘ 035
E o ! AN £
% F‘ % 0.30 4
g 0.05 g
= . = .
© Start of Evolving Stress © s End of Evolving Stress
0007 3 pass or once Substrate 2 to last pass
. Temp. is at steady state 020
. 160 180 200 220 240 260 . 600 820 640 660
Time [s] Time [s]

Figure 10-18 Curvature data indicating the points typically used for calculation of the evolving stress
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