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Thermal Spray (TS) is a very versatile manufacturing process to deposit thick coatings on a variety
of substrates. Coatings are used in protective (i.e. wear, chemical attack, high temperature, etc.)
and functional (i.e. sensors) applications. TS coatings have a unique lamellar microstructure as a
result of the overlapping of millions of molten and partially-molten particles. During processing,
high deformation by impact, high temperature, and rapid solidification lead to a complex
hierarchical material system that contains a high amount of microstructural defects. The presence
of defects in the microstructure contribute to differences in property values in comparison to bulk
materials.

Thermal stresses and residual strains arise from processing, thermal gradients and thermal
exposure. Evaluation of thermal properties, in this case, the coefficient of thermal expansion (CTE)
is of vital importance to enhance coating performance. In this dissertation, expansion
measurements of various metals, alloys, ceramics, and cermet coatings; were carried out using
various techniques (push rod dilatometry, x-ray diffraction XRD, digital image correlation DIC,
and curvature method) to determine the dilation behavior at the atomic, micro- and macro-scale
levels. The main results were.

1) Mathematical models (Turner and Kerner) used for composite materials, successfully predicted
the CTE property of a TS coating where the primary phase is the coating material and the
secondary phases can be oxides, precipitates, etc. (formed as a byproduct of the spraying process).
CTE was found not to be affected by porosity



2) Despite the anisotropic behavior characteristic of TS coatings, the experimental results shown
that CTE results to be reasonable isotropic within the scope of this study.

3) The curvature method was found to be an alternative technique to obtain the CTE, as well as
the Young's modulus of coating in a bi-material strip, with good approximation

4) An anomalous expansion behavior during the first heating exposure was exhibited by all
coatings. The effect was named here, as “thermal shakedown”, and is magnified in metals and
alloys

5) Non-isothermal rapid annealing of defects was correlated to this first irreversible contraction or
expansion behavior. Although observed in most thermal spray materials, two material systems,
pure Al and Ni-5Al were evaluated in-depth to quantify the mechanisms contributing to this
behavior: vacancy formation, dislocation annealing, grain boundaries annihilation, residual stress
relief, inelastic mechanical effects, etc.

Correct determination of CTE values are important for design to assure integrity and functionality
of coatings. Considerations of appropriate measurements are described in this dissertation.
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Chapter 1: Introduction

Thermal Spray (TS) is a versatile manufacturing process to deposit thick coatings. In TS
deposition process, ceramics, metals, and alloy materials in the form of particles, wires, or rods
can be fed into an energy source system (a torch) that heats up the material and projects it towards
a substrate surface to form a coating. Fully-molten or partially-molten particles are successively
sprayed to build up a lamellar microstructure. Each individual particle flattens on a pancake like
shape, forming a structure called “splat”. The coating is the result of the overlapping of millions
of rapidly quenched splats. Throughout the process, the coating material is subjected to high
deformation by impact, high temperature, and rapid solidification which leads to a complex system
that contains a high amount of microstructural defects, including not only atomic defects, such as:
dislocations, vacancies, oxides, non-equilibrium phases; but also, microscale defects, such as:
globular pores, interlamellar pores, microcracks, oxide layers, etc. In addition, phase change
(liquid to solid) and large temperature change from deposition to cooling results in a complex state

of stresses in these coatings.

Despite the microstructural defects, TS techniques are broadly used in diverse applications.
In many cases, the defects such as porosity can engender unique functionalities such as providing
compliance to thermo-structural coatings. In general, these coatings allow protection of
underlying base material, lowering degradation due to wear or chemical attack, thus allowing
higher operational temperatures of turbines, incinerators, etc., and extending the lifetime of
components (S et al Sampath 2012; Pawlowski 1995; D. Clarke and Phillpot 2005; Brindley 1997).
Many examples of protective coatings at temperature can be cited, including TBC’s in aero and
gas engines (D. R. Clarke, Oechsner, and Padture 2012; Evans et al. 2001;
“Usmani_Sampath Effect of Carbide Grain Size on the Sliding and Abrasive Wear Behavior of
TS WC-Co Coatings.pdf,” n.d.; S et al Sampath 2012; Usmani and Sampath 1999; Rajendran
2012), piston heads, cylinder bores in lightweight alloyed blocks (Rabiei et al. 1999), boiler tubes
(Shidu S. Prakasf S. 2006), etc. Some of these applications are illustrated in Figure 1. Applications
of dense coatings for wear and friction protection at temperature are also present and increasing,
such as piston rings (Rastegar, F. Craft 1993; Hwang et al. 2006), extrusion screws, abradables,
pumps, etc (Davis 2004).



Figure 1. lllustration of TS coatings applications at medium and high temperatures (Siemens)

Since the thermal mismatch in any coating-substrate system is ubiquitous during
deposition, heat treatment, and all applications that involve a thermal gradient, accurate analysis
of thermal stresses requires determination of correct values of, for instance, linear expansion, and
the coefficient of thermal expansion (CTE). Concomitant occurrence of thermal strains,
mechanical and thermal fatigue, and contaminants are known to trigger adverse effects that drive
the coating failure (Li 2010). Therefore, it is of high interest to monitor the behavior of coatings
under circumstances of heat cycles and applied thermal mismatch strains to produce coatings of

enhanced performance.

For instance, in the aero-engine and power generation turbines, bond coats and top coats
in TBC’s are designed to reduce the thermal expansion mismatch(T. a. Taylor and Walsh 2004;
Tsipas et al. 2004; Evans, Clarke, and Levi 2008) between the substrate material and the ceramic
top coat. YSZ is preferred from other ceramic materials due to its large CTE, and high toughness
(Evans, Clarke, and Levi 2008). Moreover, low stiffness achieved through strain tolerance design
by control of the deposition process e.g. EB-PVD or segmented vertically cracked coatings(Vassen
et al. 2009) reduces the thermal stress in the system. So, not only it is necessary to reduce the
thermal strain mismatch but also consider the stiffness of the coatings to minimize loading of

interfaces that can result in micro and macro cracking, or delamination. However, often high



thermal stresses are inevitable especially in applications where dense coatings are required, for

example in wear, corrosion or friction resistance. Some applications of TS coatings at temperature

are cited in Table 1 and 2. Table 1, low and medium (200°C- 600°C) temperature applications are

listed and in table2, applications that usually work under high temperatures range (600°C- 1300°C)

are include:

Coating Material

Mo, Mo-CrC-NiCr

High strength steels

Inconel 718, 625 (Ni-corrosion and
heat resistant alloys)
CrC-NiCr

NiCr, NiCrBSi,

Abradables, Al reinforced with SiC

WC-Co, WC-CoCr, CrC-NiCr

Mg, Al, Cu

Application

Coatings for piston rings

Cylinder bores

Reclamation of the same parent material
Sliding wear and corrosion protection in
gas turbines

Waste to energy boilers

Flow sealing in gas turbines
Extrusion screws, mud rotors, pump
impellers, others.

Especial reclamation applications in
Aero-engines, nuclear reactors, others.

Process Source

APS (Rastegar, F.

(atmospheric Craft 1993)

plasma spray)

Arc Spray (Rabiei et al.
1999; Edrisy,
Perry, and Alpas
2005)

HVOF (Lyphout et al.
2008)

Arc Spray, (Lih et al. 2000)

HVOF

Arc Spray, (Shidu S. Prakasf

HVOF S. 2006; Yuuzou
Kawahara 2007)

APS (Johnston and
Evans 2007)

HVOF (Lima et al 2014)

Cold Spray (AL-Mangour et

al. 2013)

Table 1. Coating materials for typical applications at low and medium-temperatures (200°C- 600°C). The
most common TS process used for each application is also indicated.

Coating Material

Yttria stabilized zirconia (YSZ),
LazZr,07, GaxZr.07

NiAl alloys, MCrAlY (M=Ni, CoNi) of
different compositions

Application

Thermal barrier coatings (TBC’s), and
environmental barrier coatings
(EBC’s): for turbine blades, vanes, and
combustors in aero and gas turbines

Bond coats for TBCs:

Process Source
APS

(atmospheric
plasma spray)

((Vassen et al.
2009)

APS, VPS (T.a. Taylor and
(vacuum plasma  \Walsh 2004;
spraying), HVOF  pojiock et al 2012)




Ni-20Cr High temperature boilers, meso-scale APS, HVOF (Shidu S. Prakasf S.
sensors, others 2006)

Table 2. Coating materials used in typical applications at high-temperature (600°C- 1300°C). The most
common TS process used for each application is also indicated.

Although materials of enhanced characteristics (i.e. super alloys, single crystals) are used
in high performance applications, they are sometimes not able to meet multifunctional
requirements of for instance thermal shock resistance and at same time adequate mechanical
properties. For this reason industry has introduced broad usage of TS coatings into the
manufacturing area (Sanjay Sampath et al. 2013). Coatings contribute to improve efficiency in
the operational conditions of equipment as described above for wear, corrosion and temperature
resistance. A wide range of variety of coatings can be deposited with TS processes, and for every
case, it is of importance to analyze the thermal strains and stresses that gets magnified when the
coatings work under temperature environments. Thermal expansion of coatings that work under

different temperature regimes (table 1 and 2) is evaluated in this study.

Over the years, use of bulk expansion properties has been of common practice for TS
coatings. One reason has been the limitations in applying the techniques for expansion
measurements on relatively thin coatings where sample preparation may compromise the results.
Nowadays, these restrictions can be overcome with different techniques (high precision
Dilatometry method, Digital-lmage-Correlation; X-Rays Diffraction with temperature or
Curvature Method). All these methods are applied in this study. Accurate coefficients of thermal
expansion (CTE) values are of vital importance for evaluation of coating integrity and

performance.

As discussed above, correct determination of CTE is essential to fully understand thermal
strain and stresses in coatings under temperature conditions. Since TS coatings exhibit singular
microstructural architecture which depends on the spraying techniques and parameters, it is
expected to have influences of these microstructural features on the thermal expansion property.
Therefore, influence of spraying process and parameters on thermal expansion is also of interest
in the present dissertation. To address these differences the approach is to evaluate pure metals
and alloys coatings deposited by different processes and also ceramic YSZ deposited under the

framework of process maps ( a Valarezo et al. 2007; Vaidya et al. 2008). Lamellar structure of

4



coatings produces anisotropy of properties (Sharma et al. 2006), anisotropy of thermal expansion
is also of intriguing to be evaluated. Examination of thermal expansion anisotropy is evaluated
using very thick Aluminum and Ni5%Al coatings. Since a principal outcome in TS coatings is the
microstructural defects (i.e. dislocations, grain boundaries) that result from deposition process,
presence of these defects leads to accumulation of energy in the coating. This energy is prompted
to be released by annealing when the coating is exposed to temperature (Raabe 2014). This effect

is evident on the expansion behavior of coatings when they are subjected to temperature cycles.

For further understanding fundamentals of natural expansion exhibit by most of the
engineering materials is described in this chapter. Brief definitions of the linear and volumetric
coefficient of thermal expansion CTE are presented together with explanation on some of the
available techniques to obtain the expansion property of materials. Organization and structure of
the document is also described.

1.1 Fundamentals of thermal expansion

Most materials that experience an increment in temperature will expand; implying thereby
that atomic vibrations are anharmonic (Duane C. Wallace 1965). Anharmonicity is supported by
the asymmetry of the potential energy versus interatomic separation curve which is discussed as
follows.

1.1.1 Energy versus Interatomic Distance

Expansion is the result of an increment in the average atomic distance between atoms due
to an increase in temperature. This phenomenon is best understood by considering intermolecular
forces of a solid material (Kittel 2004). These forces are attractive and repulsive in nature. Their
effect is canceled out at certain inter-atomic separation, where the potential energy is minimized.
This potential energy is the integral of the forces over the inter-atomic spacing. In Figure 2a, the
potential energy of a pair of atoms is plotted as a function of the inter-atomic spacing. The
minimum potential energy possible E, corresponds to the equilibrium inter-atomic separation r, at
the absolute zero temperature (0 K). The potential energy (E1, E2, Es, etc.) is amplified as

temperature rises (Ty, T2, T3, etc). As the average potential energy increases by heating up the



material, increment in temperature A7, the mean spacing between atoms becomes larger 4r , thus

the material expands.
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Figure 2. a) Potential energy of atoms as a function of atomic distance (actual), b) Potential energy
(hypothetic parabolic approximation.

Asymmetry of the potential energy versus interatomic separation is what makes expansion
possible. If the potential energy curve were symmetric, there would be no net change in the
interatomic separation, and consequently, no thermal expansion will occur when heating the
material. In Figure 2b, which is a representation of a hypothetical symmetric curve, an increment
in temperature would not affect the mean position (the oscillation range is symmetric) and hence,

the average atomic spacing remains unchanged.

This energy represents the energy required to separate these atoms. The magnitude and
shape of the bonding energy versus interatomic separation curve vary from material to material.
As the curve appears narrower and deeper, the material has larger atomic bonding energy (e.g.
ionic bond in ceramics). Increment in atomic separation will be lower in response to a temperature

increase, resulting in lower thermal expansion in these materials. This contributes to the expansion



response of different classes of materials, low for ceramics, large for metals, and larger for

polymers.

Most engineering applications, where thermal expansion needs to be considered are above
room temperature. In these cases, the behavior shown by the expansion of solid materials is
modeled closely as linear with respect to temperature. Nevertheless, there exists also some cases
where materials are used in cold environments. At low temperatures, the relationship between the
coefficient of thermal expansion CTE (o)) and the absolute temperature (T) is proportional to T3,
The CTE is approximately 0 at 0 [K] but it rises rapidly with temperature until it reaches the Debye
temperature. (Kittel 2004; Duane C. Wallace 1965; Dugdale and MacDonald 1954; Zhang, Li, and
Li 2013)

Both CTE and the specific heat present similar behavior. The specific heat at constant
volume Cy as well as the CTE of a crystalline solid are dependent on the vibrational energy of
atoms. According to Griineisen, a relationship between both, o and Cy, is given by the following
mathematical relation:

— vCup

@="p

Equation 1

Where y represents the Gruneisen constant, Cy specific heat at constant volume, p density
and B bulk modulus. Griineisen constant y can be obtained by relation of the frequency of atomic
vibration with respect to the atomic volume change. Bulk modulus and density are not strongly
dependent on temperature. If Griineisen constant were also independent of temperature (it does
not at certain range of temperature), it will indicate thermal expansion will vary with temperature
in the same manner as the specific heat and it will be proportional to T2 at low temperature range
(cryogenic range). At around and above room temperature which is important for most engineering
applications, the thermal expansion will vary proportionally linear to the temperature (Kittel 2004),
as observed in Figure 3a. All the thermal expansion values from literature and from the author

presented in this document are above room temperature.

For the cases, where the thermal expansion deviates from a straight line, the thermal
expansion property in a range of temperature, can be determined with the secant method as

illustrated in Figure 3b (in blue). More commonly, the CTE is obtained using the tangent method



as illustrated also in Figure 3b (in red), obtaining the derivative of the linear expansion, and thus,

the CTE in the vicinity of the temperature value.
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Figure 3 Thermal strain versus temperature. a) Linear thermal strain vs temperature, b) Secant and
tangent to obtain coefficient of thermal expansion.

1.1.2 Linear and Volumetric Coefficient of Thermal Expansion (CTE)

Most of the materials will dilate when they are subjected to a temperature increase.
Generally the expansion coefficient has two forms: linear (o) and volumetric (5). The coefficient
of linear expansion, (CTE or «) is a measure of the fractional change in length per unit of change
with temperature (1/°C, mm/mm °C, 1/K, etc). Usually it is measured under zero applied stress.

The mathematical definition is:
1 6L .
a= (5) Equation 2
Where, L is the original length of the material, dL is the longitudinal dilation or contraction

of the material, and 67 is the temperature gradient responsible for the L. (%) is also known as the

linear expansion, or thermal strain.

The volumetric thermal expansion coefficient is the ratio of the change in volume with
respect to a unit change in temperature, while keeping the pressure constant. The mathematical

definition is:

1 6V )
B = v Gp) Equation 3



Where, V is the original volume of the material, 6/ is the volumetric change, due to a 6T
temperature gradient.

The relationship between £, and the specific heat at constant volume Cy is described as follows:

c .
B=—"=  Equation4
Qo[l_k(a)]

Where, U is the energy of the lattice vibrations, Qo and k are constants. If the Debye
temperature 6p is known, both C, and U may be calculated at any temperature T (Kittel 2004,
Graham and Hagy 1971).

On the other hand, if the material is isotropic, the volumetric expansion is approximately

three times the corresponding linear expansion.

B = 3a Equation 5

When this occurs, it is sufficient and common to report the linear expansion (o) only.

1.2  Techniques to Measure Thermal Expansion

There are various methods to examine to coefficient of thermal expansion. All the
techniques use a sensor to monitor the relative deformation of a finite portion of a material under
temperature change. Dilation/contraction of a material can be measured by high resolution
displacement sensors, these sensors can be in-contact or without contact (non-contact) with the
sample. The most common methods to measure the CTE include dilatometry with contact push-
roads connected to LVDTs (linear variable differential transformer) or non-contact lasers, optical
imaging and optical/electron microscopy followed by computer image analysis, DIC (digital image
correlation) is also employed. Another less common method is XRD (X-ray diffraction) technique,
monitoring of the d-spacing while in situ heating the sample. Also the curvature method is a
proposed alternative that can be used to extract the expansion property. The results presented in
this document are obtained by using all the described techniques but mainly from dilatometry.

Explicit discussion is addressed by XRD monitoring with temperature, DIC and curvature method.

Dilatometer systems can have vertical or horizontal configurations with a single or dual

push rod. The dilatometer used in most experiments presented in this document had horizontal



configuration with a single push rod. This instrument consists of an insulated furnace chamber
with adjustable heating rate, where a sample is fixed against a movable pushing rod. The second
end is either in contact to a fixed support, or to a movable pushing rod. Sample is heated up or
cooled down with controlled temperature and in some cases purging inert gas or using vacuum
atmosphere. The system measures precise dimensional changes of a specimen as the temperature
changes. The displacement is registered with the help of a LVDT (Netzsch 2006). This is the most

common method to extract linear dimensional changes through a wide temperature range.

The d-spacing as function of temperature can be measured by monitoring lattice expansion
using XRD (or other diffraction techniques) while in situ heating the sample. Interatomic distance
increases as the material is heated up and it is recorded by the shifting of the pattern peaks. As the
peaks shift, they can also get narrow. Narrowing of the peak on TS coatings is analyzed in this

document.

Digital image correlation DIC is another technique employed to obtain expansion property.
In this method, high magnification images are taken as a function of temperature. These pictures
are post-processed with software that tracks displacement of pixels on every picture. Quality and

contrast on the images are of vital importance to obtain precise results.

The curvature method consists in monitoring the curvature change with temperature of a
bilayer plate, usually a coating of unknown CTE, on a substrate of well-known properties. By
testing, the same coating on two different substrate materials, and knowing the thicknesses, and
Poisson’s ratios of the substrates and coating, and the elastic modulus of the substrates, CTE of

the coating can be computed, as well as its in-plane elastic modulus.

In this document all the methods described above are used, and their advantages and

disadvantages are discussed.

1.2.1 Study of Defects by Dilatometry

Dilatometry is used to identify changes in the microstructure associated with phase
changes, order-disorder, magnetic- paramagnetic transitions, etc. Atomic lattice defects can also

be analyzed with dilatometric measurements, in fact atomic lattice defects study through
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measurable length change dates back to experiments presented by Feder and Nowick AS (1958).
Irreversible macroscopic length change is a manifestation of annealing of these defects as a
function of temperature and time. Also sintering effects have been evaluated via dilatometry
studies (Tsipas et al. 2004; Cipitria, Golosnoy, and Clyne 2007; Paul et al. 2007).

TS coatings can contain a considerable amount of defects as a consequence of the
deposition process. These defects are not only oxides, non-equilibrium phases, globular pores,
interlamellar pores, microcracks, oxide layers but also defects of 0-D vacancies, 1-D dislocations
and 2-D grain boundaries. The presence of these defects in the microstructure creates accumulation
of energy and an excess of volume in the material which is removed when the material is heated
up (Steyskal 2012; Oberdorfer et al. 2010; Oberdorfer et al. 2014). Irreversible contribution on
length change of the coating materials is presented on results from dilatometer, X-rays diffraction
XRD and digital image correlation DIC monitoring with temperature.

1.3 Organization of the Dissertation

Organization of the dissertation is presented in this section. The following chapters described
the investigation that summarizes the expansion behavior of thermal spray coatings. Starting
synthesis of expansion theory, evaluation of influences of parameters and processes, following
with analysis of particular response when they are done in cyclic manner is described.

In chapter 1, background information on the TS coatings process and the resulting coating
microstructure is discussed. Thermal expansion theory based on analysis of potential energy versus
interatomic separation is examined together with a short analysis of linear and volumetric
coefficient of thermal expansion. Experimental techniques to evaluate the thermal expansion
property of materials are presented with a description on the benefit of using expansion
measurements to identify microstructural and phase changes in the material.

In chapter 2, the “statement of the problem” that motivates thermal expansion investigation
on TS coatings is presented. The need and implications of acquiring an accurate expansion
property of TS coatings is discussed. During the investigation of the expansion response of several
coatings, an unknown behavior was exhibited by all coatings tested for CTE cyclic measurements.
Further supplementary questions were placed In order to understand this phenomena exhibit by

the coatings.
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In chapter 3, outcomes of expansion measurements from different coating materials are
described and analyzed. Expansion measurements were done mainly by dilatometry. Application
of mathematical models to extract the thermal expansion coefficient of composite materials was
employed in correlation with expansion of TS coatings. This approach was taken considering the
microstructural characteristic of TS coating are comparable to composites materials since in TS
coatings oxides, precipitates or porosity are considered a second phases. In this chapter a
compendium of CTE values from a number of various coatings extracted with experiments run by
the author and values reported in literature by other authors is presented. Process induced effects
on thermal expansion are analyzed to establish relation between sprays processes and parameters
to the expansion response. TS Coatings have lamellar structure what makes them anisotropic,
therefore anisotropic behavior is also analyzed. Besides the natural expansion of materials when
they are exposed to heat, microstructural progressive changes in coatings due to defect annealing
occurred. All these studies were done in a cyclic manner, and the unexpected behavior exhibited
by all coatings during the first heating cycle is treated in the following chapter.

In chapter 4, the abnormal trend on expansion response of coatings during first heating
cycle is evaluated as a rapid annealing of defects. Progressive microstructural changes occur due
to rapid defect annealing. This behavior is studied by applications of different techniques that allow
quantification of each defect annealing on its contribution in magnitude to the total permanent
length change. This anomalous behavior is addressed based on the atomic, micro and macro-scale,
for this reason different technique to evaluate the expansion in cyclic manner were employed.
XRD with temperature was used to monitor the lattice expansion and also the peak shifting and
broadening. The analysis of experimental results was done with fundamental models. Also DIC
technique was employed to analyze the behavior of splats from pictures taken as afunction of
temperature.

As a way of introduction in this chapter, a description of TS process together with a
description of the complex microstructural formation of coatings due to process and parameters is
presented. Some applications of coating at temperature are listed. The need to correctly evaluate
thermal properties of coatings based on the consequences on the thermal stresses and strain that
arise when coatings are used in high temperature applications has been described. A synopsis of
the fundamental theory behind expansion properties of the materials was presented. A number of

available techniques to measure the coefficient of thermal expansion were briefly described, also
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a description on why the dilatometry can be used as a technique to identify microstructural changes
when the materials (as TS coatings) contain defects. The present dissertation will contain results
and discussions to evaluate thermal expansion properties of a number of coatings considering the
abnormal behavior they exhibit when they are evaluated in cyclic manner, corresponding to the

first heat cycle.
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Chapter 2: Statement of the Problem

2.1 Thermal Expansion Property of TS Coatings

Many examples of protective and functional coatings that work at temperature have been
cited in Chapter 1. To achieve coatings of enhanced performance in such applications, the study
of thermal properties, and specifically, here, the thermal expansion is necessary. In high
temperature applications, the associated occurrence of thermal strains and thermal stresses produce
adverse effects that compel coating failure. The challenges increase due to microstructural changes
that occur during service. Therefore, it is of high interest to monitor the behavior of coatings under

heating/cooling circumstances to ensure coating performance.

The never ending interest in the improvement of coating performance and therefore, the
subsequent boost of efficiency in design, motivates advances in research and development to
understand the unique properties of TS coatings, in this case the thermal expansion. The
uniqueness of properties results from the formation of coatings by the individual impingement of
molten or partially molten particles. The interaction of particles with hot gases during in-flight,
impact, spreading and solidification determine the types of microstructural defects (vacancies,
dislocations, grains boundaries); oxides; decomposed, amorphous, and metastable phases; residual
strains, porosity, as well as macro and microcracks. This assortment of microstructural features
depend on process parameters and they determine differences in coating properties compared to
bulk materials. The above mentioned characteristics limit the reliability of TS coatings due to the
lack of certainty in coating property values. Therefore, the motivation for this study was to focus
on the following questions:

e How is the expansion response of coatings compared to the corresponding bulk
material?

e What is the role of intrinsic and extrinsic defects and residual stresses on the expansion
behavior

e What is the impact of lamellar structure on the anisotropic expansion behavior?

e How sensitive is the expansion behavior to processing variables?
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e Is there influence of spraying parameters in the expansion results of different types of
coatings? (special focus on expansion on ceramics materials because of presence of
porosity)

The results obtained from the measurements carried out to answer the above questions
raised further queries. When dilatometry measurements were done in cyclic manner, results
showed an abnormal behavior in the thermal expansion of all coatings tested. The samples expand
more or less in the first heating cycle than in the subsequent passes; meaning, there was an overall
relative expansion or relative contraction of the sample. The expansion was larger or smaller
during first heating cycle. The new guestions arising from these results were studied to understand
this anomalous expansion behavior of thermal spray coatings, which is described here as “thermal

shakedown”.

2.2 Anomalous Dilation Behavior of TS Coatings: Thermal Shakedown

Independent of the spraying process or process parameters, all the coatings measured
presented in higher or lower magnitude a positive or negative irreversible dimensional change
during the first heating cycle. Subsequent thermal cycles exhibited repeatable and reversible
dilation/contraction. The overall irreversible increment or reduction of the original length of the
sample is manifested during first heating, and named here as “thermal shakedown”. Understanding
of this behavior brought attention to correlate the coating microstructural defects with the

anomalous expansion response by answering the questions:

e What mechanisms participate during “thermal shakedown’?

e Is there a correlation between the “thermal shakedown” and the microstructural
defect annealing in TS coatings? What is the magnitude of such contribution in
strain?

e Does the particular structure of TS coating with presence of pores, oxides, cracks,
etc., determine the occurrence of the “thermal shakedown”?

e Is the “thermal shakedown” a process-technology dependent phenomenon?

e s the “thermal shakedown” a process-parameter dependent phenomenon?

o Is the “thermal shakedown” anisotropic?
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In this dissertation, these two main statements, about thermal expansion property of TS
coatings and anomalous dilation behavior of TS coatings are addressed thoroughly. Theoretical
calculation and experimental evidences have been used to address the proposed inquiries. The
analysis of the thermal expansion is covered for a number of systems (materials and processes),
and for selected material-models (Ni-5%Al and Al), a compelling and systematic experimental

approach guided the understanding of the “thermal shakedown” behavior.
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Chapter 3: Coefficient of Thermal Expansion of Thermal Spray Coatings

3.1 Introduction

Thermal stresses are inherently present in surface engineering applications due to the
mismatch contraction/expansion of the coatings and the substrate material. Therefore, precise
determination of the coefficient of thermal expansion (CTE) in coatings is of vital importance for
designers. To fully understand thermal strain behavior in coatings, it is necessary to find out the
influence of process techniques and parameters into CTE. Process induced characteristics and
features in coatings which include: oxides, residual stress, and interfaces, may lead to a deviation
from bulk material properties. The correlation of process induced effects to thermal expansion is
addressed in this Chapter.

One of the main objectives in this chapter is to evaluate the CTE for several coating-
material and process systems. The well-known technique of “push-rod” dilatometry (single and
dual) was used to report the expansion property of several pure metals, alloys, cermets, and
ceramics. The experimental procedure is discussed in detail for thermal spray (TS) coatings. A
large compendium of CTE values are presented from experiments conducted by the author and
from literature. It was found that all coatings present irreversible changes in the microstructure
during the first heating cycle that alters the CTE value. This behavior is named here as thermal
shakedown, and its causes and effects are discussed (more in depth discussion is developed in
Chapter 4 for Aluminum and Ni-5%Al-samples). All reported values of the CTE are extracted
from the second heat cycle.

The possible processing effects of thermal spray on the CTE were explored by 1)
depositing the same material by different spraying techniques (cold spray, HVOF, APS, arc spray);
and 2) within the same technique, by varying the spray parameters largely in the context of a
process map (YSZ via APS). It is concluded that the spraying technique can significantly affect
the expansion behavior during the first heating cycle; but after, the CTE depends strictly on the
composition (e.g. precipitates, oxides, etc). The CTE of the coating approaches the bulk when the
material is not sensitive to oxidation, and otherwise. The CTE was found not to be an anisotropic
property despite the anisotropic nature of TS coatings. Finally, in this chapter, an alternative

technique to extract the CTE of coating by curvature is presented and validated.
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3.2 Measured Values of CTE for Thermal Spray Coatings

There are several specific studies reporting measured values of the CTE of TS coatings. A
few of them report:

1) Differences between the CTE of the coatings vs. the bulk value (Wang, D. Berndt 1991;

Pawlowski 1995)

2) Anisotropic behavior of the expansion (comparing in-plane vs. through-thickness
measurements (Berndt, C.C Herman 1982); and,
3) No significant effect from process parameters on CTE (Chivavibul et al. 2008; Kuroda

1991).

Deviations from the bulk value and anisotropy found only under certain circumstances will
be discussed further. Several past results of CTE are summarized in (Pawlowski 1995). In Table
3, a large compendium of these results from literature is reported, together to the results obtained
by the experiments carried out by this author from a variety of coatings used in different

applications.
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CERAMICS
YSz 10.53+0.001T 100-1100 APS Bejarano, et. al
YSz 10.26+0.001368T 300-1100 APS Med Bejarano, et. al
YSz 10.33+0.00135T 300-1100 APS Low Bejarano, et. al
YSsz 10.52+0.001408T 300-1100 APS High Bejarano, et. al
YSz1t 10.5 APS 3MB (J llavsky and Berndt 1998)
(YSZ) ZrO,+8Y,0; 10 2.9-23.5 300-1300 (Berndt, C.C Herman 1982)
Zr0,+20Y,0; 10.6 (Rangaswamy, Herman, and Safai 1980)
Zircon ZrO,SiO, 5.1 300-1300 (Suzuki 2000)
Zircon ZrO3SiO; Tetragonal 6.4 (Suzuki 2000)

Zircon ZrO,SiO, 6.8 (Suzuki 2000)
Gadolinium Zirconate 8.65+0.00285T 80-1100 APS Bejarano, et. al
Lanthanum Zirconate 8.35+0.0018T 80-1100 APS Bejarano, et. al

Al,O, 6.7596+0.0022T 300-900 WSPS Bejarano, et. al

Al,O; 7 5.2-7.6 (Wang, D. Berndt 1991)

Al,O4 7.6 (Rangaswamy, Herman, and Safai 1980)
TiO, 9.8 (Rangaswamy, Herman, and Safai 1980)
Cr,0, 7.5 300-900 (A. Tronche 1987)

Spinel MgO-Al,O; 7.7 Herman 1990

Forsterite 2MgOSiO, 11 300-1000 (Wang, D. Berndt 1991)
Cordierite 2MgO2Al,03 1.7 300-1300 Wang- Herman 1990
Indialite 1.2 Weaver 2000
Quartz 2 Weaver 2000
Glass 4.5 Weaver 2000
PURE METALS
Al 23.19+0.00149T 100-400 Flame Spray Bejarano, et. Al
Al 23.6+0.0012T 23.6+0.00129T 100-400 Combustion Bejarano, et. Al
Al 23.16+0.00155T 100-450 cs Bejarano, et. Al
Al 23.64+0.00823T+0.000025T? 0-627 BULK Touloukian, et al
Ni 14.28+0.00418T 120-600 HVOF - DJ Bejarano, et. Al
Ni 14.1+0.00644T 120-600 CS Bejarano, et. Al
Ti 9.61+0.0023T 50-600 CS Bejarano, et. Al
Cu 17.57+0.001T+ 0.00003T? 50-600 HVOF Bejarano, et. Al
Cu 16.85+0.0054T+ 0.0000035T? 0-1027 BULK Touloukian, et al
Mo 6.8 300-1300 Flame wire (Rangaswamy, Herman, and Safai 1980)

METALLIC ALLOYS
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Ni20Cr 12.44+0.0089T 150-500 Triplex (low Bejarano, et. Al
Ni20Cr 12.9+0.0084T 150-500 Triplex (high Bejarano, et. Al
Ni20Cr 13.82+0.0072T 150-500 HVOF - JP500 Bejarano, et. Al
Ni20Cr 13.36+0.0064T 150-500 HVOF - JK Bejarano, et. Al
Ni20Cr 13.26+0.008T 150-500 HVOF-DJ Bejarano, et. Al
Ni5Al 12.66+0.0076T 100-500 HVOF-JK Bejarano, et. Al
Ni5Al 12,45 + 0.007T 100-800 Arc Spray Bejarano, et. Al
Ni5Al 14.9 300-1300 APS (Rangaswamy, Herman, and Safai 1980)
Ni5Al 13.5 300-1300 APS (Pawlowski 1995)
Ni31.5Al 2 16-0.006T+0.0000093T? 20-950 VPS (Raj and Palczer 2010)
Ni 20Al 12.5 300-1300 Flame wire (Rangaswamy, Herman, and Safai 1980)
CoNiCrAlY 9.848+0.013T-0.000007T? 50-600 HVOF - DJ Bejarano, et. Al
NiCrAl 16.3 200-950 HVOF JK (J Navsky and Berndt 1998)
NiCrAl 16.4 200-950 HVOF JK (J Navsky and Berndt 1998)
Ni5AI+Cr19 155 VPS (Pawlowski 1995)
Ni+19.2Cr+1.1Si+0.4Fe 17.3 300-1200 VPS (Pawlowski 1995)
Ni+22Cr+10Al+1Y 18.3 300-1470 VPS Siemers-Mehan
Ni+17Cr+6AIl+0.5Y ? 17-0.0172T+0.00003T? 20-950 VPS (Raj and Palczer 2010)
Inconel 718 11.7+0.009T 100-1000 HVOF DJ Bejarano, et. Al
Cu-8%Cr ? 19-0.0074T+0.0000153T2 20-950 VPS (Raj and Palczer 2010)
Cu-26%Cr 2 16-0.0038T+0.0000114T? 20-950 VPS (Raj and Palczer 2010)
Cu+8Cr+1Al 2 17-0.00032T+0.00001297T? 20-950 VPS (Raj and Palczer 2010)
Stainless Steel A430 10.74+0.035T 50-800 Arc Spray Bejarano, et. Al
Stainless Steel A316 16.92+0.053T 50-800 CS Bejarano, et. Al
Stainless Steel A316 16.8 200-950 HVOF JK (J Havsky and Berndt 1998)
Stainless Steel A316 17.9 200-950 APS 3MB (J Havsky and Berndt 1998)
NiCrAlY (61.97%Ni 27.52%Cr 6.5 25-525 APS (T. a. Taylor and Walsh 2004)
NiCrAlY (60.71%Ni 25.35%Cr 6.74 25-525 APS (T. a. Taylor and Walsh 2004)
NiCrAlY (58.3%Ni 27%Cr 13.63%Al 6.42 25-525 APS (T. a. Taylor and Walsh 2004)
Ni-164 (66.9%Ni 21.85%Cr 9.99%Al 7.04 25-525 APS (T. a. Taylor and Walsh 2004)
LCO-22 (32%Ni 38%Co 21%Cr 7.51 25-525 APS (T. a. Taylor and Walsh 2004)
LN-33 (69%Ni 20%Cr 119%Al 6.79 25525 APS (T. a. Taylor and Walsh 2004)
LN-33 (64%Ni 23%Cr 13%Al 6.67 25-525 APS (T. a. Taylor and Walsh 2004)
COMPOSITES
Abradables (TBD) 19.48+0.0321T 50-250 APS Bejarano, et. Al
75%NiCrAl 25%YSZ 15.4 200-950 HVOF JK (J Havsky and Berndt 1998)
50%NiCrAl 50%YSZ 12.9 200-950 HVOF JK (J Havsky and Berndt 1998)
75%NiCrAl 25%YSZ 15.7 200-950 HVOFJK (J Navsky and Berndt 1998)
50%NiCrAl 50%YSZ 15.3 200-950 HVOFJK (J llavsky and Berndt 1998)
75%Stainless Steel 25%YSZ 16.7 200-950 HVOF JK (J Navsky and Berndt 1998)
50%Stainless Steel 50%YSZ 16.7 200-950 HVOF JK (J Havsky and Berndt 1998)
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75%Stainless Steel 25%0YSZ 16.5 200-950 APS 3MB (J Havsky and Berndt 1998)

50%Stainless Steel 50%YSZ 14 200-950 APS 3MB (J llavsky and Berndt 1998)
CERMETS
WC-20Co 74 300-900 (A. Tronche 1987)
WC- CoCr 6.4079+0.0069T 100-400 HVOF JK Bejarano, et. al
WC-12Co 7.2-75 100-500 HVOF JK Bejarano, et. al
WC-12Co 5.412+.0053T 150-400 Triplex Bejarano, et. al

! Extrapolated value of CTE, taken from extrapolation of three measurements. The variability of the results reported by the author in this table are consequence of resolution of
dilatometry technique and mathematical calculations.

2 CTE numbers are extracted from the average behavior of three samples, after the first heating cycle. CTE was extracted by derivation of the linear expansion presented by the
author.

Table 3. Compendium of Coefficients of Thermal Expansion (CTE) for Thermal Spray Coatings
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3.3 Coefficient of Thermal Expansion Bulk vs. Coating Material

As it has been introduced in Chapter 1, the CTE is an intrinsic property of the material;
being this, the change of the atomic distance in equilibrium at certain temperature. With this
consideration, TS coatings should have the same CTE for any bulk material in its pure condition.
Deviations may be expected due to extrinsic factors produced during the processing. Thus, the
complex microstructure of TS coatings can be comparable to a composite material in which the
phases are the features that form the coating structure (e.g. feedstock of single or multiple phases,

pores, and oxides).

3.3.1 Analysis of TS Coating as Composite Material

Several approaches have been proposed to determine the expansion coefficient of
composite materials. The most basic one is the rule of mixture (RoM), as in equation 6, which has
proven to be effective in composite coatings and graded coatings (Raj and Palczer 2010; Kesler et
al. 1997; J llavsky and Berndt 1998; Giovanni Bolelli et al. 2012). There are precise analytical
models which include the CTE of each phase, affected by the volume percentage and the stiffness
of each one. Hsieh and Tuan (C. L. Hsieh and Tuan 2007) in their study of Al.Oz—Ni5Al sintered
composites testing a large range of compositions conclude that the CTE of the composite can be
predicted defining an upper and lower bound according to Kerner (Kerner 1956) in equation 7 and
Turner (Turner 1946) in equation 8, respectively. Deviations may be produced in large
temperature ranges at high temperatures. For a precise analytical model, the reader is referred to
(C. L. Hsieh and Tuan 2007; C.-L. L. Hsieh and Tuan 2006). In the case of TS coatings, these

models have not been applied other than the RoM, and their efficacy remains unknown.

X=Xy Vp +Xp, Vi Equation 6, (Rule of Mixtures RoM)
o=, Vi) +0¢ Vi + (60 =)V, V, Zp~Em Equation 7,(Kerner 1956
c=%p Vp m Vm T ( p m) pVm Kmvm+Kpr+3Kpr/4Gm-_qua ion 7,(Kerner )
mKmVin+o, KoV, .
K= x e p Equation 8, (Turner 1946))
KmVin+KpVp

Where the sub-indexes correspond to c=coating (composite) material, m=matrix material,
p=second phase (oxides, pores, etc). K corresponds to the bulk modulus, G is the shear modulus,
v= Poisson ratio, and a=coefficient of thermal expansion. Also, E= 2G(1+v), E =3K(1-2v), where

E is the Young’s modulus, and v is the Poisson ratio.
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Three scenarios are illustrated for discussion. One, in which an elemental or alloy material
in relatively pure form is in presence of porosity only; another one in which, oxides or in general,
multiple phases are present as a by-product of the processing; and the last one in which a blend of
powders or wire has been processed to form a composite.

In the first scenario —pure material (m) +porosity (p)-, the CTE of the pure material does
not change as the stiffness of the second phase (air in the porosity) is negligible. If considering the
analytical models above, by using Kernel and Turner, the CTE of the coating (o<.) results equal to
the pure material (x.=,,), practically neglecting the porosity; whereas using RoM, the CTE for
the coating would be deviated resulting in a fraction of property of the pure material due to the
porosity content. The RoM analysis is not applicable in this case.

In Table 3, consider the values of CTE for the coatings: YSZ, and Al. Various samples are
reported for each material as the processing techniques were varied. The CTE value range between
1.7% to 2.6% compared to the nominal value (bulk). This property range is quite small and can
even be considered within the error of the experimental technique. Particularly for YSZ, the
microstructures of the various coatings show different porosity levels but the CTE variation is
almost negligible. The effect of porosity in CTE can thus be ruled out.

In the second scenario —pure material (m) + oxides (p)-, the CTE of the coating could be
predicted by equations 7-8, as long as the type, content, and properties, of oxide are known. The

analytical models are represented in Figure 4, for two materials: Ni-5%Al, and Ni-20%Cr.
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Figure 4 CTE dependence on composition of a) Ni-20%Cr coatings with precipitation of Cr,Oz and b) Ni-
5Al coatings with precipitation of Al.Os;. Two analytical models are presented for bulk materials, Kerner

model for lower bound and Turner model for upper bound.
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Kerner and Turner models are calculated using data presented in Table 4.

Material Young Possion Shear Bulk CTE, Reference
Modulus, E,  Ratio, Modulus, Modulus, @, [°CT]
[GPa] v G, [GPa] K, [GPa]
Ni-5%Al 186 0.31 71.2 161.9 14 (C. L. Hsieh and Tuan 2007)
Al20s 401 0.24 162.3 253.5 7.3 (C. L. Hsieh and Tuan 2007)
Ni-20%Cr 113 0.3 43.5 94.2 13.14 (measured by the author)
Cr20s 105 0.20 43.8 58.3 8.95 (Freund & Suresh 2005)

Table 4. Summary of property values used to model analytically the CTE dependence on composition for
two coatings Ni-20%Cr, and Ni-5%Al.

Ni-20%Cr coatings were processed according to (Alfredo Valarezo and Sampath 2011) by
APS (Triplex low speed, Triplex high speed), and various HVOF techniques (A liquid fuel
torch:JP-5000 torch, and two gas fuel torches: DJ-2600 and JK-3000). Further details on these
coatings are referred to (Alfredo Valarezo and Sampath 2011). The Cr oxidizes preferential
(Brossard et al. 2010; Valarezo & Sampath 2011; Shidu S. Prakash S. 2006) to form Cr.Os . The
oxide contents are about 15%, 10%, 1%, 6%, 2%, measured by image analysis, respectively in
micrographs presented in Figure 5. As the oxide content increases, the CTE decreases provided
that the CTE of the oxide (Cr203) is lower than that of the alloy (Ni-20%Cr). The CTE value

decreases in almost 10%.
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Figure 5 Cross-sectional SEM micrographs of various Ni 20 wt% Cr coatings sprayed by HVOF Gas Fuel
and HVOF Liquid Fuel; and Plasma Low and Medium energy (Triplex) (Alfredo Valarezo and Sampath
2011)

For the Ni-5%Al coatings two data points are presented. Coatings were processed by
combustion wire flame spray and HVOF techniques (gas fuel torch: JK-3000). In this case, the Al
oxidizes preferentially (Deshpande, Sampath, and Zhang 2006) to form Al,Os. Figure 6 shows
cross-sectional micrographs of Ni-5Al Arc Spray and HVOF coatings. The oxide contents are
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about 5,7%, measured by image analysis in the case of Arc Spray, and 2% for HVOF as reported
in (Deshpande, Sampath, and Zhang 2006).

Figure 6 Cross-sectional micrographs of Ni 5 wt% Al Arc Spray and HVOF (S. Sampath et al. 2004)

In Figure 4, the CTE of the two nickel alloys decreases with increasing oxidation, given
that the CTE of the second phase is lower than that of the alloy. Similar behavior would be
expected to follow other TS coatings. Thus, the CTE can increase or decrease depending upon the
expansion behavior and the amount of the secondary phases. The Turner and Kerner models help
to define the reference bounds that include most of the scattered data points on a specific zone for
bulk materials. The RoM model would fit within the bounds by joining linearly the CTE of the
matrix and the second phase. It should be noted that the Turner and Kernel models account not
only for the expansion effects but also for the stiffness of each component at the microscale level
where bulk properties can be used. Meso- or macro-scale properties of the coatings are not
considered since they are often a fraction of the bulk due to the presence of intersplat interfaces
and porosity (Leigh 1997; Kroupa and Dubsky 1999). The approach is dependent on a precise
definition of composition and properties of the present phases.

For the third scenario, in which a blend of powders or wire is considered to form a
composite, the same models could be applied. A first approximation to it, the RoM is presented by
(J Havsky and Berndt 1998) for a mixture of SS316 and YSZ powders by HOVF and APS. There
is no consideration of oxide content of the metallic phase. Three compositions with relatively high
metallic compound (above 70%) had a good approximation with RoM. Due to the lack of data
along the whole range, the result cannot be generalized. However, the use of the three analytic
models is suggested in any case, except when considering the porosity as a second phase, then rule
out the RoM model.

27



In brief, as long as the formation of new phases (e.g. oxides) during processing is low, the
CTE property of the bulk can be used as the coating property with good approximation. The effect
of porosity is ruled out owing to the lack of stiffness of the air expanding into the open volume.
Property range will depend on the sensibility of the feedstock material to be oxidized or precipitate
in different phases, and also on the conjugation of properties: CTE, and stiffness of the resultant
phases. For instance, for the case of Al sprayed in a wide range of processes shown in Figure 7,
the sensitivity of the CTE to change is relatively small, and can be considered with a very good
approximation the same as the bulk property. Unfortunately, due to the nature of the material
during polishing, it is difficult to determine precisely the amount of oxidation present in the

microstructure of each coating, but it is considered low.
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Figure 7. Coefficient of Thermal Expansion (CTE) of various Al coatings sprayed by different techniques,
including: Cold Spray, Combustion Wire Flame Spray- FS-1, another sample of Combustion Wire Flame
Spray- FS-2, sprayed at a different time, and atmospheric plasma spray APS process. Differences are
minimum and approach to the bulk property.

3.3.2 Anisotropy of Thermal Expansion in TS coatings

At the crystalline scale, materials with non-symmetrical lattices experience anisotropic
thermal expansion depending on the orientation of the lattice. It is also possible that the material

is allotropic and its phases show slightly different CTE’s. This behavior in polycrystalline coatings
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is rather difficult to measure unless either texture is observed in the microstructure or there is a
dominance of one of the constitutive phases. TS coatings are known for their anisotropy due to the
lamellar structure, but texture is rather low. So, TS coatings are considered anisotropic in the
microscale due the interfaces and pores (interllamelar, globular, etc), but not in the atomic scale.
Previous studies in the case of YSZ, (Kuroda 1991) affirm that CTE should not be affected by the
amount or morphology of the porosity, and therefore, the expansion should not be anisotropic
considering the lack of stiffness and low expansion of the air occupying the pores. However,
(Berndt, C.C Herman 1982) sustain that the CTE can be anisotropic for YSZ due to changes in the
crack network and interlamellar boundary distribution. They found that the CTE for a fixed
composition ZrO,— 8 wt%-Y 203, does not change before and after heat treatment (10 to 120 hours)
at 1150°C. It is a fixed value around 10x10 °C-* for the in-plane orientation, but when testing the
sample in the through-thickness direction, the value ranges from 2.9 to 23.5 x10° °C™L. In this
reference samples of 0.5 mm in thickness were tested in free-standing form. Similar results are
reported by (Wang, D. Berndt 1991) testing Al>Osz coatings. In the longitudinal direction, the CTE
stabilizes after the first cycle to a value of 5.9x10° °CL. In the through-thickness direction the
value keeps varying after cycles, and the reproducibility is low. It was found in the author’s studies
that testing short length samples generates measurements with high error due to the compromised
resolution of the equipment.

The results presented by (Berndt, C.C Herman 1982) in the through-thickness direction
which state that the CTE is different in that orientation than the longitudinal, are not consistently
reproduced in the study. They attribute this lack of reproducibility to the continuous crack
redistribution associated to shear and slip at points of contact between splats. On the other hand,
studies of the authors (Nakamura and Liu 2007)(Y. Liu et al. 2007) have found that the mechanical
behavior (stress-strain) which is highly dependent on crack opening and sliding, is reproducible
during heating cycles for the same materials: YSZ, Al.Oz, and others. This observation would
suggest that the mechanisms of continuous crack redistribution is not likely to occur, and that the

anisotropy is not real but an effect of experimental error.

A very thick sample (30 mm) of Aluminum by flame spray was produced to test anisotropy
in metal coatings. The CTE value obtained was the same for the in-plane and through-thickness

orientations, as in Table 3 (23.6+0.012T x10® °C? for the longitudinal orientation and
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23.6+0.0129T x10° °C* for the through-thickness orientation). However, this evidence does not
necessarily rule out the observation by (Berndt, C.C Herman 1982), because of the different nature
of the materials tested, but suggests that interlamellar pore closure or crack sliding (or opening)
may not affect significantly the CTE as most of the thermal deformation occurs in the bulk areas
of the splats and in the points of contact inter-splats.

3.4 Experimental Methods for CTE measurement

The coefficient of thermal expansion is obtained by monitoring the relative deformation of a
finite portion of a sample material under controlled temperature as mentioned in Chapter 1.
Various techniques to monitor the length change due to thermal expansion were also presented,
including: high resolution displacement sensors LVDTs on contact push rods (most common
method), non-contact optical imaging, and, optical/electron microscopy computed by image
analysis. Monitoring curvature as function of temperature on a bilayer plate (coating-substrate)
was presented as well. A less common method, the XRD monitoring of the d-spacing during in-
situ heating, was also described. The push-rod technique applied to thermal spray coatings is

described in details as follows.

3.4.1 Push rod Dilatometer

This instrument consists of an insulated furnace chamber with adjustable heating rate,
where a sample is fixed against a movable pushing rod. The second end is in contact to a fixed
support, the temperature increases consequently sample dilates and moves the rod whose
displacement is registered by an LVDT. All the values of CTE reported by the author in Table 3
were obtained from a horizontal dilatometer “Thermische Analyse” model DIL 402C with an

alumina pushrod (Figure 8).
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Figure 8. Schematic of Horizontal Dilatometer by NETZSCH model DIL402C (Netzsch 2006)

The dilatometer is connected to a thermal controller system TSAC 414/4 Jupiter both
manufactured by NETZSCH (Netzsch 2006) The dilatometer is equipped with a high-resolution
displacement transducer. Maximum resolution of the linear expansion is of 1.25 nm. It runs at

temperatures up to 1600°C.

To measure thermal expansion, the instrument compares the linear expansion of the sample
to the reference linear expansion of a calibration bar. Calibration is performed using a standard
NBS sapphire sample, SRM 732, DIN 51045. Resulting data is extracted using standard
differentiation methods between the calibration-run and the sample, both measured under similar
experimental settings. Heating rate can be adjusted varying from 0.01°C/min, to 50°C/min.
However, to avoid transient temperature gradients in the chamber, heating rates lower than
5°C/min are suggested. Also to avoid lengthy experiments a minimum of 1°C/min was used. The
pushrod load is set in a standard load of 25 cN. All measurements were programmed from room
temperature to the desire temperature. The experiments were conducted with recirculation of inert
gas (Na).

3.4.1.1 Sample Dimensions
Samples were deposited by standard parameters in the different spraying processes. All the
samples to be measured were prepared as free standing shapes. Limitations on the samples sizes
that can be used are referred by the manufacturer to be 25 mm in maximum length and 8 mm in

maximum diameter. In the case of thermal spray, thick coatings are required to fulfill the lower

31



limit of sample cross-section. A quick study of sample size effect on the expansion measurements
was carried out to determine the exact minimum sample dimensions. This analysis was developed
using bulk Al6061-T6 varying length and cross sectional dimensions. The experimental results
suggested that the minimum sample size in cross section should be 1 mm?, whereas the appropriate
length should be at least of 15 mm. The variability of the CTE observed with respect to sample
size is produced by the low absolute deformation of the shorter samples, and possible buckling of

the samples of small cross-section.

3.4.1.2 Sample preparation
Literature reports various types of samples used for CTE measurements. All samples are
coatings deposited on the thick range (1 to 2 mm thickness) and are machined to free standing
shapes. Samples can be sprayed on cylindrical rods of aluminum of 6 mm diameter, for instance;
and later, the substrate can be machined or dissolved chemically (T. a. Taylor and Walsh 2004),

resulting in a free standing coating tubes.

In this study, samples are sprayed over a flat surface to at least 1 mm thickness. The first step
is to carefully cut the samples into the approximate required dimensions. Then the substrate is
ground by using polishing equipment. Maximum care is taken during cutting and grinding process
to avoid cracking or delamination of samples. Parallelism of sample ends is very important and
considered during sample preparation. The typical final sample dimensions are the ones of a pillar
of 25 mm length x 1 mm thickness x ~ 2 mm width. The initial sample length size is determined
using a micrometer with 0.001 mm resolution. Wire cutting can also be used to machine samples

with high accuracy.

3.4.1.3 Transient Temperature Gradients

The dilatometer experiments are regularly conducted at constant heating/cooling rates
avoiding transient temperature gradients. However, the rate is difficult to be kept constant at low
temperatures due to the large effect of convection of the surroundings, and at the temperature of
inverting from heating to cooling due to transient effects. The analysis of the derivative of
temperature change with respect to time (heating/cooling rate) permits identification of the points
in which, temperature increase/decrease is not homogeneous and steady. This analysis was
performed at different maximum temperatures and heating/cooling rates. From the transient

temperature analysis temperature in the chamber stabilizes only at about 50°C when a low
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variability of the heating rate from 0.2 to 1.4 °C/min is used. Similar deviation occurs at the
inversion of heating to cooling and below 100°C during cooling, see Figure 9. As the heating rate
increases to 5 or 10 °C/min, the deviation of heating/cooling rates from steady condition is more
significant and it is reached at higher temperatures.
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Figure 9. Analysis of temperature stabilization for the push-rod dilatometer at a heating/cooling rate of
1°C/min. Cycles reach a maximum of 300°C. The heating/cooling rate is stable after 100°C when heat
transfer stabilization with the surroundings has been reached.

Thermal gradients analysis helps to identify temperatures at which the measured data points are
in a homogeneous stabilized condition. Linear expansion and coefficient of thermal expansion
versus temperature curves presented in this document are restricted to the temperature range in
which effects of transient thermal gradient are minimum. The lack of homogeneous temperature
(unstable heating and cooling rate) at the beginning and at the end of the cycle causes bias in the
CTE results, as the temperature reading may not correspond to the actual temperature of the
sample. A mechanism to allow for a better temperature stabilization in the chamber is suggested

by the use of forced cooling (liquid nitrogen insertion in the chamber) near room temperature.
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3.4.2 Process Induced Effects on Thermal Expansion: Materials and Processes

An investigation of the process effects influencing thermal expansion was carried out by testing
coatings sprayed under different process parameters and techniques. Further characterization of
microstructural features (e.g. oxide content, porosity), as well as correlation to the processing
history (particle melting state, particle kinetic energy, residual stress state) will enable

determination of whether thermal expansion for TS coatings is dependent on the processing.

Elemental metals (i.e. Ni, Al) were initially tested. Samples were sprayed by different
techniques (atmospheric plasma spraying-APS, HVOF, cold spray-CS, Flame Spray), and it is
expected them to show extreme differences in terms of microstructure, oxide content, hardening

by impact, inter splat cohesion, etc.

NiCr as a representative of metal alloy materials was deposited within a broad process
windows (various torches and conditions). Details of materials and processing are published
elsewhere (Alfredo Valarezo and Sampath 2011).

YSZ coatings were also plasma spray deposited over a range of conditions with an F4 torch
(Vaidya et al. 2008). Samples of different microstructure architecture (porosity content, stiffness,
intersplat cohesion, etc) were obtained by changing process parameters and using two particle

morphologies: fused and crushed powder (FC) and hollow spheres (HOSP).

3.5 Results and Discussion

A number of different effects can be observed in a heating cycle in a TS coating. Regarding
the bulk material within the splats, as the temperature increases the atom-separation increases as
the atoms find their equilibrium positions. This is measured as the volumetric expansion of the
material. Besides that, the exposure of the material to heat during deposition causes
microstructural progressive changes due to:

e Recovery or stress relief at Th~ 0.3 (where Ty is the homologous temperature T/Tmeiting)

e Polygonization at Th ~ 0.4

e Grain growth at Th~ 0.5
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e Increase in vacancy concentration

e Homogenization of the structure.

Outside the splats (in the splat boundaries, in the microcracks within splats, in the porosity and
voids), as the temperature increases the structure changes due to:

e Growth of the intersplat contact area

e Intersplat interlocking and friction

e Surface diffusion that leads to microcrack healing and splat stiffening.

¢ Diffusion that leads to sintering of interfaces (at higher Tp) , etc.

In this study, the discussion centers in the low temperature regime with heating cycles of Th < 0.55

The occurrence of these effects will depend on the kinetics (time and temperature) and material
specific behavior, including the processing effects such as residual stress, density, and
heterogeneity of the structure. The abovementioned changes are important when studying the
thermal expansion of TS coatings, especially because of the particular microstructure that includes
chemical inhomogeneities due to the rapid solidification, defects, pores, etc. that affect the
properties.

An “anomalous” behavior has been identified in the first heating cycle of all coatings, and it
is particular to the defect annealing of the structure of the coatings. It is measured as a deviation
from the nominal expansion behavior. This anomalous behavior has been called here as “Thermal
Shakedown . Evidence of differences on the first heat cycle expansion is presented for several
materials. However, the analysis of the implications on defect annealing is discussed in detail in
chapter 4.

It is known that due to the nature of the defects in TS, these coatings are anisotropic considering
for instance: mechanical, thermal, or electrical properties (Sharma, Gambino, and Sampath 2006;
S. Sampath et al. 2004). In this study, it was found that the thermal expansion, after thermal
shakedown, is not anisotropic despite the layered nature of the coating. To complete the discussion
of CTE and the relationship to the microstructure of coatings, a discussion of processing effects
for the same material deposited by various techniques is presented. This will be discussed in
section 3.3. Finally, the technique of extracting the CTE and the elastic modulus values of the
coating by the curvature method is discussed as an alternative to produce design properties in a
quick and reliable manner. This is presented in section 3.5.
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3.5.1 Cyclic Heat Treatment

When performing cyclic expansion measurements of TS coating samples via dilatometry,
the behavior of the first heating cycle shows an abnormal trend compared to the subsequent passes.
This behavior has been found in all tested coating materials and this thermally activated behavior
appears only during the first heating cycle. The samples expand more or less than in the subsequent
passes. This results in an irreversible overall contraction or expansion of the original length of the
sample. More prominent differences (shakedown) are observed in metallic samples than in
ceramics, and the behavior is observed at low, medium, and high temperature cycles.

Figure 10 illustrates a typical temperature sequence: heating and cooling for three
consecutive cycles at constant heating and cooling rates. Depending on the material, samples were
cycled at different temperature ranges. It is highlighted that the heating/cooling rate is constant,
except as the temperature approaches the lowest ranges due to the transient effects in the chamber

of the dilatometer, as it was discussed in section 3.1.3 of this chapter.

Temperature, T [°C]

0 100 200 300 400 500

Time, £ [min]

Figure 10. Typical time-temperature sequence for a heat cycling experiment to study thermal shakedown
effect and the CTE in TS coatings.

In Figure 11a, the cyclic results of linear expansion (3L/Lo) for a temperature regime (up
to 400°C) of an Al-sample coating sprayed by flame spray is presented. Figure 11a shows raw data
illustrating the absolute linear expansion of the sample in various cycles. The sample dilates at a
higher rate in the first cycle compared to the following, resulting in an overall irreversible

expansion of the sample. Figure 11b shows tared data for the same experiment. Data is tared to the
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absolute linear expansion of the sample after the shakedown heat cycle (first cycle) at a
temperature at which constant heating/cooling rate is achieved (about 100°C) in the experiment.
This allows the comparison of relative expansion in different cycles. For instance, in Figure 11b
in the first heating cycle, the deviation from the nominal expansion starts at about 225°C, and

increases as the temperature increases.
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Figure 11. Linear expansion of an Al-sample deposited by flame spraying, as a function of temperature.
Three heating/cooling cycles are presented: a) Raw data and b) Tared data (at 100°C) for comparison of
relative expansion.
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In Figure 10, the linear expansion from the corresponding cyclic experiment as presented
(three heating and three cooling cycles) in Figures 9 is shown. Again the deviation from the
nominal expansion behavior is observed in the first heating cycle, and deviates incrementally from
23x10°® [1/°C] (nominal) up to over 50x10°° [1/°C] at 380°C. The analysis of CTE is often more
sensitive to deviations in the shakedown cycle compared to the linear expansion provided that CTE
is the derivative of the linear expansion as a function of temperature. The deviation of the
shakedown cycle apparently starts at about 175°C when observing the CTE curve (Figure 12)
earlier than the 225°C observed in Figure 11b.
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Figure 12. Coefficient of thermal expansion CTE of an Al-sample deposited by flame spraying as a function
of temperature. Three heating/cooling cycles are presented. First heating cycle deviated from the nominal
behavior which was achieved by all the following heating/cooling cycles.

Cyclic tests were carried out for all the dilatometry experiments presented here, and the
CTE reported is obtained after the first heating cycle (any cooling or heating cycle can be used).
All results about process induced effects as well as anisotropy are discussed after the shakedown

cycle.
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Although this is not the first study that identifies this behavior, it is probably the first one
that has critically addressed the same. Investigation on expansion of YSZ and Alumina coatings,
by (Wang, D. Berndt 1991) and (Berndt, C.C Herman 1982) reported for the first time this
anomalous behavior which they attributed to experimental error of the dilatometer, and discarded
this information.

Later, (J llavsky and Berndt 1998) reported as well this unique behavior of coatings during
the first heating cycle at high temperature (above 800°C) in MCrAlYs, SS316, and YSZ
composites. They suggested that the different behavior of the first cycle is the result of stress
relaxation and/or oxidation. Their conclusion is based on comparing hardness values of the as-
sprayed condition to the after heat cycling condition. An increase in hardness is attributed to
oxidation whereas a decrease is attributed to stress relaxation. The study is limited to reporting
these possible effects, oxidation and stress relaxation, on CTE during shakedown without
discrimination between them. The authors did not discuss the possible precipitation of intermetallic
phases that appear as peaks of the CTE vs temperature curves at specific temperatures for both
alloyed materials(Taylor & Denman 1974).

Taylor et. al. (Thomas a. Taylor and Walsh 2004; T. a. Taylor and Walsh 2004) also
reported thermal shakedown at high temperature cycles in various TS bond coats of several
compositions and called it, residual sintering. High temperature thermal expansion tests (1100°C)
were performed to find out the effect of the bond coat composition in the CTE. This study was
intended to produce a new bond coat material with longer cycle life by reduction of thermal
mismatch. Little attention was given to the shakedown behavior and was just attributed to sintering
of interfaces.

Choi et. al. (Choi et al. 2007) on the analysis of the expansion of Aluminum cold spray
samples conducted ten consecutive measurements. The study reported that repeated heat cycles
reduces progressively the deviation of CTE from bulk, until reaching the bulk value after a number
of cycles, or after annealing in air. The thermal shakedown was attributed to oxidation, in this case.
They conclude that the thermal expansion of coatings is increased by oxidation and decreased by
the presence of oxides. This study does not report the expansion behavior cycle by cycle. In the
present document it has been found that the differences on the first heating cycle disappear right

after the first cycle and not progressively as they (Choi et al. 2007) reported.
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To address systematically the thermal shakedown effect, the CTE of samples of elemental
metal coatings were tested initially to exclude possible effects of alloying. Also, samples of the
same metal (e.g. Al) were prepared by several processes (e.g. HVOF, APS, cold spray, flame spray,
etc) to rule out possible process induced effects, and finally, alloyed metal samples and other

ceramics were also evaluated.

3.5.1.1 Thermal Shakedown Evidence on: Pure Metal Coatings

Alloying of the feedstock could eventually produce precipitation of different phases in the
coating due to the effect of rapid solidification. Preferential oxidation during in-flight is also
possible. During the first heating cycle, re-ordering of elements could be responsible for variation
in the thermal expansion. Therefore, pure elements were chosen as initial material system.

Figure 13 shows the linear expansion during the shakedown cycle —thick line-, compared
to the steady state behavior (equivalent to bulk expansion value) -thin line- of various pure metals
deposited by different processes (the data is tared for comparison, similar to Figure 11b). The
shakedown effect is considered positive when the sample irreversibly expands, or negative when
it irreversibly contracts. In this set of data, the Ti and Al by Cold spray (CS), and the Ni by HVOF-
DJ have a positive shakedown; whereas, the Ag by APS, and Ni by APS, HVOF-JK and CS, have

a negative shakedown.
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Figure 13. Comparison of the linear expansion during the first heating cycle —thick line-, and one after it
(steady state behavior) -thin line- of various pure metals deposited by different processes. The thermal
shakedown makes the linear expansion different in the first heating cycle than in the subsequent cycles.

Positive thermal shakedown can be attributed to an increase in vacancy concentration,
relief of compressive stresses, and/or oxidation during heating; whereas, the negative thermal
shakedown could respond to relief of tensile stresses, and/or annealing of defects (point, line). The

magnitude of such effects will be discussed in chapter 4.

It is shown in Figure 13 that the shakedown effect appears in all of the TS coatings tested
produced by different techniques. Ni, for instance; can show a positive or negative shakedown for
the family of HVOF processes, whereas the cold sprayed Ni sample almost show no effect.
However the cold sprayed Ti, or Al show large shakedown in contrast to the Ni sample. The

magnitude of the deviation and the link to material and processing is not very clear at the moment.

3.5.1.2 Thermal Shakedown Evidence on: Process Induced Effects
Figure 14 shows CTE of various Al samples sprayed by three different spraying processes,

atmospheric plasma spray, cold spray, combustion wire flame spray (FS-1). The results are
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compared to the expansion behavior of the pure Al bulk material, to which all the samples approach
after the shakedown cycle. Significant differences are found among the samples in the shakedown
cycle. In every case, the shakedown is positive. The APS behavior is the closest to bulk, whereas
the rest of samples (CS and FS-1) expand significantly more. At the temperature of 350°C the CTE
for CS and FS doubles the CTE of the bulk. A second sample of FS (FS-2) was produced at a
different time, and it showed a smaller effect. In conclusion, the shakedown effect responds to the

processing of the coating.
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Figure 14. Comparison of the CTE during the first heating of Al-sample coatings sprayed by three different
processes (atmospheric plasma spray, cold spray, FS-1 combustion wire flame spray. Shakedown is positive
in all cases. First heating cycle —thick line-, and after it (steady state behavior) -thin line. The behavior
reduces to the behavior of the bulk Al. FS-2 is another sample sprayed by combustion wire flame spray at
a different time.

3.5.1.3 Thermal Shakedown Evidence on: YSZ coatings
It was found that ceramic coatings also showed a shakedown cycle, but with lower relative
magnitude. Figure 15 shows CTE results of four different YSZ coatings by APS compared to a
reference behavior after thermal shakedown. The shakedown behavior of samples sprayed at three

different spraying conditions, namely, low, medium and high energy (deposited with HOSP
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powder) are very similar, and slightly different than the stable condition. The shakedown of
samples sprayed with fused & crushed powder (F&C) differs from the others, especially at the low
temperature regime, and differs less to the reference behavior. Two peaks in all the three HOSP
samples are identified in the shakedown cycle at about 330°C and 500°C. The same peaks are not
present for the F&C sample. It is hypothesized that these peaks correspond to a phase change of
the YSZ (ZrO.+8%wt Y203) at those temperature. The equilibrium phase diagram registers a phase
change at 500°C, where the tetragonal phase changes reversibly into tetragonal-cubic. The as-
sprayed phase in YSZ plasma spray is typically tetragonal, although, some monoclinic and cubic
phases can nucleate during the deposition due to the rapid solidification. According to the phase
diagram (Jan Ilavsky and Stalick 2000; Scott 1975), some tetragonal phase transforms into cubic
at around 525°C. Also, if there exist monoclinic phase, this changes into tetragonal at the same
temperature. The effect in the CTE thermal shakedown is irreversible, therefore it is hypothesized
that some monoclinic phase was deposited in the as-sprayed condition for the HOSP powder. Phase
composition and the tetragonal phase yttria content may change significantly and rapidly, and even
at considerably lower temperatures some compositional changes are reported. This change may
be detrimental to deposit lifetime. Formation of monoclinic phase changed into tetragonal at 525°C
creating a volume change. This volume change is comparable to literature reports similar. Values
of volume change for this phase transformation is in the order of (0.2%).

Later, during the following heat cycles, the material behaves according to the phase

diagram in equilibrium changing the low temperature phase tetragonal into tetragonal-cubic at

higher temperature, and viceversa.
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Figure 15. Comparison of the CTE during the first heating of YSZ coatings sprayed by APS- atmospheric
plasma spray. Two feed stock materials were used: F&C fused and crushed, and HOSP hollowed spheres
under three different spraying conditions, namely of low, medium, and high energy. The first heating cycle
is presented for the four coating types. The behavior reduces to the one of the bulk YSZ -dashed line- after
the first heating cycle.

The effect at 330°C for HOSP coatings is unknown at the moment. The behavior of F&C
YSZ below 330°C is considered affected by a transient state of heat in the chamber during the
experiment.

The relatively low difference of the CTE between the shakedown cycle and the subsequent
ones responds to 1) the low energy stored as the structure relieves stress by microcracking during
solidification; 2) the kinetics of annealing of defects is slow relative to the high melting point of
the material Th <0.3; 3) the oxidation during the experiment is limited, etc.

It is noted that the phase transitions at 330°C, and 520°C, for HOSP occur as a rapid
stretching of the structure followed by a contraction while heating. This type of strain changes are
undesirable as they may lead to failure. Similarly, the phase change of monoclinic into tetragonal
is considered undesirable, since this transformation is accompanied by a large volume change (Jan
Ilavsky and Stalick 2000). It has been hypothesized that this could explain coating failures after

few heating cycles (infant mortality) in YSZ coatings.
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3.5.1.4 Discussion about Cyclic Heat Treatment

In a thermal expansion curve, the phase changes and/or magnetic/paramagnetic transitions
can easily be identified as abrupt changes in the expansion rate at specific temperatures. These
changes are reversible in nature. In the case of the thermal shakedown, as defined in here, the
changes are irreversible and occur only in the first heating cycle. In most cases, it is observed that
the deviation from the nominal behavior increases with increasing temperature.

This thermally activated phenomenon is believed to be a result of various progressive
changes in the microstructure that include: stress relief, recrystallization (recovery, polygonization,
and grain growth), crack/pore closure, oxidation, and sintering of inter-splat interface (at higher
temperatures). Therefore, it is also assumed that thermal shakedown is affected by the processing
of the sample, for instance, the nature of residual stress (compressive or tensile), amount of
pores/cracks/metastable phases, grain sizes, intersplat bonding, etc.

In situ oxidation can be playing a role on shakedown behavior given that a perfect inert
atmosphere is not achieved during the experiments and also oxygen could remain within the
porosity after the spraying process.

Thermal shakedown was investigated by testing samples under cyclic conditions. First,
pure metal materials (like, Ag, Ti, Ni, Al), the results show divergent results in the shakedown
cycle. The effect can be positive (permanent elongation), or negative (permanent contraction) for
the material, by just changing the process. Clear trends of processing to shakedown effects are not
evident. Once the shakedown cycle has taken place, the CTE behavior approaches very closely to
the bulk material.

Metal/alloy materials (Ni-20Cr) and more complex alloys with intermetallic precipitates
(CoNiCrAlY and Inconel 718) have also been tested under inert atmospheres. Their shakedown
behavior deviates relatively much more to the after shakedown cycle than for the pure metals. It is
believed that due to the rapid solidification during particle deposition in TS, the resultant
microstructure of the coating is chemically inhomogeneous, even for pure metals due to in-flight
oxidation. This effect is more prominent for alloyed feedstock. With temperature, some
intermetallic phases (e.g. in bond coats: y'-NisAl phase) precipitate. This phase precipitation is
likely related to the changes in expansion rate occurring during the first heating cycle and it is

irreversible.
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The occurrence of the effect was largely tested and proven true in all experiments. The
repeatability of the phenomena of shakedown was also investigated. Two pieces of the same
specimen of Ni20%Cr were subjected to heat cycles. The specimen was deposited by HVOF-JK
process and was tested under cyclic conditions. The shakedown effect was repeatable, as indicated
in Figure 16 where shakedown repeatability was proven using two samples from the same Ni-
20%Cr coating deposited via HVOF. From here, it can be concluded that the sampling size of the
specimen (defined in 3.1.2) is appropriate to be a representative average of the contributing effects
to the shakedown, allowing for reproducible results. A third sample of the same specimen was
previously heat treated at 550 °C in vacuum for 2 hours, according to (ASM 2002). It was
confirmed that the thermal shakedown disappears after the heat treatment.
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Figure 16 Analysis of shakedown repeatability, two samples from the same Ni-20%Cr HVOF coating were
evaluated during three heating and cooling cycles up to 500°C.
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3.5.2 Anisotropy in Coatings

As discussed previously in anisotropy section 3.3.2, there are no consistent studies in which TS
coatings are not found to be anisotropic in thermal expansion. Some authors hypothesize the
possibility that material expanding within a splat in its radial orientation (consider the splat as a
disk, radial = in-plane orientation) may load a contiguous one by shear contact (the adjacent splat
is not parallel). This would produce a difference in expansion in both directions since while a
coating expands in the in-plane orientation, the shear loading affects the expansion of the through-
thickness direction by adding mechanical strain to the thermal strain. However, this may be
possible in a constrained scenario where splats are limited to expand in one direction but not in the
other. This, for the experimental setup of linear dilatometers does not apply.

On the other hand, typically the expansion of composite materials as discussed in section 3.3.1 can
be modeled considering a homogeneous distribution of the secondary phases. However if the
composite material is a laminate (i.e. fiber reinforced polymer), or in general, the second phase
has a preferential orientation, this determines a difference in the CTE in the longitudinal versus
the transversal direction of the fibers. This anisotropy in the CTE of the composite rises from
interaction between the thermal strain and the mismatch mechanical strain occurring between the
matrix and the fiber, especially in the longitudinal direction. In the transversal direction, the
mechanical mismatch strain is reduced. Several numerical models have been developed and
applied to laminated composites ((B.Walter Rosen 1 1970; Karadeniz and Kumlutas 2007; Hsueh,
Becher, and Sun 2001). If the abovementioned concept were applied to TS coatings, an anisotropic
response on CTE would be expected for coatings with a significant volume fraction and a
homogenous and laminated distribution of a secondary phase (i.e. oxide).

The author here hypothesizes based on the previous discussion and on the following
experimental results that the CTE for TS is not an anisotropic property unless a significant amount
of a secondary phase is present in the microstructure with a regular laminated orientation.

A very thick sample (25 mm) of Al-sample by flame spray was produced to test anisotropy
in metal coatings. The CTE value obtained was the same for the in-plane and through-thickness
orientations, as reported in Table 3. Only, the shakedown behavior was found to be anisotropic, as

presented in Figure 17.
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Figure 17 CTE of Al flame sprayed coatings using specimens oriented in the through-thickness and in-
plane orientations for the shakedown cycle and after it. The line of reference bulk overlaps the behavior of
the coating sample (in both orientations) after the first heating cycle.

As the shakedown is a kinetics-driven effect, the anisotropy is expected to occur due to the
presence of inter-splat interfaces. Thus, the magnitude of strain relieved during shakedown is much
larger for the in-plane than the through thickness orientation, as indicated by the magnitude of the
shakedown effect. Also, the residual stress condition in TS coatings is considered an in-plane
stress condition, which leaves the through thickness direction without any strain to relieve during
the first heating cycle.

The CTE after shakedown for both in-plane and through-thickness directions resembles the
bulk behavior of Al, in Figure 17. From here, it is concluded that features like oxides (Al203),
pores, or cracks do not make CTE anisotropic, when testing a relatively large volume sample
(compared to the splat or defects scale size). Although the coating formation commonly leads to a
preferential geometric orientation of interlamellar oxides, when analyzing the microstructure (see
Figure 28) of these samples, this “laminated” like microstructure is barely observed. This occurs

likely due to the nature of the flame wire spray process in which splats are formed in a random
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distribution of sizes and morphologies. This lack of significant anisotropy in the secondary phase

distribution may be responsible of the apparent isotropic response of the CTE.

3.5.3 Process Induced Effects

As discussed before, the CTE property of a coating should be the same as the feedstock
bulk material. However, the processing changes the CTE value because of changes in the
composition of the coating due to presence of precipitates, oxides or vaporization of selected
species during TS deposition.

In Table 3, a compendium of CTE values of various Al samples (shown also in Figures 7,
and 14), and Ni is presented. The results are compared to bulk values. After the first heating
cycle, the deviation on expansion behavior for all the samples tested compared to the bulk is
minimum even though they have been processed by different TS technologies. This is explained
by the low oxidation suffered by Al, and Ni, during the processing. The deviation from bulk values
is in the range of the experimental error.

However, when investigating materials more sensitive to oxidation or processing effects
such as Ni-20%Cr, the change in property value can be more significant (up to 10%). This was
analyzed in section 2.1.1 and modeled by the rule of mixtures, Turner and Kerner models. The
results in Figure 4, concluded that the deviation of the CTE value induced by the processing
responds to the amount and nature of the secondary phases appearing in the coating.

In all cases above, the porosity effect is ruled out as the open air is not able to affect by
expansion the surrounding material during heating. This is precisely observed in YSZ coating by
plasma spraying. Here, YSZ coatings were deposited within a framework of a process map (Vaidya
et al. 2005) to study process induced effects on CTE. The powder morphology used on the
deposition of these coatings was hollow sphere powder (HOSP). Results are compared to one
sample sprayed using fused and crushed (F&C) powder. Figure 18 shows that CTE differences are
negligible among HOSP coatings of a process map and the F&C coating, although significant
differences in particle temperature and velocity and microstructure (specifically porosity content)
are observed, as seen in Table 5.
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Figure 18. The CTE of various Yttria Stabilized Zirconia-YSZ coatings sprayed by APS- atmospheric
plasma spray. The CTE is reported from the second heating cycle (after shakedown). Two feed stock
materials were used: F&C fused and crushed, and HOSP hollowed spheres under three different spraying
conditions, namely of low, medium, and high energy. The behavior of all samples is comparable to the
behavior of the bulk YSZ.

LOW ENERGY TORCH MEDIUM ENERGY HIGH ENERGY TORCH

>~ B

Condition
Temperature[°C] 2978 3045 3105
Velocity [m/s] 139 173 208
Porosity [%0] 27 18 17

Table 5. YSZ-APS coatings within a Process Map, average particle temperature and velocity by DPV, and
porosity measurement by image analysis (Vaidya et al. 2008)(Chi 2008)

This confirms that the effect of porosity can be ruled out. On the other hand, different YSZ-
phases can be deposited during APS processing, specifically tetragonal and less common,
monoclinic and cubic. All of them have relatively the same expansion (Ochrombel et al. 2010)
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except for the monoclinic-phase which is regularly found in less proportion. From here, it can be
expected that all YSZ coatings by APS show about the same CTE value. In Table 3, the property
range shows about 2.6% of variability around the nominal value, which again is within the

experimental error.

Induced effects on CTE by processing are significant during the first shakedown cycle as it
was discussed in section 4.1.3. However after that cycle, the CTE value is only dependent on

composition.

3.6 Coefficient of Thermal Expansion-CTE by the Curvature Method

All the values of CTE presented previously are measured by instruments that monitor the
change of length of a sample. LVDT’s, optical, or laser sensors are regularly used. The longer
the sample is, the more precise the measurement is. However, sample preparation in the case of
coatings is difficult as the coating thickness needs to be large. Depositing thick coatings is often
time consuming, expensive, and may lead to premature delamination due to residual stresses. As
an alternatively to the dilatometer measurement, the curvature principle applied to a coated plate
is shown here. The principle of measurement is based on the analysis of a bilayer plate that bends
when a thermal gradient is applied in response to the differences in thermal expansion of the two
materials. In this method, a thin substrate is coated and subjected to a heat cycle while fixed in a

two knife-edge setup or in a cantilever style. As long as, the following occurs:

1) There exists a difference of CTE of the two materials,

2) The thickness of coating (tp) and substrate (t+) are comparable (ty / tp < 10), and

3) The in-plane elastic modulus of coating (Ep) and substrate (En) are comparable (0.5 < En / Ep
<2);

Then, the bilayer plate bends significantly and can be measured with good precision
(Kesler et al. 1997). The balancing of stresses through-the-thickness from a plane-stress condition
that determines a unique curvature of the plate can be modeled analytically considering the
thickness, the rigidity, and the CTE of each layer. The equation used by classical mechanics is the

following:
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AK 6E'pE’ stpts(tp+ts)(ap—as)
AT~ Er3th+4E' pE' t3ts+6E' pE' st3t2+4E' pE' tpt2+Er2

7 Equation 9.

Where, % is the rate of change of curvature due to a thermal gradient; E'j, E' are the elastic

modulus in-plane of the deposit and substrate respectively (the in-plane modulus is E’ = 1'5:

where E is the Young’s modulus); tp, ty are the thicknesses of the deposit and substrate
respectively; and ap, as are the coefficients of thermal expansion of coating and substrate

respectively.

Here, the 2—1; is obtained experimentally, and its value is a function of the thicknesses, in-

plane elastic modulus, and CTE of each layer. This method has been used to obtain the elastic

properties of TS coatings (Nakamura and Liu 2007; Matejicek and Sampath 2001) assuming

known experimentally the % and the CTE (ap) of the coating. An instrumented heat cycle test

has been developed to obtain % . Basically, the bending of the beam is monitored by three non-

contact lasers that measure the displacement of three equidistant points. The bilayer plate is heated
up in an oven that allows for controlled uniform heating. Any thermal gradient in the plate is
minimized. When the CTE of the coating is not known experimentally, then the CTE of the bulk

material is adopted.

Based on this principle, if two specimens of the same coating are produced on two different
substrate materials, then the equation 9, can be used in a 2-equation systems (see equation 10) to

calculate the CTE and the in-plane modulus of the coating.

(ﬁ) _ 6E'pE’s1tp1ts1(tp1+ts1)(ap—as1)
AT/ Erdth +4E'pE' 163t +6E pE' t3 t2 +4E pE qtp t2 +Er% th
(A_K) 6E'pE' satpotsy (tpa+tsz)(ap—asy)

AT/ Erjth,+4E' pE othyto+6E pE' s3thythy +4E' pE sytpatiy +Eriyts,

! Equation 10

AK
Where: (—) E's12,tp12 ts12 ,and asq1, are known; and, E'p and ap, are the unknowns to

AT/ 12

be resolved.

To validate the method, a Ni-20%Cr coating by HVOF-JK process was deposited onto two
different substrate materials: Al-6061-T6 and Stainless Steel 316 (SS316). Sample dimensions
are reported in Table 6. For the two substrates, the CTE"s were measured via dilatometry, whereas
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the elastic modulus and poisson ratios are assumed from literature. The coating was deposited in
the same spraying session onto the two substrate materials by fixing them contiguously. The torch,
controlled by a robotic arm, moved above the two samples in the same stroke. The coating
thickness obtained was similar in the two substrates. It is expected that the coating microstructure

and properties are the same onto the two substrates.

Material Young Possion In-plane  Thickness, CTE, a, x10® Reference
Modulus, Ratio,v  Modulus*, t, [mm] [°CY
E, [GPa] E’, [GPa]
Substrate 1: 68.9 0.33 102.8 3.154 22.76+0.0185T Bejarano et al,
Al 6061-T6 Nakamura, Liu
Substrate 2: 193 0.30 275.7 1.490 16.50+0.0071T Bejarano et al,
SS316
Coating 1 - 0.30 - 0.233
Coating 2 0.232

*E'=E/(1-v),

Table 6. Experimental data used to obtain the CTE and Young’s modulus of the coating based on the
curvature method, and equation 10.

Each sample was subjected to three consecutive heating cycles with continuous monitoring
of the curvature and temperature evolution. The heating cycle reached 200°C. After spraying, the
residual stress condition was different for each coating due to the differences in thermal stress
during cooling of both systems. However, the heat cycle test assures loading the substrate and
coating in the elastic regime, so the initial stress condition does not affect the measurement.

The curvature-temperature curves produced for both systems are shown in Figure 19. As
the analytical model predicts in equation 9, the behavior of the bilayer is linear elastic.

The 2-equation system (equation 10) is solved at temperature considering ranges of
temperature gradients of 10°C. The results then reflect the coating CTE and elastic modulus

temperature dependence as shown in Figure 20.
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Figure 19 Curvature-temperature evolution of two coated plates subjected to heating/cooling cycles. One
is the combination of a Ni-20%Cr coating onto Al-6061 T6 substrate, the other one is the combination of a
Ni-20%Cr coating onto stainless steel 316 (SS316). Processing assures the coatings have the same
properties in both substrates. The behavior is linear elastic. Two heating/cooling cycles are presented for

each sample.
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Figure 20. Calculated CTE and Young's modulus of a Ni-20%Cr coating based on the curvature method,
data presented in Figure 19.
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As compared to Table 3, the CTE of the coating varies from about 12,3 x10° °C* to
13,4x10 °C, which is very similar or is in-the-range of coatings of the same compositions by
HVOF. Even the temperature dependence, CTE increasing with temperature, is correctly reflected
by the curvature method. The results validate the methodology, and offer an alternative method
that can be of easy implementation in laboratory or production facilities. The main advantage of
this technique lays on the fact that sample preparation is reduced to deposit a coating over two
different plate materials, which is relatively easy to do in the same run, and there is no need of
post-processing (sample cutting polishing, etc). Thin coatings can be used, whereas for
dilatometry, thick coatings must be sprayed above 2 mm thick.

The value of elastic modulus is a fraction of the bulk value as it is typical for TS coatings,
and ranges in between 70% of the bulk (bulk value reported for NiCr 215 GPa (Mankins, W.L.,
Lamb 1990)). Valarezo et. al. ( a Valarezo et al. 2007; Alfredo Valarezo and Sampath 2011)
reported a range of 50% to 60% of the bulk modulus for HYOF NiCr measured by instrumented
indentation, is about 115GPa to 130 GPa for HVOF samples. The value here presented apparently
shows to be larger than the reported in ( a Valarezo et al. 2007) however, it should be noted that
the measuring technique is quite different, especially sensing a different amount of coating
material.

The curvature method does not show a singular behavior in the first heating cycle that could
be considered the shakedown cycle. This could be because either the shakedown of this coating in
particular was low, or the shakedown effect was affected by the applied mismatch strain from the
substrate. The response of shakedown under applied strain is unknown at the moment.

3.7 Conclusions

In this chapter, the coefficient of thermal expansion (CTE) for TS coatings is discussed
considering the fundamental behavior of the material and the possible influence of the property
due to the particularities of the microstructure (oxide, pores, etc). Initially, a large compendium of
CTE values for various metallic, ceramic, alloys, and cermet coatings is presented from literature
and from tests developed by the author. The CTE values deviate from the bulk property only when
significant oxidation (or presence of a second phase-byproduct of the TS processing) is present in

the coating.
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As a result of the experimental investigation conducted, appropriate sample sizing,
preparation, and measurements are suggested for dilatometry measurements. Different techniques
to obtain the expansion of samples are available. The values of CTE reported here were obtained
mainly by the push rod dilatometry technique. Although other techniques such as: XRD, curvature
method and DIC are also used.

All TS coating materials show an irreversible behavior manifested during the first heating
cycle by measuring thermal expansion. The phenomenon is presented as an overall permanent
elongation or contraction of the original sample length. The authors named this effect as thermal
shakedown and it is attributed to annealing of defects (stress relief, recovery, sintering of cracks,
etc) with temperature. For this reason, the compiled expansion data presented in this chapter
corresponds to the second or third heating cycle. That is to say, the expansion values were extracted
when the structure is stable and the CTE behavior is reproducible. The numbers of thermal
expansion collected from other authors are not necessarily extracted in a cyclic manner.

Despite the anisotropy of the coatings due to their layered architecture, thermal expansion
was found to be isotropic within the scope of this study. This was proven by analyzing a very thick
coating material measured in both directions, in-plane and through-the-thickness. Only the first
heating cycle was different for both samples due to shakedown, but after, they reached the same
expansion value. However, further studies are suggested as it is hypothesized that a higher amount
of a secondary phase preferentially oriented in the in-plane orientation may lead to anisotropy as
suggested by the laminated composite theory.

Spraying processes and spraying parameters have an influence in the expansion response
when phase changes occur (e.g. oxidation, precipitates) during spraying. Analytical models
including rule of mixtures, Kerner and Turner models are used to predict the CTE behavior based
on the properties of bulk material (feedstock) and oxides. When the feedstock oxidation is limited,
the CTE approaches closely to the bulk value. The presence of microstructural defects related to
porosity does not have an influence in the CTE.

Finally, the curvature method is discussed as an alternative technique to obtain the CTE of
coatings without intensive sample preparation. There is no need to spray thick coatings to meet the
requirements for dilatometry technique. The differences in CTE with this method compared to
push-rod technique are small. It is highlighted that the method produces as well the Young's

modulus of the coating with good approximation.
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Chapter 4: Thermal Shakedown: Anomalous Expansion Behavior of Thermal Spray
Coatings during Non-Isothermal Annealing

4.1 Introduction

Fully-molten or partially-molten particles are successively sprayed during TS process to build
up the unique coating lamellar microstructure. The millions of overlapping splats are subjected to
high deformation by impact, high temperature, and rapid solidification resulting in a complex
system with high amount of microstructural defects. Also, TS coatings are known for being
structures subjected to high strain (and high strain rates), and very rapid solidification: 10° -108
K/s -(S. Sampath and Herman 1996).

Highly deformed structures often increasetheir internal stored energy. This energy can be
correlated to accumulation of microstructural lattice defects, especially dislocations, grain
boundaries, and microstrain (Raabe 2014). When these defects are found in a substantial amount
in the microstructure of a material, the relief of them, via heat treatment, can cause a measurable
volume change. For instance, this effect has been measured as an irreversible shrinkage of severely
plastically deformed (SPD) materials during thermal expansion measurements by dilatometry
(Sprengel et al. 2012). A similar behavior has been observed in thermal sprayed TS coatings.
However, in this case, TS coatings not only can present an irreversible shrinkage but also it is
possible to observe an irreversible dilation (Thomas a. Taylor and Walsh 2004; T. a. Taylor and
Walsh 2004; J llavsky and Berndt 1998; Tsipas et al. 2004; Choi et al. 2007). Certainly, this
behavior responds to defect annealing at temperature, and it will be discussed in detail.

The high number of defects in TS coatings is a result of the processing via the rapid melting
and rapid solidification of small portions of material projected from the torch to a substrate to form
a layer. Splats solidify presenting columnar grains that grow perpendicular to the substrate
orientation (aligned with the orientation of the stream of particles) (Deshpande, Sampath, and
Zhang 2006; Chraska and King 2001). The directionality of the columnar grains respond to the
heat dissipation towards the substrate. As the coating grows thicker elongated and equiaxed grains
can be found depending upon the substrate temperature and the roughness (Safai and Herman
1977). Grains of the order of nanosize and microsize have been observed, as a consequence of the
rapid solidification. (Safai and Herman 1977; Deshpande, Sampath, and Zhang 2006; Franetovic,
Stubicar, and Bonefacic 1980; a Valarezo et al. 2007; Wu et al. 2007; G. Bolelli et al. 2010). Each
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splat is composed of a number of grains (small, in the thinnest regions; and larger in the thicker),
and defines a significant amount of grain boundaries (Wu et al. 2007). Dislocation densities as
high as 10> m have been measured in Al 7075 cold spray coatings (Rokni et al. 2015), and are
confirmed in this study via analysis of XRD results. Residual stresses are also inherent to TS
coatings due to the rapid quenching, impact, and thermal mismatch between dissimilar materials
(i.e. between the oxides formed during in-flight of the molten particles, and between dissimilar
coating/substrate materials). As the coating progressively is build up by successive impingements,
the roughness increases and the chaotic formation creates unfilled gaps namely, micropores, pores
(inter-splats, interlamellar), cracks, etc. Chemical segregation in alloyed materials is also possible
due to oxidation in flight, and convection during melting, impact, and solidification (Safai and
Herman 1977). All these structural defects contained in the microstructure affect the properties of
the material, and specifically, here, the dilation during a non-isothermal annealing process.

Several authors have reported changes in property values due to annealing of defects in TS
coatings, and some results in metal alloys are cited here. Transport properties, for instance,
electrical resistivity in Ni20%Cr coatings evolve from 300 pohm/cm to 400 pohm/cm during a
heating cycle to 500°C (Prudenziati and Gualtieri 2008); for TiO,, resistivity of the coatings
increases with air annealing at 550°C when the coatings are reoxidized (Sharma et al. 2006).
Property values in coatings are often a fraction of the bulk material especially due to the presence
of intersplat interfaces, which will also sinter (diffusion takes place making them to disappear) at
more elevated temperature and with time. Finally, several authors have also reported previously,
the anomalous behavior of dilation of TS coatings, which in some cases has been disregarded and
in others, they have been explained it as a result of in situ oxidation of the samples (Choi et al.
2007) or chemical homogenization of the material (J Ilavsky and Berndt 1998; Berndt, C.C
Herman 1982).

Coating properties are known to depend on the complexity of the microstructure and
architectural defects that are strongly related to the deposition process (S. Sampath et al. 2004;
Varis et al. 2014; Vaidya et al. 2005), some results are discussed in this context. The anomalous
dilation behavior related to strain energy relief has been observed in all types of TS coating
materials (ceramics, metals, alloys and cermets) with different magnitudes. An in depth study is
developed for only two metal/alloys as it was identified that the relief effect is enhanced in these

materials due to the presence of a larger amount of defects. Implications of this behavior are not
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only dimensional but functional. When coatings are used in passive applications the dimensional
changes as function of temperature introduce thermal stresses, whereas in applications where
coatings are functional, it will give origin to bias in the signals produced; for instance, in
electronics and sensors applications (Sanjay Sampath 2010).

To systematically study this effect, an Al coating (99% pure) was deposited by flame
spraying and a Nickel-5%w.t. Aluminium (Ni-5Al) alloy coating was deposited by the arc spraying
technology. Samples were studied using various characterization techniques. At the atomic scale,
X-ray diffraction (XRD) at temperature was used to determine changes in the lattice parameter of
the coating, and monitor the progressive annealing of defects in the diffraction pattern. At the
micro-scale, the digital image correlation (DIC) method was utilized to evaluate thermal expansion
in splats. High resolution images were taken at different temperatures on a hot-stage plate and
evaluated with Matlab software. DIC method was applied on the microscale, observing and
analyzing individual splats. The macro-scale analysis was carried out with dilatometry (DIL) using
a contact based instrument. Atmosphere and heating rates were controlled. Furthermore,
evaluation of inhomogeneities on the microstructure was done by elemental mapping using
scanning electron microscope (SEM) on both materials. To evaluate possible phase changes and/or

oxidation, differential scanning calorimetry (DSC) and thermogravimetry (TG) was employed.

4.1.1 Research Problem Statement

To illustrate the anomalous dilation in the first heating cycle, in Figure 21a, 21b and 19c,
the linear expansion of the Al-sample (19a). in-plane and 19b). through-thickness orientation)
and in Ni-5Al-sample (19c¢). in-plane orientation) coating respectively is presented. The results
are measured by a push-rod dilatometer. The linear expansion is plotted assuming zero linear
expansion at room temperature for the first heating cycle. The Al-sample shows a permanent
elongation of the sample on the order of +0.27% for the in plane orientation and +0.11% through
thickness strain at 380°C in the in-plane direction (sample obtained from a portion of the
material parallel to the substrate), whereas for the Ni-5Al sample the deformation measured was
of -0.25% permanent shrinkage. Temperature range for Al-sample experiments was from room
temperature to 350 °C and for Ni-5Al sample from room temperature to 700°C. The maximum
temperature for each material corresponds to the 0.56 and 0.5 of homologous temperature,

respectively. Figure 21, shows the results form Al and Ni5%Al in the in plane direction. After
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the annealing, the expansion behavior of the material is consistent with that of the bulk, and its

measurement is reproducible at any heating/cooling cycle.
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Figure 21. Linear expansion of an a) Al-sample coating by flame spray in the in-plane orientation, b) Al-
sample coating by flame spray in the through-thickness and c) Linear expansion of a Ni-5Al sample
coating by arc spray in the in-plane orientation.

The amount of strain relieved in the first heating cycle is discussed considering the
mechanisms of defect annealing: 1) recovery, 2) recrystallization and 3) grain growth. Therefore,
the evolution of dislocation density, grain size, and microstrain are analyzed to explain the
behavior and the orders of magnitude of the deformation. Homogeneity of the microstructure and
oxidation during non-isothermal annealing is revised to neglect their effect on the overall relieved
strain. The differences between in-plane and through-thickness tests are explained based on the

anisotropic behavior of TS coatings that determine a greater number of defects in the former

orientation.

4.2 Experimental Methods for Shakedown Magnitude Analysis

4.2.1 Materials and Processes

The two specimens used in this study were prepared by two different spraying techniques.

1) A 99% pure Aluminum (Al) coating was deposited using a flame spray torch Metco 12E
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(Oerlikon-Metco, Westbury, NY-USA) using acetylene as fuel, with feedstock material in the form
of solid wire, grade 1100, Metco-Al of 3.2 mm wire diameter (Oerlikon-Metco, Westbury, NY -
USA). Spraying parameters are the ones suggested by the gun manufacturer, and are summarized
in Table 7. Two specimens were produced at different times to investigate the reproducibility of
the effects. These samples will be named Al-FS-1 (for flame spray, aluminum sample 1); and Al-

FS-2 (for flame spray, aluminum sample 2).

Table 7. Thermal spraying parameter for Al-sample: flame spraying

Parameter Value Parameter Value
Fuel type Acetylene | Spray Distance (mm)

Fuel Pressure (kg/cm?) 0.9-1.1 | Torch Transverse Speed (mm/s) | 40
Oxygen Pressure (kg/cm?) 2-25 Substrate Material Steel
Carrier Air Pressure (kg/cm?) 45-5 Substrate thickness (mm) 4

2) A solid solution alloy of Nickel-5%w.t. Aluminum (Ni-5Al) sample was deposited using
the arc spray process, torch TAFA 8830 (TAFA-Praxair, Concord, NH, USA) using feedstock
material in the form of solid wire of 1/16” diameter. The material used was a TAFA bondArc 75B,
a Ni-5%w.t.Al alloy (TAFA-Praxair, Concord, NH, USA) from the category of bond coat
materials. The spraying parameters are the ones suggested by the manufacturer and are listed in
Table 8.

Table 8. Thermal spraying parameter for Ni-5Al-sample: wire arc spraying

Parameter Value | Parameter Value
Current (A) 200 Spray Distance (mm) 200
Voltage (V) 29 Torch Transverse Speed (mm/s) | 40
Carrier Air Pressure (kPa) 410 Substrate Material Steel
Substrate thickness (mm) 4
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Coatings were of 25 mm thick for the Al-sample FS-1, and 12.5 mm thick for the Ni-5Al-
sample and Al-FS2. Thickness was obtained by depositing various layers of about 0.075-0.100
mm per pass. Free standing specimens were machined to be tested by different methods, including
cutting saws and/or discharge wire cutting. From sample Al-FS-1, a pillar from the vertical
(through-thickness) direction was used to study the anisotropic behavior of the material. Splats of
both materials Al, and Ni-5Al were collected on flat polished Al-substrates, and Stainless steel 304

substrates, by rapidly moving the torches in front of the substrates.

4.2.2 Elemental Mapping by SEM

The microstructure of the as-sprayed coatings was evaluated by optical microscopy (Nikon
Eclipse Microscope, Tokyo, Japan) and by scanning electron microscopy (SEM), utilizing a JEM-
2100 SEM, operating at 200 kV. Samples were prepared via standard metallographic preparation
procedure. The as-sprayed coatings were cut using a precision saw, grade 15HC diamond blade
and then mounted (infiltrated with Buehler EPO-THIN low viscosity epoxy using vacuum
impregnation). The polishing was carried out on a semiautomatic system using procedures outlined
for thermal sprayed metallic coatings in technical notes published by manufacturer Buehler (Lake
Bluff, lllinois, USA). Fine polishing steps were done with cloth polishing with 9 and 3 um diamond
suspensions particles and a final step of 0.05 um alumina suspension.

It is of interest to analyze the elemental distribution/extent of oxidation in these coatings
because oxidation can influence the thermal expansion response as indicated in chapter 3, (section
3.3) where TS coating’s expansion behavior is compared to composite material. Figure 22, shows
the elemental distribution of nickel, aluminum and oxygen and some contaminants on the Ni-5Al
sample by arc spraying. It is observed that nickel is predominant while the Aluminum tends to
oxidize. Al is concentrated on the outer surface of the splats together with the oxygen. Oxygen and
Aluminum are segregated towards splat boundaries forming Al,Os; (Deshpande, Sampath, and

Zhang 2006). Some residues of carbon are a by-product of the polishing cloths.
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Figure 22 Elemental mapping of nickel, aluminum, oxygen and carbon, in Ni-5Al-sample by arc
spraying.

Figure 23, shows the actual percentage of the components on the elemental distribution of
Ni5%Al sample. Nickel is predominant with about 92 + 2%, and a variation on aluminum present
with 5.08 +0.47 %, oxygen 0.37 £0.01%, and carbon as contaminant in about 2.7+0.35%. The

elemental content was measured in nine different points of the polished surface of the coating.
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Figure 23. Elemental distribution of Ni5%Al Arc-spray coating. Percentage of constituents

The same elemental mapping analysis was done for Al-sample by flame spraying. Figure
24 shows the presence of oxygen in the boundaries of splats, and carbon as contaminant. This

presence of oxygen is minimum, and it is very likely to occur on the particles during in-flight.
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Figure 24. Elemental mapping of aluminum coating, Aluminum and Oxygen together with some Carbon
as a contaminant on the process
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Figure 25, indicates the percentage amount of each constituent evaluated in nine areas of a
polished coating. The resulting values are: aluminum 97.45+2%, oxygen 0.39+0.2% and carbon

2+1%.
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Figure 25. Elemental distribution of Al Flame Spray coating. Percentage of constituents

4.2.3 X-Ray Diffraction (XRD) at Temperature

Monitoring of the lattice parameter during in situ heating/cooling was conducted for Al-
and Ni-5Al-samples. The diffraction pattern of both samples was obtained via XRD while heating
and cooling the samples, according to the procedure described as follows. Continuous ©-20 scans
were performed on a Panalytical Xpert diffractometer with an XRK 900 Anton Parr furnace with
flowing N2/4%H: gas, from nominally 15° to 112° (20) using Cu Kol radiation (A=1.540598 A),
Ko2 radiation, and a X'Celerator detector. For Al-sample the intensity height was adjusted to the
(111) peak. For Ni-5Al-sample, the scans ranged from 5° to 80°, 2© Mo Kal using radiation
(A=0.709319 A) and Ka2 radiation, and the same X'Celerator detector. All scans used %° fixed
slits and %2° anti-scatter slit. A 10 mm mask was used and temperature collection varied from 27°C
to 50°C, and after, in steps of 25°C up to 350°C. The sample was cooled in similar way, in steps
of 25°C steps to 30°C and temperature profile was repeated. For Ni-5Al-sample, temperature was
controlled in steps of 25°C from 50°C to 800°C. The sample was kept for 25 min. at each

temperature for the counting of the diffraction.
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Jade software (MDI Materials Data, Liver more, California) was used to profile fit Al-
sample and Ni-5Al-sample diffraction patterns. A search of match was conducted using Jade and
High Score software and ICDD database. The silicon standard 640 examined with the same optics
was refined and used as the standard for size - strain analysis for the samples. Two analyses were
conducted. The profile fit of the Al (111) peak and also the Ni-5Al (111) peak at various
temperatures was used to evaluate the change in the lattice parameter as the sample anneals. The
second analysis focused in the narrowing of the peak, which is associated to annealing of
imperfections and grain growth (increase in the crystallite size). So, the XRD pattern results at
various temperatures were also used to calculate the mean grain diameter [d]; the microstrain [¢];
and from here, the dislocation density [p] changes of the samples at approximately room
temperature, and following annealing at various temperatures.

Grain size and dislocation density values were calculated following the Williamson—Hall
method(Williamson and Hall 1953). B, the peak broadening term, was calculated by computing
the equation 11, that includes the full width at half-maximum (FWHM) values of the diffracted
peaks (Babs), obtained experimentally; and the peak broadening accounted by the instrument (Binst),

obtained using a Gaussian function from a silicon standard 640 reference sample:

B = \/(Baps)? + (Binst)? Equation 11.

Now, using Equation (12), according to (Williamson and Hall 1953; Williamson Smallman
1956), the values of d and ¢ were obtained from the slope and intercept, respectively, of the

B*cos(#s) vs. sin(g) curve by performing a linear regression analysis at every temperature tested.

BcosOp = KT: + £sinfp Equation 12.

where 1 is the wavelength of Cu Kal and Cu Ka2 radiation, i.e. 1.54 A, K is ~0.9 according to
(Klug and Alexander 1954) s is the Bragg angle, and B is the peak broadening term, obtained in
equation 11. Dislocation density [p] can be quantified by using the equation 13:

2V/3¢
p = dbg Equation 13.
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Where b is the magnitude of the Burgers vector b, for Al (0.286 nm), calculated from lattice
parameters and confirmed (Rokni et al. 2015). This relationship (Equation (13)) is commonly used
when studying aluminum alloys subjected to severe plastic deformation (Rokni et al. 2015). In this
context, considering the typical high strain rates (approaching 10° s™%) and high cooling rates
(approaching 107-10° K-s %) (S. Sampath and Herman 1996) experienced by TS coating, thus, it is

rational to use Equation (13) for estimation of dislocation density in this study.

4.2.4 Push rod (and Dual Push rod) Dilatometers

Dilatometry measurements were carried out with a single or dual push rod. Instrument
consists of an insulated furnace chamber with adjustable heating rate, where a sample is fixed
against a movable pushing rod. The second end is either in contact to a fixed support, or to a
movable pushing rod. Sample is heated up or cooled down with controlled temperature and in
some cases purging inert gas or vacuum atmosphere. The system measures precise dimensional
changes of a specimen brought to temperature change. This is the most common method to extract
linear dimensional changes through a wide temperature range. The displacement is registered using
an LVDT. Asingle push road dilatometer (Netzsch Thermische Analyze DIL402, Netszch Group,
Selb, Germany) (Netzsch 2006) was used and also a number of thermal expansion measurements
were carried out on a dual push rod dilatometer (Theta Dilatronic, Theta
Industries,PortWashington, NY). Thermal expansion was measured over the temperature range
from room temperature RT to 400°C and 700°C for Al and Ni-5Al respectively in a controlled
atmosphere. The temperature of the specimen was determined using a type S (Pt versus Pt—10%Rh)
thermocouple. Measurements were with a standard heating and cooling rate of 5 K/min. The length

of the sample was measured relative to a standard sapphire specimen (5 mm diameter 25 mm long).

4.2.5 Differential Scanning Calorimetry (DSC) and Thermal Gravimetry (TG)
Measurements

A Q2000 DSC (TA Instruments, New Castle, USA) instrument was used to determine
phase changes related mainly to oxidation, homogenization or possible precipitations.

Simultaneous TG measurements were conducted to verify the change in weight. The
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measurements were done using 5.0 mm-diameter by 1.0 mm-thick disks that were prepared by
cutting pieces from the original thick coating specimens. Samples weight was (35.24 mg).
Measurements were made in the temperature range from 25°C to 400°C for Al and from 25°C to
700°C. Hermetically sealed aluminum pans and lids were used during the DSC runs, and all tests
were conducted in helium (He) flowing (5 sccm) environment. Heating and cooling rates of

20°C/min were used.

4.2.6 Digital Image Correlation (DIC) Technique for strain field monitoring

DIC is an optical non-invasive technique that allows measurement of displacements and
deformations on the surface by analyzing two dimensional (2-D) high resolution digital images of
the object, in this case subjected to a change in temperature. Two stages have to be considered for
this evaluation. The first step is related to sample preparation. Samples were prepared by standard
metallographic technique, assuring very flat surfaces perpendicular to the orientation of the digital
camera. The camera was mounted on a Stereo Microscope of 10X magnification.

The samples need to have an appropriate and randomically distributed gray scale or speckle
pattern. This pattern allows to have a correct scan of the image for the analysis. For the experiment,
the contrast in the image produced by the features of pores and oxides were used as the gray scale
pattern. After obtaining the sequences of images, the correlation is run in MatLab R2013a
(Matworks Inc.). In this step tracking of surface displacement is evaluated in correlation with
pixels on the image (Wang and Tong 2013; Thompson and Hemker 2010)

4.3 Results and Discussion

Dilatometry has been identified as a powerful tool to identify the evolution of the structure
of the materials upon heating for several studies. Reversible changes in the materials can be
identified via dilatometry as inflections in the linear expansion of the sample, which correspond to
phase transformations i.e. martensitic transformations in steels (Naderia, Saeed-Akbarib, and
Bleckb 2008), magnetic-paramagnetic transitions -Curie temperature (Nix F.C. MacNair D. 1941),
etc. Other non-reversible changes have been monitored via dilatometry such as consolidation of
powders during sintering (Cipitria, Golosnoy, and Clyne 2009a; Cipitria, Golosnoy, and Clyne
2009b), oxidation (Choi et al. 2007), defect annealing in severely plastically deformed (SPD)
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materials (Sprengel et al. 2012), intercalation reduction reactions in the first charge of batteries,

change in electrical properties of graphite electrodes, (Ohzuku, Matoba, and Sawai 2001), etc.

Dilatometry experiments applied to TS coatings, as seen in Figure 21, show an irreversible change

producing a macroscopic length modification, shrinkage or dilation, due to various mechanisms

occurring during a heat annealing cycle. This effect, so called here as “thermal shakedown”

behavior, is evident only during first heating cycle. This effect occurs in lower or higher magnitude

in all coating materials deposited by different spraying processes. The hypotheses of some of the

mechanisms that can lead to have this effect on TS coatings are described below.

1)

2)

3)

4)

The annealing of large number of the defects can lead to significant volume change. The
presence of large amounts of dislocations (1-D defects), and grain boundaries (2-D defects)
determine an excess volume that upon heating, can determine an overall shrinkage of the
structure. By means of the analysis of XRD patterns at temperature during heating and
cooling, the change in dislocation density and grain size can be determined. The order of
magnitude of this change can be defined.

Another hypothesis to be considered is the consequence of the interaction of
microstructural intrinsic defects produced by the TS processing: interfaces, oxides, pores,
cracks, etc., during a heat treatment. As coatings are formed by a number of splats that
solidify in irregular morphologies with large retained residual stress when they are heated
up, these splats tend to undergo stress relief. Splats can be found mostly constrained
(attached to other splats), but other regions (near to pores) can be found unconstrained.
Simultaneously, as the splats expand while heating, they create new contact areas (shear or
normal contacts) causing possibly friction between splats. This can increase or alter the
shakedown behavior.

As it has been discussed previously, large residual stresses can be found in the splats and
in the overall coating. Measurements of residual stress profiles reported in literature (A
Valarezo et al., n.d.; Matejicek et al. 2003) describe large magnitudes of the stress, and
significant variations through the thickness, depending upon the processing conditions.
Therefore, residual stress is taken into account as an important mechanism to explain the
order of magnitude of strain relaxation during the shakedown cycle.

Diffusion mechanisms can act during the shakedown cycle, including: oxidation, new

phase precipitation, and homogenization of the atomic structure. Particularly, TS coatings
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5)

have larger surface area per volume than the bulk materials due to the splat structure, and
porosity. This would make TS coatings more prone to oxidation, however many of the
splats surface can be found covered by oxides produced during in-flight. This would
decrease the kinetics of oxidation reactions. On the other hand, atomic disorder can occur
due to convection mechanisms during particle melting, in-flight, and impact. Atomic
reordering is likely to occur during the first exposure of the sample to heat, after deposition.
Sintering is a well-known process that result in the densification of a porous structure.
Sintering in TS coatings may occur in cracks within splats, and between splats in the
intersplat interface; with no applied-pressure. Dilatometry (regularly used in sintering of
ceramics has been used to monitor the magnitude of the shrinkage due to sintering; for
instance, in YSZ coatings (Cipitria, Golosnoy, and Clyne 2007) during isothermal heat
treatments, but there are no references regarding metallic TS coatings. The experiments
developed in this chapter are at about 0.5 T, with which, the effect of sintering is reduced;
however the possibility of its occurrence is not fully ruled out.

In Table 9, these hypotheses are made specific for the case of the Al- and Ni-5Al-samples. The
possible mechanisms causing or affecting the dilation behavior reversibly or irreversibly
(shakedown) for these two materials are described. The key experiment(s) selected to study each
mechanism are proposed as well.

Table 9. Mechanisms that alter the dilation behavior of TS Al- and Ni-5Al-samples during a
heating/cooling cycle.

Irreversible
Mechanism | Nature of the mechanism change during Experimentation
first heating
Yes No
= Annealing of defects: dislocations, X = Annealing of defects:
recrystallization, grain growth. Evaluation of dislocation
L = Oxidation: Al,O3; formation on the density change, and grain size
Kinetics of | qrface of exposed materials to change by XRD at temperature
Defect oxygen in the Al-samples; and = Oxidation; DSC, and DTA-TG
Annealing similarly Al,O3 formation in the tests
& Material Ni-5Al-sample (preferential
Specific oxidation of Al) (Deshpande,
Properties Sampath, and Zhang 2006)
= [ncrease in vacancy concentration X = VVacancy concentration:
= Phase transformations comparison between dilation
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of the d-spacing, vs the linear
expansion.

= Phase transformation: DSC
and DTA-TG tests

between splats

Kinetics of = Relief of residual stresses = Relief of residual stresses:
Defect = Homogenization (chemical XRD monitoring of d-spacing
Annealing h(_)mogenizat.ion by diffusion) anc_j peak shift due to stress
d = Sintering of interfaces relief

ue to . .

. = Homogenization: cyclic tests-
Processing heating/cooling of DSC and
Effects DTA-TG

= Sintering:
= Splat unraveling/Distortion of = Splat unraveling/Distortion of
splats due to relief of intrinsic splats: observation of splats
stresses and thermal stresses via Digital Image Correlation
= Inelastic mechanical shakedown, (DIC)

: due to sliding, friction, shear = Inelastic mechanical

E/L(;;::tasmlcal contact, axial contact, etc. shakedown: N/A

= Thermal stresses between the
coating material and oxides
within the same splat.

= Thermal stresses: Digital
Image Correlation (DIC) N/A

The contribution to the “thermal shakedown” of the several mechanisms is discussed
considering the possible strain gradient that each proposed mechanism could account in the overall
shakedown strain gradient (defined here as the strain difference between the first heating cycle and
the subsequent heating and cooling cycles). The summation of the overall non reversible gradients
of strains caused by the mechanism described in Table 9, should be equal to the shakedown strain

gradient. The overall shakedown strain gradient is shown for Al-sample, and Ni-5Al in Figure 26.

Equation 14 summarizes the contribution of each mechanism to the shakedown strain, thus:

Aggp = Aggp + Agy,+Agp s + AEothers

Where:

Aggp, is the shakedown strain gradient (the difference between the linear expansion in the
first annealing cycle with respect to the steady state behavior of the same sample in subsequent

tests); Agg p. is the strain gradient due to grain boundary annihilation, A, is the strain gradient due

Equation 14




to dislocation annealing, Aey s is the strain gradient due to residual stress relief, and the Ae,;jer 1S
the summation of oxidation, sintering and other possible effects that might occur during heating,

but that for the Al- and Ni-5Al system are considered negligible.
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Figure 26. Shakedown strain gradients of Al-sample FS-1, in the in-plane (IP) and through-thickness
(TT) orientation (FS1 refers to the process: flame spray-FS, and 1 to the first batch of samples), Al-
sample FS-2 in the in-plane orientation from batch 2, and Ni-5Al-sample by arc spraying in the in-plane
orientation only.

In Figure 26, the shakedown strain gradient is presented as a function of homologous
temperature. As the temperature increases, the shakedown strain gradient increases as the energy
available allows for the evolution of the microstructure to an equilibrium state. The shakedown
strain gradient appears about above 200°C (0.3 Ty) for Al-sample and above 400°C (0.3 Ty) for
Ni-5Al-sample. It is highlighted that this temperature corresponds to the recrystallization
temperature for both materials. For Al-sample, two specimens are presented, one sample (Flame
spray FS1) in the in-plane orientation, and the through-thickness orientation and another one

(Flame spray FS2) for the in-plane orientation only. Ni-5Al sample is presented only in the in-
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plane orientation. For Al-sample FS-1 in the in-plane orientation, the Aey, = +0.20 % and for
the through-thickness was of Aeg, = +0.08 %. The differences in shakedown due to the
anisotropy of the Al-coatings lies on the kinetics of the defect annealing varying in the through-
thickness versus the in-plane orientation. The through-thickness orientation includes: 1) a higher
number of inter-splat interfaces which can lead to a slower kinetics of grain growth and dislocation
annealing in the grain boundaries, especially near the interfaces; and 2) near zero residual stress as
plane-stress condition normally occurs in these coatings. It should be noted that the latest condition
still includes some deformation in the through-thickness direction due to “Poisson effect” as the
in-plane stress is relieved

Al-sample FS-2 in the in-plane direction will be studied in detail. The maximum
shakedown strain gradient at 390°C was on the order of Aeg;, = +0.040%, whereas for the Ni-
5Al-sample the maximum shakedown strain gradient registered at 700°C was Aeg, = —0.250%.
The magnitude of strain corresponding to the mechanisms contributing to the shakedown is

discussed as follows.

4.3.1 Microstructure Characterization:

The Al- and Ni-5Al-samples were tested initially to identify the similarity of the splat-
structure in different regions of the coating, and assure that the sample dimensions for the different
characterization techniques are representative of each coating. SEM (Figures 27 and 28) and
(Figures 22 to 25). Elemental mapping techniques were used to scan different regions of the
sample. The typical oxide formation (Al>Os3) in the intersplat interfaces for both coatings is
identified. SEM micrograph of as sprayed Ni-5Al-sample sprayed by Arc spray are shown in
Figure 27. The images show characteristic features of arc spray coatings. Images were taken in
different regions of samples seeking to analyze similarity of coating distribution. Micrographs
show homogeneous distribution of splats, pores and oxides. This was quantified by elemental
mapping in Figure 23, showing very small relative standard deviations. This allows to conclude

that the samples show homogeneous microstructures.
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Figure 27. Cross-sectional micrographs of Ni-5Al-samples obtained from three different positions by SEM

The same micrograph analysis was carried out for the Al-sample. Similarity of the
microstructures was also identified based on observation of various different regions of the sample,

as it is shown in Figure 28; and also regarding the elemental mapping in Figure 25.
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Figure 28. Cross-sectional SEM micrographs of Al-samples FS-2 for three different regions of the
sample.

It is concluded that microstructural features for both samples are homogeneously

distributed and samples are representative of each coating.

4.3.2 Differential Thermal Analysis and Thermal Gravimetry

The DTA-TG curves of the Al- and Ni-5Al-samples in flowing atmosphere of argon at a
heating rate of 5°C/min are shown in Figure 29. These experiments were developed to investigate
possible phase changes during the shakedown thermal cycle, such as phase precipitation,
homogenization of the microstructure, decomposition of phases, or oxidation.

No evidence of any significant weight loss nor endothermic or exothermic phase changes were
identified for any of the two materials. This leads to the conclusion that neither oxidation nor phase
changes occur for the coatings when exposed to a heating cycle. This analysis was conducted in
similar cyclic manner like the expansion measurements, and there is no evidence of the shakedown

effects.
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Figure 29. DTA-TG curves at a specified heating rate of 5°C/min in air with a flow of Ar, for Al-sample
FS-2 and Ni-5Al-sample.

4.3.3 D-spacing, shift of the peak

Al- and Ni-5Al-samples by flame spray and arc spray respectively, were tested in a
diffractometer according to the method described in (section 4.2.3). Figure 30 shows XRD
measurements of Al-sample (Figure 30a) and Ni-5Al-sample (Figure 30b) as they are
progressively heated up. The position of the (111) peak of Al, as well as the (111) peak of Ni-5Al
samples, register a shift in the 2-theta angle towards lower values indicating an increase in the
interatomic distance of the lattice as the material expands, whereas on cooling down the peak shifts
to the original position. Diffraction patterns are shown every 25°C. Refinement (narrowing and

growing) of the peak is observed as a result of annealing of defects and relaxation of residual

stresses during the first heating cycle.
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Figure 30. In situ monitoring of a) the (111) peak of Al-sample flame sprayed and b) and (111) peak Ni-
5Al-sample arc sprayed coating by XRD while heating and cooling. Procedure is described in section

4.2.3. Two-heating cycles are presented. The average peak position shifts with temperature in response to
the increased interatomic separation to reach equilibrium.
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When analyzing the dilation effect at the atomic level under these temperature cycle
regimes, results show deviation of the lattice expansion in the first annealing cycle from expected
expansion property, as indicated summarized in Figure 31 showing the lattice parameter evolution
with temperature and cycles. Deviation is evident only during first heating cycle, similarly to the
dilation results measured by the dilatometer. Subsequent cooling and heating cycles present a
stable lattice expansion response which is comparable to the expansion property of the bulk
material. This deviation is associated with residual stress relief in the sample as the d-spacing
changes with temperature.

For Al-sample in Figure 31a, the stress is identified to be compressive in nature as the
measured lattice parameter in the first heating cycle is shorter than the one in the equilibrium state.
The calculated strain gradient at 0.3 Th was about +0.022% (positive means the lattice was enlarged
irreversibly due to annealing). It is noted that the amount of strain gradient between the first heating
cycle and the stable one represents the recovery of the lattice at discrete temperatures, thus it does
not represent the absolute residual stress relief since the measurement is carried out at temperature
while annealing of defects is occurring concurrently.

For Ni-5Al-sample in Figure 31b, the behavior does not show a remarkable stabilization
after the first annealing cycle. The overall change of the lattice parameter suggests a relief of tensile
residual stress in the first heating cycle. The largest calculated strain gradients are: at 50°C (-
0.060%), at 350°C (-0.058%), and, at 450°C (-0.056%), (negative means the lattice decreased to
the equilibrium state at that temperature). These strain gradients are significantly large, and may
account for part of the thermal shakedown strain gradient (on the order of -0.250% measured by
dilatometry for NiAl). The Ni-5Al alloy may experience homogenization during the first annealing
cycles. Some depletion of Al occurs during the formation of the Al.O3 (Figures 22, 28), and
therefore, during the first heating cycle the material may experience some diffusion effects to

homogenize the structure, and this can affect the measurements of the lattice parameter.
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Figure 31. The lattice cell parameter-a (d-spacing) as a function of temperature for a) an Al-sample flame
sprayed coating, and b) a Ni-5Al-sample arc sprayed coating. Both coatings relieve stress during first heat
cycle.
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In order to approach the shakedown problem, in a more systematic manner, only the XRD

patterns of the Al-sample are analyzed in detail as follows.

4.3.4 X-ray Diffraction Analysis and Mechanisms Contributing to the Shakedown
Effect

The energy stored in the coating during deposition is released with temperature as a consequence
of defect annealing. These defects include vacancies, dislocations, grain boundaries, intersplat
interfaces, etc. Presence of these defects creates an excess volume in the material. In TS coatings
residual stresses are also known to account for some amount of the energy stored in the system.
In this section, the analysis of the XRD patterns at temperature allows to quantify the order of
magnitude of the contributions to shakedown from annealing of dislocations and grain boundaries.
Analysis of these contributions are compared to the permanent macroscopic length change,

shakedown strain, presented as measured by the push-rod dilatometer.

4.3.4.1 Excess Volume due to increase in Vacancies Concentration

Besides the natural increase in the interatomic distances with temperature, creation of
vacancies will increased the overall length of the sample. Therefore, an increase in vacancy
concentration will increase the expansion of the material. This increase is reversible and does not
contribute to shakedown. However, in this section, the strain accounted for vacancy concentration
increase (Cy) is calculated to be compared with the known values of Al-bulk. Cy can be determined
by using equation 15. This analysis was first performed by (Simons and Balluffi 1960; Nenno and
Kauffman 1959).

6 =3(Fm-2m)
Equation 15

Where a is the lattice parameter and L is sample length. Therefore, the excess volume can be
obtained from equation 15, by computing the dilatometer results for L and the XRD results for a.
in equation. The linear strain corresponding to C, = 2.19x107%, this is about 0.022% strain. This
is equivalent to the Al-bulk value reported in literature as 3 x10 * (Feder and Nowick 1959)This

results proves that the coating in terms of excess volume due to vacancy creation behaves similar
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to a bulk material, despite the fact that the coating has larger surface area per unit volume compared
to a bulk material.
The excess volume (equivalent to volumetric expansion) is defined for an isotropic material

as three times the linear expansion as shown in the equation 16.

AV AL _
—=3— Equation 16
v L

From here forward, only the linear expansion will be considered, although the reader should

keep in mind that the effects are volumetric and isotropic.

4.3.4.2 Excess Volume due to Dislocation: Analysis of Narrowing of the Peak

Microstructure evolution during annealing will change the lattice parameter (due to strain
relief), grain size, microstrain, and dislocation density as a function of temperature. The analysis
of the narrowing of the peak using the Williamson—Hall method allows determination of grain size

and dislocation density changes (described in 4.2.3)

As the XRD peak shifts with temperature (shown in Figure 30), it also gets taller and
narrower during heating/cooling cycles (Figure 32). Narrowing of the peak is associated to
annealing of imperfections in the structure that mainly reduces the amount of dislocations present
in the microstructure by recovery.(Raabe 2014), in the initial stage. The presence of dislocations
is responsible of microstrain energy in the structure. The strain relaxation is associated to the
number of dislocations annealed when the material is exposed to temperature. In Figure 32, the

narrowing of the peak at 50°C in different time of the heating and cooling cycles is shown.
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Figure 32. Narrowing of a (111) peak of Al-sample at a fixed temperature of 50°C during a heating/cooling
cycle. XRD is carried out using Cu-Kal, and Ko2 radiation.

At higher temperatures, recrystallization and grain growth occur. The full width at medium
height (FWMH) at various peaks of the pattern were determined and used according to the
Williamson-Hall Method to determine for each temperature in every cycle: the grain size (d) and
microstrain (¢), and from here, the dislocation density (p), according to equations 11-13. The
evolution of p and d with temperature in the first heating cycle is shown in Figure 33. Both
parameters experience a significant change. Dislocation density varies from 21x10'*m?; to 1x10%

m2; while the average grain size changes from about 150 nm to almost 500 nm.
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Figure 33. Dislocation density (o) and grain size (d) evolution during a heating cycle. Measurements of
XRD are carried out at various temperatures 50°C, 100°C, 200°C, 300°C and 350°C. Williamson Hall

method is used to analyze the XRD pattern and determine pand d.
The annealed excess volume AV /Vgisioc cOrresponding to the change in dislocation density
can be calculated from equation 17.

AV

— = 0.5h2
4 disloc p

Equation 17
Where b is the burgers vector for Al (0.2862 nm calculated from lattice parameters). (o)
corresponds to the change of dislocation density from initial 50°C to 350°C. The excess volume
(volumetric strain) contribution to the shakedown as determined by the dislocation annealing is

estimated to be 0.615x1073. Therefore, the linear strain contribution is 0.021%.

4.3.4.3 Excess Volume due to grain boundaries
The contribution from the grain boundary can be calculated by using equation 18:
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Where e is the grain boundary excess volume, a reasonable value for Al is 0.02 nm
(Williamson and Hall 1953; Wolf 1989). Using the change of average grain sizes in Figure 32,
from 50°C to 350°C, the contribution of the excess volume of the grain boundary in the shakedown
strain is of 0.010%.

4.3.5 Digital Image Correlation (DIC) of unconstrained splat

Commonly, splats solidify in irregular shapes that emulate disks or flakes. In this section,
it was found that splats morphology change drastically when they are heated up. Splats tend to
unravel and relax the stored energy resulting in a change in shape. The residual stress associated
with the spraying process is relieved during the recovery process and can be correlated to the
distortion of these shapes. The microscopic splat distortion was recorded by DIC. The observation
of a single unconstrained splats (delaminated) heated up under temperature control reflects the
magnitude of the strain and actual deformation. To evaluate the magnitude of the geometric
changes, it is necessary to track points of the splat by analyzing several high resolution images to
determine the distortion. This is done through the DIC technique while in-situ heating the splat,
and taking images at specific temperatures and later analyzed them with the use of specialized
software.

Results of DIC analysis on two unconstrained splats are presented on Figure 34, thermal
strain versus temperature is plotted. This correlation method using the DIC process again shows
differences between the thermal shakedown (first heating) cycle and the subsequent ones. This
alteration on expected dilation values are evident and expected because of the similitude on
previous analysis carried out. However, two aspect are highlighted:

1. The shakedown effect also appears at the microscale, in similar orders of magnitude

(even higher) in comparison to the macroscale, which suggests that the mechanisms
producing the shakedown strain gradient act at the splat level, and that the results of
the shakedown strain is not the summation of effects on millions of splats.

2. Although not shown in Figure 34, the shakedown strain is three-dimensional, which

explains the deformation in the through-thickness dimension as well. It has been
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observed that splats unravel in highly deformed areas of itself. It is hypothesized that
the stress relief not only produces a relaxation of the lattice parameter but as a
consequence of the relief there exists a substantial distortion of the shape of the splat.
The summation of distortion plus stress relief, at the end, magnify the shakedown
strain. It is highlighted that these results were observed in delaminated splats, because
of the limitation of the experimental set up.
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Figure 34. Analysis of deformation of splats of Al-FS2 samples by the Digital Image Correlation (DIC)
Technique— Heating and Cooling Cycles up to 325°C. On the right hand side, the change in thermal strain
as a function of temperature. On the left hand side, an image of two analyzed splats at temperature (280°C),
the colors reflect the strain change with respect to the first image at room temperature.

4.3.6 Analysis of Results

The overall irreversible length change in TS coatings was first determined from dilatometry
measurements. The total shakedown strain measured in macro scale via dilatometer on the Al-FS2

sample was of about +0.040%, as indicated in Figure 26.

Several mechanisms are hypothesized to have contributions on this behavior. The “Thermal
Shakedown Strain”, Aggy, , defined in equation 14 identifies some of the mechanisms acting. First
at atomic level, the presence of lattice defects was analyzed. Annealing of defects was quantified
by analysis of the XRD patterns. It was discussed that vacancy creation will have a reversible
contribution, whereas, dislocations density and grain boundaries excess volume (Oberdorfer et al.
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2014) will create a contraction on the sample when the defects are annealed. For these reason the
two contributions are negative. Later, at the microscale, the observation of splat annealing revealed

other mechanisms, whose contribution instead was positive.

Considering the hypotheses proposed in Table 9, the mechanisms related to “Kinetics of
Defect Annealing & Material Specific Properties” are summarized as follows. The contributions
of strain gradient quantified from diffraction analysis on the dislocations and grain boundary
annealing were of -0.021% and -0.010%, respectively. Since these two types of defects contribute
to an excess volume in the microstructure that gets annealed during heat cycle, they reduce the
total length of the sample. The strain gradient corresponding to the possible Kinetics driven
mechanism due to oxidation, homogenization of the microstructure, or phase changes, are

considered negligible according to the results from DTA/TG in section 4.3.2.

The mechanisms related to “The Kinetics of Defect Annealing due to Processing Effects”,
highlighted the effect of residual stress, homogenization of the microstructure, and sintering. The
residual stress as for section 4.3.3, was discussed to be compressive and produce a +0.022%,
positive strain gradient. The homogenization criteria is neglected according to section 4.3.1., as
mentioned before, and the sintering effect is also neglected as the maximum annealing temperature

was below 0.6 T.

Finally, the mechanisms related to “Mechanical Effects” in Table 9, proposed the
contribution of effects of splat unraveling accounting for distortion of the microstructure. DIC
results from section 4.3.5 suggest that the effect of splat distortion can be large and in the order of
magnitude of +0.040% and slightly superior. It is highlighted that the contributions of distortion
and “mechanical effects” in general, must be summed on the structure and therefore, it is possible
that they represent the remaining difference in equation 14. This factor may account for part of the

strain gradient that is measured as an overall expansion of the structure.

To resolve for the equation 14 presented initially in this section (4.3), shakedown gradient
due to distortion effects should be considered as suggested by the DIC results. Other mechanism
may act like intersplat sliding, friction, shear contact, axial contact, etc. However, these
mechanisms have not been addressed in this study, and thus, remain within the strain

gradient Agy¢ners-
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0.040% = (—0.010%) + (—0.021)% + (0.022%) + Acgistorion + DAEotners | EQquation 19

Aggistorion T Aéothers = 10.049%

Despite that the previous analysis does not fulfill thoroughly every contributor to the
shakedown gradient strain and its absolute value, the analysis of order of magnitude for each
contributor is remarkable. As it has been cited in this chapter, all TS coatings tested so far, have
shown the shakedown behavior. Some coatings present a permanent contraction while others a
dilation, but all the strains are in the range of ~0.010%. This number is reasonable when compared
to the results of annealing of materials with high level of dislocations (~10'*m?), and small grains

sizes (~100 nm) which is the case of TS coatings due to the rapid solidification and impact.

4.4. Conclusions

TS coatings store a significantly large amount of energy from the deposition process. This
energy can be correlated to accumulation of microstructural defects, especially dislocations, grain
boundaries, microstrain, and residual stress. During the first exposure to heat, the as-sprayed
coating experience a rapid annealing of imperfections that result in a permanent macroscopic
length change of the sample, named here as thermal shakedown. The length change can be positive
or negative, meaning coating samples expand or contract during the first heating cycle. All types
of coatings exhibit this behavior that is enhanced in metal and alloy materials due to the large
amount of defects they store after the rapid cooling and solidification.

Differences on the thermal expansion from the first heating cycle respect to the subsequent
ones was analyzed in two systems: a 99% pure Al-flame spray coating, and a Ni-5Al alloy arc
sprayed coating. For Al-sample, the shakedown strain gradient (difference between the thermal
strain in the first heating cycle versus the thermal strain due to natural heating) was of +0.040%,
and for Ni-5Al-sample of -0.250%. Microstructural examination of the constituents of the coatings
by elemental mapping was carried out to evaluate the possible contributions to the expansion

difference due to presence of different phases or oxides. Also homogeneity of the microstructures
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was analyzed to identify possible phase segregation. Uniformity of the coating was evident from
this examination.

X-rays diffraction with temperature was measured to analyze lattice expansion change with
temperature cycles. The shakedown was evident on the lattice parameter variation on the first
heating cycle. Analysis of the peak narrowing and shifting was used to determine the contributions
of defect annealing (dislocation density change and grain growth) on the shakedown behavior
exhibited by the Al-sample. Analysis of the results demonstrates the presence of nano-grains, and
high amount of dislocations in the coating comparable to SPD (severely plastically deformed)
materials.

It was identified that an excess volume in the structure of the coating material anneals
reducing the size of the sample by 0.010% due to grain growth (grain boundary annihilation), and
0.022% due to dislocation annihilation. Reactions like oxidation and phase changes might also add
to the shakedown but they were found negligible via DTA/TG analysis. Residual stress annealing
analyzed by XRD shown an irreversible expansion contributing to the shakedown in about 0.022%.
Finally, the analysis via Digital Image Correlation-DIC showed a substantial deformation observed
as splat-distortion due to stress annealing. It is hypothesized that the splat distortion, and other
possible effects (shear contact, intersplat friction, etc.) may account for the difference in strain
gradient required to explain all the contributions to the shakedown strain.
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Chapter 5: Future Work

5.1 Introduction

In this dissertation, several aspects of research have been described, all related to thermal
spray coatings and their thermal expansion behavior. In chapter 1, the fundamental theory about
thermal expansion in bulk materials, and its application to thermal spray coatings was presented.
In chapter 2, the technical hypotheses that motivated the development of this work were addressed.
The investigation was focused mainly in measuring the thermal expansion property (CTE) of TS
coatings and identifying particularities in comparison to bulk material. In chapter 3, the influence
of deposition process and parameters on expansion property was explored. Also, analysis of the
anisotropic behavior of TS coatings and its CTE was examined. The experimental results and
analysis led to determine that deviations of CTE from bulk property arise only in the presence of
a second phase, distinct to the feedstock, as byproduct of the spraying process (i.e. oxidation).
When this second phase (e.g. oxides, precipitates) is limited, deviations from bulk are minimum.
Analytical models based on bulk properties were applied and the results were compared to
experimental findings. Typical TS microstructural features such as: pores or cracks, were found
not to have an influence on the expansion property. In chapter 4, the thermal shakedown effect
(described as a permanent length change of a TS coating during a non-isothermal heating cycle)
was studied in depth for two system-materials, namely Al and Ni-5Al. Although, all types of
coatings exhibit this shakedown behavior, this effect is enhanced in metal and alloy materials due
to the large amount of defects that these materials store after the rapid cooling and solidification.
Several mechanisms responsible for this behavior were evaluated with different techniques,
including: dilatometry, XRD and DIC. After the analysis of results, it was concluded that the
thermal shakedown is associated to a rapid annealing of defects.

Several other related research aspects have been explored yet not fully investigated within
this dissertation. Some of the topics and previous results are proposed for future research work and

presented as follows in this chapter.

5.2 Thermal stresses in TS coatings: analysis of thermo-mechanical behavior of

coatings via dilatometry

Coatings are commonly subjected to stresses by thermal loading due thermal expansion
mismatch in service. To study the effect of thermal strain mismatch on the thermo-mechanical
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elastic and/or inelastic behavior, including shakedown and sintering rates, a special sample was
prepared by coating an Al-6061 substrate beam spray coated on both sides with YSZ by APS
process. Figure 35, shows a schematic of a double side coated sample (sandwich composite)
analyzed in a dilatometer test. Coating thickness was of 0.5 mm on each side and the substrate
thickness was 3.2 mm. An analytical linear elastic model was developed to extract the elastic
modulus and calculate the “stress vs. mismatch thermal strain” curve. The sample was sprayed on
the in situ coating property (ICP) sensor, (1 x 9 in. flat plate). Slabs in the transversal direction (1
in. length) were cut and polished to be measured in the dilatometer. Ex-situ coating property ECP
measurements were done on the sample when only one side was coated. ICP and ECP provide the
information of residual stress and non-linear elasticity of a single coating. (Y. Liu et al. 2007; Yajie
Liu et al. 2008)

4.2mm

Figure 35. Schematic of sandwich composite sample. Al-6061 substrate of 3.2 mm thickness is coated in
both sides with YSZ coating by APS of 0.5 mm thickness

The methodology to estimate the thermo-mechanical behavior of the coating consists on the
measurement of three thermal strains: e thermal strain of the coating, & thermal strain of the
substrate, and ¢, thermal strain of the composite. As illustrated in Figure 36, when the sandwich
composite is subjected to a temperature change, the YSZ coating develops its natural thermal strain
and is subjected to an additional strain inserted by the substrate. The applied strain on the coating

will be (etc-€0) in tension, whereas the applied strain to the substrate will be (g0-ets) in compression.

The overall length of the composite sandwich is mostly defined by the stiffer of the

components, in this case the Al substrate.
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Thermal Etc

Figure 36. Illustration of sandwich composite sample subjected to an increase in temperature (positive
temperature gradient). e is the thermal strain of YZS coatings (free standing), e is the thermal strain of
Al substrate (free standing), and &, is the resultant strain of the composite

The sandwich sample was fabricated with layers in both sides to equate the presence of thermal

stresses and thus, avoid bending of the sample. Figure 37 shows the linear expansion (thermal

strain) of each of the individual components and the composite sample, as measured by the push-

rod dilatometer described in chapter 3. As the Al substrate is thicker, this component drives almost

all the expansion of the composite. The linear expansion of the composite is as expected smaller

than the stiffer component and larger than the more complaint component —YSZ coating. The large

difference of linear expansion between substrate and coating assures a significantly large applied

strain to the coating (ew-co) in tension and small applied strain to the substrate in compression (eo-

8ts) .
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Figure 37. Linear expansion (thermal strain) of free standing coating (YSZ), substrate material (Al-6061-
T6) and sandwich composite coating (YSZ on both sides of Al substrate)
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The calculation of the stresses is presented here. The stress (o) of the coating in side #1 is (C1)

and coating in side #2 is (c2), as well as the substrate (s) are:

01=E.  €q1=E. (&, — &r.) = E. (g, — a. - AT) Equation 20
0 =E.; €5 =E. (g, —€r.) = E.- (g, — .- AT) Equation 21
0, =E,-e,=E;- (g, — &r5) = E; - (¢, — as - AT) Equation 22

Where E is the in-plane modulus of the components E/(1-v), and « is the CTE. Applying the

boundary condition to a symmetric sample:
YF=0 Equation 23

Here, the neutral axis is in the middle of the sample, H is half of the thickness of the substrate,

and h is the thickness of the coating:

-H H H+h .
Sy pOc1-dAc + f_+H o, dAg + f:H o dAgy =0 Equation 24

Solving for E :

EZ- I (go_sTs)'(H) El

(euer) () L Equation 25

Solving for Stresses:

_ _ (ers —&rc) Es'H .
Ocr =E¢q €1 =E¢q- (—bfé_th”E;_I; ) Equation 26
(e7s-—er)Ech .
o4, =E, &, =—E, (—) Equation 27
s1 s s s Eé-h+E§-H q

From here, and using the experimental data in Figure 37, the elastic modulus of the coating E
can be extracted as a function of temperature in Figure 38, as well as, the stress-strain behavior of

the coating, calculating the stress using £’ and (etc-¢0) as the applied strain.
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Figure 38. Coating modulus of YSZ coating obtained from uniaxial monitoring of sandwich composite
expansion

5.2.1 Considerations

The presented procedure allows to determine the mechanical properties of a coating of
known CTE. For the analysis, the shakedown effect was neglected as it did not appear for this type
of sample, probably as for the YSZ, this effect was measured to be of low strain levels. However,
the methodology demonstrates to be a powerful tool to study the thermal stress engineering
problem including the evaluation of the mismatch thermal strain and the mechanical properties of
the coating, which are often unknown. For the case of YSZ, the non-linear elastic behavior was

identified by this alternative method.

5.2.2 Suggestions

The methodology presented here may allow to study the shakedown effect of metal/alloy
coatings deposited over a substrate. The studies so far regarding thermal shakedown have been
carried out on free standing coatings. There is no evidence yet that the shakedown effect appears
on coatings constrained by the substrate. Some evidence on ECP tests, have shown that the first

heating cycle is different that the subsequent, however this is not the rule. The ECP technique may
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not be as sensitive as to differentiate the shakedown effect. However, this technique of double-
side sprayed samples may allow the study of the shakedown effect on coatings under applied

thermal mismatch strains.

The studied case (Aluminum substrate - YSZ coatings) was utilized to promote the thermal
mismatch between the two materials. In high temperature applications as in TBC’s, the materials
are different but the mismatch strain levels are similar. Additionally, other effects start playing a
role during a high temperature heating cycle, such as annealing, growth of TGO, creep, etc. Thus,
the presented technique may be a powerful tool to learn of the TBC-system behavior in a more
compelling way, which may include the analysis of shakedown, study of the anelasticity of the

YSZ coating at temperature, study of the sintering effects, etc.

The presented technique may also allow to extract the properties CTE and Elastic Modulus
of the coating if two samples of the same coating are prepared on two different substrate materials,

as it was describe in Chapter 3 using the curvature technique.

5.3 Shakedown Behavior at Elevated Temperatures

In Chapter 4, the studies of shakedown behavior were conducted in relatively low
temperature regimes (below 0.5 Th). Some exploratory experiments were conducted in the
dilatometer for materials at higher temperatures, i.e. Ni-20%w.t.Cr samples deposited by HVOF,
as seen in Figure 39. It was of particular interest to study the dilation behavior of the coating in a
cycling manner (heating-cooling various cycles) at low-temperature regimes, up to 500°C, and
followed by a high-temperature regime, up to 900°C in the same sample. The results show re-
activation of the shakedown behavior. The absolute value of shakedown strain gradient
|Aegsy | (difference of linear expansion between the first heating cycle and the steady state cycle)

increases as the temperature increases, and it is larger for the high temperature regime.
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Figure 39. Shakedown behavior of Ni-20Cr sample tested in a cyclic manner: heating-cooling. Low-
temperature regime reached up to 500°C, and high-temperature regime reached up to 900°C. There are
three subsequent cycles for each regime (data of shakedown linear expansion is tared to the reference

behavior.

5.3.1 Considerations

Different mechanisms responsible for the shakedown behavior should be activated at high-

temperature regimes. The following mechanisms are proposed as responsible for the reactivation

of the shakedown effect (consider Table 9, in Chapter 4, as reference):

1.
2.

Annealing of grain boundary defects: grain growth.

Oxide formation on the surface of exposed materials to oxygen (i.e. preferential
oxidation of Cr in Ni-20Cr) ( Valarezo et al. 2007)

Sintering of interfaces.

Chemical homogenization by diffusion and new phase precipitation (i.e. second
order phase transformation for Ni-20Cr at around 550°C (Chan, Pan, and Lee 2006)
Splat unraveling/Distortion of splats.
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6. Inelastic mechanical shakedown, due to sliding, friction, shear contact, axial

contact, etc. between splats.
Defects, such as: residual stresses, dislocations, grain boundaries; must have been already annealed
in the low-temperature regime. In the high-temperature regime, mechanisms 1) to 3) should be
responsible of a negative shakedown (permanent contraction of the sample); whereas mechanisms

4) to 6) may result in a positive or negative shakedown.

5.3.2 Suggestions

It is proposed to conduct experiments controlling the kinetics of the mechanisms
responsible for the shakedown at high temperature regimes. The proposed experiments below may
allow to find out the order of magnitude of the effect of each mechanism in the shakedown strain
gradient. Isothermal annealing experiments followed by (or mixed to) non-isothermal annealing
heat cycles may allow to discern the effect of mechanisms that are less sensitive to time,
specifically, sintering of interfaces and oxide formation. It is suggested to choose a material
system of very well-known behavior at temperature and bulk properties; together with a large
shakedown response. Table 10 shows the proposed techniques and experiments linked to the
mechanisms abovementioned:

Table 10. Proposed experiments and experimental techniques to investigate the mechanisms responsible of
shakedown at high-temperature regimes.

Mechanism Proposed Experimentation

Annealing of grain boundary defects: | Microstructure  observation and grain  size
grain growth. measurements

DTA-TG experiments together with push-rod
Oxide formation dilatometry in isothermal and non-isothermal
temperature cycles.

Push-rod dilatometry in isothermal followed by non-

Sintering of interfaces :
g isothermal temperature cycles.

DTA-TG experiments together with push-rod
dilatometry in isothermal and non-isothermal
temperature cycles

Chemical homogenization by diffusion
and new phase precipitation
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Splat unraveling/Distortion of splats

DIC experiments in isothermal and non-isothermal

Inelastic mechanical shakedown, due to
temperature cycles

sliding, friction, shear contact, axial
contact, etc. between splats.

5.4 Kinetics: Heating Rate Effect on Shakedown

In the low-temperature regime (below 0.5 Ty), some exploratory experiments were
conducted for Al-flame sprayed sample (Al-FS2) by changing the heating rate in a push-rod
dilatometer. As most of the mechanisms responsible for the shakedown effect proposed in Table
9-chapter 4, are kinetics driven; then, increasing the heating rate should reduce the time for defect
annealing resulting in a smaller absolute shakedown strain gradient. Figure 40 shows contradictory
results to the previous hypothesis. In the Figure, three pieces of the same sample (Al-FS2) were
tested in a push-rod dilatometry and exposed to three different heating rates: 3°C/min, 10°C/min
and 20°C/min. The shakedown cycle as linear expansion, is shown for the three heating rates. The
sample tested at 3°C/min has more time to anneal defects compared to the sample tested at
20°C/min, and therefore its absolute shakedown strain gradient should be larger. However, the
results are contradictory. When testing the sample at 10°C/min, the absolute shakedown strain
gradient is larger than sample at 3°C/min and even the sample at 20°C/min. This behavior suggest
that there might be a heating rate at which the shakedown strain gradient may reach a maximum.
There is not a clear trend in this behavior. At the moment, the author has not been able to explain

the results.
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Figure 40. Linear expansion dL/L, of an Aluminum-flame sprayed coating (Al-FS2) tested in a push-rod
dilatometer at three different heating rates: 3°C/min, 10°C/min, 20°C/min. Only the shakedown first heating
cycle is considered, and compared to the steady state behavior. For 10°C/min, two different samples were
tested.

5.4.1 Considerations

In Table 9-Chapter 4, mechanisms that are kinetics driven (i.e. annealing of dislocations,
recrystallization, sintering, homogenization, etc.) should respond consistently to the heating rate.
That is to say, more time of exposure to heat, should allow more time for defects to be annealed.
On the other hand, the mechanical mechanisms may be responsible for the results in Figure 40 as
they do not necessarily depend on heat exposure, this includes: splat unraveling/distortion of splats
due to relief of intrinsic stresses and thermal stresses; inelastic mechanical shakedown, due to
sliding, friction, shear contact, axial contact, etc. between splats; and, thermal stresses between the

coating material and oxides within the same splat. The proposed mechanical mechanisms are likely
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dependent on the thermal gradients within the coating (non-steady state temperature) produced by

higher heating rates.

5.4.2 Suggestions

More extensive testing is proposed to validate the results shown in Table 10. The analysis
of the procedure, and possible effects from the chamber of the dilatometer, at higher heating rates
must be analyzed. An alternative technique to the push-rod dilatometry, such as DIC, may clarify
the response of the acting mechanisms on shakedown and their response to the heating rate.

5.5 Shakedown Effect under Vacuum Conditions

Some exploratory experiments were also conducted for Al-flame sprayed sample (Al-FS2)
by changing the environment of the inside chamber (vacuum vs. purging Argon) in a push-rod
dilatometer at a constant heating rate of 3°C/min. The reduction of Oz-partial pressure should
minimize the oxidation effects. The thermal gravimetric tests already suggested a minimal
contribution to oxidation in the temperature range of room temperature up to 350°C. So, it would
be expected that the vacuum condition would not affect the dilation behavior. However, Figure 41
shows a significant reduction of the shakedown strain gradient under vacuum conditions.

Additional experimentation is suggested.
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Figure 41. Linear expansion dL/L,of an Aluminum-flame sprayed coating (Al-FS2) tested in a push-rod
dilatometer under vacuum conditions and under purging-Ar-environment. Only the shakedown first heating
cycle is considered, and compared to the steady state behavior.

5.5.1 Considerations

The reduction of O-partial pressure, No-partial pressure, air humidity, etc., are unlikely to
have a significant effect over the kinetics-driven-mechanisms responsible for shakedown cited in
Table 9-chapter 4. The vacuum environment may affect the kinetics on the surface of the sample
and exposed splats but in a limited degree. It is hypothesized that the mechanical mechanisms such
as “splat unraveling/distortion of splats”; and “inelastic mechanical shakedown, due to sliding,
friction, shear contact, axial contact, etc. between splats”; may be affected in a more significant
manner if the surface chemistry of the splats is changed by the vacuum. The oxygen enriched
surface of the splats due to the spraying process, may be affected by the low partial pressure of the
surroundings and therefore change the characteristic sliding/contact, namely the friction
coefficient, between splats during the dilation test.
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5.5.2 Suggestions

More extensive testing is proposed to validate the results shown in Figure 39. Manipulation
of O-partial pressured towards a richer condition than purging Ar, should clarify whether the
surrounding environment is affecting the friction coefficient between splats. Also, as it was
hypothesized in section 5.3, the heating rates may affect the mechanical-mechanisms of the
shakedown, experiments conducted under vacuum conditions and at different heating rates should
reflect consistent results. For instance, if there is a heating rate at which the shakedown strain
gradient is maximum that should be shown as well in vacuum conditions unless the low partial
pressure rules out all the mechanical effects. Testing other system materials in vacuum (i.e. SPD-
superplastically deformed materials) that have shown similar shakedown behavior under
environmental conditions, may also enlighten the possible explanations. The effect of porosity can

be ruled out in the analysis for SPD materials.
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