Stony Brook University

The official electronic file of this thesis or dissertation is maintained by the University
Libraries on behalf of The Graduate School at Stony Brook University.

© All Rights Reserved by Author.



Electrical Methods to Characterize Defect Evolution in Plasma Sprayed

Coatings under Cyclic Straining
A Thesis Presented
by
Arash Ghabchi
to
The Graduate School
in Partial Fulfillment of the
Requirements

for the Degree of

Master of Science
in

Materials Science and Engineering

Stony Brook University

December 2007



Stony Brook University
The Graduate School
Arash Ghabchi
We, the thesis committee for the above candidate for the Master of Science
degree, hereby recommend

acceptance of this thesis.

Dr. Andrew Gouldstone — Thesis Advisor

Assistant professor, Materials Science and Engineering

Dr. Richard Gambino

Professor, Materials science and Engineering
Dr. Jon Longtin
Professor, Mechanical Engineering

Stony Brook University

This thesis is accepted by the Graduate School

Lawrence Martin
Dean of the Graduate School



Abstract of the Thesis

Electrical Methods to Characterize Defect Evolution in Plasma Sprayed

Coatings under Cyclic Straining

by

Arash Ghabchi

Master of Science

in

Materials Science and Engineering

Stony Brook University
2007

The focus of this research is to understand the microstructural changes that occur under
low strain cycling of air plasma sprayed (APS) coatings. Preliminary data shows that under
nominally elastic loading (<< 0.1% strain) of thermally sprayed materials changes occur that
are detectable via electrical (resistivity, dielectric constant) measurement methods. This is
due to the micro-scale growth of pre-existing defects. To systematically test this, we
deposited spinel coatings on tapered cantilever substrates, which were flexed to provide
spatially constant in-plane cyclic strains. After different numbers of cycles, dielectric
constant of coatings was measured via impedance spectroscopy. Results confirm growth of
defects under these low strains, and also a large effect of humidity on different porosity
features. We explain this by recourse to physisorption and chemisorptions of water on
crack faces. To understand the adsorption phenomena electrical measurements conducted
on ceramic TS coatings. Our investigation could have major implications for coating
reliability, as it allows us to characterize how a coating evolves in-service.
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Chapter 1: Mechanics

1.1. Fatigue and failure of metals and ceramics

In the metallurgy, polymer science and mechanical engineering
communities, the word fatigue is a well accepted term for describing the
deformation and failure of materials under cyclic loading conditions. The
expression cyclic fatique is used in the ceramic community to describe cyclic
deformation and fracture, and to differentiate it from static fatigue which is

time-dependent failure driven by environmental interactions. [1]

Based on classification of the degree of brittleness by Lawn and Wilshaw,
1975, in non-brittle or ductile materials, such a, FCC metals, polymers and
some BCC metals, dislocation movement (plasticity) plays a dominant role in
cyclic deformation and fracture in the bulk and in the immediate vicinity of
the crack tip as well. On the other hand in highly brittle materials, the
controlling parameter in cyclic deformation and fracture is bond rupture
which means strength of atomic bonds determines the fracture resistance of
material. Thus, flaws play an important role in response of ceramics to cyclic
load. Lawn and Wilshaw noted flaws in highly brittle solids are characterize
by three features (1) the flaws need not to be large in size to affect the strength
significantly, (2) the flaws are induced mainly on the surface of the material
and also be introduced during processing, (3) the flaws exhibit wide

variations in size, location and orientation.[2]

The characteristics of cyclic fatigue in ceramics are different from metals:



IL.

II1.

II.

Fatigue cracks in ceramics do not initiate naturally; crack initiation is
associated with some pre-existing defects.

Fractography of ceramic fatigue shows nominally identical fracture
surface under monotonic and cyclic loads, and also the more debris and

surface damages on the fatigue surfaces(C.J. Gilbert)
Microstructure has a significant effect on crack growth rate in ceramics.[5]

Different authors have shown ceramics with different grain size exhibit

various crack growth rate. ([4], Gilbert and Ritchie, 1997)

There are two possible classes of fatigue mechanism in ceramics:

Intrinsic or crack tip mechanism:

This mechanism happens at the tip of the crack and occurs under cyclic
loads. In this mechanism crack advances by damage processes at the
crack-tip region.

Extrinsic or wake mechanism:

This mechanism is applicable for ceramics that develop crack bridging. In

this mechanism cyclic load degrades the strength of bridging ligaments.

Cyclic fatigue process in metals obeys intrinsic mechanism naturally, but
the cyclic fatigue process in ceramics is extrinsic. Many authors [6-10] have
considered that degradation of the crack bridges is because of the frictional
wear of sliding ligaments when the crack opens and closes again and again

under cyclic fatigue test.

If the effect of surface roughness in cyclic fatigue test is removed, by
making smooth-surfaced specimens what is observed is a remarkable

scattering in number of cycles-to-failure results which arises from flaw



population. These pre-existing defects (flaws) usually come from processing
step and/or from sample preparation steps. In addition to above mechanismes,

test environment can affect the fatigue life of material.

The simultaneous action of cyclic stress and chemical attack is known as
corrosion fatigue [13]. For metals corrosive attack occurs at the surface of
metal and produces pitting, this pitting can act as notches and reduce the
fatigue strength of material. When corrosive and fatigue occur
simultaneously, the chemical reaction accelerates the fatigue crack
propagation. Bottoms of the pits are more anodic than the rest of the metal so
that corrosion proceeds inward, aided by the disruption of the oxide by cyclic
strain. For example, results of fatigue test for copper showing higher fatigue
strength in the vacuum than air. water vapor acts as a catalyst to reduce the

fatigue strength in air [14].

The mechanism proposed for slow crack growth in alumina single crystal is
a stress-corrosion mechanism by water molecules [11]. G. de With et. al
showed that fracture toughness decreases with increasing humidity for dense
ceramics, that indicates adsorption of water plays important role in fracture.

Similar behavior was seen in MnZn ferrites [12].

Importantly, in the case of introducing artificial cracks to the material,

cyclic fatigue test results will be sensitive to initial flaw size.

1.2. Effective parameters on fatigue and failure of metallic and

ceramic coatings

Coatings deposited on different substrates with different methods are

being used in various industries such as aerospace, automotive, medical,



petrochemical, petroleum, pulp and paper industries. Coating reliability,
lifetime and failure are dependent on the mechanical, physical and chemical
properties, and also the operating environment. Fatigue plays an important
role. Several examples of coating where initiation and progression of fatigue

are critical, are shown below.

To overcome some mechanical, chemical and environmental issues in
coating industries, High Velocity Oxy-Fuel deposition has been applied to
deposit WC-Co with almost same hardness, wear and corrosion resistance,
and a low coefficient of friction as electro plated chromium. With inducing a
compressive stress field on the substrate, the nucleation and propagation of
fatigue cracks can be arrested or delayed. The compressive stress field can be

achieved by shot peening of the substrate [20-22].
1.2.1. Examples of different coating systems: Thermal Barrier Coatings

Thermal barrier coatings systems have been subjected to wide studies for
understanding their durability which is governed by a sequence of crack
nucleation, propagation and coalescence events that accumulate prior to final

failure by large scale buckling and spalling.
1.2.1.1. Failure mechanism in Thermal Barrier Coating

The specific ways which the cracks nucleate and grow is related to
increasing the severity of the imperfections (size of the imperfections) and
thickness of thermally grown oxide (TGO) layer as the system is exposed and

cycled. All causes an increasing in magnitude and scale of tensile stress.
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Figure 1 Sketch illustrating the overarching principles governing TBC failure [24].



Following that, the stresses act on cracks that nucleate and propagate

around the imperfections [23]. Figure 1 shows three overarching principles

govern the failure of TBC systems [24].

1.2.2. Biomedical implant coatings [25-27]

Biomedical coatings have been used on different implants within the body

such as hip joints, knee joints, bone plates, etc to satisfy specific requirements

such as a high degree of crystallinity for positive biological responses, good

coating adhesion, optimal porosity and fatigue resistance Figure 2. However,

surgical implants undergo degradation after 10 to 15 years of use. A

biomedical implant can fail for different reasons. The following is the

summary of common failures:

II.

II1.

IV.

Deficiencies in design (size and shape) of the device for a particular

patient (e.g., an undersized noncemented stem)

problems (e.g.,, problematic orientation or problems in wound

healing)
Host abnormalities or diseases (e.g., osteopenia)
Infection

Material fracture, wear, and corrosion.
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1.2.2.1. Failure mechanism of biomedical implants
1.2.2.2. Fracture and wear

For load-bearing implants, fracture happens in both implant and bone.
Figure3. Fracture eventually leads to failure of implant. From environmental
point of view, bio-environments are mostly wet. In wet atmosphere sliding
wear resistance compared with dry atmosphere is lower. Other mechanisms
for increased in vivo wear include environmental stress cracking, polymer
degradation, microstructural imperfections, and creep. This wear may cause

poor mechanical fir between the ball and socket of the hip.
1.2.2.3. Corrosion and corrosive fatigue

Sub-surface fatigue is the second type of wear. High contact stresses in the
artificial joints will cause a crack in the biological materials that will

propagate beneath the surface.

Corrosive fatigue is due to cyclic loading and corrosive biological
environment (human body). The fracture in this system is due to three main

factors:

I.  Porosity at the grain boundaries

I.  Intergranular corrosive attack

II.  Cyclic fatigue loading



[gc]por1o 2auy [e01d 4y v g 2By

01348 N8 80T 1p09 81X NNS2 013K8- (10 8081 £623




1.2.3. Hydroxyapatite coating for implants

Due to hyroxyapatite(HA) advantages in vivo behavior, it is one of the
successful implant coating materials. Air plasma spray (APS) method has
been used to produce HA coatings on Titanium substrates. Due to difference
between thermal expansion coefficient of coating and substrate, near the
interface of plasma sprayed coating and substrate, coating is experiencing
residual stresses. In general, residual stress increases with increasing
thickness of coating and temperature of plasma spraying. This residual stress
can have effect on fatigue strength and bonding strength of the coating. In
this case having surface roughness for growing bone tissue into the coating
material is decisive, but with increasing the roughness, fatigue life will be
decreased. Obtaining optimal amount of surface roughness is crucial. Fatigue
life of biomedical implant coating is crucial because even one small part of
coating falls off, replacement surgery will be necessary and it is similar to

implant failure.

1.2.4. Layered and compositionally graded films

Diffusion of atomic species during the processing or work period of thin

films (time, temperature) and multilayer films causes local variation in

composition and microstructure. Such variation can affect the stress evolution,

damage and cracking behavior of overall coating (Suresh and Mortensen 1998).

Compositional gradient can also be produced purposely to enhance the

mechanical performance of coating by controlling stress, inelastic deformation or

damage at specific sites such as surfaces, corners and interfaces. Examples

include carburizing and nitriding processes (treatments). This compositional

gradient can be achieved by means of different deposition methods such as

10



physical vapor deposition (PVD), chemical vapor deposition (CVD), thermal

spray, sintering, three-dimensional printing and combustion synthesis.

At critical crack nucleation sites such as interfaces and sharp corners

where interfaces between dissimilar materials intersect free surfaces, thermal

and residual stresses can remarkably reduce by introduction of continuous or

step-wise compositional gradient [29].

Considering above coating systems, it is decisive to keep in mind following

effective parameters for fatigue and failure of various coatings:

II.

II1.

IV.

Residual stress state presents in the coating (compression or tension) that
originates from processing step. Existence of tensile stress in the coating
reduces the fatigue life of coating and substrate as well.

Magnitude of that residual stress in the coating. Higher the residual
tensile stress, lower the fatigue life of the component. This is better to
calculate the average residual stress based on residual stress profile of the
coating. (Residual stress varies from the top of the coating toward the

substrate.)

Surface roughness of coating. The fatigue crack initiation is known as a
surface phenomenon which is also related to the residual stress level near
the surface. Rough surface provides stress concentrated spots and yielding
of material happens locally in that high stressed region (crack initiation
stage) and that crack propagates.

Presence of pre-existing flaws, defects and cracks within the material and
their size. Material containing pre-existing has more stress concentration
sites and those cracks can propagate easier under cyclic fatigue load

(smaller crack initiation stage).

11



Environmental condition and exposure time can cause erosion, corrosion,
or gas phase embrittlement, which all affect fatigue life. As mentioned in
previous chapter humidity can have effect on fatigue life of brittle

ceramics, especially for those that adsorb more amounts of hydroxy ions.

12



Chapter 2: Impedance Spectroscopy

Impedance Spectroscopy (IS) is a very versatile tool to characterize
intrinsic electrical properties of any material and its interface. The basis of IS
is the analysis of the impedance (resistance of alternating current) of the
observed system in subject to the applied frequency and exciting signal. This
analysis provides quantitative information about the conductance, the
capacitance (dielectric constant), the static properties of the interfaces of a
system, and its dynamic change due to adsorption or charge-transfer-
phenomena. IS uses alternating current with low amplitude. This facilitates a
non-invasive method for detailed observation of structural-functional studies
of many systems without any or less influence on the electrical and chemical
state. These systems can be metallic, ceramic and liquid. This is especially so
of systems in which important processes occur at the molecular level, such as
processes associated with biological and synthetic memranes and interfaces
that form between solutions and various solids. Four-terminal digital
spectrometer provides resoulution about 0.002% in impedance magnitude

and 0.01" in phase in a frequency range of 10 to 10° Hz.
2.1. Fundamentals [30]

Impedance measurement is made by applying small alternating current
(a.c.) with known frequemcy w and small amplitude i, to the system and
measuring the amplitude v. and phase difference ¢ of the concomitant

electrical potential that develops across it. Impedance is given by

Equation 1 2| = =2

13



In Cartesian coordinates, impedance becomes a complex number

Equation 2 Z =R+ J& wherejm f'—_:l.

The real and imaginary parts of Z describe the resistance (R) and reactance

(X) and can be represented by appropriate electrical circuit elements in series.
2.1.1. The impedance of a homogeneous system

The impedance of a homogeneous material may be expressed in terms of a

conductance elemnt G in parallel with a capacitance element C. Figure 4

1

Equation 3 (@) = Ty

Parameter G describes ability of homogeneous material to conduct and
parameter C describes the ability of homogenous material to store electrical
charge. For a slab of cross sectional area A and thickness x, these properties

are given by
A 4
Equation 4 &= 7= ana €= a=

Where the constants o and ¢ are the electrical conductivity and dielectric
permittivity of material.
2.1.2. Impedance of heterogeneous system

A heterogeneous system can be defined by number of different

homogenous material (slabs) are sandwiched together. The total impedance

will be

E : 1
Equation 5 L= G+l

14



2.1.3. Dispersions of conductance and capacitance

In a simple multilayered system as mentioned above it is convenient to
describe and present the impedance in terms of the overall parallel

conductance G(w) and capacitance C(w) at a particular frequency.

1

Equation 6 E(c) m () F Je (@)

For a single slab (N=1), the overall parallel conductance and capacitance will

be

Equation 7 6(w) = Gand Claw)=C,

15
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As we see in this equation conduction and capacitive properties are constant
at a particular frequency. But for multilayer system (N>2) these two
properties disperse with frequency Figure5. The shape of the dispersion curve

depends on the number of layers (N) [30].
2.1.4. Interfacial polarization

Interfacial polarization occurs whenever there is an accumulation of
charge at an interface between two materials or between two regions within
the material. The simplest example is interfacial polarization due to
accumulation of charges in the dielectric near one of the electrodes, as shown
in Figure6. Even a perfect material contains defects and impurities. In
Figure6.a) the material has an equal number of positive ions and negative
ions, but in this case, positive ions are considered to be mobile. This
assumption is based on size of positive ions (smaller than ions) in ceramics.
Under the applied electrode filed these positive ions will migrate toward the
negative electrode and pile-up near the electrode and give rise to a positive
space charge near the electrode. This additional charge on the electrode

appears as an increase in dielectric constant.

Another mechanism for interfacial polarization is accumulation of
electrons or holes at defects at the crystal surface, at the interface between the
crystal and the electrode. In the presence of electric field, positive charges
move to the negative electrode and get trapped in defects at the interfaces.
Grain boundaries and interfaces in heterogeneous dielectric materials lead to

interfacial polarization. Figure6.c

18



‘[1¢] uonezirejod [eejIauL 03 ASHI 9AIS SIDEJISIUI pUR SaLIEPUNO] Ureld (q)aIsY} 9)e[NUNdde pe apoIdd[d dAre3aU A}
premoy ayexdrw suot aanisod pray pardde jo adussaid a3 ur (e)suor paxiy aarzedau pue suor afiqowr aansod jo oqunu renba yiim [e3shid e 'g a8y

19



Dielectric constant: Frequency and temperature dependent
214.1. Frequency dependent

The static dielectric constant is an effect of polarization under dc
conditions. When the applied field to a parallel plate capacitor is a sinusoidal
signal, then the polarization of the medium under this ac condition leads to
an ac dielectric constant. We generally write the complex dielectric constant

as

Equation 8 G W Fy = &

Where =_ is the real part and =, is the imaginary part and both of them are

frequency dependent as shown in Figure7. The real part represents the
relative permittivity that we would use in calculating the capacitance. The
imaginary part represents the energy lost in the dielectric medium as the
dipoles are oriented against random collision one way and the other way and

SO On.

Figure 8, presents the features of frequency dependence of the real and
imaginary parts of the dielectric constant. In reality the peaks of imaginary
part and other features of real part are broader. There is no one particular
lattice vibration frequency. Moreover, the polarization effects depend on the
crystal orientation. In the case of polycrystalline materials, different materials
in different directions overlap to exhibit a broadened overall peak. At lower
frequencies the interfacial polarization features are even broader because
there can be a number of conduction mechanisms for the charge to

accumulate  at  interfaces, each  having its own  speed.

20
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214.2. Temperature dependence of dielectric constant
The capacitance C of a parallel plate capacitor is
A

Equation 9 ¢ = aa, =

Where &0 is permittivity of free space, A is the area and d is the distance

between two parallel electrodes. Differentiation of above equation gives

1 s8¢ L 7 6a
Equation 10 TEE=—(—} =_(_)
E cler), " T\er), 7€

Where o is the linear expansion coefficient, and from

: 1¢8sy fe=1e+12)
Equation 11 o il R L
q E(ﬁ?’)p - fatb+e)

(e = —a) then for most insulators,

. —1(et 2
Equation12 e =S I'SEH ) (—+ b+ c)+005nd + a

Above equation can be radically implified for given ranges of ¢, as shown in

Figure 9. When tand = 0.1% extrinsicc CTE becomes dominant [51].

23



‘[16] 3 pue sasso] JuaIayyIp YILm sased a3 0} puodsariod saur] ‘Ajanruniad jsureSe panord souejneded jo juapiyyaod srnjeradwa], ' 231y

O
S
)

Z 358D

t ®se)

3U0Z uIppIIog
ov o€ §74 \i

Ayamiwiad /
I 3se)

g ase)
00S
gase)

(;-288p "wd*d) aauejidedes jo Juaid1yj202 ainjesadwal

24



Different cases are

Casel.= =1
This is a vacuum, TCC = 0.

Case 2. L5 « 3 «2 .5 tand « 0.1%

TOU A =a

Case 3. 2.5 « g« 10

In this case TCC is not well-defined. In the middle of this region the TCC
passes from a negative value (electronic polarizability) to a positive value

(ionic polarizability).

Case4. g @ 10, tand & 0.1%

I'CO & —ay

Case 5. a @ 10, tand = 0.1%

TOO w .08 tand — g

This gives a series of straight line for different losses, as shown in figure.

25



2.2. Application of impedance spectroscopy in evaluation of coatings’

durability

Recently impedance spectroscopy received extensive interest as non-
destructive method for evaluation of various coatings. This method has been
successfully applied to thermally sprayed coatings, particularly TBCs, to
evaluate failure, high-temperature oxidation, degradation, and nucleation
and growth of cracks and defects (damage detection) of TBCs. As mentioned
before, failure of TBCs initiates in the reaction layer due to thermal mismatch
stress with a non-planar interface. It has been reported that Ni(Cr,Al)20s4
(spinel structure) and NiO formed above 1000°C during the oxidation of TBC
systems. It was suggested that these two oxides were detrimental to
durability of TBCs due to the rapid local volume increase [32-36]. W.R. Chen
et.al studied role of certain oxides in causing crack nucleation and growth.
They found out that crack initiated mostly in association with the formation
of (Cr,Al)20s . Ni(Cr,Al)204 . NiO. Particularly, Ni(Cr, Al)20s and NiO particles
embedded in chromia could act as crack nuclei. Upon the volumetric change
induced by the oxidation, cracks propagate into the ceramic and grow in a

cleavage mode, leading to the separation of TBC.

Due to failure method of these coatings, non-destructive evaluation of
failure at inner layers of these coatings is important. By means of impedance
spectroscopy method, changes of resistance and capacitance associated with
degradation, oxidation and crack growth can be measured. Different
researchers showed impedance spectra are sensitive to the thickness of
different layers in TBCs. J. Mei et.al showed with increasing the oxidation
time from 200 to 400 hours in Yttrium Stabilized Zirconia TBCs, impedance

spectra shows two and three relaxation processes respectively. This suggests

26



that 200 hours oxidation time is not enough to make a continuous mixed
oxide layer but with 400 hours oxidation time, they obtained three distinct

layered: top-coat layer, alumina layer and mixed oxide layer.

In this study impedance spectra of ceramic APS spinel (MgAlL:Os) and
HVOF alumina coatings in varying frequency was studied to understand
dielectric behavior and polarization features of these coatings. Following that,
defect growth in air plasma spinel coatings subjected to cyclic micro-strain by

means of electrical characterization has been studied.
2.3. MgAIL:Os (Spinel) ceramic coating

Spinel is a ternary oxide with general formula of AB:0s. A represents
divalent cation and usually occupies a tetrahedral site and B represents
trivalent metal cation in octahedral sites of cubic packed crystal [37]. Spinel is
a ceramic material that due to its good mechanical, chemical, thermal and
optical properties has wide range of applications in metallurgical, chemical,
optical, catalysis and electronic industries such as refractory ceramics,
electrical dielectric materials, and irradiation resistant materials. It has been
used also as a humidity sensor, and ultrafiltration membrane [38, 39]. Various
techniques have been applied to produce magnesium aluminate spinel such

as Sol-gel, plasma spray, HVOF and hydrothermal technique.
2.4. Sample preparation

Spinel and alumina ceramic coatings were deposited on aluminum
cantilever samples by air plasma spray and high velocity oxy-fuel method
respectively. Thickness of the spinel coatings is between 180 to 330 microns

and for alumina coatings is between 95 to 100 microns. Aluminum substrate
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is treated as a conductive material without effect on results of electrical
measurements. Aluminum surface (substrate) was polished to obtain smooth
surface before doing electrical measurements to eliminate ceramic particles
on the bottom side to have a good contact with bottom electrode of dielectric

fixture.
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2.5. Measurements: capacitance and dissipation factor
2.5.1. Capacitance measurement

Dielectric properties of coatings were measured using impedance
analyzer, Hewlett Packard HP4192A with parallel plate dielectric fixture.
Figurell is schematic of electrical measurement setting with parallel plate
dielectric fixture. The specification of instrument is summarized in Table 1.
Figure.11 shows the typical accuracy of the impedance analyzer. The overall
dielectric behavior of ceramic spinel is explained by Maxwell-Wagner
interfacial polarization theory. This explanation is in a good agreement with
Koop’s theory [41]. Maxwell-Wagner theory considers spinel material made
of conducting grains with poor conducting grain boundaries. Figurel2 shows
capacitance versus frequency for this coating. This graph shows broader
interfacial polarization features in comparison with Figure8. This can be due
to polycrystalline and layered porous structure of thermally sprayed coatings,
especially air plasma sprayed. These coatings exhibit more interfaces in
different orientations. In such systems, different conduction mechanisms for
the accumulation of charges at interfaces are responsible to obtain broader
interfacial polarization features. Presence of this peak is due to strong
correlation between conduction mechanism and dielectric behavior in spinel
where frequency of electron vibration may be matching with the applied

external field and it gives maximum loss [42].
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Figure 13 shows capacitance spectra in various frequencies for HVOF
alumina coating and bulk alumina. For HVOF alumina coating broad
interfacial polarization is distinguishable, but bulk alumina exhibits very
narrow interfacial polarization features. With increasing frequency

capacitance is affected by frequency.
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Table.1 accuracy of HP 4192A impedance analyzer.

) Oscillation Impedance Capacitance
Frequency ranges | DC bias
level ranges ranges
5Hz ~ 13 MHz £35V | 5mV ~1.1Vrms 1Q~1MQ | 0.1fF ~100 mF
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2.5.2. Dissipation factor

The ratio of the power loss in a dielectric material to the total power
transmitted through the dielectric, the imperfection of the dielectric. Equal to

the tangent of the loss angle (dimensionless):[40]

1

Equation 13 = = —_
1 ? ZWFO,R,,

EY N

= taid

Where
f = applied frequency
Cp= equivalent parallel capacity
Rp = equivalent parallel resistance
0 =loss angle

Figure 14 shows the dissipation factor of Spinel coating in different
frequency. It shows a sharp increase at lower frequencies and decreasing with
increasing the frequency. The rate of energy storage by the field is determined
by w whereas the rate of energy transfer to molecular collisions is determined
by 1/t. When w=1/1, the two processes, energy storage by the field and energy
transfer to random collisions, are then occurring at the same rate, and hence
energy is being transferred to heat most efficiently. This process is known as
dielectric resonance, which we see in lower frequencies in Figure 14 and

Figure 15 for bulk alumina and HVOF alumina coating.
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Chapter 3: Effect of humidity on electrical measurement of

alumina and spinel

Ceramics have been studied for use in humidity sensors as a porous
sintered body. MgALQO: has been investigated as a bulk form for humidity
sensor. Also same authors have studied MgALOs sensitivity to humidity in
form of thin film. The results are in terms of resistance versus relative
humidity and response time [43-46]. Conduction mechanism in both bulk and
thin film MgAlLQOs has been considered as ionic. There is two stages for

adsorption of water on the oxide surface:

I.  Chemical adsorption of water on the surface with formation of
hydroxyl ions. (So first layer of water)

II.  With increasing humidity level, layers of water molecules are
physisorbed on the hydroxyl layer and previous layer of water
molecules. The physisorbed water easily dissociates to form Hs:O*

because of the high electrostatic fields in the chemisorbed layer.

De With et.al showed hydroxylation process takes place by adsorbing
dissociated water molecules onto surface cation-oxygen pairs in such as way
that the (OH) is bonded to a surface cation and the H* to a surface oxygen

atom. The calculations showed that hydration is favored on all the surfaces.

More than one monolayer physisorbed water on the surface, leads to
higher carrier concentration. These hydrogen-bonded molecules are able to
form dipoles and to reorient freely under an externally applied electric field,
and form a liquid-like network, which increases the dielectric constant and,

therefore, the proton concentration [47].

39



Physisorption of water molecules takes place at temperatures lower than
100°C. At higher temperatures chemisorption of water molecules is
responsible for electrical conductivity of spinel. Surface hydroxyls start to
desorb at about 400°C [48,49]. For studying the water adsorption in a
structure, in addition to surface interaction with water molecules, the
interaction between the porous structure and water must be considered. The
amount of adsorbed water in pores depends on pores size and their
distribution. There is a critical pore size that water adsorption happens in the
pore with greater radius than critical radius. The following equation relates

the critical pore size to temperature and water-vapor pressure.

- 2y
Equation 14 T gRTIn(E /F)

1, is the Kelvin radius, P is the water vapor pressure, P, is the water vapor
pressure at saturation, and y, p, and M are the surface tension, density and

molecular weight of water, respectively. The smaller the r,, or the lower the

temperature, the more easily condensation occurs.
For our case with considering P/Ps = 40%, surface tension of water 0.07198

J/m? at room temperature, Kelvin radius will be 1.144 x 10 m.

For understanding the kinetics of water adsorption in spinel and alumina
coatings in terms of capacitance, capacitance measurement was conducted for
APS spinel coating and HVOF Alumina coating in differing partial pressure
of water as a driving force versus exposure time. The experiment procedure
was as follow: as-sprayed APS spinel and HVOF alumina coatings exposed

respectively to atmosphere with 13.3 hPa and 8.55 hPa water partial pressure
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for long time to get saturated. After that, coatings exposed to the atmosphere
with 28.2 hPa (spinel) and 26.92 hPa (Alumina) water partial pressure and
with starting exposure, capacitance measurement was started with 10 seconds
steps between each measurement. Figure 16, Figure 17. The results show
increasing in capacitance with exposing the samples to higher water partial
pressure (AP=15 hPa for spinel and AP=18.42 for alumina) and decreasing the
capacitance with decreasing the partial pressure of water. This behavior is
due to increasing of thickness of water layer in the adsorption stage in pores
within the coating and on the surface of coating as well. This observation is in
agreement with multimolecular adsorption theory (BET isotherm) [50]. In
desorption stage, as we see, the end point doesn’'t show same capacitance
value as starting point which indicates the number of adsorbed molecules
and desorbed molecules are not same. To desorb all adsorbed molecules, de-
bonding of bonded molecules, we need more energy than bonding energy.
Adsorption and desorption stages in two cases show two distinct convex and
concave regions. However, these two regions are remarkable in desorption
stage. It has been attributed to evaporation in the capillaries of the adsorbent
in much lower temperature that of water evaporation temperature. Also it

can be due to de-formation of multimolecular layers of adsorbed water.
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3.1. Capacitance measurement of Spinel coating samples

Capacitance of six spinel samples was measured and based on thickness
of each coating dielectric constant was calculated. Table.2 shows the
capacitance, thickness and dielectric constant of each sample. Capacitance
measurement was conducted at 2 KHz at same relative humidity for all six
samples. Dielectric constant results show fluctuating from 6 to 10 for spinel
samples, we hypothesize this difference is due to difference in thickness of

the gap in between two splats.
3.1.1. Model for dielectric constant for spinel samples

To calculate the gap between two splats from measured capacitance, a
series capacitance model was developed. In this model, each coating contains

of three different materials that are considered as three capacitances in series:

I.  Splats: Each splat was treated as a single crystal spinel with dielectric
constant of 8.5. Thickness of each splat is calculated based on flattening
ration of 4.

I.  Air gaps: between two splats there is an air gap with unknown
thickness that is calculated as result of modeling. Dielectric constant of

air gap is considered 1.

III.  Water layer: thickness of water layer in each air gap is considered 150

nanometers. Dielectric constant of water layer is considered 80.

With this model after measuring the thickness of coating we are able to

calculate number of splat layers present in the coating.
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Table.2 Dielectric constant,capacitance and thickness of air gap between two splats
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With known number of total layers, thickness of water layer, thickness of
each splat we can obtain thickness of air gap between two splats. Figure 18
shows measured capacitance of each sample versus thickness of air gap that
doesn’t show particular relation but if we draw same graph for measured
dielectric constant, with increasing thickness of air gap from 153 to 187

nanometers dielectric constant will decrease 10.3 to 6.85. Figure 19.
3.2. Surface hydroxylation of spinel coating

To study the hydroxylation of spinel coating by electrical measurement,
capacitance of coating was measured before and after baking at 220°C for 30
minutes. Figure 20 shows increasing of capacitance with increasing the time
of exposure to the humid air, but value for capacitance doesn’t reach to
capacitance value before baking. We hypothesize two reasons for this

observation:

I.  Changing the surface chemistry due to hydroxylation which reduces
the available sites for water molecules. This reaction can take place as
follow:

MgALO: + 4H0 > Mg(OH). + 2A1(OH)s

II.  Due to baking, pores and cracks within the coating get closed and in
this way there is less surface area for adsorbing water molecules into

the structure.
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Chapter 4: Electrical characterization of defect evaluation in
thermally sprayed ceramic coatings subjected to cyclic micro-

strain

The focus of this research is to understand the microstructural changes
that occur under low strain cycling of air plasma sprayed (APS) coatings.
Preliminary data shows that under nominally elastic loading (<< 0.1% strain)
of thermally sprayed materials changes occur that are detectable via electrical
(resistivity, dielectric constant) measurement methods. This is due to the
micro-scale growth of pre-existing defects; our study is unique as most other
‘fatigue’ tests on thermally sprayed materials are suited for cycles to failure,
etc. To systematically test this, we deposited spinel coatings on tapered
cantilever Aluminum substrates, which were flexed to provide spatially
constant in-plane cyclic strains. After different numbers of cycles, dielectric
constant of coatings was measured via impedance spectroscopy. Results
confirm growth of defects under these low strains, and also a large effect of
humidity on different porosity features. We explain this by recourse to
physisorption and chemisorptions of water molecules on crack faces.
Physisorption and chemisorption phenomena have been discussed in
previous chapter more in detail. Our investigation could have major
implications for coating reliability, as it allows us to characterize how a

coating evolves in-service.

Air plasma sprayed spinel coatings with thickness range 180 to 330 micron
were made. Spinel (MgAlL:Os) powder (5-20 micron) was used. Coatings were
deposited on Aluminum tapered (‘strain along the center line is constant’)

cantilever substrates Figure2la. To apply cyclic strain to coatings, we used a
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fatigue test machine designed for cantilever samples with an eccentric shaft to
apply different bending amplitudes Figure 21b. Here we applied tension and
compression. To calculate the strain € to which the coating is subjected, we
treat it as a thin film on a thick substrate of thickness t, giving us the

following equation.
Equation 14 e= (At/L?)

Here (A) is applied amplitude and (L) is the length of the sample and (t) is

the thickness of coating and substrate together.

Before and after different stages of cycling, coating dielectric constant was
measured via impedance spectroscopy, at 2 kHz. At 2 kHz frequency we are
able to pick up interfacial effects of dielectric which might increase due to
cycling of coating. Ten measurements were taken along the sample length, for
sampling average. The radius of electrode was large enough in comparison
with volume and length of present defects (5 mm in diameter). In addition, to
test the effects of humidity, some samples were baked at 210°C for 30
minutes, and dielectric constant was measured as a function of time (20
seconds increments) exposed to room (humid) air. Maximum applied strain

for the thickest sample was 4.8x10+.

Figure 22 shows capacitance of unbaked spinel samples, as a function of
increased number of strain cycles. Capacitance increases and then stabilizes
after a few thousand cycles. This suggests more water molecules adsorption
in the coating which is due to a strain-controlled fatigue mechanism in the
coatings — that is to say, as the coating is cycled, cracks grow, increasing local
compliance and reducing local stress intensity factor, in turn slowing growth.
However, if one considers that cracks contain air (dielectric constant = 1), one
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would expect a decrease in capacitance with crack growth. This discrepancy
can be explained by considering the adsorption of water on crack surfaces;

water has a higher dielectric constant (78.4) than spinel (10).
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The baking out experiments was done to isolate such humidity effects.
Figure 23 shows capacitance versus time for baked samples exposed to humid
air, after different cycling stages (as-sprayed, 1000, 2000, 5000, 10000). In all
cases, capacitance increases with time, indicating water adsorption. As
explained in previous stage However, with cycling, overall capacitance

decreases. This suggests:

I.  The existence and growth of “closed” cracks in the coating that tend to
decrease dielectric constant, made possible by,

II. Irreversible reactions in such closed cracks, during bake out. In other
words, after baking, water vapor may enter open cracks, increasing
capacitance with time, but not closed cracks. This data suggests a way
to distinguish between open and closed cracks in ceramic coatings, and
also to understand specifically which defects grow under applied

(nominally elastic) cyclic strains.

With this set of experiments we showed that defects in thermally sprayed
ceramic coatings can grow in much lower strain (nominally elastic) than
elastic strain. This crack growth associated with crack bridging mechanism.
This crack bridging is due to frictional wear of sliding ligaments when cracks
open and close again and again under cyclic strain. In case of thermally
sprayed coatings we can consider the coating contains of splats with
interfaces in between them. The interfaces are not very well bonded together
and have weak bonding points. With applying cyclic strain weak points break

and connect two neighbor cracks and make one bigger crack instead of two
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small cracks. Our data showed saturation of cracks under applied cyclic

strain after thousands of cycles.
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