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ABSTRACT

To more fully understand microstructural evolution and the development of
damage in thermal barrier coating (TBC) systems, thermocyclic experiments were
conducted on TBC specimens with and without top coats. The degradation of a PtAl
(platinum modified aluminide) bond coat and a CMSX superalloy substrate were
investigated for cyclic and quasi-isothermal heating to 1200 °C. To accelerate the
oxidation of the specimens, the thermally grown oxide (TGO) was removed at 10 hour
intervals. Scanning electron microscopy (SEM) and instrumented indentation were
employed to investigate microstructural evolution and material property changes of the
bond coat. The microstructural evolution of a PtAl bond coat is strongly affected by the
type of thermal exposure and the presence of TGO. The differences between cyclic and
quasi-isothermal heating indicate that stresses associated with cooling and heating
significantly alter microstructural evolution.

Damage to TBC specimens with EB-PVD (electron beam physical vapor
deposition) processed YSZ (yttria stabilized zirconia) top coats, PtAl bond coats, and
René N5 superalloy substrates was assessed during thermal cycling to 1200 °C. Acoustic
emission (AE) techniques were used to temporally identify damage to the TBC. For
automated, continuous, and high temperature AE detection, a custom made experimental

setup with either a nickel-chrome alloy wire wave guide or an alumina wave guide was

i



used. It was found that there are four distinct regions of AE activity during the life of a
TBC. Throughout the cooling cycles, images of the top coat were collected with
darkfield-type lighting. These images showed how undulations developed in the top coat.
In addition, digital image correlation (DIC) was used to identify regions with interfacial
damage. Finally, the images were used to analyze the spallation of the top coat. Cycling
of an additional specimen was interrupted periodically for analysis with profilometry and
SEM. The profilometry and SEM images were used to further investigate the failure
mechanisms in TBCs.

The experiments and analysis performed in this dissertation work have
elucidated how various failure mechanisms develop during the life of TBCs. This work
has improved the scientific understanding of TBCs and could aid in the development of

improved life prediction models.
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CHAPTER 1

INTRODUCTION

1. SIGNIFICANCE OF THE PROBLEM

Engine failure is one of the most common reasons for commercial and military

aircraft accidents. Since a commercial airplane crash usually involves significant

financial and human life losses, the impact of one commercial airplane crash on society is

overwhelming. The National Transportation Safety Board’s former chairman Jim Hall

estimated that the direct cost of one fatal commercial aviation accident totals more than

$300 million [1]. Naturally, the Chairman was also concerned about the enormity of the

human tragedy involved. In the military, there is serious concern over aging aircraft that

have higher chances of fatal crashes and astronomical maintenance costs. A recent report

said that 45% of the airlift/tanker/trainer engine fleet is over 30 years old and 54% of the

fighter engine fleet is 21 to 30 years old. Innovative engine failure prevention/prediction



techniques are needed to stem the soaring costs associated with engine failure and

maintenance.

Aircraft turbine engines fail at blades, vanes, disks, ducts, gearboxes,

stationary structures, bearings, efc. Since the failure of only one blade on an engine with

200 to 400 blades could be catastrophic, blade failure is one of the leading cause of

engine related aircraft accidents [1]. Aircraft turbine engines use superalloy blades that

are designed for high temperature applications. Good mechanical and thermal properties

as well as resistance to environmental attack are base requirements for these superalloys.

Higher turbine inlet temperature is an overarching goal of turbine engine design since

higher turbine inlet temperature improves aircraft engine thrust and fuel efficiency. To

protect superalloy components from high temperature and corrosive combustion gases

(e.g., sulfur), thermal barrier coatings (TBCs) have been used since the mid-1970s. The

use of TBCs lowers the temperatures seen by the superalloy substrate by up to 170 °C

[2].

Application of TBCs can be an expensive endeavor. However, the added

expense is offset by the increased performance of the engine and/or lower maintenance

costs. A more significant trade-off for using TBCs for corrosion and high temperature



protection is the introduction of a coating whose durability is not predictable. In other

words, the TBCs are not “prime reliant.” The worst-case scenario for durability loss is

spallation of the TBC, which exposes the superalloy to higher temperatures and to

aggressive combustion gases. This event accelerates the degradation of the superalloy

and may cause structural failure. To prevent catastrophic engine failure and to reduce

maintenance costs, comprehensive research into the mechanisms associated with TBC

durability loss must be performed.

2. LITERATURE REVIEW

2.1 TBC SYSTEMS AND ROLE OF EACH LAYER

State of the art TBC systems consist of a top coat, thermally grown oxide

(TGO), bond coat, and substrate. These different layers form a “system.” The substrate

is included in the system because it is an integral part of the coating, and it is not possible

to reproduce the coating without the substrate. Although authors often use the term

“TBC” to refer only to the top coat, in this dissertation TBC is used to refer to the

complete system. The top coat is a thermally insulating, strain tolerant oxide. Under the

insulative ceramic top coat there is a bond coat that forms an oxidation/environmental



barrier. A TGO layer is put between the top coat and bond coat. The TGO layer grows

during service.

Figure 1.1 shows a scanning electron microscopy (SEM) cross-section of a

TBC specimen used in this research. This particular specimen has a 3 mm thick René N5

nickel base superalloy substrate. The ceramic top coat, which is around 120 pm thick,

has a columnar structure. The TGO layer typically grows to a thickness of around 6-7

um by the end of life [3, 4]. The bond coat has a thickness of 50 pum. These specimens

were provided by General Electric Aircraft Engines (www.geae.com).

Low thermal conductivity and strain tolerance are two major requirements for

the ceramic top coat. Strain tolerance is important to avoid vertical cracks that would

then propagate along the interface and cause instantaneous delamination. Two processes

have been used to deposit strain tolerant ceramic top coats. Air plasma sprayed (APS)

deposition was first introduced, and during the 1990s the physical vapor deposition

(PVD) process was successfully brought into commercial service [5]. APS deposition

which has a lower cost than PVD generates porosity and a network of crack-like voids to

provide some strain tolerance [6]. The unique columnar grain structure and porosity

containing ceramic top coats produced by PVD processes such as sputtering give better



strain tolerance [7]. Higher deposition rates are achieved by electron beam physical
vapor deposition (EB-PVD), which provides up to 7 pm/min deposition rates on blades
[8]. The economics and the better strain tolerance make EB-PVD the process of choice
for TBCs on blades. TBCs for larger structures such as combustor liners and rocket
nozzles are typically produced with thermal spray technology.

Yttria stabilized zirconia (YSZ or ZrO, with 7% Y,03), which has low thermal
conductivity (~1 W/m’K) with minimum temperature sensitivity is a preferred material
for the top coat. Yttria stabilizes zirconia into cubic and tetragonal forms [6]. YSZ has a
relatively high coefficient of thermal expansion (CTE), phase stability to 1400 °C, and
good corrosion resistance. Through the resulting columnar grain structure and porosity,
EB-PVD processing lowers the thermal conductivity of the YSZ top coat to 0.5 W/m°K
[6].

While APS deposited ceramic top coats adhere to the bond coat primarily
through mechanical interlocking from semi-plastic particle deformation, PVD coatings
have chemical bonding adhesion mechanisms [9]. During the deposition process, TGO

grows between the top coat and bond coat. In the as-deposited state, the TGO is around



0.5 pm thick [3]. Since the ceramic top coat is transparent to oxygen, TGO continues to

grow during subsequent high temperature exposure.

Due to its low oxygen diffusivity, structural stability, density, and superior

adherence [6], a-alumina (a-Al,Os3) is the preferred TGO. Oxygen passes through the

ceramic top coat and combines with aluminum that diffuses from the bond coat to form

additional TGO during service. The TGO layer acts as the source of chemical bonding

between the top coat and bond coat. By greatly retarding the oxygen transport rate, the

TGO layer also reduces the rate of bond coat oxidation [10, 11]. Thus this TGO layer

also protects the substrate from high temperature corrosion and oxidation.

The bond coat is designed as a bonding layer and a local aluminum reservoir.

The bond coat is crucial because its chemistry and microstructure influence the TGO

layer. Because of its stable and slow growing TGO, platinum modified aluminide (PtAl)

coatings are one of the most popular types of bond coats for TBC systems. PtAl is

typically fabricated by electroplating a thin layer of Pt onto the substrate and then

aluminizing by pack cementation [6]. The pack cementation is an in situ chemical vapor

deposition process and is used to apply high temperature oxidation and corrosion

protective coatings on metal surfaces [12]. Pt additions were initially intended to prevent



or retard inter-diffusion of aluminum from the bond coating into the substrate [13].

However, the complete role of Pt has not been fully established.

Embrittlement between the TGO and bond coat interface can be caused by

sulfur diffusing from the substrate and from combustion gases during thermal exposure.

It is important for bond coats to control sulfur mobility. Another type of bond coat,

NiCoCrAlY has yttria as a getter element for sulfur. The PtAl bond coat does not contain

any getter element for sulfur [6]. Monceau et al. [14] have experimentally investigated

several bond coat systems including PtAl and NiCoCrAlY with different surface

treatments and under different thermal conditions, and it was found that the PtAl bond

coat resulted in the best TGO adherence and longest life.

2.2 TBC DURABILITY LOSS ISSUES

During turbine engine operation, TBCs experience large numbers of high

temperature thermal cycles that lead to TBC failure. Stiger et al. [15] categorized four

leading causes for TBC failure: ceramic top coat cracking, sintering of zirconia, particle

erosion, and TGO interface cracking. Horizontal and vertical cracks in the ceramic top

coat are a major source of TBC failure, and sintering of zirconia is one of the reasons for

top coat cracks. Particle erosion is another significant cause of TBC failure [16].
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Foreign object damage that is caused by particle impact is one example of particle

erosion. Foreign object damage leaves the top coat locally compressed and results in a

hot spot in the bond coat [6, 17]. This damage contributes to TBC failure. Propagation

of cracks within the TGO interface is blamed for most TBC failure in EB-PVD and APS

processed TBCs [2]. TGO interface cracking causes spallation or macroscopic failure of

TBCs. These TGO interface cracks have been investigated intensively [4, 15, 18-20].

The TGO interface cracking location (i.e., between the top coat and the TGO layer versus

between the TGO layer and the bond coat) depends on the top coat deposition process

and the type of bond coat [21]. In APS deposited top coats, cracking occurs at the top

coat - TGO interface [22]. In EB-PVD TBCs, cracking usually occurs at the bond coat -

TGO interface with NiCoCrAlY bond coats [23] and at the top coat - TGO interface with

PtAl bond coats [3].

Regardless of the cracking location, TGO interface cracking is the result of the

combined effect of various stress generation and microstructural degradation factors.

Stresses generated on the TGO interface are affected by TBC degradation such as phase

change in the bond coat [24-26], TGO growth [4, 27-29], and sintering of the top coat

[30]. Gell et al. [22] said there are dozens of materials and processing variables that must



be controlled to provide TBCs with long-term durability. Failure mechanisms in TBCs

are very complex and are not completely described by simple models.

Gell et al. [22] tried to sum up all failure parameters and focused on two TBC

system variables to explain TBC failure: the bond stress and bond strength in the vicinity

of the TGO. The bond stress is the out-of-plane (normal to the interface) tensile stress on

the TGO interface. Gell et al. [22] explained that as thermal cycling progresses, the bond

strength decreases and the bond stress increases. From this point of view, TBC

degradation can be regarded as an evolutionary process that decreases the bond strength

and simultaneously increases the bond stress.

23 TBC DEGRADATION

It is ironic that the TGO layer provides adhesion between the top coat and

bond coat, protects the bond coat/substrate from high temperature corrosion and

oxidation, and at the same time, growth of the TGO layer and its interfaces is blamed for

TBC failure. TGO degradation plays an integral role in the ultimate failure of the TBC

system. The TGO quality is significantly degraded by the diffusion of hafnium from the

substrate [31] and the presence of sulfur in the coating or the substrate [14], and this TGO

degradation leads to bond strength decrease. Since there is mechanical and chemical
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interaction between the TGO and the bond coat, it is essential to study TGO degradation

together with bond coat degradation. In earlier work, thermo-mechanical cycling of an

aluminide coating on a superalloy was investigated and the formation of oxide, onset of

oxide scalloping, and fracture of the coating was studied [32]. For evaluating the quality

of the oxide scale formation, the microstructure of different bond coat systems was

described in detail [14, 31].

The formation of interfacial waviness is the most critical bond coat issue

related to the TGO layer. TGO waviness has been associated with initial processing

defects [23] and the undulation amplitude of the TGO may be increasing through plastic

ratcheting of the bond coat [33]. Phase changes from -(Ni,Pt)Al to y'-(Ni3Al) are

thought to cause resistance to downward displacement of the TGO [3] because phase

changes result in a volume reduction. Phase changes may also enhance waviness [20].

Transformation of B-(Ni,Pt)Al phase to y'-(Ni3Al) phase is presumed to be driven by

depletion of aluminum [13].

More recently, martensitic transformation of bond coat microstructure has

received significant attention [24-26, 34]. While the transformation from martensite to [3-

(N1,Pt)Al during heating cycles accompanies the volume expansion of the bond coat, the

10



transformation from B-(Ni,Pt)Al to martensite during cooling cycles accompanies the

volume shrinkage of the bond coat [34]. Therefore, the bond coat martensitic phase

transformation plays an important role in the stress and strain formation in TBCs by

enhancing the CTE misfit strains during thermal cycling [34]. The bond coat martensitic

transformation along with CTE misfit may thus promote TGO waviness growth [35].

Grain boundary ridges are another critical bond coat issue related to the TGO

layer [21]. It has been found that voids under the TGO begin with ridges associated with

bond coat grain boundaries [36]. Preferential oxidation along the near-surface bond coat

grain boundaries occurs because TGO integrity is diminished near grain boundary ridges.

It has been reported that when ridges on the PtAl bond coat layer were removed,

spallation life increased by three times [22]. The oxidized grain boundaries cause cyclic

plasticity in the bond coat and void growth during thermal cycling. More recently it has

been postulated that pre-existing grain boundary ridges play an important role in

initiating and widening the top coat vertical cracks as the TGO layer thickens [37].

Sintering of zirconia is one of the most critical top coat degradation

mechanisms. Since the in-plane Young’s modulus of the YSZ is dependent on the degree

of contact between each column, sintering of zirconia increases the in-plane modulus
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[38]. The increase in the modulus results in an increase in residual stress and the strain

tolerance of the top coat decreases [30]. Sintering of zirconia also increases thermal

conductivity significantly [39]. Leyens et al. [38] reported that sintering effects were

observed for all different YSZ microstructures after 100 one hour cycles at 1150 °C.

Sintering also is observed in 1100 °C cycles, but compared to 1150 °C cycles, it is less

significant even after 1000 cycles and is more YSZ microstructure dependent [38]. It

was also reported that extensive sintering had occurred after only 50 hours of 1200 °C

isothermal heating [40, 41].

24 CRACKING, BOND STRESSES, AND SPALLATION

A fracture mechanics orientated and TGO interface cracking based TBC

failure model has been suggested by Evans and co-workers [3, 23, 42]. Figure 1.2 shows

the TGO interface failure model by Mumm et al. [3, 42]. In the first step, initial

imperfections are sites for displacement instabilities. TGO undulation or rumpling causes

stress concentrations and sub-critical interface cracks nucleate in the YSZ top coat. The

sizes of the sub-critical interface cracks which form during the first 34% of cyclic life are

about 10-50 pm long [6]. The bond coat evolution due to inward and outward diffusion

plays an important role in TGO waviness. Downward displacement of the TGO induces
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tensile stresses and sub-critical interface cracks nucleate in the top coat due to Mode I
fracture loading [43]. Out-of-plane tensile stresses around initial imperfections with
downward TGO displacement are closely related to in-plane (parallel to the interface)
compressive stresses in the TGO layer. Undulations and sub-critical interface cracks
continue to grow and coalesce [23, 44]. Crack extension to around 100 pm long happens
by around 76% of the cyclic life [6]. These 10-100 pm cracks are called short cracks,
and their formation is governed by mode I fracture toughness [6]. Mode I fracture

toughness of the YSZ top coat is in the range from 0.1 to 1 MPa-m"? [

6]. Just outside of
the TGO downward displacement region, the TGO is displaced upward and compressive
stresses occur in the top coat. This region is governed by Mode II fracture loading [43].

Compared to the short cracks, long cracks with lengths greater than 1 mm are
governed by mode II fracture toughness. These cracks are usually observed emanating
from free edges [6]. Mode II fracture toughness of the YSZ top coat ranges from 3 to 5
MPa-m"? [6].

Under sufficiently high thermal gradients, YSZ top coat cracks can form and

propagate either parallel or vertical to the TGO interface [45, 46]. These types of cracks

were observed in specimens under thermal shock produced by high energy laser heating
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[46]. No EB-PVD YSZ top coat crack induced failures were observed in specimens
within a furnace or a burner rig [45]. Hutchinson et al. [45] categorized YSZ top coat
cracks into “isolated cracks” and “shrinkage cracks” [45]. Isolated cracks, which are
parallel to the TGO interface, are due to thermal gradients. Shrinkage cracks which are
vertical to the TGO interface are generated because of deficit strains caused by sintering
of the zirconia columnar structure [46].

In the presence of in-plane compressive stresses on the TGO layer, the
waviness of the TGO layer with downward TGO displacement generates the out-of-plane
tensile stresses on the TGO interface. PtAl bond coat phase change due to inter-diffusion
is blamed for rumpling which significantly increases the bond stresses [20, 33]. The
TGO layer in-plane compressive stresses are caused mainly by CTE misfit and TGO
swelling [6]. The CTE of the substrate and TGO varies from 14.8 to 18.0 x 10°/°C and
from 8.0 to 9.6 x 10°°/°C at 20 °C and 1100 °C, respectively [47]. Therefore, the TGO
layer develops large, in-plane compressive stresses (3-6 GPa) as the TBC cools to
ambient temperature [18]. TGO formation is a volumetric expansion process that also
generates in-plane compressive stresses in the TGO layer [48]. However, it is believed

that smaller stresses (less than 1 GPa) are arise from TGO formation [6].
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Sub-critical interface cracks are the intermediate step towards TBC failure, and

spallation is the final step in TBC failure. TBC spallation results from buckling of the

ceramic top coat [48]. When the ceramic top coat becomes sufficiently debonded by the

interface cracks, buckling is caused by in-plane compressive stresses on the ceramic top

coat which are due to CTE misfits between the top coat and substrate. Sintering of

zirconia increases the in-plane compressive stresses on the top coat [30].

Observations indicate that TBC spallation is a buckling phenomenon [48].

Figure 1.3 shows a TBC specimen with a buckled top coat. It has been reported that

buckling of the ceramic top is possible when the interface crack size is at least 16 times

the ceramic top thickness [49]. Therefore, for the current specimens, when the interface

crack becomes more than 1.5 mm, spallation of the top coat could occur.

2.5 TBC LIFE PREDICTION

Existing TBC life prediction models are primarily empirically based and are

driven by fitting model parameters to data generated under burner-rig tests [50]. The

earliest life prediction modeling work tried to correlate the spallation life with exposure

time, temperature, and number of cycles [51]. Meier et al. [52] suggested a life

prediction model based on maximum in-plane TGO layer tensile strain and TGO
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formation for both EB-PVD and APS TBCs. However, this model seems to be flawed

since the TGO layer is always under compressive strain. Chan et al. [53] developed a life

prediction model for EB-PVD TBCs based on coating degradation mechanisms including

oxidation, spallation, and aluminum depletion in the bond coat.

Since there are so many factors which influence the life of TBCs, it is not an

easy task to predict TBC failure. For example, the maximum temperature is a critical

factor for TBC life. Yanar et al. [54] showed that TBC failure for 45 minute cyclic

heating at 1100 °C and 1200 °C will occur after 1200 cycles and 120 cycles, respectively.

Therefore, the life prediction model should be sensitive enough to predict TBC failure for

different maximum temperatures. Naturally, the cycle time will also play a major role in

the time to failure.

Another obstacle for accurate life prediction is the scatter of TBC life even

among identically processed specimens. It seems that this variability comes from initial

processing defects and microstructural variability. The YSZ top coat has inherent

randomly distributed flaws. The observed scatter in fracture strength may be caused by

the severity and location of these flaws [55]. Another example of this variability is

provided by Gell and co-workers [22]. They observed that for one hour cycles to 1121
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°C, EB-PVD YSZ top coat PtAl bond coat specimens survived anywhere from 200 to

1900 cycles [22].

3. SCOPE AND OBJECTIVE OF THE RESEARCH

As explained above, because of different deposition processes, materials, and

service scenarios, there are several types of TBC failure mechanisms. In this research,

only TBC systems with EB-PVD processed YSZ top coats and PtAl bond coats processed

by pack cementation will be studied.

Since microstructural degradation affects the bond strength and the bond stress,

analyzing the TBC degradation quantitatively as well as qualitatively will be beneficial to

better understanding of TBC failure mechanisms. The first part of this work will concern

itself with microstructural evolution of the PtAl bond coat under high temperature

thermal loading. Phase transformation of the bond coat will be the focus in this study.

Effects of thermal cycling and (quasi)-isothermal holding on bond coat microstructural

evolution will be investigated with extensive SEM.

Phase changes of the bond coat will alter the mechanical properties of the bond

coat. Phase changes can be analyzed by measuring the elastic modulus changes of the

bond coat. Since instrumented indentation can be used to probe elastic properties [56,
17



57] and needs only small volumes of material, the instrumented indentation technique can

be used for measuring bond coat elastic modulus. Bond coat evolution will be

quantitatively analyzed by measuring elastic modulus change of the bond coat with

instrumented indentation.

If it is known how much damage a TBC can sustain, by tracking damage

formation and growth, the remaining life can be predicted. Top coat cracking, sub-

critical interface crack nucleation/propagation/coalescence, and spallation by buckling

are the basic damage mechanisms in TBCs. Therefore, the detection of sub-critical

interface cracks, which eventually link together to create macroscopic spallation [23], is

crucial information for TBC failure and life prediction modeling.

In the case of sub-critical crack based TBC modeling, the difficulty comes

from detecting the actual cracks. At 34% of the cyclic life the size of short cracks is only

around 10-50 pm [6]. The location of these cracks also makes it difficult to detect them.

For in situ and especially non-destructive crack detection, new methods must be

developed.

Internal damage in ceramics has been successfully detected by using infrared

thermal images of the ceramic top surface during application of heat to the bottom
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surface [58, 59]. This method was applied to TBCs and the results showed that thermal

cycling resulted in an average surface temperature drop on the top coat surface due to

debonding [60]. A similar method also showed changes in infrared images of the top

coat surface as thermal cycles increased [61]. However, most of these tests did not have

enough spatial resolution to enable quantitative analysis of sub-critical interface cracks.

More importantly, until cracks grow large enough sizes, internal damage could not be

identified by these methods. Therefore, detailed cracking information especially during

earlier stage of TBC life is not available from these methods.

Acoustic emission (AE) is a name for mechanical waves produced by rapid

strain energy release [62]. AE is produced by various types of microstructural changes

and is commonly used to monitor crack formation. Therefore, it is expected that AE can

be used to detect damage accumulation in TBCs. Generally, phase transformation [63],

crack formation [64], and crack propagation [64] produce AE. AE techniques have been

used to detect damage in TBC specimens during indentation and scratching [65], top coat

cracking under four point bending loading [66], and other cracking activities in TBC

specimens [67, 68]. AE techniques have also been applied to monitored thermal fatigue

failure of TBC specimens [69].
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AE which originates from TBC damage formation will be detected and

analyzed during the second phase of this research. Based primarily on the rate of

accumulation of events, distinct regions in which different damage mechanisms are active

will be identified. In this way, TBC degradation through damage accumulation under

high temperature thermal cycling will be traced throughout the TBC life.

When a thin coating is bonded to a substrate and has residual stresses, the

substrate develops curvature to compensate for the coating stresses [70]. Measuring the

curvature of the coating-substrate system enables calculation of the residual stress stored

in the coating [71]. The significant CTE mismatch between the substrate and TGO/top

coat places the TGO under compressive stress. Stresses are equilibrated by the

development of convex curvature.

A profilometer will be used to measure the curvature change of the TBC at

regular intervals. Thus it will be reported how TGO layer stresses evolve during the TBC

life. The profilometer will also be used to quantify the change in top coat waviness. For

specimens that will be investigated with the profilometer, the TBC top coat will be

carefully polished because profilometry requires smooth surfaces.
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Intact interface and top coat-TGO separation can generate waviness on the top

coat surface [72]. Because of compressive residual stresses on the top coat, intact

interfaces will form valleys and separated interface will be form hills on the top coat

surface. Therefore, the distribution of valleys and hills on the top coat surface can be

related to interface cracking/delamination. By using a charge coupled device (CCD)

camera with a microscope, top coat surface images will be taken, and the top coat’s

change in waviness will be traced during the TBC life.

Top surface images will be used to locate interface delamination and determine

top coat thermal contraction behavior using digital image correlation (DIC) calculations.

DIC is a method for calculating displacements and displacement gradients by comparing

two digital images [73-78]. Since DIC has in situ and non-contact capability, DIC can be

used to monitor thermal contraction behavior of the TBC specimens during cooling. If

delaminations exist, one would expect the thermal contraction to become non-uniform

near the delamination. In this way, delamination can be monitored. Top surface images

also will be used to study TBC spallation process due to buckling of the top coat. SEM

micrographs of the top coat surface will aid to identify the vertical crack formation and

will supply additional information regarding top coat damage. For specimens that will be
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investigated with SEM, the TBC top coat will be carefully polished to remove pre-

existing top coat columnar gaps. By removing top coat pre-existing columnar gaps,

vertical cracking will be clearly distinguished. SEM also will be used to investigate he

failed interfaces of the spalled TBC specimens.

Through the work outlined above, a better understanding of the TBC failure

process will be obtained. With non-destructive techniques, damage mechanisms for each

stage of TBC life will be identified. These results have important ramifications for life

prediction modeling. The following summarizes the five main areas of investigation in

this research:

1. Instrumented indentation

o Machine compliance correction and calibration of the instrument

° Elastic modulus measurements

II. Bond coat degradation analysis

o Microstructural evolution and differences between cyclic and isothermal
heating

o Accelerated aluminum depletion effects on microstructural evolution

o Elastic modulus estimation of degraded bond coat material

o Rule of mixture analysis for a multi phase bond coat material

III. Temporal TBC damage assessment during thermal cycling of TBCs
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o In situ damage detection with AE techniques
J Dividing TBC life into regions with different dominant damage

mechanisms

IV. TGO residual stress, top coat roughness, and delamination assessment

o Curvature change measurement with profilometry

. TGO layer stress evolution obtained from curvature measurements
o Top coat surface roughness evolution

o Investigation of the delamination which causes spallation

V. Top coat vertical cracking, delamination propagation, spallation, and DIC

J Top coat vertical cracking analysis by SEM

o Imaging of delamination propagation: the development of spallation

o Post spallation observation

o Interface delamination detection and thermal contraction change of the top coat
using DIC

4. EXPECTED CONTRIBUTIONS

Experimental results from this research will advance the scientific

understanding of TBC failure. Better understanding of TBC failure will be helpful for

designing more durable TBCs to improve engine efficiencies and reduce maintenance

costs. Moreover, this research will help to save lives and money by predicting/preventing

catastrophic turbine engine failure. The following summarizes the expected contributions
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of this research in two areas: TBC degradation information and temporal and spatial

damage accumulation analysis.

For bond coat phase transformation analysis, an accelerated aluminum

depletion test will be conducted for faster and clearer observation and will provide solid

evidence of microstructural evolution by cyclically induced stresses. Phase

transformation will be quantified by modulus measurements and SEM micrograph image

analysis.

Damage accumulation will be analyzed for both temporal and spatial aspects

by applying AE, CCD camera imaging, DIC, profilometry, and SEM techniques. AE

techniques will map damage accumulation under high temperature thermal loading

throughout the TBC life. Interface crack characterization methods will be developed by

CCD camera images and DIC techniques. It will be shown that the DIC calculation

provides a non-destructive test method for interface crack detection. The profilometry

will be shown to provide a simple way to measure TGO layer residual stresses and to

quantify the change in top coat waviness. Polishing enables the use of SEM to detect

vertical crack formation. Imaging of delamination propagation by CCD camera images

enables detailed analysis of the spallation process.
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Figure 1.1: The section view of the TBC system used in this research.
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(a) | As-Deposited Initial

TGO

(b) | TGO Growth / Thermal Cyciing

Figure 1.2: Illustration of the three main steps in the Mumm e a/. [3] TBC failure model.
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Figure 1.3: TBC spallation due to buckling after thermal cycling.
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CHAPTER 2

INSTRUMENTED INDENTATION

Note: This chapter describes what is involved in making accurate modulus measurements
using instrumented indenters. This background information supports the results provided
in Chapter 3.

1. INTRODUCTION

Instrumented indentation is an indentation experiment with continuous

measurement of the load and displacement. Since instrumented indentation needs only

small volumes of material, this technique is suitable for determining localized materials

properties and is especially useful in probing thin coating properties. Instrumented

indentation has been used to probe elastic properties [56, 57], yield stress and strain

hardening [79, 80], and residual stresses [81]. General elasto-plastic properties extraction

procedures from instrumented indentation experiments have been suggested [82, 83].

The interfacial properties of thin films have also been studied by indentation [84, 85].
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The elastic modulus is usually determined from the empirical methods given by Pharr et

al. [57] and is usually based on the assumption of elastic recovery during unloading. The

reduced elastic modulus, £, which is a function of the specimen modulus and indenter

modulus is defined by
I 1=V 1=V
R +
E. E E (Eq. 2.1)

where v and FE and v; and E; are the Poisson’s ratio and elastic modulus for the test

material and indenter, respectively. The reduced elastic modulus is derived from
E =—"— (Eq. 2.2)

where S is contact stiffness (slope of the unloading curve) and 4 is the projected contact
area. [ is a constant that depends on the geometry of the indenter. For a spherical
indenter f =1. S'is determined from a curve fit of the upper 20 to 50% of the unloading
data. The contact area, 4, is calculated by determining the contact depth, /., and using an

area function as follows:

_ PMax
he = By —8= 5 A=xh(D-h)

and (Eq. 2.3)
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where /4 and Py, are maximum indentation penetration and maximum applied load,

respectively. From elastic contact analysis, for a spherical indenter, the constant & = 0.75.

D is the diameter of the spherical indenter.

Figure 2.1 shows a typical instrumented spherical indentation curve with

maximum load of 300 N. Fig. 2.1 illustrates how contact stiffness and contact depth can

be found from the unloading portion of the indentation curve.

2. APPARATUS

A Quad Group (www.quadgroupinc.com) Alexandra instrumented indenter

machine was used in this project. Figure 2.2 shows the indenter machine with a steel

specimen, the spherical indenter tip, and a custom-made clamping device. The indenter

machine has a load cell with an 850 N capacity and a linear variable differential

transformer (LVDT) with maximum travel of 635 um. The resolution for the load cell

and the LVDT are 0.25 N and 0.15875 um, respectively. The indenter loading rate can

be controlled from 0.5 N/s to 50 N/s. The spherical indenter tip has a 1.5 mm diameter.

The tip is made of tungsten carbide and is held in a stainless steel body. The modulus for

tungsten carbide is 630 GPa and the Poisson’s ratio is 0.21.
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3. CALIBRATION

A wide range of indentation loads were applied to check how the estimate of

modulus depends on indentation load. Figure 2.3 shows a steel specimen’s elastic

modulus estimates for 50 N to 700 N indentations. The specimen was not clamped for

these measurements. Since the modulus should be approximately 200 GPa, Fig. 2.3

shows that the modulus is underestimated for all indentation loads. This underestimate

can be corrected by including machine compliance in the calculation. In general higher

indentation loads give lower modulus estimates. Fig. 2.3 shows that the load range of

200 N to 400 N generated the most consistent modulus estimate. Consistency can be

improved through clamping of the specimen.

As indicated above, a reason why the modulus estimate falls short is related to

the fact that the displacements measured in the indenter test include machine compliance.

Therefore, without a machine compliance correction, the indentation results

underestimate the modulus. The true displacement, 4, of the tip into the material is

defined by

h=h -C,P, (Eq. 2.4)
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where /; is the total measured displacement and C,, is the machine compliance. P is the

load for the corresponding measured displacement. C,, is defined through

Ct = Cv + Cm , (Eq 25)

where C; is the total measured compliance and C; is the elastic compliance of the

indenter-specimen contact. C,, is determined by using the following relation:

—+C,. (Eq. 2.7)

The intercept from a plot of C; versus 4™ provides C,.. The slope of the plot is
proportional to £,”’. Alumina was used since it is elastic over a wide range of loads.
Fourteen indentations were done and the plot of C; versus 4™ was obtained. By
extrapolating the plot, the intercept, C,, was found. Figure 2.4 shows the calibration
results. The intercept value found from Fig. 2.4 is C,, =1.1601E-8 m/N with standard
deviation of 3.4501E-9.

Clamping of the specimen minimizes micro motion of the specimen. This is
critical for modulus estimation since it reduces a large percentage of total displacement

and gives stability during unloading. A 300 N indentation on a steel specimen will have

32



approximately 42 pm of total travel when unclamped. Clamping reduced the total

displacement by an average of 6 pum. However, clamping also reduced the unloading

slope by around 5%. Therefore, since total displacement and unloading slope effects

cancel each other out, for higher loads the effects of clamping are less significant than

anticipated for calculating elastic modulus. From the comparison of unclamped and

clamped test results for 50 N steel indentation, clamping did give apparent increases in

modulus estimates. Unlike for 300 N indentations, clamping for 50 N indentations

reduced the total penetration and increased the unloading slope. Those combined results

contributed to increased modulus estimates. It can be concluded that clamping is critical,

especially for lower load indentations.

To ensure the consistency and accuracy of modulus estimations, fine polishing

of top and bottom surfaces of indentation specimens is as important as compliance

correction and clamping. By polishing specimen surfaces, specimen movement during

the indentation and surface roughness effects are minimized. For smaller indentation tips

and lower maximum indentation loads, finer polishing is required.

Three different materials with a range of moduli were used to calibrate the

instrumented indentation machine. Table 2.1 shows the three materials and their
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mechanical properties. For accuracy and consistency of the modulus estimates, all of the

specimens were polished on both surfaces and clamping during each indentation run was

used.

Figure 2.5 shows the elastic modulus estimates and standard deviations for

each of the materials given in Table 2.1. Indentation loads of 50 N and 300 N were

applied to surface polished and clamped specimens with 1 N/s and 10 N/s loading rates,

respectively. Circle symbols and diamond symbols represent maximum indentation loads

of 50 N and 300 N, respectively. Open symbols represent elastic modulus calculations

from 4, the total measured displacement (no compliance correction). Filled symbols

represent elastic modulus calculations with corrected total displacements by using C,, =

1.2E-08 m/N. Fig. 2.5 shows that before machine compliance corrections, the moduli

from the 50 N maximum indentation load experiments were higher than those from the

300 N indentations. However, after compliance correction, higher and more accurate

modulus estimates for alumina and steel specimens resulted from 300 N indentations.

For softer material like brass, compliance corrected 50 N indentations resulted in more

accurate modulus estimates. Generally speaking, the compliance correction worsened the

consistency of the elastic modulus estimations for both 50 N and 300 N indentations.
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In conclusion, for harder materials like alumina and steel, 300 N indentation

with a C,, = 1.2E-08 m/N correction will give accurate modulus estimates. For softer

materials like brass, 50 N indentations with a C,, = 1.2E-08 m/N correction should be

used to determine the modulus more accurately.

4. DISCUSSION AND CONCLUSIONS

From the results presented above, it has been shown that modulus calculations

using the Quad Group Alexandra instrumented indenter are dependent on the clamping of

the specimen to the indenter base, the machine compliance correction, polishing of the

specimen surfaces, and the specimen material. Naturally, repeatability and accuracy of

the indention process and its results is a critical issue.

Clamping can have a significant effect on the indentation of specimens.

Clamping will reduce the effects of any gaps that may be present between the specimen

and the base indenter table. For all load ranges, clamping of specimens reduced the total

depth of penetration. For higher loads, the reduction in penetration depth was a small

percentage of the total penetration. However, at small loads, the percentage was much

higher. In addition, for smaller loads clamping resulted in much more consistent results.
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Machine compliance was calculated using an alumina specimen. Alumina,

steel, and brass specimens were then indented. When machine compliance corrections

were applied to 50 N indentation data, except for the alumina specimens, the resulting

moduli were close to the book-value moduli. However, for 300 N indentation, only the

indentations on the steel and alumina specimens yielded reasonably accurate moduli.

The brass specimens indented at 300 N gave moduli that were significantly lower than

the book-values. For higher loads the data that had not been corrected for machine

compliance is relatively consistent. Correcting for machine compliance magnifies small

differences in the data and results in large scatter in the final results.

Depending on specimen material properties (i.e., the hardening exponent), the

applied load has significant effects on plastic flow. For simple tension tests, more

consistent unloading slopes are observed after the specimen is deforming in a fully plastic

manner. It seems that this higher consistency can be obtained in an analogous manner for

spherical indentation modulus determinations. The development of fully plastic flow is

measured using Pm, the mean pressure over the circle of contact and 7, the yield stress in

simple tension and compression. When Pm/Y reaches 1.1, yielding is initiated in a

localized region. Throughout the range Pm/Y = 1.1 to Pm/Y = 3.0, the indentation is
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elastic and plastic. When Pm/Y reaches 3.0, fully plastic flow is developed. For instance,

steel 1018 specimens with a yield stress of 386 MPa has Pm/Y=35.5 for a 100 N indention.

Therefore, it can be concluded that after 100 N, fully plastic flow is generated. It seems

that this full plasticity contributes to the consistency of moduli estimates for the higher

load range (100 N-700 N). It is not known if there should be certain “degree of

plasticity” guidelines which relate the equations used (and machine compliances) for

each material and each load range.

For accurate and consistent modulus estimates, accurate depth measurement

and consistent unloading slopes are essential. The loading profiles often show a few

microns of initial displacement without corresponding loading. This indicates that when

the indenter moves down and stops after finding initial contact with the specimen surface,

there is still a gap between the indenter tip and the specimen surface. This yields

incorrect total displacement. The other more critical problem is inconsistency of the

unloading profile, especially for harder materials. It is not uncommon for two tests that

have almost identical loading profiles to have very different unloading profiles. These

differences easily generate around 25% discrepancy in modulus estimate. The unloading

slopes for brass material indentation tests are very consistent compared to those for the

37



steel indentation tests. It seems that during the unloading process, the stability of the

system becomes worse for harder materials.

Chapter 3 will describe how PtAl bond coat specimens were degraded with

thermal cycling and how the modulus was measured with room temperature indentation

at regular intervals. The modulus of the as-coated bond coat is similar to a steel 1018

specimen. Therefore, 300 N maximum load indentations were used to ensure fully

plastic indentation. Compliance correction with C,, = 1.2E-08 m/N was used to obtain

more accurate modulus estimates.
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Table 2.1: Calibration specimens with their book-value elastic moduli and Poisson’s

ratios.

Specimen Alumina Steel Brass
E (GPa) 350-370 190-210 96-110
\% 0.25 0.27-0.3 0.33
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CHAPTER 3

CHARACTERIZATION OF THE DEGRADED

MICROSTRUCTURES OF A PLATINUM ALUMINIDE COATING

Note: The first four sections of this chapter are essentially the same as the corresponding
sections of a published journal article with the following citation: Kim HJ, Walter ME,
“Characterization of the degraded microstructures of a platinum aluminide coating,”
MATERIALS SCIENCE AND ENGINEERING A-STRUCTURAL MATERIALS
PROPERTIES MICROSTRUCTURE AND PROCESSING 360 (1-2): 7-17 NOV 15
2003.

1. INTRODUCTION

Thermal barrier coating (TBC) systems are typically applied to nickel-based

superalloys used in hot-sections of gas turbine engines. The TBC system’s insulating

ceramic top coat lowers the temperature seen by the superalloy substrates. To further

protect the substrate from oxidation and hot corrosion and to improve adhesion of the

ceramic top coat, a bond coat is applied between the top coat and the substrate. During

high temperature exposure, a thermally grown oxide (TGO) grows between the top coat
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and the bond coat. Due in large part to its stable, slow growing TGO layer, platinum

modified aluminide (PtAl) coatings are one of the most popular types of bond coats for

TBC systems.

Spallation of the ceramic top coat exposes the bond coat and the substrate to

higher temperatures and to aggressive combustion gases. This situation must be avoided

for safe, low maintenance (low cost) operation. Recently, Evans et al. [18] have

postulated a sequence of events that could lead to top coat spallation, and it is seen that

TGO growth and bond coat evolution play an integral role in the ultimate failure of the

TBC system. In particular, it is thought that defects coupled with the stresses associated

with TGO waviness are the main reason why small cracks develop and propagate at the

TGO interface. Eventually the cracks link together and cause macroscopic spallation of

the ceramic top coat [23].

Much of the recent research aimed at understanding and improving TBCs

focuses on the development of the TGO layer as it relates to the bond coat. Monceau et

al. [14] have investigated several bond coat systems, with different surface treatments

and under different thermal conditions. It was found that Pt alloying resulted in the best

TGO adherence. The diffusion of hafnium from the substrate [31] and the presence of
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sulfur in the coating or the substrate [14] significantly degraded the TGO quality. Others

have also found that voids under the TGO begin with ridges associated with bond coat

grain boundaries [36]. In the vicinity of grain boundary ridges TGO integrity is

diminished, and therefore preferential oxidation along the near-surface bond coat grain

boundaries occurs. With thermal cycling the oxidized grain boundaries cause cyclic

plasticity in the bond coat and void growth results. TGO waviness has also been

associated with initial processing defects [23]. Furthermore, the undulation amplitude of

the TGO may be increasing through plastic ratcheting of the bond coat [33]. Phase

changes from B-(Ni,Pt)Al to y'-(NizAl) are thought to cause resistance to downward

displacement of the TGO [3] and may also enhance waviness since the phase change

results in a volume reduction [20].

TBC technology will be greatly enhanced by better understanding of how the

thermal environment affects microstructural evolution of the bond coat and by measuring

bond coat properties as a function of the thermal exposure. There have been a number of

studies of bond coat phase evolution. Transformation of B-(Ni,Pt)Al phase to y'-(Ni3Al)

phase has been observed for 1100 °C isothermal exposure and is presumed to be driven

by depletion of aluminum [13]. Thermo-mechanical cycling of an aluminide coating on a
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superalloy was also investigated, and the formation of oxide, onset of oxide scalloping,

and fracture of the coating were described in detail [32]. More recently, for study of the

quality of the oxide scale formation, the microstructure of different bond coat systems

was described [14, 31]. The evolution of the inter-diffusion layer and outer, near-coating

superalloy material has also received attention [32, 86]. In light of the recent modeling

efforts in this area [18], it is important to consider mechanical property changes and to

quantitatively analyze microstructural evolution in bond coat systems experiencing

different thermal exposures.

2. MATERIAL SYSTEM AND EXPERIMENTS

The Howmet Corporation provided unactivated pack cementation (inward

diffusing) PtAl bond coats (LDC-2E) completely covering CMSX-4 superalloy buttons.

The resulting coating is very brittle, and before further processing or being put into

service, PtAl bond coats are subjected to a stabilizing heat treatment. The buttons were

therefore held in a vacuum furnace for 4 hours at 1080 °C.

Experiments were performed with quadrants of the 25.4 mm diameter by 3.2

mm thick buttons. One quadrant was heated quasi-isothermally by placing it in a box

furnace already at 1200 °C for 10 hour intervals. After 10 hours, the specimen was
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cooled slowly to room temperature, and the TGO was removed with 600 to 2000 grit

sand paper. By observing the surface of the specimen with optical microscopy, it was

relatively easy to tell when the TGO was completely removed. Removal of the TGO was

expected to alter the oxidations kinetics and accelerate aluminum depletion in the bond

coat. Therefore, throughout this chapter experiments for which TGO was periodically

removed are called “accelerated aluminum depletion” experiments. In addition, it is

necessary to polish both specimen surfaces for accurate indentation results. Before

returning the sample to the furnace, indentation measurements were made and a small

piece of the specimen was removed. For comparison to this quasi-isothermal heating, an

80 hour, true-isothermal sample was also prepared. Another quadrant was thermally

cycled from room temperature with a heating rate of 170 °C/minute, a 10 minute hold at

1200 °C, and an average cooling rate of 480 °C/minute. This heating profile was

achieved with a stepper motor system to bring the sample in and out of a box furnace’s

hot zone and with compressed air cooling. As with the quasi-isothermal specimens,

cyclic experiments were stopped every 10 hours for polishing, indentation, and

sectioning. The small pieces removed from the quadrants were mounted in epoxy such

that the button’s edge with no TGO removal and the top and bottom button surfaces with
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TGO removal were all visible. The molded specimens were polished down to 0.25 pm

diamond paste and then placed in a vibratory polisher with 0.05 um colloidal silica for 12

hours.

3. RESULTS AND DISCUSSION

3.1 BOND COAT EVOLUTION

Figure 3.1 shows a backscatter SEM micrograph of the as-coated PtAl bond

coat system. From energy dispersive spectroscopy (EDS), the as-coated sample has a 66

um region of approximately 50% Ni and 50% Al with some bright white precipitate

particles. Chemical analysis and other literature [87] indicate that these white

precipitates in the bond coat are either a-Cr or a-W precipitates. The Ni and Al

percentages indicate that the upper 66 um is mostly B-(Ni,Pt)Al, and the backscatter

imaging in Fig. 3.1 shows distinct grains in this region. The contrast between grains

could be the result of elemental or orientational differences. Phase identification on

different grains was performed with electron beam scatter patterning (EBSP), but despite

careful specimen preparation, very few EBSP patterns matched -NiAl exactly. This

may be a result of distortion from Pt-phases, however, it is also possible that very small
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v'-(NisAl) particles exist throughout the B-NiAl phase. This paper will continue to refer

to the “B-(Ni,Pt)Al region” even though it is not pure B-NiAl. As seen in Fig. 3.1,

entrapped alumina particles (black color) are scattered throughout the top 17 um of the -

(Ni,Pt)Al region. Under the B-(Ni,Pt)Al region, an approximately 42 um thick inter-

diffusion layer exists with larger white colored precipitate particles. These precipitates

have been identified as p-phase precipitates [88].

Figures 3.2a and 3.2b show nominal chemical compositions for an as-coated

specimen and a 20 hour cyclic non-accelerated aluminum depletion specimen. The

compositions were determined with EDS line scans parallel to the coating surface and at

regular depth increments. Fig. 3.2a shows that for both specimens, the Ni content is

nearly constant in the bond coat and inter-diffusion layer and increases in the substrate.

The Al content is decreasing for both specimens as the distance from the outer surface

increases. After 20 hours of cyclic heating, the Al content has decreased in the bond coat

region, is unchanged in the inter-diffusion region, and has increased in the substrate.

These nominal changes are the result of Al diffusion toward the outer surface to form the

TGO layer and Al diffusion toward the substrate. After 20 hours of cyclic heating, the Ni

content change shows the opposite trend compared to Al content. Fig. 3.2b shows that in
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the as-coated specimen, Pt content reaches more than 10% at the top portion of the bond

coat region and rapidly decreases to 0% in the inter-diffusion layer

and the substrate. After 20 hours of cyclic heating, the Pt content is nearly constant at

3% in the bond coat and inter-diffusion regions. The Cr content of the as-coated

specimen increases with coating depth. After heating, the Cr content is more or less

constant in the bond coat and inter-diffusion region. The W content is initially highest in

the inter-diffusion region. After heating, there is noticeably more W in the substrate.

The W content in the upper portion of the bond coat does not change. These

compositional changes indicate how elements diffuse during cyclic heating of the bond

coat system.

SEM micrographs show that bond coat microstructural evolution is dependant

on the heating method and the presence of the TGO layer. Figures 3.3a and 3.3b show 20

hour cyclic and quasi-isothermal non-accelerated aluminum depletion samples. There is

no indication of y'-(Ni3Al) phase development in either Figures 3.3a or 3.3b. However,

as compared to the quasi-isothermal case, the cyclic case has more precipitates

throughout the entire bond coat, inter-diffusion layer, and substrate. The differences in

precipitate distribution provide evidence that cyclic heating alters diffusion kinetics.
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Figures 3.3c and 3.3d show 20 hour cyclic and quasi-isothermal accelerated aluminum

depletion samples. The backscatter electron images show distinct (bright grey) phases

which, from EDS element percentages, are found to be y'-(NizAl) phase. The series of

micrographs in Fig. 3.3 clearly show that TGO removal significantly increases the

formation of y'-(Ni3Al) phase. The y'-(NizAl) phases are predominantly located along the

grain boundaries, the bond coat top surface, and the interface between the inter-diffusion

layer and bond coat. Although the location of y'-(NizAl) formation in the 20 hour quasi-

isothermal accelerated aluminum depletion sample (Fig. 3.3d) is similar to the 20 hour

cyclic accelerated aluminum depletion sample (Fig. 3.3¢), it is clear that the cyclic

specimen has more y'-(NizAl) phase. To quantify the phase percentages an image

analysis program (Clemex Vision; www.clemex.com) was employed. For each

micrograph, threshold grey-levels were set to distinguish among precipitates, y'-(Ni3Al),

and the “background” (B-(Ni,Pt)Al). For calibrating this analysis, typical precipitate

particles and -(N1,Pt)Al phase particles were chosen, and the threshold grey-levels were

set according to these particles for the higher and lower threshold limits, respectively.

Although re-calibrations were done for each micrograph, the threshold values did not

change much. Results are shown in Fig. 3.4, and it is seen that the 20 hour cyclic
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accelerated aluminum depletion sample has approximately twice the amount of y'-(NizAl)

phase compared to the 20 hour quasi-isothermal accelerated aluminum depletion sample.

It is also observed that there are differences in morphology between y'-(NizAl) phases

from cyclic and quasi-isothermal heating; cyclic y'-(Ni3Al) phases show sharp edges and

quasi-isothermal y'-(NizAl) phases show rounded edges.

Figures 3.5a and 3.5b are higher magnification views from within Fig. 3.3c,

and new, needle shape microstructural features are visible. The needle shape features

appear only on cyclic accelerated aluminum depletion samples after 10 hours of heating.

In addition, these needle shape features are most prominent in the 20 hour cases and are

no longer found after 50 hours. Figures 3.5a and 3.5b also show that there are more of

these features where larger y'-(Ni3Al) phases are absent. It is believed that these features

are part of a transition from B-(Ni,Pt)Al to y'-(Ni3Al). Since these microstructural

features do not appear in the quasi-isothermal samples, this is an indication that the

formation of y'-(NizAl) phase is mechanistically very different for quasi-isothermal and

cyclic heating. The different y'-(Ni3Al) phase shapes for different heating types also

support this observation.
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The narrow bands indicated by arrows in Fig. 3.5b appear at various stages in

the B-(Ni,Pt)Al phase of all samples. It is not known if the bands are from plastic slip or

if they represent compositional or crystallographic variations in individual grains. The -

(N1,Pt)Al phase will not readily deform plastically at low temperature, and at higher

temperatures B-(Ni,Pt)Al deforms through dislocation climb [89]. It is possible that a

martensitic phase of B-(Ni,Pt)Al would show band-like features. In any case, the bands

are broken up by y'-(Ni3Al) phases.

Starting after 60 hours of heating, cyclic and quasi-isothermal accelerated

aluminum depletion samples show even more significant differences in microstructural

evolution. When comparing 70 hour cyclic and quasi-isothermal samples in Figures 3.6a

and 3.6D, it is seen that the cyclic sample has much more y'-(Ni3Al) phase distributed

throughout the coating. In fact, as shown in Fig. 3.4, the 70 hour cyclic sample coating is

composed of nearly 50% y'-(Ni3Al) phase. In comparing the 70 hour cyclic and 20 hour

cyclic samples in Figures 3.6a and 3.3c, respectively, it is seen that for the 70 hour case,

grain boundaries have become very distinct and the y'-(Ni3Al) phases have become larger

with more rounded edges. On the other hand, with only increased sizes of the y'-(NizAl)

55



phases, the differences between the 70 hour quasi-isothermal (Fig. 3.6b) and 20 hour

quasi-isothermal (Fig. 3.3d) are less significant.

Figures 3.7a-3.7c show 80 hour cyclic, quasi-isothermal, and true-isothermal

non-accelerated aluminum depletion samples, respectively. All the 80 hour samples

show very distinct y'-(NizAl) phases and grain boundaries. In addition, the precipitates

are much larger than those in the 20 hour samples. As seen in Fig. 3.7c, the true-

isothermal sample shows small, slender features which are believed to be y'-(NizAl)

phase distributed throughout the bond coat. On the other hand, the microstructures

observed in the cyclic specimens (10 minute cycles) and quasi-isothermal specimens (10

hour cycles) are relatively similar. Thus, observations indicate that for non-accelerated

samples with long times at temperature, the period for cyclic heating is relatively

unimportant for bulk microstructural evolution.

The surface morphology does depend significantly on the period of the heating

cycle. As seen in Figures 3.7a-3.7¢, the surface undulation amplitude decreases and the

sharpness of the undulations increases as the periods of the cycles decrease (i.e., for

longer isothermal hold). Furthermore, differences between the waviness of the boundary

between the bond coat and the top of the inter-diffusion layer are also observed, and short
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period cyclic heating (10 minute cycles) has the most waviness associated with this

boundary. The inter-diffusion layer waviness is most likely related to the plastic

deformation in the bond coat that is driven by thermal cycling [20].

3.2 SUBSTRATE EVOLUTION

Figures 3.8a-3.8c show the inter-diffusion layer and substrate region of the as-

coated, 10 hour cyclic non-accelerated aluminum depletion, and 10 hour isothermal non-

accelerated aluminum depletion samples, respectively. The substrate shows a superalloy

microstructure with web and plate-like features. The web-like features are y-(Ni) phases

and the plate-like features are y'-(Ni3Al) phases [90]. While the as-coated sample shows

finger-like features between the substrate and the inter-diffusion layer, the 10 hour cyclic

and isothermal non-accelerated aluminum depletion samples show smoothened

substrate/inter-diffusion layer interfaces. Comparisons of the inter-diffusion layers

before and after heating indicate that the inter-diffusion layer has advanced into the

substrate.

In Fig. 3.8b, a 10 hour cyclic sample shows precipitates oriented at + 45° to the

coating interface. These precipitates disrupt the y-(Ni) phase web and are reported to be

o-phase, which is rich in chromium and other refectory elements [88]. The precipitate
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orientation is typical for single crystal substrates having a surface normal coinciding with

the <100> direction [32]. Due to thermal expansion mismatches between different

regions of the sample, during the 1200 °C cyclic heating, the substrate near the diffusion

boundary may undergo compression and/or tension cycling. As seen in Fig. 3.8¢c, 10 hour

isothermal non-accelerated aluminum depletion samples have only very small, round c-

phase precipitates forming in the substrate. The distinct differences between the size and

morphology of o-phase precipitates forming in the superalloy indicate that the stresses

caused by cyclic heating accelerate the growth of 6-phase precipitates.

For longer heating times, c-phase precipitates in the substrates of both the

quasi-isothermal and cyclic samples are larger and occur deeper into the substrate.

Figures 3.7a-3.7c illustrate that after 80 hour exposures, the quantities and shapes of the

o-phases in the substrate are very different for the different types of heating. Cyclic

specimens show rounded precipitates, quasi-isothermal specimens have elongated

precipitates, and true-isothermal specimens have irregularly spaced and shaped

precipitates. As mentioned previously, the average inter-diffusion layer thickness for the

as-coated sample was 42 um. In the 80 hour sample cases, the average inter-diffusion

layer elongated by approximately 12 um in the substrate direction. Due to the inward
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diffusion of Al and the outward diffusion of Ni, the y/y' substrate adjacent to the bond

coat boundary transforms into a mixture of y'-phase, B-phase, and p-phase precipitates

[88]. The p-phase precipitates extend across the bond coat/substrate interface through

grain boundary segregation of surrounding -phase, and for longer heating times, the 3-

phase transforms into y'-phase [88].

Near the substrate interface, the cyclic and isothermal 10 hour non-accelerated

samples show rafting of the y/y' microstructure parallel to the substrate and bond coat

boundary. Since it alters dislocation motion (plasticity) in the y—channels, rafting lowers

creep resistance [91] and is an important area of research for superalloy materials. For

uncoated superalloys, in uniaxial tension rafting occurs perpendicular to the tensile

loading direction, and under shear loading rafting occurs at 45° to the shear loading

direction [91]. Under compressive loading, rafts are parallel to the loading direction [92].

For a superalloy substrate with an aluminide coating, Bressers et al. [86] show that the

formation of a monolithic y'-phase near the bond coat/substrate interface results in biaxial

compressive stresses that cause rafting parallel to the interface. As a result of stress-

altered diffusion, the monolithic y'-phase was found to be thickest and therefore the most

rafting was observed when compressive thermo-mechanical cycling was performed. For
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the present investigation, although there was no direct mechanical loading of the

specimen and it is not clear to what degree a monolithic y'-phase is formed, there are

lattice mismatches, thermal expansion mismatches, and diffusion gradients which can all

contribute to rafting. For all types of heating, the rafted region of the substrate expands

with longer heating times. When comparing the degree of rafting between the cyclic and

isothermal 10 hour non-accelerated aluminum depletion samples, the isothermal samples

show significantly more rafting.

33 SCHEMATIC REPRESENTATION OF THE MICROSTRUCTURAL

EVOLUTION

To summarize the microstructural evolution observations, Figures 3.9a-3.9d

schematically show the significant microstructural features and changes to both the bond

coat and substrate after 80 hours of heating for four situations: cyclic heating with TGO,

quasi-isothermal heating with TGO, cyclic heating without TGO, and quasi-isothermal

heating without TGO. Cyclic samples show more y'-(Ni3Al) phase and more distinct

grain boundaries as compared to quasi-isothermal samples. Also, cyclic samples show

more waviness of the inter-diffusion layer and the top surface. Therefore, it is evident

that cyclically induced stresses disturb the top surface and inter-diffusion layer
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boundaries, and alter diffusion processes in the coating. As seen in Figures 3.9a-3.9d,

accelerating aluminum depletion by periodic removal of TGO hastens the formation of y'-

(Ni3Al) and accentuates differences between cyclic and quasi-isothermal exposure.

Microstructural evolution in the substrate was also very dependent on the type of heating.

Initially, compared to isothermal samples, cyclically exposed substrates had more

significant precipitate growth. At later stages, precipitates in cyclic samples were

generally round, whereas precipitates in isothermal samples had high aspect ratios.

4. MECHANICAL CHARACTERIZATION OF THE COATING

To evaluate the evolution of bond coat mechanical properties, instrumented

indentation to 300 N was performed after every 10 hours of heating. To probe coating

properties, a 1.5 mm diameter spherical indenter tip was used in the instrumented

indenter shown in Fig. 2.2. At these large indentation loads, the indenter is sampling a

relatively large area of the coating and averaging over many grains. Since the indentation

depths are approximately 23 pm, substrate properties have minimal influence on the

indentation results. As was discussed in Chapter 2, for accurate, repeatable indentation

results, polished surfaces are required. Furthermore, a clamping device for the indenter is

also needed to add additional consistency to the results. Results were repeatable to
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within + 2 GPa. As presented in Chapter 2, the modulus was determined from the

unloading slope of the indentation curve using the methods of Pharr et al. [57]. Figure

3.10 shows indentation results for an as-received substrate, an as-coated sample, and

cyclic and quasi-isothermal accelerated aluminum depletion samples. For 10 to 50 hours

of heating, the moduli of the cyclic and quasi-isothermal samples are relatively constant.

It was observed that removing the TGO layer for the cyclic samples required very little

sanding. For quasi-isothermal samples, the TGO layer was much more adherent. Since

removal of the bond coat itself was to be avoided, often times, a thin grey layer was left

on the quasi-isothermal samples. SEM established that the grey layer was a relatively

porous TGO. This porous layer led to a slight decrease in the modulus of the quasi-

isothermal samples. After approximately 60 hours of quasi-isothermal heating, the TGO

was easier to remove.

After 50 hours of heating, the modulus of the cyclic sample rose rapidly. The

quasi-isothermal sample’s modulus increased very slowly after 60 hours. The prevalence

of y'-(Ni3Al) phase near the top of the bond coat has been observed in cyclically heated

samples from as early as 20 hours of heating. The increase was more apparent after 40

hours, and, as seen in Fig. 3.11, the 60 hour cyclic accelerated aluminum depletion
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sample’s top surface is mostly y'-(Ni3Al). It has been postulated that the y'-(Ni3;Al) phase
is more resistant to downward displacement [3], and it is believed that this increased

rigidity also causes the increase in modulus observed in the current experiments.

S. INDENTATION MODELING: RULE OF MIXTURES

PtAl bond coats transform into B-(Ni,Pt)Al and y'-(Ni3Al) after thermal
loading. As seen in Fig. 3.11, compared to quasi-isothermal specimens, the cyclic
specimens showed more y'-(Ni3Al) phase. The quantification of phases was discussed in
Sec. 3.1. Fig. 3.4 shows that the 70 hour cyclic accelerated aluminum depletion sample
had approximately 44% y'-(Ni3Al) and the 70 hour quasi-isothermal accelerated
aluminum depletion sample had only 15.5% v'-(NizAl).

Since the indentation described in Sec. 4 averages over a large number of
grains and phases, this indentation gives a composite material modulus. If the area
fractions of y'-(NizAl) are assumed to be volume fractions of the reinforcement, fand if -
(N1,Pt)Al is regarded as the matrix of the composite, the modulus of composite, £, can be

modeled by a Voigt model (rule of mixtures),

E=fE +(1—f)Em, (Eq. 3.1)
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where E, and E,, are moduli of y'-(NizAl) and B-(Ni,Pt)Al, respectively. Since the Cr and

W content and distribution in the bond coat does not change significantly after heating,

these precipitates are regarded as inclusions in the $-(Ni,Pt)Al matrix. The modulus of

the matrix can be approximated by the modulus of the as-coated specimen where no

significant y'-(Ni3Al) is present and therefore £,, = 161.4 GPa. Using Eq. 3.1 with known

values for volume fraction and measured composite modulus results in Fig. 3.10, for the

70 hour cyclic and quasi-isothermal cases, the y'-(Ni3zAl) modulus turned out to be 187.7

GPa and 205.4 GPa, respectively. The modulus for the 70 hour cyclic case is comparable

to the book value for the modulus of single crystal y'-(Ni3Al). The relatively high vy'-

(Ni3Al) phase modulus estimate in the quasi-isothermal cases seemed to come from the

underestimate of the area fractions of the y'-(Ni3Al) phase. A high magnification SEM

micrograph which had small field of view was used to estimate the area fractions of y'-

(NizAl). This micrograph most likely fails to provide a representative image of the

average 70 hour quasi-isothermal specimen for y'-(Ni3Al) and B-(Ni,Pt)Al phase area

fractions determination.

It has been observed that the transformation from B-(Ni,Pt)Al to martensite

happens during cooling cycles [34]. Since martensitic transformation is volume
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shrinkage process, martensite is brittle and hard. So, the higher modulus of y'-(NizAl)

seems to result from martensitic transformation of the bond coat during thermal cycling.

6. CONCLUSION

The degradation of a platinum modified aluminide coating and a CMSX-4

superalloy substrate were investigated for cyclic and quasi-isothermal heating to 1200 °C.

To accelerate oxidation of the specimens, the thermally grown oxide was removed at 10

hour intervals. For up to 80 hours of exposure, comparisons of specimens with periodic

oxide removal and those without oxide removal were made. Microstructural evolution

was quantified through backscatter scanning electron microcopy and image analysis. The

following summarizes the main results found in this chapter:

The microstructural evolution of a PtAl bond coat is significantly influenced

by the type of thermal exposure and the presence of TGO. Specimens have been

characterized for exposure up to 80 hours at 1200 °C, and the thermal loading and TGO

presence were found to have the greatest impact on y'-(Ni3Al) phase transformation, the

formation of needle shape features in B-(NiAl), and bond coat surface undulation.

The microstructural evolution of the superalloy substrate associated with a PtAl bond

coat is also influenced by the type of thermal exposure. The extent of rafting of the y/y'
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microstructure and the formation of c-phase precipitates depends on whether the system

is exposed isothermally or cyclically. The differences between cyclic and quasi-

isothermal heating indicate that stresses associated with cooling and heating significantly

alter microstructural evolution.

Indentation results on cyclic and quasi-isothermal accelerated aluminum

depletion samples show increasing trends in modulus as heating time increases. It was

observed that after 60 hours of heating, higher y'-(NizAl) phase contents were measured.

After 60 hours of heating, the modulus of the samples rose significantly. This higher

modulus seems to confirm that y'-(NizAl) phases are more resistant to downward

displacement.
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Figure 3.1: The as-coated PtAl bond coat system after a stabilizing vacuum heat

treatment and without polishing of the outer surface.
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Figure 3.2: Nominal chemical compositions of an as-coated specimen and a 20 hour
cyclic non-accelerated aluminum depletion specimen measured by energy dispersive
spectroscopy line scans at increasing depths: (a) Ni and Al and (b) Pt, Cr, and W.
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Figure 3.3: (a) A 20 hour cyclic non-accelerated aluminum depletion sample, (b) a 20
hour quasi-isothermal non-accelerated aluminum depletion sample, (c) a 20 hour cyclic

accelerated aluminum depletion sample, and (d) a 20 hour quasi-isothermal accelerated
aluminum depletion sample.
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Figure 3.5: More detailed views of the bond coats of 20 hour cyclic accelerated
aluminum depletion samples: (a) upper part (region 1 in Fig. 3.3¢) and (b) middle part
(region 2 in Fig. 3.3¢).
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Figure 3.6: (a) A 70 hour cyclic accelerated aluminum depletion sample and (b) a 70 hour

quasi-isothermal accelerated aluminum depletion sample.
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Figure 3.7: (a) An 80 hour cyclic non-accelerated aluminum depletion sample, (b) an 80
hour quasi-isothermal non-accelerated aluminum depletion sample, and (c) an 80 hour

non-stop, true-isothermal sample.
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Figure 3.8: Detailed views of the substrate and inter diffusion layer of (a) an as-coated
system, (b) a 10 hour cyclic non-accelerated aluminum depletion sample, and (c) a 10

hour isothermal non-accelerated aluminum depletion sample.

74



a [ TGO
7-(NizAl)
Bond coat
Grain boundary
B u-phase
Inter- ) {h ‘/ precipitates
diffusion &
layer \D@
= y-(NisAl)
<+— transformed
Substrate ’ o R o 2 oo N N 2 Y, ‘5 substrate region
o = Q ~ o-phase
L precipitates
B TGO
b
¥-(NizAl)
Bond coat Grain boundary
p-phase
= precipitates
B goquO"OO%Goomo/
hjter-b % O v'-(NizAl)
diffusion Q 0 Q O transformed
layer substrate region
Substrate ror s Wt o-phase
Z\ ya AN yd \ \4/ precipitates

Figure 3.9: Schematic representation of the microstructure of various samples after 80
hours of heating: (a) the cyclic non-accelerated Al-depletion sample, (b) the quasi-
isothermal non-accelerated Al-depletion sample, (c) the cyclic accelerated Al-depletion

sample, and (d) the quasi-isothermal accelerated Al-depletion sample.
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quasi-isothermal accelerated aluminum depletion samples.
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Figure 3.11: A typical image of a 60 hour cyclic accelerated aluminum depletion sample

showing very high concentrations of y'-(Ni3Al) near the surface.
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CHAPTER 4

ASSESSING THERMAL BARRIER COATING DAMAGE BY

ACOUSTIC EMISSION ANALYSIS

1. INTRODUCTION

High temperature thermal cycling of thermal barrier coatings (TBCs) results in

significant evolution of material microstructure. Thermally grown oxide (TGO)

formation, bond coat degradation, and sintering of zirconia columns are three of the most

prevalent evolving microstructures in TBCs. This microstructural evolution results in

redistribution of stresses and damage, which ultimately leads to TBC spallation. Damage

can happen at the top coat, TGO interface, and within the TGO layer. TGO growth

causes further damage at the top coat - TGO interface and within the TGO layer by

generating significant compressive stresses during cooling cycles [18, 20, 93]. Bond coat

degradation includes y'-(Ni3Al) and martensitic phase transformations [24-26] and

contributes to damage formation at the TGO interface and within the TGO layer mostly
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by promoting TGO layer waviness [20, 33]. Sintering of top coat columns causes

damage accumulation in the top coat and at the top coat-TGO interface by reducing the

strain tolerance of the top coat [30].

As was already mentioned, damage in TBCs appear as cracks at the top coat-

TGO interface and within the TGO layer. Cracks at the TGO interface are most critical

since TBC spallation is initiated by cracks at the TGO interface [2]. The most recent

mechanistic model of TBC failure postulates the existence of sub-critical cracks prior to

macroscopic spallation [23]. Sub-critical cracks at the top coat near the TGO interface

eventually link together and create conditions for macroscopic spallation. After the top

coat becomes sufficiently debonded by interface cracks, TBC spallation results from

buckling of the top coat during cooling cycles [94]. In-plane compressive stresses in the

TGO layer are the result of coefficient of thermal expansion (CTE) mismatches at the

TGO interface and TGO swelling during TGO formation [48]. These compressive

stresses are the driving forces behind interface cracking and buckling.

Detection of cracks makes it difficult to verify the applicability and accuracy

of models for sub-critical cracking in TBCs. Because sub-critical interface cracks form

and grow beneath the opaque yttria stabilized zirconia (ZrO, with 7% Y,0Os or YSZ) and
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the size of sub-critical cracks is postulated to be about 10-50 um [6], the conventional

way to detect sub-critical cracks is to section the specimen. This destructive sectioning is

limited because of the difficulties in locating damage and the inability to distinguish

between pre-existing defects, active damage, and damage caused by sectioning. If the

transition from sub-critical cracking to critical cracks at the TGO interface is known in

advance, catastrophic TBC failure could be predicted. It would also be valuable to

understand how microstructural evolution is linked to damage in TBCs. Ideally this

analysis of damage would take place for the entire TBC life.

To aid in analyzing the effect of TBC microstructural evolution on TBC

damage, acoustic emission (AE) is monitored during thermal cycling. AE is a

mechanical wave that is produced by rapid strain energy release [62], and can be

generated during dislocation motion, phase transformation [63], crack formation [64],

crack propagation [64], and other microstructural events. Damage detection in TBC

specimens during indentation and scratching has been analyzed by the AE technique [65].

The TBC top coat cracking behavior under four point bending load was examined by

measuring AE [66]. AE techniques have also been used to detect cracking activity in

TBC specimens [67, 68]. Thermal fatigue failure of TBC specimens was monitored by

81



AE techniques [69]. As compared to AE from phase transformations, it was found that

higher AE energy counts and cumulative counts were associated with macro-crack

initiation and growth in TBCs [68].

This dissertation research has found that TBCs produce AE during thermal

cycling. At this point, the AE analysis is not capable of identifying the type of damage or

of locating damage spatially. However, AE detection is useful for its temporal resolution.

With the current information base on microstructural evolution and on failure

mechanisms in TBCs, the sources of AE and locations of damage can be postulated.

2. AE DETECTION EXPERIMENTS WITH A WAVEGUIDE WIRE

2.1 PROCEDURE

An experimental setup using a box furnace and a motion control system has

been built and is schematically shown in Fig. 4.1. Fast heating and cooling are

accomplished by moving the specimen in and out of a furnace with a stepper motor

driven motion control system. The results given in this chapter are for a TBC specimen

held in the furnace for 20 minutes at 1200 °C and out of the furnace for 23 minutes.

82



Compressed air aids in cooling of the specimen. AE is detected by a piezo transducer

coupled to the specimen surface. A Vallen ASMY4 AE System samples the voltage

signals from the piezo transducer and records signal characteristics such as threshold

crossings, rise-time, amplitude, and energy. For high temperature applications, since the

sensor has limited temperature capability, it is necessary to couple the specimen to the

transducer through a waveguide. One type of waveguide is a nickel-chrome alloy

resistance heating wire which is spot welded to the TBC specimen and to a steel blank

where the AE sensor (Deci SE150-M) is attached. AE will propagate through the

waveguide. The Vallen ASMY4 AE System is used to continuously monitor and record

AE signals throughout the heating and cooling cycles. Another type of waveguide uses a

solid alumina rod with a mechanism that contacts the specimen during the out-of-the-

furnace cooling stage.

To resolve damage spatially and provide information about damage sources,

images of the TBC top coat during cooling cycles were captured by a charge couple

device (CCD) camera as shown in Fig. 4.1. A fiber optic light source is orientated almost

parallel to the top coat surface for better surface contour resolution. In Chapter 6, it will
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be described how captured images were used to investigate top coat and TGO interface

damage and the propagation of the catastrophic spallation.

The thermal cycling rig shown in Fig. 4.1 is fully automated. The motion of

the specimen is controlled by a program in the stepper motor controller. Limit switches

are used to activate different parts of the control program, to turn on the cooling air, and

to trigger the frame grabber for image acquisition. The AE system runs continuously,

and therefore with the wire waveguide, heating, holding, and cooling AE are recorded for

the entire life of the TBC.

2.2 AERESULTS

2.2.1 AE Event Calibration

Figure 4.2 shows two typical thermal cycles with the maximum amplitude for

each AE event. Each AE event represents a crossing of an arbitrarily set voltage

threshold. The AE events shown in Fig. 4.2 are a mixture of AE from the TBC specimen

and the wire waveguide. Also, the starting and ending of each heating and cooling

periods have many AE events generated during the apparatus used to move the specimen

in and out of the furnace. AE from the TBC specimen is believed to emanate from the
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top coat, TGO interface, and TGO cracking. The AE events from the wire are most

likely from oxidation. Wire-only tests have been done to determine the level of AE

activity from just the wire. The wire-only tests generated almost no AE with amplitudes

higher than 70 db. Therefore a 70 db threshold was used as a cut-off value to filter out

AE events from the wire.

The cycles in Fig. 4.2 shows significant activity during cooling, minor AE

events during heating and little or no activity during holding. Typical events emanating

from the top coat include the following: contact between the columnar top coat grains

resulting from compressive CTE mismatch stresses during cooling and from TGO growth

stresses, separation of columnar top coat grains during heating and holding, and vertical

cracking of sintered top coat microstructures. Within the TGO, the CTE misfit stresses

are compressive during cooling, and TGO growth stresses are also compressive. Thus

from the TGO and the TGO interfaces, AE activity would result from interface [6] and

oxide cracking [95]. Bond coat phase transformation may cause AE events which are

low energy events [68].

Heating and holding AE events are expected to be relatively low energy

events. Therefore, significant numbers of AE events during the cooling period are
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thought to be primarily related to damage at the top coat - TGO interfaces and within the

TGO itself. An additional complicating factor is related to the loss of stiffness of the

alloy wire waveguide at high temperatures. The alloy wire may not be transmitting AE

as well at high temperatures.

2.2.2 AE Events During TBC Life

AE events throughout the TBC life were explored with three samples. Figure

4.3 shows the normalized cumulative AE events during cooling portions of each cycle.

AE events were analyzed only during cooling portions of each cycle because most critical

damage occurs during cooling cycles. To calculate the cumulative AE events, for the 23

minutes of cooling, AE events with an amplitude over 70 db were counted. The

cumulative AE events were normalized by dividing the cumulative AE events for each

cooling cycle by the average number of cumulative AE events for each cycle from 120 to

200 where all three AE tests generated no significant AE activity. This normalization

procedure caused the results from all three samples to line up at “1” in what will be called

“Region 2.” The AE Testl (AE1) and AE Test3 (AE3) specimens failed during one of

the cooling cycles. The AE Test2 (AE2) specimen failed during repair of the waveguide

wire. The AEI specimen was a specimen that had been exposed to 1000 °C for 300 six
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minute cycles. Given the relatively low maximum temperature and the short duration of
the cycles, it was assumed that the AE1 specimen would behave like an as-received
specimen. As mentioned in Chapter 1, sintering is not significant even after 1000 one
hour cycles at 1100 °C cycles [38]. Therefore, sintering after 300 six minute 1000 °C
cycles would be negligible. The AE2 and AE3 specimens had never been cycled. The
results in Fig. 4.3 indicate that there are four distinct regions of AE activity during the life
of a TBC. Although it is common for AE results to vary widely from one experiment to
another, there is excellent consistency between the three experiments. The variability in
the fourth region is expected since small differences in microstructure and in handling the
specimen will be very critical in this region. Table 4.1 categorizes each region’s AE
event characteristics and possible causes of the AE events.

The first region is from the initiation of cycling to around the 120" cycle. This
period generates significant AE events. Such large numbers of earlier-cycle AE events
have also been reported in other coatings [67, 68]. Before sintering, the EB-PVD YSZ
top coat microstructure has distinctive feathery features and intercolumnar gaps [41].
After relatively short thermal exposure, the feathery features sinter together and create

necks between columns [41]. TGO growth is known to be parabolic or nearly-parabolic
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in nature [4, 27-29] and therefore during this period, TGO grows rapidly. The

compressive stresses in the TGO layer increase as the temperature reduces. This

compressive force in the TGO layer creates room temperature convex curvature of the

TBC specimen during cooling cycles. Evidence of this curvature will be presented in

Chapter 5. This convex curvature is accommodated by intercolumnar gaps in the YSZ

top coat. When the top coat has experienced sintering, the gap formation requires that

intercolumnar necks fracture. Therefore, the main source of the cooling cycle AE events

in this first region may result from top coat vertical cracks and fracture of intercolumnar

necks. It has been observed that interface crack nucleation does not occur before 34% of

the TBC’s life [3] and oxide cracking was not observed before 50 one hour cycles at 1200

°C [20]. Therefore it is not expected that interface cracking and oxide cracking are active

in the first region.

The second region is from around the 120th cycle to the 200th cycle. In this

period, there are few significant AE events. Because TGO growth follows a parabolic

pattern, TGO growth slows down rapidly during this period. This reduction in TGO

growth rate halts TBC convex curvature formation. Also, the waviness [20, 72] of the

TGO layer caused by bond coat degradation plays an important role in reducing TBC
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convex curvature by relieving in-plane compressive stresses in the TGO layer. TGO
growth and TGO layer waviness are two competing factors which determine the degree
of TBC convex curvature. It seems that during this period, TGO layer waviness becomes
more dominant, thus also reducing the TBC’s convex curvature. In Chapter 5 it will be
shown experimentally that curvature decreases in Region 2. It has reported that extensive
sintering has occurred after 50 hours of 1200 °C isothermal heating [40, 41]. This
extensive sintering may prevent top coat columns from forming additional vertical
cracks. Therefore the vertical cracking of the top coat is not active in Region 2.

The third region is from around the 200™ cycle to the 270" cycle. During this
period, AE events slowly increase. This region’s AE events may be the result of TGO
interface crack nucleation. The now thicker TGO is under high compressive stresses and
oxide cracking at or near the ridges in the TGO wrinkles occurs to relieve these stresses
[95]. Therefore TGO interface crack nucleation and oxide cracking may create AE
events during this period.

The fourth region is from around the 270" cycle to failure. During this period,
AE activity increases rapidly. Sub-critical crack extension at the top coat near the TGO

interface is believed to cause the AE events. Through specimen sectioning sub-critical
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crack extension has been observed starting at approximately 76% of the TBC’s life [3].
During this region, oxide cracking may be more prevalent and therefore also contribute
more significantly to the AE event counts. With each passing thermal cycle, video
images show that undulations in the top coat become more visible. Within just a few
cycles before complete TBC spallation, sudden increase in undulation size appeared in
the top coat surface images. After this point, the undulations become obvious even with
bare eyes. The size increase of undulations seemed to occur through merging of adjacent
undulations [72] and small scale buckling. This sudden size increase could indicate
intensive interface crack extension/coalescence. The sudden change in the undulation
size is coincident with the sudden AE event increase in AE3 at around the 420th cycle.
Therefore, the later part of this period’s AE events may be the result of extensive
interface crack coalescence and extension.

The AE2 specimen failed during the sanding of the bottom of the substrate.
During the sanding process, a sheer force was applied on the top coat parallel to the TGO
interface. This may indicate that from around the 270™ cycle, the failure of TBC could
occur at any moment and is very unpredictable, especially when external forces are

applied to the TBC.
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3. AE DETECTION EXPERIMENTS WITH A WAVEGUIDE ROD

AE analysis with a wire waveguide showed that there are four distinct regions

of AE activity during the life of a TBC. However, AE detection with a wire waveguide

has several limitations. As mentioned in Sec. 2.2.1, it is believed that oxidation of the

waveguide wire generated AE. For this reason it was necessary to use a 70 db threshold

to filter out AE events from the wire. Therefore, lower amplitude AE events which may

have significance were excluded from the analysis. In addition, the spot welding process

damaged the specimens, thus to affecting the TBC life. An additional complicating

factor is related to the loss of stiffness of the alloy wire waveguide at high temperatures.

The alloy wire may not be transmitting AE as well at high temperatures. Despite these

limitations, the results presented in the previous section show very good consistency

through Region 3.

To investigate AE events in more detail and to enable other interrupted-test

investigative measures, the AE detection method needed to be altered. This could only

be accomplished by using a waveguide that was not permanently attached. Since only

cooling portions of the cycles are being investigated, it was decided to use an alumina rod

outside the furnace to make contact with the specimen. Alumina was chosen because it
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will not oxidize, is stability at high temperature, and has a high elastic modulus. The AE

analysis is thus simplified by keeping the waveguide at lower temperatures and by

removing the possibility of spot weld generated damage. An additional benefit of not

spot welding wires onto specimens was the ability to periodically use other

nondestructive means to study the specimens. For example, a profilometer could now be

used to probe curvature and roughness change of the TBC systems. SEM could also be

used to look at top coat cracking/damage as a function of the number of cycles. The

results from profilometer and SEM analysis will be discussed in detail in Chapters 5 and

3.1 PROCEDURE

Figure 4.4 shows how the alumina wave rod was incorporated into the thermal

cycling rig. As was the case for the wire waveguide AE detection experiments, the TBC

specimen was held in the furnace for 20 minutes at 1200 °C and out of the furnace for 23

minutes. The alumina waveguide rod was incorporated by placing a custom made frame

and mechanism just below the bottom face (the substrate side) of the TBC specimen in

the cooling position. A fan aids in cooling of the specimen.
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The frame and mechanism for the waveguide rod is as follows. The alumina

wave rod is a 0.25 inch diameter long cylinder shape. The top side of the wave rod

contacts the bottom face of the specimen during cooling cycles. The bottom of the

specimen is sanded smooth so that there is good contact between the waveguide rode and

the specimen. The bottom side of the wave rod is bonded to a Deci SE150-M AE sensor

which is housed in a sensor holder. A cam contacts the bottom of the sensor holder and

every 180 degree rotation of the cam creates contact and release between the specimen

and the alumina rod/sensor assembly. The cam is controlled by a circuit with a 12 VDC

motor, switches, and a relay. The circuitry is linked to the motion control circuitry for

moving the specimen in and out of the furnace. As was the case for the wire waveguide

setup, the waveguide rod setup is fully automated for continuous cycling. The only

difference is that meaningful AE is collected only after the waveguide rod has contacted

the specimen in the cooling position. More details of the mechanism and its circuitry are

provided in Appendix 1.

For specimens that were investigated with profilometry and SEM, the TBC top

coat was carefully polished by using 400, 600, 1000, and 2000 grit sand papers. Thermal

cycles with AE detection were interrupted regularly to measure curvature and roughness
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and to take SEM images of the top coat. As mentioned earlier, these curvature and SEM

results are presented and discussed in Chapters 5 and 6.

3.2  AE RESULTS

Four new experiments with the alumina waveguide rod were done to further

explore cooling cycle AE events throughout the TBC’s life. Figure 4.5 shows the

normalized cumulative AE events of the four new experiments (N-AE1, N-AE2, N-AE2,

and P-AE1). The specimen designated P-AE1 was a polished specimen that was also

used for profilometry and SEM. One wire waveguide AE detection experiment, AE3 in

Fig. 4.5 was also included for comparison purposes. To calculate the cumulative AE

events of the four new AE experiments, each AE event with an amplitude of 40 db or

above during the 23 minutes of cooling was counted. Recall that the wire waveguide

experiments included only AE events that were higher than 70 db. The cumulative AE

events were normalized by dividing the cumulative AE events for each cooling cycle by

the average number of cumulative AE events for each cycle between 120 to 200. All

specimens except for the N-AE2 specimen failed during the cooling cycle of the thermal

loading tests. The N-AE2 specimen failed during an extended time at room temperature

while apparatus was being adjusted.
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As was the case in the wire waveguide AE detection experiments, results in
Fig. 4.5 indicate that during the life of TBCs there are four regions of AE activity. The
new method for transmitting AE to the sensor and the lower cut-off amplitude for the
new experiments did not change the general trends found in the AE. Nonetheless, using
the waveguide rod did increase the life of the specimen and enabled the collection of
periodic profilometry and SEM information.

Generally speaking, the beginning and end of region 1 and region 2 are more
easily identified as compared to region 3 and region 4. Region 3 starts somewhere after
the 200" cycle. However, the length of region 3 ranges from a maximum of around 450
cycles to a minimum of around 170 cycles. Region 3 is believed to be where interface
crack nucleation happens. This is expected to be a highly stochastic process and
therefore there is more variability in its duration. Region 4 is believed consist of crack
coalescence and small scale buckling. Region 4 has rapid AE event increase and
spallation of the TBCs eventually happens after around 50 to 100 cycles from the start of
Region 4. Since region 4 is relatively consistent in its duration, it can be concluded that
the life of the TBC is determined by the stochastic events in region 3. Furthermore,

damaged caused by specimen handling and in particular by spot welding of wire
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waveguides would certainly shorten the length of region 3 and cause a shorter overall
TBC life.

The failure of N-AE2 indicates that the length of the cooling period may have
significant influence on TBC life. As mentioned above, N-AE2 was left at room
temperature for much longer than the usual 23 minutes. The residual stress state at room
temperature appears to have caused the specimen to fail. The influence of cooling period
duration (or room temperature dwell time) is expected to be significant only when the
TBC is already in region 4. Nonetheless, this phenomenon could warrant further

investigation.

33 EARLY LIFE AE CHARACTERISTICS

As shown in both wire waveguide and alumina rod waveguide AE detection
experiments, early cycles of the TBC life have significant number of AE events. With
the rod waveguide, it was possible to use a lower cut-off threshold, and these early cycle
AE activities were identified. Figure 4.6 shows the 4™ to 12" thermal cycle AE events in
N-AE2. As was mentioned earlier, the starting and ending of each heating and cooling
periods have a wide range of AE events from vibration of the cycling rig mechanism and

rod waveguide mechanism. The red lines and the green lines represent the starting and
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ending of the cooling cycles, respectively. Thus AE events along the red and green lines
are the noise from the cycling rig mechanism and wave rod loading frame. There are no
AE activities during the 4™ cooling cycle. As indicated in Fig. 4.6, the early cycle AE
activities start from around the 5™ cooling cycle and become more obvious during the 6™
cooling cycle. The early cycle AE activities decreased after the 15™ cooling cycle and
decreased further after around the 24™ cooling cycle.

These early cycle AE events happen in a unique pattern. Figure 4.7 shows the
1 AE event occurrence time from the 6™ to 24™ cooling cycles for three AE experiments
with the wave guide rod AE detection. As shown in Fig. 4.7, the 1** AE event occurrence
time decreases as the cycle number increases. The 1* AE event occurrence time
decreases more rapidly for first few cycles and more gradually for the later cycles. The
manner in which the 1** AE event occurrence time decreases with increasing numbers of
cycles seems to be linked to how the room temperature curvature of the TBC changes.
This would suggest that these early AE events are related to vertical cracking and the
fracture of intercolumnar necks. It is also noted that within each cycle, the curvature

development is slow to develop for the earliest of cycles and fast for later cycles. As will
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be shown in Chapter 5, curvature is “locked-in” after the first 32 cycles. AE activity

decreases after the curvature has stabilized.

4. CONCLUSION

AE experiments with two different methods for collecting signals from high

temperature specimens have been performed. One method used a wire waveguide and

the other used a waveguide rod. Results were presented primarily in the form of

normalized AE events during cooling versus numbers of cycles. Four regions of AE

activity were identified.

Despite the different methods for collecting AE and despite the normal

variation in the specimens, the results showed excellent consistency in regions 1 and 2.

Spot welding the wire waveguide is suspected of causing damage to the TBC specimens.

However, spot welding damage did not significantly affect the AE event characteristics in

regions 1 and 2. Regions 1 and 2 AE event characteristics seem to be determined by

TBC curvature and are influenced primarily by microstructural evolution. Since there is

no indication of interfacial cracking in regions 1 or 2, TBC failure (spallation) is not

expected in this region.
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Regions 3 and 4 are affected considerably by handling damage. All of the

alumina rod waveguide experiment specimens survived longer compared to wire

waveguide experiment specimens. The waveguide rod specimens also had much more

variability in their lives. In particular, the length of region 3 seems to be statistical in

nature and is seriously affected by handling damage. The length of region 3 damage is

most significant in determining the overall TBC life. Handling damage seems to hasten

the transition from region 3 to region 4 and accelerate the TBC spallation drastically.
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Region Cycles AE Events AE source/Damage
Top coat vertical crack formation and
1 1 - 120" Increasing intercolumnar neck fracture due to TBC
convex curvature
2 120" - 200™ Constant Diminishing of TBC convex curvature
3 200" - 270 ‘ Slowly Interfgce crack nucleation and oxide
increasing cracking
4 270" - failure ‘ Rapld}y Interfgce crack extension and oxide
increasing cracking

Table 4.1: AE event and source descriptions for each stage of the TBC life cycle.
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Figure 4.1: A schematic of the thermal cycling apparatus for in situ AE detection and top

coat surface image capture.
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Figure 4.2: Two thermal cycles showing AE events and the temperature profile.

102

Temperature (°C)



1 == aet TBC Failure— ¢

a AE? ;
5 sessess AFE3 N
> 3
1] o
LIJ 3 ] o..

<< :

Q {

= :

E ...

S , Region 1 Region 2 | Region3 | Region4 3

c . :

=3 ......o.o..

0 ...

U -

]

I oL

© ]

E 1

O TBC Failure

=

0 1 1 1 1 1 1 1 1 1 1 1

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450

No. of Cycles

Figure 4.3: Normalized cumulative AE events during cooling and with amplitudes over

70 db.

103



Micrograph of
CCD Camera TBC Specimen
Frame Grabber Captured by the
CCD Camera
. | . |
Fiber Optic ~ Microscope
Light Source
«— Fan
n
|_| | _TBC Specimen
___________ / in the Gooling Motion Direction
;| Position [ ]
| <>
[ e T e e T < e T s T e I s | s e -
[ -
TBC Specimen Alumina Rod /
Under Heating Gear Rod
Position Slider
~] Stepper Motor
|~ Wave Rod Loading Frame L
e — —
Box Furnace Cyclic Loading Frame

Figure 4.4: A schematic of the thermal cycling apparatus for in situ top coat surface

image capture and AE detection with a waveguide rod.
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CHAPTER 5

ASSESSING THERMAL BARRIER COATING RESIDUAL

STRESSES AND INTERFACE DELAMINATION WITH OPTICAL

PROFILOMETRY

1. INTRODUCTION

Thermal barrier coating (TBC) spallation has been observed when TBC

specimens are cooled from high temperature to ambient temperature. At ambient

temperature, the thermally grown oxide (TGO) layer experiences high in-plane

compressive stresses (3-6 GPa) mainly due to the coefficient of thermal expansion (CTE)

misfit between the TGO layer and substrate and TGO swelling [18]. The TGO layer in-

plane compressive stresses have been measured by piezospectroscopy [93, 96-98].

Curvature measurements can also be used to determine coating stresses. By measuring

the curvature change of TBCs due to coating removal [30] and coating deposition [99,

100], the compressive stresses in the coating layer were evaluated. /n situ TBC coating
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stresses were also evaluated during the coating deposition process by measuring substrate

curvature change and the temperature [101].

There is still considerable debate regarding the relaxation of TGO residual

stresses. Some ways in which TGO stresses may relax include developing waviness of

the TGO layer, interfacial cracking [4], plastic deformation of the bond coat and/or TGO

[72], top coat creep [102-105], bond coat creep [26, 102, 106] and TGO creep [103-105].

Since TGO waviness develops in a parabolic fashion [4, 27-29], TGO waviness probably

relieves TGO residual stresses during the earlier period of the TBC life. Interface crack

formation would follow to relieve the TGO residual stresses after TGO waviness was

formed.

Interface crack formation/coalescence result in roughness on the top coat after

small scale buckling. Regions of intact interface and regions of top coat-TGO separation

can generate undulations on the top coat surface [72]. Because of compressive residual

stresses at the TGO layer, intact interface will form valleys and separated interface will

form hills on the top coat surface. Therefore, the distribution of valleys and hills on the

top coat surface can be directly related to interface debonding. By tracking the evolution
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of the out-of-plane displacement of the top coat, interface crack coalescence can be

studied.

The in-plane compressive stresses in the TGO layer generate large scale

buckling of the top coat when the top coat becomes sufficiently debonded by interface

cracks. Therefore, determination of the TGO layer’s in-plane compressive stresses along

with the debonding size is critical information for analysis of top coat buckling.

As mentioned in Chapter 4, a profilometer was used to measure TBC curvature

change and top coat out-of-plane displacement after fixed numbers of thermal cycles.

Curvature measurements are used to estimate the TGO layer residual stress evolution and

changes to the top coat surface are used to investigate interface delamination. The

undulation characteristics on the top coat surface are reported and are used to estimate the

spacing between neighboring undulations. The undulation spacing provides valuable

information for life prediction modeling.

2. TEST PROCEDURE

A TBC specimen was thermally cycled with the apparatus shown in Fig. 4.4.

Prior to cycling, the TBC top coat was carefully polished by using 400, 600, 1000, and

2000 grit sand papers. As described in Chapter 4, acoustic emission (AE) was also
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monitored during the experiment. The cycling and AE detection were interrupted

regularly to measure curvature and other surface characteristics of the TBCs.

A Wyko NT3300 optical profilometer (www.veeco.com) was used to examine

the top coat. The NT3300 uses a white light interferometer and is non-contact. The

NT3300 has a vertical resolution to 0.1 nm and measures heights from Angstroms to

millimeters. The accompanying software, Vision32 calculates surface measurement

parameters including roughness by R parameters for 2-D measurement and S parameters

for 3-D measurement. The software also has a useful option called “stitching” to

generate the high resolution full field surface profiles and can also produce full field 3-D

profile images.

3. RESULTS

3.1 TBC CURVATURE CHANGE

When a thin coating is bonded to a substrate and is under residual stresses, the

substrate forms curvature to compensate for the coating stresses [71]. The curvature can

be related to the stress state, and therefore measurement of coating-substrate curvature
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enables quantification of residual stresses. The curvature can be expressed by the Stoney

formula [71]

s (Eq.5.1)

where « is the curvature and R is the radius of curvature. M; and /A, are the biaxial
modulus of the substrate material and the thickness of the substrate, respectively. M, can
be expressed as l%_ v) where £, and v, are elastic modulus and Poisson’s ratio of the
substrate material, respectively. fis the force per unit length on the coating. The main
advantage of using Stoney’s formula lies in the absence of coating material properties.
Since the coating is much thinner than the substrate, coating material properties can be
neglected.

Since TBCs are basically four layer systems consisting of a top coat, TGO,
bond coat, and substrate layer, Eq. 5.1can not be used directly to calculate the TGO layer
residual stresses from the TBC curvature change. However, since the TGO layer
generates stresses that are much bigger than the top coat layer stresses, it will be assumed
that the curvature change is caused solely by the TGO layer stresses. Since the top coat is

very thin and the modulus of the top coat is very low before zirconia sintering, the
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assumption of sole effect of TGO layer stresses on the curvature change is reasonable.

Even with zirconia sintering, the top coat is probably not completely sintered out dense.

Also, because the modulus and CTE of the bond coat is similar to that of the substrate

and the bond coat thickness is negligible compared to the substrate thickness, the bond

coat can be regarded as the part of the substrate.

Figures 5.1a and 5.1b show contour maps of the top surface profile for a

specimen cycled 32 and 634 times, respectively. Details regarding the cycling were

provided in Chapter 4. The specimen was marked so that it could be returned to the

profilometer in the same orientation after each round of cycling. After 32 cycles the

specimen already shows distinct convex curvature. However, Fig. 5.1a does not show

noticeable roughness on the top surface. After 634 cycles the specimen shows a slight

increase in convex curvature. More significantly, compared to the specimen cycled 32

times, for the specimen cycled 634 times the top coat roughness has increased from R, =

0.431 pm to R, =2.250 um. R is the average maximum profile height and is the average

of the vertical height distance between the ten highest points and ten lowest points in the

evaluation area. After 634 cycles damage along the edge of the specimen is also visible

in the profilometry image.
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Figure 5.2 shows top surface profiles for a TBC specimen at different numbers
of cycles. The profiles were taken along the diameter of the TBC specimens in the y-
direction. The curvature and roughness evolution is clearly shown in Fig. 5.2. Also, the
as-coated specimen only has a few dimples which are probably from initial defects in the
top coat. It is clearly shown that after just 32 thermal cycles, the curvature and roughness
increases significantly compared to the as-coated specimen. The curvature and roughness
is relatively constant between the 32nd to 200th thermal cycles. Curvature and roughness
begin to change again between the 200™ and 300" cycle and the rate of increase of
curvature and roughness accelerated significantly after 300 thermal cycles.

The curvature (x) of the TBC was determined from the radius of the convex
curve (radius of curvature, R) along the diameter of the TBC specimen. The value of R
was given by the Vision32 software. Then x was calculated by taking the reciprocal of R.
Figure 5.3 quantitatively shows the curvature of the TBC along with AE events from P-
AELl. Itis noted that the curvature change and AE events are closely related. Generally
speaking, AE events happen whenever the curvature is increasing.

To model TGO formation, a parabolic growth model [107] is used, and

therefore the TGO thickness, /760 can be expressed as follows:
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hrco =kt k,=D,exp( —Q/RT)

r where (Eq.5.2)

where ¢ is time, £, is the parabolic growth constant, and 7'is temperature. Q is the
activation energy for O, and has a value of 320 kJ/mol. R=8.314 J/mol/°K is the
universal gas constant. Dy is the diffusion constant and was found by fitting experimental
data to the parabolic growth model for 1200 °C cyclic heating. The TGO thickness data
were extracted from the cross section views of the cycled specimens in Chapter 3. The
specimens were PtAl bond coats (LDC-2E) completely covering CMSX-4 superalloy
buttons. The heating period was 10 minutes. Although, there were differences in the
specimen type and cycling conditions, the data is applicable for the current system and
experimental condition because of the following reasons: the cyclic heating temperature
which is most critical to TGO parabolic growth was identical and bond coat material was
same type of PtAl. For cyclic heating, Dy was found to be 9.9x10°m?/s. For reference
purpose, Dy was found to be 4.9x10°m?/s for quasi-isothermal heating. The TGO
formation curve shown in Fig. 5.4 was generated by using Eq. 5.2 with the
experimentally determined value for D, . Each red dot in Fig. 5.4 represents the TGO
thickness data from the cycled specimens in Chapter 3.

The mean stress o, of the TGO layer can be expressed as
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c =—L_. (Eq. 5.3)

Therefore, for constant f, the mean stress in the TGO layer decreases as the thickness of
the TGO layer increases.

Figure 5.5 shows the normalized residual stresses in the TGO and AE events as
a function of number of cycles. The residual stresses were calculated with Egs. 5.1-5.3.
The material properties used in these equations are £, = 213 GPa and v, = 0.25 for the
René N5 substrate [108]. The stress was normalized by dividing the residual stress
calculation for each cycle by the residual stress calculation for the specimen cycled 32
times. The TGO layer residual stresses increase rapidly and reach a maximum value at
the earlier cycles of TBC life and then decrease with further thermal cycling. Although
curvature is continuing to increase, the growth of the TGO causes the mean TGO stress to
decrease. A pivotal moment occurs near the 300™ cycle when the TGO layer residual
stress slowly increases again until the failure. The variation of TGO layer residual
stresses with increasing numbers of cycles is similar to what was previously measured
with photoluminescence [22]. The observation from Fig. 5.3 that AE events are

occurring when curvature changes can also be applied to Fig. 5.5 which shows that AE
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events occur when residual TGO stresses increase. This linkage is not surprising since
curvature and residual stress are related through Eqs 5.1-5.3.

As seen in Fig. 5.3 and Fig. 5.5, the TBC curvature and TGO layer residual
stresses increase drastically during the first 32 cycles. This is accompanied by high
accumulation of AE events. The TGO layer residual stresses seem to reach a maximum
value between the starting of cycling and the 32™ cycle. During the rapid increase in
TGO residual stresses, there is also a sharp increase in the thickness of the TGO (see Fig.
5.4). This curvature (residual stress) increase resulted from the substrate bending to
compensate for the in-plane compressive force on the TGO layer whose coefficient of
thermal expansion is lowest of all TBC components. In addition, it is known that there
are intrinsic compressive stresses developed during TGO growth [30, 104]. Since the
TGO is under significant compression, this leaves the substrate and top coat in tension.
The suggestion in Chapter 4 that AE events in Region 1 of the TBC life are from vertical
cracking in the top coat is supported by curvature and residual stress measurements in
this chapter.

After the 64™ cycle, the AE events diminished and the curvature stayed the

same. Since the TGO is thickening, constant curvature implies that the mean TGO layer
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residual stresses is decreasing. The curvature stayed almost unchanged and TGO layer
residual stresses decreased between the 100™ and 200™ cycle. There are several reasons
why the curvature remains constant and TGO layer residual stresses decrease.

First of all, the TGO layer waviness is increasing [20, 33]. The TGO layer
waviness relieves compressive stresses in the TGO layer. The creep of the bond coat can
also contribute to the residual stress relief [26, 102, 106]. Therefore, constant curvature
may result from competition between the TGO growth and TGO waviness/bond coat
creep. It is noteworthy that the region of constant curvature and decrease in TGO layer
residual stresses is coincident with the AE event plateau period.

A second potential reason for constant curvature is related to sintering of the
top coat. After relatively short thermal exposure (50 cycles of 1hour heating at 1200 °C),
feathery features of the individual yttria stabilized zirconia (YSZ) columns sinter together
and create necks between columns [41]. As the top coat sinters, the top coat becomes
stiffer and tensile force at the top coat/TGO interface during the cooling cycles gradually
increases. This tensile force at the top coat/TGO interface helps the substrate counteract

the compressive TGO forces and therefore the system remains straighter.
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Between the 200™ and 300™ cycle, both curvature and AE activity start to rise
again. As thermal cycling continues, the TGO layer thickens and the compressive force
at the TGO layer increases. The TGO waviness formation seems to slow down at this
point in the TBC life. It also seems that from this point, crack nucleation initiates at
valleys in the TGO waviness. It has been reported that crack nucleation initiates after
34% of cyclic life [6]. In the current research the curvature and AE event increase
between the 200™ and 300™ cycle coincides with around one third of the TBC life. The
curvature and the AE activity increase noticeably after around the 300" cycle and
continue to increase until TBC failure. However, the degree of the increase is minimal
compared to the increasing during the 1* 100 thermal cycles. It seems that the
combination of the compressive stresses and waviness at the TGO layer reaches its
critical point at around the 300" cycle and interface cracking/delamination becomes
active after this point. After approximately 300 thermal cycles, due to the combination of
interface cracking/delamination and compressive residual stresses, the top coat may

undergo small-scale buckling.
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3.2 ROUGHNESS/WAVINESS CHANGE DURING THE TBC LIFE

Figures 5.6a and 5.6b show three-dimensional images of the top surface profile
for the specimens cycled 32 and 634 times, respectively. The corresponding contour
maps for these specimens were shown in Figures 5.1a and 5.1b. Fig. 5.6a shows
roughness which was not clearly shown in Fig. 5.1a. Comparison between Figures 5.6a
and 5.6b displays the obvious roughness evolution of the top coat surface.

Figure 5.7 shows a zoomed-in view of Fig. 5.2 for the purpose of better
demonstrating the roughness profile changes of the top coat. Roughness changes
drastically during the first 32 thermal cycles. Between the 32" and 300™ cycle, the
roughness profile does not change significantly. However, after around 300 thermal
cycles, the surface exhibits much more significant roughness which continue to evolve
until TBC failure.

Figure 5.8 quantitatively shows the roughness change by plotting top coat
average maximum profile height, R, change and AE event change during the TBC life.
The average R, values in Fig. 5.8 also have bars indicating the standard deviation. The
as-coated specimen’s R, value results from pre-existing defects on the top coat surface.

The average maximum profile height initially varies parabolically with number of cycles.
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However, there is a slope change in the average maximum profile trend near the 200"
cycle. From the as-coated to the 200™ cycle, the more rapid rise in R, may be related to
the TGO layer waviness formation. The top coat average maximum profile changes less
rapidly from the 300" cycle to failure compared to the 1% 100 thermal cycles. It seems
that this 300" cycle to failure region’s average maximum profile increase is related to
interface delamination of the top coat.

In Fig 5.9 the roughness profile change of the top coat is presented statistically
with histograms that show the number of data points at each surface height on the entire
top coat surface. The surface height of “0” is defined by the height of the mean line of
the top coat surface. The number of data points at larger surface heights has increased
noticeably by 32 thermal cycles, stays relatively constant between the 32" and 200™
cycle, and increases again after the 300" cycle. The general histogram shape from the
64" to the 200™ cycle is similar. Although the general histogram shape from the 300" to
634" cycle is similar, the number of data points at a surface height greater than 6 pm
significantly increases as thermal cycling progresses. Increased roughness in the latter
portion of the TBC life is believed to be related to small-scale buckling which is in turn

related to interface delamination. If areas with a surface height greater than 6 um are
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designated as delaminated, small - scale buckled area, then these regions will most likely
be the ones where spallation initiates. Therefore, 6 um will be the critical surface height
that indicates the presence of small-scale buckling.

There are additional ways to characterize surface profiles. The mean spacing
and peak count describe the wavelength and frequency change of the top coat due to
waviness formation. The mean spacing is the horizontal distance between points that
cross the mean line of the top coat surface and the peak count is the number of the peaks
which locate above the roughness average. Figure 5.10 shows the mean spacing and peak
count change during TBC life. The mean spacing change follows a trend that is similar
to that of the average maximum profile. The mean spacing changes rapidly after the first
32 cycles, changes slowly up to the 133™ cycle, and stays constant up to the 200" cycle.
The means spacing up to the 200" cycle therefore seems to be influenced primarily by the
development of TGO waviness. The peak count changes in the opposite direction of the
mean spacing value. The peak count diminishing indicates coalescence of adjacent
interface delaminations. The rate of change of mean spacing and peak count change

again between the 200" and 300" cycle.
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It is also interesting to observe that roughness changes differently in different
annuli of the round specimen. The specimen is initially roughening in the center of the
specimen up to approximately two thirds of the specimen’s radius. The largest peak to
valley distances occur at the outer edges of this central region. The waviness extends
beyond two thirds of the specimen radius and starts to cover the entire top coat surface
after the 100™ cycle. After the 200® cycle, the average wavelength (mean spacing) of the
bumps approaches 0.6 mm, and there are around 0.82 peaks/mm along the 25.4 mm
diameter of the specimen. After the 300" cycle the mean spacing continues to increase
with further cycling. Due to what is believed to be small-scale local buckling, bumps
appear on the top coat. From these experimental results, it is estimated that a mean
spacing of around 0.7 mm will lead to buckling of the YSZ. Between the bumps, there

are valleys which are due to intact interfaces. The average length of these valleys is 0.2

Between the 600™ and 634™ cycles the roughness increases rapidly. At this
point there are only 20 or so cycles remaining in the TBC life, and this roughness
increase may indicate more critical top coat delamination/small scale buckling. A few

larger wavelength bumps appear toward the edge of the top coat surface after the 600"

123



cycle. These bigger wavelength bumps seem to be created after coalescence of adjacent
interface delaminations and several smaller bumps assembling into one bigger bump.
The wavelength of the bigger bumps averages to 1.7 mm and 2.8 mm for the 600™ and
634" cycle, respectively.

Figures 5.11a and 5.11b show 2-D and 3-D images of post small-scale
buckling locations after 634 thermal cycles. Figures 5.11a and 5.11b are also the
magnified views of the rectangular regions highlighted in Figures 5.1b and 5.6b. Figures
5.11a and 5.11b show a distinctive bump surrounded by smaller bumps which will soon
coalescence and cause spallation of the TBC. Coalescence of interface delaminations
happens near the end of the TBC life (~90% of the TBC life), and these few bigger
bumps are responsible for spallation of the TBC. The absence of coalescence until the
end of the TBC life was proven by the thermal imaging of TBCs, and the critical size of
the delamination for spallation was also mentioned [109].

As shown in Figures 5.11a and 5.11b, the spallation causing delamination is
elliptical in shape. The elliptical defect is orientated with the longer axis of the ellipse
aligned with the radial direction of the specimen. This orientation indicates that

interfacial cracks propagated toward the center of the specimen along the radial direction
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[110]. The spallation causing delamination is 2.8 mm long and 1 mm wide after 634

cycles. Imaging leads to the conclusions that coalescence happens from four adjacent

bumps being connected in the radial direction.

Figure 5.12 shows x and y profiles of the spallation causing delaminated spots

shown in Figures 5.11a and 5.11b. Fig. 5.12 shows the spallation causing delaminated

spots have 3 ~ 4 um higher peak points than the rest of the bump peaks. The absolute

height of the spallation causing delaminated spots is placed above the critical surface

height of 6 pm which was mentioned earlier and is associated with Fig. 5.9.

Figure 5.13 shows a top surface CCD camera image just one cycle before

spallation. The 4.5 mm long and 2.7 mm wide bump in Fig. 5.13 was from coalescence

of adjacent bumps including the distinctive bump and surrounding bumps in Figures

5.11aand 5.11. As mentioned earlier, the bump is more elliptical than circular. This is

further proof of the orientation of coalescence. More detailed study of the spallation

causing delaminated spots will be presented in Chapter 6.

4. CONCLUSION

Interrupted-test optical profilometry has shown that sudden curvature and

roughness increases happened after just 32 thermal cycles. During the 32 to 200 thermal
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cycle range, minimal curvature and roughness changes occurred. Curvature and

roughness began increasing again after around 300 thermal cycles.

TGO layer residual stresses were calculated using measured curvature and

Stoney’s formula. The TGO layer residual stresses increased rapidly during the first 32

thermal cycles. Due to TGO waviness and bond coat/TGO layer creep, the TGO layer

residual stresses decreased after the first 32 thermal cycles.

Roughness change of the top coat was related to TGO waviness and interface

crack delamination/coalescence and small-scale buckling. Coalescence of interface

delamination was observed near end of the TBC life. Curvature and roughness change

followed trends that were almost identical to the trends in AE activity. This supports the

notion that AE events are closely related to TGO layer residual stresses and interface

damage.
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Figure 5.1: Top surface profile images for a specimen cycled (a) 32 times and (b) 634
times.
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number of cycles.
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Figure 5.4: The parabolic TGO growth model for 1200 °C heating cycles.
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Figure 5.6: 3-D images of the top surface for the specimen cycled (a) 32 times and (b)
634 times.
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Figure 5.7: Re-plotting of the profiles shown in Fig. 5.2 with a smaller scale which

highlights the roughness of the specimens.
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events during 1200 °C heating cycles.
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Figure 5.11: Detailed images of (a) a 2-D contour plot and (b) a 3-D plot of a

delamination in the specimen cycles 634 times; this delamination caused final spallation.
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Figure 5.12: The x and y profiles of the delamination in Fig. 5.11.
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Figure 5.13: A top surface CCD camera image one cycle before the TBC spallation

(diameter = 25.4 mm).
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CHAPTER 6

TOP COAT CRACKING AND SPALLATION

1. INTRODUCTION

As has been described in previous chapters, thermal cycling of thermal barrier

coatings (TBCs) leads to microstructural evolution and damage. Among all the damage

that occurs in TBCs, damage in the thermally grown oxide (TGO), top coat, and TGO

interface are most critical to the durability of the TBCs. At the end of the TBC life, the

accumulation of damage leads to top coat buckling and spallation. If damage in the

TGO, top coat, and TGO interface can be tracked as a function of thermal cycling, better

life prediction models can be developed.

It is not an easy to trace damage at the TGO layer, top coat layer, and TGO

interface. Damage to the TGO layer and TGO interface is covered by the opaque yttria

stabilized zirconia (YSZ) top coat. Another challenge is the size of damage. Most cracks
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are tens of microns long and sub-microns in width. Therefore, novel methods must be

developed to detect and monitor damage in TBCs.

Scanning electron microscopy (SEM) has the necessary resolution to track

thru-thickness top coat cracks. These cracks will henceforth be called top coat “vertical”

cracks. The top coat already possesses vertical gaps within the columnar structure.

Therefore, it is difficult to distinguish between pre-existing columnar gaps and the

formation of the top coat vertical cracks, especially with smaller widths. However, as

was described in Chapter 5, with only minimal polishing of the top coat surface the

columnar microstructure was smooth enough to enable visualization of cracking. Thus,

top coat vertical crack formation is studied by interrupting thermal cycling and taking

periodic SEM images.

To investigate TGO and TGO interface damage with better time resolution,

images of the TBC top coat were captured by a charge couple device (CCD) camera

during every cooling cycle. The setup for acquiring these images was described in

Chapter 4. A Nikon lens (Micro-Nikkor 105 mm f/2.8D) was used with a Pulnix CCD

camera (TM-9701), and a National Instruments frame grabber (IMAQ PCI-1424)

captured images 6 times per minute. For better contour resolution a Zeiss white-light
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source (Schott KL 1500 electronic) was directed through fiber optics to be almost parallel

to the top coat surface. Either compressed air or a small fan was used to more quickly

cool the specimen and to minimize image distortion caused by thermal convection.

The CCD images during the final cooling cycle are analyzed to provide new

insight into the buckling (spallation) process. Spallation propagation is dependent on

where the critical delamination is located. From all of the experiments it is found that

there are two possible locations of the critical delamination. The size of the critical

delamination is used with a buckling formula to calculate the critical top coat strain.

The extent of TGO interface cracking can be estimated from the top coat CCD

images. Due to the large thickness of the substrate, the substrate controls the overall

thermal expansion/contraction of the TBC specimen. However, when interface cracking

occurs, the top coat is no longer constrained to the substrate. Therefore, when the TBC

specimens are cooled, the separated top coat region will not contract in the same fashion

as the bonded top coat region.

Digital image correlation (DIC) is a method for calculating displacements and

displacement gradients by using homogeneous deformation fields to map deformed

image subsets onto undeformed images [73-78]. Since DIC has in situ and non-contact
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capability, DIC can be used to monitor the thermal contraction behavior of the entire top

coat of the TBC specimens. The CCD images taken during the cooling portion of each

cycle are used for this purpose. Regions with intact interfaces contract differently from

regions with separated interfaces, and therefore the DIC technique shows which region of

the interface is damaged. The size of the critical delamination is readily obtained with

this technique.

2. SEM ANALYSIS OF TOP COAT VERTICAL CRACKING

All SEM images were collected with a Hitachi S-4300. As mentioned earlier,

the YSZ top coat was polished to enable viewing of cracks. The surface of the specimen

was not coated with conductive material, and therefore most images have evidence of

charging. The specimen was marked so that features of interest could be found from one

session to the next. All edge-part SEM micrographs shown in this chapter are oriented

such that the right hand side of the image is closer to the edge of the TBC specimen.

Figures 6.1a and 6.1b show the as-coated top coat surface before polishing and

at lower and higher magnification, respectively. Fig. 6.1a shows two deposition defects.

Such defects were relatively common. Fig. 6.1b shows a detailed view of Fig. 6.1a and
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how individual columns construct the unique top coat structures. Fig. 6.1b clearly shows

how the top coat consists of distinct columns.

Deposition defects in the TBC top coat are common. Figure 6.2ais a

magnified view of a deposition defect shown in Fig. 6.1a. After cycling the columns that

form the deposition defect fall out and the defect becomes a pit like the one shown in Fig.

6.2b. Individual columns are generally around 10 um wide. However, the columns in a

defect are around 3 ~ 5 times wider than normal. In addition the individual columns in

the defect have a more tapered geometry. Theses tapered columns form a cone shaped

geometry with columns that are not normal to the specimen surface.

Recall from Chapter 5 that polishing of the top coat was accomplished by

sanding with 400, 600, 1000, and 2000 grit sand papers. Figures 6.3a and 6.3b show the

un-cycled, polished top surface near the middle and edge of the specimen. It was not

desirable to take off too much top coat materials and therefore there are large sections

that are not perfectly smooth. In addition, Figures 6.3a and 6.3b also show many pin

holes from gaps between columns and deposition defects. However, most importantly for

this study, there are no visible cracks on the polished surface.
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Since the top coat is also deposited on the sides of the specimens, the columns

have to transition from being perpendicular to the top to perpendicular to the side.

Therefore the edge of the specimen is tapered downward and it would take significant

polishing to smooth the very edges. For the specimen shown in Fig. 6.3Db, it is seen that

the unpolished edge of the specimen has a width of around 350 pm. This indicates that

there is a transition in column orientation at around 350 pm away from the outermost

edge.

Figure 6.4 shows a detailed view of the 350 pm wide unique edge feature

before the polishing of the top coat. There are two regions of this unique edge feature.

The first region is from the outmost edge to around 120 um. This is the thickness of the

top coat along the edge of the specimen. The second region is from around 120 um to

350 um and is the region where column orientation transitions from perpendicular to the

top to parallel to the top. These regions are significant because of the cracks that initiate

in these regions during thermal cycling.

Figures 6.5a and 6.5b show the top surface of the polished specimens near the

middle and edge after 32 thermal cycles at 1200 °C. In comparing Figures 6.5a and 6.5b

to the un-cycled polished specimen in Figures 6.3a and 6.3b, it is seen that vertical cracks
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are present throughout the top coat [111]. However, the middle-part of the specimen
shows more cracks and wider cracks compared to the edge-part. The width of the cracks
in the middle is around 0.2 um. It seems that the vertical cracks often originate from
deposition defects and connect deposition defects together [111].

Sudden convex curvature formation during thermal cycling was documented in
Chapter 5. This curvature change was especially prominent in the earlier stages of TBC
life. The top coat vertical cracks shown in Figures 6.5a and 6.5b are most likely
necessary to accommodate convex curvature. The fact that cracks remain open at room
temperature despite compressive residual stresses is consistent with the observation of
curvature. It is also likely that the top coat vertical crack formation seen in Figures 6.5a
and 6.5b are the source of the earlier cycle AE events described in Chapter 4.

Figures 6.6a and 6.6b show the same middle-part of the polished top coat
surfaces after 100 and 634 thermal cycles. Compared to vertical cracks on the specimen
cycled 100 times, the top coat surface that experiences 634 cycles has more noticeable
vertical cracks. The vertical top coat cracks in the middle of the specimen were formed
during the initial 32 thermal cycles and stay almost unchanged until the 200" cycle. The

middle-part vertical cracks started to become more prevalent and wider after around the
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300" cycle. This observation is consistent with the Chapters 4 and 5 results showing an
increase in AE events and top coat convex curvature after the 300" cycle. However, at
the same time it is noted that most of the vertical cracks on the middle region of the top
coat surface formed during the initial 32 thermal cycles and little new crack formation
was detected during further thermal cycles. Given the fact that the there are no new
cracks forming after the 300" cycle, shear lag theory [112] would indicate that saturation
cracking occurred in the first 32 cycles and the interfacial shear strength did not change
or has decreased.

Compared to vertical cracks in the middle of the specimen, the edge-part
cracks show more distinct changes as thermal cycling progresses. The SEM images in
Figures 6.7a and 6.7b show edge cracks that had formed by the 200" cycle. After the
200" cycle, compared to middle-part vertical cracks which were stationary, more visible
and bigger vertical cracks had formed along the edge of the top coat. Most edge cracks
were oriented circumferentially.

Initially it was found that the edge-part cracks were present at either 120 pm
from the edge or 350 um from the edge. Recall that these two dimensions are significant

because coating is 120 pum thick and the column orientation begins to change at 350 um
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from the edge. Cracks that form 120 um from the edge will be called “Type I’ cracks

and cracks at 350 um will be called “Type II” cracks. It is noted that when Type I cracks

formed (e.g., Fig. 6.7a), there were no cracks in the region between 120 pm and 850 um

from the specimen edge. Only at distances more than 850 pm from the specimen edge

were vertical cracks again visible.

Fig. 6.7b shows Type II edge vertical cracks which were formed at the 350 um

from the specimen edge. In the presence of Type II cracks, there was no region without

cracking. The cracks were present at all radial locations greater than 350 um from the

edge. Compared to Type I vertical cracks, the Type II edge cracks are generally wider.

The cracks in Figures 6.7a and 6.7b seem to have formed due to coefficient of

thermal expansion (CTE) misfits between the top coat and substrate and sintering of the

YSZ. During the heating of the TBC specimen, the top coat layer experiences tensile

stresses since the substrate has a higher CTE than the top coat. After sintering of the

YSZ, the top coat loses its strain tolerance and vertical cracks form. It also has been

suggested that the vertical cracks originate from pre-existing bond coat grain boundary

ridges and grow wider as the TGO layer thickens [37].
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It was found that the regions with Type I cracks (at 120 um) did not have Type

IT cracks (at 350 um) and vice versa. Damage is likely at 120 um from the outer edge

because of the changing column alignment and the mixed-mode loading. After 400

cycles approximately 60% of the circumference at 120 um from the outmost edge was

either cracked or chipped. About 30% of the circumference at 350 um from the outmost

edge was cracked after 400 thermal cycles. After 634 thermal cycles, in the type I edge

crack case, there were vertical cracks which cover between 850 um and 1650 um away

from the outmost radius. In the type II edge crack case after 634 thermal cycles, vertical

cracks started from 350 pm inner radius from the outmost edge and extended up to 1000

um toward to the center of the specimen.

Figures 6.8a, 6.8b, and 6.8c show top coat vertical cracks after 300, 500, and

634 thermal cycles, respectively. The right hand side of all three micrographs is close to

the edge of the specimen. All micrographs show large cracks that are overall oriented

circumferentially. These large circumferential cracks are zigzagged, and there are

smaller cracks at various orientations between major cracks.

Figures 6.9a and 6.9b show what the 120 um Type I crack looks like after 300

cycles and 500 cycles, respectively. With this level of detail it is seen that the surface
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discontinuity is not at quite 120 um from the specimen edge. However, it is expected that

the base of the crack is at the corner of the specimen edge and is therefore at 120 pm

away from the outmost edge of the coated specimen. After 300 cycles, the 120 um inner

radius cracks have advanced outwards by around 10 pm. It is believed that some TGO

growth and some delamination are responsible for this movement. From unaided visual

observation of all experiments, the 120 pm edge cracks usually become visible between

300 and 350 cycles.

After further cycling, 120 pm Type I cracks cause the top coat on the side of

the specimen to separate from the substrate. Figures 6.10a and 6.10b show two different

edge crack separations after 550 cycles and 634 cycles, respectively. These cracks are

located close each other, however it is believed that they are not connected. The

separation that occurred after 634 cycles also shows a vertical crack which runs through

the thickness of the YSZ layer on the side surface.
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3. IMAGING OF DELAMINATION PROPAGATION: THE

DEVELOPMENT OF SPALLATION

3.1 TYPES OF TBC SPALLATION

Top coat buckling leads to top coat spallation and is the final phase of the TBC
life. Buckling of the top coat releases the compressive strain energy stored in the TGO
and top coat layer. Based on the location of the initial buckling, the final spallation can
be categorized into two cases: buckling from the largest interior delamination and
buckling from the largest edge delamination [113]. The formation of the delamination
spot and failure characteristics are somewhat different for the two cases.

In the 1% case, the center of the biggest delamination spot is usually located at
around two-thirds of the radius of the TBC specimen. It was mentioned that the Type I
edge cracks are more common and that regions with Type I cracks also have cracks at
850 pm to 1650 um from the specimen edge. Delamination seems to initiate in the region
just beyond 1650 um from the outer edge of the specimen. During spallation, the
interface crack propagates by mode I fracture due to buckling forces.

The 2" spallation location is associated with a Type II edge crack. It was

mentioned that Type II edge cracks are present from 350 pm to 1000 um from the edge of
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the specimen. Critical delaminations initiated just inside of this annulus. Just one or two
cycles before spallation, the critical delamination advances towards the edge of the
specimen and creates an edge delamination. The creation of the edge delamination
produced many AE events. Once the delamination was large enough, buckling occurred.
Out of six experiments the 1* case occurred four times. There are two reasons
why the 1 case buckling is slightly more common than the 2™ case buckling. The first
reason comes from the higher percentage of Type I edge cracks. The second reason
comes from the geometry of the delamination. Since the edge delamination is near a free
surface, as compared to a delamination that is surrounded by intact top coat, there is less

energy available to propagate a buckle.

3.2 DETAILED OBSERVATIONS OF CASE 1 SPALLATIONS

Figures 6.11 and 6.12 show successive images of the top coat surface during
the spallation cycle of AE3 and N-AE3. Since they initiate near Type I edge cracks, both
of these spallations are classified as Case 1 spallations. Figure 6.13 is a plot of the AE
events and temperature profile during the spallation cycle of AE3 (shown in Fig. 6.11). It

is seen that there are two very distinct bursts of AE activity. By analyzing the time
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resolved CCD images of the top coat, it was found that these bursts correspond to top
coat buckling.

Fig. 6.11a shows a critical debond in the upper right corner of the specimen,
approximately two-thirds of the radial distance from the center of the specimen, and with
a diameter of about 5.5 mm. This debonding was created by the coalescence of the
interface cracks at the completion of the 420" cycle out of the 429 total cycles. Fig.
6.11b shows the initiation of the first buckle. The initiation of the first buckle is
coincident with the start of the first burst shown in Fig. 6.12a. Fig. 6.11c shows how the
buckle is propagating. As seen in Fig. 6.13, this propagation generates many AE events.
Fig. 6.11d shows arrest of the first buckle. At this point vertical TBC top coat cracks
appeared on the border between the intact and separated interface. These vertical TBC
top coat cracks are kink cracks, or in other words interface cracks that deflect into the top
coat and extended to the top surface [114]. It is likely that a region with better interfacial
bonding aided in arresting the first buckle. From this point to the initiation of the second
buckle, the AE activity decreased significantly. With continued cooling, the TGO layer
develops larger in-plane compressive stresses due to CTE misfits. These higher stresses

are needed in order to initiate a new buckle. Fig. 6.11e shows the progress of the second
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buckle. Larger scale buckling of the top coat generated vertical TBC top coat cracks on

the upper left corner of the specimen. The propagation of the second buckle again

generated many AE events. Fig. 6.11f shows the buckle propagation up to the final

spallation and extension of vertical TBC top coat cracks in the middle of the specimen.

The darker spot at the lower left edge of TBC top surface shown in Fig. 6.11a

is an edge delamination which developed during much earlier cycles. A similar edge

delamination was also observed in the AE1 specimen. During the earlier cycles, this

delamination was more apparent than other interior undulation spots. However, the edge

delaminations in both AE1 and AE3 did not grow from their initial sizes and did not

initiate spallation of the TBC top coat. AE1 and AE3 seem to prove that buckling from

edge delaminations requires higher energy.

Fig. 6.12 shows successive images of the top coat surface of the N-AE3

specimen during its spallation cycle. Fig. 6.12a shows the beginning of the first buckle.

The cooling cycle time (or temperature) at which buckle propagation began was similar

for N-AE3 and AE3. One interesting point in Fig. 6.12a is the existence of two dominant

inside debonding spots. Both debonding spots had started to appear 8 cycles before the

spallation which happened at 761 cycles. Both debonding spots formed in regions with
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the most significant surface roughness. The surface roughness became apparent at

around 18 cycles before the spallation. The debonding spot 1 was located at around two-

thirds of the specimen radius and had an elliptical shape. The debonding spot 1 coincided

well with the AE3 debonding spot in location and general shape. Debonding spot 1 was a

product of coalescence of two adjacent delamination spots and became a critical

debonding spot just 1 cycle before the spallation. Debonding spot 2 was located at the

center of the specimen and had a doughnut shape. Although debonding spot 2 was bigger

than debonding spot 1, the first buckle was initiated from debonding spot 1. It seems that

for debonding spot 2 the center of the hollow shape was still intact and this geometry

prevented buckling.

The initial shape of debonding spot 1 was elliptical. The major and minor axes

of debonding spot 1 were 4.8 mm and 2.5 mm, respectively. However, just before the

initiation of the first buckle, the debond started in the radial direction and increased the

separation in the minor axis direction. Eventually, the debonding spot 1 became more

circular with a diameter of 4.8 mm. This diameter is comparable to the diameter of the

largest debonding spot in the AE3 specimen.
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Fig. 6.12b shows where the first buckle arrested. Although the size of the

buckled area between N-AE3 and AE3 (Fig. 6.11d) is different, the timing of the first

buckle arrest for both specimens is identical. Unlike for AE3, in N-AE3 the first buckle

resumed propagation about 20s after stopping. Fig. 6.12d shows the connection between

the first buckle and the debonding spot 2. The first buckle propagated and advanced

toward the debonding spot 2 and created the one larger debond that is shown in Fig.

6.12e. Between Figures 6.12e and 6.12f further interface delamination occurred. Fig.

6.12f shows the top coat surface at the end of the spallation cycle.

33 DETAILED OBSERVATIONS OF CASE 2 SPALLATIONS

Figures 6.14 and 6.15show successive images of the top coat surface during

the spallation cycles of N-AEland P-AE1. Since the delaminations initiate near Type II

edge cracks, both of these spallations are classified as Case 2 spallations. The initiation

of the edge delamination which eventually caused spallation in the N-AE1 specimen

occurred at the 353 of 577 cycles. Fig. 6.14a shows the start of the interface crack

propagation of the edge delamination spot. AE results indicated that just 2 cycles before

the spallation cycle, the critical edge delamination shown in Fig. 6.14a was abruptly
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formed. The critical edge delamination had a semi-circular shape with a diameter of 4.4

Fig. 6.14b shows initiation of the first buckle from the edge delamination spot.

The temperature of the specimen was around 50 °C. In comparison to the 130 °C

temperature that caused buckle initiation in Case 1 spallations, this is a relatively low

temperature. This indicates that higher driving force is needed to propagate edge

delaminations.

Fig. 6.14c shows the propagation of the first buckle from the edge

delamination spot. Fig. 6.14d shows the first buckle at its maximum size of the first

buckle, and Fig. 6.14e shows the formation of a new delamination region. The new

delamination for a second buckle is shown in Fig. 6.14f. In Fig. 6.14g, two buckles were

arrested by intact interface. As was the case with the specimen in Fig. 6.11f, along the

intact and separated border, kink cracks developed. Fig. 6.14h shows the completion of

the spallation cycle and more kink cracks which ran along the whole diameter of the N-

AE1 specimen.

Figure 6.15 presents another example of buckling failure from an edge

delamination in P-AE1. Fig. 6.15a shows an obvious undulation spot very close the edge
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of the specimen and at 12 cycles before the spallation cycle. Fig. 6.15b is the last image

of the cycle before the spallation cycle. The critical delamination in Fig. 6.15b is roughly

elliptical in shape and has a major and minor axis of 4.5 and 2.7 mm.

Fig. 6.15c shows that the top coat had already buckled somewhere between the

last image of the previous cycle and 80 seconds into the cooling portion of the spallation

cycle. This buckle was stationary until the time shown in Fig. 6.15d when the

temperature reached around 71 °C. This temperature is also lower than the 130 °C that

caused buckling in Case 1 spallations.

The buckle shown in Fig. 6.15¢ was stationary until around 21 minutes and 20

seconds into the cooling cycle. At 26 minutes and 50 seconds the buckle reached its

maximum cooling cycle size and is shown in Fig. 6.15f. The spallation shown in Fig.

6.15f is relatively small. Images were taken for 10 hours longer but no further spallation

was observed. However, after sitting at room temperature for a couple of days, it was

found that the amount of spalled material had increased. During still longer time at room

temperature, the top coat became almost completely delaminated. This phenomenon was

typical for all TBC specimens. It seems that residual stresses in the system enabled

continued spallation over long periods of time.

158



3.4  POST FAILURE OBERSERVATIONS

In this section observations of the spalled surfaces are shown. In general, there

were only differences in the amount of intact and separated areas. It was found that TBC

spallation happens at both the YSZ/TGO and TGO/bond coat interface [21, 115].

Figure 6.16a shows the N-AE2 specimen after the spallation of the top coat.

The upper part of the specimen image has initially intact interface and the lower part of

the specimen image shows interfaces that separated during the spallation cycle. As was

mentioned in Section 3.3, a few days after the images were taken, the intact interface area

also spalled. Figure 6.16b shows two distinct regions in the spalled section. The upper

region is covered with white island shape regions while the lower region shows no such

regions. The lower region is the spalled region in Fig. 6.16a and is where spallation

happened during the final cooling cycle of TBC life. The upper region is the intact

region in Fig. 6.16a and was exposed days after the cyclic heating ended.

Figures 6.17a and 6.17b show backscattered electron (BSE) SEM micrographs

of post spallation surfaces. It is noted that heavier elements will appear lighter in BSE

images. The finely distributed white areas are YSZ (ZrO,, At. Weight = ~41) top coat

remnants on top of the TGO (AL,O;, At. Weight = ~20.4) layer, and dark gray parts are
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intact TGO on top of the bond coat (Pt-NiAl At. Weight = ~42.5) layer. The large white

areas are exposed bond coat regions that resulted from TGO/bond coat interface failure.

It has been reported that TGO/bond coat interface separation happens along bond coat

ridges [116]. Thru-thickness cracks in the TGO layer are also visible in Fig. 6.17b.

There is no YSZ present adjacent to the TGO cracks. It also appears that the TGO cracks

coincide with grain boundary ridges in the bond coat.

It is interesting to note that TGO/bond coat interface delamination happens

only after the specimen has been sitting for an extended period of time. During thermal

cycling delamination/buckling occurs only along the YSZ/TGO interface. It has been

reported that YSZ/TGO interface delamination is dominant when sever ratcheting exists

and TGO/bond coat interface delamination is dominant when little ratcheting exists [21].

Although it is possible that moisture plays a role and/or that the higher energy available

at room temperature plays a role in activating TGO/bond coat interface failure, detailed

understanding of the observed interface-switching is still lacking.
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4. INTERFACE DELAMINATION DETECTION USING DIGITAL IMAGE

CORRELATION (DIC)

4.1 TOP COAT DAMAGE DETECTION BY DIC

During cooling, TBC specimens experience thermal contraction. Since the
TBC substrate is much thicker (~30 times) than the top coat layer, the substrate controls
the overall thermal contraction when TBC specimens are cooled. If the TBC specimen is
undamaged, the thermal strain in the top coat layer should be uniform. However, when
interface cracks are present, the top coat is no longer uniformly constrained. The
difference in CTE, a, between the substrate (0. ~18.0 x 10°/°C) and top coat (o ~12.0 x
10°/°C) is ~6.0 x 10°/°C. So, when the TBC specimen is cooled, delaminated top coat
regions will not contract as much as bonded top coat regions.

Figure 6.18 shows a contour map of y-direction thermal contraction strains in
the AE3 specimen. Two consecutive top coat images, taken one cycle prior to TBC
spallation, were used in DIC codes to produce Fig. 6.18. The first image was taken at
200 °C, and the second was taken at 40 °C. The contour map shows relatively uniform
compressive y-direction top coat strains except for in the upper right corner of the

specimen. This region corresponds to the position of the largest debonding spot shown in
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Fig. 6.11a. With extensive DIC calculations at each cycle, this particular undulation spot
region was traced back in time, and it was found that the strain differences were
noticeable as early as the 190" cycle. Note that no undulation was visible using the
darkfield-like CCD images until much later in the specimen’s life. Furthermore, the 190™
cycle is coincident with the start of the third region in Fig. 4.3 where AE events slowly
increase again.

The strains associated with the largest undulation region were initially less
compressive and were finally tensile. A separated interface would explain why the
strains were less compressive before the generation of a visible undulation. After the
undulation became apparent in the video images, DIC strain calculations on this spot
yielded tensile strains. For the undulation to be visible in the video images, it must have
enough out-of-plane displacement or “bending” to influence the way light is reflected
towards the camera lens. The outward bending of the separated top coat would generate

the tensile strains that were calculated by the DIC.

4.2 BUCKLING CRITERIA

Buckling of the top coat happens when compressive forces exceed the

delaminated top coat’s critical load. Since the spallation causing delamination became
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circular just before the buckling, the buckling analysis can be made with a circular
delamination. The delamination can be modeled as an isotropic circular plate under
uniform radial edge compression with clamped edges. For delaminations with 0.0 < 4/R

< 0.15, the formula for the elastic stability is as follows [94]:

A%
azl.le(Ej , (Eq. 6.1)
where ¢ is the critical stress, E is the elastic modulus of the top coat, # is the thickness of
the top coat, and R is the radius of the circular delamination. For the current TBC
specimens, / is 120 um and £ is taken to be a post-sintered value of 100 GPa. For the
AE3 spallation, R is 2.8 um. Application of Eq. 6.1 results in a top coat, in-plane
compressive strain of ~0.2%. When the top coat reaches this strain level at the given
delamination size, buckling will occur.

DIC was used to determine the average thermal contraction strain in the top
coat during cooling from 1200 °C. Images taken at 1 minute intervals were used in the
calculation starting from 2 minutes of cooling and continuing until the full 23 minutes of
cooling. Figure 6.19 shows the results of the DIC calculations with “Spallation-1" which

is 1 cycle before spallation and “Spallation+3” which is 3 cycles after spallation. For
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Spallation+3 the calculation was performed on a region that is assumed to be detached

from the substrate. For reference purposes, temperatures of the TBCs were reported

along with the strain calculations.

Spallation-1 is the thermal contraction strain of the top coat combined with the

substrate and is well matched with the thermal contraction of the substrate alone.

Spallation+3 is the thermal contraction strain of free standing YSZ top coat material. The

curve for “Sp-1 — Sp+3” is the difference between Spallation-1 and Spallation+3 and

represents the strain that is exerted on the top coat (by the substrate) during the spallation

cycle. As seen in Fig. 6.19, the top coat compressive strain is ~0.2% at 7 minutes after

the initiation of the cooling period. This top coat strain value agrees well with the value

found from Eq. 6.1.

S. CONCLUSIONS

During thermal cycling, the top coat layer develops vertical cracks. These

cracks are primarily at the center and the edge of the top surface. Curvature causes

development of the center cracks, and these cracks formed during the cooling portions of

earlier cycles. CTE misfits and sintering of the YSZ caused the edge cracks.
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Vertical top coat cracks in the top coat are prominent around the edges of the

specimen. For almost the entire circumference of the specimen only two locations for the

edge cracks were observed. The location of the edge crack affected subsequent interior

cracking. It is believed that the open vertical cracks make the top coat more compliant

and therefore there is less energy available for buckling (spallation). After a critical

delamination formed, buckling occurred just inside of the interior, vertical crack regions.

Since there were two different locations for the interior vertical cracks, spallation was

also found to initiate at one of two different general locations.

TBC spallation has been observed at both the YSZ/TGO and TGO/bond coat

interface. While delamination/buckling during the last cycle of thermal loading occurs

only along the YSZ/TGO interface, TGO/bond coat interface delamination happens only

after extensive time at room temperature.

DIC calculations were performed to identify critical delaminations. The DIC

method is capable of finding sub-surface damage well before it is visible with

videography. Calculations have shown that initially circular delaminations with radii of

2.0-2.5 mm will buckle when under compressive strain of ~0.2%. The critical debonding
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size and strain value were confirmed by the image measurements and with DIC

calculations.
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Figure 6.1: Micrographs of the as-coated top coat surface before polishing at (a) x100 and
(b) x2.0k magnification.
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Figure 6.2: Micrographs of (a) individual columns at a defect site and (b) a pit caused

thermal cycling of a defect.
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Figure 6.3: Micrographs of the un-cycled, polished top coat surface near the (a) middle of

the specimen and (b) edge of the specimen.
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Figure 6.4: A micrographs near the edge of a specimen and showing how the edge of the

specimen can be divided into two regions.
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Figure 6.5: Micrographs of the polished top coat surface after 32 cycles and at (a) the
middle-part and (b) the edge-part of the specimen.
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Figure 6.6: Micrographs from the middle-part of the polished top coat surface after (a)
100 and (b) 634 thermal cycles.
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Figure 6.7: Two typical types of edge cracks after 200 cycles: (a) major cracks at 120 um

and (b) major cracks at 350 um away from the outmost edge.
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Figure 6.8: Circumferential edge crack formation after (a) 300, (b) 500, and (c) 634

cycles.
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Figure 6.8 continued
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Figure 6.9: Magnified view of the 120 pm inner radius cracks after (a) 300 cycles and (b)
500 cycles.
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Figure 6.10: Buckling of the 120 um inner radius cracks after (a) 550 cycles and (b) 634

cycles.
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Figure 6.11: Successive AE3 cooling images of spallation with time elapsed after the
initiation of the cooling: (a) the largest debonding spot, (b) initiation of the first buckle, (c)
first buckle propagation (d) first buckle arrest (¢) second buckle progress, and (f) final
stage of the buckling failure.
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Figure 6.11 continued
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Figure 6.12: Successive N-AE3 cooling images of spallation with time elapsed after the
initiation of the cooling: (a) initiation of the first buckle from debonding spot 1, (b) first
buckle arrest, (c) first buckle resume (d) connection between the first buckle and the
debonding spot 2 (e) completion of creating one debonding spot, and (f) end of the
spallation cycle.
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Figure 6.12 continued

(f) 23 min
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Figure 6.13: AE events during the spallation cooling cycle of the AE3 specimen (See Fig.
6.11).
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edge delamination

(d) 13 min 30 sec

Figure 6.14: Successive N-AE1 cooling images of spallation with time elapsed after the
initiation of the cooling: (a) interface crack propagation from the edge delamination spot,
(b) initiation of the first buckle, (¢) propagation of the first buckle, (d) maximum size of
the first buckle, (¢) advancing of the delamination, (f) creation of the second buckle, (g)
arrest of both buckles and (h) completion of the spallation cycle.
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Figure 6.14 continued
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(c) 1 min 20 sec (d) 9 min 50 sec

Figure 6.15: Successive P-AE1 cooling images of spallation with time elapsed after the
initiation of the cooling: (a) image of 12 cycles before the spallation cycle, (b) last image
of 1 cycle before the spallation cycle (¢) image of post buckling and edge delamination,
(d) initiation of the buckle, (e) buckle arrest and maximum propagation of the buckle, and
(f) completion of the buckle with further cycling.
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Figure 6.15 continued

(e) 11 min 30 sec (f) 26 min 50 sec
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Figure 6.16: Post spallation images of the N-AE2 specimen (a) CCD image with the top
coat layer just after the spallation cycle (b) SEM image after complete (including delayed)

spallation.

187



Figure 6.17: Backscattered electron SEM micrographs of post spallation (a) with lower

magnification and (b) higher magnification.
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Figure 6.18: The contour map of the DIC y-direction strain calculations on the top coat
layer during the cooling from 200 °C to 40 °C.
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Figure 6.19: Top coat strain due CTE misfit calculated by DIC using the successive top

coat images during the cooling cycles from 1200 °C.
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CHAPTER 7

CONCLUSIONS

1. SUMMARY

To better understand and predict thermal barrier coating (TBC) failure,

comprehensive research into the mechanisms associated with the loss of TBC durability

was performed. In this research cyclic heating to 1200 °C was applied to TBC buttons

with and without the top coat. New apparatus was developed to fully automate rapid

cycling. It was found that microstructural evolution of the PtAl (platinum modified

aluminide) bond coat, thermally grown oxide (TGO), and substrate depends on the type

of thermal exposure and the presence of TGO. The most significant difference between

the differently cycled TBC specimens was the amount of y'-(Ni3Al) formation. This is

important since y'-(Ni3Al) is believed to promote TGO waviness during thermal cycling,

and TGO waviness is believed to initiate interface cracking. The PtAl bond coat was

analyzed by scanning electron microscopy (SEM) and instrumented indentation. From
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the cyclic and quasi-isothermal heating test results, it was found that cooling and heating

induces stresses that influence microstructural evolution.

The cycling apparatus developed for bond coat only experiments was modified

to enable automated collection of acoustic emission (AE) signals. Monitoring AE gave

valuable temporal information about damage accumulation in TBCs. It was found that

there are 4 distinct regions of AE activity during the life of a TBC. In conjunction with

AE data collection, images of the top coat under darkfield-type lighting conditions were

collected throughout the cooling portion for every cycle. It was shown that digital image

correlation (DIC) can be used to identify regions with interfacial damage. Finally,

cycling of an additional specimen was interrupted periodically for analysis with optical

profilometry and SEM. The analysis of all the images collected in situ and during

interrupted experiments made it possible to postulate which failure mechanisms were

active in each of the 4 regions with different AE signatures.

Table 7.1 shows the percent of TBC life range for each AE region. The

starting points of Regions 3 and 4 match well with the percent life values for initiation of

crack nucleation (~34%) and crack extension (~76%) that are given in the literature. It is

concluded that Regions 1 and 2 have stable microstructural evolution and damage and the
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coating maintains its protective function in these regions. Improving TBC life requires

extending Regions 1 and 2. Once a TBC system is in Region 3, unstable damage may

form and catastrophic spallation would occur once the damage coalesces. Understanding

the damage occurring in Region 3 may help materials scientists and engineers develop

ways to extend Regions 1 and 2.

By employing a non-destructive technique to monitor when a TBC system is in

Region 3, it would be possible to develop more effective maintenance and replacement

schedules. Monitoring AE signals could represent one way to determine when a TBC

system is in Region 3. It may also be possible to employ the same DIC techniques used

in this dissertation work to actual TBC systems in the field.

2. FUTURE WORK

There are several ways in which the current experiments could be improved.

The AE signals were analyzed by the hardware to yield traditional AE results such as

hits, counts, amplitude, risetime, etc. The hardware currently used also has the ability to

capture transient signals which contain the complete signal. This signal could be

analyzed for frequency content or it could be compared to other signals. In this way it is
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possible to obtain more discriminatory information about AE events, and it might then be

possible to quantify the formation of various types of damage.

The DIC technique was successfully used to detect interface delamination.

However, TBC sub-critical crack formation/growth detection is still a difficult task. Due

to the size of cracks, the spatial resolution is most critical in detecting the cracks. It

might be possible to improve upon the current methods by using a camera with more

pixels and thereby improving the displacement and strain resolution.

Alternative techniques using thermal imaging to investigate interfacial defects

have been attempted. When heat flux from a laser or flash lamp is applied to the

substrate side of the TBCs, heat is transferred across interfaces by conduction and/or

radiation. The presence of interface cracks alters the heat transmission through the

thickness of the TBC specimens appreciably. These thermal conductivity differences

between adherent sites and non-adherent sites interfaces result in temperature differences

on the ceramic top coat side. The difficulty for most off-the-shelve thermal cameras is

again related to the camera’s spatial resolution. A better approach would be to use a

single infrared sensor that is focused to a point on the specimen together with a high

resolution scanning stage. With a very repeatable, flashing heat source (i.e., a laser), it
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would be possible to get time dependent temperature profiles at every point on the

surface.

Another technique to monitor temperature distributions relies on liquid crystal

thermography (LCT). This technique is used to look at defects in microeletronics and

should have adequate spatial and temperature resolution to detect the small interface

cracks. LCT with the aid of a microscope can provide about 2-4 um spatial resolution

and 0.1 K temperature resolution.

Most of the TBC related maintenance procedures involve “over-engineering”

because TBC failure especially in turbine jet engines could lead to catastrophe.

Dependable TBC life prediction is essential. The few available life prediction models are

based on empirical data with little mechanistic understanding. Due to the brittle nature of

the ceramic top coat, the strength of the top coat should be dealt with probabilistically.

An existing probabilistic life prediction code, the NASA Ceramic Analysis and

Reliability Evaluation of Structures/Life (CARES/Life) could be incorporated with the

new mechanistic understanding to predict TBC life. The results found in this dissertation

will be utilized to support the simulation.
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AE event regions

Region 1

Region 2

Region 3

Region 4

% of TBC life range

0%~19%

19%~32%

32%~75%

75%~100%

Table 7.1: The ranges of percent TBC life for each AE event region.
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APPENDIX 1

An illustration of the waveguide rod frame and mechanism is provided in

Figure A.1. When the specimen is moving in or out of the furnace and during the heating

part of the cycle, the switch trigger closes the switch (Phase 1). During Phase 1, the

waveguide rod is positioned about a half a millimeter lower than the bottom of the TBC

specimen and the specimen loading rod. After the TBC specimen is driven by the

specimen loading rod and positioned above the waveguide rod, voltage is applied to relay

to rotate the switch trigger just long enough to open the switch (phase 2). No further

voltage is applied to the relay, and the switch trigger rotates until the switch trigger closes

the switch at 180° of rotation (phase 3).

Figure A.2 shows the motor and CCD camera control circuit diagram. The

circuit is controlled by a Panther motion control system which gives output signals to

trigger the DC motor and CCD camera. The Panther controller also controls the

specimen loading rod. The Panther system is operated by an indexer program that is

directly fed to the serial port using the PC’s hyper terminal program. Program 1 gives the
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indexer program used in this research. Each line has an address number, command letter,

and data input. The first three lines of Program 1 are commands for stepper motor

control which drive the specimen in and out of the furnace. The command F is for

finding the home position, command W gives the wait time, command J is a “go to”

command, and command A reads or writes to a port.

By using command F and W along with two limit switches, complete control

of the motion in and out of the furnace (for heating, holding, and cooling) was achieved.

The number of cycles was controlled with command J. Automating the acquisition of

CCD camera images was made possible by using command A which provides access to

the general purpose inputs and two transistor-transistor-logic (TTL) circuits. A special

camera cable (IMAQ D100) was used to trigger the CCD camera with TTL signals.
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Figure A.1: Schematics of the waveguide rod frame and mechanism. Three positions of

the waveguide rod are shown.
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Figure A.2: Schematic of the electronics for the waveguide rod and CCD camera

automation. Integration with the Panther motion controller is also shown.
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2D 3
4Y 0 50
7F 1000 -
Iow 0
I3W 100
16 F 1000 +
19OW 0
22 W 60000
25W 60000
286W 0
31F 1000 -
34W 0
37W 100
40A 8
42A 0
44 W 100
47A 32
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55 W 14000
S58A 16
60A O
62 W 100
65A 32
67W 100
70) 16 199
74

Program A.1: Hyper terminal indexer program for 200 20 min. heating and 23 min.

cooling cycles with automatic CCD camera turn on/off.
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