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ABSTRACT

The thermo-mechanical effects on the strain evolution within an EB-PVD thermal
barrier coating (TBC) is presented in this work using in-situ characterization. Syn-
chrotron X-ray diffraction at sector 1-ID at the Argonne National Laboratory provided
both qualitative and quantitative in-situ data on the strain evolution under a thermal
cycle with mechanical loading. The results show that at a critical combination of temper-
ature and load, the stress in the thermally grown oxide (TGO) layer in the TBC reaches
a tensile region. These significant findings enhance existing literature showing purely
compressive strains within the TGO where mechanical loads have been neglected. The
results have important implications on the effects on the overall life of the coating. Depth
resolved quantitative strain is presented as contour plots over a thermal cycle highlighting
the complementary strains in the adjacent layers including the bond coat and the TBC
with time and temperature. Systematic identification of the appropriate peaks within the
multi-layer TBC system provides guidelines for future strain studies using high energy
X-rays. Piezospectroscopic studies with applied mechanical loading are further presented
as verification of the room temperature XRD data for future development of the method

as an operational technique to be used outside the laboratory environment.
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CHAPTER 1
INTRODUCTION

1.1 Motivation and Background

For the last few decades, thermal barrier coating (TBC) systems have served immensely
towards protecting the blade section of a turbine from high operating temperatures. Their
presence allows for the operation of turbines at very high entrance temperatures and with
reduced internal cooling requirements, thereby contributing to the overall efficiency of
the engine [6, 1, 7].

Superalloy —
Bond Coat
TGO
Top Coat

Source (cutaway): GE

gh
mperature

(b) (c) (d)

Figure 1.1: (a) Cutaway view of a jet engine. (b) Cross section of a turbine blade from
a jet engine. (¢) SEM image of the coating on the surface of the blade (d) Schematic of

the layers of the TBC coating system



Figure 1.1 presents an SEM image of the thermal barrier coating system providing

protection to the nickel super-alloy blade section.
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Figure 1.2: Cross-sectional scanning electron micrograph (SEM) of an electron-beam
physical-vapor deposited (EB-PVD) TBC, superimposed onto a schematic diagram show-

ing the temperature reduction provided by the TBC.

As illustrated in Figure 1.2, a TBC system consists of a ceramic Yttria-Stabilized
Zirconia (YSZ) topcoat which contains Zirconium Yttrium Oxide (ZrO9+Y503) and
this layer is adhered to the surface of the nickel supper-alloy substrate by an oxidation-
resistant Nickel Aluminide (NiAl) based bond-coat. Due to the initial thermal mismatch
and the thermal cycles the system experiences, an oxide layer a-alumina (o — AlyO3),
also known as the thermally grown oxide (TGO) layer, develops between the YSZ and

the bond coat. These top coats are known for their excellent low thermal conductivity
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Table 1.1: Material properties for the different layers of the TBC system [4, 5]

Property Superalloy Bond Coat TGO YSZ
Poisson’s Ratio 0.31-0.35 0.30-0.33 0.23-0.25 0.23-0.25
Elastic Modulus (GPa) 120-220 110-200 320-400 100-220
Thermal Expansion Coeffi- 14.8-18.0 13.6-17.6 8.0-9.6 9.0-12.2

cient (1076/°C)

and higher heat capacity [6, 8, 9] which serves well on the efficiency of turbines and the

Table 1.1 provides the material properties for each of these different layers.

The YSZ topcoats are deposited on the nickel substrate using different methods such
as air plasma spray (APS) or electron beam-physical vapor deposition (EB-PVD). In the
APS method, a coating material is melted and propelled towards a substrate. There, the
molten droplets flatten, rapidly solidify and form a deposit attached to the substrate as
a coating. In the EB-PVD method, a target anode is forced to react with an electron
beam produced by a charged tungsten inside a vacuum. This reaction produces a gaseous
form of the target anode and this gas solidifies on top of the surface to create a coating.
These two methods leave distinctively different microstructures for the coating [7, 10] as
illustrated in Figure 1.3. The top coat also referred to as the YSZ layer which results
from the EB-PVD method has a significant columnar structure distinctive from the APS
method. This research was focused on the coatings produced by the EB-PVD method

which is used predominantly on jet engines.
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Figure 1.3: Comparison of the microstructure: (a) SEM image of an APS coating sys-

tem [1]. (b) SEM image of an EB-PVD coating system used in this research

TBC systems from jet engine turbine blades are exposed to some of the harshest
conditions such as high temperature cycling, centrifugal loads and also environmental
effects such as sand and volcanic ash contamination. To overcome these conditions, TBCs
are engineered with a complex and dynamic intermix of high temperature ceramics and
metals, layered topology and oxide formation as discussed before. Even though these
factors serve the purpose of blade protection to a great extent, sometimes the very same
characteristics cause the degradation and eventual failure by spallation of the top coat,
exposing the nickel superalloy to the unfavorable high temperature [11, 12, 13]. Over the
last decade, progress in the understanding of the TBC systems has been made through

studies of pre-cycled coated specimens to illustrate the various stages of the coating



life [14, 15, 16, 17, 18]. These ez-situ studies were mainly focused on the high compressive
stress mainly in the TGO layer and how that could lead to phenomena such as spallation
of the topcoat. Another hypothesized phenomenon is the effect of the out of plane growth
stresses of the undulated oxide layer which takes place during the thermal cycle. This
undulated nature of the oxide when modeled in computational studies, reveal significant
out of plane stresses [4, 5] that can only be verified with in-situ studies. Since this is a
poorly understood scenario it demands the need for experimental in-situ studies to track

the oxide growth and behavior during a cycle.

1.2 In-situ strain measurements of thermal barrier coatings using

synchrotron X-ray diffraction

There have been studies by Veal et al. [16, 19] where they obtained synchrotron XRD
readings from oxide formation on an FeCrAlY substrate during a cycle. Almer et al. [20]
also investigated internal strain and crystallographic orientation (texture) in physical-
vapor deposited metal nitride coatings of TiN and CrN to obtain strain and intensity
distributions of multiple crystallographic planes by a single X-ray exposure and they also
investigated oxide strain during oxide formation on a Kanthal Al FeCrAlZr substance
at 1160°C' [21]. In these studies, in-situ measurements of Debye-Scherrer diffraction
patterns from the scale were recorded during oxidation and cooling, and the elliptical

distortion of the diffraction rings was analyzed to yield the in-plane strain.
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Figure 1.4: (a) Schematic of an in-situ data collection of a TBC specimen while under

thermo-mechanical loading (b) sample Debye-Scherrer diffraction patterns



In their studies, Veal et al. verified large tensile strains occurring within the early
oxide as the oxide undergoes a phase change and associated volume reduction. However,
these in-situ measurements were performed in the absence of a TBC top coat. Such
studies provided motivation for this research on TBC strain analysis where the complete

TBC system including the YSZ top coat was considered.

The effectiveness and usefulness of using high energy X-rays, are reinforced by in-situ
studies on other systems other than TBCs where synchrotron X-ray diffraction has been
used [22, 23, 24| with outstanding results merely due to its high resolution. Ex-situ studies
at synchrotron facilities have been applied to TBC specimens including depth profile of
strain on pre-cycled plasma-sprayed TBC specimens [25, 26, 27, 28, 29] revealing the
variation of the strain across the layers. Thornton et al. [27, 28] used synchrotron X-rays
to successfully analyze the depth resolved residual stresses of a super-alloy coated with
zirconia identifying the maximum compressive stress in the TGO layer in both heated
and unheated samples and the out-of-plane tensile strains in the zirconia layer. Gelfi et
al. [25] considered residual stresses to be difficult to predict and hence used XRD due to
its high spatial resolution, proving it to be a suitable method for stress analysis of coatings
and other samples with complex geometries. Weyant et al. [29] also used high energy X-
rays to determine the local phase composition and residual stress in a heat treated TBC
coating and this study revealed the effects of the TGO and the segmentation cracks on

the in-plane stress of the entire coating. All these studies show the benefits of using high



resolution methods such as synchrotron X-ray diffraction to obtain necessary information

on TBC systems.

This current research focuses on in-situ measurements of TBCs during a thermo-
mechanical cycle using synchrotron XRD to analyze the strain evolution of the whole

depth profile of the TBC system.

1.3 Consideration of the Mechanical loading due to centrifugal force of a

turbine on the TBC system

-
>

(b)

Average TGO
Compressive Stress

>N
Cyclic Life Fraction

Figure 1.5: (a) In situ thermo-mechanical testing at Sector 1-ID-C, Advanced Photon
Source, ANL (b) Schematic of a stress-life graph which can be used to predict the life

fraction of a TBC system



Researchers conducting studies to evaluate the life of a single crystal nickel-based
super-alloy under thermo-mechanical fatigue (TMF) loading have in some cases included
the effect of coatings to find that the interaction between the oxidation and fatigue crack-
ing seems to play a major role in the blade life [30, 31, 32, 33]. However there are limited
studies considering the effect of mechanical loading on the TGO strains and subsequently
on the life of the coatings. Recent work by Kitazawa et al. [34] evaluated the damage of
a TBC system under thermo-mechanical tests where failure after cycling was observed
using optical microscopy. In thermal mechanical fatigue tests with controlled thermal
gradients conducted by Bartsch et al. [35], cracks parallel to the surface were observed
and attributed to effects of the mechanical loading. Therefore mechanical loading is po-
tentially an important factor to consider when analyzing the behavior that leads to failure
within the TBC coating system and this serves as the motivation for this work. Here, an
in-situ approach allows for the effect of the mechanical loading to be captured during a
cycle. Such a study was made possible as illustrated in Figure 1.5 using a MTS load cell
while the specimen was under a thermal cycle. This experiment was performed at Sector
1-ID at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL). By
obtaining strain measurements including the effects such as thermo-mechanical loading
and by collecting in-situ data with a high resolution XRD method, it will be possible to

closely simulate the operational conditions of the TBC system.



1.4 Piezospectroscopy in TGO stress measurement

Piezospectroscopy (PS) is an effective operational technique for stress measurement and
has gained significance in TBC integrity studies. Here, a shift in characteristic spectral
peaks gives a direct correlation to the stress present in polycrystalline alumina that
forms the TGO layer in the TBC system. These spectral lines are also referred to as the
R-lines. Barnett et al. [36] studied R1 line to monitor pressure in diamond anvil cells
and this trend followed by using Photo-stimulated luminescence spectroscopy (PSLS) to
determine the stresses in polycrystalline material [37, 38, 39]. Studies have proved this

method effective to determine stress in the TGO layer of the TBC [17, 40, 41, 42].

Mechanical Load

XYZ Stage for the prob

»r o e Ref. Alumina m

= Sample

Intensity
w “D
2.

Wavenumber v (cm)

Figure 1.6: (a) XYZ stage used with the probe to obtain PS data (b) In-house setting of
the mechanical load setting at the UCF lab (c) PSLS method in use to obtain the stress

of a polycrystalline material
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While all these studies have been ez-situ in nature, they have provided a wealth of
information. Compared to the information on crystallographic structure and morphology,
which could be achieved by XRD method, PSLS reveals information on molecular bond
energies and orientations of the system, offering the ability to establish oxide stresses non-
invasively and outstanding itself as an operational technique. PSLS method was used
in this research to compare with the XRD results taken under room temperature for
different loading conditions to investigate the worthiness of the technique with respect to
its resolution. As illustrated in Figure 1.6 the laboratory at University of Central Florida
(UCF) has the facility to conduct such an experiment in-house. The design of the optical
stress probe system was described in the work by Friehofer et al. [43] at UCF and this
laser probe was connected to a Raman Spectroscopy equipment to obtain and analyze

the R-lines as the sample undergoes mechanical loading.

1.5 Overview of the research

The individual importance of considering external mechanical loads on the TBC behavior
and in-situ studies on the evolution of strains within a cycle has been presented in
the earlier sections. Therefore a combination of these factors where in-situ synchrotron
X-ray diffraction collects depth-resolved high resolution strain measurements during a
thermo-mechanical cycle would potentially provide a wealth of information for TBC life

prediction. In addition, the potential of PSLS as an operational technique for stress and

11



integrity assessment of the TBC system motivates the need to advance this method using

synchrotron XRD measurements for comparison.

Chapter 2 will focus on the initial stage of the synchrotron X-ray diffraction study
which involves characterizing the diffraction rings and identifying the peaks in different
lineout plots obtained as a result of integrating those diffraction rings. First, a theoretical
background on synchrotron X-ray diffraction and its use will be provided. Then, an
application on tri-modal Metal Matrix Composite (MMC) will be presented, mainly using
the findings to give a good understanding about the peak identification process used. A
step by step approach will be presented to identify most of the unknown peaks from
a given lineout plot based on the knowledge provided about the possible materials and
compounds in the composite. Also the method of using the identified peaks to analyze
the grain growth in MMC will be discussed. This approach is extended to identify peaks
in a set of lineout plots obtained for a TBC system. For the research done on the TBC
system, it was important to identify the data which corresponds to the TGO layer to
focus more on the strain in this layer separately. The fitting process to determine the

strain from the diffraction data will be explained.

Chapter 3 will discuss the effect of the thermo-mechanical loading on the TBC strain
while using XRD measurements. First, this chapter will give an overview of the XRD
experimental procedure in this research to obtain the results, such as sample prepara-
tion and the experimental setup at Argonne National Laboratory. The results showing

the effect of mechanical loading on the overall strains within the TBC system will be

12



presented. These results will show that at a critical combination of temperature and
mechanical loading the strain in the TGO layer will reach a tensile region. Results of the
evolution of the strain throughout all the layers in the TBC system during a cycle will
be presented. Final discussion will include a qualitative discussion of the impact of the

results on the life cycle of the TBC system.

Chapter 4 will present stress measurements using Photo stimulated luminescence
spectroscopy (PSLS) method with a comparison of the XRD results obtained during
room temperature under different mechanical loading conditions. The main objective in
this chapter will be to assess the PSLS method for measurement of stresses and the needs
for resolution improvement. This method is of interest for development as an operational
technique since it is not plausible to use synchrotron XRD techniques in a typical field

environmental despite its reliability of high resolution data collection.
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CHAPTER 2
CHARACTERIZING SYNCHROTRON XRD PEAKS IN CERAMIC

COMPOSITE MATERIALS

2.1 Theory on synchrotron X-ray diffraction

X-ray diffraction (XRD) is a method to identify and characterize the atomic structure
of materials and the governing theory behind this process is defined by Bragg’s law. In
XRD, an X-ray beam interacts with a sample, scattering according to the structure of
the material. This scattering will result in different powder diffraction rings for different

materials of a polycrystalline nature. Figure 2.1 illustrates Bragg’s law.

/‘l/l//g/)/] Incident Beam Diffracted Beamvjé\

D
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B i - — ® A? ........... aliiisioiiod s s S

Figure 2.1: Incident X-ray beams reflects according to the structure of the atomic planes

PQ and RS are two parallel planes of atoms with the same Miller indices and separated
by the inter-planer spacing dj;. As illustrated in the Figure 2.1, two rays of the incident
beam with a wavelength A\ meet these two planes at an angle . These rays are scattered
by the atoms C and D and this diffracted beam takes an angle 6 as well. If the difference
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between the two paths of the two different beams is equal to a whole number, n, of

wavelengths then according to the Figure 2.1,

n\=AC + CB (2.1)

Then using trigonometry,
n\x = dhkl sin 6 + dhkl sin 6 (22)
n\ = thkl sin 6 (23)

Equation 2.2 is known as Bragg’s law where n is the order of reflection. Mostly

Bragg’s law is associated with the first order for n which simplifies the equation to

A= thkl sin 6 (24)

In this research using XRD, the peaks were identified for different materials in order
to analyze the strains and also the grain sizes of the material. Among existing methods
to investigate coating stress and strain, X-ray diffraction is a powerful tool due to its ca-
pability to measure the full strain/stress tensor and provide complementary texture and
crystallographic phase information nondestructively [20]. In synchrotron X-ray diffrac-
tion, a high energy X-ray beam penetrates the sample and the beam diffracts according
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to Bragg’s law. A photo sensitive device will capture the scattered beam in a form of
a set of rings as illustrated in part (b) of the Figure 2.2, which shows the transmission

setup used in the experiment.

Diffractionring

Area
detector

Load Frame

Beam Stop

Specimen ==

X-rays
(a) (b)

Figure 2.2: (a) Coordinate systems of the laboratory setup L; and the sample setup
S; shown in reflection geometry (b) Scattering of the incident beam due to the atomic

structure of the sample [2] shown in transmission mode.

These rings correspond to different crystallographic planes of the sample material.
These diffraction patterns were azimuthally integrated and converted into lineout plots
using a MATLAB-based analysis program provided by Sector 1-ID of the Advanced
Photon Source, Argonne National Laboratory. The method of analysis is described in
more detail in the Appendix C. These lineout plots will have the d-spacing for the x-axis

and the intensity for the y-axis. Figure 2.3 illustrates an example diffraction pattern for
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the multilayer TBC sample and the resulting lineout plot of the inner most ring of the
diffraction pattern. This corresponds to the furthest peak in the lineout plot since the
radius of the diffraction ring has an inversely proportional relationship to the d-spacing

in the lineout plot.

Intensity

o B

1.2 1.6 2.0 2.4
D-spacing (Angstroms)

Figure 2.3: 2D raw image of the diffraction rings from a TBC sample and the corre-

sponding lineout plot

These different peaks correspond to different materials within the layers and the
location of the reading. Identifying the correct peak is the most crucial step in the
process of characterizing XRD peaks especially in composite material systems. Using the
database provided by the Joint Committee on Powder Diffraction Standards (JCPDS) of
the International Center for Diffraction Data (ICDD), for known materials, these peaks
could be distinguished and the systematic method follows for the identification of the

peaks. The database presents tables with the corresponding 26 values, d-spacing values,
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relative intensity and also the corresponding hkl values. Table A.1 in the Appendix
is an example of such data for the main peaks of Alpha alumina (o — AlsO3), which
would be considered when analyzing the strains in the TGO layer of the TBC system.
In the following sections, the identification of peaks and characterization of grain-size
in thermo-mechanical studies of ceramics-based metal matrix composites are presented.
The knowledge gained from this work was applied to identifying peaks in the multilayer
TBC system and presented here along with the characterization method for strain in

these layers.

2.2 Use of synchrotron X-ray diffraction on Metal Matrix Composites

Tri-modal Aluminum Metal Matrix Composites (MMCs) consisting of a nano-crystalline
Al phase (NC-Al), boron carbide (B,C) reinforcement particles, and a coarse-grain Al
phase (CG-Al) has been successfully fabricated and are considered to have superior

strength, low density, and high corrosion resistance.

Table 2.1: Different cryomilled times for the different powder samples

Powder Sample Contents Cryomill Time (Hours)
Powder 1 Al 5083 0
Powder 2 Al 5083 + B,C' 4
Powder 3 Al 5083 + B,C 8
Powder 4 Al 5083 + B,C 24
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The manufacturing process blends commercial gas-atomized Al 5083 with B,C' pow-
ders using a cryomilling process under liquid nitrogen atmosphere for up to 24 hours.
Extrusion, forging, and rolling are then used to produce a bulk material [44, 45, 46].
In an attempt to quantify how the thermo-mechanical manufacturing process influences
the properties of MMCs, this work will introduce the X-ray diffraction experiments per-
formed at Argonne National Laboratory and detail the analysis of the nano aluminum
grain size as a function of temperature and strain. The experiments and analysis were

performed to identify the peaks and to determine the grain size evolution in the MMC.

Table 2.2: Different experimental conditions for different MMC samples

MMC Sample  External Compressive Stress (MPa) Temperature(°C)

Sample 1 100 300
Sample 2 100 200
Sample 3 100 400
Sample 4 200 200
Sample 5 50 200
Sample 6 50 25-400 ramped up with 5 in-
crements
Sample 7 50 300
Sample 8 N/A N/A
Sample 9 25 300
Sample 10 25 200
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The experimental setup, consisted of an MTS machine which was mounted on an
XYZ stage for mobility, a specimen table where the specimen was placed, a GE detector
with a lead stop to impede the transmitted X-ray beam, and a furnace positioned around
the specimen similar to that shown in Figure 3.3. In this case, the samples were given
a compressive loading. Four powders were tested including aluminum alloy 5083 powder
and Al 5083 with B4C' at three different cryomill times as shown in Table 2.1. These
powders were analyzed by placing the material in the space of a small washer and placing
a clear tape on both sides to keep the powders in position. The tape was verified to have
no effect on the diffraction results due to the disproportionate volume fractions of tape

and powder.

MMC specimens with right prism dimensions were tested under different thermo
mechanical conditions with combinations of stresses which corresponds to loads of 25,
50, 100, and 200 MPa and temperatures of 200, 300, and 400°C" as shown in Table 2.2.
Once a specimen was placed on the MTS machine and leveled to be perpendicular to
the incident beam, reference measurements were taken for both conditions: unloaded at
room temperature and loaded at room temperature for all specimens. While mechanically
loaded, the furnace was set for the designated temperature. Measurements of the thermo

mechanical load commenced once the desired temperature was achieved and stable.
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2.2.1 Peak identification using synchrotron XRD data for Metal Matrix

Composites

The results of the XRD experiments are presented here. The manufacturing process of
the MMCs results in the formation of compounds which have been identified through
the synchrotron results in this work. This enables an understanding of the change in
composition of the material and hence helps to assess the effects of the manufacturing

process on the mechanical properties of the material.
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Figure 2.4: (a) Lineout plot of the non-cryomilled sample. (b) Lineout plot of the 24-hour

cryomilled sample

The MMC powder samples investigated were mainly composed of Aluminum (Al) and
Boron Carbide (B4C'). Thus, phase identification of these components was the first step.
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Figure 2.4 shows two XRD lineout plots, produced from the experimental data using the
analysis procedure, where one of the plots represents the non-cryomilled sample with pure
aluminum and the next plot represents a composite sample cryomilled for 24 hours. It is
evident that there are additional peaks in the latter compared to the former. Figure 2.4
(a) depicts the lineout plot for the pure Al 5083 powder before it was mixed with B,C.
Several main Al peaks are identified according to the JCPDS for centro-symmetric Al
which is included in Table A.2 in the Appendix. According to the table, the Al peak
with the highest intensity is the (111) peak identified at a d-spacing of 2.338 A on the
lineout and the next peak with the high intensity is the (200) peak at 2.024 A on the
lineout. The intensity ratio between these two peaks is approximately 2 according to
the table and this must be verified when identifying a peak. According to Figure 2.4 (a)
there are two peaks closely at 2.338 A and at 2.024 A with intensities of 3800 and 2000
respectively. Therefore since these two peaks correspond well to the d-spacing values
and the intensity ratios of the expected two peaks, it was confirmed that these are the
correct Al peaks as assumed. Using the same method, other main Al peaks could be
identified according to the d-spacing value and the intensity compared to the intensity of
an already identified peak. The lineout plot for the Al 5083 powder with B,C'" after 24
hours of cryomilling shown in Figure 2.4 (b) was examined. The B,C' peaks are identified
as shown in Figure 2.4 (b). Comparison between XRD data of varying cryomilling times

between 4, 8, and 24 hours showed insignificant changes. Thus, the conclusion was made
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that at the end of the 24 hour cryomilling process, only Al and B,C formed the main

compounds present within the sample.
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Figure 2.5: Lineout plot of the unloaded MMC sample at room temperature with the

initially identified peaks.

The presence of compounds such as Aluminum Nitride (AIN) from the cryomilling
process which takes place under liquid nitrogen atmosphere was not detected at this
point. However, AIN peaks were identified subsequent to the manufacturing process.

It is deduced that following the cryomilling process, the secondary manufacturing pro-
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cess (forging, rolling, and extrusion) results in the formation of sufficient quantities of
these compounds for identification. The presence of impurities such as Al,O3, AIN, and
Al,Cj5 is of significance because these will contribute additionally to the exceptional high

strength of the composite [45].

After the main Al and B,C peaks were identified in the powder of the MMC as
seen in Figure 2.4, the bulk material (sample at room temperature and no load) was
examined and the corresponding lineout plot for this sample is shown in Figure 2.5.
Since it was determined before that there is Al present in the sample, all the Al peaks
must be evident throughout the plot and these can be identified by analyzing the different
parts of the lineout plot. One of the expected by-products of the cryomilling process is
AIN; which has 2 crystal structures, namely Centro-symmetric and Non-centrosymmetric.
When all of the corresponding d-spacing values for the Centrosymmetric AIN peaks were
examined, it was determined that these peaks were overlapped by Al peaks. When the

Non-Centrosymmetric peaks were examined, one of the peaks was evident.

Figure 2.6 is the zoomed in view of the lineout plot of the unloaded MMC sample
at room temperature from 1.04 to 1.5 A and it identifies three B,C' peaks and four
Al peaks according to the JCPDS for centrosymmetric B4C' and Al considering the d-
spacing and the relative intensities provided. For example, according to the JCPDS for
centrosymmetric B,C', the peak with the highest intensity is (104) which is at 2.5800A.
Another prospective peak within the range 1-1.5 A is (220) which is at 1.3995A and

these two peaks are supposed to have a relative intensity of 5.3:1 respectively. Figure 2.5
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already has the peak (104) identified and when the intensity of this peak was compared
to the (220) peak intensity it matched the relative intensity expected which allowed to

confirm (220) peak position.
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Figure 2.6: Zoomed in view of the lineout plot of the unloaded MMC sample at room

temperature from 1.0Ato 1.5 A

Figure 2.7 is the zoomed in view of the lineout plot of the unloaded MMC sample at
room temperature from 2.04 to 2.44 and in this section it was evident that the (101)
peak for AIN (non-Centrosymmetric) and the (021) peak for B,C' was overpowered by
the Al (111) peak because their d-spacing values are in proximity to each other and Al
has a greater volume fraction compared to the volume fraction of B,C. Also one of the
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expected by-products of the cryomilling process is Iron Aluminum (FeAlg). The peaks
for this compound were visible and four FeAlg peaks were identified according to the
JCPDS for non-centrosymmetric FeAlg. One unidentified peak remained at 2.2665A and

was subsequently identified as an Aluminum Carbide (Al;C3) (107) peak also shown in

Figure 2.7.
4000 E.n.".].'...-...,.nn..".-..-..n....".."-,n....v...n.n.n.]n.......,...”..n,-.g
3500 3
3000 | 3
Z 3 3
£ 2500 |
5 g— z yrong
£ 2000 200 ]
1500 [
E =)
1000 150t E - 3
3 > = =»5
500 £ || ‘ T Ngx=
3 AN A 2250
N S 7 {10 BT, |
50% ]
O. -
2007721072207 230 240
d-Spacing (Angstroms) _____|

Figure 2.7: Zoomed in view of the lineout plot of the unloaded MMC sample at room

temperature from 2.04 to 2.54

Figure 2.8 analyzes the lineout plot from d-spacing 2.54 to 34. Two additional
FeAlg peaks were identified in this plot, further justifying the FeAlg found in Figure 2.7

previously. An AIN (100) peak (non-Centrosymmetric) was identified as well in this d-
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spacing range. Furthermore, an Aluminum Carbide (Al,C5) (101) peak was also identified

in this plot.
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Figure 2.8: Zoomed in view of the lineout plot of the unloaded MMC sample at room

temperature from 2.54t03.0 A

Figure 2.9 (b) analyzes the lineout plot from d-spacing 4.5A to 5A. This portion of the
line out plot contained two peaks which were identified as the (101) peak for B4C and the
(110) peak for FeAls. The entire phase identification analysis revealed additional com-
pounds in the MMC, such as FeAlg, AIN, and Al,C5, all by-products of the cryomilling

process. These peaks could have not been easily assessed if the experiment was done
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under standard microscopy or lab-based XRD measurements due to their insignificant

volume fractions compared to the main compounds such as Al and B,C.
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Figure 2.9: Zoomed in view of the lineout plot of the unloaded MMC sample at room

temperature from 4.54 to 5.04

In a typical lineout plot obtained by XRD the intensity of the peaks will depend on
factors such as the X-ray energy in addition to the volume percentage of the particular
material. Therefore the use of the high energy synchrotron X-rays provided us with
the capability of identifying peaks even for the compounds with small volume fractions.
Obtaining all these peaks by synchrotron XRD can then help with the improvement of
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the manufacturing process by relating this to the volume fractions of the compounds
in-regards to the strength of the material. Taking this approach, future work will be to
assess the volume fraction of these compounds using the intensities for various conditions

of manufacturing to optimize the process while maintaining the mechanical properties.

2.2.2 Analyzing line widths to determine the grain size in MMC

In general, it is expected that the size of the nano Aluminum grains will grow as a
function of thermo-mechanical loading. This growth can be inspected by comparing
the line widths of the peaks in data collected at specific time intervals. Therefore after
identifying peaks, the next task was to analyze the widths of the peaks which correspond
to Al to draw a conclusion on the grain growth. Using the MATLAB based analysis
program described in Appendix C, the Full Width Half Maximum (FWHM) was obtained
for peaks with interest. The size of the nano Aluminum grains were estimated using
Scherrer’s Equation[47] as shown in Equation 2.5 where the FWHM was utilized as
shown by the red lines in Figure 2.10. More specifically, according to the relationship, it
is expected that the FWHM will decrease as a function of increased thermo mechanical

loading.

K\

= —-— 2-5
cosf < L > (2.5)

Where K is 0.9 for spherical particles,
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A is the wavelength (nanometers),
0 is the diffraction angle (radians),
< L > is the grain size (nanometers),

and I' is the Full Width Half Max (radians).
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Figure 2.10: Intensity (counts) vs. 2-Theta Angle (Degrees) line out plot with FWHM

identified in red

The FWHM value obtained from the analysis, initially in pixels, was converted to ra-
dians using the diffraction angle (26), the radius (r), and the sample-to-detector distance

(z) as shown in Figure 2.11.
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Figure 2.11: (a) Experiment setup of the MMC study (b) Schematic of the diffraction

setup to analyze the grain size for MMC

From trigonometry,

tan(20) = — (2.6)

z

Where 6 is the diffraction angle (radians), r is the radius of the ring (mm), and z is the

sample-to-detector distance (mm). Then taking the derivative and simplifying further,

d(20) = ﬂ cos?(26) (2.7)

z

This value of d(26), which equals to the FWHM (radians), was substituted into Scher-

rer’s Equation to determine the particle size < L > (nanometers) at given time intervals.
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Analysis on the 24 hour cryomilled powder revealed a nano Aluminum grain size of ap-
proximately 22 nm. Considering there is a distribution of grain sizes present, this value
is similar to the expected 30 nm or lesser value visualized through TEM studies [45].
The grain-growth trend from a specimen which was under a thermo-mechanical load of

50MPa at 200°C' is presented in Figure 2.12.
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Figure 2.12: Grain Size (nm) vs. Approximate Time (min) for a sample under ther-

mo-mechanical loading of 50MPa at 200°C'.

This work proved how synchrotron studies can successfully track and monitor growth
of grains in MMC. The effects of mechanical loading on the FWHM at temperature can
be be monitored as a function of time. Future work will be directed toward isolating the

effects of instrumental and micro-strain broadening to determine more accurate grain size
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measurements. Using this method it will be possible to accurately predict the optimum

forging process time to have the optimum material properties.

2.3 Use of synchrotron X-ray diffraction on Thermal Barrier Coatings

High energy synchrotron X-ray transmission technique has proved itself as one of the most
prominent methods to conduct a strain study for materials [48, 49, 50]. Since the begin-
ning of the last century, numerous attempts have been made to correlate microstructural
properties, such as texture and internal stress, to macroscopic behavior in polycrystalline
materials. This is particularly significant for coatings grown by physical-vapor deposition
(PVD) that often have high levels of texture and internal (residual) stress due to the in-
herently non-equilibrium nature of the deposition process [20]. Ex-situ XRD analysis has
been successfully used on thermal barrier coatings to determine the strain in its layers,

especially within the thermally grown oxide (TGO) layer [20, 21, 25, 27, 28, 29].

Strain measurement using synchrotron XRD is based on the distortion of the diffrac-
tion rings with applied loads on the sample. The diffraction ring for a compressed material
changes its diameter with the applied stress and the strain related to this stress can be
calculated as the result of a ratio of the change in d-spacing to the original d-spacing of
an unstrained lattice, thereby yielding the strain information. The inter-planar spacing

of the lattice, therefore acts as an internal strain gage [39]. For any diffraction ring, the
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diameter is related to the sample-to-detector distance and the incident angle as illustrated

in the previous equation 2.6. That equation can be rearranged as,

1 D
0 = B arctan(z—z) (2.8)

Where 6 is the diffraction angle (radians)
D is the diameter of the ring (mm)
and z is the sample-to-detector distance (mm)

Combining this equation with Bragg’s law,

g A
) sin(4 arctan(£))

(2.9)
Where d is the inter-planar distance

) is the wavelength of the beam (A)

D is the diameter of the ring (mm)

and z is the sample-to-detector distance (mm)

For high energy X-rays such as those produced by the synchrotron, the diffraction angle

is considered to be very small. Therefore the above equation can be simplified further

as follows

d~ = (2.10)



The strain in a material would be the ratio of the change of the inter-planar distance
to the original inter-planar distance. Using this information and the relationship be-
tween the inter-planar distance and the diameter of the diffraction ring which is inversely

proportional the following relationship can be formulated

e = ~ (2.11)

where ¢ is the strain in the lattice plane,

d is the new interplanar distance (A),

dyp is the original interplaner distance (A),
D is the new diameter of the ring (mm) and

Dy is the original diameter of the ring (mm).

2.3.1 Peak identification using synchrotron XRD data for Thermal Barrier

Coatings

The complexity of peak identification for multi-material systems, in which the different
atomic planes of various materials appear in the XRD spectrum, motivates the need to
systematically identify the specific planes for which the characteristic peaks are easily
discerned and can then be effectively monitored for strain in an in-situ context. Over-
lapping and low intensity peaks make the identification of suitable peaks challenging. In

this section, the specific peaks that meet the criteria for effective strain measurement are
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identified to complement the information from the relatively few synchrotron studies in
this area. A step by step approach will be discussed on identifying the peaks for analysis

in a TBC system which will form the basis of the in-situ studies detailed in Chapter 3.

The first step is to take data points from the layers in the TBC system. Figure 2.13
gives the reader an idea of the scanning of the layers by the synchrotron X-ray beam.

The experimental setup will be elaborated in Chapter 3.

Mechanical Loading

Heat Load

X-ray beam

Mechanical Loading

Figure 2.13: Scan of the layers by the X-ray beam
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As discussed, the three main layers of interest in the TBC system are the top coat
which contains Zirconium Yttrium Oxide (ZrO2+4Y203), TGO layer which contains a —
Al>O3, and the bond coat which contains NiAl. For this section, a data set from the
sample which was at room temperature under a low external stress (16 MPa) was taken

into consideration.
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Figure 2.14: X-ray diffraction lineouts of the different layers at a certain time step before

identification

The lineout plots from multiple data points taken across the TBC depth were created

together as seen in Figure 2.14. Each of these file numbers (641-650) corresponds to
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a depth spot in the TBC system as illustrated in Figure 2.13. The scanning typically
starts with the top coat layer and moves through the layers towards the substrate. The
complexity of an in-situ temperature measurement is contributed by the expansion of the

materials which renders the data collection over the cycle a dynamic situation.
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Figure 2.15: Lineout plot for the TGO layer

The next step would be to identify which lineout plot corresponds to the TGO layer.
According to Table A.1 in the Appendix, for a — AlyO3, the (116) peak corresponds to
1.6006 A d-spacing value, (300) peak corresponds to 1.3733A, and (024) peak corresponds

to 1.7396A. These three peaks are supposed to have a relative intensity of 2:1.5:1 respec-
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tively. A zoomed in view shows two of these peaks, (116) and (024) according to their
d-spacing and intensity compared to each other, in the file number 645 as illustrated in

Figure 2.15.
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Figure 2.16: Lineout plot for the YSZ layer

Due to the width of the X-ray beam being larger than the TGO layer thickness, the
scan which will capture the TGO layer will include the diffraction patters from the YSZ
as well as the BC. If two different peaks from two materials have the same d-spacing,

these will clearly overlap each other. In this case since the YSZ peaks have much higher
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intensities, compared to TGO peak intensities, the TGO peaks may be masked by the
YSZ peaks. Once the lineout plot for the TGO layer is identified, the neighboring lineout

plots were confirmed to either belong to the YSZ or the bond coat.
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Figure 2.17: Lineout plot for the Bond coat layer

According to Table A.4 in the Appendix, for YSZ, peak (112) corresponds to 1.8149A4,
(200) corresponds to 1.8149A, (103) corresponds to 1.5491A, and (211) corresponds to
1.5461A and they have an intensity ratio of 3.5:2:1:2.5 respectively. Out of these four
peaks, (112) and (200) appear to be double peaks where the two peaks are attached to
each other since their d-spacing values are close to each other. Peaks (103) and (211)
appear to be double peaks due to the same reason. A zoomed in view shows these double
peaks in the file number 642 as illustrated in Figure 2.16.
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Figure 2.18: X-ray diffraction lineouts of the different layers at a certain time step after

identification
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According to Table A.5 in the Appendix, for the bond coat, peak (110) corresponds to
2.0393A, (211) corresponds to 1.1774A, and (100) corresponds to 2.884A. The intensity
of these peaks take the ratio 5.75:1.2:1 respectively. A zoomed in view shows two of these
peaks in the file number 646 as illustrated in Figure 2.17. Figure 2.18 has all the layers

identified and these will be used in the process of analyzing strain measurements.

2.3.2 Analyzing peak positions to determine the strain in TBC

With the presence of strain, the diffraction rings will change their shape from perfect
concentric circles to a shape assumed to be an ellipse [49]. This means each peak on
the lineout plot will shift along the whole azimuth. The lineout plots that have been
presented, indicate an average of the shifts over the complete azimuth. Therefore in
order to determine the strains, the selected diffraction ring must be integrated around

the azimuth resulting in a final bi-strain plot for the particular ring.

Here, the file 645 from the previous section, would be considered since that was
identified to be the TGO layer. As illustrated in Figure 2.15, file 645 has peaks of planes
(116) and (024) evident for the TGO material and both these rings were integrated for
strain analysis to validate each other. First, the peak has to be defined and since the
peak (116) needs to be analyzed, corresponding data such as the lattice parameters and

the Miller indices (hkl) values has to be considered.
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Figure 2.19: Fitting of the a — AlyO3 (116) peak at a particular azimuth value

The fitting of the peaks is the next stage of the analysis. According to the lattice
parameters and the Miller indices (hkl) values, the particular peak will go through a
fitting process as shown in Figure 2.19. This fitting process will be carried out along the

entire azimuth.

The bi-strain is obtained by considering the shift of the vertices of the peaks along
the azimuth as illustrated in Figure 2.20 for the peak (116). The axial strain on the TGO
layer was found to be -0.004703 indicating a compressive value. This strain found using
the (116) peak was then verified with (024) peak. Figure 2.21 illustrates the bi-strain
profile obtained from peak (024) and this strain value of -0.004262 agrees with the result

from the (116) peak with a 9% error which is sufficient for the verification process.
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Biaxial strain using Alumina (116) crystallographic plane
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Figure 2.20: Bi-strain profile obtained for the TGO layer using peak (116)
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x10-3 Biaxial strain using Alumina (024) crystallographic plane

T T T

e,,=0.002177+0.000080 L ’——l
e;,=-0.000216+0.000069 || 1

%
e,,=-0.004262+0.000090 %:s JEW ;;l
s

i

1 Ll T

(T

&
\\-\%_F
1
I
I

(RR /R,

Diffraction strain
*
+
|
U
|
Iii
=
ﬁd//
=
!
| A
{ i)

A Ty
: T Agil Data: Blue T‘;& L
& W0 Fit: Red i
Rl ‘ el
0 45 90 135 180 225 270 315 360

Azimuth (degrees)

Figure 2.21: Bi-strain profile obtained for the TGO layer using peak (024)

45



The diffraction information included in the appendices represents data at ambient
temperature. At high temperatures, the d-spacing values for the peaks will require ad-
justment. Hence a correction was applied since the peaks are shifted with temperature

as illustrated in Figure 2.22.

155 1.60 165 170 175  1.80
\s.

(b) High Temperature

1.55 1.60 1.65 1.70 1.375 1.80

v

d-spacing (A)

Figure 2.22: (a) Room temperature lineout vs. (b) High temperature lineout

At high temperature the peaks have shifted right from their original position. To
compensate for this, the fitting parameter was changed in the analysis according to the

Equation 2.12.

a* =a(l+al) (2.12)
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Where a* is the fitting parameter value at that temperature
a is the lattice parameter value needed for the fitting process at room temperature
« is the thermal expansion coefficient for the particular material

and T is the temperature.

These bi-strain values obtained for each of the layers of the TBC system at different
temperatures along the thermal cycle while under varying mechanical loading will be
presented in the next chapter. The effect of the thermo-mechanical loading on the life of

the TBC coating will be analyzed and discussed.
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CHAPTER 3
EFFECT OF THERMO-MECHANICAL LOADING ON THE TBC

STRAIN USING XRD MEASUREMENTS

3.1 Objective

Numerous experimental efforts aimed at establishing strains within the TBC system
reiterate the significance of quantitative strain determination [14, 51, 52, 40] and its
role in life prediction of the coatings. Most of these studies were performed as ex-situ
furnace tests to establish the effect of the thermal cycling on the coating strains. In
parallel research on turbine blade fatigue, the mechanical loads representing centrifugal
forces have been considered with a focus on the resulting coating effects on the blade
life model [31, 32, 33]. In our research, a novel approach was taken to monitor the
strain evolution under simultaneous thermal and mechanical conditions by combining
the experimental setup with high energy X-rays at a synchrotron facility. The goal of
enhancing experimental conditions to closely simulate the operational conditions of the
turbine blades, by considering the mechanical loading, is to capture the effects on the
strain within the TGO and therefore the overall life of the coating. Generally, a complete
thermal cycle experienced by jet engine turbine blades can be represented by a start
at room temperature with a ramp up to approximately 1120°C', a subsequent hold at
constant high temperature followed by a ramp down. The mechanical load representing
the centrifugal forces may be simulated with a constant stress applied to the sample
during this cycle. Kitazawa et al. [34] conducted studies to evaluate the damage of a
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TBC system under in-phase thermo-mechanical tests where failure was observed using
optical microscopy. In their research, an external uniaxial applied stress of 60MPa was

used and the damage evaluated.

20 min. 72 min.

Room
Temp

Omin.  Room
Temp

92 min.

@  Datapoints collected

Figure 3.1: Thermal cycle used in the experiment

In thermal mechanical fatigue tests with controlled thermal gradients (TGMF con-
ducted by Bartsch et al. [35], an external mechanical loading up to 100MPa was used.
This study identified a class of fatigue cracks that occured only in TGMF tests and not

in isothermal low cycle fatigue or thermal fatigue. Ray et al. [53] studied the evaluation
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of TBC life using accelerated creep tests and they used an external mechanical loading

of 70MPa.

In our research, an initial external applied stress of 16MPa corresponds to the least
load needed for the sample to be held properly in the loading cell. Additional loads
corresponding to stresses of 32MPa and a maximum of 64MPa were applied for compar-
ison purposes with previous thermo-mechanical studies. For the experiments conducted
in this work, the thermo-mechanical cycle was recreated with a starting room temper-
ature, ramp up for 20 minutes to the high temperature in the range of 1120°C' and a
constant hold at this temperature for 52 minutes while in-situ XRD measurements were
taken about every 7.5 minutes over the depth of the multi-layered TBC as illustrated
in the Figure 3.1. Constant stress values were maintained during the experiments at
the 3 different values to determine the effects of increasing applied stress on the strain

evolution.

3.2 XRD Experimental Setup

The samples used in the experiments performed for this work were Electron Beam Physi-
cal Vapor Deposition (EB-PVD) coated on a nickel-based super-alloy substrate. EB-PVD
is based on a method where a target anode reacts with an electron beam produced by
charged tungsten inside a vacuum. This reaction produces vapor of the target and this

vapor is solidified on top of the surface to create a coating [54]. The TBC system has
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a top coat which is Yttria-Stabilized Zirconia (YSZ) and takes the form of a columnar
structure while the platinum-modified nickel-aluminide (PtNiAl) bond coat provides a
good bond between the coating and the substrate. In the EB-PVD process and also dur-
ing a thermal cycle, oxygen (O3) from the environment penetrates through the columnar
structure of the top coat and reacts with the Aluminum (Al) in the bond coat to oxidize
and produce the thermally grown oxide layer that forms and grows between these layers.
In Chapter 1, Figure 1.1 illustrates these various layers of the TBC system discussed

here.

Superalloy
Bond Coat

TGO
Top Coat

0,625

3 3,175 . . .
Units are in millimeters

Figure 3.2: Scematic of the sample used in this research [3]
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For this research, samples specimens were prepared from one inch diameter CMSX-4
Ni-base super-alloy discs with a platinum-modified nickel-aluminide bond coat (50 pm)

and 7 weight percent Yttria-stabilized zirconia (7YSZ) EB-PVD TBC (125 um).

MTS Load Frame
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GE 0\ - A s o mounted surface
Charge- . o N : ~ .
Coupled
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;. <l

ﬁ-'.\ Furnace

! Cooling
" Ducts

Figure 3.3: Experimental setup at 1-ID [3] sector at ANL

The test specimens were cut with a “FLOJET” Water Jet with an operational pressure
of 40,000 psi using 100 HAD Garnet sand. The machine has a tolerance of 1/1000 inch

and had a repeatability of 3/1000 inch. Sample specimens were machined to ASTM
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standard E 8/E 8M [55, 3] . Figure 3.2 illustrates the sample prepared for this research

with the dimensions.

X-ray beam cross section

B %

Mechanical Load

X-ray beam

Mechanical Load

Figure 3.4: (a) Sample schematic with the coordinate system considered in the experi-
ment [3]. (b) Sample mounted in the load frame while under thermo-mechanical load-
ing [3]. (¢) SEM image of the TBC coating with a representation of the 40um by 300um

cross-section of the X-ray beam.

The experiments were performed at the 1-ID beam line at the Advanced Photon
Source (APS) at Argonne National Laboratory. This beam line had the capability to
produce high energy beams in the range of 100keV ideal for high resolution strain mea-
surements in short data collection times. In our experiments, high energy X-rays of

86keV were used obtain depth-resolved data across the layers. Figure 3.3 illustrates the
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experimental facility with an MTS (858 frame) load cell on an XYZ stage to obtain the
needed orientation, an infra-red furnace to provide the thermal cycling and also a 2D
XRD detector with a resolution of 2048 pixels x 2048 pixels, used to collect the data of

the diffraction rings.

The sample was mounted as illustrated in Figure 3.4 (b) in the load frame using pins
and the temperature monitored using thermocouples. Depth-resolved data was collected
for applied stress values of 16MPa, 32MPa and 64MPa. Using the XYZ stage of the
MTS machine, data could be collected for different depth values across the layers in the
S, axis at a rate of 0.04mm per reading. The dimensions of the X-ray beam were 40um
by 300um as illustrated in Figure 3.4 (c¢). Considering the co-ordinate system presented
in Figure 3.4(a), the layers of the coating system are oriented along the S; axis on the

Nickel super-alloy substrate and the path of the X-ray beam was along the S3 axis.

For each time step in the thermal cycle as illustrated in Figure 3.1, approximately
10 data points were collected and this was repeated for all three (16MPa, 32MPa, and
64PMa) different loading conditions. The X-ray beam cross section as illustrated in
Figure 3.4 (c) was adjusted to the edge of the YSZ layer and moved in the negative
Sy direction shown in Figure 3.4 (a) while data was collected across the layers. The
diffraction patterns collected for all the layers in a cycle for each thermo-mechanical
loading condition is shown in Figure 3.5. The XRD patterns were analyzed through a
systematic procedure described in Section 2.3. As discussed, to be consistent with the

studies by Kitazawa et al. [34] 64MPa was used as the maximum load for the study.
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Using the XYZ stage of the MTS machine, data could be collected for different depth

values across the layers in the S; axis at a rate of 0.04mm per reading.

Mechanical Loading

Heat Load

Substrate Heat Load

5 X-ray bea

Mechanical Loading

Figure 3.5: Example diffraction patterns obtained for different layers in the TBC sample
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3.3 Results

The results from the analysis of the diffraction data collected in the thermo-mechanical
experiments are presented here in terms of the i) strain evolution in the TGO layer as
well as ii) depth profiles indicating the strain evolution across the layers of the TBC
system. These results were obtained during the thermal cycle with different mechanical
loadings. Contour plots of the strain evolution enable a visual representation of the
changes in strain over the depth of the sample and are based on in-situ high resolution

strain results.

3.3.1 TGO strains and the tensile region

After obtaining the TGO strain at any given time step, that strain can be converted to
the stress and that could be related to a particular remaining life cycle fraction of the
layer. The strain evolution based on the collected data during a thermal cycle provided
in Figure 3.1 is presented here for the TGO layer. This analysis was done for all three

different loading conditions and presented in Figure 3.6.

As it illustrates for low external stresses such as 16MPa and 32MPa, the strain was
always in the compressive region. When the higher external stress of 64MPa was intro-
duced, a tensile strain was observed in the ramp up position of the cycle. This tensile

strain could have an effect on the failure of the TBC over several cycles and this will be
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Figure 3.6: Strain evolution during a cycle for all three loading conditions.

discussed later in the chapter. This highlights the importance of considering the mechan-
ical loading along with thermal load when analyzing the strain in the TGO layer. Results

for the stress of 64MPa were limited to 3 data points due to failure of the retension pins.
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3.3.2 Strain in the overall TBC system

This section presents the results obtained for the overall strain evolution in the various
layers of the TBC system represented as graphs and contour plots. Figure 3.7 illustrates
the stain profile for the various layers in the TBC at room temperature. While the TGO
layer has the most compressive strain in the TBC system, no distinct changes in the
strain profiles are observed with varying mechanical loading. Although mechanical loads
at room temperature are not representative of actual operating conditions, this data is
used for comparison with PSLS method for resolution improvement suggestions presented
in Chapter 4. The effects of mechanical load will play an important part during the rest

of the thermal cycle as will be discussed later in the Chapter.

Depth profiles at various stages during the cycle for the three mechanical loading
conditions are presented as contour plots. An example plot illustrating the layer repre-
sentation on a contour plot is shown in Figure 3.8. The significant part of the contour

plot is the TGO layer.

Figure 3.9 represents the contour plots of the TBC system for the various loading
conditions at room temperature.The YSZ and bond coat layers were in a tensile region
in contrast to the high compressive strain the TGO layer was experiencing. The strain
from the outer surface of the YSZ at low loads are observed to increase from low tensile

values towards compressive values as it approaches the interface between the YSZ and

the TGO.
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Figure 3.7: Depth profile of the strains during different cycles

This behavior has been presented in depth resolved studies for cycled specimens [29].
The variation of mechanical loads has a slight effect on the strains in the YSZ with less
tensile strains were seen with the higher loads. There were no significant variations in
strain in the TGO layer observed for all three applied loading conditions. The small
variations are presented in Figure 3.10 from which it was observed that the strain was
actually increasing towards less compressive values with increasing external mechanical

loading.
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Figure 3.8: Contour plots used according to the depth of the layers (drawn to approximate

scale)
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Figure 3.9: Contour plots for the room temperature point for different loads
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Contour plots corresponding to the strain depth profile at the ramp-up position on
the thermal cycle are illustrated in Figure 3.11. Strain in the TGO is well within the
compressive region for 16MPa and 32MPa but with the increasing loading, the compres-
sive strain reduces and at 64MPa the TGO experiences a tensile strain. This specific
point in the cycle is a critical point where TGO tensile strains are observed at higher

mechanical loading.

TGO Strain evolution at Room Temperature
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Figure 3.10: Strain evolution in the TGO layer at room temperature with the applied

mechanical loads

At low loads the outer edge of the YSZ is experiencing low compressive strains and
then changes towards the tensile region at the mid section of the YSZ. The trend of
less compressive strains from the outer surface at high temperature has been reported
in finite element analysis results presented by Limarga et al. [56]. With the variation of
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loads the trend of increasing strain from the outer edge to the mid section of the YSZ
is maintained. Also considering the strain at the interface between the YSZ and the
TGO on the YSZ side, it was observed that these interface strains turn more tensile with
increasing loads.

' ) \ In Plane Strain for the High Temp Point
- , Strain (g,,)

16MPa 32MPa AP 4 X107

3

< YSZ ——>1 BC &— YSZ —4 BC
TGO TGO

< Ysz

Figure 3.11: Contour plots for the ramp up point for different loads

Contour plots corresponding to the strain depth profile at the 2nd data point at high
temperature on the thermal cycle is illustrated in Figure 3.12. The strain in the TGO is
in the compressive region for all three loads with a greater compressive strain at 16MPa.
As more evidence from Figure 3.6 points out, at 64MPa, the strain level is returning to

the compressive region from the previous tensile state.

The strains on the YSZ side at the interface between the YSZ and the TGO while
being under low external load were studied for the three different spots on the cycle.
According to Figures 3.9, 3.11, 3.12, at room temperature the interface strain is less
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Figure 3.12: Contour plots for the 2nd point at high temperature for different loads

compressive and the strain increases to low tensile at ramp up and goes back down to
be more compressive along the cycle. This behavior has been reported in numerical

simulations [57].

3.4 Discussion of the findings on the overall TBC life

Results showed that the effect of increasing mechanical loads is an in-plane tensile region
within the Thermally Grown Oxide (TGO) layer during a thermal cycle. This could affect
the life prediction of coatings which are based on current methods neglecting mechanical

loads as discussed below.
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In conventional thermal fatigue tests where the mechanical loads are neglected, at
high temperature, the TGO layer experiences compressive in-plane stresses while the
bond coat (BC) at the BC-TGO interface experiences in-plane tensile as seen in the
first contour plot in Figure 3.11. But with the mechanical loading in effect, the TGO
seem to experience tensile in-plane stress while the BC-TGO interface experiences in-
plane compressive as seen in the third contour plot in Figure 3.11. Due to the effect of
poison’s ratio, when the in-plane stress is compressive, the corresponding out-of-plane
stress is tensile and vice versa for the otherwise. Our results are consistent with numerical
simulations carried out by Bartsch et al. [58, 59] on a TBC system subjected to thermal
gradient mechanical fatigue testing. Their results showed a tensile region in the TGO
layer at high temperatures in the early cycles. This tensile region attributed as the
basis of the initiation of a class of fatigue cracks observed in thermal barrier coatings
(TBCs). They called this class of fatigue cracks smiley cracks when they observed them
using optical microscopic means. The models they used included both non-linear and
time dependent behavior, TGO growth stress, and thermo-mechanical cyclic loading and
they simulated up to 50 cycles. It made evident that considering the mechanical loading
induces tensile stresses within the TGO in a cycle and this is different from findings of
conventional thermal studies where the stresses are generally in the compressive region.
This mechanical loading effect was attributed to the failure mechanism where cracks
initiated in the TGO perpendicular to the applied mechanical load and they gradually

grew into the neighboring layers, the top coat and the bond coat. At the top coat these
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cracks continued to be perpendicular to the applied load and this trend was also shown

in In-phase thermo-mechanical tests (TMF) performed by Kitazawa et al. [34].

As shown in Figure 3.11, for higher mechanical loading condition, both the TGO layer
and the top coat (YSZ) layer is experiencing a tensile in-plane strain which corresponds
to a tensile in-plane stress. This could clearly be the reason for this development of the
fatigue crack perpendicular to the applied load both in these layers. Also according to
Bartsch et al. [58, 59], when the crack reached the bond coat from the TGO is stopped
continuing perpendicular to the applied load, rather it changed its shape to be parallel
to the surface creating the above mentioned smiley cracks. These cracks parallel to the
surface were also observed in studies done by Evans et al. [60] and Busso et al. [61] through
optical microscopic means. The reason behind this phenomenon is when the crack reaches
the interface between the TGO and the bond coat it experiences an opposite state of stress
from the previous where the in-plane stress is compressive and the out-of-plane stress is
tensile. This would limit the vertical development of the crack and will create a tension
between the two layers, BC and the TGO. The experimental measurements of the in-
cycle strains under load are the first of such high-resolution in-situ data collected and
the effect of these tensile strains observed on the overall life of the coating are suggested

in this discussion.

Failure of the TBC coating system could occur due to many reasons. Continuously
changing compositions, microstructures, interfacial morphologies, and properties of the

TBC system is one of the factors. Oxidation of the bond coat which could result in
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increasing growth Stress of the TGO could be another factor of TBC failure. The creep
behavior of the TBC material has also been studied to investigate its effect on the failure
as well [62, 63, 64]. Stress within the TBC plays an important role on the failure of the
TBC as well and this research will be mainly focused on that. As shown in Figure 3.6,
when the system reaches the high temperature the in-plane compressive strain which
corresponds to a compressive stress takes the least possible value (or a low tensile strain
which corresponds to a tensile stress for the higher mechanical loading) and it starts to
reduce along the rest of the cycle making this high temperature point on the cycle the
maximum stress of the system. The mean stress can be calculated as the average of this
maximum stress and the minimum stress (which corresponds to the room temperature).
Stephens et al. [65] showed that the effect of the mean stress on the fatigue life is such that
when the mean stress increases, the number of cycles to failure decreases for a particular
alternating stress. In this case, where the tensile in-plane stress was evident in the TGO
is will result in a higher mean stress for the system. Therefore with the added mechanical
load factor it is clear to see that it would estimate a lesser cycles to failure compared to

a conventional method where the mechanical loading is neglected.

The significant finding from the thermo-mechanical experiments is represented by the
strain evolution in the TGO revealing a tensile region that appears with the increasing
mechanical loads. Depth resolved strains within the multiple layers were obtained at
various points within the cycle providing an understanding of the changes experienced in

the various layers including the interface during a thermo-mechanical cycle. The effect
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of the mechanical loading was assessed based on the mean stress in the TGO and its

impact on fatigue life.
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CHAPTER 4
EFFECT OF MECHANICAL LOADING ON THE TGO STRESS USING

PIEZOSPECTROSCOPY

4.1 Objective

As discussed in chapter 3, synchrotron XRD methods to measure the evolution of strain
and subsequent analysis of stress allows for high resolution data to be collected over the
cycle. This data enables the understanding of contributing factors to the overall strain
distribution and effects on coating life. Such measurements have the potential to ascer-
tain the integrity of the coatings non-invasively in an operational environment. However,
the requirement of an advanced facility to achieve high energy XRD measurements in-
dicates the need to develop a more field-applicable operational technique for integrity
assessment. Photo-stimulated luminescence spectroscopy (PSLS) or Piezospectroscopy
(PS), in specific when used for stress measurement, is such a method and PS measure-
ments of stress within the oxide of various stages of cycled specimens have been related

to life fraction, an early and non-invasive indicator of spallation [41, 40, 66, 67].

4.2 Theory of Piezospectroscopy

Piezospectroscopy (PS) is a non-invasive method that can be used to measure the stress

within materials such as polycrystalline alumina. The photo-luminescence from chromium
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(Cr3*) ions within the alumina produces characteristic spectral lines also known as the

R-lines when subjected to a laser excitation and the resulting spectrum is illustrated in

Figure 4.1.

Intensity

Wavenumber (cm™)

Figure 4.1: Hlustration of characteristic R-lines produced

When a material experiences stress, these R-lines tend to shift due to a change in
the energy of the electronic transfers [68, 69]. For a compressive stress, the shift will

be towards lower wavenumbers (cm™1) and for a tensile stress the shift will be towards

higher wavenumbers (cm™1).
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Figure 4.2: R-line shift due to stresses present in the material

The study of chromium doped alumina, has been reported by researchers over sev-
eral decades from Deutschbein’s [70] observation of a single Raman line at 415cm™! to
Krishnan’s [71] results showing seven Raman lines. In the 1960s, ruby (o — AloO3-doped
sapphire) started being considered as a laser material with studies of applications includ-
ing the elucidation of the crystal field theory of ruby luminescence [72]. While studying
the behavior of absorption and luminescence spectra due to uniaxial compression in
Ruby, the first PS model was introduced by Kaplyanskii [73] and this effect is explained

in Equation 4.1,
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Av = A(oy + 039) + Bos (4.1)

where

Av is the frequency shift with the units em ™!

01, 02, 03 are the normal stresses directed along the crystallographic axes

for R1: A=-0.031, B=-0.014 with the units cm /-4

mm?2

for R2: A=-0.027, B=-0.019 with the units em /-4,

mm?2

A and B are parameters known today as the piezospectroscopic (PS) coefficients.
This equation represents the frequency shift (Av) as a linear function of stress, due to

symmetry and for hydrostatic stresses this equation becomes simplified as,

Av = (24 + B)o (4.2)

where
Av is the frequency shift with the units em™*
o is the hydrostatic stress

For R1: (2A + B)=7.6 x 10™* with the units em™!/atm

For R2: (2A + B)=7.3 ¥ 10~* with the units cm™!/atm

Forman [74] used this same method in further applications where he observed the

Raman shifts to analyze the hydrostatic stress in diamond anvil cells (DAC) as follows,
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Av =Tmoy (4.3)

where
oy is the hydrostatic stress

7 represents the PS coefficient

Grabner [75] later generalized the equation by Forman for non-hydrostatic conditions.
He achieved this by using a tensorial representation for the PS coefficients and the stress

components as shown in Equation 4.4.

Av = 5045 (44)

where
Av is the frequency shift
mi; represents the piezospectrocopic coefficient tensor

o;; is the stress state with respect to the crystallographic frame of reference.

Grabner concluded that the PS coefficients 7;; form a symmetric second rank tensor
and therefore, 0;;=0;, however, later work by Ma and Clarke [76] dismissed the symmetry

condition for the stress states and developed the following equation,

— 1
Av = §(7T11+7T22+7T33)(011+022+0'33) (4.5)
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In cases where the transverse stress is neglected (o33 = 0) while assuming equal plane

stresses (017 = 092 = 0), these assumptions will simplify Equation 4.5 to,

-— 2
Av = 5(71'11 -+ 799 + 733)0' (46)

He and Clarke [77] developed the Equation 4.5 further by evaluating the coefficients
of the PS tensor for a 0.05 wt% ruby by direct measurements of the frequency shift for
uniaxial compression along the three principal crystallographic directions and for loading
in the three principal shear directions and this modified equations for both R1 and R2

are shown below,

Av (Rl) = 2.560’11 + 3.500’22 + 1.530’33 (47)
Av (Rg) = 2.66011 -+ 2.80022 —+ 2.160’33 (48)
According to these PS coefficients, Equation 4.5 could be re-written where there will

be two unknowns namely o1; and o99 that is when o33 is assumed to be zero as shown

below,

Av(Ry) = %(7.59)@11 + 030) (4.9)
Av(Ry) = %(7.62)(011 + 03) (4.10)

If equal plane stresses are assumed (017 = 022 = o), these equations will be simplified

further as shown in Equations 4.11 and 4.12. These equations have been used to deter-
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mine the evolution of oxide stresses in TBCs in various studies [51, 14, 78] assuming the

stress state to be biaxial in the TGO.

Av(Ry) = 2(7.59)(0) (4.11)

Av(Ry) = %(7.62)(0) (4.12)

If neither of these assumptions can be made, then there should be three or more
equations to solve for the three unknowns (011, 099, and o33) but having equations for
only two distinguishable peaks (R1 and R2) demands investigating other peaks other
than R1 and R2 to have three or more equations to solve for the three unknowns. To
overcome this issue, Raghavan and Imbrie [79, 39] introduced the piezospectroscopic

behavior of vibronic sidebands as additional peaks to be considered.

4.3 Deconvolution and Curve Fitting

Deconvolution and curve fitting is a process used on the raw R-line spectra to distinguish
the two peaks.The possible noise present due to the instrumentation errors are further
removed in a baseline removal process. By eliminating these errors, the most accurate
peak positions and intensities for the peaks can be obtained to correctly evaluate the
shifts of these peaks with stress. The deconvolution process will result in the output of

two separate plots for R1 and R2 as shown in Figure 4.3.
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Figure 4.3: Raw data of PS deconvoluted

In the PSLS part of this research, all the raw data obtained goes through a genetic
algorithm (GA) based optimization procedure for the deconvolution. This method was
created and used to predict the correct peak positions for R-lines and vibronic sidebands
for polycrystalline alumina by Raghavan et al. [80]. This procedure performs functions
such as baseline removal, cropping, separation, and recombination to optimize the raw
data on R-line spectrums. The fitting procedure used two pseudo-Voigt functions [81,
82, 83] to obtain the following design variables for each of the R1 and R2 curves: area,
line-widths, peak positions, and shape factors (describing the Gaussian and Lorentzian
characteristics) [66]
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4.4 PSLS experimental setup

The PSLS experiments for this research took place at University of Central Florida with
the use of in-house facilities such as the Renishaw RM-1000 Raman spectrometer system
which was attached to a remote fiber optic laser probe system as described in Section 1.4
and a synchronized MTS Insight 50 wide load frame as shown in Figure 4.4 [43]. The
same specimen from the XRD experiment was subjected to a tensile load in order to
obtain values at room temperature and the stress values used were 16MPa, 32MPa and

64MPa to be consistent with the XRD experiment.

B MTSioedfremd |

Optical Probe
Raman Spectroscopy )

Figure 4.4: Experimental setup for the PSLS study (a) Synchronized Raman spectroscopy
and the optical probe to collect data (b) Zoomed in view of the sample in the load frame

during the experiment
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Before using the spectrometer, calibration was required for the data to be accurate
and this was achieved using a silicon (Si) sample which has a Raman spectral line at
520nm. Following this, the TBC specimen was loaded using the MTS load frame and
different loading conditions were applied. For each of these loading conditions, data
was taken at three positions in the specimen as shown in Figure 4.5. For each of these
positions, there were three accumulations of data for accuracy and each reading was
taken under a 100% laser power, at 0.05 seconds of exposure time for a single reading.
The laser used in this system was a 532nm (green) laser with 50mWpower, class 3B,

requiring laser safety goggles to be used at all times [43].

4.5 PSLS results and discussion

Table 4.1 shows the results obtained for the R-line peak values for all three different
loading conditions for all three different positions in the sample. These values for the
three different positions were averaged and converted to stress using Equation 4.11. To
convert these peak positions to stress values, a reference peak position had to be taken
into consideration and for this the R-line peak values for polycrystalline alumina was
used.

Land

The reference R1peak position value for polycrystalline alumina is 14403.2 ¢cm™
R2 value is 14433.2 em~!. The difference between these reference values and the peak

position values from Table 4.1 will be used to find the biaxial stress of the TGO layer.

7
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Figure 4.5: Schematic of the data collection points on the sample
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Figure 4.6: Comparison of the TGO stresses at room temperature for all three loading

conditions from PSLS measurements compared with XRD measurements
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Table 4.1: R-line peak values for different loading conditions

Loading condition of the TBC specimen
16MPa 32MPa 64MPa

R1 | 14392.4190 cm~t | 14391.3348 em ="' | 14391.9302 em !
Position 1

R2 | 14423.2387 cm™! | 14422.1094 em ="' | 14422.6922 em !

R1 | 14391.5783 cm ™t | 14391.9506 cm =t | 14392.8793 em !
Position 2

R2 | 14422.3929 cm ™t | 14422.7695 cm ="' | 14423.6898 em !

R1 | 14392.4980 cm~! | 14391.6281 cm ™' | 14390.9536 cm !
Position 3

R2 | 14423.3169 cm ™! | 14422.4417 em™" | 14421.7667 em~!

The stresses from the PSLS measurements were observed to be of the same order of
magnitude as that of the XRD measurements. A distinct trend in the PSLS results with
respect to the small variation in stresses caused by the externally applied mechanical
loads could not be ascertained. The resolution of the PSLS method is dependent on
the assumptions made initially in the analysis such as neglecting the transverse stress
(033 = 0) and assuming the stress state to be biaxial (017 = 099 = o). This resolution
can be improved by considering all stress states which requires additional stress-sensitive
peaks to be determined and used. Future work to include the vibronic side bands that

have been studied by Raghavan et al. [80] have been proposed for this purpose.

In summary, the PSLS experiments enabled a validation of the method as an opera-
tional technique that can determine the stress within the TGO. In-situ loading experi-

ments were conducted and the stresses were confirmed to be of the same order obtained
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in high resolution XRD studies. While the trend of TGO stress with mechanical load
could not be confirmed due to the small variation in stresses and corresponding res-
olution of the PSLS method, improvements can be implemented with further studies
on stress sensitive peaks from the spectra. Comparison of the PSLS method with the
high resolution strain measurements from synchrotron studies is effective in assessing
the improvements in resolution achieved through advances in the PS empirical model or

measuring instruments.
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CHAPTER 5
CONCLUSIONS

5.1 Summary of Results

The main objective of this work was to elucidate the thermo-mechanical effects on the
strain evolution within an EB-PVD thermal barrier coating (TBC) using synchrotron
X-ray diffraction during a thermal cycle. Both qualitative and quantitative In-situ data
on the strain evolution under a thermal cycle with mechanical loading were obtained in
this work. Systematic identification of the appropriate peaks within the multi-layer TBC
system provided guidelines for future strain studies using high energy X-rays. Piezospec-
troscopic studies with applied mechanical loading were also addressed to be compared
with the room temperature XRD data for future development of the method as an oper-

ational technique to be used outside the laboratory environment.

In-situ characterization of the strain within an EB-PVD thermal barrier coating
(TBC) using Synchrotron X-ray diffraction method at sector 1-ID at the Argonne Na-
tional Laboratory was presented in this work under thermo-mechanical loading. Using
high energy X-rays, diffraction measurements were obtained throughout a cycle and this
helped in the understanding of the evolution of the strain in the TBC system. The results
complement simulation studies capturing the in-cycle behavior and enhance the limited

experimental in-cycle studies. In-situ measurements provided high resolution quantita-
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tive data on the strain evolution on the various layers of the TBC under a thermal cycle

which can be used to evaluate the coating behavior and its effects on coating life.

The external mechanical loading due to the centrifugal loads which was neglected by
previous studies on the strain/stress of the thermal barrier coatings was implemented in
this study. Through novel experimentation including thermal and mechanical loads at the
beamline, significant results were discovered on the effects of mechanical loading on the
strain evolution within the thermally grown oxide layer of the TBC. Also, depth-resolved
quantitative strain was presented for the various layers as contour plots over a thermal
cycle highlighting the complementary strains in the adjacent layers including the bond
coat and the YSZ with time and temperature. As it was pointed out in the TGO strain
results, with a critical thermo-mechanical loading condition, the strain within the TGO
reaches a tensile region. This has been shown experimentally through this work for the
first time. These significant results contribute new findings to existing literature where
purely compressive strains within the TGO have been observed with mechanical loads
neglected and validates numerical thermo-mechanical studies that have been presented
in the literature. This tensile strain in the TGO has been ascertained in the long run
to have a negative impact on the overall life of the coating due to the effect on low
cycle fatigue conditions. The findings therefore indicate the need to establish realistic
testing conditions for the better understanding of coating failure to develop methods for

improving their durability.
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5.2 Future Work

The in-situ thermo-mechanical experiments using synchrotron X-ray diffraction method
provided close to realistic conditions and high resolution results but there is still room
for more improvements. The current study could be categorized as a Thermo-Mechanical
(TM) test and this could be improved to be a Thermal gradient Mechanical (TGM) test
which would replicate the real conditions of a turbine blade with internal cooling. One
way to achieve this would be using tubular specimens with internal cooling implemented

to create the thermal gradient representing the actual turbine blade.

Another realistic operational environment issue that these protective coatings has
to face is the contamination of the TBC due to airborne sand particles. These sand
particles such as volcanic ash get deposited on the TBC coating and due to the high
operational temperatures these particles could melt and form calcium magnesium alumi-
nosilicate (CMAS) contamination within the TBCs. CMAS can penetrate through the
YSZ layer towards the substrate which could lead to a faster delamination of the coating.
Therefore it is important to study the effect of CMAS infiltration on the TBC strain
evolution during a cycle. This study could also be done with in-situ data collection by
incorporating a particle deposition chamber in to the experimental setup in addition to
the thermo-mechanical setup. Both XRD and PSLS method could serve as simultaneous
characterization methods as illustrated in Figure 5.1 and a zoomed view of this schematic

is elaborated in Figure 5.2
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Figure 5.1: Schematic of the proposed experimental setup for in-situ CMAS deposition

strain measurements with thermo-mechanical loading
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Figure 5.2: Zoomed in view of the CMAS deposition setup
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Piezospectroscopic measurements were used to verify the room temperature data.
This experiment could be further developed to obtain data for the complete cycle by
adding a furnace to the experimental setup. Also the quality of the experimental data
could be improved by improving the resolution of the data collection. More accumulations
and an extended period of exposure time to the laser would improve the resolution of the
data. As discussed in the section 4.5 using vibronic side bands in the spectra, which are
sensitive to stress as well, could eliminate the assumption of neglecting the transverse

stress (033 = 0) improving the accuracy of the results.
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APPENDIX A
DIFFRACTION DATA FOR DIFFERENT MATERIALS AND

COMPOUNDS

Table A.1: Diffraction data for o — AlyOs.

20 d(A) I h k
25.5710 3.48068 319 0 1
35.1447 2.55136 720 1 0
37.7673 2.38 429 1 1
43.3443 2.08581 611 1 1
52.5402 1.74034 466 0 2
57.4894 1.60172 999 1 1
66.5026 1.40482 461 2 1
68.1911 1.37409 764 3 0
76.8652 1.2392 242 1 0
77.2244 1.23433 164 1 1
91.1622 1.07846 149 1 3
95.2221 1.04291 388 2 2
101.050 0.99787 279 2 1
116.060 0.90801 401 3 2
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Table A.2: Diffraction data for pure Aluminum (Al)

20 d(A) I h k
4.344 2.338 100 1 1
5.018 2.024 47 2 0
7.099 1.431 22 2 2
8.325 1.221 24 3 1
8.692 1.169 7 2 2
10.04 1.0124 2 4 0
10.95 0.9289 8 3 3
11.23 0.9055 8 4 2
12.31 0.8266 8 4 2
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Table A.3: Diffraction data for Centrosymmetric Boron Carbide (B4C).

26 d(A) I h k
19.7145 4.49945 14 1 0
22.0215 4.03303 21 0 0
23.4984 3.78278 49 0 1
31.8992 2.80314 11 1 1
34.9561 2.56469 64 1 0
37.818 2.37692 100 0 2
53.4787 1.71199 11 2 0
61.7803 1.50037 9 3 0
63.6608 1.4605 13 1 2
64.5615 1.44229 10 0 1
66.788 1.39951 12 2 2
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Table A.4: Diffraction data for Zirconium Yttrium Oxide.

26 d(A) I h k
30.1418 2.96246 998 1 0
34.8809 2.57005 81 0 0
34.9752 2.56333 136 1 1
43.1101 2.0966 11 1 0
50.2273 1.81492 340 1 1
50.2976 1.81255 183 2 0
59.6375 1.54906 119 1 0
59.7629 1.54611 237 2 1
62.6684 1.48123 59 2 0
73.6577 1.28503 17 0 0
73.8829 1.28167 45 2 2
81.7055 1.17759 84 0 1
81.8138 1.1763 41 0 0
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Table A.5: Diffraction data for Nickel Aluminide (NiAl).

20 d(A) I h k
30.9821 2.884 187 1 0
44.3848 2.0393 999 1 1
55.1111 1.66508 28 1 1
64.5758 1.442 115 2 0
73.3432 1.28976 20 2 1
81.7221 1.17739 169 2 1
98.127 1.01965 42 2 2
106.501 0.961333 4 3 0
115.259 0.912001 54 3 1
124.707 0.869559 2 3 1
135.403 0.832539 13 2 2
148.73 0.799878 1 3 2
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APPENDIX B
USING FIT2D TO FIND THE CALIBRATING PARAMETERS FOR

DATA COLLECTION

In the analysis of converting the diffraction patterns to radial plots to identify the peaks
and consequently the strain in each peak, several initial parameters need to be found
for the experiment. These parameters include sample-to-detector distance, tilt angle,
rotation angle, and XY beam center on the 2D detector. These parameters are calibrated
using the program Fit2D [84] with a reference material ceria C'e;O3 in the form of a disc.
The first step is to find the beam center on the 2D detector with the first iteration and
this will be further refined with multiple iterations. When the diffraction plots are read,
the center is identified using three points on a ring to allow the extrapolation of the circle
from these points and obtain the first iteration of the center of the beam. Then the tilt
angle of the detector face and the beam will be determined by using the TILT command
of the program. This corrects for any variation of perpendicularity of the detector face.
These parameters are obtained by least squares fitting of powder rings. Rotation angle,
on the other hand, is the offset along the azimuth. The TILT Command generates the
actual tilt and rotation angle in order for fitting programs to accurately transform the
plot. Once the initial iteration is run to determine the beam center, tilt angle, and the
rotation angle, two or more rings will be selected to see if the first iterated values match
with these. If the values do not agree with each other then more iterations are run until

they come to an agreement. The CALIBRANT command was further used to fit the
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powder patterns from standard calibrant material where the d-spacing values will be
known from previous collected data. Using this and the initial values for the sample-
to-detector distance and the wavelength a comparison will be made with the d-spacing
values and the process repeated until there is an agreement. The command CAKE was
then used to transform the diffraction rings in to radial plots where the horizontal axis is
the radius of the ring. If the values were correct for a calibrant material which is under

no stress, these radial plots are supposed to form straight lines.
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APPENDIX C
ANALYSIS PROGRAMS

Analysis programs were used in the peak fitting and the subsequent strain analysis of the
different data files and these Matlab functions were provided by Dr. Jonathan Almer of
Sector 1 within the Advanced Photon Source (APS) at the Argonne National Laboratory
(ANL). The main program of this set was used to initiate the fitting sequence but it had
other useful features such as plotting the raw image of the Debye-Scherer diffraction rings,
the azimuthally integrated radial plot and the integrated intensity lineout plot of a single
file or multiple files, etc. This program will call other programs which have the particular
peak information, fitting parameters, and the calibrant information. The program fits a
Pseudo-Voigt function over the azimuth of the diffraction rings and then these patterns

are converted in to cartesian coordinates producing radial patterns.
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