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Disclaimer 
 
This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government 
or any agency thereof. 
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Abstract 
 
 Ceramic thermal barrier coatings (TBCs) used in gas-turbine engines afford 
higher operating temperatures, resulting in enhanced efficiencies and performance.  
However, in the case of syngas-fired engines, fly ash particulate impurities that may be 
present in syngas can melt on the hotter TBC surfaces and form glassy deposits.  These 
deposits can penetrate the TBCs leading to their failure.  In experiments using lignite fly 
ash to simulate these conditions we show that conventional TBCs of composition 93wt% 
ZrO2 + 7wt% Y2O3 (7YSZ) fabricated using the air plasma spray (APS) process are 
completely destroyed by the molten fly ash.  The molten fly ash is found to penetrate the 
full thickness of the TBC.  The mechanisms by which this occurs appear to be similar to 
those observed in degradation of 7YSZ TBCs by molten calcium-magnesium-alumino-
silicate (CMAS) sand and by molten volcanic ash in aircraft engines.  In contrast, APS 
TBCs of Gd2Zr2O7 composition are highly resistant to attack by molten lignite fly ash 
under identical conditions, where the molten ash penetrates ~25% of TBC thickness.  
This damage mitigation appears to be due to the formation of an impervious, stable 
crystalline layer at the fly ash/Gd2Zr2O7 TBC interface arresting the penetrating molten-
fly-ash front.  Additionally, these TBCs were tested using a rig with thermal gradient and 
simultaneous accumulation of ash. Modeling using an established mechanics model has 
been performed to illustrate the modes of delamination, as well as further opportunities to 
optimize coating microstructure.  Transfer of the technology was developed in this 
program to all interested parties. 
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Executive Summary 
 
 Thermal barrier coatings (TBCs) are being used to protect and insulate hot-section 
metallic components in integrated gasification combined cycle (IGCC) gas-turbine 
engines. There is growing evidence that the use of syngas in IGCC engines results in 
different types of TBCs degradation compared to TBCs in engines using conventional 
fuels.  Owing to the use of syngas, deposits have been found to accumulate on the TBC 
surfaces in IGCC engines.  The nature and mechanisms by which these deposits degrade 
IGCC TBCs is not clear at this time, but this could turn out to be a critical issue limiting 
the performance and durability of IGCC engines. 

 To that end, the objectives of this project are two-fold: (i) to understand the TBC 
damage mechanisms due to deposits and (ii) to apply to IGCC engine TBCs, an approach 
that we have used to mitigate attack by calcium-magnesium-alumino-silicate (CMAS) in 
aero engine TBCs. In order to accomplish these objectives there are 8 interrelated tasks 
are undertaken, as follows:  

1. Characterization of deposits and thermal barrier coatings with degradation.  This task 
is designated to provide phase and chemical information about the fly ash deposits, 
and the nature of the deposits-induced degradation of conventional TBCs. 

2. Analysis and modeling of characterization results.  This task is designated to provide 
and understanding of damage mechanisms. 

3. Design of new thermal barrier coatings and microstructures.  This task is designated 
to identify desirable compositions and microstructures of TBCs that are resistant to 
deposits-induced degradation. 

4. Fabrication and characterization of new thermal barrier coatings.  This task is 
designated to fabricate TBCs of new composition using air plasma spray, and to 
characterize the TBCs using a battery of analytical techniques. 

5. Testing of new thermal barrier coatings.  This task is designated to test the new TBCs 
in isothermal and thermal-gradient cycling, with and without water vapor. 

6. Characterization of tested thermal barrier coatings.  This task is designated to 
characterize the tested TBCs using a battery of analytical techniques. 

7. Analysis of results from tested thermal barrier coatings.  This task is designated to 
obtain a comprehensive understanding of the mitigation approach used. 

8. Technology transfer.  This task is designated to optimize compositions and 
microstructures of TBCs and provide the intellectual property (IP) to original 
equipment manufacturers (OEMs) for possible implementation.  

We acquired and analyzed fly ash samples from the field as well as deposits from 
engine turbine blades (Tasks 1 and 2).  Based on these initial studies, an alternate 
material, gadolinium zirconate (Gd2Zr2O7) which has previously been developed for use 
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as a TBC, was selected as a candidate material (Task 3).  Powders of Gd2Zr2O7 were 
applied to superalloy substrates via the APS process and the resulting coatings were 
characterized (Task 4).  Isothermal testing of these samples shows the advance of the 
molten fly ash arrested at 50-100 microns into the original TBC surface (Task 5).  Initial 
thermal gradient testing shows coatings of Gd2Zr2O7 have superior resistance to 
degradation from fly ash.  An understanding of the mechanisms by which the degradation 
of Gd2Zr2O7 and the conventional 7-wt% yttria stabilized zirconia (7YSZ) has been 
established (Task 6).  Baseline lifetimes of these coating has been established in thermal 
gradient testing in an air atmosphere.   
 A procedure for testing coatings in thermal gradient with simultaneous 
accumulation of ash has been established (Task 5). Testing was performed on multiple 
samples of 7YSZ and Gd2Zr2O7 in thermal gradient with concurrent ash spray to 
determine and quantify the benefit of Gd2Zr2O7 TBCs.  The resulting microstructures 
have been characterized and the relevant microstructural features are used in mechanics 
modeling.  Modeling using an established mechanics model has been performed to 
illustrate the modes of delamination, as well as further opportunities to optimize coating 
microstructure (Task 7).  Transfer of the technology was developed in this program to all 
interested parties (Task 8). 
 
Background 
 
 Natural-gas fired gas-turbine engines are one of the most efficient at generating 
electricity, accounting for nearly 23% of the power generated in the US in 2009 [1].  
However, there is strong motivation to increase the power-generation efficiencies even 
further, and in an environmentally responsible way.  An integrated gasification combined 
cycle (IGCC) power plant attempts to accomplish this by using domestically abundant 
coal (and steam) to create H2-rich synthesis gas (or syngas) as the fuel, where the CO2 
produced during the gasification process can be captured relatively easily for 
underground sequestration [2-5].  The IGCC syngas-fired gas-turbine engine produces 
electricity, and the waste heat is captured to run additional steam-turbine generators [2-5], 
with the possibility of achieving overall efficiency approaching 60% [6]. 
 The efficiency and the power output of the syngas-fired gas-turbine engine itself 
is being improved further by operating it at increasingly higher temperatures.  This is 
enabled in large part by the use of ceramic thermal barrier coatings (TBCs) that insulate 
and protect hot-section engine components from hot gases [7-9].  Typically TBCs (100 
µm to 1 mm thickness) are made of tetragonal-phase ZrO2 ceramic stabilized by 7 wt% 
(3.9 mol%) Y2O3 in solid solution (7YSZ), and have highly defective, porous 
microstructures, which impart them with the desirable properties of low thermal 
conductivity and high compliance (or strain-tolerance) [7-9].  There are two main types 
of commercial TBCs: those deposited by electron-beam physical vapor deposition (EB-
PVD) with columnar grains normal to the coating/substrate interface and intercolumnar 
porosity, and others deposited by the low-cost process of air plasma spray (APS), with 
porosity and cracks generally running parallel to the interface [7-9]. 
 Ironically, the TBC-enabled higher operating temperatures make syngas-fired 
gas-turbine engines more vulnerable to damage by fly ash (primarily silicates) that can be 
present in syngas [10-14], where the fly ash can melt and adhere to TBC surfaces that can 
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be as hot as 1200 ˚C.  Over time this can result in buildup of a molten-glass deposit that 
penetrates into the TBCs causing them to spall-off prematurely and thereby exposing the 
bare metal to dangerously hot gases [10-12]. 
 This type of damage to 7YSZ TBCs, both APS and EB-PVD, is similar to what 
has been observed in aircraft gas-turbine engines but from deposits of molten calcium-
magnesium-alumino-silicate (CMAS) sand from the environment [15-24].  The molten 
CMAS glass penetrates the TBC microstructure and forms a relatively stiff glaze upon 
cooling [15-19, 24].  This results in the reduction of TBC strain-tolerance during engine 
heating-cooling cycles, causing the TBC to detach from the substrate much more quickly 
than if the CMAS was not present [20, 21].  More recently, molten deposits of volcanic 
ash have also been found to cause similar damage to APS 7YSZ TBCs [25]. 
 While there have been some attempts to mitigate the damage to TBCs from 
molten CMAS sand and volcanic ash deposits, the most successful approach has been the 
use of alternative composition TBCs.  One such TBC composition is ZrO2 (71.4 mol% or 
73.0 wt%) containing 3.6 mol% (6.8 wt%) Y2O3, 20.0 mol% (16.9 wt%) Al2O3, and 5.0 
mol% (3.3 wt%) TiO2 in solid solution (YSZ+Al+Ti) which has been designed to resist 
attack by molten CMAS and volcanic ash, and it has been shown to be effective [19, 22, 
24-26].  Another TBC composition is gadolinium zirconate Gd2Zr2O7, which was 
originally developed as an alternative to 7YSZ TBCs due to the much lower (about half) 
thermal conductivity of Gd2Zr2O7 [27-30].  It has been discovered that Gd2Zr2O7 TBCs 
are also resistant to attack by molten CMAS [31-33], and more recently, molten volcanic 
ash [25].          
 
Approach 
 
 All TBCs were deposited on Ni-based superalloy substrates (Haynes 214) 
machined in the form of “buttons” (25.4 mm diameter, 3.2 mm thickness).  One circular 
surface of each “button” substrate was roughened by grit-blasting prior to coating 
deposition.  A bond-coat was not used here because the focus of this study is top-coat/fly-
ash interactions and not TBCs delamination failure.  TBCs (thickness ~200 µm) of 7YSZ 
and Gd2Zr2O7 compositions were deposited by the air plasma spray (APS) method using 
an atmospheric direct-current plasma torch with an 8-mm diameter nozzle and a swirl 
flow gas distribution ring.  Commercially available granulated powders of 7YSZ TBCs 
and Gd2Zr2O7 were used as feedstock.  In both cases the APS deposition parameters were 
determined through an optimization process [34] to produce high quality TBCs of similar 
microstructures. 
 A representative lignite fly ash from earlier studies [11, 12] was chosen for 
experiments performed in this study.  The as-received fly ash was ball-milled for 72 h in 
ethanol into a finer powder in an attempt to simulate syngas ash fines.  This fly ash has a 
moderate viscosity of ~1 KPa.s at 1200 ˚C [35] and a nominal melting point of 1180˚C as 
determined using differential thermal analysis (Orton Materials Testing and Research 
Center, Westerville, OH) at 10 ˚C.min-1 heating rate.  The composition of the fly ash was 
estimated using wavelength dispersive x-ray fluorescence.  The milled fly ash was mixed 
with ethanol to produce a thick paste for application on the TBCs. 
 Top surfaces of the as-deposited TBCs (7YSZ and Gd2Zr2O7) were coated with a 
uniform layer of the fly ash paste by hand and dried so as to achieve a fly ash loading of 
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~35 mg.cm-2.  Few samples with a lower fly ash loading of ~8 mg.cm-2 were also 
prepared for x-ray diffraction (XRD) studies.  All these specimens were then placed in a 
box furnace (CM Furnaces Inc., Bloomfield, NJ), with the ash-coated surface facing up, 
and heat-treated at 1200 ˚C for 24 h in air. 

  Testing in a thermal gradient was achieved by the construction of a thermal 
gradient burner rig.  A thermal cycle consists of 5 minutes of heating to a constant 
surface temperature, in our testing, 1200° C while the back surface of the button sample 
is actively cooled with compressed air.  At the end of the hot time, the flame turns off and 
the sample is actively cooled from both sides.  The temperature is measured at the front 
and back surface of the sample with non-contact pyrometers.  A procedure for testing 
TBCs in thermal gradient with simultaneous accumulation of ash was established.  
Additionally, the accumulation of ash was calibrated on dense pellets at the same 
temperatures in which testing was performed.  Testing was performed on multiple 
samples of 7YSZ and Gd2Zr2O7 in thermal gradient with concurrent ash spray to 
determine and quantify the benefit of Gd2Zr2O7 TBCs.     
 As-deposited TBCs and fly-ash-interacted TBCs were cross-sectioned, embedded 
in epoxy, and polished to a 1-µm finish using routine metallographic techniques.  The 
cross-sections were then observed in a scanning electron microscope (SEM), equipped 
with an energy dispersive spectrometer (EDS) capable of determining elemental 
distributions in the microstructure.  Porosities of the as-deposited TBCs were estimated 
from the SEM micrographs in conjunction with image analysis.  
 Transmission electron microscopy (TEM) specimens from specific locations 
within the fly-ash-interacted TBC cross-sections (7YSZ and Gd2Zr2O7) were extracted 
using focused ion beam (FIB) and in situ lift-off.  These specimens were observed in a 
TEM operated at 200 kV.  The TEM is equipped with EDS for elemental analysis.  
Indexing of the selected area electron diffraction patterns (SAEDPs) and phase 
identification was performed using standard procedures. 
 X-ray diffraction (XRD) of the top surface of fly-ash-interacted Gd2Zr2O7 TBC 
was performed.  As mentioned earlier, these samples 
were prepared with a lower fly ash loading of 8 
mg/cm2.  The thinner fly ash layer allows for 
interrogation of the underlying reaction layer by 
XRD. 
 
Results and Discussion 
 
 Figures 1A and 1B are cross-sectional SEM 
images showing the microstructures of as-sprayed 
7YSZ and Gd2Zr2O7 TBCs, respectively.  The 
porosities in both TBCs are estimated at ~20%, and 
their microstructures are nominally the same. 
 The chemical composition of the lignite fly 
ash is listed in Table 1.  For comparison, the chemical 
compositions of the CMAS sand [19] and the 
Eyjafjallajökull volcanic ash [36] from previous 
studies are also included in Table 1. 

100 µm 

100 µm 

A 

B 

Substrate 

Substrate 
Figure 1.   Cross-sectional SEM micro- 
graphs of as-sprayed APS TBCs on 
Ni-based superalloy substrates: 
(A) 7YSZ and (B) Gd2Zr2O7. 
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 Figure 2A is a cross-
sectional SEM micrograph 
showing the microstructure 
of the APS 7YSZ TBC after 
high-temperature interaction 
with the fly ash.  The TBC 
has spalled off from the 
substrate, and it has 
developed large voids.  
Figures 2B, 2C, 2D, and 2E 
are corresponding EDS 
elemental maps of Si, Ca, Fe, 
and Zr, respectively.  The Si  
(Fig. 2B), Ca (Fig. 2C), and 
Fe (Fig. 2D) maps all show 
that the molten fly ash has 
penetrated all the way to the 
bottom of the TBC.  The Zr-
map (Fig. 2E) shows that the 
TBC has reacted with the 
molten fly ash completely, 
with Zr from the TBC 
reaching all the way to the 
top. 
 
Table 1.  Chemical 
composition (wt%) of the 
lignite fly ash. 
 

SiO2 CaO FeO Al2O3 Cr2O3 MgO  SO3 TiO2 SrO MnO K2O Na2O P2O5 
29.7 25.4 14.8 14.7 5.1 3.6 1.8 1.1 1.0 0.9 0.8 0.6 0.2 

 
 Figure 3 is a higher magnification 
cross-sectional SEM micrograph from a 
region near the bottom of the TBC (similar 
to that indicated by the red box in Fig. 2A) 
showing rounded grains (light gray) and 
intergranular glass (dark gray).  The cross-
sectional TEM image in Fig. 4A from a 
similar region to that denoted by the black 
box in Fig. 3, and the corresponding 
SAEDP in Fig. 4B, confirm that the grains 
are tetragonal phase t-ZrO2 (space group 
P42/nmc).  The EDS spectrum (Fig. 4C) 
confirms the glass to contain at least Si, Al, 
Ca, Fe, and O. 

100 µm 

Image Si Map 

Zr Map 

Ca Map 

A B 

C 

E 

Figure 2. (A) Cross-sectional SEM micrograph of APS 7YSZ TBC that ha 
 interacted with lignite fly ash (1200 ˚C, 24 h), and corresponding elemental 
maps: (B) Si, (C) Ca, (D) Fe, and (E) Zr.  The horizontal dashed red line 
denotes top surface of the original TBC.  The TBCs is spalled off from the 
substrate.  

Fe Map D 

Epoxy Mount 

10 µm 

Figure 3.  Higher magnification cross-sectional 
SEM micrograph of APS 7YSZ TBC that has 
interacted with lignite fly ash (1200 ˚C, 24 h) 
from region similar to that denoted by the red 
box in Fig. 2A. 
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 The complete (100%) 
penetration of molten fly ash 
into the APS 7YSZ TBC in 
contact with molten fly ash is 
clearly evident from Figs. 2 
to 4.  The nature of this 
damage is quite similar to the 
damage caused to 7YSZ APS 
TBCs by molten CMAS sand 
[15-17, 19] and by molten 
volcanic ash [25], despite the 
differences in the chemical 
compositions of the CMAS 
sand, the Eyjafjallajökull 
volcanic ash, and the lignite 
fly ash (Table 1). 
 Figure 5A is a cross-
sectional SEM micrograph 
showing the microstructure 
of the APS Gd2Zr2O7 TBC 
after high-temperature 
interaction with the fly ash.  
In striking contrast to the 
APS 7YSZ case (Fig. 2), the 
original Gd2Zr2O7 TBC is 
intact, with large voids 
appearing only in the 
solidified fly ash part (top).  
Figures 5B, 5C and 5D are 
corresponding EDS elemental 
maps of Si, Ca and Zr, 
respectively.  The Si-map 
(Fig. 5B) and the Ca-map 
(Fig. 5C) show that fly ash 
front is arrested after 
penetrating ~25% of the TBC 
thickness.  The Zr-map (Fig. 
5D) confirms that the TBC 
reaction with the molten fly 
ash is limited.  (Note that due 
to the strong overlap of Fe and 
Gd EDS lines, reliable Fe 
elemental map could not be 
constructed.)  
 Figure 6 is a higher 
magnific ation cross-sectional 

O 
Al Si Ca 

1 2 3 4 
Energy (keV) 

C 

Fe 

5 6 

Ca 

C
ou

nt
s 

t-ZrO2 

t-ZrO2 

0.5 µm 

Glass 

Glass 

A 

110 

103 

B=[331] - -  

B 

t-ZrO2 
t-ZrO2 

Figure 4.  (A) Bright-field cross-sectional TEM micrograph, from region 
similar to that denoted by the black box in Fig. 3, showing the presence 
of t-ZrO2 and glass.  (B) Indexed SAEDP from a t-ZrO2 grain (white circle 
denotes transmitted beam; B denotes the zone axis).  (C) EDS spectrum 
from the glassy region showing the presence of O, Al, Si, Fe, and Ca. 

100 µm 

Image Si Map 

Zr Map Ca Map 

A B 

C D 

Figure 5. (A) Cross-sectional SEM micrograph of APS Gd2Zr2O7 TBC that 
has interacted with lignite fly ash (1200 ˚C, 24 h), and corresponding 
elemental maps: (B) Si, (C) Ca, and (D) Zr.  The horizontal dashed red line 
denotes top surface of the original TBC.  The TBCs is spalled off from the 
substrate. 

Epoxy Mount 
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SEM micrograph from the arrest region (similar to 
that indicated by the red box in Fig. 5A) showing a 
clear reaction zone (thickness ~35 µm) between the 
solidified fly ash layer (top) and the unaffected 
Gd2Zr2O7 TBC (bottom). The cross-sectional TEM 
image in Fig. 7A from the reaction zone (similar to 
that indicated by the black box in Fig. 6), and the 
corresponding SAEDPs (Figs. 7B, 7C, and 7D), show 
that the reaction zone is a mixture of Ca2Gd8(SiO4)6O2 
(Ca-apatite; space group P63/m), CaAl2Si2O8 
(anorthite; space group P-1), and cubic phase c-ZrO2 
stabilized by 27 mol% CaO (c-ZrO2.0.37CaO or CSZ; 
space group Fm-3m).  The presence of other phases in 
the reaction zone cannot be ruled out.  The EDS 
spectrum (Fig. 7E) confirms the anorthite and 
surrounding region to contain at least Si, Al, Ca, Zr, 
Gd, Fe, Ti, and O. 
 Figure 8 is a XRD pattern of the APS 

Gd2Zr2O7 TBC after high-temperature interaction with a thinner fly ash layer.  The 
presence of the Ca2Gd8(SiO4)6O2 (apatite) and CaAl2Si2O8 (anorthite) is confirmed in this 
XRD pattern.  The CSZ phase could not be detected, most likely due to its low 
concentration. The 
underlying unreacted 
Gd2Zr2O7 and NiO are also 
detected in the XRD.  The 
latter appears to be from the 
oxidation of the superalloy 
substrate.   
 In order to 
understand the dramatic 
effect of the composition of 
the TBC on its resistance to 
molten lignite fly ash attack, 
first consider the degradation 
mechanisms by which 
CMAS sand attacks 
conventional 7YSZ TBCs.  
While the details of the 
mechanisms depend on the 
microstructures of the 7YSZ 
TBCs (EB-PVD or APS), a 
combination of the following 
three phenomena are 
involved in the CMAS attack 
of 7YSZ TBCs in general 
[18, 19, 24, 31].  (i) The 

20 µm 

Molten Fly Ash 

Reaction 
Zone 

Gd2Zr2O7 

Figure 6.  Higher magnification cross- 
sectional SEM micrograph of APS 
Gd2Zr2O7 TBC that has interacted with 
lignite fly ash (1200 ˚C, 24 h) from 
region similar to that denoted by the red 
box in Fig. 5A.  Solidified fly ash, 
reaction zone and unaffected Gd2Zr2O7 
are denoted.   
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200 
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C 
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- - D 114 

CaAl2Si2O8 
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CaAl2Si2O8 

Ca2Gd8(SiO4)6O2 

1 µm 

A 

Figure 7.  (A) Bright-field cross-sectional TEM micrograph, from region similar to 
that denoted by the black box in Fig. 6, showing the presence of a mixture of three 
crystalline phases.  Indexed SAEDPs from grains of: (B) Ca2Gd8(SiO4)6O2 (Ca-
apatite), (C) cubic phase c-ZrO2 stabilized by 27 mol% CaO (c-ZrO2.0.37CaO), 
and (D) CaAl2Si2O8 (anorthite).  White circle denotes transmitted beam; B denotes 
zone axis.  (E) EDS spectrum from the anorthite and surrounding region showing 
the presence of O, Al, Si, Gd, Zr, Fe, Ti, and Ca. 
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molten CMAS glass is sufficiently fluid at 1200 ˚C as it wets 7YSZ and infiltrates into 
pores/cracks in the TBC.  (ii) Some 7YSZ grains dissolve in the molten CMAS glass and 
reprecipitate as grains of ZrO2 depleted in Y solute.  The small amount of Zr and Y 
incorporated in the CMAS glass has little or no effect on the glass behavior.  (iii) The 
molten CMAS glass penetrates 7YSZ grain boundaries, resulting in the energetically-
favorable dispersion of exfoliated 7YSZ grains in glass.  Recently, molten volcanic ash 
has also been found to attack APS 7YSZ TBCs via similar mechanisms [25].      
 Results presented in Figs. 2 to 4 indicate that the general mechanisms by which 
molten lignite fly ash (glass) attacks 7YSZ APS TBCs are similar to the CMAS sand and 
volcanic ash cases, and these mechanisms are depicted schematically in Fig. 9A.  An 
important point to note is that the molten fly ash is virtually unaffected chemically as it 
penetrates the 7YSZ TBC completely.   
 In the case of the Gd2Zr2O7 TBC (Figs. 5 to 8), the molten fly ash appears to 
penetrate the top surface pores and cracks and reacts with the Gd2Zr2O7 to produce an 
impervious crystalline reaction layer containing a mixture of primarily Ca-apatite, 
anorthite and CSZ.  Due to the chemical complexity and the microstructural 
heterogeneity of the system, it is intractable to describe the formation of this layer using 
exact chemical reactions and mechanisms.  However, the following general explanation 
can be offered to describe the overall effect.  Since the Gd content in Gd2Zr2O7 is 
significantly higher (33.3 mol% or 59.5 wt% on Gd2O3 basis) than the Y content in 7YSZ 
(3.9 mol% or 7 wt% on Y2O3 basis), the dissolution of Gd2Zr2O7 grains appears to modify 
greatly the local molten fly ash composition (Gd enrichment) relative to the 7YSZ case.  
This appears to result in the crystallization of the penetrated molten fly ash, with Ca-
apatite, anorthite and CSZ primary crystalline phase formed.  Thus, the formation of this 
impervious, stable crystalline reaction layer prevents further penetration of the molten fly 
ash.   While Gd2Zr2O7 is known to promote crystallization of simulated CMAS glass 
over 7YSZ in an earlier study [31], in context of the present study it is not clear what 
plays the dominant role: higher “solute” content in Gd2Zr2O7 relative to 7YSZ or the  

25 35 45 55 65 75 

Gd2Zr2O7 
NiO 
Ca2Gd8(SiO4)6O2 
CaAl2Si2O8 

2θ  (degrees)"

In
te

ns
ity

 (a
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. u
ni

ts
)"

Figure 8.  XRD pattern of top surface of APS Gd2Zr2O7 TBC that has interacted with 
a thinner layer of lignite fly ash (1200 ˚C, 24 h).  
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nature of the solute ion, Gd3+ vs. Y3+.  Nonetheless, the general mechanisms by which 
APS Gd2Zr2O7 TBCs resist molten ash attack is suggested, and it is depicted 
schematically in Fig. 9B.  These mechanisms are likely to be general enough to be 
applicable to EB-PVD TBCs as well.  Further work is needed to elucidate the details of 
these mechanisms.  
 The 24 h heat-treatment duration used in these experiments is of sufficient length 
to illustrate fully-developed molten-ash attack of TBCs as well as the mitigation of this 
attack.  Also, the heat-treatment temperature of 1200 ˚C used here is typical of maximum 
TBC surface temperature reached in modern gas-turbine engines.  Furthermore, the fly 
ash concentration (35 mg.cm-2) used here is sufficiently high to distinguish between 
complete molten fly ash penetration in 7YSZ TBC (100%) and partial penetration 
(~25%) in Gd2Zr2O7 TBCs.  The partial penetration is likely to result in some loss of 
TBC strain tolerance relative to the no-ash situation, but this loss is expected to be 
significantly lower compared to the complete penetration in the case of 7YSZ [20, 26].  
While this study is limited to a specific sample of fly ash, it serves as a proof-of-concept 
and provides motivation for tailoring TBC compositions to mitigate attack by molten fly 
ashes of other relevant compositions.  However, it is interesting to note that Gd2Zr2O7 
TBCs are quite versatile in mitigating attack by molten silicates of diverse origins and 
compositions, viz  CMAS sand [31-33], Eyjafjallajökull volcanic ash [25], and lignite fly 
ash (Table 1). 
 Much of these results were published in Ref. 37.  The long term thermo-
mechanical performance of these TBCs experiencing thermal gradients and complex 
temperature excursions in the presence of fly ash is yet to be determined.  However, this 
study indicates that Gd2Zr2O7 TBCs can provide the critically needed thermo-chemical 

Ash 

A B 

Substrate 

Glass Gd2Zr2O7 
YSZ 
Porosity 

CaAl2Si2O8 

ZrO2 

Ca2Gd8(SiO4)6O2 
c-ZrO2.0.37CaO 

Figure 9.  Schematic diagrams of APS TBCs cross-sections with lignite fly ash deposits, 
before and after exposure to heat, depicting the possible interactions: (A) 7YSZ and 
(B) Gd2Zr2O7.  Diagrams not to scale.  
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protection against molten fly ash deposits in syngas-fired IGCC engines. 
 Through the course of this program, novel test equipment and procedures were 
also developed to understand the interaction between ash and TBCs.  Much of this testing 
focused on thermal gradient burner rig testing using a custom built device (Fig. 10).  This 
testing allowed for the validation and extension of existing delamination models present 
in the literature (Fig. 11).   
 Finally, the technology was transferred to the OEMs and DoE in a variety of 
media.  Presentation of talks and posters at the UTSR Program Reviews allowed for 
discussion of the results.  Since 2011 review was held at the Ohio State University 
campus, interested representatives of several of the OEMs were given tours of the labs 
and equipment including the operation of the thermal gradient burner rig.  A dialog with 
those OEMs is ongoing. Technology transfer was also accomplished through peer-
reviewed publications and invited talks.     
 

  
 
 
Conclusions 
 
 Using lignite fly ash to simulate the conditions in syngas-fueled engine we show 
that conventional 7YSZ TBCs of composition fabricated using the APS process are 
completely destroyed by the molten fly ash.  The molten fly ash is found to penetrate the 
full thickness of the TBC.  The mechanisms by which this occurs appear to be similar to 
those observed in degradation of 7YSZ TBCs by molten calcium-magnesium-alumino-
silicate (CMAS) sand and by molten volcanic ash in aircraft engines.  In contrast, APS 
TBCs of Gd2Zr2O7 composition are highly resistant to attack by molten lignite fly ash 
under identical conditions, where the molten ash penetrates ~25% of TBC thickness.  
This damage mitigation appears to be due to the formation of an impervious, stable 
crystalline layer at the fly ash/Gd2Zr2O7 TBC interface arresting the penetrating molten-
fly-ash front.  Additionally, these TBCs were tested using a rig with thermal gradient and 
simultaneous accumulation of ash. Modeling using an established mechanics model has 
been performed to illustrate the modes of delamination, as well as further opportunities to 
optimize coating microstructure.  Transfer of the technology was developed in this 
program to all interested parties. 

Figure 10.  Thermal gradient rig with 
simultaneous ash injection.  
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Figure 11.  Results from modeling of testing under 
thermal gradient and measured data.  
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Graphical Materials List 
 
Figure 1.   Cross-sectional SEM micrographs of as-sprayed APS TBCs on Ni-based 
superalloy substrates: (A) 7YSZ and (B) Gd2Zr2O7. 
Figure 2. (A) Cross-sectional SEM micrograph of APS 7YSZ TBC that has interacted 
with lignite fly ash (1200 ˚C, 24 h), and corresponding elemental maps: (B) Si, (C) Ca, 
(D) Fe, and (E) Zr.  The horizontal dashed red line denotes top surface of the original 
TBC.  The TBCs is spalled off from the substrate. 
Figure 3.  Higher magnification cross-sectional SEM micrograph of APS 7YSZ TBC that 
has interacted with lignite fly ash (1200 ˚C, 24 h) from region similar to that denoted by 
the red box in Fig. 2A. 
Figure 4.  (A) Bright-field cross-sectional TEM micrograph, from region similar to that 
denoted by the black box in Fig. 3, showing the presence of t-ZrO2 and glass.  (B) 
Indexed SAEDP from a t-ZrO2 grain (white circle denotes transmitted beam; B denotes 
the zone axis).  (C) EDS spectrum from the glassy region showing the presence of O, Al, 
Si, Fe, and Ca. 
Figure 5. (A) Cross-sectional SEM micrograph of APS Gd2Zr2O7 TBC that has interacted 
with lignite fly ash (1200 ˚C, 24 h), and corresponding elemental maps: (B) Si, (C) Ca, 
and (D) Zr.  The horizontal dashed red line denotes top surface of the original TBC.  The 
TBCs is spalled off from the substrate. 
Figure 6.  Higher magnification cross-sectional SEM micrograph of APS Gd2Zr2O7 TBC 
that has interacted with lignite fly ash (1200 ˚C, 24 h) from region similar to that denoted 
by the red box in Fig. 5A.  Solidified fly ash, reaction zone and unaffected Gd2Zr2O7 are 
denoted.   
Figure 7.  (A) Bright-field cross-sectional TEM micrograph, from region similar to that 
denoted by the black box in Fig. 6, showing the presence of a mixture of three crystalline 
phases.  Indexed SAEDPs from grains of: (B) Ca2Gd8(SiO4)6O2 (Ca-apatite), (C) cubic 
phase c-ZrO2 stabilized by 27 mol% CaO (c-ZrO2.0.37CaO), and (D) CaAl2Si2O8 
(anorthite).  White circle denotes transmitted beam; B denotes zone axis.  (E) EDS 
spectrum from the anorthite and surrounding region showing the presence of O, Al, Si, 
Gd, Zr, Fe, Ti, and Ca. 
Figure 8.  XRD pattern of top surface of APS Gd2Zr2O7 TBC that has interacted with a 
thinner layer of lignite fly ash (1200 ˚C, 24 h).  
Figure 9.  Schematic diagrams of APS TBCs cross-sections with lignite fly ash deposits, 
before and after exposure to heat, depicting the possible interactions: (A) 7YSZ and (B) 
Gd2Zr2O7.  Diagrams not to scale.  
Figure 10.  Thermal gradient rig with simultaneous ash injection.  
Figure 11.  Results from modeling of testing under thermal gradient and measured data.  
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TBC: Thermal Barrier Coating 
7YSZ: 7 wt% Yttria Stabilized Zirconia 
GZO: Gadolinium Zirconium Oxide 
IGCC: Integrated Gasification Combined Cycle 
APS: Air Plasma Spray 
EB-PVD: Electron Beam Physical Vapor Deposition 
CMAS: Calcium-Magnesium-Aluminosilicate 
TEM: Transmission Electron Microscope 
SEM: Scanning Electron Microscope 
EDS: Energy Dispersive Spectroscopy 
OEM: Original Equipment Manufacturer 
FIB: Focused Ion Beam 
UTSR: University Turbine Systems Research 
DoE: Department of Energy 
CSZ: Cubic Stabilized Zirconia 
SAEDP: Selected Area Electron Diffraction Pattern 
XRD: X-Ray Diffraction 
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