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Abstract

Aero-engines operating in dust-laden environments often encounter a lot of dust/sand that causes
a severe problem to the TBCs by means of erosion. As the turbine entry temperatures are rising, mol-
ten sand is also a big concern to the life-time of TBCs.

This paper deals with the TBC behavior under the combined influence of erosion and corrosion at-
tack. Variations in TBC morphology, CMAS infiltration time and CMAS composition and their influence
on the erosion resistance at room temperature were investigated. Two different EB-PVD 7YSZ mor-
phologies consisting of a different porosity arrangement were tested in the erosion/corrosion regime.
The more ‘Feathery’ structure has a better resistance to erosion compared to a more columnar ‘Nor-
mal’ structure, which leads to less degradation of the TBC. Howewver, under the influence of CMAS
infiltration the effect was found to be rewversed. In general, CMAS-infiltrated EB-PVD TBCs exhibit a
higher erosion resistance than the non-infiltrated one’s.
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1. Introduction

The increased performance of gas turbines leads to a more efficient mode of operation [1]. The
dewvelopment of thermal barrier coatings (TBC) enable the turbines to run at higher temperature by
protecting components of the engine like the combustor or turbine blades and vanes against overheat-
ing [2]. Seweral intrinsic and extrinsic mechanisms exist that contribute to the damage of TBCs [3].
During the ground idle as well as the descent flight situation, small particles of ingested sand can gen-
erate erosive wear damage on TBCs at low temperature [4]. At higher operating temperatures during
cruise in the troposphere, dust particles and wlcanic ashes can be ingested into the engine and de-
posit on the TBC. Since the operation temperature exceeds the melting point of wlcanic ashes
(>1150 °C) and sand (>1230 °C), the degradation of TBCs by molten deposits comes into focus [5,6].

Ca0-Mg0-SiO,-Al,03 (CMAS) and wolcanic ash (VA) which stick to the hot surface of the turbine
blades can melt and infiltrate the TBCs at these temperatures [1,7,8]. The infiltrated CMAS leads to a
dissolution of the t’-phase and a re-precipitation of monoclinic and cubic YSZ during cooling [5]. The
monoclinic phase transformation causes a wolume expansion, which leads to stresses in the TBC and
may result in delamination of the coating. Furthermore, the infiltrated and solidified CMAS increases
the Young's modulus and lowers the strain tolerance of the electron beam physical vapor deposition
(EB-PVD)-TBC. The mismatch between the thermal expansion coefficients of the CMAS-infiltrated
TBC in comparison to the bond-coat/Ni-base superalloy generates thermal stresses and may result in
delamination, too [9,10].

Grini et al. [11] have discussed the global distribution of CMAS depending on different parameters
like wind and the soil erosion tendency. Based on this field of research airplanes could take routes,
which have a minor contamination of sand or wolcanic ashes. Since in many cases it is not possible to
awid areas with high CMAS loads, it is necessary to improve the CMAS- and erosion resistance of
TBCs.

Considerable amount of research has been done in the field of erosion behavior of TBCs at room
temperature as well as high temperature by Wellman et al. [9,12-15] and other scientific groups [16—
23]. The effect of CMAS on the mechanical and chemical degradation of the TBCs was thoroughly
studied [1,10,24,25]. However, very few attempts have been made on understanding the combined
impact of erosion and CMAS effects [16,26]. Wellman and Nicholls [26] found that fully CMAS-
infiltrated EB-PVD TBCs behawe like a continuum during erosion and slightly improve erosion behavior
under room temperature compared to pure TBC. Cracks propagate near the surface through sewveral
columns connected by CMAS infiltration before TBC material removal occurs. Rezanka et al. [19] dis-
cussed the influence of different TBC microstructures produced by PS-PVD, EB-PVD and APS on




CMAS corrosion resistance as well as erosion behavior. Nevertheless, the combined impact of both
erosion and CMAS effects was not considered.

The present study is focused on three main issues: (i) the erosion behavior of the as-coated TBC
with two different microstructures (‘Feathery’ and ‘Normal’), (ii) the erosion mechanisms concerning
CMAS-infiltrated TBCs, since both damage mechanisms (erosion/corrosion) occur parallelly and com-
petitively in a turbine, and (iii) the influence of CMAS chemistry on the erosion behavior of fully infil-
trated TBCs with varying morphology. A better understanding of the impact of changes in TBC-
morphology, degradation level of the TBC depending on the duration of CMAS infiltration, as well as
CMAS composition on erosion guides development strategies for new CMAS-resistant TBCs.

2. Experimental procedure
2.1. Sample preparation

EB-PVD yttria stabilized zirconia (7YSZ) coatings with two different morphologies namely ‘Feath-
ery’ and ‘Normal’ were produced at the DLR. The coating parameters were published elsewhere
[27,28]. TBC thickness was around 400 um. Al,O3z sheets with a size of (34x20x1) mm?® were used as
substrate material. The ‘Feathery’ as well as the ‘Normal’ structures were produced in two different
batches. In order to precisely describe the numerous experiments with two different chemical composi-
tions of CMAS and one Iceland wolcanic ash (Iceland VA) on two different TBC microstructures for
different infiltration times, a particular nomenclature is used depending on the type of infiltration history
that is presented in Table 2. The corresponding nomenclature of samples consists of abbreviations of
morphology (F for ‘Feathery’, N for ‘Normal’)/ type of CMAS (C1 for CMAS 1, C2 for CMAS 2 and | for
Iceland VA)/ duration of heat treatment (5 for 5 min., 8 for 8 min. and 300 for 300 min). The influence
of CMAS 2 was only investigated in combination with the ‘Normal’ microstructure. Non-infiltrated
‘Feathery’ samples are marked as F/-/- and ‘Normal’ as N/-/-.

Due to the variation of CMAS composition around the globe and the well-studied effect of CMAS
chemistry on the reaction mechanism two different synthesized compositions (CMAS 1/-2) as well as
one real Iceland VA were used in the experiments. The chemical compositions of the used
CMAS/Iceland VA are presented in Table 1. They varied in their SiO, content which influenced the
viscosity and had a high impact on the infiltration behavior. Furthermore, the different morphologies of
CMAS (crystalline) and Iceland VA (amorphous) also effected the mechanical properties of the infil-
trated TBCs. The melting points and their viscosities of the deposits that were evaluated previously
[6,29,30] are included in the table, too. CMAS/Iceland VA paste in the amounts of 10 mg/cm2 was
applied on the coatings and the infiltration tests were conducted at 1250 °C for different times (5 min
or 8 min for the short-term and 300 min for the long-term infiltration). While the long-term infiltration
leads to an entire infiltration as well as a phase transformation (described in 3.4) which might change
the mechanical properties of the TBC, the short-term infiltration guarantees only an entire infiltration
without causing much damage to the phase stability of the coating. The different durations of short-
term infiltration were needed since the ‘Feathery’ structure retards the CMAS infiltration [27] compared
to the ‘Normal’ structure [29]. Consequently, F/C1/8 was not fully infiltrated before 8 min at 1250 °C
while ‘Normal’ was fully infiltrated already after 5 min. The short-term infiltrated samples were removed
from the hot furnace directly after the defined infiltration time. This procedure guarantees a rapid cool-
ing. The long-term infiltrated samples obtained a controlled cooling of 10 K/min.

Table 1 Summary of CMAS and Iceland VA compositions in mol.%, main phases, viscosity and melt-
ing temperature [6,29,30].
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Table 2 Tested 7YSZ EB-PVD samples with variations in morphology, CMAS compositions and heat
treatment.

Sample designation | Morphology | Type of CMAS | Duration of heat treatment [min]

F/-/- ‘Feathery’ - -
F/C1/300 ‘Feathery’ CMAS 1 300
F/C1/8 ‘Feathery’ CMAS 1 8
F/1/300 ‘Feathery’ Iceland VA 300
F/1/5 ‘Feathery’ Iceland VA 5
N/-/- ‘Normal’ - -
N/C1/300 ‘Normal’ CMAS 1 300
N/C1/5 ‘Normal’ CMAS 1 5
N/1/300 ‘Normal’ Iceland VA 300
N/I/5 ‘Normal’ Iceland VA 5
N/C2/300 ‘Normal’ CMAS 2 300
N/C2/5 ‘Normal’ CMAS 2 5

2.2. Erosion tests

The erosion tests were carried out at room temperature in an in-house built erosion test rig at the
Technische Universitat Dresden. The parameters for the erosion tests on the TBCs were based on the
erosion experiments conducted by Wellman et al. [9]. Few changes in nozzle diameter and feeding
rate guaranteed a smaller erosion spot size of 12.4 mm, necessary to adjust the erosion behavior to
the particular samples. The modifications were chosen in a way to guarantee a comparable intensity
of the particle jet to Wellman et al. [13] and are presented in Table 3.

Table 3 Erosion conditions of the used test rig compared to Wellman [31].

Erosion test rig operating

conditions Wellman Current conditions
Temperature RT RT
Erodent Alumina Alumina
Particle Size [um] 90-125 92.5 (d50)
Nominal velocity [m/s] 120 125
Impact angle 90° 90°
Feed rate [g/min] 0.5 0.25
Distance noozle-sample [mm] 30 30
Nozzle diameter [mm] 9.5 5
Particle mass per erosion area 0.047 0.046

and erosion time [mg-mm™~s™]

Energy of particle jet per ero-

sion area and erosion time 0.34 0.36
[mJ-mm'z-s'l]

Alumina particles with a size distribution of 54.5 pm (d10), 92.5 um (d50) and 142.7 pm (d90) (Ci-
las, Cilas 1064) were used at a feeding rate of 0.25 g/min (Powder feeder GTV PF2/1, GTV
VerschleiRschutz GmbH). The particles were accelerated by a focused high pressure gas stream and
reached a mean welocity of about 125 m/s (measured by a PIV system, PyroOptic Aps). They im-
pinged on the coating at an impact angle of 90 °. The distance between a nozzle of 5 mm diameter




and the specimen was 30 mm. The samples were weighed (Mettler Toledo Analytical Balances
XA105DU) before the erosion test as well as in erosion intervals of 8x60 s for non-infiltrated samples.
The measured intervals for infiltrated samples were changed to 6x60 s followed by 4x300 s. The short
intervals detect the initial erosion effects, while the following long intervals minimize the error of meas-
urement. Additionally, the coating wolume loss for non-infiltrated samples was measured by confocal
microscopy (uscan; Nanofocus).

2.3. Characterization

All the tested samples were analyzed under a scanning electron microscope (SEM: DSM 982
Gemini, Zeiss). The CMAS infiltration zone was detected by analyzing the SEM-images in combination
with energy dispersive X-ray-analysis (EDX Noran System 7, Thermo Scientific). The areas undergo-
ing a phase transition from t'->t->monocline or t->cubic as well as those changing the crystallographic
orientation were identified by electron backscatter diffraction (EBSD) measurements (SEM: Philips
XL30; EBSD camera: Oxford Instruments). The potential of EBSD measurement to identify ZrO, phas-
es was demonstrated by H. Berek et al. [32] at sintered TRIP-Matrix/ Mg-PSZ Composites. 5 micro
hardness measurements (VMHT Fa. Uhl) per sample with a load of 300 g and Vickers indenter were
done on the infiltrated samples on cross sections. The high load was chosen in order to measure the
mean hardness of the coating by indent at least 3 columns per indentation [33].

3. Results and Discussion
3.1. Erosion tests

The coating wlume loss over mass erodent exposure as well as erosion time for as-coated TBC
is presented in Fig. 1. Infiltrated coatings depending on morphology, infiltration time and type of CMAS
are presented Fig. 2. In both figures, the total coating volume/mass loss during the erosion test is pre-
sented as well as the slopes of the linear fitted erosion data (steady state erosion rate).

Erosion Time [s]
0 120 240 360 480

5 T T T T
o FI-- E,s=1.83 mm?g

| * N E.=10.71 g/kg
c-oE 4
E
i‘ 3 5 E,=1.23 mm?g
§ | ) — EZ=7.09 g/kg
o) e
E 24 /@//
= ,//
i ¢ e
o &
R
3 o

0 T T T T T T T T

0,0 0,5 1,0 1,5 2,0

Mass Erodent Exposure [g]

Fig. 1. Erosion data of as-coated F/-/- and N/-/- with coating volume loss plotted against erosion time
as well as mass erodent exposure (slope of linear fitted erosion data as volumetric steady state ero-
sion rate (Eys) and gravimetric steady state erosion rate (Es))
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Fig. 2. Erosion data with coating mass loss plotted against erosion time as well as mass erodent ex-
posure (slope of linear fitted erosion data as steady state erosion rate Es)

Based on the different density of as-coated and infiltrated conditions, the erosion rate (coating
mass loss vs. mass erodent exposure) should not be directly compared. Nevertheless, steady state
erosion rates (Es) of as-coated and infiltrated conditions are presented in Fig. 3 as usually seen in the
literature for TBC with different densities [27]. Furthermore, a direct comparison between non-
infiltrated and infiltrated samples should be based on the same heat-treatment. Since the steady state
erosion rate of as-coated TBC already exceeded the infiltrated TBC in most cases, no aged TBC was
tested because the ageing of the TBC structure leads to a further increase in the erosion rate [15].
Howewer, only changes in the trends of the erosion behavior between as-coated and infiltrated sam-
ples are discussed in this paper.
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Fig. 3. Comparison of steady state erosion rates of as-coated TBCs (Fig. 1) and infiltrated TBCs (Fig.
2).

The high erosion rate at the beginning of the erosion test decreases with increasing erosion time
until it reaches constant erosion rates after about 3 min for non-infiltrated TBC (Fig. 1) and 6 min for
infiltrated TBC (Fig. 2). This high initial erosion rate for infiltrated TBC is due to the brittle CMAS depot
abowve the coating’s surface as well as the tips of the coatings intensely damaged by CMAS. Both ef-
fects do not describe the erosion behavior of the TBC itself, therefore the mass loss of the initial phase
of the erosion test is not considered in Fig. 3.

Erosion rate non-/infiltrated 7YSZ

Depending on the microstructure the erosion rate of non-infiltrated samples varied between
EsFeathery’=7.09 g/kg and Egnomar=10.71 g/kg (Fig. 3). As shown, as-coated ‘Feathery’ structure has a
higher erosion resistance compared to its counterpart, the ‘Normal’ structure. However, after infiltration
the better erosion behavior was usually detected in the ‘Normal’ structure. The infiltration of the TBC
by CMAS 1 and Iceland VA improved the erosion resistance which led to steady state erosion rates
between 2.72 g/kg and 6.54 g/kg (Fig. 3). However, the steady state erosion rate after CMAS 2 infiltra-
tion (Es; nyc2=10.9-17.8 g/kg) exceeded even non-infiltrated samples.

Comparable results from the literature were published by Wellman et al. with an erosion rate of
~10.9 g/kg (as-coated 7YSZ EB-PVD) [13] and ~9 g/kg (7YSZ EB-PVD with CMAS infiltration for
24 h/1500 °C) [26].

Influence of morphology on infiltrated 7YSZ

In contrast to the non-infiltrated TBCs (EsFeathery’<EsNormar) it was found out that the infiltrated
‘Feathery’ morphology has a lower erosion resistance compared to the ‘Normal’ one. The long-term
infiltrated ‘Feathery’ samples (Es=5.06-6.95 g/kg) especially experienced a higher erosion rate com-
pared to the ‘Normal’ counterpart (Es=2.72-3.24 g/kg), as rewealed in the high differences of its steady
state erosion rate in Fig. 2. This constantly higher erosion rate results in an early failure of the long-
term infiltrated ‘Feathery’ sample during erosion testing (Table 4) compared to its ‘Normal’ counter-
parts. The Es of ‘Feathery’ and ‘Normal’ short-term infiltrated samples are identical for Iceland VA
(Es=4.48-4.8 g/kg) and similar for CMAS 1 (Es=5.61-6.54 g/kg) during the erosion test.

Influence of heat treatment on infiltrated 7YSZ

Both the ‘Normal’ and ‘Feathery’ microstructures exhibit a general tendency of increased erosion
resistance with respect to the increase in the infiltration time which was shown in Fig. 5. For example,
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Fig. 2 presents that the total coating mass loss (m.ss) as well as the steady state erosion rate of short-
term infiltrated ‘Normal’ samples (Mjoss:nic1/5=0.0433 g; Es.nic1/5=5.61 g/kg) are higher compared to
long-term infiltrated samples (Mjoss:n/c1/300=0.0246 g; Es:.nic1z00=3.24 g/kg). The Iceland VA infiltrated
‘Feathery’ samples are the only exception in this test series where the erosion resistance of long-term
infiltrated is higher than its short-term infiltrated sample.

Influence of CMAS/Iceland VA composition on infiltrated 7YSZ

The tested compositions of CMAS/Iceland VA have shown different impacts on the erosion be-
havior of the 7YSZ coatings. CMAS 1 (Es.n/cuz00=3.24 g/kg) leads to a slightly higher erosion rate
compared to Iceland VA (Es:.nir300=2.72 g/kg) except for the long-term infiltrated ‘Feathery’ sample.
Additionally, CMAS 2, tested only on ‘Normal’ samples, leads to a wvery high erosion rate
(Es:nic2r300=11.13 g/kg) compared to the other compositions. The early failure of the CMAS 2 (Table 4)
infiltrated coatings suggests a more intense attack of the TBC. CMAS 2 on ‘Feathery’ samples are
currently investigated.

Table 4 Time of occurrence of TBC delamination during erosion test defined as failure of the coating

Time to TBC failure during erosion test

Sample designation [s]
F/C1/300 1770
F/C1/8 2220
F/1/300 1560
F/I/5 2130
N/C1/300 >4260
N/C1/5 1920
N/1/300 >4260
N/1/5 3220
N/C2/300 1260
N/C2/5 960

3.2. Micro hardness

The micro hardness measurements were conducted on cross-sectioned infiltrated 7YSZ-EB-PVD
TBCs in the middle of the coating (at a distance of 200 um to the substrate). The high relative stand-
ard dewviation (x 29 %) that were reported by Wellman et al. [33] for nano indentation on cross section
of EB-PVD TBC, was not observed in this study (Fig. 4), except for F/C1/8. Wellman tested as-coated
EB-PVD TBC which led to a lateral movement of the columns during indentation. The CMAS infiltration
of the TBC might be the reason for the lower dewviation in this work. The fully infiltrated CMAS stabiliz-
es the TBC columns and inhibit the flexibility and bending of the columns during indentation. The mi-
cro hardness of all samples was found to vary between 1010 HV0.3 and 1125 HV0.3. A decrease in
the micro hardness leads to an increase in the erosion rate, as represented in Fig. 4, similarly to find-
ings in [13]. There is no clear trend or correlation between micro hardness and morphology/ duration
of CMAS infiltration/ CMAS composition. The phase changes discussed in 3.4 seem to have no sys-
tematic influence on the micro hardness.
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Fig. 4. Steady state erosion rate plotted against micro hardness HVO0.3.
3.3. Erosion behavior of as-coated 'Feathery’ and 'Normal’ structure

The influence of morphology on the erosion behavior of non-infiltrated EB-PVD 7YSZ coatings is
presented in this section. The columns of the ‘Feathery’ structure are 50 % finer than the ‘Normal’
ones, which leads to an increased amount of open channels and a higher porosity, however, at the
same time feather arm lengths are 1/2th of the column diameter compared to the 1/6th of the column
diameter (‘Normal’ structure) which was shown in the literature [27].

The results show that the as-coated ‘Feathery’ structure has a superior erosion behavior com-
pared to the ‘Normal’ structure (Fig. 1). After a high erosion rate in the initial phase of the erosion test,
it decreases for both morphologies to a constant level of erosion. The steady state erosion rates of N/-
/- (Esnormar=10.71 g/kg) is comparable to experiments made by Wellman et al. [13] on as-received
standard 7YSZ EB-PVD (10.9 g/kg). Furthermore, they investigated that low density t'-7YSZ leads to a
lower thermal conductivity but also to higher erosion rates. The lower density was achieved by more
distinctive feather arms compared to the standard samples. The changed microstructure was held
responsible for the higher erosion rate (14.83 g/kg) at room temperature. In contrast, erosion tests in
this study on high porosity F/-/- reveal that the erosion behavior improved (EsFeathery’=7.09 g/kg), alt-
hough the length of the feather arms increased. The superior erosion behavior of the ‘Feathery’ struc-
ture can be explained by the finer columns. The material loss by a cracked column will be less for a
smaller column diameter. Since the column boundary is a natural barrier for crack propagation, the
impacts of erosion particles have to initiate cracks in multiple columns of the ‘Feathery’ structure [14].
In addition to the explained effect, the reduced gap width of the ‘Feathery’ structure (1-1.2 pm) com-
pared to the ‘Normal’ (1.7-2.3 um) has to be considered [27]. A particle that impinges in any off-axis
symmetry to the columns can cause bending of the columns [34]. The lower gap width enables the
neighboring columns to support the bended column more intensively. The maximal bending of a par-
ticular column is reduced and the force, applied by the particle impact, is initiated into the TBC more
fordable. The images in Fig. 5 support this argument. While the columns of the ‘Normal’ structure
cracked near the surface as well as at a depth of 192 um, the ‘Feathery’ structure showed only erosion
damage close to the surface (44 um). The expected high amount of cracks initiated at the strongly
pronounced feather arms (also known as dendrites by Wellman et al. [35]) of the ‘Feathery’ structure
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can be obsened in Fig. 6. Newertheless, this kind of crack initiation can be detected in both types of
morphologies.

y

I

— 100 ym — — 100 pm —f

Fig. 5. Overview of erosion damage on TBC a) erosion on ‘Feathery’ structure (F/-/-), b) erosion on
‘Normal’ structure (N/-/-).

— 10 ym —1 ' T — 10pm —

Fig. 6. Crack initiated at the longer feather arms of a) the ‘Feathery’ structure (F/-/-) and b) the ‘Nor-
mal’ structure (N/-I-).

3.4. General degradation and erosion behavior of infiltrated specimens

Degradation of 7YSZ due to the CMAS attack

During the infiltration of the TBC by CMAS, the gaps between the columns as well as the feather
arms of the columns were penetrated. While the short-term infiltration only leads to a full infiltration of
all accessible open channels in the TBC, a longer annealing time initiates a pronounced phase trans-
formation of the ZrO, based on the depletion of Yttrium, too. From the literature it is known that near
the CMAS depot, metastable tetragonal-ZrO, (t-ZrO,) transforms into monoclinic ZrO, (m-ZrO,) while
a transformation from t’-ZrO, into cubic ZrO, (c-ZrO,) mainly occurs close to the substrate [5]. This
transformation can partly reveal closed porosity for CMAS infiltration.

EBSD measurements (Fig. 7) in this study reveal that a phase transformation happened during
the heat treatment for 300 mins. However, the cubic phase is formed at the interface of CMAS and
YSZ and it also exists at the gaps between the columns as well as in the feather arms. The cubic
phase is detected ewven at the sharp end of the feather arms. In general, the t’-phase transforms to a
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mixture of monoclinic + cubic phases [29]. Due to its lower presence and finer distribution, the m-
phase could not be \erified by the EBSD measurement. Howewer, the detected c-phase might be
linked to the presence of the m-phase. Isolated c-phase points in Fig. 7 b may be due to measurement
errors, but multiple points of c-phase especially in areas of good pattern quality strongly indicate its
presence. Additional measurements and TEM investigations are currently being conducted to confirm
the c-phase as well as to detect and evaluate the m-phase after 300 min of heat treatment which will
be the topic of a future publication. Furthermore, the EBSD images in Fig. 7 show t-phase around the
detected c-phase, which has a different crystallographic orientation than the large columnar crystals.
This indicates that during the long-term heat treatment at 1250 °C the t' phase has transformed into t +
c-phase with the possible addition of non-detectable monoclinic phase.

[110] Bt N

[001]‘ [100]

Fig. 7. EBSD measurement of the middle part of F/C1/300 sample. Greyscale pattern quality image
with overlay of orientation mappings of the t/t-ZrO,-Phase (a) and the c-ZrO,-Phase (b) with respect to
sample normal (color key).

The phase transformation in 7YSZ leads to a change in fracture toughness and micro hardness,
which is essential to the erosion behavior of the coating [13]. In general, the m-ZrO, (K,.=2-
2.6 MPa-mllZ) and the c-ZrO, (K,;=1-2 MPa-m”Z) have a lower fracture toughness than the initial t'-
Phase (K,;=3 MPa-mllZ) [36,37]. F. F. Lange [38] and A. Loganathan et al. [39] have shown that an
increase in wlume fraction of the m-ZrO, as well as c-ZrO, leads to a decrease in fracture toughness.
The fracture toughness (K;c) of pure CMAS varies between 0.6-2.0 MPa-mY?, which leads to the as-

sumption of a further weakening of the coating [40,41].

General _erosion _behavior_of infiltrated 7YSZ-EB-PVD

The CMAS infiltration in the TBCs and partly the sintering effect at 1250 °C [42] has led to a net-
work of vertical cracks in the long as well as short-term infiltrated samples before they were exposed
to erosion as shown in Fig. 8 a [10]. Those cracks are weak areas in the TBC and wlnerable to the
erosion particle as it is shown in Fig. 8 b. During the erosion attack, the first material removal takes
place at those cracks. The infiltrated columns nearby those cracks are not fully surrounded by next
adjacent columns which results in less support during the erosion as described previously (Fig. 9).
Those columns, which fracture first cannot be supported by the missing adjacent columns [12]. The
removal of the columns exposes new columns leading to a widening of the cracks ower erosion time
(Fig. 9), a hilly surface and in the end to a comparable flat erosion surface, as shown in Fig. 8 b.
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Fig. 8. Stereomicroscope images of pronounced vertical crack network (F/C1/300) a) as a conse-
guence of the CMAS infiltration, b) after erosion exposure for 360 s and ¢) SEM image of cross sec-
tion of those cracks after erosion testing for 360 s.
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cracks caused by missing
adjacent columns

Fig. 9. Missing adjacent columns erosion mechanism responsible for hilly surface (F/C1/8)

Crack initiation frequently occurs at the microstructure of the feather arm caused by the notching
effect and its stress concentration (Fig. 10 a). SEM images (Fig. 10 c-d) show that the main cracks can
be obsened in the first 30 um parallel to the coating’s surface in both morphologies. Being caused by
the infiltrated columns, cracks do not stop at the column boundaries but propagate through the CMAS-
infiltrated area to neighboring columns (Fig. 10 b). The infiltrated TBC behaves like a bulk material. A
removal of material only occurs if the cracks reach the TBC surfaces or each other. The removed ma-
terial exposes the layer underneath to the following erosion particles which leads to new cracks and
material removal. This erosion effect is in accordance to the observations by Wellman et al. [26] as
well as Steenbakker et al. [37].

— 10 pm — F— 50 pm —
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Fig. 10. a) N/C1/5 Crack initiation at feather arms infiltrated by CMAS; b) N/C2/300 crack propagation
through adjacent columns; c) F/I/300 and d) N/C1/300 micro cracks in the upper 30 pm of the eroded
coating independently of the morphology.

3.5. Influence of morphology, CMAS composition and heat treatment on erosion behavior

Influence of morphology

The longer feather arms of the ‘Feathery’ samples lead to a high specific surface area which ena-
bles the CMAS to infiltrate deeply into the columns. The longer feather arm gaps were subjected to
deeper penetration of the CMAS which went through rigorous reaction and enhanced the dissolution
process of the t'-phase and the re-precipitation of the t- and c-phase after the 300 min annealing. The
dissolution process leads to a complete degradation of the feather arms and is presented by the effect
of Iceland VA after long-term infiltration on the tip of the ‘Feathery’ 7YSZ columns in Fig. 11 b. In com-
parison Iceland VA has infiltrated into the shorter feather arms of the ‘Normal’ structure which in turn
reacted only with the frame of the columns and leaves the column core stable. The differences in the
microstructural features between ‘Feathery’ and ‘Normal’ is represented schematically in Fig. 12. The
extended feather arms in case of ‘Feathery’ have undergone to a complete destruction of the ‘Feath-
ery’ structure after 300 min of Iceland VA infiltration as demonstrated in Fig. 11 ¢ whereas a clear
presence of unreacted core of the column is still sustained after 300 min of infiltration in the ‘Normal’
structure (see Fig. 11 d). The higher rate of decomposed t’-columns (also the increase in wlume frac-
tion of brittle c-phase) has led to an increased erosion rate of the ‘Feathery’ structure compared to the
‘Normal’ structure. The column core of the latter consists still of unreacted t' phase with a higher frac-
ture toughness which ultimately leads to a lower erosion rate. A similar behavior can be obsened in
the middle section of the Iceland VA infiltrated ‘Feathery’ TBC as shown in Fig. 14 b-c.

— 10 pm — — 10 pm —|
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Fig. 11. SEM images of the TBC tips for comparison of the remaining unreacted inner column cores a)
F/I/5, b) F/1/300, c) N/I/5, d) N/1/300.

Influence of heat treatment

Based on the erosion data presented in Chapter 3.1 one can conclude that long-term infiltrated
TBCs hawve a better erosion resistance than short-term infiltrated once. The influence of the infiltration
time on the erosion behavior can be understood by taking a deeper look at the remaining unreacted
column core presented schematically in Fig. 12. The porosity of the tough t'-columns are partly filled
by brittle CMAS and phase transformations occur mainly in those regions. Those areas are believed to
be generally responsible for a lower erosion resistance. The ‘Normal’ structure retains an inner t’-
column independently of the infiltration time (due to the larger column diameter and lower porosity).
However, at the tip of the column the remaining unreacted column core ratio is thinner after 300 min of
infiltration compared to the 5 min of infiltration. In the middle and the lower middle sections of the coat-
ing (along the thickness), the remaining unreacted column core ratio of the short-term and the long-
term infiltration is nearly equal (see Fig. 13). This fact leads to the expectation of a comparable ero-
sion rate but it does not explain the constantly lower erosion rate of the long-term infiltrated ‘Normal’
samples.
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Fig. 12. Schematic representation of TBC column tips microstructure changes during CMAS infiltration
and annealing at 1250 °C

It is believed that the crack initiation mainly occurs at the microstructure of the feather arms be-
cause of stress concentration, as mentioned in chapter 3.4 and illustrated in Fig. 10 a. The notching
effect results from the existence of different TBC-phases (t’-, c-, m-ZrO,) at the same location, their
shape, specific properties such as elastic modulus, hardness, and toughness, and finally the CMAS
presence which in turn creates an inhomogeneous stress field in the TBC during erosion. Especially at
columns which are not fully surrounded by the next adjacent columns caused by cracks after CMAS
infiltration, an initiation of horizontal cracks occurs by the notching effect (Fig. 9). The crack propa-
gates through sewveral columns caused by the bulk material erosion behavior (Fig. 10 b). This results in
the removal of columns and leads to the characteristic erosion surface discussed in 3.4 and presented
in Fig. 8 b.

Though the remaining unreacted column core ratio is nearly equal in the middle section, Fig. 13
reveals the progressive dissolving of the feather arms of this TBC section ower heating time at
1250 °C. It is caused by both the sintering effect and dissolution by CMAS. Closed porosity and de-
creasing feather arms lengths from the tip to the bottom leads to a less deep CMAS infiltration into the
columns [5]. The stress concentration and consequently, the notching effect reduces if the shapes of
the feather arms change from sharp to round shapes as happened during the heat treatment and is
demonstrated in Fig. 12. This dissolving effect during the heat treatment improves the erosion behaw
ior of the long-term infiltrated ‘Normal’ structure.
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Fig. 13. Constant remaining unreacted column core ratio while change of the shape of feather arms in
the middle section of TBC caused by Iceland VA infiltration and infiltration time a) N/-/-; b) N/I/5; c)
N/1/300.

Concerning the ‘Feathery’ structure and its pronounced feather arms, the notching effect has a
high impact on the erosion behavior. Furthermore, the decline of the unreacted column core towards a
fully reacted column also influences the erosion resistance. A schematic illustration of the change in
microstructure of ‘Feathery’ samples is given in Fig. 12. F/C1 improves its erosion resistance with
respect to the increase in infiltration time. This trend is similar to the ‘Normal’ structure. The damage to
the column core caused by CMAS infiltration is less intense at the middle sections of the coating com-
pared to the tip sections. Though the remaining unreacted column core ratio is declining, the reduction
of the notching effect by dissolving the sharp feather arms leads to the improved erosion resistance
(Fig. 14 c). Due to the lower \viscosity of CMAS1 compared to Iceland VA, the feather arms have un-
dergone an advanced dissolution process. In contrast to F/C1, the erosion resistance of F/I declines
with respect to the increase of infiltration time (see Fig. 3). The high viscosity of wlcanic ash prevents
the feather arms of a deep infiltration and consequently no advanced dissolution process occurs. As
revealed in Fig. 14 b the sharp feather arms of F/I/300 are not completely dissolved after 300 min at
1250 °C. Hence the notching effect is not reduced significantly compared to F/I/5 (see Fig. 14 a). The
explanation of the increasing erosion rate of F/I/300 might be the remaining unreacted column core
ratio. As it is shown in Fig. 11 a, the remaining column core of the tip of short-term infiltrated ‘Feathery’
TBC is thin. At the latest, after 300 min at 1250 °C this thin column core has completely vanished.
Furthermore, the middle part of the TBC also contains less reacted column core after short-term than
after long-term infiltration (Fig. 14 a-b), which is responsible for the discussed trend of the Iceland VA
infiltrated ‘Feathery’ erosion rate (Es.r/5=4.80 g/kg < Es:Fn/300=6.95 g/kQ).
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Fig. 14. SEM images of the TBC middle part for comparison of the remaining unreacted column cores
and change of shape of feather arms caused by Iceland VA/CMAS infiltration and infiltration time a)
F/1/5; b) F/1/300; c) F/C1/300.

Influence of CMAS/Iceland VA composition

Concerning the influence of CMAS composition on the erosion behavior, the melting point of
CMAS 2 is 10-20 °C below the melting point of CMAS 1 (Table 1). The lower melting point of CMAS 2
accommodates more time for the infiltration in the TBC which might lead to a longer time for degrada-
tion compared to CMAS 1. Additionally, the low viscosity enables the CMAS 2 to infiltrate deeply into
the tiniest pores of the TBC columns (Table 1). The combination of both effects results into a higher
degradation grade of the TBC as well as a pronounced re-precipitation of the t- and c-phase. The con-
sequentially declining fracture toughness explains the high erosion rate of CMAS 2 infiltrated TBC with
‘Normal’ structure (Fig. 3), which was expected since the CMAS 2 is known to be more reactive com-
pared to CMAS 1 and Iceland VA [29].

The infiltration behavior of Iceland VA and CMAS 1 is different. The lower melting point of Iceland
VA (Table 1) enables to infiltrate the coating already during the heating-up phase of the furnace. This
leads to a longer time of degradation during the annealing, especially during the short-term infiltration.
Having the higher viscosity (higher SiO, content) it infiltrates slowly and has enough time in dissolving
the tip of the columns but in the middle sections closed porosity was still non-infiltrated. At the same
time, the lower viscosity of CMAS-1 enables it to penetrate into the TBC columns more deeply [30].
Hence it may lead to a higher phase transformation towards brittle phases but also results in a pro-
nounced dissolving of the sharp feather arms as shown in Fig. 14 b-c) (F/I/300 compared to
F/C1/300). In most cases the intense phase transformation of CMAS-1 leads to a higher erosion rate.
The difference between the CMAS compositions concerning chemical degradation and erosion behaw
ior is the topic of on-going research.
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4, Conclusions
The influence of coating morphology, CMAS composition, and infiltration time at 1250 °C on the
room temperature erosion behavior of EB-PVD 7YSZ TBCs was studied.

The erosion behavior of the as-coated ‘Feathery’ structure is superior to the as-coated ‘Normal’
structure because:

e Finer columns of the ‘Feathery’ structure require cracks in multiple columns to guarantee ma-
terial loss.

e Lower gap width between columns minimizes the total bending of columns during off-axis im-
pacts.

e The notch effect is overcompensated by the finer column shape, although more and deeper
feather arms are present within ‘Feathery’.

Secondly, infiltration of the TBC by CMAS or wlcanic ash lowers the erosion rate slightly (feath-
ery structure) or greatly (normal structure). The reasons for this behavior are:

e Infiltrated TBC behaves as continuum material during erosion exposure.
e The main erosion damage is surface spallation.

After CMAS infiltration the ‘Normal’ structure showed a superior erosion resistance compared to
the ‘Feathery’ structure. The reversed order of erosion resistance compared to the as coated condition
is based on the influence of morphology, heat treatment and CMAS composition on the erosion be-
havior. The main findings are summarized as followed:

e Long feather arms allow deep infiltration of CMAS into columns and phase transformation is
much more pronounced in ‘Feathery’.

e Within the same microstructure the erosion resistance increases slightly due to the reduction
of the notching effect during the heat treatment.

e Chemical composition and viscosity defines the degradation of the TBC and hence the tough-
ness and erosion behavior.

Since the ‘Feathery’ structure retards the CMAS infiltration and has a lower thermal conductivity
[27], the non-infiltrated part of the ‘Feathery’ TBC under realistic circumstances in a gas turbine (with a
thermal gradient as in the case of a real blade) is larger compared to the ‘Normal’ structure. For this
reason a superior erosion resistance of the ‘Feathery’ structure can be expected for partly CMAS-
infiltrated TBCs under realistic turbine conditions.
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