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Abstract: The improvement of high temperature materials with lower heat transfer coefficients lead
to the development of thermal barrier coatings (TBCs). One of the most widely used materials for
thermal barrier coatings is Y,Oj3 stabilized ZrO, (Y-TZP) because of its excellent shock resistance, low
thermal conductivity, and relatively high coefficient of thermal expansion. The aim of this work is to
study the TBCs mechanical behavior with the addition of SiC into the suspension of Y-TZP/Al,O3
by acoustic emission (AE). Additionally, a microstructural analysis and a finite elements model were
carried out in order to compare results. The coatings were made by suspension plasma spray (SPS)
on metal plates of 70 x 12 x 2 mm?. An intermetallic was deposited as a bond coating, followed by a
coating of Y-TZP/Al,O3 with and without 15 wt.% SiC, with thicknesses between 87 and 161 um.
The AE becomes a fundamental tool in the study of the mechanical behavior of thermal barriers. The
use of wavelet transforms streamlines the study and analysis of recorded sound spectra. The crack
generation arises at very low stress levels.

Keywords: acoustic emission; thermal barrier coatings; finite element analysis; silicon carbide;

alumina; Itria; zirconia; self-healing

1. Introduction

Nowadays, the world is clamoring for more efficient and eco-friendly machines,
resulting in more efforts toward achieving that goal. The mainstream way is to increase the
pressure or temperature on engines and thermomechanical machines. In gas turbines, it is
common to raise inlet air temperature, increasing the efficiency of the process described
by Kristen et al. [1], but it entails development of more heat resistant materials or better
thermal insulators.

Many studies have been done on ceramic coatings because it has a double function.
These are thermal insulation, which reduces the components’ temperature, and protec-
tion improvement, which reduces corrosion. These materials are called thermal barrier
coatings (TBCs).

The TBCs are basically composed of refractory ceramic oxides, generally titania, alu-
mina magnesia or mixes of these; nevertheless, yttria stabilized zirconia (Y-TZP) represents
the most settled as a consequence of its excellent behavior at high temperatures, such as
low thermal conductivity, chemical inertness, low probability of phase transformations,
and high melting point, among others identified by Van der Zwaag et al. [2].

There are different techniques for producing TBCs. One group of these are thermal
spraying techniques, which are coating processes in which a heated material is sprayed to
a surface. Atmospheric plasma spraying (APS) is preferable when the feedstock is in the
form of powders. When suspension is required, the suspension plasma spraying (SPS) or
precursor plasma spraying (SPPS) is performed. These techniques heat the feedstock which
is then fed into a plasma torch, where they are vaporized and propelled to the substrate
forming a coating [3].
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Atmospheric plasma spraying (APS) is commonly used because of its economic and
technical feasibility, while suspension plasma spray (SPS) is used as it is able to spray very
fine and poor flowability powders [4-6].

Turbines operate at higher temperatures to improve the engine efficiency. However,
these conditions produce thermal stress in the blades and rotors that increases the prob-
ability of mechanical failure. This leads to the development and growth of cracks and
delamination [1]. Some researchers have proposed a new generation of TBCs with self-
healing ability, which will endure the working conditions of the turbines and prolong their
life [4]. SiC was reported as an efficient ceramic self-healing material, though other metals
and alloys are being investigated [5,7].

The sealing ability involves the filling of the cracks in the TBCs at the same time they
are generated. Hot gases and high temperatures during the operation gives energy to
activate restoration. The self-healing process is the volume growth of self-healing particles
when the oxygen in high temperature environments goes through the crack, giving rise to
the oxidation of self-healing particles located on the edge of the crack and conquering the
crack [7].

However, self-healing functionality in TBCs has scarcely developed. In the case of
SiC, it is more problematic because it cannot be easily deposited by plasma spray since it is
oxidized in the torch before melting [8].

SPS is an incipient thermal spray process, in which the powder feedstock is replaced
by a suspension. Important advantages of the SPS process are that it is possible to spray
very fine or poor flowability powders and avoid oxidation of the sealing material because
a lot of the plasma energy is destined for solvent (water) evaporation [3-5,9,10].

The use of infrared thermography and acoustic emission techniques to monitor crack
evolution is quite common in literature [11-15].

The acoustic emission (AE) technique is a non-destructive method and can follow the
crack initiation growth and propagation through analysis of the AE parameters. Some
researchers, such as Wang et al. [11], suggest that there is a frequency band for each
cracking phenomenon which is associated to the materials’ characteristics. Others, such as
Ma et al. [13], consider effects, such as ringdown count, rise time, or wave configuration,
associated to crack evolution.

In this work, the thermal barrier coatings (TBCs) were obtained using Y-TZP as raw
material and applying the suspension plasma spray (SPS), with and without the addition of
SIC. At the same time, TBCs were tested and monitored by the acoustic emission technique
(AE), and two different schedules were performed.

2. Materials and Methods

More than forty tests were conducted to recognize the noise and sounds of the machine,
the base metal, and the anchor layer. Six tests were performed in each series to recognize
the behavior of TBCs. Results were averaged or pooled in repeating patterns.

2.1. Samples

Samples of stainless steel AISI 304 of 70 x 12 x 2 mm?, which were previously
mechanically cleaned and shot blasted in order to generate an anchor surface with a
roughness of 2.1 & 0.2 um, were subsequently cleaned with ethanol.

On these, using APS, an intermetallic layer of NiCoCrAlTaY (Amdry997 Sulzer-
Oerlikon, Germany) was deposited as a bonding layer with thicknesses of 100 &+ 13 pm
with plasma spray suspension (SPS) on stainless steel plates, using a plasma torch (F4-MB,
Sulzer Metco, Wohlen, Switzerland) powered by a six-axis robot (IRB 1400, ABB, Ziirich,
Switzerland).

The raw coating material for the R series was a tetragonal zirconia with 3 mol% Y03
(TZ-3YS, Tosoh, Japan) and an a-alumina (CT3000SG, Almatis, Germany) with a weight
ratio of 60/40 of zirconia/alumina.
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For the S series, a 15 wt.% of x-SiC (UF-15, Hermann C. Starck, Germany) was added
to the suspension previously described.

The R series samples (TZ-3YS/Al,O3) were prepared with a thickness between 115
and 147 pum.

The S series specimens (TZ-3YS/Al,O3 + 15 wt.% SiC) were obtained, achieving
thicknesses between 87 and 161 um.

Coat following the anchor layer was the same as in the R series, and the outer coat
had the same constituents of the S series, whose whole thickness ranged from 83 to 112 pum,
composed of a coat of Y-TZP/Al,O3 with a thickness of 50 to 75 pm and an external layer
of Y-TZP/Al,O3 + 15% SiC with thicknesses from 23 to 40 um.

2.2. Mechanical Tests

In order to generate cracks in the coatings, the three-point flexural test, one of the
methods most collected in the literature for this purpose, was performed [12,14,15], with a
configuration like the one presented in Figure 1a,b.
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Figure 1. Flexural test (a) layout scheme and (b) test.

To know the stress state of the ceramic coating at a given moment, Equation (1) is
used [16], which allows the calculation of the maximum stress on the thermal barrier as a
function of the load applied during the three-point flexural test.

om = (3*P*L)/(2*b*h2), )

where P is the load applied in an instant, L the distance between supports, b is the base,
and h is the height of the cross-section of the specimen.

The three-point bending test was carried out on a universal Shimadzu model AG X plus
100KN test machine, with a distance between supports of 25 mm as shown in Figure 1b, using
two different test protocols as synthesized in Tables 1 and 2.

Table 1. Bending test steps 1.

Action Limit
- Load (N) 650
- Displacement (mm) Origin 3

Remain Time (s) 5 cycles
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Table 2. Bending test steps 2.

Action Limit
L Load (N) 600
Remain Time (s) 5
V‘ Displacement (mm) 0.2
Remain Time (s) 5
‘ Displacement (mm) 0.3
Remain Time (s) 5
‘ Displacement (mm) 04 5
Remain Time (s) 5 cycles

2.3. Acoustic Emission

Data acquisition by AE, during the flexural test, was performed in a Vallen AMSY-5
with VS. 150 M probes with peak sensitivity at 150 KHz and limited sensitivity up to
500 kHz, and a VS. 700 D with gain peaks at 350 kHz, 600 kHz, and 750 kHz.

The acquisition was made in two channels, with a threshold of 45.2 dB, gain of 34 dB,
sampling rate of 3333 MHz, and 1024 samples per transient group. More than forty tests
were done in order to recognize machine, base metal, base metal, and anchor layer noise
and sounds. Six tests were done on each series to acknowledge the TBCs behavior. The
results were averaged or grouped into repetitive patterns.

3. Results and Discussion

The results were divided into different categories: a microstructural characterization;
subsequent analysis of the acoustic emission events that, in turn, was subdivided into a
study of the accumulated energy; then, the amount of energy released in each event; and
the number of acoustic events. These results will be substantiated with an analysis of finite
elements method, and finally a study of failure mode frequencies patterns.

3.1. Microstructural Characterization

The microstructural characterization was carried out in a FE-SEM (Ultra 55, Zeiss,
Germany) on the surface and cross section, at 10 kV. The samples were polished up to
0.25 um. A microanalysis of scattered X-ray energies (Oxford Instrumental, Abingdon,
United Kingdom) were done in different areas of the coating.

The R series, a Y-TZP/Al,O3 coating, as seen in Figure 2a; the S series, a Al,O3 +
15 wt.% SiC in Figure 2b; and a bilayered R + S series, composed of a R series coat between
the anchor layer and the external one, and an external coat like the S series in Figure 2c,
generally show a laminar structure formed by molten splats and unfused particles, as is
usual in SPS and SPPS coatings [6,8,17]. In addition, the unfused areas have an elongated
shape and are located between the molten splats, forming an intercalated structure.

Figure 3a shows a close view of R series microstructure: lamellar like molten splats
with thicknesses of 5 to 25 um, and zones rich in unfused particles with thickness between
4 and 13 pum for R series.
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100 um

(c)
Figure 2. Cross section of the thermal barriers: (a) Y-TZP/Al,O3, (b) Y-TZP/Al,O3 + 15% SiC, and (c) bilayered 100 x.

(b)

VTZBI Al O
15% Si6

Figure 3. Cross section of the thermal barriers: (a) Y-TZP/Al,O3, (b) Y-TZP/Al,O3 + 15% SiC 1000 %, and (c) bilayered
Y-TZP/Al,O; and Y-TZP/Al, O3 + 15% SiC. 1000 x.
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In the case of the S series (Y-TZP/Al,O3 + 15% SiC) in Figure 3b, the molten lamellar
zones vary from 4 to 10 pm, and the unfused zone from 3 to 30 um. In the case of R + S
series in Figure 3c, the zone corresponding to a Y-TZP/Al,Os is just the same as R series;
however, in the case of the layer corresponding to Y-TZP/Al,O3 + 15% SiC, the molten
zones are from 2 to 6 um and less lamellar like microstructures, so the addition of SiC
seems to generate more discrete fused zones than ones obtained in the Y-TZP/Al,Oj3 layer.

Figure 4 shows the different phases of a coating of Al,O3-Y-TZP+ 15% SiC. The light
areas correspond to regions rich in Y-TZP, while the dark angular areas correspond to SiC
particles, and those black, rounded to pores. In the unfused areas shown in Figure 4b, the
Y-TZP particles of Al,O3 and SiC are seen. In the molten areas, the grey regions with a
mixture of Al,O3 and Y-TZP corresponds to a homogeneous mixture which is consistent to
a eutectic compound with particles of SiC embedded Carnicer et al. [8].

F=s
1pm

(a) (b)

Figure 4. FE-SEM 10,000 x micrograph of an Al,O3/Y-TZP + SiC coating. (a) Molten area. (b) Unfused zone.

Figure 5 shows the level of both unfused Al;O3/Y-TZP and SiC at the surface level.
It is to be intuited that unfused Al,O3/Y-TZP and SiC are responsible for the separation
between layers observed in Figures 2 and 3.

Figure 5. FE-SEM micrograph at 25,000 x of Al,O3/Y-TZP SiC reinforced.

3.2. AE Event Analysis

Figure 6 shows a graph of the substantial damping of the number of events in each
new load cycle, even in the elastic range of the base metal. Nevertheless, new cracks are
generated in the thermal barrier in each cycle, and those create acoustic events.
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Figure 6. Overlap peak amplitude and load as function of time.

Remarkable AE events were generated during the discharge, due to an identified
pattern of frequencies associated with Mode I and II cracks, an event that Eleni et al. [18]
attributed to the separation and sliding of the reinforcement in their material. In this case,
it may be due to a rearrangement of fractured surfaces because the delamination processes
are not yet present.

To evaluate this fact, a second test was developed, where, instead of discharging the
load in each cycle, a relaxation time of 5 s at a given load was performed, then continued
to load until a determined deformation, as defined in Table 2.

A large concentration of events in the first 40 s are shown on Figure 7. That happens
at forces lower than 470 N. Therefore, using Equation (1), at a load of 470 N, the effort in
the layer of the thermal barrier is 333 MPa. Therefore, it is astonishing that mostly failure
events appear from the beginning of the test up to 333 MPa, as opposed to the values
presented by Kondoh et al. [19], where, for a material similar to that used, they obtained
tensile creep stresses greater than 700 MPa. Additionally, Surgeon [20] finds events at high
levels of effort in BMAS (barium magnesium aluminium silicate) reinforced. Likewise,
Boatemaa [21] suggested that the magnitude of the residual effort in the deposited thermal
barrier depends on the coefficient of thermal expansion and the elastic modulus of the
material. This clearly indicates that the high density of discontinuities, unfused areas, and
porosity are, per se, large stress concentrators, as shown in Figure 8. These microstructural
residual tensions arise from the deposition process and thermal shocks, enhancing this
poor behaviour.

Amplitude . . Load
(dB)p Amplitude-load VS time (N)
85 1000
800
75
600
*,
65
400
55 * * o
3 & -t e, .,:‘ o 200
gy M ”»8 .w“t” oot ot
45 ‘m ’ “;‘ *‘30 "0 ’ "0’ 0
0 50 100 150 200 250 300
¢ Amplitude Load

Figure 7. Overlap of peak amplitude of events and load vs. time.
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Figure 8. FE-SEM 250, series S surface.

In addition, in the intervals of relaxation, the stationary times, and at the same dis-
placement, between the seconds 54 to 59 or 119 to 124 an events silence appears. Then,
after the load is resumed, new events appear immediately. This clearly reveals that in the
ceramic coating there is no relaxation or stress relief during the relaxation period.

The relaxation period exhibits a clear decrease in stresses from 849 to 822 N, an almost
4% elastic recovery with no AE events. The AE silence could be attributed to no relaxation
in the ceramic coating.

3.3. Cumulative Energy Analysis

Figure 9 represents the mean behaviour of cumulative energy-counts vs. time series
R and S of the six samples of the series studied. Examining the curves corresponding to
the Al,O3/Y-TZP (yellow and grey), in the R series, there are two clearly identified zones:
the first one, up to approximately 400 s, where the energy and the number of accounts is
proportional with a ratio of 3.21; and the second, where the energy—account ratio is slightly
lower with a value of 3.02, see Table 3.

Energy (AU) Energy, Counts VStime Rand S Counts

60000

Time(s)

Energy R Counts 8

Energy 5 Counts R

Figure 9. Cumulative energy counts vs. time series R and S.
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Table 3. Energy-counts ratio.

Series 0-20s 20-400 s 400-800 s Mean
R 322 4+0.18 3.21 £0.04 3.02 £0.03 3.10 £0.17
S 3.23+0.17 3.32+£0.07 3.02 + 0.09 3.18 £0.18
R+S 292 +0.83 2.89 £0.10 211 £0.10 240 +0.49

Observing the blue and orange curves in Figure 9 of the S series, Al,O3/Y-TZP + SiC
15 wt.%, which represents the cumulative energy counts vs. time, there are three clearly
identified areas. The first one from 0 to 20 s where the energy and the number of accounts
are proportional, with a factor of 3.23; a second region of 20 to 400 s where the energy is
slightly higher than the number of accounts, with a factor of 3.32; and a third that goes
from 400 to 800 s, with a rate of 3.02, as summarized in Table 3.

In the case of the R + S bi-layer series, with an internal coating of Y-TZP/Al,O3 and
external coating of Y-TZP/Al,O3 + 15% SiC, Figure 10 exhibits three clearly differentiated
zones: the first with an exponential growth of events similar to R and S series, a second
zone basically without events, and a third zone again with an exponential growth of these.
Analysing the values of the released energy ratio, in the first zone from 0 to 20 s, the value is
2.92, a value significantly lower than those in the previous cases and with a deviation of 0.83.
This is a noticeable finding that indicates there is great dispersion in the energy release rate.
This difference, with respect to the previous cases, may be the product of short delaminations
between layers R and S, as shown in Figure 11a with low energy and some others with
same energy as previous series like the crack in Mode I in Figure 11b. Figure 11c shows a
micrograph with a delamination between the layer and bond coat.

Energy
(AU) R+S Counts
80,000 35,000
70,000 30,000
60,000 25,000
50,000

20,000
40,000

15,000
30,000
20,000 10,000
10,000 5,000

0 ‘ 0
0 200 400 600 800
Energy Counts Time (s)

Figure 10. Cumulative energy counts vs. time of the R + S bilayer series.
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250um

(b)

(©)

Figure 11. (a) Delamination between layers. (b) Fracture Mode I. (¢) Delamination between layer

and bond coat.

Figure 12 shows a scheme of the crack type in Modes I and II, and delaminations that
arise in a TBC.

Base metal
{ (  Coating

Mode | cracks

Mode | & Il cracks

Cracks & delaminations

Figure 12. Failure mode scheme.

In all cases for series R (Y-TZP/Al,O3), S (Y-TZP/Al,O3 + 15% SiC), and R + S
((Y-TZP/ ALy, O3) + (Y-TZP/ Al,O3 + 15% SiC)), in the first zone 0-20 s, the energy release is
due to the formation of Mode I cracks in the ceramic. This is due to normal stresses in the
ceramic layer. In the case of energy relationship events of 3.22 for the S series and 3.23 in
the R, these values are basically similar. However, in the case of the R + S bilayer, this ratio
is 2.92, which indicates that in this first stage, the energy release in general is less than in
the previous ones. This phenomenon can be attributed to the creation of perpendicular
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cracks in Mode I, with an energy release similar to the previous ones. However, these
cracks can trigger small cracks between layers with low energy release, which leads to the
rise of energy release variation.

In the second stage, 20400 s, it was revealed that the addition of SiC in the coating
(S series) increases the energy events ratio. In this case, with a comparatively higher value
of 3.32 against 3.21 in the R series, it clearly indicates a greater release of energy per event.
The addition of SiC in the Al,O3/Y-TZP matrix acts as a stress concentrator that aids the
formation of cracks in Mode II, releasing a greater amount of energy per event.

The third zone, 400-800 s, has a lower energy-counts ratio, due to the propagation
of delaminations in thermal barriers that can generate different modes of fracture [22]. In
this case, some delaminations are generated with a high energy level, and some by the
collapse of many small cracks of short length in Mode I and II with very low energy level
as described by Keshtgar and Modarres [23].

3.4. Energy Analysis between Series

As noticed in Table 3, despite the microstructural difference, it was detected that
the mean energy—event ratio was generally 3.10 for the R series and 3.18 for the S series
(Y-TZP/Al,O3 + 15% SiC). From these results, it can be inferred that the S series releases
slightly more energy due to SiC stress concentrator.

However, as seen in Figure 13, in the first 20 s, the energy released ratio is similar in
both series R and S. The degree of porosity, unfused, and inclusions of SiC present in the S
series do not seem to be important in this first stage, which is settled in the study by Berndt
et al. [24] where the acoustic emission activity is due to micro cracking between pores as
seen in Figure 8, and in “bridges” between fragments as shown in Figure 14. However,
in the case of the bilayer, the dispersion of energy release is greater. This is attributed to
the fact that after Mode I cracking, micro delaminations occur between layers with low
energy, hence resulting in the diminution in energy and the larger dispersion in the energy
release rate.

Energy EnergyR, S, R+S Load
(AU) (N)
200,000 1,600

,/ 1,400
150,000 1,200
1,000

100,000 800

600

50,000 400

200

o 0
0 200 400 600 800
R+S R S Load Time

Figure 13. Energy released and load vs. time of series R, S, and R + S.
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Figure 14. SEM cross section series S 500 .

Figure 13 shows that from 400 s on the R and R + S series, the energy slope slightly
increases. This phenomenon is justified by the appearance of delaminations between
the anchor layer and the Al,O3/Y-TZP layer. These turn into release of tensions and
reorientation of the ceramic layer and lead to new cracks in Mode I.

3.5. Analysis Number of Events Per Series

It is important to note, as can be seen in Figure 15, that under the same test, the R-series
specimens (Y-TZP/Al,O3) generate a greater number of events than those corresponding
to the Sand R + S series. This is due to the large number of unfused particles combined
with the high level of porosity, defects, and inclusions of SiC that make it fundamentally
pre-cracked, resulting in its low level of events as proposed by Park et al. [25].

Counts Counts R. S. R+S
70,000

60,000
50,000

40,000
30,000

20,000 /
10,000 /

0 //
0

200 400 600 800
——R+S —R S Time (s)

Figure 15. Comparison of the number of hits between the S, R, and R + S series.

It should be noted that in the R + S series, despite the silence of events in the interval
of 20-400 s approximately, it has a slope increase. This phenomenon is fundamentally
attributed to the delamination process between the substrate and the Al,O3/Y-TZP layer.
Additionally, it can be seen that by the end of the first stage (20 s), the number of events is
relatively similar in all series. However, at the end of the test, the R + S series had 43% of
the R events and the S series only 32%. This clearly indicates that the anchoring of the R
layer plays an important role in the mechanical behaviour of the barrier.

3.6. Finite Elements Analysis

To corroborate the aforementioned, an ANSYS finite element simulation was per-
formed on a model with a continuous barrier (Figure 16a) and with a segmented barrier
of 10 mm in length (Figure 16b). The latter emulates the fragmentation presented in the
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S series, as seen in Figure 14. This model shows that just by sectioning the material into
ten fragments, contrary to what might be expected, there is a slight stress increase in the
ceramic coating approximately at one third of each section (Figure 16b). This certainly
justifies the increase in energy release presented by the S series (Y-TZP/Al,Os + 15% SiC)
with respect to the R series in the second stage, because this is the triggering effect for
fractures in Modes I and II with a higher energy level. It accords with Palacio [26], who
points out that coating voids and cracks represent structure discontinuities, facilitating
the development of stress gradients around such gaps, and increasing the sensitivity to
localized damage in areas adjacent to discontinuities in the coating.

A: Static Structural 1

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1
30/12/2020 9:06 a. m.

1.7425x10° Max
12284x10°
1.1403x10°
9785710’
81688107
65519107
493401107
33180010°
17011x10"
8.4147x10° Min

F‘ “
0 001 002(m) d
]

0.005 0015

B: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1
71112021 9:10 2. m.

2.0641x10° Max
1.8360x10°
1.6078x10°
1.3797x10°
1.1516x10°
9.2345x10"
69532x10"
46719x10"
23905x10"
1.0922x10° Min

001 0.02(m)
[ SS——  SSS—
0.005 0015

(b)

Figure 16. Finite elements simulation of a (a) plate with continuous coating and a (b) plate with
segmented coating.

However, this does not account for the decrease in events presented by the Sand R + S
series in the second stage after 20 s. For this, a model was made where in the central area of
the specimen the segments were a little smaller, in this case 1 mm (Figure 17a), getting closer
to the microstructural reality of the layer as the bridges between segments are fractured. In
this model (Figure 17a), the reduction of efforts in the ceramic barrier is notorious. This fact
clarifies the decrease of events in the second zone observed in Figure 15. However, this does
not justify the increase in events presented by the R + S series after 400 s.
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Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1
71112021 9:12 2. m.

2.0441x10° Max
18181x10°
15921x10°
1.3662x10°
1.1402010°
9.1425010"
68828107
46231107
23635¢10"
1.0383x10° Min

Q 0.01 0.02(m)
]

0.005 0015

@
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Figure 17. (a) Finite element simulation of stress reduction due to fragmentation into 1 mm segments.
(b) Enlarged image of simulation.

Figure 17b is a zoomed in image of Figure 17a. It can explain the R + S behaviour,
because the Al,O3/Y-TZP layer shows better anchorage performance so a higher level of
stress is needed to delaminate this, which would justify this increase in events, such as
short-range delamination processes with very low energy, which is corroborated with the
appearance of 600 and 700 KHz events.

3.7. Frequency Analysis

Several authors infer that the frequency content of the wave is affected by the type of
crack [12,27]. Wang et al. [12] defines three frequency bands of AE for the substrate base
metal (superalloy-intermetallic), and four for the base metal-substrate-coating set in the
range of 125-175, 175-225, 225-300, and 300-400 KHz. Additionally, they express that the
frequencies vary depending on the base metal and/or type of coating. On the other hand,
Zhou [27] indicated that the frequencies of 140 KHz correspond to the deformation of the
substrate, 220-250 KHz to vertical cracks, and 80-100 KHz to interfacial delamination.

As referenced [12], the frequency range between 130-160 KHz is attributed to disloca-
tion slip in the base metal and the peak sensitivity of the sensor to the frequency (150 KHz)
that is -64 dB.

Comparing the results obtained with the sensors VS. 150 M and VS. 700 D, it was
initially noted that certain patterns attributed to a phenomenon with a sensor do not
appear or are less noticeable with another sensor. This can be clarified when observing the
sensitivity parameters of the sensors. The peak sensitivity of the VS. 150 M sensor is at
150 KHz, with 20 dB more than the sensitivity of the VS. 700 D at the same frequency. In
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the same way, the sensitivity at 400 KHz for the VS. 700 D sensor has a sensitivity 12 dB
lower. However, at higher frequencies, the sensitivity of the VS. 700 is much better.

The wavelet transforms are a mathematical method which transmutes waves so, the
wavelet coefficients can be obtained as a function of the frequency of each event (Figures 18-20).
These graphs provide information on the maximum energy of an event depending on the
frequency during that period (blue line) and also the energy at a given moment with its
corresponding frequency distribution (red line).

Frequency Projection: WT Coefficients vs. Freq [kHz]
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Figure 18. Wavelet of base metal dislocation slip.

Frequency Projection: WT Coefficients vs. Freq [kHz]
—nnnndlanandlon i allann ol oanond
1000 =
900+ -
800 -
—. 7100+ -
T
= 600- -
==
g 500+ -
[
& 400 -
B
[T
300+ -
200+ -
1 =
L] L B ) | LI L | | L B ] | L B ) L | { D I B | | | O I B | |
0.0025 0.002 0.0015 0.001 0.0005 0
Use indicator within WT diagram to change time.
Apr WT coeff. overallmaxima Ap WT coefficient at Time of 24.6 ps

Figure 19. R series wavelet at 2 s.
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Frequency Projection: WT Coefficients vs. Freq [kHz]
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Figure 20. Series S Wavelet associated to Mode I and II cracks.

To discriminate between the events and frequencies associated with the base metal and
intermediate layer, tests were carried out with base metal specimens + intermediate layer
with both VS. 150 M and VS. 700 D sensors. It was seen that the frequencies of 175 KHz on
sensor VS. 150 M, and 175 and 275 KHz on sensor VS. 700 D were the frequencies associated
with the dislocation slip in this intermediate substrate.

In the tests of the R, S, and R + S series specimens, a range of frequencies appears to be
associated with different types of failure. Figure 18 represents a single peak over 175 KHz
which is related to the shift of dislocations in the base metal.

Taken as a starting point, the division of the stages exposed in Section 3.3 as the start
of the test, in the first period of 0-20 s, the stress level on the bending test led to Mode I
cracks perpendicular to surface, with acoustic events of relatively low frequencies, a cluster
around 100-120 KHz on both kind of sensors. Figure 19 shows that at 2 s of the test, 24.6 us
after the event initiation (red curve), there is a peak over 110 KHz associated with a Mode I
fracture. Nevertheless, as can be seen, the blue curve shows one other important fact, a
175 KHz frequency was associated with a dislocation slip. It is quite normal to find more
than one emission in one event at different stages of it.

In the second stage, 20400 s, events begin to appear at higher frequencies of up to
300 KHz. In the case of the S series, the addition of SiC generates stress concentrators and
discontinuities increasing fragility, which enhances failure generation in Mode II which is
associated with frequencies between 250-325 KHz.

Figure 20, corresponding to the second stage (20 to 400 s), shows peaks at 120 and
275 KHz. The first one is associated to a Mode I crack, and the second a Mode II crack.

It is important to highlight that in the same event recorded, many patterns of frequen-
cies are registered. This phenomenon can be observed in Figure 21a,b, where at 37.6 us (red
curve), Figure 21a, a Mode Il crack (250 KHz) appears, triggering a delamination (600 KHz)
at 53.4 ps as shown in Figure 21b.
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Frequency Projection: WT Coefficients vs. Freq [kHz]
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Figure 21. Wavelet associated to Mode II crack and delamination. (a) Crack pattern at 37.6 ps, (b) delamination pattern at
53.4 pus.

Zone III (400-800 s) is characterized by the beginning of delamination processes, which
is revealed with the appearance of high frequency acoustic events of 400 KHz with VS.
150 M sensor and 400, 600, or 800 KHz on VS. 700 D sensor, as shown in Figure 21a,b.

The delamination events occur at the end-half of the test, with a ceramic stress higher
than 785 MPa in the S series, 845 MPa in the R series, and 790 MPa in R + S series.
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4. Conclusions

From the study carried out, it can be concluded that acoustic emission is a fundamental
tool in the study of the mechanical behavior of thermal barriers. Proper selection of the EA
sensor eases frequency discrimination and analysis. The analysis by wavelet transforms
aids the study and analysis of the recorded sound spectra.

The high density of microstructural defects, porosity, and unfused particles, combined
with the thermal stresses in the barrier itself leads to a brittle behavior.

In the flexural test, generation of cracks were detected at very low stress levels, as well
as in the high rate of events in the thermal barriers studied.

The addition of SiC substantially reduced the cracking capacity, with up to three
times fewer events with stresses greater than 300 MPa. In the same way, there is a marked
decrease in events with respect to the barrier that does not contain the sealing agent,
57% less events in the case of the bilayer, and 68% less in the case of the SiC monolayer.
The addition of SiC plays an important role in the mechanical behavior of the barrier,
substantially decreasing the mechanical resistance of the barrier. Nevertheless, at the end
of the first stage (20 s), the number of events were relatively similar in all series.

The SiC addition enhance the unfused zones, forming a more porous like material.

The delamination process between the substrate and the Al,O3/Y-TZP layer was
noticed at stresses higher than 845 MPa in the R series (Y-TZP/Al;O3), 785 MPa in the S
series (Y-TZP/Al,O3 + 15% SiC), and 790 MPa in the bilayered R + S.

Three frequency patterns associated with the thermal barrier cracking mode were
detected and identified. There was a pattern of 100-120 KHz for Mode I fractures, another
pattern of 150 and 250-325 KHz for Mode II and III fractures, and finally, a pattern of 400,
600, and 800 KHz for delaminations.
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