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ABSTRACT

Sol-gel Thermal Barriers Coatings (TBCs) are manufactured using the dip-coating technique optimised in
terms of process parameters including sol formulation, rate of withdrawing and heat treatment. The specific
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1. Introduction

Thermal Barrier Coatings (TBCs) constitute the external scale of
functional, complex multi-materials systems used to insulate hot
section parts from the high temperature gases in aircraft engines gas
turbines. Added to internal cooling systems applied to blades, vanes
and other parts of gas turbines, TBCs can decrease the component
service temperature down to more than 150 °C. As a consequence, the
turbine inlet temperature can be significantly increased to improve
engine efficiency while reducing NOx emission with no impact on
components durability. Prior to deposit the TBC, nickel base
superalloy substrates are bond coated either with alumina forming
NiAl, NiPtAl or with MCrAlY [1,2]. Today, industrial manufacturing of
TBCs is mainly carried out using two physical processes, namely the
Electron Beam Physical Vapour Deposition (EB-PVD) and the
Atmospheric Plasma Spraying (APS). EB-PVD results in columnar
TBCs showing fairly good lateral compliance while APS allows the
deposition of lamellar TBCs, less resistant to the detrimental effect of
thermomechanical stresses but with about twice lower conductivity,
in the range 0.7-0.9 W.m ™' K™,

The new promising and versatile sol—gel process has proved to be
efficient for depositing yttria-stabilised zirconia (YSZ) thermal barrier
coatings on top of multi-materials systems composed of superalloys
substrates, NiAl or NiPtAl bond coats and alumina thermally grown
oxides. Processing such TBCs by the so-called dip-coating route results
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mechanisms of sol-gel TBCs, deposited on either NiAl or NiPtAl bond-coated superalloy substrates, are
described. The possibility to reinforce and stabilise the crack network formed during the heat treatment or the
first oxidation cycles using supplementary dip-coatings and appropriate process parameters is investigated. It
is shown that implementing this technique that can be further regarded as an attractive way for repairing
TBCs, significantly improves the cyclic oxidation behaviour of the multi-materials systems.

in depositing either thin or thick, fairly adherent coatings showing
non oriented microstructures with randomly structured pore network
[3]. This specific microstructure confers to the barrier an optimum
compromise between a satisfactory low thermal conductivity to
properly insulate the system and a good lateral compliance to
accommodate without fracture the thermomechanical stresses gen-
erated in service. After soft chemical processing has been completed,
sintering of the TBC is ensured by a controlled heat treatment. For
TBCs, typically thinner than 60 pm, sintering does not provoke any
morphological change. However, for thicker TBC, this thermal
treatment generates the formation of a fairly regular surface crack
network as a result of the biaxial loading due to the ceramic shrinkage.

First, a rapid review of the mechanisms of a 60 um thick sol-gel
TBCs damage resulting from the cyclic high temperature exposure is
presented. Generally speaking, the behaviour upon cyclic oxidation of
the TBC strongly depends on the characteristics of the initial crack
network that can further enhance under the detrimental effects of the
thermomechanical stresses generated by the cumulative cycles.
Ultimately, the development of cracks that may perfectly connect to
each other can provoke the detachment of individual zirconia
particles resulting in the onset for spallation and catastrophic failure
of the TBC [4]. A particular attention is paid to the synergetic effect of
TBC cracking and TBC spallation whose competition results in the
cyclic degradation of the coatings.

Focus is then placed on the influence of the heat treatment
parameters such as the heating and cooling rates and the holding time
at dwell temperature, on the geometrical characteristics of the crack
network that control the behaviour of 100 um thick TBCs under
loading. Subsequently, optimised TBCs are cyclically oxidised in a



specially designed rig instrumented to monitor in situ the surface
evolution resulting from the damaging cooling sequences of cumu-
lated cycles [5]. The evolution of the degradation versus the number of
1 hour cycles at 1100 °C through the development of cracks and spalls
is investigated using complementary approaches including SEM, CCD
image extraction plus image analysis and laser interferometry. Finally,
the possibility to proceed to the filling of either the initial or the cyclic
oxidation induced crack network is investigated as a mean to properly
prepare TBCs prior to thermal loading or to repair TBCs after
degradation.

2. Processing and characterization of sol-gel thermal
barrier coatings

AMT1 superalloys substrates are initially covered with either NiAl
bond coat or NiAl plus Pt bond coat to further enhance TBC adhesion.
To process Thermal Barrier Coatings by the so-called sol-gel route,
precursor YSZ sol with a composition of 9.7 mol% yttria, is synthetised
from zirconium (IV) propoxide Zr(OPr), (Aldrich) and yttrium (III)
nitrate hexahydrate (Acros Organics) as raw materials [6]. Acetyla-
cetone (AcAc) is used as complexing agent to reduce the hydrolysis
rate of zirconium alkoxide [7], and the solvent is 1-propanol. Volume
ratios between AcAc and Zr(OPr),4 and between H,0 and Zr(OPr), are
respectively 0.8 and 9.5 and zirconium concentration is kept constant
at 0.5 mol.L™!. Such a sol is used to produce YSZ powder, obtained
after an operation of supercritic drying of it in the supercritic
conditions of the propanol used as solvent [8]. After this step, an
aerogel is first obtained. Ultimately, the powder is heat treated at
700 °C. YSZ powders are dispersed into a slurry composed of the
starting sol (9.7 mol% YO, 5) loaded with 40 wt.% of powder directly
issued from the supercritic drying described above. Then, superalloy
substrates are dipped into the slurry and withdrawn at a thoroughly
controlled rate (250 mm/min) to shape the coatings. This elementary
operation is repeated until the required TBC thickness is reached and
the deposit of the TBC is completed. Finally, processed specimens are
heated at 1100 °C with appropriate heating and cooling rates as well
as dedicated holding time that will both be detailed in Section 3.
Processing results in the deposit of fairly dense and adherent TBC
layer as shown in Fig. 1.

To address surface topography of the as-processed as well as the
cyclically oxidised and damaged TBC and to quantify both the depth
and the width of cracks and possible spalls, confocal interferometry
microscope, with a dynamic range 15 nm-350 um is used. Cyclic
oxidation tests are performed in a specific dedicated automated rig
instrumented with CCD camera to monitor in a real time basis the
evolution of the specimen surface upon the air-forced 5 min cooling
following the various cumulated 5 min heating plus 1-hour holding at
1100 °C. Individual CCD images are extracted from the video
recording to be treated using image analysis software. The surface

Fig. 1. SEM cross-section of a sol-gel TBC.

fraction of both cracks and spalls are derived as a function of time
following each cycle to derive the elementary spallation kinetics and
as a function of the number of cumulated cycles to approach the
overall surface damage evolution.

3. Mechanisms of sol-gel thermal barrier coatings degradation

As a consequence of holding sol-gel TBCs at 1100 °C during the
initial heat treatment, a cracks network can develop within the
coating as the result of the biaxial thermal stresses arising from the
high temperature exposure and associated sintering constrained by
the substrate. The extent and morphology of those cracks are strongly
dependent on the thickness of the barrier. As a matter of fact, for very
thin TBC almost no crack is visible but beyond a given thickness,
namely higher than 60 pm, initial cracking prevails and acts as a
precursor to a further damage of the TBC. Damage develops through
the coalescence of the initial cracks essentially disconnected at the
initial stage prior to exposure to cyclic oxidation. This results in the
formation of a connected network generated by the percolation of
individual cracks whose extent tends to level off as internal stress is
fully released following the completion of crack propagation. This
mechanism leads to the delamination of individual TBC cells prone to
spall upon further exposure to the next oxidation cycles. The extent of
cracking and spallation is also enhanced as the oxidation temperature
is increased. As to illustrate these specific damage mechanisms, Fig. 2
shows the evolution of the surface fraction of cracks and spalls as a
function of the oxidation temperature and the number of 1-hour
cycles for a 60 um sol-gel TBC deposited on NiPtAl bond coat. At
1100 °C, almost no spallation is suffered by the TBC after 55 1-hour
cycles while the surface fraction of crack reaches about 3.2%. For
oxidation at 1150 °C, degradation is much pronounced as surface
fractions of cracks and spalls reach respectively 3.5% and 22.7%.

4. Optimisation of the thermal treatment of sol-gel thermal
barrier coatings

As indicated above the occurrence of a thickness dependent crack
network within the deposited sol-gel TBC stands for the microstructural
feature that can initiate the dramatic degradation of the surface coating
as the multi-layered system is subject to cyclic oxidation. The higher the
thickness of the TBC, the more pronounced is the extent of the cracks.
Limiting the extent of the initial crack network should probably improve
the durability of the TBC to the detrimental effect of the cyclic
thermomechanical loading resulting from high temperature oxidation.
Indeed, the time scale for the formation and development of cracks
corresponds to an incubation time during which no catastrophic
spallation occurs. As a result, delaying the crack propagation progress
is a way to increase life of TBC. Standard treatment at 1100 °C for 2 h
includes quick heating and cooling rates, namely 100 °C.h . In order to
adjust the parameters of the heat treatment, thick TBC (300 um) prone
to enhance cracking mechanism has been produced and examined after
standard treatment. Fig. 3a and b show the impact of lowering both the
heating and cooling rates down to 50 °C.h™" on the morphology of the
crack network and the overall adherence of the TBC prior to any
oxidation cycle. For such a high TBC thickness, high heating and cooling
rate results in an extensive crack occurrence that typically provoke the
partial detachment of the barrier over large area greater than 1 mm?.
Conversely, TBC treated with lower heating and cooling rate exhibits a
much better adherence as no spallation occurs. The crack network,
unavoidably formed, is fairly regular and the size of individual spalls
ranges between 25 and 50 um. For TBC with lower thickness, i.e. 100 pm,
no spallation was detected whatever the heating and cooling rates are
(Fig. 3cand d). Note however that the standard treatment results in the
formation of cracks with fairly high width and correlatively fairly high
depth (Fig. 3c). As a comparison, the TBC heated and cooled at 50 °C.h™!
shows a more dense microstructure with lower width and depth and
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Fig. 2. Extent of cracking and spallation for a cyclically oxidised 60 um-thick sol-gel TBC versus the oxidation temperature and the number of 1-hour cycles.

smaller individual cells as well, leading to a microstructural morphology
with expected enhanced adherence properties (Fig. 3d). For a given
thickness, the response of the TBC to crack initiation and propagation is
straightforwardly related to the capability of the material to release
stress via creep deformation, which is drastically reduced for high
heating and cooling rates. In this case, the lack of stress accommodation
results in either extensive propagation of wide opened cracks or even,
for thick TBC, full spallation of large parts of the system. This confirms
the importance of the rate of heating and cooling for the constrained
densification [9].

5. Cyclic oxidation of optimised sol-gel thermal barrier coatings

Cyclic oxidation tests were performed at 1100 °C on both NiAl and
NiPtAl bond-coated superalloy substrate with 100 um thick sol-gel TBC
top layer prepared using the optimised low heating and cooling rates
heat treatment (50 °C.h™") described in Section 4. Due to their fairly
high thickness, specimens have released any initial process induced
internal stress by developing a regular crack network to result in the
morphology shown in Fig. 3d. The surface fraction of spalls was
measured after specimens were cooled down to room temperature

Fig. 3. Influence of the heating and cooling rate during initial heat treatment at 1100 °C for 2 h on the initial crack/spall damage of the TBC a) 300 um thick TBC and 100 °C.h—' b)

300 pm thick TBC and 50 °C.h~! ¢) 100 pum thick TBC and 100 °C.h~! d) 100 um thick TBC

and 50 °C.h~ 1,
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Fig. 4. Surface fraction of spalled versus the number of i)1 hour cycles for NiAl and NiPtAl bond-coated AM1 superalloys substrates covered with sol-gel TBCs (solid lines), ii) filled in
NiAl bond coated AM1 superalloys substrates with 4 and 8 additional dip-coatings (solid squares and circles).

following successive oxidation cycles. Such data are derived from the
analysis of the complete spallation kinetics monitored during the
cooling phases following each individual oxidation cycle. Roughly, those
kinetics exhibit a typical pseudo-sigmoidal shape showing first an
incubation time of approximately 240 s where almost no spall can be
detected, followed, as the onset of spallation is reached, by a phase of
extensive damage ending to a final degradation ranging from 9% to 15%
surface fraction of TBC detached from the substrate. The extent of
spallation is plotted versus the number of cycles in Fig. 4. As expected,
note that the NiAl bond-coated specimen is more prone to spallation
than the NiPtAl counterpart. In this case, the surface fraction of spalls
reaches almost 60% after only 15 1-hour cycles whereas for specimens
with Pt addition in the bond coat, up to 75 cycles result in only 36%
spallation. This confirms unambiguously the benefit of Pt to enhance
adhesion of TBC elsewhere reported for standard EB-PVD TBCs [10-13].
From the individual spallation kinetics for which temperature decrease
is systematically measured, it is possible to plot the surface fraction
spalled against the temperature drop AT from the oxidation temper-
ature, i.e. 1100 °C. Fig. 5 shows the evolution of the surface degradation
upon cooling after the third, sixth, eighth, twelfth and fourteenth
oxidation cycle indicating that a rather low temperature is required to
initiate spallation. Indeed AT must reach about 1040 °C to 1070 °C, that
is a temperature close to ambient temperature (60 °C-30 °C) where
the energy release rate is maximum as numerically assessed in [14].
Note that this critical temperature drop to initiate spallation is very
close for the various investigated cycles indicating that cumulative
heating/oxidation/cooling cycles do not impact so much, at least up to
the fourteenth cycle, the capability of the system to resist degradation.

6. Sol filling of sol-gel thermal barrier coatings as a repair process
for cracks and spalls

Previous investigations [15] have shown that, subsequently to
standard manufacturing and after final drying, performing additional
dip-coatings of as deposited sol-gel TBCs with an appropriate slurry is
an attractive way to fill in process-induced cracks. This can be
regarded as highly profitable for preparing TBCs prior to be cyclically
oxidised. Accordingly, this modified sol-gel route would benefit both
from the stress release arising from the occurrence of the initial post-
drying crack network and the strengthening provided by the post-
processing slurry filling. Additionally, filling can be used on damaged
TBCs with enhanced crack network as developed during cyclic
oxidation exposure and possibly resulting in the detachment of
zirconia or zirconia plus alumina particles in the shape of individual
spalls. Depending on the viscosity of the sol, i.e. the amount of powder
loaded in the sol (previously called slurry) and the number of
additional dip-coatings, the efficiency of the filling procedure can
significantly vary. Loading sol with 20 wt.% of yttrium stabilised
zirconia powder stands for the best compromise between satisfactory
capillary action and appropriate viscosity. Fig. 5 is a confocal
microscope view of a 1 mm? zone of a sol-gel TBC showing the
morphology of an initial crack network including a large spalled area,
i) initially produced after processing and sintering (Fig. 6a) and
following 4 additional dip-coatings with 20 wt.% loaded sol (Fig. 6b).
As a matter of fact, both width of the cracks and the overall size of the
spall are significantly lowered after additional dip-coatings indicating
that sol satisfactorily fills the defects. Only a very slight overspreading
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Fig. 5. Extent of spallation following cooling and determination of the critical drop for spallation.
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Fig. 6. Effect of additional dip-coatings on the filling of cracks.

of the rest of the barrier, outwards the cracks and spalls, by the
brought up sol is visible. It is estimated to range between 2 um and
5 um. In the case where further dip-coatings are conducted to possibly
enhance crack filling, this over thickness resulting from the supple-
mentary matter brought to the surface of the system by dip-coating
may reach 20 pm. This is not acceptable as this overlaying scale is
expected to exhibit fairly poor adhesion on top of the initial deposited
TBC. This feature is illustrated in Fig. 6¢ and d that compares an initial
cracked morphology to its counterpart with 8 additional dip-coatings.
It clearly appears that the filling of the initial cracks, addressed by
estimating the width of the defects, is drastically reduced. But
following such a large number of dip-coatings, the TBC suffers an
increase in thickness detrimental to a proper use in service. The
principle for appreciating gain in reducing crack width is detailed in

401 [.- Before filling

— After filling with 4 dip-coatings

Az (pm)

Fig. 7 where the variation of the crack depth (Az) is plotted versus the
distance over which the topological profile is determined. Graph
represents the initial profile (dotted grey line) and the profile after 4
dip-coatings (solid line). As indicated above, the over thickness
resulting from those four dip-coatings remains largely lower than
5um. Generally speaking, the relative shortening of the cracks is
measured at the basis of the defect and is expressed as (AL/L=Ly
—Li/Lp) where Ly and L; are respectively the initial width and the
width after i dip-coatings. Note that in the cases of two and four dip-
coatings, AL/L=40%, indicating that both procedures show similar
efficiency to fill in cracks and result both in a significant relative
decrease in crack opening. Increasing the number of dip-coatings
should result indeed in a better closing of cracks. As a matter of fact,
the relative decrease in crack width may reach almost 60% for eight

0 20 a0 60

80 100 120 140 160

Width (pm)

Fig. 7. Crack profile before and after filling.



dip-coatings. However, topographic profiling unambiguously reveals
that this promising result for 8 dip-coatings suffers an important
limitation related to the existence of a non-adherent over layer prone
to detach easily upon cyclic oxidation. The asymmetric filling profile
shown in Fig. 7 is due to the directional character of the dip-coating
method. Consequently, in order to avoid or limit this artefact, it would
be highly interesting to further investigate other deposition processes
such as spray-coating for example (keeping constant the formulation
of the slurry).

Filled in TBCs with NiAl bond coats were cyclically oxidised at
1100 °C according to the thermal profile defined in Section 2. Results
are reported in Fig. 4 as the full-square and full-circle additional dots
corresponding to two, six and ten cumulative cycles. Specimen filled
with 4 dip-coatings shows a well better behaviour than the unfilled
as-coated specimen. The extent of spallation of the filled-in NiAl is
only 3.8% after ten cycles. As a matter of fact, the behaviour of this four
times dip-coated specimen reproduces accurately that of the NiPtAl
bond coated specimen for the three investigated cycles. Conversely
the specimen filled-in with 8 dip-coatings does not show any
improvement in terms of extent of spallation following the exposure
to two, six and ten oxidation cycles. Though cracks were better closed
as dip-coatings were accumulated, the over thickness deposited on
top of the remaining TBC fails easily upon cycling as expected.

7. Conclusion

After a brief review of the elementary microstructural mechanisms
specifically responsible for the degradation of sol-gel Thermal Barrier
Coatings exposed to cyclic oxidation through a synergetic effect of
crack initiation, crack propagation and coalescence and ultimately full
detachment of individual spalls; the feasibility of controlling and
stabilising the initial crack network was investigated. The crack
network can either develop during processing for thick TBCs or during
the very first time of oxidation exposure for thin TBCs.

Namely, the post-treatment of properly heat-treated, as-deposited
sol-gel TBCs by additional dip-coatings is successfully used to fill in
processed induced crack and significantly enhance the cyclic
oxidation life of the TBC. It is shown that, fortuitously, the behaviour
of filled TBCs deposited on NiAl bond-coated substrates is similar to
that of highly adherent unfilled TBCs deposited on NiPtAl bond-coated
substrates. The improvement in cyclic oxidation behaviour related to

a proper reinforcement and stabilisation of the cracks is attributed to
the adequate formulation of the filling sol and the optimum number of
dip-coatings chosen to exhibit the best compromise between a
satisfactory filling and a non occurrence of a poorly adherent over-
layer brought up during processing. However, this technique, which
can be promisingly considered as a cost-efficient, technically
attractive repair technique to enhance service life of TBCs, still suffers
some limitations. Indeed, the directionality of the dip-coating process
results in a non-uniform, asymmetric filling of cracks. In addition, the
concomitance of the crack filling and the deposition of an over layer at
the surface of the non-cracked parts of the TBCs, drastically limits the
number of feasible dip-coatings and correlatively the efficiency of the
filling itself. Consequently, further research will be conducted to check
whether non-directional techniques such as spray coating for
instance, could beneficially promote the occurrence of more sym-
metric, more uniform filling of defects.
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