Available online at www.sciencedirect.com

sc.euce@p.“cn E"EQS

ELSEVIER Journal of the European Ceramic Society 25 (2005) 393—400

www.elsevier.com/locate/jeurceramsoc

Studies of the sintering kinetics of thick thermal barrier coatings by
thermal diffusivity measurements

F. Cernuscht*, L. Lorenzon®, S. Ahmaniem?1, P. Vuoristd, T. Mantyla?

2 CES Sp.a., Via Reggio Emilia, 39, 20090 Segrate (M), Italy
b Tampere University of Technology, Institute of Materials Science, P.O. Box 589, 33101 Tampere, Finland

Received 24 October 2003; received in revised form 19 January 2004; accepted 25 January 2004
Available online 2 June 2004

Abstract

Better thermal insulation of the hot path components is needed in state-of-the-art gas turbines and diesel engines, because of the increasing
demands of the higher process temperatures. In these processes, thermal barrier coatings (TBCs) and various cooling techniques mainly
control the component surface temperatures. For this reason low thermal conductivity of the TBCs are extensively studied. One of the main
factors determining the TBC thermal conductivity is the coating microstructure, with specific attention to the porosity content, as well as to

its morphology and orientation. One important feature of TBCs is the stability of their thermal properties as a function of time at service
conditions. In fact the prolonged exposure to high temperature can promote shrinkage phenomena within the TBC, which make the coating
less strain tolerant and more heat conductive. This leads to a drastic reduction of the functional effectiveness of this ceramic protective top
layer.

In order to study the evolution of thermal properties of TBC, as a function of time and temperature, thermal diffusivity evaluation by laser
flash method has been performed. The measurements have been performed on freestanding yttria-stabilized zirconium oxide (YPSZ) TBCs.
In particular, measurements have been carried out at five different temperatures in the range 9@~b8ddferent ageing times (from 1

up to 150 h). The data show a significant increase of the thermal diffusivity also after exposures of few hours, especially at the highest testing
temperatures. Microstructural analysis carried out by optical and electron microscopy clearly showed that the observed thermal diffusivity
variations can be ascribed to sub-micrometric crack healing and sintering neck formation. Mechanical testing confirmed the microhardness
increase of TBC as well. Finally the data have been summarised in order to experimentally define a “functional life” curve of the TBC, as a
function of ageing time and temperature.

© 2004 Published by Elsevier Ltd.
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1. Introduction (APS) or by electron beam-physical vapour deposition
(EB-PVD) X3 In particular, due to the deposition process,
Ceramic thermal barrier coatings (TBCs) are widely ap- the microstructure of APS coatings results to be the su-
plied in last generation gas turbines hot path components. Inperposition of fused splats of yttria-stabilized zirconium
particular vanes, blades, transition pieces and combustionoxide (YPSZ). Thus, the porosity consists of inter-splat
chambers are protected from hot gases by depositing onspherical porosity and inter-, intra- and trans-lamellar
their surfaces a refractory ceramic porous layer. The state-ofmicrocracks with the smaller axis typically oriented
the-art of these TBC is represented by yttrium oxide par- parallel (inter-lamellae) and perpendicular (intra- and
tially stabilised zirconium oxide (7—-8wt.%¥3 + ZrOy) trans-lamellae) to the heat flux (i.e. through-the-thickness of
deposited onto the components either by air plasma spraythe TBC)#® EB-PVD coatings have the typical columnar
structure oriented in parallel to the heat flux. The porosity of
—_— these coatings has a bimodal distribution constituted mainly
* Corresponding author. Tek39-022-125-4577; by the space between the columns of TBC (even well repre-
fax: +39-022-125-4678. - ' S - Srky
E-mail address cemnuschi@cesi.it (F. Cernuschi). sent_ed by columns) and_by _mtra colu_mna_r micropores.
1 Currently at Metso Paper Inc., Global Service Operations, P.0. Box |t 1S well known that this difference in microstructure be-
587, FIN-40101 Jyvaskyla, Finland. tween APS and EB-PVD, as well as the difference between
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APS coatings produced by using different process parame-Table 1
ters, can affect the strain tolerance, the elastic modulus, theSample thickness as measured by image analysis
thermal conductivity, the erosion resistance and the sintering Sample T1 T2 T3 T4 T45
activity of TBC. L Thickness m) 966.88 958.25 980.3 99595 982.75

As far as sintering activity is concerned, the key fac- standard deviationym) 26.75 36.21 31.82 30.67  34.09
tors discriminating coatings with different microstructures
are the content, the shape and the size of either pores or
microcracks and the presence of low melting temperature curves” for TBCs produced by using different zirconia pow-
impurities (typically silica) within the TBG %1114 Sin- ders and spraying process parameters and to set-up a NDE
tering phenomena of TBCs depend also on boundary con-technique able to monitor the evolution of sintering directly
ditions of the coating (i.e. free-standing or adherent to a On serviced components during maintenance stops, in order
metallic substrate) and on the presence of a thermal gradienf© Prevent the TBC spallation.
through-the-thickness during the ageing. In fact, the ther-
mal expansion mismatch caused by the two aforementioned )
conditions can promote the nucleation and the opening of 2. Experimental
crack close to the TBC surface thus opposing to the sinter-
ing activity. 2.1. The samples

Previous studies describe the sintering of TBC as consist-
ing of two separate phases. The first, mainly active at very For this experimental activity, six thick YPSZ samples
short times &10h), is characterised by the improvement (named T1-T6) deposited by APS have been used. The
of the inter-splat bonding produced by healing microcracks TBCs have been detached from the metallic substrates by
and by the trans-splat grain growth and in the reduction of chemical etching. Then, from each sample, a 10mm di-
intra-columnar micropores in APS and EB-PVD coatings, ameter disk shape free standing TBC specimen have been
respectively. The latter sintering quasi-stationary stage pro- €xtracted for thermal diffusivity measuremeritable 1re-
motes mainly pore shape changes (making the aspect raticoumes the specimen coating thickness, as measured by im-
of the flat spheroid tend to values close to that of spheres),29€ analysis along the section of the remaining ring shape
the reduction of macro-pore volumes and the “welding” TBC samples.
of neighbouring columns in APS and EB-PVD coatings,
respectively 721213 |n particular, phenomena involved in ~ 2-2. Measurement technique
microcrack healing and shape changes are reported to take

tem seems to be affected by sintering only at temperaturesPy using the laser flash technigtie!® This method con-
higher than 1200-130e 57 sists of heating the front face of a sample (typically a small

Sintering modifies the mechanical and thermo-physical disk-shaped specimen) by a short laser pulse and detecting
properties of TBC. In particular, the microhardness and the the temperature rise on its rear surface by an infrared de-
elastic modulus strongly increase with sintering reducing tector. For evaluating the thermal diffusivity a, the solution
the strain compliance and thus the “life” of the TBC. In Proposed originally by Parker et &.consisted of using the
fact, the healing of microcracks, as well as the formation following relation

of bridges between splats, promote chemical bondings. The 1.2

drawback of the formation of these bondings is that a crack is @ = 0-1388t— 3)
allowed to propagate through different grains without being L2

deflected. where t;» and L are the time corresponding to the

Moreover, crack healing and modifications of the aspect half-maximum increase of the temperature and the sample
ratio of pores both contribute to increase significantly the thickness. The main advantages of this method are the sim-
thermal conductivity of the TBC which is no more effective plicity and rapidity of measurement, and the possibility to
in the protection of the bulk metallic material from over- measure the thermal diffusivity on a wide range of materials
heating. within a wide temperature range.

Thus, the study of the sintering kinetic as a function of  The experimental system consists of a pulse@6 X
the ageing time and temperature is essential for selecting thel0~® m wavelength Nd:YAG laser (Laser Metrics, Winter-
TBC with the best long term performances. park, FL, USA) as the heating source. The laser beam shape

In this work, the results of a preliminary activity devoted is circular with a uniform intensity. The sample is located
to characterise the sintering kinetic of APS TBC by measur- within a tantalum furnace with a molybdenum shield (Theta
ing the microhardness and the thermal diffusivity= k/oC Instruments, Port Washington, NY, USA) where it is possi-
(wherek, C and p are the thermal conductivity, the specific ble to reach 1500C. The sample and the furnace are both
heat and the volumic mass, respectively) are reported. Theinside a vacuum chamber, and an infrared detector can de-
two final aims of this research activity are to obtain “life tect, without any contact, the temperature of the rear face of



F. Cernuschi et al. / Journal of the European Ceramic Society 25 (2005) 393-400 395

the sample through an infrared window. The signal is then e During the cooling stage at the end of the experiment,
amplified, acquired and processed by a PC. thermal diffusivity at 200C was measured again on the
As YPSZ is translucent in the near infrared, in order aged samples.

to make the surfaces opaque for guaranteeing the ab- .
X . SN After these measurements, microhardness measurements
sorption and the detection of the IR radiation just on the

sample surfaces, prior performing the thermal diffusivity have been carried out on the five aged samples (T1-T5) and

measurement, on both the front and the rear faces of the?" the as-sprayed one (T6).
sample, a thin layer of collpldal graph@e was painted fol- 2.4, The experimental results
lowing a procedure described and discussed elsewhere.
17

Since measurements have been carried out in vacuum, the For gach sampldag. ! S.hOWS the thermal diffusivity as
) : : a function of the ageing time. In order to compare the ex-
only correction applied to the experimental data was related ~ - : . .
to the radiative losses taking place at high temperature. Inperlmental data referring to different ageing temperatures,

. . ; making more evident for each sample the relative thermal
this specific case, the Cowan method for reducing the data ... .= . oo
has been usek 18 diffusivity increase (caused by the sintering phenomena),

the normalisation of the experimental values in respect to
) the first measured value (i.e. that get at the time 0) has
2.3. Experimental procedure been carried oufFig. 2 summarises the results of this nor-
) ) ] malisation. Since normalising eliminate the uncertainty re-
The procedure followed to monitor the sintering process |aed to the TBC thickness evaluation, this approach could

of TBC consisted in the following steps: be useful for practical applications when the thermal diffu-
e Measuring the thermal diffusivity of T1-T5 samples at Sivity measurement is carried out directly on real compo-
200°C by Laser Flash (L.F.) technique. nents using single side photothermal and/or thermographic

e Heating up the samples to the ageing (and measurementjechniques.
temperature that was fixed for the five samples equal to  For all the samples, two sintering phases can be clearly
900, 1000, 1100, 1200 and 130D, respectively. discriminated inFigs. 1 and 21In fact, at first, within few

e When reached the fixed temperature, the first L.F. mea- ageing hours <10 h) a significant increase of thermal dif-
surement was carried out (time 0). Subsequent L.F.fusivity can be observed at each temperature followed by
measurements were performed always maintaining thea slower rate sintering activity. For the three lower ageing
sample at the ageing temperature. For each sample, datdemperatures (900, 1000 and 1I@) data seem to tend
have been collected at different times in the interval asymptotically to values below 1.15 while the sintering rate
0-150h and at each time, five consecutive measurementgit 1200 and 1300C does not show evident upper limits and

were carried out for statistical reasons. exhibits higher slopes. This can be explained taking into
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Fig. 1. Thermal diffusivity vs. time for ageing temperature equal<p 900°C, (ll) 1000°C, (O) 1100°C, (#) 1200°C and (A)1300°C, respectively.
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Fig. 2. Normalised thermal diffusivity vs. ageing time for ageing temperature eque<)t@@o°C, (M) 1000°C, (O) 1100°C, (®) 1200°C and
(A)1300°C, respectively. The solid lines represent the best fitting of the experimental data measured at the five ageing temperatures.

account that the stationary sintering phase is active at tem-in the range 100-130@, by using a differential scan-
peratures higher than 120057 ning calorimeter DSC 404 C (Netzsch-Geratebau GmbH,
The comparison between absolute values of thermal dif- Selb, Germany). Three consecutive measurement cycles
fusivity of the five samples can be carried out on the thermal have been carried out to discriminate between reversible
diffusivity values measured at 20C both before and after and not reversible reactions. From the experimental data
ageing as shown iflable 2 The increase of thermal diffu-  shown inFig. 3, it results that no relevant chemical reaction
sivity measured at 200C caused by the sintering phenom- took place, apart from an exothermic irreversible reaction
ena affects differently the samples as a function of ageing at about 800C observed during the first cycle, probably
temperature and time. In fact, sample T1 and T5, aged atcaused by residual stress relaxation. Furthermore, the X-ray
900 and 1300C, respectively, exhibit a very small (7.3%) diffraction analysis carried out on the six T1-T6 samples
and very large (94.3%) increase of thermal diffusivity. For after the high temperature exposure, using a D500 X-ray
each sample, the different thermal diffusivity increase ob- diffractometer (Siemens, Karlsruhe, Germany), confirms
served at low (200C) and at high (ageing) temperatures can that no phase transformation took place during the high
be explained taking into account that the radiative contribu- temperature exposure as shownHig. 4 TheC, and XRD
tion to the heat transport within the TBC is negligible at low results indicate that sintering phenomena are the principal
temperatures but is significant at ageing temperatures. cause of the thermal diffusivity increase during the ageing
In order to discriminate between the effects related to sin- period.
tering phenomena, chemical reactions, partial evaporation, At last, samples have been cut and, after the surface
and phase transformations, supplementary analyses hav@olishing, the hardness on the section was measured by
been performed. In particular, on an as sprayed sample, theVickers indentation using a weight of 300 g. In order to im-
specific heatCp in argon atmosphere has been evaluated prove the statistic, for each sample, 10 measurements have

Table 2

Thermal diffusivity at 200C

Sample Ageing time (h) Ageing Thermal diffusivity Thermal diffusivity Relative thermal
temperature °C) before ageing (cRis) after ageing (crf's) diffusivity increase (%)

T1 94 900 0.00300 0.00322 7.3

T2 99 1000 0.00287 0.00369 28.6

T3 94 1100 0.00283 0.00397 40.3

T4 142 1200 0.00296 0.00481 62.5

T5 149 1300 0.00283 0.0055 94.3
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Fig. 3. Specific heaCp, as a function of the temperature for the sample T6. Three consecutive measurement cycles have been performed in order to

distinguish between reversible and irreversible transformations. Measurements have been carried out in Argon inert atmosphere.

been carried oufig. 5clearly shows a correlation between ture T and timet by combining together these two param-
the hardness increase and the ageing temperature due to sireters using the well know Larson—Miller parameter (LMP),

tering phenomena. defined as follows
Since the final aim of this activity is to define experimen- _
tally a curve correlating the normalised thermal diffusivity MP = T(n(z + 1) + 20) (1)

versus the TBC “life”, the first step consists in reducing to where temperature and time should be expressed in Kelvin
a 2D-representation the natural 3D-representation of the de-and hours, respectively. Notwithstanding the use of the LMP
pendence of TBC thermal diffusivity from ageing tempera- is generally used in the creep-rupture analysis, its appli-
cation in this field can be considered because experimental
data indicate that the effect of time and temperature on the
thermal diffusivity increase can be quite well represented
by logarithmic and linear functions, respectivelyig. 6

A 1300°C summarises semi-logarithmically all the experimental data
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Fig. 4. X-ray diffraction spectra for the six samples T1-T6. Measurements
have been carried out after the ageing at high temperature using the Cu
Ka radiation. The scanning step was fixed equal to 0.8&2h a scan

Fig. 5. Vickers microhardness of samples T1-T6. For each sample, values
rate of three steps per second.

refer to the average of 10 measurements carried out along the section.
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Fig. 6. Natural logarithm of the normalised thermal diffusivity at ageing temperatures vs. LMP for samples T1-T5.

using LMP. In particular, for each sample, thermal diffu- the measurement temperature, which differs from sample to
sivity values measured at the ageing temperature have beesample. On the contrary, normalising the experimental data,
normalised by the corresponding value measured at@00 as done irFig. 2 the pure effects produced by sintering on
before heating up the sample. the thermal diffusivity of TBCs can be better highlighted.
As far as the absolute thermal diffusivity values of thick
TBCs are concerned, a good agreement with literature is
3. Discussion found. In particular, as far as low temperature (i.e. 20D
measurements are concerned, before heating, the average
As the density and specific heat variations due to ageing value for T1-T5 samples is 0.00289%fs1 that is in good
usually are almost negligible if compared with the corre- agreement with the thermal diffusivity value of 0.0032 cm/s
sponding modification of thermal conductivity, the relative at 200°C reported by Wang and Dinwiddie for an APS
increase of thermal conductivity and diffusivity values can YPSZ TBC. In the literature are reported thermal dif-
be compared without any further computatidrf® In par- fusivity values at low temperatures specifically referred
ticular, the results of this preliminary work on the sintering to thick TBC, in the ranges 0.0033-0.0042%&%° and
kinetics of 7-8wt.% ¥Os + ZrO, APS free standing  0.002-0.0055 cAis, depending to the peculiar microstruc-
coatings (aged in vacuum and measured by a transientture of the coating$® Concerning the increase of thermal
technique) show a good agreement with the correspondingdiffusivity after heat treatments, Schwingel et?&lreport
values reported in the literature, notwithstanding those dataan increase of about 22% of the thermal diffusivity, as mea-
refer to thermal conductivity variations as measured in air on sured at 100C after an exposure at 120G for few hours.
three layers samples (TBC-bondcoat-base metal) by a lasefFor the sample T4 (aged at 120D for 142 h), an increase
steady-state heat flux meth&#2! The relative increase of  of 62% has been observed. Bianchi et al. and Dutton et al.
the thermal diffusivity aged at the different temperatures report an increase of about 33 and 46% of the thermal dif-
shown inFig. 2 results smaller than those reported by Zhu fusivity as measured at 20C after an exposure at 130G
and Miller!321 for APS TBC samples aged at 990, 1100 for few (<3) and 50 h, respectivef?° The corresponding
and 1320C in the first 30 ageing hours. In particular, they result within this work shows a relative increase of 94% for
report an increase of 8, 15 and 45% for samples aged at 990the sample T5 (aged at 1300 for 149 h).
1100 and 1320C, respectively, while in the present work Clearly, for each ageing temperature, the difference be-
after 30h an increase of 6, 9 and 25%, respectively, aretween all these results depends mainly from the time of ex-
observed. This difference can be mainly ascribed to the factposure at the high temperature.
that these literature results have not been normalised to the In general, when comparisons between literature data are
initial value. Thus, for each TBC sample, the reported abso- carried out, it must be taken into consideration that thermal
lute value of thermal diffusivity consists of the superimpo- diffusivity values of porous samples measured in vacuum
sition of the effects of sintering phenomena taking place at usually result lower than values obtained in inert atmosphere
high temperature to the initial value of thermal diffusivity at because the gas filling pores contributes to the heat transfer.
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Fig. 7. Natural logarithm of the normalised thermal diffusivity at 2@0vs. LMP for samples T1-T5.

Moreover, a more complex situation has to be faced when ent measurement approaches would require increasing the
measurements are carried out in air because some chemicatumber of samples and the detrimental sample handling and
reactions could take place. Furthermore, the bonding of the positioning.
TBC to a metallic substrate, having typically a higher ther-  Although the trend of the thermal diffusivity values is
mal expansion coefficient than the TBC itself, partially pre- not perfectly the same for the five TBCs samples, such
vents the microcrack healing and could also promote cracksa representation can help in obtaining worthy indications
formation, as well as the through-the thickness heat gradientfor estimating the residual life of TBC. Since the slopes
does. of data referring to the low ageing temperatures (900 and
By analysing the laser flash experimental data, small fluc- 1100°C) slightly differ from those referring to high ageing
tuations of thermal diffusivity values can be observed. A temperatures (1200-130G), in order to obtain conser-
possible explanation of this phenomenon is that the heatingvative estimation of the residual life, a weighted fitting of
pulse impinging on the front face of the sample can causethe experimental data, if necessary, could be suggested (if
almost instantaneously a through-the-thickness differential the slope difference would be still present also after having
thermal expansion which can prevent the healing or even eliminated the fictitious contribution previously described).
promote the nucleation of micro cracks inside the TBC. In  Since the final aim is to monitor, directly on coated com-
order to minimise the effects of the laser pulse on the mea- ponents, the thermal diffusivity evolution of TBC as a pa-
sured thermal diffusivity values, a reduction of both the laser rameter accounting for sintering phenomena, the cufwg
energy and the number of measures is suggested. versus LMP should be built also using low temperature mea-
The measurement strategy followed for this preliminary surements (i.e. at RT). Subsequently, a correlation between
study allowed to minimise the number of both TBC samples this curve and the corresponding one at high temperature
and operations, but when data referring to different ageing should also be obtained. One of the techniques suitable to
temperatures are combined together aki 6, a fictitious be applied to the RT thermal diffusivity evaluation of TBC
contribution, due to the fact that thermal diffusivity values deposited onto hot path components such as blades, is ther-
refer to measurements carried out at different temperaturesmal waves interferometry (TWB*28 The normalisation of
is superimposed to the true trend of thermal diffusivity thermal diffusivity data, as performed in this work, is sug-
versus LMP. This drawback can be avoided by analysing gested in order to avoid to precisely measure the TBC thick-
thermal diffusivity measurements carried out at 20Moth ness. In fact, for coated components, Eddy currents systems
before and after ageing as shownhig. 7. However, for can be successfully used to measure non destructively the
future activities, testing procedure could consists in age- TBC thickness but, due to the contact between the probe
ing samples at different temperatufebut measuring the  and the coating surface, the thickness is differently overes-
thermal diffusivity at a fixed temperature equal for all the timated as a function of the coating surface roughness. On
samples (for example fixed equal to 1T@). Nevertheless, the contrary, normalising requires only performing thermal
following this approach, it should be taken into account that diffusivity measurements at the same position of the compo-
samples aged at either lower or higher temperatures will be nent surface. This can be guaranteed by fixing the measured
subjected to a thermal cycling each time a thermal diffusivity area sufficiently wide if compared with uncertainty of the
measurement will be carried out. On the other hand, differ- re-positioning process.
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