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bstract

hick (∼1.2 mm) thermal barrier coatings (TBCs) consisting of YSZ were deposited by plasma spraying. Spraying parameters were varied in a
ontrolled manner to produce different microstructures. The effect of substrate temperature on the microstructural features and subsequently on
he Young’s modulus was investigated. In addition, the residual stresses in the coatings were estimated using a numerical model and they were

elated to the microstructural features observed. Results showed that crack segmentation density, residual stresses in the coatings and thus coating
roperties are strongly affected not only by the average substrate temperature during spraying but also the variations between the minimum and
aximum substrate temperature.
2011 Elsevier Ltd. All rights reserved.

eywords: Porosity; ZrO ; Residual stress; Microstructure; Thermal barrier coatings

e
o

t
p
t
m
T
s
b
c
t
i
a
1

2

. Introduction

Further efficiency improvements in turbine technology for
ero engines as well as land-based gas turbines require increased
perating temperatures. However, limits on the operating tem-
erature are imposed by the onset of melting of the superalloys.
BCs offer benefits in terms of the performance and effi-
iency of gas turbines, allowing lower metal temperatures,
educed requirements for active cooling, higher turbine entry
emperatures and longer component lifetimes. TBC systems are
omposed of a zirconia ceramic top coat (300–600 �m thick),
ver a metallic bond coat (100 �m thick). The industry stan-
ard material used as a top coat is zirconia, usually stabilised
ith 7–8 wt.% yttria. The top coat (TC) acts as a thermal bar-

ier, generating a temperature drop of up to ∼300 ◦C, while the

ond coat (BC) provides corrosion and oxidation protection for
he substrate and creates a rough surface which may promote
dhesion of the top coat. The top coat is deposited either by
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lectron beam assisted physical vapour deposition (EB-PVD)
r air plasma spraying (APS).

Failure of TBCs usually occurs by buckling and spalling of
he coating. APS top coats, which are considerably cheaper to
roduce, are composed of overlapping splats oriented parallel
o the plane of the coating, with poor inter-splat bonding, many

icrocracks and pores. Therefore, they have very low stiffness.
his prevents large stresses, and hence large driving forces for
pallation, from being generated in the top coat. Thick thermal
arrier coatings provide greater temperature drops across the
oating, which offers advantages with respect to reduction of
he cooling air required by hot components or allows increases
n gas turbine inlet temperature, thus increasing the efficiency
nd performance of the engine.c It is calculated that the use of
.5 mm thick TBCs instead of the current ones could reduce
he amount of cooling required by the hot component (com-
ustion chamber liner) up to 60% of the present value while
aintaining the same metal temperature.2 However thick TBCs

how low thermal shock resistance.1,3 With increased thick-
ess, the elastic strain energy stored in the coating increases and

ence the driving force for spallation increases. Microstructural
odifications that induce microcracks, segmentation cracks and

orosity can increase the thermal shock resistance of thick
BCs.4–7
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coatings deposited is shown in Fig. 2. The cross-sections of the
detached plasma sprayed coatings that were produced varying
the substrate temperature are shown in Figs. 3–6. The tempera-
924 S.A. Tsipas, I.O. Golosnoy / Journal of the E

The scope of this work is to successfully deposit thick TBCs
nd investigate how processing parameters can be related to
he microstructural features that will increase the thermal shock
esistance of thick TBCs. Not only is the effect of substrate tem-
erature on the microstructural features established, but also the
echanisms of generation of these features is related to resid-

al stresses in the coatings, which are estimated using a model.
he microstructural features are then related to the mechanical
roperties of the coatings.

. Experimental procedure

The powders were supplied by Sulzer-Metco (US) Inc. The
ond coat material, designated Amdry 995/C, has a nomi-
al composition (in wt.%) of Co–32Ni–21Cr–8Al–0.5Y. The
op coat was yttria partially stabilised zirconia (YPSZ) (ZrO2-
.6 wt.%Y2O3), designated 204NS-1. These were deposited
nto mild steel substrates of thickness of 1 mm. The choice of the
ubstrate material was made to simplify the de-bonding of the
oatings from the substrate after spraying without compromising
he thermal and elastic properties. Mild steels and nickel superal-
oys have similar coefficients of thermal expansion and the level
f residual stresses is expected to be similar for both substrates.
lso for typical spraying conditions substrate temperatures are

everal hundred degrees and the thermal conductivities are actu-
lly similar for both substrate materials at these temperatures.
pecimens were produced by vacuum plasma spraying of the
ond coat, followed by air plasma spraying of the top coat.
praying was carried out the Department of Materials Science
nd Metallurgy at the University of Cambridge. Details of the
praying conditions can be found elsewhere.8 Gun motion dur-
ng spraying in the x–y plane was programmed using a raster
attern as the one shown in Fig. 1. The raster pattern was repeated
or a number of cycles. The substrate temperature was varied
y cooling the back surface of the substrate during spraying
ith a jet of compressed air and/or by waiting 35 s in-between

ach gun pass. The substrate temperature during deposition was
onitored by a thermocouple attached to the backsurface of

he substrate. Coatings with thicknesses of about 1.2 mm were

roduced.

Coatings sprayed at four different average substrate temper-
tures were examined. The four samples have been labelled as

Fig. 1. Raster pattern in the x–y plane for one cycle of gun movement.
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(produced by continuous spraying), B (produced by waiting
etween gun cycles), C (produced by continuous spraying with
orced air cooling of the substrate) and D (produced by waiting
etween gun cycles with forced air cooling of the substrate). The
verage substrate temperature decreases from A to D.

The sprayed specimens were vacuum impregnated with
poxy. Struers Epovac vacuum impregnation equipment and
truers Caldofix epoxy were used. The specimens were ground
nd finely polished to a 1 �m diamond finish. Cross sections
f the samples were examined by optical microscopy. The
icrostructural features observed have been defined as fol-

ows: (i) segmentation cracks (cracks running perpendicular to
he coating surface and penetrating at least half the coating
hickness), (ii) branching cracks (cracks parallel to the coat-
ng plane, starting from segmentation cracks), (iii) microcracks
other cracks in the coating not fulfilling the criteria of segmenta-
ion or branching cracks) and (iv) porosity (spherical porosity in
he cross section of the coating). The segmentation crack density
as calculated by dividing the number of segmentation cracks
resent in each cross section by the cross section length.

Stiffness measurements were made using cantilever bend-
ng. Details of the cantilever bend testing are given elsewhere.9

model developed by Clyne and co-workers10–13 was used
n the present work for the prediction of residual stresses. The

odel predicts the temperature, curvature and stress distribution
hrough the coating and substrate during the plasma spraying
eposition process.

. Results and discussion

The average backsurface temperature during spraying for the
ig. 2. Average substrate back-surface temperature (Tav) during spraying of
PSZ-TC for different cooling conditions. The vertical bars indicate the tem-
erature range of the substrate during spraying.
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Fig. 3. Polished cross section of coating A [Tav = 507 ◦C].
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Fig. 4. Polished cross section of coating B [Tav = 445 ◦C].

ure of the substrate changes continuously during spraying, due

o the movement of the spraying gun. The average backsurface
emperature is calculated by considering the temperature distri-
ution during spraying and considering the time at temperature.

Fig. 5. Polished cross section of coating C [Tav = 429 ◦C].
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Fig. 6. Polished cross section of coating D [Tav = 212 ◦C].

n addition to the average temperature, the vertical bars in Fig. 2
ndicate the maximum and minimum temperatures of the back-
urface of the substrate during spraying. It can be seen that the
ariation of the backsurface temperature is very large for all
oatings, in some cases as high as 450 ◦C. This is expected to be
ignificant for the generation of the microstructure of the sprayed
oatings. It is also important to note that the temperatures mea-
ured are at the back surface and much higher temperatures are
xperienced where coating deposition occurs.

The density of segmentation cracks was measured in all coat-
ngs. Coating A, which was sprayed with the highest average
acksurface temperature, had the highest levels of segmenta-
ion cracks (1.1 mm−1), as well as significant branching cracks
riginating from them. Coating D, had the lowest average back
urface temperature, as a result of cooling the substrate dur-
ng spraying and waiting in-between gun cycles. This coating
ad a segmentation crack density of 0.7 mm−1 and no branch-
ng cracks were present. Coatings B and C had a similar average
acksurface temperatures during spraying. Nevertheless, the dif-
erence between the minimum and maximum temperatures in
oating B was about 100 ◦C more than in coating C. In coat-
ng B, where there was a higher difference between maximum
nd minimum temperature, the crack segmentation density is
elatively low (0.72 mm−1) and there are no branching cracks
resent. Coating C, where lower differences exist between the
aximum and minimum temperature, has a higher segmentation

rack density (of 0.91 mm−1) and very few branching cracks.
These observations suggest that both the average substrate

emperature and the range of temperatures (maximum and min-
mum) during deposition are important and that higher average
ubstrate temperatures and lower differences between the max-
mum and minimum substrate temperature seem to give rise to
oatings with higher density of segmentation cracks.

In order to understand the mechanism for the development of
hese segmentation cracks, it is necessary to examine in detail the
volution of the temperature changes in the coating during spray-

ng and the residual stresses generated as a consequence of these
emperature changes. The backsurface temperature patterns is
hown in Figs. 7–10 indicate that there is a marked temperature
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Fig. 7. Experimental and modelled back surface thermal histories for coating A
[Tav = 507 ◦C].

Fig. 8. Experimental and modelled back surface thermal histories for coating B
[Tav = 445 ◦C].

Fig. 9. Experimental and modelled back surface thermal histories for coating C
[Tav = 429 ◦C].
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ig. 10. Experimental and modelled back surface thermal histories for coating
[Tav = 212 ◦C].

rop in-between gun cycles, once the spraying gun has com-
leted the raster pattern and before it initiates the next one. This
emperature drop is more pronounced when compressed air is
pplied at the backsurface of the coating (coatings B and D)
nd/or when waiting 35 s in-between each gun cycle (C and D).
t has been suggested that at high average substrate temperature
here will be improved contact between splats.14–16 Hence, it
s possible that weak interfaces where poor splat bonding exists
re formed in-between gun cycles due to the drop in temperature
hat the coating experiences.

A possible mechanism for the generation of segmentation
racks is that they are created when the sample is cooled to
oom temperature, after the deposition process is complete, as
result of relaxation of bi-axial stresses.17 The segmentation

rack is initiated at the free surface and propagates through the
hickness of the coating. As it propagates is reaches the weak
nterfaces between layers where poor splat bonding exists. These
ayers can be formed in-between gun cycles, once the spray-
ng gun has completed the raster pattern and initiates the next
ne. When a segmentation crack reaches the weak interfaces
hat exist in-between these layers, the stresses at the crack tips
an be relieved by opening up branching cracks. High aver-
ge substrate temperature favours improved contact between
plats,14,15 and hence it is probable that due to this improved
ontact between splats stresses in the top coat cannot relax by
eneration of branching cracks in-between layers or splats. Thus
n coatings with high average substrate temperature and low
ifference between minimum and maximum temperature relax-
tion occurs by the generation of segmentation cracks and few
ranching cracks are present. Also when the difference between
he minimum and maximum spraying temperature is high, even
f the average substrate temperature is high, bonding between
plats is poor and hence stresses can relax by generation of
icrocrakcs and/or branching cracks and the segmentation crack

ensity is relatively low. Similar results have been observed by
ther researchers.4,18,19
The numerical model developed by Clyne and co-
orkers10,11,13,20,21 was used to calculate the stresses in the

op coat and get further insight into other possible mechanisms
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Fig. 12. Predicted back and front surface thermal histories for coatings (a) A
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ig. 11. Residual stress through thickness of as-sprayed YPSZ-TC sprayed by
aiting in-between each gun cycle (B).

or the generation of the segmentation and branching cracks.
he measured thermal history was compared to that obtained
sing the numerical model. Comparisons of experimental and
odelled backsurface thermal histories for each of the differ-

nt spraying conditions are shown in Figs. 7–10. The agreement
or all cases is good. The residual stress distribution through
he coating at different stages of the spraying process was then
btained from the numerical model. Fig. 11 shows the final resid-
al stress distribution through the thickness of the coating B
roduced by waiting in-between each gun cycle. The rest of
he coatings (A, C and D) show a similar final residual stress
istribution. There is a stress gradient through the thickness of
he coating, with compressive stresses at the TC/BC interface
nd tensile stresses in the outer surface. There is also a large
ariation in the stress range with periodic peaks of high tensile
tress. This pattern is due to the movement of the spraying gun
hrough the modelling point in every gun cycle. As the spray-
ng gun moves towards the modelling point in each pass, the
tress range gradually increases and then decreases when the
un moves away, resulting in a variation of the stress that the
oating experiences. The point where the coating experiences
he highest tensile stresses is near the outer surface. The results
rom the model suggest that near the free surface of the top coat
here are high tensile stresses that could lead to initiation of the
egmentation cracks. It is possible that branching cracks initiate
rom the segmentation cracks at places of weak splat bonding
nd where there are peaks of high tensile stress (see Fig. 4). It
s worth noting that stresses change from compressive to ten-
ile many times during the deposition and it is possible that
his potentially causes initiation points for segmentation cracks
nd/or branching cracks.

Nevertheless it is necessary to examine other possible mech-
nisms for the generation of segmentation and branching cracks,

y closely observing the temperature and stress distribution dur-
ng spraying. As mentioned earlier the predicted final stress
istribution in all samples (A, B, C and D) is similar and probably

n
b
s

nd (b) D, respectively, during the last 2 gun passes.

annot fully explain the observed differences in the segmenta-
ion crack densities. Fig. 12 shows the predicted front surface
emperature for coatings A and D for the measured backsurface
emperature. It can be seen that the temperature at any given
oint in the front surface of the coatings changes very rapidly,
y a range as high as 500 ◦C as the gun moves back and for-
ard about the modelling point in a single raster cycle and the

emperature decreases in between gun cycles (for coating D).
uch large changes in temperature are not surprising given the
igh temperature of the plasma.22 It is possible that during these
apid temperature variations, the ceramic coating might expe-
ience complex stress states near the surface and subsequent
eakening causing the generation of the segmentation cracks.
Fig. 13 shows the stress distribution along the thickness

f coating A at different times during the deposition pro-
ess. Specifically the stress distribution in the coating for time
nstances where the temperature difference between the front
nd back surface is minimum (such as in-between gun cycles)
s compared to the stress in the coating for time instances where
here is a maximum temperature drop along the coating thick-

ess (the gun position is close to the modelling point). As it can
e seen, the predicted stress magnitudes are similar during these
tages of deposition, except near the outer surface where more
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average TC residual stress changes from tensile to com-
pressive with increasing of average backsurface substrate
temperature (it is worth noting that for typical temperatures

Fig. 15. Influence of segmentation crack density on Young’s modulus of thick
ig. 13. Thermal stress through thickness of as-sprayed YPSZ-TC during dif-
erent stages of the process.

ronounced differences are observed. The same is true for all
oatings (A, B, C, and D) where the stress magnitudes are sim-
lar during the various stages of deposition. However there are
ignificant differences between the front surface temperatures
hat the coatings experience during deposition. For example, the
urface temperature for A is approximately 100 degrees higher
han the one for D (Fig. 12). Exact properties of YPSZ are not
nown at such high temperatures, but we can expect a significant
eakening of coating A in comparison to D. This suggests that

he weakening of coatings at high temperature probably plays a
ignificant role in formation segmentation cracks.

Segmentation and branching cracks are characteristic of thick
BCs and are not present in coatings less than about 1 mm thick.
he average stress state in the top coat after spraying coatings
f different thickness was estimated using the numerical model
y matching the measured and modelled thermal histories. The
rror associated to the stress values will depend on details of the
ubstrate properties (coefficient of thermal expansion and yield
tress as a function of temperature). The results show that the
verage residual stress in the top coat changes from compressive
o tensile with increasing coating thickness (see Fig. 14). For
hick coatings the average residual stress appears to be close to
ero. Stresses in the outer surface of thicker coatings are higher
more tensile) than in thinner coatings. Even when the average
tress in the top coat is compressive, the stresses near the free
urface of thick coatings are tensile. For thinner coatings the
tresses near the free surface are possibly not high enough for
nitiation of the segmentation cracks.

The Young’s modules of coating A, B, C, and D were deter-
ined by cantilever bending, with the free surface of the coating

n tension. The results are presented in Fig. 15 as a function
f segmentation crack density. The Young’s modules are in the
ange of 4.5–10 GPa. Segmentation cracks are expected to have a
trong influence on the Young’s Modulus measured by this tech-
ique. Coating A, with the highest segmentation crack density,

as the lowest Young’s modulus. Due to the fact that segmenta-
ion cracks do not always penetrate entirely the thickness of the
oating, lower values for the stiffness of the coating are expected

A
D
t

ig. 14. Average residual stress in APS-YPSZ top coats of different thickness.

hen the free surface is loaded under tension. It is important
o note that low values for the Young’s modulus and yield
trength of plasma spayed coatings have been reported before9,23

nd that they are beneficial for the behaviour in-service condi-
ions of the TBCs as they indicate a higher compliance of the
oating. Coatings with higher densities of segmentation cracks
ensity perform better under thermal cycling.4,5 Hence these
icrostructural features observed could be beneficial.
Even though the stress distribution along the thickness of

he coatings appears similar for all samples, slight differ-
nces become evident when calculating the average residual
tress after the deposition process. Fig. 16 shows that the
PS TBCs. Error bars indicate the standard deviation and the letters A, B, C,
refer to the corresponding coatings sprayed with conditions specified in the

ext.
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ig. 16. Average residual stress in APS YPSZ top coat against average temper-
ture at the substrate back surface during spraying.

xperienced during coating deposition conditions the ther-
al conductivity for the mild steel substrate used in this

tudy is similar to that of nickel superalloys, and hence no
ignificant difference in the thermal histories of the substrates
nd the coatings are expected in both cases). There is a stress
radient through the thickness of the TC. It can be seen in Fig. 11
hat stresses at the outer surface are tensile, with higher stresses
reaching 68 MPa) for the lower substrate temperature. At the
C/BC interface, stresses are compressive. Coatings deposited
t higher temperatures showed the highest compressive stresses
t the interface. With increasing substrate temperature, stresses
ecome more compressive. The reason for this is that, as the sub-
trate temperature is increased, the stresses due to differential
hermal contraction generated on cooling increase, producing
reater compressive residual stresses in the top coat. Similar
esults on the effect of substrate temperature on the residual
tress state of the top coat have been reported.14,24–26

. Conclusions

Thick thermal barrier coatings exhibit microstructural fea-
ures, such as segmentation and branching cracks, which affect
he elastic properties and which are not present in thinner TBCs.
hese cracks are generated as a result of relaxation of bi-axial

ensile residual stresses near the free surface of thick TBCs. It
s thought that segmentation cracks in TBCs will increase their
ompliance and hence their thermal shock resistance.

Crack segmentation density in thick thermal barrier coat-
ngs is strongly dependant on the substrate temperature during
eposition. Higher average substrate deposition temperatures,
ombined with low variations between the minimum and max-

mum substrate temperature, give higher crack segmentation
ensities. Coatings with higher crack segmentation densities
ave a lower Young’s modulus, which will contribute to higher
ean Ceramic Society 31 (2011) 2923–2929 2929

hermal shock resistance. The average top coat residual stress
hanges from tensile to compressive with increasing average
ubstrate temperature or with decreasing of the coatings thick-
ess.
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