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Abstract. The microstructure, texture and thermal cycling
life of a thermal barrier coating (TBC) deposited by elec-
tron beam physical vapour deposition method under several
combinations of substrate pre-heat temperature and rotation
speed, have been examined. The yttria stabilized zirconia
ceramic coating of the TBC deposited on stationary samples
predominantly showed h111i texture, although other tex-
ture components such as h220i and h311i were also present.
The coatings on the rotated samples exhibited a predomi-
nant h100i texture. The h111i texture component was also
present in these coatings in varying degrees. The intensity
of h111i texture component in the coatings on the rotated
samples decreased by increasing the substrate pre-heating
temperature. The coating microstructures obtained under
various processing conditions were consistent with the pre-
viously reported microstructures. No conclusive trend in
the effect of texture present in the thermal barrier coatings
on their thermal cycling life was observed in this study.

Keywords. Thermal barrier coatings, electron beam phys-
ical vapour deposition, crystallographic texture, X-ray
diffraction, thermal cycling.
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1 Introduction

Thermal barrier coatings (TBCs) are applied on Ni-base su-
peralloy components of gas turbine engines such as blades
and nozzle guide vanes for enhancing their performance
limits and/or durability [1]. TBCs are bi-layer coatings
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consisting of an inner metallic bond coat and an outer ce-
ramic coating. While the bond coat provides high tempera-
ture oxidation resistance to the substrate superalloy, the ce-
ramic layer imparts thermal insulation to the substrate [1].
At present, the most widely used TBCs on rotating airfoil
components consist of a 7 mass% yttria-stabilized zirconia
(7YSZ) ceramic coating and a platinum-aluminide (Pt-Al)
bond coat. The 7YSZ layer is deposited by electron beam
physical vapour deposition (EB-PVD) method to achieve
the segmented columnar structure that provides excellent
strain-tolerance and thermal shock resistance [1, 2]. It is
well established that the columnar microstructure of EB-
PVD TBCs induces a high in-plane compliance that is cru-
cial to its strain tolerance and lifetime [3–5]. The thermal
conductivity of the ceramic coating is also influenced by the
pore architecture that develops during the deposition pro-
cess [6, 7]. The above two dominant characteristics of the
microstructure, namely the columnar morphology and the
pore architecture, are related to the evolution of texture in
the ceramic coating [8]. The preferred crystallographic ori-
entation in the ceramic layer is a result of the unique pattern
of vapour incidence (and shadowing) arising from the rota-
tion of components over the EB-PVD source. The 7YSZ
columns typically grow in h100i direction with pyramidal
tips bound by four {111} planes. It has been suggested that
such pyramidal morphology ensures stable propagation of
the column tip by enabling all tip facets to capture equal
amount of vapour flux [9].

Evolution of microstructural features of the YSZ layer
and its crystallographic texture in terms of the various pa-
rameters associated with EB-PVD process has been studied
by several investigators [8, 10–19]. The important among
these parameters are vapour incidence angle (VIA) ˛, sub-
strate rotation speed and substrate pre-heat temperature. In
the present study, an evaluation of the effect of two impor-
tant EB-PVD process parameters, namely the rotation speed
and the temperature of the substrate, on the YSZ coating
microstructure and texture has been carried out. One of the
objectives of this study has been to examine the effect of
processing conditions (and, hence, crystallographic texture)
on the thermal cycling life of the deposited TBCs.

2 Experimental Details

Substrates used for TBC deposition were disc-shaped
pieces of diameter 13 mm and height 3 mm, which were
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Figure 1. Schematic representation of the placement of the
sample (substrate) with respect to the vapour plume during
coating process.

sliced from directionally solidified (DS) rods of Ni-base su-
peralloy CM-247LC using wire-cut method. The nominal
composition (in mass%) of this alloy is 9.2 Co-8.1 Cr-9.5
W-5.6 Al-3.2 Ta-1.5 Hf-0.7 Ti-0.015 Zr-0.5 Mo-0.15 B-
0.07 C-balance Ni. The sliced samples were then applied
with a high activity Pt-Al bond coat. The details of the
process for the application of the bond coat can be found
elsewhere [20]. Since grit blasting of the sample surface
was involved in application of the bond coat, the surface of
the bond coated samples was somewhat rough with a rough-
ness (Ra) value of 1:45˙ 0:13 µm. The bond coated sam-
ples were then isothermally oxidized at 1050°C for 10 h
in air to develop a thermally grown oxide (TGO) layer of
˛-Al2O3 prior to deposition of YSZ coating. The thick-
ness of the prior TGO layer was measured to be approxi-
mately 800 nm. One flat surface of each sample was then
deposited with a layer of 7YSZ coating using a 250 kW EB-
PVD facility equipped with four electron guns. The 7YSZ
ingot used for the coating purpose was cylindrical in shape
having a diameter 68.5 mm and a height of 50 mm. The
substrates were mounted on a flat stainless steel plate ro-
tating about a horizontal axis that is normal to the axis of
the evaporating 7YSZ ingot (and that of the vapour plume),
as schematically shown in Figure 1. The distance between
the surface of the plate and that of the evaporating 7YSZ
ingot was approximately 350 mm. The samples were so
mounted on the holder that they would be directly on top
of the evaporating ingot when facing downward. This pro-
duced a net VIAD 0° for the coating surface of the samples.
The coating chamber pressure was maintained at 0.013 Pa
(10�4 Torr) during the deposition process. Prior to coating
deposition, the substrate was pre-heated to a previously de-
cided temperature by employing the same electron beams
that were subsequently used for evaporation of the ingot.
After the substrate reached the required pre-heat tempera-

Temperature Rotation speed Ra of YSZ surface

(°C) (rpm) (µm)

1000 0 (Stationary) 1:47˙ 0:11

950 10 2:53˙ 0:12

950 20 2:72˙ 0:15

1000 10 2:16˙ 0:05

1000 20 2:19˙ 0:20

1050 10 1:84˙ 0:12

1050 20 2:39˙ 0:10

Table 1. Processing conditions for deposition of 7YSZ
layer and the corresponding surface roughness .Ra/ val-
ues.

ture, coating was deposited by either keeping the sample
stationary (directly on top of the evaporating ingot with the
coating surface facing downward) or by rotating it at a fixed
rpm. Three substrate pre-heating temperatures, namely 950,
1000 and 1050°C, and three rotation speeds, viz. 0 (sta-
tionary), 10 and 20 rpm, were used for coating deposition.
Coating deposition on the stationary sample was carried
out for one substrate pre-heating temperature of 1000°C.
Table 1 provides the various substrate temperature-rotation
speed combinations under which the 7YSZ coating was de-
posited. The coating deposition was carried out for about 30
min on the stationary samples and for 45 min on the rotated
samples.

X-ray diffraction (XRD) was used for examining the
change in the preferred orientations of the deposited YSZ
coatings. For comparison, the XRD pattern from the untex-
tured (randomly oriented) 7YSZ powder was also obtained.
The powder was produced by finely grinding a 7YSZ coat-
ing (deposited at 950°C, 20 rpm) after peeling it off from the
substrate. The grinding of the coating was carried out by us-
ing an agate and mortar. The XRD patterns were recorded
in a Philips 3020 diffractometer equipped with a graphite
monochromater operated at 40 kV and 25 mA. The step
size used in varying the diffraction angle (2�/ was 0.02°
and the counting time at each step was 5 s. In order to
compare the integrated intensity, all the samples were ir-
radiated under identical conditions having equal irradiated
area and same orientation. An Inel G3000 texture goniome-
ter, coupled with curved position-sensitive detector and us-
ing Cu-K˛ radiation, was also employed for texture investi-
gation using Schultz reflection technique. The pole figures
were corrected for defocusing and absorption using a pow-
der sample.

The surface morphology and the cross-sectional mi-
crostructures of the coated samples were observed using a
scanning electron microscope (SEM) operating at 20 kV.
The roughness of the coated surface (Ra/ for all the sam-
ples was measured using a Mitutoyo profile meter. Some
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of the TBC coated samples were then subjected to thermal
cycling at 1100°C in air. The test was carried out in an au-
tomated thermal cycling furnace. Each 1 h-cycle consisted
of soaking the sample at 1100°C for 45 min followed by
cooling in ambient air for 15 min outside the furnace.

3 Results and Discussion

3.1 X-ray Diffraction and Texture

Figure 2 presents the X-ray diffraction patterns for YSZ
coatings deposited on the stationary sample and samples ro-
tated at 10 rpm. For comparison, the pattern for the untex-
tured YSZ powder has also been shown in the above figure.
Tetragonal zirconia was detected in all the cases and the
diffraction peaks in all the patterns, as shown in the above
figure, corresponded to this phase. The same phase was also
detected in case of coatings deposited at 20 rpm. The rela-
tive peak intensities of the various planes in the diffraction
patterns are indicative of the textures present in the coat-
ings. Based on the intensities from the coatings and those
from the random (un-textured) 7YSZ powder, texture coef-
ficients for all the coatings were calculated using the fol-
lowing formula (equation (1)) [21].

Tc(hkl) D
I (hkl)=IR(hkl)

1
n

Pn
i I (hkl)=IR(hkl)

: (1)

In the above equation Tc(hkl) represents the texture coeffi-
cient of (hkl) crystallographic planes in the coating, I (hkl)
the corresponding integrated intensity, IR(hkl) the inte-
grated intensity from (hkl) planes in the un-textured speci-
men (i.e. 7YSZ powder), and n is the total number of re-
flections measured. The Tc values of the various planes

Figure 2. X-ray diffractograms for 7YSZ coating deposited
using various deposition conditions. The XRD pattern cor-
responding to the untextured 7YSZ powder has also been
included.

Figure 3. Texture coefficients of the various 7YSZ coatings
deposited in this study.

in a coating essentially signify the extent of corresponding
textures parallel to coating surface. The Tc values for the
coatings deposited on the stationary sample and those ro-
tated at 10 rpm are presented in the form of a bar chart in
Figure 3. It is evident from the X-ray diffractograms in Fig-
ure 2 and the corresponding Tc values in Figure 3, that the
growth direction of the columns in the coating was mostly
along h111i in case of the stationary sample (0 rpm). How-
ever, a minor fraction of the columns also grew along h220i
and h311i directions. In contrast, the coatings deposited on
the rotated samples revealed a strong h100i orientation al-
though the other orientations such as h111i, h220i and h311i
were also present. The h100i orientation of the coating is
also evident from the presence of strong (200) and (400)
peaks in the diffractograms (Figure 2). Several researchers
have reported strong h111i and h100i orientations in case
of stationary and rotated samples, respectively [12, 15–17].
They also have detected the additional reflections such as
(220) and (311) in case of stationary substrate and (111),
(220) and (311) in case of rotated substrate [15–17]. How-
ever, these additional reflections were detected only dur-
ing early stages of coating deposition. For example, Wada
et al. found that (200), (112), (220) and (311) reflections
were detected in the coating on stationary sample up to
about 12 s of deposition, beyond which only (111) reflec-
tions were detected. Similarly, in case of rotated substrates
(5 and 10 rpm), the (111), (112), (220) and (311) reflec-
tions disappeared at various times between 36–300 s during
coating deposition. Beyond 300 s, only (100) reflections
were detected in the above coating [12, 15]. In the present
case, however, the minor peaks did not disappear and were
present along with the dominant peaks ((111) or (100)) in
the final coating for all combinations of substrate tempera-
ture and rotation speeds (see Figure 2).

Figures 4(a) and (b) present the (111) and (200) pole fig-
ures for the YSZ layer which was deposited on the station-
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(a)

(b)

Figure 4. Pole figures for the 7YSZ coating deposited on a
stationary (0 rpm=1000°C) sample: (a) (111) pole and
(b) (200) pole.

ary sample. The (111) poles have marginally shifted (by
about 10°) from the substrate normal (Figure 4(a)). The
(200) pole displayed several isolated components with weak
intensities around the centre of the pole figure, as shown in
Figure 4(b). It is well known that the formation of h111i
oriented columns is a characteristic of the coating layers de-
posited at low vapour incidence angles (VIA), typically less
than 30° [14]. If the sample deposited at VIAD 0° is placed
directly above the ingot source, as done in the present case
of stationary substrate, in-plane orientation should not de-
velop and the (200) pole would show a ring pattern around

the centre, indicating a h111i fibre texture [14]. In the
present case, the distributed intensities observed in (200)
and strong h111i orientation in (111) pole figures (Figure 4)
indicate that the YSZ layer deposited on the stationary sam-
ple did not develop perfect h111i fibre texture, possibly be-
cause of some degree of in-plane growth of the columns de-
spite their strong out-of-plane growth. It is believed that the
sample had not been positioned accurately on the mount-
ing plate and, as a consequence, it did not remain directly
above the vapour source during the deposition process. In
other words, there was a slight shift in the position of the
sample away from the centreline of the vapour plume, as
shown in Figure 1. Such shift in position has been reported
to cause the above mentioned in-plane orientation in the
coating [13].

Figures 5(a) and (b) show the pole figures for the sample
coated at 950°C=10 rpm. The four-fold symmetry of h100i
texture in (111) pole figure, as reported in several studies
[8, 14], can be clearly seen in Figure 5(a). The correspond-
ing (200) pole figure, as shown in Figure 5(b), confirms
the above observation. The h100i growth direction of the
columns was not perfectly parallel to the substrate normal,
as evident from the marginal (about 5°) shift of the peak in-
tensity from the centre of the (200) pole figure (Figure 5(b)).
Apart from the dominant h100i texture, the presence of a
weak h111i texture component could also be observed in
the (111) pole figure (Figure 5(a)). By increasing the rota-
tion speed to 20 rpm at the same substrate temperature of
950°C, the overall nature of texture in terms of (111) and
(200) pole figures did not change appreciably, except slight
variations in the intensities of the texture components (Fig-
ure 5(c) and (d)). However, using a substrate temperature
of 1000°C led to a considerable reduction in the intensity
of the h111i texture component at both rotation speeds (10
and 20 rpm). Increasing the substrate temperature further
to 1050°C, the h111i component was eliminated and the
growth direction of the YSZ columns of the coating was
solely h100i at both the rotation speeds, as evident from
Figure 6(a)–(d). From the above observations, it is apparent
that the pre-heat temperature of the substrate has a signif-
icant effect on the texture that develops in the 7YSZ coat-
ing. However, the rotation speed (10 or 20 rpm) does not
appear to appreciably influence the coating texture at any
given substrate temperature.

Wada et al. [11] have reported the effect of substrate pre-
heating temperature on crystallographic texture that devel-
ops during the deposition of a 4 mass% YSZ coating on
rotating (5 rpm) substrates. They observed that the growth
direction of the columns in the coating was predominantly
h111i up to a substrate temperature of about 750°C. Above
938°C, the dominant orientation in the coating was h100i.
In the present case of rotated samples also, the dominant
crystal orientation was h100i, although a weak h111i com-
ponent persisted in case of substrate pre-heat temperature
of 950°C (Figures 5 and 6). Only above 1000°C, the h111i
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(a) (b)

(c) (d)

Figure 5. Pole figures for the 7YSZ coating deposited on a rotated sample with substrate pre-heating temperature of
950°C: (a–b) 10 rpm and (c–d) 20 rpm.

component became negligibly weak and h100i texture com-
pletely dominated the coating. The above mentioned obser-
vations made from texture analysis of the coatings are con-
sistent with the texture coefficient results mentioned previ-
ously (Figure 3).

3.2 Surface Morphology and Microstructure of Coatings

The surface morphology of the coating on the station-
ary sample revealed columns with triangular facets (Fig-
ure 7(a)) which is consistent with the predominant h111i

crystal orientation present in this coating [14, 16]. The
dense coating microstructure observed in this case (Fig-
ure 7(b)) is also consistent with similar structures reported
in other studies [14]. In case of rotated substrates, well-
defined pyramidal-tipped columns developed at all three
substrate temperatures [14, 17]. A typical case is shown
in Figure 8(a) where the deposition was carried out at
1000°C=20 rpm. No appreciable effect of rotation speed
on the surface morphology was observed for all three sub-
strate temperatures. The surface roughness (Ra) values for
all the 7YSZ layers are provided in Table 1. It is evident
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(a) (b)
   

(c) (d)

(a) (b)

(c) (d)

Figure 6. Pole figures for the 7YSZ coating deposited on a rotated sample with substrate pre-heating temperature of
1050°C: (a–b) 10 rpm and (c–d) 20 rpm.

that the Ra values, which lied in the approximate range
of 1.5–2.7 µm, are close to the value of 1.5 µm reported
by Das et al. for another EB-PVD thermal barrier coating
[22]. The minimum surface roughness (1.47 µm) in case of
the coating on stationary sample is to be expected consid-
ering the fact the coating was dense and consisted of much
finer columns as compared to the coatings on rotated sam-
ples [14].

Table 2 presents the thickness of the coatings achieved
under various processing conditions. As evident, the coat-

ing thickness varied in the range of 80-170 µm. It is also
evident that the deposition rate, and hence the coating thick-
ness, was 25-50% higher at 20 rpm than at 10 rpm at all
three substrate pre-heat temperatures. Further, the deposi-
tion rate for the stationary sample was appreciably higher
than the rates for to the corresponding rotating samples. A
similar dependence of the rotation speed with the deposition
rate has also been reported by Zhao et al. [16]. They found
the deposition rate (at 1000°C) for the stationary sample to
be nearly 4–5 times of the values obtained with 12–20 rpm.



Microstructure, Texture and Thermal Cycling Performance of EB-PVD TBCs 545

(a)

(b)

Figure 7. The 7YSZ coating deposited on a stationary (0
rpm=1000°C) sample: (a) surface morphology and
(b) cross-sectional microstructure.

Substrate Rotation Deposition YSZ Deposition
Temperature speed duration layer rate

(°C) (rpm) (min) (µm) (µm min�1)

950
10 45 110 2.44

20 45 170 3.77

1000
0 (Stationary) 30 85 2.83

10 45 88 1.96

20 45 110 2.44

1050
10 45 80 1.78

20 45 115 2.56

Table 2. Thickness and deposition rate of the YSZ coatings
obtained under various processing conditions.

(a)

(b)

Figure 8. The typical 7YSZ coating deposited on a rotated
sample (1000°C=20 rpm): (a) surface morphology and
(b) cross-sectional microstructure.

They also observed the coating deposition rate at 12 rpm to
be somewhat higher than that at 20 rpm. Figure 8(b) show
the typical cross-sectional micrograph of the YSZ coating
on rotated samples. In all these cases, columns were nearly
perpendicular to the surface of the bond coated substrate.
As expected, the column width was minimum at the bond
coat/YSZ interface and maximum at the surface of the YSZ
coating.

The differences in microstructure, surface morphology
and deposition rate of the coating between the stationary
and rotated substrates can be explained in terms of the as-
sociated deposition mechanisms, as suggested by Jang and
Matsubara [15]. When the substrate is stationary (0 rpm),
it is always exposed to a uniform vapour flux. Therefore,
the deposition rate is fast and the vapour flow is constant.
As a result, the columns grow uniformly and do not de-
velop any appreciable porosity, leading to a dense structure
(Figure 7(b)) [16]. In contrast, for rotated specimens, the
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deposition rate is slower and the microscopic vapour flow
is non-uniform because of the disturbance caused by the
substrate rotation in a sunrise/sunset manner. Such slow
deposition rates induce competitive growth of the columns
and cause shadow areas, where competitively growing crys-
tals screen or shield adjacent regions from growing. Such
shadow areas remain in the coating as inter-column and
other types of porosities [15, 23, 24], as was observed in
present case of the rotated samples (Figure 8(b)). It has
been shown that the shadow areas, i.e. the coating porosity,
increase with the increase in rotation speed. At low speeds
(0–5 rpm), the columns constituting the coating develop a
wavy or zigzag morphology [12,14–16]. At higher rotation
speeds (5–20 rpm), however, such morphology is not ob-
served and the coating develops straight pyramidal columns
[12, 15]. In the present case, the absence of any significant
effect of the rotation speeds on the coating structure can be
ascribed to the higher rpm values (10 and 20) used for coat-
ing deposition.

The YSZ coating microstructures obtained in the EB-
PVD process have been explained on the basis of the ‘struc-
ture zone model’ which was proposed by Movchan and
Demchishin [25, 26]. According to this model, the mi-
crostructure of the coating layer can be categorized into
three zones in terms of the homologous temperature TH ,
where TH D Ts=Tm. Ts and Tm (in Kelvin) correspond
to substrate temperature and the melting temperature of the
coating material (7YSZ in the present case), respectively.
Zone 1 (TH < 0:3) consists of dome-topped and tapered
crystals separated by voided boundaries. In this zone, in-
sufficient surface diffusion of adatoms and the shadowing
effect dominate the formation of the coating structure. In
Zone 2 (TH D 0:3–0:5), the coating develops smooth or
faceted surfaces and dense columnar grains caused by sur-
face diffusion dominant condensation. Coatings formed
in Zone 3 (TH > 0:5) develop equiaxed grains resulting
from bulk diffusion mechanisms. Well-developed pyrami-
dal columns form in the coating when TH lies in the ap-
proximate range of 0.26–0.45. In the present study, TH val-
ues corresponding to substrate temperatures of 950, 1000
and 1050°C were 0.41, 0.43 and 0.44, respectively. The
pyramidal-column structure of the coatings on the rotated
samples (Figure 8(b)) is, therefore, consistent with the
model suggested by Movchan and Demchishin [25].

3.3 Thermal Cycling Performance

As mentioned previously, the coated samples were sub-
jected to thermal cycling in air at 1100°C. The 7YSZ layer
spalled after certain number of cycles under the action of
cyclic heating and cooling. Thermal cycling life for a coat-
ing has been defined as the number of cycles after which
50% or more portion of the ceramic layer spalled from the
coated surface of the sample [27]. Figure 9 presents the
cycling lives of the coatings deposited with various com-

Figure 9. Thermal cycling lives of the various 7YSZ coat-
ings tested at 1100°C in air.

binations of substrate temperature and rotation speeds. The
life varied between a minimum of 100 cycles to a maximum
of 275 cycles. These values were considerably lower than
about 700–1000 cycles reported for TBCs in other studies
[28–30]. It may be noted that the thermal cycling perfor-
mance of the coatings deposited at 20 rpm (at all three tem-
peratures) was relatively better (> 200 cycles) than that of
the coatings deposited at 10 rpm (Figure 9). This is consis-
tent with the results of Matsumoto et al. who have observed
an increase in cycling life (evaluated at 1150°C) with in-
crease in the rotation speed in case of 4YSZ coating on In-
conel 738LC superalloy [31]. As mentioned previously (Ta-
ble 2), the coatings deposited at 20 rpm had much higher
thickness as compared to those deposited at 10 rpm. The
higher thickness of the latter coatings would cause higher
residual stresses during thermal cycling, resulting in their
faster failure, as observed in the present study (Figure 9).
Matsumoto et al. [31] found that the cycling life in case of
the stationary samples was the minimum. This was, how-
ever, not the case in the present study. In fact, the TBC on
stationary samples exhibited a life of 225 cycles (Figure 9),
which was comparable with that of the samples coated at 20
rpm. Thus, no conclusive trend on the dependence of ther-
mal cycling life on the coating deposition conditions (and,
hence, the coating texture) was apparent from this study.
Coatings with both h111i texture (stationary sample) and
h100i texture (rotated samples) showed comparable lives in
the range of 100–275 cycles. Therefore, a more detailed
study is necessary to determine the effect, if any, of crystal-
lographic texture in TBCs on their thermal cycling life.

4 Conclusions

In the present study, microstructure, texture and thermal cy-
cling life of a set of TBCs deposited on CM-247LC super-
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alloy samples by EB-PVD technique, have been examined.
The 7YSZ ceramic layer of the TBCs was deposited using
various combinations of substrate pre-heat temperature and
rotation speed. Although h111i texture was predominant
in the 7YSZ coating deposited on stationary (non-rotated)
samples, other texture components such as h220i and h311i
were also present in the coating. The coatings on rotated
samples (rotation speeds of 10 and 20 rpm) exhibited pre-
dominant h100i texture, although the h111i component was
also observed in varying degrees. In these coatings, the
h111i texture component decreased by increasing the sub-
strate pre-heat temperature. The coating on the stationary
sample showed a dense structure consisting of extremely
fine columns. However, a much coarser coating structure
comprising of pyramidal columns was observed in case of
the rotated samples. The coating microstructures have been
explained in terms the associated coating deposition mech-
anisms. In this study, no conclusive trend in the effect of
texture present in the TBCs on their thermal cycling life
was observed.
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