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Characterization of the microstructure of thermal barrier coatings (TBCs) is essential for assessing coating lifetime and for under-
standing the damage mechanisms leading to ceramic layer spallation. Recent progress in synchrotron-radiation computed laminog-
raphy (SRCL) enables imaging of samples that are thin but extended in two dimensions. This study reports on the first results of the
3-D characterization of electron beam—physical vapour deposition TBCs by SRCL. Image analysis was very helpful in investigating

the 3-D microstructure obtained and is also described.
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Thermal barrier coatings (TBCs) are often used
for thermal insulation and as a passivation system for
hot components for industrial applications [1]. TBCs
are multilayered systems. A ceramic top-coat layer is
interfaced with the substrate via a bond-coat layer.
The latter is used as an aluminium reservoir to create
an adherent and stable interfacial a-alumina layer, com-
prising thermally grown oxide (TGO), between the cera-
mic top-coat layer and the metallic bond-coat layer [1].
Interfacial damage can occur and assessment of the life-
time of these systems is critical as ceramic breakaway
leads to the loss of substrate protection and damage of
the component at high temperatures [1-3].

The final breakaway of TBC is known to be triggered
by delamination of the ceramic/bond-coat interface
[3,4]. Thus, characterization of TBC microstructure
and observation of its evolution is essential for assessing
coating lifetime and for understanding the damage
mechanisms leading to ceramic layer spallation. More-
over, the 3-D microstructure morphology is known to
have an effect on local stress and strain fields resulting
in interfacial delamination.

Unfortunately, most classical metallography specimen
preparation techniques, including machining, polishing,
electrodischarge machining and focused ion beam milling
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are known to introduce artefacts in the microstructure
and confuse subsequent observations. Interfacial cracks
as well as ceramic layer spallation might even be induced
by these preparation techniques with few means being
available to determine the true cause of damage. Synchro-
tron-radiation computed tomography (SRCT) offers an
interesting way of determining the cause of debonding.
The technique is very attractive for 3-D microstructure
analysis for an increasing variety of materials [5]. How-
ever, computed tomography (CT) requires coupons of
very small diameter so as to ensure X-ray illumination
and projection to the detector of the entire volume for
all angular projections (to avoid unreliable or truncated
projection data). This point is particularly critical when
using Ni-base material for the coated substrate and would
also make it difficult to machine the coupon without
inducing damage. The technique of synchrotron-radia-
tion computed laminography (SRCL) [6] enables the
scanning of samples that are still thin but extended in
two dimensions. For stick-like material samples, the tech-
nique has been shown to yield results only slightly inferior
to those obtained by SRCT [7] which is due to incomplete
sampling of the specimen’s 3-D Fourier domain. For thin
plate-like specimens, however, the method is able to show
much better results than SRCT [8,9] since projection an-
gles with the specimen’s long side oriented parallel to
the beam direction are avoided. SRCL observation of
in situ damage evolution in thin sheet material has
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successfully been applied to Al alloys [10]and fibre epoxy
composites [7]. It has already been demonstrated that in
combination with high-energy synchrotron radiation
the technique is able to penetrate and image highly
absorbing specimens [11-14]. Moreover, compared to
its laboratory counterparts [15], the technique can signif-
icantly benefit from phase contrast, highlighting the inter-
faces between different materials [16-18]. Thus this
technique seems to be a perfect candidate for the high-res-
olution investigation of thin layered systems, such as
TBCs, avoiding the creation of artefacts linked to the
preparation of the specimen.

This study reports on the first results of the 3-D char-
acterization of electron beam—physical vapour deposi-
tion (EB-PVD) TBCs by SRCL. Image analysis was
very helpful in investigating the 3-D microstructure ob-
tained and will be also described.

The TBC system used in this study was processed by
the Ceramic Coating Centre (CCC) and the Snecma-Sa-
fran Group. The substrate material was a Ni-based sin-
gle-crystal superalloy AMI1, the composition of which is
detailed in Table 1. The bond-coat was a Pt-enriched alu-
minide overlayer (Ni, Pt)Al deposited by pack-cementa-
tion. The outer layer was mostly composed of beta-
phase NiAl, the composition of which is detailed in Ta-
ble 2. The ceramic layer was an EB-PVD Y,O; partially
stabilized zirconia coating 150 um thick. Hollow cylindri-
cal test specimens were used for this study to reduce ther-
mal inertia during heating or cooling. The substrate outer
diameter was 11 mm within the gauge length and 1 mm in
thickness. Each specimen was first cut into a small cylinder
of 8 mm length. Then, it was sliced using a diamond string
saw to extract the coupon to be examined. The final
dimensions of the coupon were 500 pm for the maximum
thickness and 8 mm in length. No further machining was
necessary before SRCL scanning.

Before SRCL observation and specimen machining, 32
thermal cycles of 1 h were performed at 1100 °C. The
cooling and heating rates were 5 °C s~'. The TGO aver-
age thickness was found to be 1.6 um from scanning elec-
tron microscopy (SEM) analysis of a given cross-section.

SRCL [9] was used in this study. The technique is
basically similar to SRCT [8] except that the sample
was imaged under rotation around an axis which was in-
clined by 0= 60° with respect to the beam (where
0 = 90° for CT). For planar samples this ensures that
the X-ray transmission is relatively constant at each
incremental angle and allows large samples to be imaged
locally at high resolution [9] without the need for sam-
ples containing the regions of interest (ROIs) to be phys-
ically extracted. Details about the principles and the
reconstruction procedure can be found in Refs.
[8,17,9]. Imaging was performed at beam line ID15 of
the ESRF using a polychromatic X-ray beam with ener-
gies between approximately 30 and 65 keV. Radio-
graphs at different projection angles of the specimen
were acquired with 100 ms exposure time. Volumes were
reconstructed using an in-house software package from
1500 of such angularly equidistant projection radio-
graphs over a specimen rotation angle of 360°. The size
of the volume analysed was 800 x 800 x 1000 voxels
with a voxel size of 0.84 x 0.84 x 0.84 um3. The ROI
was centred in the coupon, leading to a minimum dis-

tance between the edge of the coupon and the edge of
the ROI of 1.5 mm.

A representative reconstructed pseudo-3-D view of
SRCL data of the specimen is shown in Figure 1. An
arbitrary reference plane, z = 0, was associated approx-
imately with the interface between the bond-coat layer
and the interdiffusion zone (IDZ) (Fig. 2). In Figure 1,
the plane z = 11 pm was located in the bond-coat layer
where segregation of impurities at the bond-coat grain
boundaries was assumed to be the origin of the absorp-
tion contrast obtained. The plane z = 85 um was located
in the ceramic layer where voids induced by the EB-
PVD process and the columnar structures of the ceramic
layer were the essential sources of contrast. Associated
cross-sections, e.g. in xz and yz planes, respectively, re-
vealed the columnar structures of the ceramic layer
and the location of the TGO layer (Fig. 1 and Fig. 2).
At the bond-coat/ceramic interface dark areas were as-
sumed to be related to TGO and interfacial voids. This
point will be discussed below. As a first result, the
homogeneity of the information over the whole 3-D
scan ensured that no edge effect should occur as a result
of either specimen preparation and SRCL techniques.

A simple grey value thresholding technique was not
able to extract either grains or ceramic columns from
the images due to the contrast obtained and average
grey level variations through the scan. Local grey value
minima were therefore used to extract geodesic markers
from the 3-D images [19], e.g. in the bond-coat layer
(Fig. 3a). Nevertheless, a distinction should be made be-
tween geodesic markers within a grain and those located
at the grain boundary. This step was performed using
watershed segmentation in order to construct grain
boundaries in 3-D (see Fig. 3b) [19-21].

260 grains have been reconstructed in the bond-coat
layer with an average volume of 1.4 x 10° um? and an
apparent diameter of 38 um that was confirmed using
the intercept method for the middle plane extracted
from the bond-coat layer. The obtained grain size was
seen to be consistent with the grain size of the bond-coat
layer previously identified for this material, when SEM
was used to observe the cross-section as well as for in-
plane analysis with or without electron backscatter dif-
fraction measurement [22.4].

The image analysis methodology detailed above for
the bond-coat layer was applied for analysis of the cera-
mic layer. Thus packs of sintered ceramic columns have
been segmented in 3-D (Fig. 3c¢).

The ceramic/bond-coat interface is physically defined
by the TGO layer. Nevertheless, the spatial resolution of
the SRCL was, for the specimen studied, similar to the
TGO thickness, making direct detection of the TGO
layer difficult. To extract with a maximum of confidence
the 3-D ceramic/bond-coat interface, data related to lo-
cal minima should be associated with the bottom of the
ceramic columns. Local grey level minima as well as the
bottom of the ceramic columns were used to construct a
3-D interface based on a 3-D spline function algorithm
(Fig. 4a). The measured ratio between total surface of
the 3-D ceramic/bond-coat interface, S, projected onto
the reference plane, Sy, is equal to 1.42 for the whole vol-
ume analysed. This ratio, as well as the wavy form ob-
tained of the 3-D ceramic/bond-coat interface, were
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Table 1. Chemical composition (in wt.%) of single-crystal Ni-base superalloy AM1 at room temperature [24].

Ni Co Cr Mo W Ta Al Ti C Fe S
Min Bal. 6 7 1.8 5 7.5 5.1 1 3 ppm
Max Bal. 7 8 2.2 6 8.5 5.5 1.4 0.01 0.2

Table 2. Chemical composition (in at.%) of Ni(Pt,Al) bond-coat layer in the as-received condition [25].

Al Pt Cr Co

Ti Ta Mo w

35.2 7.3 1.0 4.6

0 1.0 0

(=]

Figure 1. Reconstruction of the studied TBC via 3-D SRCL. Top
plane (z= 85 um) is located within the ceramic layer. An arbitrary
virtual cut was made to show a plane (z = 11 um) located within the
bond-coat layer and two orthogonal cross-sections. The ordinate
reference corresponds to Fig. 2.
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Figure 2. Cross-section of the studied TBC obtained by 3-D SRCL.
The reference plane used corresponds approximately to the interface
between the bond-coat layer and the interdiffusion zone (IDZ).

seen to be consistent with the TBC cross-sections or sur-
face measurements without ceramic top-coat found in
the literature [23].

Moreover, the intersection of bond-coat grains and of
the 3-D ceramic/bond-coat interface has led to a very
satisfying description of the bond-coat layer (Fig. 4b).
Local minima associated with a low grey level, close to
the ceramic/bond-coat 3-D interface, might be associ-
ated with both interfacial voids and local higher TGO
thickness (Fig. 4b). Because this distinction was ambig-
uous, those local minima close to the ceramic/bond-coat
3-D interface will here be considered as interfacial de-
fects in the following. To analyse only TGO defects or
interfacial voids, local minima were selected when
exceeding 2 um? (Fig. 4b).

Qualitatively, when the interfacial defects were exam-
ined through the thickness of the specimen, it was found
that most of these defects were correlated to the local
growth orientation of ceramic columns as well as local
cracks at the bottom of the columns. This assessment
was carried out by comparing voids extracted on each
cross-section together with a 3-D reconstruction of
packs of sintered ceramic columns (Fig. 3c).

In the same way, by examining each cross-section at
every depth, together with the 3-D reconstruction (see
Fig. 4b), some interfacial defects were found to be corre-
lated with the grain-boundary network of the bond-coat
layer and especially with triple junction points. It should
be noted that this last point could not be revealed without
a complete-3D technique such as is presented here. This
methodology could be a route to determine the way voids
or the TGO grow at the bond-coat/ceramic interface. In-
deed a distinction could be made between defects related
to the bond-coat grain boundary network and those re-
lated to the EB-PVD process. Thus for the specimen stud-
ied, it could be assumed that grain-boundary diffusion has
modified the microstructure morphology. With a longer

Figure 3. Image analysis results from the reconstructed 3-D volume: (a) geodesic markers, associated to local grey-level minima of 3-D images, used
to define bond-coat grain boundaries; (b) 3-D grains obtained from image reconstruction in the bond-coat; (c) 3-D pack of sintered columns obtained

from image reconstruction in the ceramic layer.
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Figure 4. (a) 3-D reconstruction of the interface based on geodesic
markers and 3-D ceramic column shape. Interface is in black. (b)
Bond-coat layer and interfacial defects. Defects are highlighted in gold,
bond-coat grains are in colour. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

time spent at high temperature, it could be expected that
the TGO thickness and roughness would be sufficient to
increase the contrast of the images. Thus the exact loca-
tion and thickness of the TGO layer would be more easily
determined.

This study has shown the possibility of using SRCL
for investigating, for the first time, a 3-D TBC micro-
structure. The first benefit of the methodology was seen
in the way it limits the artefacts inherent in the tradi-
tional specimen preparation methods, by observing an
area far away from the edge of the specimen. This step
was validated by the homogeneity of the microstructure
in the volume observed. Using image analysis and 3-D
reconstruction has allowed major microstructural fea-
tures to be identified in the TBC systems: bond-coat
grains and associated grain-boundaries, ceramic col-
umns and sintered columns and interfacial defects lo-
cated at the bond-coat/ceramic interface. It is worth
noting that despite a coarse spatial resolution compared
to the TGO thickness, the ceramic/bond-coat interface
was determined in 3-D with a very satisfying accuracy.
Thus this study highlights a very promising way to
understand the microstructure and especially the evolu-
tion of the morphology which is known to be among the
main features responsible for damage in TBC systems.

The authors would like to thank S. Duvinage
(Mines ParisTech) for specimen preparation and A. Bunsell
(Mines ParisTech) for his careful reading of the paper.
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