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Abstract

Multilayered zirconia toughened alumina (ZTA) and c-zirconia coatings were prepared using electron beam physical vapour deposition (EB-
PVD). Characterizations of the morphology and chemical composition of the deposited coatings were performed using scanning electron
microscopy (SEM) and X-ray diffraction analysis (XRD). Scratch resistance, nano-indentation and bending strength were used for the evaluation
of the mechanical properties. X-ray diffraction of the top ceramic TBC surface showed that it consists entirely of cubic ZrO, phase. The energy-
dispersive X-ray spectroscopy analysis (EDS) showed that a-Al,O5 is the only oxide phase present at the interface, while SEM indicated the
presence of columnar c-ZrO, as the only phase of the top coat. Delamination over a large region was observed in the case of double layer (ZTA)
coating. In contrast, the multilayered (ZTA1 + ZTA2 + c-Z) coating showed neither delamination nor cracking. The hardness and scratch
measurements showed that the top coat c-ZrO, layer is harder than the ZTA layers. The thermal conductivity of the multilayer coatings was
estimated using the theoretical density and thermal conductivity values of zirconia toughened alumina (ZTA) and cubic-zirconia (c-ZrO,) together

with their experimentally measured data.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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Introduction

Increasingly stringent demands are being imposed on the
efficiency of gas turbine engines employed in the aerospace and
power generation industries. The major means for improving
turbine efficiency is by increasing operating temperatures in the
turbine section of the engines. The materials employed must
withstand the higher temperatures as well as mechanical stresses,
corrosion, erosion and other severe conditions during operation,
while providing extended lifetime as required by the end users.

During the last decade, research efforts were devoted to the
development and manufacturing of ceramic thermal barrier
coatings (TBCs) on turbine parts because the traditional turbine
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materials have reached the limits of their temperature
capability. The great advantage of coatings is that it is possible
to modify its response to the environment by changing the
superficial part of the component, thus providing completely
different properties. Thermal barrier coatings (TBCs) are
applied for protection of metallic components that suffer
degradation due to corrosion, oxidation or excessive heat load
during service in thermally drastic environments. TBCs consist
typically of a metallic bond coat (MCrAlY where M: Ni, Co, Fe
or combination of these elements) and a ceramic top coat
normally applied onto a super alloy substrate. Nickel base
superalloy with oxidation resistant coating TBC were acknowl-
edged as a standard material system for turbine engineering in
the near future (next 15 years and longer) [1]. It is important to
mention that the durability of the MCrAlY coating depends not
only on coatings composition, but also on the surface
engineering technique.
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Ceramic coatings have been applied by several methods:
sputtering, air plasma spry (APS) and electron beam-physical
vapour deposition (EB-PVD). EB-PVD has the advantage of
using a focused high-power electron beam, which melts and
evaporates metals as well as ceramics. Electron beam-
physical vapour deposited TBCs are used on the hot section
of aircraft turbines to extend the life of metal components
[2].

Among the TBCs, APS and EB-PVD, yttria-stabilized
zirconia TBCs have been widely studied because of (in part)
their low thermal conductivity, their good match to the thermal
expansion coefficient (x10-5 K~ ') of Ni-based super alloys,
and their acceptable durability during thermal cycling [3-6].
EB-PVD-TBCs have recently received attention because the
coatings are expected to surpass APS-TBCs in mechanical
performance [7]. The EB-PVD process is known to be reliable
and strain-tolerant because it can produce TBCs with a unique
columnar microstructure at high deposition rates, and can form
durable and dense layers containing nano-sized pores, nano-
gaps and some feather-like structures [8—10]. Kwon et al. [10]
indicated that a thick bond coat is more efficient for protecting
the substrate from the contact environment than thin bond coat.
They showed that TBC systems without top coat, i.e. bond coat/
substrate system, exhibits well-defined damage within the bond
coat, with a minor damage in the substrate. The damage formed
in the thick bond coat is not extended and the bond coat/
substrate only shows damage that has accumulated within the
bond coat at relatively low load, whereas the damage zone in
the thin bond coat is well defined in the substrate. Bouzakis
et al. [11] stated that in order to avoid apparent creep
phenomenon and subsequent ZrO, coating failure of EB-PVD-
TBCs, the optimal maximum equivalent stress at which TBC
can operate has to be less than its corresponding critical stress
value. Johnson et al. [12] studied the relationship between
residual stress, microstructure and mechanical properties of
EB-PVD-TBCs. They showed that the strain tolerance of the
coating decreased with increasing residual stress.

Further improvements can be introduced using intermediate
layers considering the chemical affinity between the ceramic
top layer and metallic substrate (material adapter) [13], with
optimization of ceramic materials or to alter the chosen ceramic
materials with lower thermal conductivity, which can be
achieved by control of the pores, whose formation are
dependent on the coating process parameters.

In the present investigation, 15 mol% zirconia toughened
alumina (15-ZTA) is used as the diffusion barrier layer,
oxidation protective layer and as well as material adapter for c-
ZrO, as the ceramic top coat. Al,O3 replace conventionally
used expensive Y,0s.

1. Experimental
1.1. Materials
1.1.1. Preparation of the starting materials

The materials used for this investigation were zirconium
n-(IV) butoxide (Strem chemicals, Newburyport MA, USA),

aluminium tri-isopropoxide (Merck, Germany) and Y,0;3
powder (99.99%, Strem chemicals, Newburyport MA, USA).
Alumina and zirconia toughened alumina were prepared and
mixed according to the procedures mentioned elsewhere
[13].

1.1.2. Preparation of EB-PVD targets

Conical targets were formed by casting technique. The
targets were dried at 110 °C and sintered at 1650 °C to give as
high-density cones as possible for EB-PVD deposition.

1.2. Electron beam physical vapour deposition (EB-PVD)

ZTA-15 and cubic zirconia-coatings were deposited by
electron beam evaporation on 617-nickel based superalloy
substrates [13].

Squared samples were used for optical and scanning
electron microscopy (top view and cross section), micro-
hardness and scratch testing characterization. For bending
strength testing, rectangular bars (60 mm X 5 mm X 3 mm)
were used.

Both substrates were first coated with two successive
15 mol% ZTA layers. On these layers, one layer of c-ZrO, is
deposited. Fig. 1 shows a schematic representation of multi-
layered coatings obtained by EB-PVD technique. The layers
are denoted as follows: first zirconia toughened alumina layer
(ZTA1), first and second zirconia toughened alumina layer
(ZTA2), and the final coat containing zirconia toughened
alumina layers + c-zirconia (c-Z).

2. Characterization
2.1. Phase composition and microstructure evolution

XRD analysis (Philips 1730 diffractometer, Netherlands)
with a Ni-filtered and monochromated Cu Ko radiation with
goniometric range 10-80 and scan speed of 18/min., was
applied to identify crystalline phases of the coatings. Care was
taken to maintain the current at 40 kV and 40 mA during the
experiment.

The morphology of the films was studied using optical
microscopy (Jeol, OM), and scanning electron microscopy
(Jeol). The distribution of the elements in the system coatings/
interface/substrate was measured using line-scan EDS on the
cross-sections of the samples. The top coat is analysed by XRD
to detect the formed phase of zirconia.

The average pore size and pore-size distribution of the
sintered bodies were obtained using high pressure mercury
prosometry (Model 200 prosometer, Carlo Erba, Milan,
Italy).

2.2. Mechanical properties

2.2.1. Bending-test

The three point bend strength of the fired samples was
determined using specimens of diameters 6 mm x 3 mm X
50 mm and a universal testing machine Model (MTS Sintech
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Fig. 1. Scheme of the multilayer coating.

65/G). The span width of the bearing rollers was 28 mm and the
central loading roller is fixed within a traverse guided by ball-
type nipples.

Due to the compliance of the arrangement within the loading
frame the bending was directly measured by using a transducer
(LVDT) with high resolution. To optimize the arrangement and
for purposes of comparison, two uncoated specimen were tested
up to the inelastic region.

Based on this result the further tests were improved
by conducting a stepwise loading at SON, 120 N, 300 N,
500N, 600N, 700N und 800N each with complete
unloading followed by optical microscopy to detect possible
failures.

2.2.2. Nano-scratch test

The nano-scratch test (NST) provides detailed information
about the generation of a single scratch. It is used for the
characterization of organic coatings [14-16] as well as
Polymers and hard coatings [17]. An indenter of Rockwell
geometry (conical, die angle 90°, tip radius 2 wm) is pushed
with increasing load (80 mN/min) into the sample, which is
moved with a constant velocity (in this case 3 mm/min). During
the scratch process data of the tangential Ft and the normal
force Fn as well as the depth are recorded. The penetration
depth d;, of the indenter and the remaining depth of the scratch
(residual depth d,) are calculated using the data of a surface
scan with minimal load before (pre-scan) and after (posts-can)
the scratch

2.2.3. Indentation hardness

Indentation hardness was measured using a Fischerscope
HM 2000 (Helmut Fischer GmbH+ Co. KG, Sindelfingen)
equipped with a Vickers diamond. To get depth resolved
hardness values the ESP (Enhanced Stiffness Procedure) [18]
mode was used. In this mode the loading is periodically
interrupted by an unloading cycle to determine depth resolved
values of EIT and HM according to DIN_EN_ISO_14577-1
within one indentation.

3. Results and discussion
3.1. Phase composition and microstructure evolution

X-ray diffraction of the top ceramic TBC surface shows that
it is composed entirely of cubic ZrO, phase (Fig. 2).

The multilayer nature of the ceramic TBC formed by EB-
PVD is illustrated in Fig. 3. The EB-PVD ceramic coating has a
unique columnar morphology. The columnar grains grow
perpendicular to the substrate surface and extend through the
entire c-ZrO, ceramic coating thickness.

Fig. 4 shows the detailed chemical analysis of each layer of
the coat. The figure indicates the formation of an interface zone
(Fig. 4, spectrum 2). The composition and microstructure of
that zone strongly depends on the type and microstructure of the
phases present on top of the coat before YSZ deposition. The
EDS analysis shows that the thermodynamically a-Al,Oj is the
only oxide phase present at the interface. The most assumed
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Fig. 2. XRD patterns of the top ceramic TBC surface.



3320 E. Roos et al./Ceramics International 38 (2012) 3317-3326

Fig. 3. SEM micrograph of the TBC multilayer.

scenario for the formation of that interface zone is the
deposition of thick theta alumina on the B-NiAl phase in
MCrAlY’s [19]. Mixed zones have been identified for
platinized NiCoCrAlY bond coat that form substantial amounts
of theta alumina [20]. They have, also been detected for
CoNiCrAlY/EB-PVD YSZ TBC systems after manufacture
[21]. In these observations only a-Al,O3 has been detected. The
current results validate the observations on formation of an
interface zone on EB-PVD NiCoCrAlY coat systems. Spectrum
1 represents the typical chemical analysis of the Ni based
alloys. On the other hand, the region between the interface and
the columnar c-ZrO, structure indicates the presence of Al,O5
and ZrO,. The chemical analysis of the columnar micro-
structure shows that it composed of only c-ZrO, phase (Fig. 4,
spectra 3 and 4).

3.2. Physical properties

Table 1 illustrates the porosity, pore diameter and pore
volume of the multilayer coat. It shows that the porosity and
total pore area increase in the top layer in comparison to the
ZTA1 and ZTA2. Zirconia toughened alumina coats (ZTA1 and
ZTA2) show the same porosity figures. On the other hand, c-
ZrO, coat layer shows an increase in the total porosity values.

3.3. Calculated thermal conductivity

The studied multilayer coating was investigated to get the
overall thermal conductivity. The case studied here is a
combination between conduction and convection. The con-
duction took place through the dense materials either zirconia
toughened alumina or c-zirconia, keeping in mind the effect of
the material porosity, as the porosity affects negatively the
thermal conductivity. The other mechanism in heat conduction
presented here is the heat transfer which took place in the
interface between different coating layers. The heat transfer
coefficient between different layers &; tends to be infinity in
perfect bonding between layers which means no temperature
drop due to bonding imperfection while /; value decrease as

imperfections and delamination between layers increase and so
temperature drop occurs, according to the following equation
[22]:

0 = hAAT ey

where, AT is the temperature drop; Q is the heat flux through
such an interface; A;, is thermal conductivity coefficient; A is the
normal areal where the heat pass through.

According to Ravichandran and An [22] the thermal
conductivity of the composite coating is given by the following
equation.

Ly
N nalLa/ka]}‘< + nzle/kz]* + (nal +ny, — 1)/hl]

Kome 2

where L, is the total thickness of the multilayer coating, n, and
n, are the number of Al,O5 and c-ZrO, layers, respectively, L,
and L, are the thicknesses of the Al,O5; and c-ZrO, layers,
respectively, and h; is the heat-transfer coefficient for the
interlayer interface between Al,O5 and c-ZrO,. The parameters
ky* and k,* are the effective thermal conductivities of the
Al,03 and c¢-ZrO, layers, respectively; these parameters incor-
porate the influence of porosity and the resistance to heat
transfer across the interfaces between the splats in each mate-
rial. A simple relationship to describe the thermal conductivity
of two-phase materials was deduced [21] on the basis of a unit
cell model of the microstructure. Using the following relation-
ships, k,* and k,* can be calculated:

ka™ = ka(1 — p>?) 3)

ka* = ka(1 — p,*?) 4)

where, p, and p, are the volume fractions of porosity in the
respective Al,O3 and c-ZrO, layers. The parameters k, and &,
are the thermal conductivity levels of the Al,O3 and c-ZrO,
layers, respectively; these parameters also incorporate the
thermal resistance due to splat interfaces that are present in
each layer.

Based on the theoretical density and thermal conductivity
data of zirconia toughened alumina (ZTA) and cubic-zirconia
(c-Zr0Oy), and the data given in Table 1 and Fig. 3 the thermal
conductivity coefficient was calculated. The thermal conduc-
tivity coefficient (4;) of the studied multilayer was estimated by
applying Eqs. (2)-(5). It was found to be 1000 W/(m K).
According to the imperfection in bonding between the coating
layers (as the value of h; increases this indicates that no
temperature drop across the coating layers and vice versa), A;
tends to be oo in perfect layer bonding. The calculated overall
thermal conductivity from room temperature to 1000 °C was
2.55 W/(m K). It is interesting to note that experimentally
measured thermal conductivity of 8 YSZ is 2.3 W/(m K), while
the theoretically predicted value is 3.2 W/(m K) [23]. Raghavan
et al. [24] stated in their study that the thermal conductivity of
20 Y (Ta or Nb) O, doped zirconia is similar to that seen in
commonly used 4.2 mol% YSZ.
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Fig. 4. EDS and chemical composition of the deposited multilayer.

Studied multilayer coat porosity, total pore area and average pore diameter.

Layer

Total intrusion volume, ml/g

Total pore area, m*/g

Av. pore diameter, pm

Total Porosity, %

ZTA1 (single layer)
ZTA2 (double layer)
¢-ZrO, (multilayer)

0.0015
0.0015
0.0042

0.
0.
1.

498
498
513

0.0117
0.0117
0.0112

1.34
1.35
2.75
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Fig. 7. Delamination of double layer. Fig. 8. Undamaged multi layer.
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Fig. 9. Penetration depth (down curve) and residual depth (up curve) during
scratch test with increasing load (double layer).

3.4. Mechanical properties

3.4.1. Bending strength

All tests were performed with partial unloading after
reaching the inelastic region. Bending was in the range of
component relevant stresses far below the fracture strength.
According to the very thin coating no pop ins of loading were
observed (Figs. 5 and 6).

Using optical microscopy (Leica MZ6) double layered
specimen shows the delamination of the coating over a large
region.

In contrary to the double layered specimen the multi layered
specimen didn’t show any delamination or cracking (Figs. 7 and
8). This comparison is not final because the maximum strain
was chosen lower.

The results show that three-point-bending may be used for
integral measurement of adhesion of layers. For quantitative
analysis of adhesion especially at double layers the scratch test
should be used. More subtlile methods like nano-indentation
and acoustic emission may improve the analysis.

3.4.2. Nano-scratch test

Fig. 9 shows the penetration depth (d,,) and residual depth
(d;) of the double layer sample, the other samples showed
similar results. After a smooth part the curve shows rapid
fluctuations at a penetration depth of about 5 pm. This indicates
a mechanical failure of the material. The maximum depth of py4
is about 12 pum. Optical micrographs of the scratch groove
(Fig. 10) show that in the beginning of the scratch the trace
almost vanishes within the surface roughness. The increasing
normal force forms a smooth scratch groove, but at a certain
force the surface cracks. This critical force is characteristic for
the material and the layer thickness.

Table 2 summarizes the critical loads, the corresponding
penetration depth and a microscopical image. The penetration
depth indicates the layer where the failure occurs. The multi
layer cracks at a depth of 1.5 wm, which matches with the
thickness of the c-ZrO, layer. The double layer cracks at 6 pum
respectively 7.5 wm which is equal to the total coating
thickness. The brittle failure occurs at reaching the coating/
substrate interface.

The prescan provides a surface profile from which roughness
parameters can be evaluated. According to DIN EN ISO 8503-1
the characteristics R, (average distance between highest peak
and lowest valley within a sample length), R;,,.x (maximum of
R, values within total measured profile) and R, (arithmetic
average of the distance to the centre line) were calculated using
a Gauss filter with A, =0.25 mm and are shown in Table 3.

3.4.3. Hardness

3.4.3.1. Vickers microhardness (HV0.1). The Vickers micro-
hardness values, HVO.1, of the double and multilayer in the
TBC system are shown in Fig. 11. The results show an increase
of the microhardness on passing from the double layer to the top
coat. The cracking or delamination at the interface between
ZTA coat and the top coat (Fig. 10), will be expected to occur in
the indentation tests as the differences in the values of HVO0.1
increases, because of the elastic/plastic mismatch stress present
[25].

Table 2

Critical loads and corresponding penetration depth and image of the point of failure.

Layer Critical load (mN) Penetration depth (pum) Image
Multi layer 83 1.5

Single layer 42 6.0

Double layer 79 7.5
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60 mN

Fig. 10. Optical micrographs of the scratch groove at different normal forces, double layer.

Table 3
Roughness parameters of the different layers.

Material R, [pm] Rinax [pm] R, [pm]

Multilayer 0.68 1.13 0.073
Double layer 0.34 0.54 0.033

depth / pm

3.4.3.2. Martens microhardness (HM). Fig. 12 shows the
load-depth curves of a double layer sample. The spikes pointing
to the left show the unloading cycles during indentation.
Reduced Young’s Modulus Ejr and the Martens hardness HM

L L P W [N SN T ST S [N SN TR SN S N S A O |

were calculated according to DIN_EN_ISO_14577-1 within 50 100 150
the same indentation. force / mN
The depth resolved hardness measurement showed that the
ZTA double layer is much softer than the multi layer (Fig. 13).
Both samples of ZTA double layer (blue curves) show a good

Fig. 12. Load-depth curves in ESP-mode of the double layer sample; the three
curves show the excellent reproducibility.
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Fig. 11. Studied samples microhardness (substrate, ZTA, c-ZrO5,). Fig. 13. Martens hardness as function of penetration depth.
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Fig. 14. Young’s modulus as function of penetration depth.

reproducibility. The decay of the hardness curves of ZTA
indicates that the substrate is softer than the ZTA. Hardness
stays constant above a depth of 2 pm.

The multi layer sample shows a minimum in hardness at
0.5 pm depth. This is due to the influence of the softer ZTA
layers below the c-ZrO, layer, which starts after penetrating
about 10% of that layer [17]. The hardness increases again and
reaches a maximum at 1.2 pm penetration depth, which
coincides with the critical depth of the NST experiment (Table
3). The curves are mean values out of three measurements.

Fig. 14 shows the reduced Young’s modulus as a function of
penetration depth. c-ZrO, layer has higher Young’s modulus
than the ZTA layers with analogous behaviour to the hardness.
The minimum of the modulus curve occurs at a lower depth
than the hardness curve. The Young’s modulus rises again
above a penetration depth of 1.7 wm. This indicates that the
modulus of the substrate is higher than the coated layers.

4. Conclusions

1. The EB-PVD ceramic coating has a unique columnar
morphology. The columnar grains grow perpendicular to the
substrate surface and extend through the entire c-ZrO,
ceramic coating thickness.

2. The current results indicate the formation of an interface
zone on EB-PVD NiCoCrAlY coat system.

3. Based on the theoretically dense zirconia toughened alumina
and c-zirconia, thermal conductivity and porosity data of the
studied material and its multilayer thickness the thermal
conductivity coefficient (h;) of the studied multilayer
material was estimated to be = 1000 W/(m K).

4. The Vickers microhardness results show a step-like decrease
on passing from the substrate to the top coat.

5. The depth resolved hardness measurement showed that the
ZTA layers are much softer than the coating layer.
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