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MICROSTRUCTURAL ASPECTS OF THERMAL
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Protective coatings applied to components in the hot section of gas turbines
using the electron beam physical vapour deposition method, EB-PVD, allow higher
operating temperatures of components in this section and thus higher turbine
operating efficiency. This paper presents the structural changes occurring as a
result of the heat treatment applied for: 4h at 800 °C, to ceramic oxide thin film
deposition such as: Al,O3; and oxide multilayers of: Al,O3+ZrO; doped with OPR -
(rare earth oxides — CeO-; Nd-Os; La;0s; GdOs), respectively, with controlled layer
thickness and uniform particle distribution capacity on 304L stainless steel
substrate. SEM-EDAX analysis after this heat treatment applied to the material
samples showed the appearance of microcracks in the deposited ceramic film layers,
most likely caused by different thermal expansion coefficients between metal and
ceramic. A thermal analysis (DSG, TG) was carried out on samples of these types of
materials, the results obtained did not reveal any transformations (exothermic,
endothermic) in the temperature range: 20-1400 °C, the materials tested being
thermally stable.
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1. Introduction

Stainless steels are passive alloys, due to their chemical composition they
form a thin oxide layer that inhibits the dissolution of the metal in corrosive
environments [1]. The physical, mechanical and anti-corrosive properties of the
alloy are closely related to its microstructure, where two phases (austenite, ferrite
or both) occur [2-3]. Due to their unique properties, including adaptation to
changes in solution salinity and pH level, these alloys are widely used in
application areas such as heat exchangers [4-5].

Thermal barrier coating (TBC) systems are widely used in modern gas
turbine engines to reduce the metal surface temperature in the combustion section
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and turbine hardware. Engines for both aviation jet propulsion and industrial
power generation have taken advantage of the benefits of this technology to meet
increasing demands for fuel efficiency, lower NOx emissions and higher power.
Engine components exposed to extreme temperatures are the combustion chamber
and the initial engine components. rotor blades and high-pressure nozzle guide
vanes. Metal temperature drops of up to 1650C are possible when using TBCs in
conjunction with external film cooling and air cooling of internal components. [6-
9]. Gas turbine engines applied to aircraft are engines whose efficiency and basic
power are directly related to the gas temperature in the turbine section. Therefore,
great efforts to improve turbine operating temperature have been made in recent
decades.

These efforts mainly focus on the fabrication of turbine blades from single
crystal superalloys provided with internal holes and channels for cooling,
optimization of alloy compositions to achieve properties such as high creep
resistance and high temperature oxidation resistance, and deposition of thermal
barrier coatings (TBC) on the blades to isolate the metal components from the hot
gas stream [10-14]. However, compared to applications for TBCs, the
improvements obtained by adjusting alloy composition and cooling technology
are quite limited. Typical TBCs consist of three main layers: the ceramic capping
layer that confers a thermally protective thermal effect, the Ni alloy bonding layer
(BC) that provides protection against oxidation as well as protection against
mismatch between the top layer and the Ni-based superalloy substrate, and finally
the intermediate layer (interlayer). The final thermally grown oxide (TGO)- Al20s
layer between the capping layer and the alloy. Electron Beam Physical Vapor
Deposition (EB-PVD) is a high vacuum thermal coating process in which a
focused high energy electron beam is directed towards a material (metal, ceramic)
to be evaporated inside a vacuum chamber. The evaporating material is then
condensed on the surface of a substrate or component to form the film layer [32].
The distinct advantages of this approach are high deposition purity, increased
surface area, precise film thickness, in situ growth monitoring and smoothness
control [33]. In addition to the associated advantages, the aforementioned
technique has proven its ability to deposit alloys, as demonstrated by Almeida et
al [33] with their study of MCrAlY film fabrication. On an industrial scale, EB-
PVD has been widely used for coating materials, including stainless steel-type
materials [32-33].

The aim of this work is to study the thermal oxidation process for ceramic
thin films deposited on stainless steel metal substrates using EB-PVD. The present
work, based on the literature review is the EB-PVD process reported for the
formation of NiCrAlY-Al203 and ZrO2 films doped with rare earth oxides OPR.
The objective of the study is to evaluate and how the EB-PVD Al>O3 and ZrO, top
layers doped with OPR behave at 800 °C for 4h.



Microstructural aspects of thermal oxidation of thin films deposited by EB-PVD on stainless... 133

2. Materials and methods

The 304L steel substrate in the form of plates with dimensions of 30x50x2
mm and 57x57x2 mm respectively, and thickness of 2 mm, were previously
cleaned and degreased in organic solutions. The thus cleaned substrate plates were
then fixed in a device, which is coupled to a rotating mechanism with which the e-
beam installation is equipped, and which rotates at 20 rpm during the coating
process. The raw materials for the deposition of the multilayer coatings were:
NiCrAlY (Amperit 413), commercial Al.O3 powder (Amperit 740.002, max 99, 5
wt% Al203) and ZrO2 powder doped with rare earth oxides-OPR obtained by a
hydrothermal synthesis process at temperatures of: 250°C and pressures of: 40
atm. The deposition was performed on a 304L stainless steel substrate in a fully
automated EB-PVD advanced vacuum deposition system (Torr Inc, USA).

The electron beam controlled evaporation system consists of a stainless
steel vacuum chamber with dimensions: 1500 x 1500 x 1650 mm (volume approx.
3m3), provided with process viewing holes. The chamber and front door are
permanently water cooled. The water-cooled crucibles have been loaded with the
above-mentioned materials to be evaporated. The deposition of the multilayer film
was achieved using 2 electron guns of 10 kW each placed inside the vacuum
chamber. The deposition thickness was continuously controlled using an
electronic balance equipped with a quartz sensor. The substrate was heated to a
temperature of approx. 800 °C using a radiant heater located behind the substrates
to ensure good adhesion of the deposited films (metallic, ceramic), the working
vacuum inside the enclosure being (approx. 10® Torr) and the deposition rate
being approx. 0.8-2 A/s.

The oxidation heat treatment applied to the material samples was carried
out in a furnace type: HTF1800, at 800 ° C, for 4h. Multilayer deposition was
carried out on 304L stainless steel substrates. Several types of deposition were
carried out, using NiCrAlY metal alloy as a bonding layer, an intermediate layer
Al>03 and ZrO, doped with OPR having thicknesses of: 9-15um. The samples
after the oxidation heat treatment were investigated by SEM electron microscopy
with a Quanta 250 (FEI) high resolution scanning electron microscope equipped
with XT Microscope server software and an energy dispersive X-ray spectrometer
consisting of an ELEMENT Silicon fixed detector. Analyses were performed both
on the surface of the samples for the study of the microstructure of multilayer
deposits and in cross-section for the study of deposited layer films.

In the case of surface analyses, the samples were fixed directly on the C-
band and for cross-sectional analyses, the samples were embedded in epoxy resin,
then sanded and polished. The study of thermal analysis by Differential scanning
calorimetry- thermogravimetry analysis DSC-TG method of sample mass as a
function of temperature when heating or cooling was also carried out.
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3. Results and discussion

The investigation in Fig. 1 shows the cross-sectional micrographs of 304L
stainless steel coated with the two layers: NiCrAlY and AlOz bond coatings. The
deposited layers are continuous, without the appearance of pores or microcracks
typical of the EB-PVD process.
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Fig.1 SEM micrograph - cross section of EB-PVD - NiCrAlY and Al,Oz deposition sample on
304L stainless steel substrate - thermally non-oxidized and EDS analysis with selected spots

The chemical composition of each layer was estimated by EDS analysis on the
selected areas highlighted in Fig.2. The results presented in the figure show that
most of the elements contained in the powder evaporated by the EB-PVD process
are found on the deposition made on the 304L stainless steel substrate.
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Fig. 2 Qualitative EDS analysis on the sample surface section - Acros and Al,O3 deposited by EB-
PVD process on 304L stainless steel substrate performed in point 1
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Fig.3 EDS mapping analysis of thermally non-oxidized NiCrAlY and AlO3; sample

The investigation in Fig.4 shows the SEM micrograph in transverse
section of deposition by EB-PVD process with NiCrAlY, Al,Os - and ZrO doped
with rare earth oxides on 304L stainless steel substrate before thermal oxidation.

Fig.4 SEM cross-sectional icrograph of NiCrAlY, Al,Oz on stainless steel substrate and OPR
doped ZrO; on thermally non-oxidized 304L stainless steel substrate and selected spots for EDS
analysis.
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Fig.5 Qualitative EDS analysis on the cross-sectional surface of the samples - acros and oxide
multilayers - (Al,Osand ZrO, - OPR ) deposited by EB-PVD process on 304L stainless steel
substrate performed in point 1
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Fig. 6 EDS mapping analysis of NiCrAlY, Al,Oz and ZrO2 doped with thermally non-oxidized
OPR.

The investigation in Fig. 7 shows the SEM morphological appearance of

the deposition surface by EB-PVD — Al,Oz process on 304L stainless steel
substrate after thermal oxidation process.
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Fig. 7 SEM micrograph of cross section of EB-PVD posiio o tin iIs (Iayers) " NiCrAlY
and Al;O3 on 304L stainless steel substrate and selected spots for EDS analysis - thermally
oxidized sample.
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Fig.8 . Qualitative EDS analysis on the cross-sectional surface of the thermally oxidized sample
performed in point 1
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Fig. 9 EDS mapping analysis of thermally oxidized NiCrAlY and Al,Os; sample

The investigation in Fig.10 shows the SEM morphological appearance of
the deposition surface by EB-PVD process with NiCrAlY, Al.Oz and ZrO;
doped with rare earth oxides on 304L stainless steel substrate after thermal
oxidation process.

Fig.10 SM icroa oo section f EB-PVD deposition of thin films (layers) of: NiCrAlY,
Al>,O3 and ZrO; doped with OPR on 304L stainless steel substrate and selected spots for EDS
analysis - thermally oxidized sample.
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Fig. 11 Qualitative EDS analysis on the cross-sectional surface of thermally oxidized sample P1
performed in point 1.

Fig. 12 EDS mapping analysis of thermally oxidized OPR-doped NiCrAlY, Al,Osand ZrO2.

Thermal analysis was performed on both samples with: NiCrAlY- Al2O3
deposited on 304L stainless steel substrate and on: NiCrAlY- Al;O3- ZrO, doped
with OPR - rare earth oxides deposited on 304L stainless steel substrate using
SETSYS EVOLUTION equipment, Setaram -France. The samples were
subjected to a controlled heating and cooling process. The samples were subjected
to a thermal heating process in the temperature range 20°C - 1350°C, with a
heating rate of 10°C/minute, and cooling to 20°C was performed at a rate of
20°C/minute. The heating and cooling operations were carried out in Ar
atmosphere. The curves shown in the figures below highlight the phase
transformations (blue curve) and mass loss (green curve) that occur in the samples
analyzed during the heating steps.
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Fig. 13. Thermogram of NiCrAlY and Al,O3z sample deposited EB-PVD on 304L stainless steel
substrate.

Fig. 14. Thermogram of NiCrAlY, Al,O3 and ZrO; sample doped with EB-PVD deposited OPR on
304L stainless steel substrat.

The DSC-TG analysis indicates that no phase transformations occur.

4. Conclusion

The deposited layers are continuous and adherent in the form of columnar
crystals grown perpendicular to the substrate surface. This columnar growth is
specific to EB-PVD deposition, and the deposition follows the contour of the
stainless steel substrate surface.

The results obtained by comparing the samples before and after the
thermal oxidation process show microstructure changes in the area between Al;O3
and ZrO> doped with OPR. After the heat treatment microcracks appeared in the
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oxide thin films. These microcracks may be caused by different
expansion/contraction stresses between the ceramic oxides and the metal
substrate.

It was also observed that in the case of the sample with NiCrAlY- Al2O3
deposits on 304L stainless steel substrate, the microcracks are more accentuated,
extended, even appearing as a gap, unlike the sample with NiCrAlY- Al,Oz —
ZrO2 deposits doped with OPR, where they are more pronounced. Work will
continue to optimise adhesion and resistance to thermal oxidation.
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