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Abstract

Thermally-sprayed ceramic coatings such as plagraysd
alumina show a composite microstructure actuallyg thuthe
presence of defects such as pores, inter-lamefidr iatra-
lamellar cracks. These€®@phase-typed features influence the
mechanical behavior and electrical insulation of ttoating
dramatically. In this study, a composite approaoh the
microstructure of plasma-sprayed alumina was deesldor
the optimising of component properties such astiébat gaps
used in the oil industry. This approach consistéa ¢-inite
Element Analysis (FEA) of thermo-mechanical anccieieal
properties from simulated microstructures. Serfesomposite
microstructures were tested, i.e that of air plasprayed
(APS) alumina basically plus those obtained by taidiof
glass or resin using co-spraying and impregnagéspectively.
Various degrees of porosity and cracks could beinéd from
different spraying conditions and by subsequergrlasirface
remelting. Every composite microstructure was sddising
guantitative image analysis of series of SEM ciEsions.
Electrochemical Impedance Spectroscopy (EIS) in INaC
solution was also performed to characterize theellenf
connected pores and the resulting electrical itisiga
properties. From experiments, a Finite Element N¢EEM)
based on the actual microstructure was developbkd. |atter
was simulated with involving of all significant fieges, such
as phase distribution, porosity and defects. Thisulsition
was developed to optimize the composite microstnecto
meet industrial applications.

Introduction

Thermal spraying is a prominent process for depasiow-
cost high-performance dielectric coatings suchhase made

of pure alumina (AIO;). Al,O; is used extensively for its
electrical insulating properties because of itshhiielectric
strength [1]. Thermal spraying is a deposition psscin which
molten particles impact at a high velocity, spread solidify
onto a substrate to form thin lamellae. Consequentl
thermally-sprayed alumina coatings show a composite
microstructure due to the presence of defects sischores,

inter-lamellar and intra-lamellar cracks. Theseedeforigins
are multiple. First, build-up defects and gas el generate
specific inter-lamellar cracks and pores. Secomdadilamellar
microscopic cracks may be achieved due to rapidifoation
after spreading, especially for ceramic materialkhe
combination of these features generates an inteemted
network of pores and cracks. Thesé phase-typed features
influence the mechanical behavior and electricalliztion of
the coating dramatically [2,3]. In order to knoweith
influence, authors described physical propertiea &snction
of coatings microstructure for the plasma proces$h5,6].
This work was carried out to good deepen into this
microstructure-properties approach through the ldgveent
of coating. This approach has been used in theertional
composite material area and in powder metallurgywéter,
for plasma-sprayed coating only few attempts camditeced
because of the intricacy of the involved microstnoe [7,8].
This work was based on the study of composite
microstructures obtained by air plasma spraying AP
including those obtained by addition of glass @irreising co-
spraying and impregnation respectively. Quantieatimage
Analysis (QIA) was applied to coatings obtained ngsi
different spraying procedures and subsequent lasgace
remelting. Electrochemical Impedance SpectroscoRiS)(
was performed to determine the physical and etsdtri
characteristics of the ElectroChemical Interfac€IJE This
technigue was extensively employed to study caoorosi
phenomena [9,10]. EIS was used to correlate the
microstructure with coating properties only in thast recent
years [11,12,13,14]. The objective was to achigwe EIS
spectra of thick (400 um) and highly-dense (poyosi6%o)
alumina composite coatings. Then, methods can bisaged
to investigate into the thermo-mechanical behawbrthe
coating i.e., first a model based on a statististaidy of
composite phases [8,15] and, second, a model basdte
actual coating microstructure [9,16]. The first rabd
disregards some features of the microstructure.s Thi
contribution shows a Finite Element Model (FEM) dxhon
the actual microstructure which allows characteéigraof all
the composite microstructure features and thathefnto-
mechanical properties of coating.



Materials and Processes

Thermal spraying

APS alumina composites were sprayed onto gritbdhst
stainless steel plates (AISI 304L,x830x2 mnT, Ra= 4um)
with a F4-VB Sulzer Metco torch (Table 1). The stag step
and velocity of the torch were equal to 5mm.passd
200mm.§ respectively. Two air-cooling jets were added elos
to the torch in order to lower the coating tempa®t limit
thermal stresses and consequently avoid adhesiiviepns.
Two commercial powders were used, i.e. 105 SFP inlum
from Sulzer Metco/Wohlen for alumina and P3000 glisem
Potters-Ballotini/Barnsley.

Table 1: Plasma spraying parameters

Sample A B C D E F G

Powder 105 SFP 105 SFP P3000
Mode APS APS co-spraying
Intensity (A) 530 530 530 530 530 600 530
Spraying distance (mm) 130 110 130 130 90 130 130

Ar gas (|m|n'1) M M 41 30 M M 41

H, gas (| min") 14 14 14 8 14 14 14

Powder (g.min™) 20 20 20 20 20 20 20 25
Injector diameter (mm) 18 18 15 18 18 18 18 18
|njection gas (|_mm'1) 34 34 34 34 34 34 34 34

Post-treatment

Impregnation [17,18] and laser surface melting lodrinal
spray coatings were used to seal and/or modifyctimeposite
microstructure. The selected sealants were comalerci
polymers: epoxy and polyurethane resin (Metcosd?$ land
ERS). Prior to post-treatment, the as-sprayed ssnplere
cleansed in an ultrasonic bath of ethanol. Laserigy of
plasma-sprayed alumina composite was carried oing us
KrF excimer laser radiatio\€248 nm), operating at 60 Hz.
The laser fluence and the number of pulses rangeul 2 to 8
J.cm® and from 80 to 500 pulses respectively. The lasam
was shaped using a rectangular mask and focusetheon
sample surface to achieve laser-treated areas oltab
3.5x1.2mnf. The velocity of the laser beam was equal to
3cm.s' respectively. All experiments were carried ouaiin

Quantitative Image Analysis

Every ALO; composite microstructure was studied using
quantitative image analysis of series of SEM
(LEO1450VP). To meet criteria for statistics, 15 MSE
digitalized images (7641024 pixel) at a magnification of
x1500 were recorded per coating. Back-scatteringtreles
were used to enhance the image contrast of voidglafects.
Cross-sectioned specimens were metallized (Au-Rd §
3nm) prior to SEM acquisition. Quantitative imagealysis
(QIA) consisted in multi-stage processing using “MAAB”
software [5]. X-ray diffractometer and Electron Beo
MicroAnalyzer (EPMA) were then used to identify thleases
in the composite coating.

Electrochemical Impedance Spectroscopy (EIS)
EIS is an electrochemical method in which an ACnalg
E(t)=Eysin(xt) is applied to an electrode in an aqueous
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Fig. 2: Microstructure analysis a) Q.l.A. procesgistages b)
Composite porosity and cracks

solution. Current as a function of time, i.e. I{gsin(wt+q) is
measured to give the impedance at different frecjesnwhich
results in the impedance spectrum WZEE)/I(1).
Electrochemical characteristics of the cell areedained from
modelling and interpretation of EIS spectra. ElSasugement
was performed at room temperature with two differen
facilities to obtain Zg) in a large range of frequencies. A
Solartron 1250 Frequency Response Analyzer (FRA3 wa
connected to Solartron 1287 Electrochemical Interfdor
impedance between f=0.005Hz and 65kHz. A HewletkBRial
4192 Electrochemical Interface was used betweeRlZ=&nd
13MHz. Experiments were carried out in a 3BgNaCl
aqueous solution in the 2-electrode mode. The wgrki
electrode was the coating and the counter electagalatinum
grid. The electrochemical test cell was a spedlifiegesigned
cell which allowed the control of the area coatalgetrolyte
interface and the electrode distance. The samplese w
immersed 10min in the solution before measurindilkche
open porosity. Then, a sinusoidal variation of 0.W&s
applied and the impedance spectra were achieved giften
time intervals.

Finite Element Model

Elastic properties were studied for all types afagpd ALO3
composites. A Finite Element Model (FEM) based be t
actual microstructure was developed in Zebulon®thWtis
FEM code, mapping of digitalized image was obtainatb a
finite element mesh.




Results and discussion

Composite microstructures

It was shown that the microstructure of thermaplyayed
coating can be described as anQAtbased composite with
different features related to the matrix and defetature,
content, orientation). The series of SEM digitalagas
allowed to measure the porosity and crack contenéshieve
the quantitative study of the microstructure defegfigure
2b). Further “crack” images (Figure 2a) were prseesby
skeletizing, which limited crack defect thickness dnly 1
pixel and deleted triple points and their first gidouring
point). From the skeletized “crack” image, botheinlamellar
cracks (main orientation <45°) and intra-lamelleaaks (main
line orientation >45°) could be discriminated easiking an
automatic orientation criterion. X-ray and Elect®robe
Micro-Analysis (EPMA) showed that the matrix coatin
mainly consisted in cubig-Al203 with a small amount of
body-center a-Al203 in unmelted particles. Na impurity
which comes from the starting powder was deteated few
particles. Co-spraying process led to a glass-alanmatrix
with 20% of glass (Figure 4). The EPMA showed adjoo
building-up of the lamellae of alumina and glagscdn be
noticed that the glass splats are much thicker thase of e oy, 20
alumina and there were no cracks in the glass pl@sehe 10 ym 10 pm
other hand, the use of sealing or laser post-tre@itiied to —_— -
another type of complex composite structure. In gbaling
process, vacuum was applied to the sample with rtesfore
sealing to remove the residual air from the poresisnprove
the impregnation depth. EPMA carbon X-ray map shibthet
porosity had been impregnated till a depth of 66Q As for
laser post-treatment, the effects of laser paramete the
surface of alumina coating were studied (Figure Gjater
formation (figure 3b) and microstructure modificati on
10um depth (figure 3c, 3d) were observed from tree f
surface of the coating. Because of a small wavéheng
combined to a short pulse duration and a high pawasity of
the excimer laser, only a very thin layer near thaterial
surface could be treated without cracks.
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Fig. 3: Composite microstructures a)As-sprayed aham

surface and cross section b) 2J%cm 500 pulses :Crater
formation and crater cross-section c) 6.2J°cn250 pulses:

surface and cross section d) 8J°cn250 pulses: surface and
Cross section

Electrochemical Testing

There are two conventional diagrams for data asdli® i.e.
the Bode (|Z] and vs w) and Nyquist (£, along the Y-axis
and Ze along the X-axis vsy) plots respectively. Figure 5

shows the typical response of alumina compositéingasing Fig. 4: Alumina-glass composite

both diagrams (Zview®). Three time constants wdreeoved

in the frequency range from 0.05 Hz to 13 MHz. Base the electrochemical interfaces in the system. Coatiegl ®xposed
typical spectra shown in Figure 5 and on the molqgical to an agueous solution has been investigated eyaleauthors
structure of the cell system, an EIS equivalerduiirf(EC) was [11,12,14,19]. An EC as that shown in Figure 6geserally
proposed. This circuit which is an assembly ofiirelements proposed to describe the different electrochemic@rfaces
(resistors, ~ capacitors, inductors, and various orrof where the substrate is exposed to the electrolyteugh
impedances) gives, at all frequencies, the sanponse as the permeable defects. The electrolyte is a resisepresented by
system of the study. Information on the electrodoafncell R., in series with the first electrolyte-ceramic iéee which
could therefore be extracted through an appropriate consists of a capacitor Cand a resistor R G and R
interpretation of the EC variables. Theses varsmb&present simulates the electrochemical reaction in the pabiee

the physical and electrical characteristics of tfifferent



defects. Then, Cand R result in the interface between the
ceramic coating and the substrate. The capacitanege
replaced by a Constant-Phase-Element (CPE) becdube
heterogeneity in the cell system [20]. These messwvere
duplicated 100 times for good statistics and te tagcount the
corrosion which occurred at the substrate interfaoeng the
experiment (Figure 6b-c). Electrochemical resulem de
correlated with the alumina composite microstruet(2.1).
The resistance of the electrolyte in the poros®y fecreased
when coating porosity increased (Ref.: A, D, F)SEh
aqueous solution was shown to be powerful to cateel
microstructure defects with the electrical propmeti of
composites.
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FEM

The microstructure of the composite considered \giththe
significant features like phase distributions, itso and
defects and related relevant material properties y(fa=
224GPa). The finite element mesh was generatedefimbd
until it met sufficient microstructure details (kig 7). In this
work, cross-section composites from QIA (see P&t were
used to generate microstructure-based finite elemmeshes.
FEM was developed to find a compromise between imgsh
accuracy and computational time. All simulations rave
performed in the plane strain hypothesis. The ataumina

composite representative area (a square image (o 7ih)
was determined with successive tests at differeage scales.
Numerical models succeed in representing anisottomugh

the moduli along spray (Es=53GPa) and transverse
(Et=96GPa) direction.
Re Rc Rp Rs
cp Cs
Cec
a)
Re + Rc (Q) Rp (Q) Cp (MF) Cs (uF)
Ref. A 365+18 1044 +52 0.57 +0.028 0.85 +0.043
Ref. D 367 +18 1538 +77 0.39 +0.019 0.67 +0.033
b) Ref. F 376 +19 1687 +84 0.26 +0.013 0.45 + 0.023
Rp ()
3000 - = Ref. A
2500 | Ref. D
. = Ref. F
20004 "
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Fig. 6: EIS experiments a)Equivalent circuit b)Tabrlesult
c)R, measurement, see Tablel for Ref. details
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Conclusions

Different types of composites were obtained usiegesal
processes. APS single spraying and co-sprayingolegveral
alumina-defect = composites and  alumina-glass-defect
composites respectively. In post-processing, theegpavere
filled with resin and excimer laser was used to ifyothe
surface of as-sprayed alumina composite. Quanttdtnage
Analysis (QIA) was developed to determine the degoé
porosity. EIS allowed the correlating of the midrasture
with physical coating properties. It described tbeating
network architecture especially. Then, a FEM mdzeded on
actual microstructure was implemented in ordenieate the
effective elastic moduli and thermal conductivitpray the
spray and transverse directions of the various iaam
composites. All results ascertained the so-calleahiposite
approach” to plasma sprayed materials to estatsigionship
between microstructure and properties.
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