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CHARACTERIZATION OF MICROSTRUCTURE AND PROPERTIES OF TBC SYSTEMS WITH GRADIENT OF CHEMICAL

.

COMPOSITION AND POROSITY

CHARAKTERYSTYKA MIKROSTRUKTURY ORAZ WEASNOSCI POWEOKOWYCH BARIER CIEPLNYCH TBC Z

GRADIENTEM POROWATOSCI I SKLADU CHEMICZNEGO

The article presents results of microstructural investigation and properties characterization of gradient TBC. The study
has been done on AMS 5599 type alloy with 4 different type of thermal coatings with gradients of porosity and chemical
composition. In all specimens, NiCoCrAlY VPS-sprayed powder was employed as the bond coat. In addition, ZrO, x 8% Y104
powder (applied on its own or together with NiCoCrAlY powder, to form graded coatings of varied porosity and/or chemical
composition) was used for the outer layer spraying. Four variants of coatings were prepared for further investigation: variant
included the spraying of bondcoat and of 5 successive YSZ and NiCoCrAlY (APS) powder layers of a given thickness, so as
to obtain the composition gradient; second variant included the spraying of bondcoat type powder and of a layer consisting
of YSZ and NiCoCrAlY powders mixture of a particular capacity proportion of both of them. Next two variants included the
spraying of NiCoCrAlY bondcoat and YSZ ceramic layers with a different thickness. The porosity gradient was created by
a suitable modification of APS spraying parameters, whereas the step and smooth chemical composition transition resulted
from the consecutive spraying of zirconium oxide and NiCoCrAlY powder (step gradient), and, in the second case, the
smooth proportion change of the sprayed powder from the pure 100% NiCoCrAlY to the pure 100% zirconium oxide (smooth
gradient), which led to the smooth proportion change of the two powders in the transition area. First of investigated area is
related to quantitative and qualitative description of TBC’s ceramic top surface such as application of confocal microscopy
for characterization of top coat by topographic surface maps and their 3D reconstruction. The numerical treatment of the
qualitative results provided the means for quantitative characterization of the surface roughness, employing parameters such
as Ra, Rz etc., and using surface and linear methods of confocal image analysis. Second area of investigations is connected to
XRD characterization of TBC’s systems. The purpose of this research was identification of the residual stress in the top coat of
different type of thermal barrier coating with gradient of chemical composition and gradient of porosity. The research allowed
the identification of qualitative and quantitative phase constitution of top coat and residual stress measurement by sin?¥ method
form surface of coatings. It was found that the dominant phase in all the top coats was tetragonal zirconia with minor addition
of monoclinic type of ZrO; and in the case of residual stress the tensile stress conditions was observed in the case of gradient
porosity and compressive stresses in the case of chemical gradient. Another subject is related to microstructural characterization
of TBC gradient systems from their quality point of view. The parameters which identify the quality of the bond coat and
the ceramic coating consist: the thickness of the layers; the quality of the connection between the metal base and the bond
coat; the presence of cracks and oxides; porosity; globular grains; bond coat integrity; the roughness of the bond-coat surface;
the microstructure of the ceramic layer — the analysis involves the porosity assessment, randomly oricnted cracking and their
shape, metallic impurities and globular grains.The last area of presented investigations is related to degradations of gradient
thermal barrier coatings during oxidation test. Obtained results showed that TBC with gradient of chemical compositions are
not the best solutions for improvement of life-time of TBC. More effective is application of thermal insinuations with gradient
of porosity.

W artykule przedstawiono wyniki badari dotyczace mikrostruktury i wasciwosci gradientowych warstw typu TBC. Stopem
podioza byt nadstop na bazie niklu typu AMS 5599 z 4 typami pokryé gradientowych o zmiennym skladzie chemicznym i
porowatosci. We wszystkich analizowanych przypadkach jako warstwe podktadows zastosowang proszek NiCoCrAlY natryski-
wany metodg VPS. Jako zewngtrzng warstwe ceramiczng zastosowano standardowy proszek typu ZrO, X 8% Y20;3 natryskiwany
samodzielnie lub w potaczeniu z proszkiem NiCoCrAlY w celu uzyskania gradientu sktadu chemicznego. Do badari wyko-
nano cztery warianty warstw barierowych. Pierwszy z nich to pokrycie z gradientem sktadu chemicznego zlozone z pigciu
naprzemianleglych warstw ceramiki YSZ i proszku NiCoCrAlY o zalozonej grubosci natryskane metodg APS. Drugi rodzaj
pokrycia z gradientem skladu chemicznego charakteryzowat si¢ plynng zmiang zawartosci proszku ceramicznego i NiCoCrAlY
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od czystego proszku podktadowego do czystej warstwy ceramicznej YSZ. Kolejne dwa typy pokry¢ gradientowych wykazywaty
rézna porowato$¢ i rézng grubo$§é warstwy ceramicznej na bazie fazy YSZ. Zmiang¢ porowatosci uzyskano poprzez modyfikacje¢
parametréw natryskiwania APS w trakcie procesu osadzania warstwy TBC. Zakres badari obejmowat iloSciowy i jakosciowa
charakterystyke powierzchni ceramicznej poprzez zastosowanie konfokalnej mikroskopii laserowej i stworzenie map topogra-
ficznych powierzchni oraz jej odwzorowanie 3D. Numeryczna analiza uzyskanych wynikéw pozwolita na okre§lenie ilo§ciowych
parametréw charakteryzujacych chropowato$¢ powierzchni takich jak Ra, Rz itd. Do badari zastosowano metodg liniowa oraz
powierzchniowy. Drugi typ badai zwigzany byt z charakterystyka warstw TBC metodami jako$ciowej i ilo§ciowej rentgenow-
skiej analizy strukturalnej. Celem tych badan bylo réwniez okreSlenie stanu naprezer w réznego typu warstwach barierowych
metody sin®P. Stwierdzono, Ze dominujgca faza jest faza tetragonalna z niewielkg iloscig fazy jednosko$nej ZrQ,. Badania stanu
napr¢zen wykazaty napr¢zenia dodatnie w przypadku warstw z gradientem porowatosci i ujemne w przypadku gradientu sktadu
chemicznego. Kolejny obszar przedstawionych badan dotyczy charakterystyki jakosSciowej i iloSciowej mikrostruktury warsiw
barierowych. Ocenie podlegaly nast¢pujace parametry jako$ciowe warstw gradientowych: grubo$¢ poszczegdlnych warstw,
jako$¢é potaczenia pomigdzy podiozem a podkiadem, obecno$¢ peknigc i tlenkéw, porowato$¢; obecnos¢ ziaren o globularnej
morfologii, ogélna jako$¢ migdzywarstwy podkiadowej, chropowato$¢ podkiadu oraz mikrostruktura warstwy ceramicznej —
ocena porowatosci, losowo zorientowanych pgknigé i ich ksztaltu, a takze obecno$¢ zanieczyszczeri metalicznych i ziaren
globularnych. Ostatni obszar przedstawionych badari dotyczy trwatosci i degradacji warstw barierowych z gradientem sklady
chemicznego i porowatosci. W tym celu przeprowadzono testy odpornosci na utlenianie cykliczne. Uzyskane wyniki wskazuja,
ze zastosowanie pokryé z gradientem skladu chemicznego nie jest najlepszym rozwigzaniem. Natomiast warstwy ze zmienna

porowatoscig zachowywaly si¢ poprawnie prze caly czas trwania testu.

1. Introduction

During the last decade, research efforts have been
devoted to the development and manufacturing of ceram-
ic TBCs on turbine parts because the traditional turbine
materials have reached the limits of their temperature
capabilities. Thermal barrier coatings (TBCs) are used
to sustain the highest temperature on the surface of high
temperature superalloy substrates. TBCs have been wide-
ly used in hot-section metal components in gas turbines
either to increase the inlet temperature with a consequent
improvement to the efficiency or to reduce the require-
ments for the cooling air. Ni-based superalloys have usu-
ally been used with thermal barrier coating (TBC) for
vanes and blades in gas turbines and jet engines. Re-
cently TBC system has been applied to the hollow high
pressure turbine blades in advanced gas-turbine engines
to decrease the average metal temperature. Typically, this
kind of protective coating is a two-layered system, con-
sisting of a ceramic top coat and an underlying metal-
lic bond coat. Ceramic top surface should be character-
ized by lower thermal conductivity and relatively higher
thermal expansion coefficients. In the case of bond coat
material, good oxidation resistance, adherent thermally
grown oxide (TGO), thermal expansion coefficient and
stability adequate to the substrate are required. Today’s
standard layered coating system consists typically of a
200 pm thick partially stabilized zirconia ceramic layer
(PSZ for example yttria stabilized zirconia YSZ) on top
of a nickel superalloy substrate and a bond coat of about
100 pm thickness, MCrAlY type. Two different process-
ing routes have been established for the manufacturing
of TBCs — EBPVD and APS coatings. TBCs prepared
by electron beam physical vapour deposition (EBPVD)
show superior thermal cycling lifetime, when compared

to plasma-sprayed systems (APS) at the expense of high-
er manufacture cost and lower processing flexibility. The
bond coat is either vacuum-plasma-sprayed MCrAlY or
an Al diffusion coating such as beta-(Ni,Pt)Al [1-4]. It
has been reported that the failure of TBC systems is
mainly caused by the thermal expansion mismatch be-
tween the ceramic and metal coating layers of the sys-
tems [5-7]. One way to overcome this problem is to
introduce the concept of functionally gradient material
(FGM) into TBCs, which are referred to as ‘FGM TBCs’.
FGM TBCs are sprayed in the form of multi-layered
coatings, the composition of which varies from 100%
metal, applied directly to the substrate, to 100% ceramic
for the topcoat. While the concept of FGM TBC itself
is rather intuitive and simple, while the fabrication of a
fine mixture of ceramics and metals with a compositional
gradient is quite difficult. Several processing techniques
have been explored, e.g. plasma spraying, powder metal-
lurgy, in situ synthesis, etc. but the optimum process for
the fabrication of FGM TBC:s still remains a challenging
task [6-9].

2. Materials and methodology

The study has been done on an AMS 5599 type alloy
with 4 different type of thermal coatings with gradient
of porosity and gradient of chemical composition. In
all specimens, (NiCoCrAlY) VPS-sprayed powder was
employed as the interlayer. In addition ZrO; X 8%Y,03
powder (applied on its own or together with NiCoCrAlY
powder, to form graded coatings of varied porosity
and/or chemical composition) was used for the outer lay-
er spraying. Four variants of coatings were prepared for
further investigation:



— TBC-2 variant (Fig.1) including the sprayed of NiC-
oCrAlY interlayer and of 5 successive YSZ and NiC-
oCrAlY powder layers of a given thickness, so as to
obtain the composition gradient;

5 Gradient of composition
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Fig. 1. The conception of TBC system with the gradient of chemical
composition

— TBC-3 variant (Fig.2) included the spraying of NiC-
oCrAlY type interlayer and YSZ powder layers of a given
thickness, modifying the APS process so as to obtain the
porosity gradient;

| Gradient of porosity
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Fig. 2. The conception of TBC system with a gradient of porosity

— TBC-4 variant (Fig. 3) including the sprayed of NiC-
oCrAlY type interlayer and of a layer consisting of YSZ
and NiCoCrAlY powders mixture of a particular capaci-
ty proportion of both of them, modifying the APS spray-
ing process so as to get the composition gradient;

“ Gradient of composition
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Fig. 3. . The conception of TBC system with a gradient of chemical
composition

— TBC-5 variant (Fig.4) was parallel to the TBC-3 vari-
ant, except for the fact that the ceramic layer was sub-
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stantially thicker and the process was directed so as to
obtain the porosity gradient;

.| Gradient of porosity
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Fig. 4. The conception of TBC system with a gradient of porosity

Microstructural studies were carried out by light
and scanning electron microscopy. The chemical com-
position microanalysis has been done by EDS method
using Six Sigma system attached to Hitachi 3400N mi-
croscope. The qualitative and quantitative phase analysis
has been conducted by X-ray diffraction method. X-ray
measurements in the mode ®-20 angles in the range of
20-90° using Cu Ka (40 kV, 20 mA) radiation in steps
of 0.02 were performed in order to access the structural
characterization of the coatings. Residual stresses were
determined by X-ray diffraction using the sin®¥ tech-
nique. Measurements on [620] lattice plane of ZrO, were
performed to obtain the coatings surface strain values.
The diffraction angle for this plane occurred at about
20 = 144.58. The ¥ angle was scanned from -25° to
25° by steps of 5° in order to get the interplanar distance
dna. The biaxial stresses in the plane parallel to the in-
terface were calculated considering an isotropic biaxial
stress distribution with 033=0. The XRD spectra were
acquired for the as-sprayed coatings at initial conditions.
The tests were done at JDX-7S JEOL diffractometer.

The TBC coatings top surface were investigated with
the use of Olympus LEXT confocal system, whose main
function are three-dimensional high-resolution surface
analysis performed with UV laser beam of 408 nm wave
length. The resolving power of the microscope in x-y
surface amounts for 0,12 pm, while in z axis it equals
0,01 pm. While working with LEXT microscope, no
sample preparation is required prior to fitting onto the
microscope stage. The observations and measurements
in three dimensions are performed in actual time.

3. Results
3.1. Microstructural investigations
The microstructure of the studied coatings is visi-
ble in the general view shown in Fig. 5. The obtained

graded coatings differ in thickness and structure. In case
of the TBC-2 variant, the total thickness of the coating
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amounts for circa 550 um, out of which about 165 pm
is constituted by the interlayer, while the 385um thick
graded coating, exhibiting step chemical composition
and phase transition, is composed of (counting from the
interlayer): the ceramic layer (165muupm), NiCoCrAlY
zone (60pum), the ceramic layer (80um), NiCoCrAlY
zone (50um) and the outer zirconium oxide layer, circa
30um thick. In case of TBC-3 variant with the porosi-
ty gradient, the thickness of the ceramic layer and the

interlayer equal respectively 510pm and 220um. The
graded TBC-4 coating analysis proved the presence of
160pm-thick interlayer, the transition gradient layer with
a smooth chemical and phase composition change, which
is circa 380um thick, and the outer ceramic layer, which
was circa 65 m thick. The total thickness of the TBC-5
coating amounts for 1350pm, out of which 1150 um is
constituted by the ceramic layer.

TBC4
Fig. 5. The general view of gradient TBC systems

The parameters which identify the quality of the
bond coat and the ceramic coating are as follows: the
thickness of the layer; the quality of the interface be-
tween the metal base and the bond coat; the presence of
cracks; the presence of oxides; porosity; globular grains;
bond coat integrity; the roughness of the bond-coat sur-
face; the microstructure of the ceramic layer — the anal-
ysis involves the porosity assessment, randomly oriented
cracks and their shape, metallic impurities and globular
grains. The detailed analysis of the microstructure with
the help of optical and scanning microscopy provided the

means for the positive identification of the investigated
coatings in terms of the assumed criteria, applied for the
assessment of the conventional ceramic layers and the
interlayer.

The microscopic investigation and the analysis of
chemical composition in the individual fields of TBC-2
and TBC-4 graded coatings explicitly proved the effect
of the chemical content gradient, which is sufficiently
confirmed by the microscopic SEM examination with
BSE technique application (Fig.6).
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Fig. 6. The microstructure of TBC-2 and -4 specimens

Consequently, the article is focused on the porosity coatings with the intended porosity gradient and in those
gradient assessment of the sprayed coatings, both in the with the intended composition gradient (Fig 7).
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Fig. 7. The results of porosity measurement (%)

3.2. Qualitative and quantitative characterization  oclinic phase was dominant in all of the studied spec-

imens where the main diffraction peak corresponds to
the < 011 > planes. No presence of phases generated
by the second element of the graded coatings, i.e. NiC-
oCrAlY powder, was detected. Results of quantitative
characterization are showed in Tab.1.

Fig. 8 shows XRD patterns for all plasma sprayed
coatings in as-sprayed condition. The X-ray phase con-
tent analysis enabled both the qualitative and quanti-
tative evaluation of the outer zone of the investigated
graded coatings. The tetragonal phase including mon-
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TABLE 1
The quantitative results of XRD analysis (fraction of monoclinic phase)
TBC-2 | TBC-3 | TBC4 | TBC-5
Value of
monoclinic
phase 12.50 5.90 7.90 8.15
% wt.
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Fig. 8. The results of XRD phases identification from the top surface of gradient TBC

The average values of the residual stresses at the
top — surface of gradient TBC’s systems are presented
in Tab. 2. A compressive residual stresses in a chemical
composition gradient TBC’s can be seen. In the case of
gradient of porosity coatings tensile residual stress was

observed.
TABLE 2
Residual stresses measured at the top-surface determined with
different types of gradient in TBC’s system

TBC-5
45

TBC-3 | TBC-4

62

TBC-2
-65

Residual Stress
[MPa]

-15

3.3. Top surface characterization

The surface roughness analysis was performed for
4 thermal barriers marked as TBC 2 to TBC 5. The
measurements were taken by employing the surface and
the linear methods on 6 various profiles. The results of
surface method analysis are displayed in Tab. 3, while
the linear method measurements are shown in Tab. 4.
On the basis of the presented results, TBC 2 sample was
confirmed to be characterized by the highest roughness
(SRa - 14,25); its topographical map is shown in Fig.
9. The TBC 3 sample is marked by the lowest rough-
ness (SRa — 7,25). The linear and surface analyses are
in a complete accord. Fig. 10 present the 3-D surface
visualization of TBC samples.
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TABLE 3
The results of surface analysis

Items SRp SRv SRz SRc SRa Rq
TBC2 47.02 51.20 98.22 29.94 14.25 17.23
TBC3 41.37 36.60 67.97 15.66 7.25 9.10
TBC4 36.60 38.01 74.62 17.13 9.04 11.29
TBCS 35.11 31.45 66.56 13.66 6.61 8.51

Definition of Roughness Analysis Items - Surface Roughness Analysis:

SRp: Max. peak of roughness curved surface

SRv: Max. valley depth of roughness curved surface

SRz: Max. roughness

SRe¢: Mean peak of roughness curved surface

SRa: Arithmetic mean roughness

SRq: Root mean square roughness

TABLE 4
The results of linear analysis — arithmetic mean of 6 profiles

Items SRp SRv SRz SRc SRa Rqg
TBC2 33.62 38.47 72.09 29.46 13.83 16.80
TBC3 20.98 19.97 40.94 16.23 6.81 8.31
TBC4 23.68 22.97 46.65 17.84 9.13 10.91
TBCS 16.17 18.14 34.31 12.64 5.69 6.96

Definition of Roughness Analysis Items - Line Roughness Analysis

Rp: Max. peak of roughness curve

Rv: Max. valley depth of roughness curve
Rz: Max. of roughness

Re: Mean of roughness curve elements
Ra: Arithmetic mean roughness

Rq: Root-mean-square of roughness

3.4. Degradation of gradient TBC

In order to define durability of gradient TBC sys-
tems cyclic oxidation test was carried out. Parameters of
test were chosen as follow: temperature — 1100°C and 23
h cycles with 1h of cooling. After each one of cycles the
macroscopic inspection of samples was made (Fig.11).
Those inspections showed that TBC systems with gradi-

ent of chemical compositions for once cycle exhibit the
loss of basic property such as good adhesion of ceramic
top surface to the bondcoat. This effect was showed by
delamination of ceramic layer and their partial spalla-
tion (Fig.12). In the case of TBS systems with gradient
of porosity their macroscopic condition was satisfactory
to the last 40-thy cycles (rys.13).
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TBC2 -1 ¢ycle-TBCS

TBC2 - 20 cycles - TBC §

Fig. 11. Macroscopic view of gradient TBC systems (TBC 2 and 5) after 1 and 20 cycles of cyclic oxidation test at 1100°C

TBC 2 - 5 cycles TBC 2 - 15 cycles

Fig. 12. Macroscopic view of gradient TBC 2 systems after 5 and 15 cycles of cyclic oxidation test at 1100°C

TBC 5 - 5 cycles TBC 5 - 40 cycles

Fig. 13. Macroscopic view of gradient TBC 5 systems after 5 and 40 cycles of cyclic oxidation test at 1100°C
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4. SUMMARY

With the modification of APS deposition parame-
ters, it is possible to obtain thermal graded coatings char-
acterized by porosity gradient (from 0,16% to 3,97%),
which is visible in the cross-section of the ceramic layer
with varied thickness (from 165um to 1150pm). This
is one of the methods of enhancing the thermal shock
resistance, which additionally can be a significant factor
for decreasing the thermal conductivity. As far as the
porosity is concerned, the microstructure of the graded
coating is typical for the spraying conditions applied for
this type of TBC system and for the employed deposition
technique.

The conventional method of APS deposition leaves
room for the modification of the chemical composition
of zirconia top coat as well. This modified TBCs can be
graded in step or smooth form. The obtained chemical
graded TBCs consist of the top layer, which, in the case
of the step gradient, is composed of the following:

e Bond coat — NiCoCrAlY

e Graded top coat — YSZ/ NiCoCrAlY/ YSZ / NiC-
oCrAlY/ YSZ

and in the case of the smooth gradient the top layer

consists of:

e Bond coat — NiCoCrAlY

Graded top coat — YSZ + NiCoCrAlY/ NiCoCrAlY +

YSZ / YSZ [10].

The residual stresses of graded plasma sprayed
Zr0,-8wt.%Y,03 coatings have been measured at room
temperature in the as-sprayed coatings for two differ-
ent type of chemical composition and porosity gradient.
The top-surface of TBC presents a dominated tetrago-
nal phase with minor addition of monoclinic phase. The
thermal barrier coatings (YSZ as top coat/ MCrAlY as
bond coat) with gradient of porosity presents a tensile
stress state at the free surface which increase with de-
creasing of coating thickness. The residual stresses show
an compression type in the case of coating with gradient
of chemical composition [11].

The application of confocal microscopy as an inves-
tigation technique for the outer layer of the ceramic bar-
rier coatings enabled precise topographical images of the
coating surface and its morphology. The qualitative re-
sults analysis provided the means for determining quan-
titative surface roughness parameters by employing both
the linear and the surface method. In case of the linear

Received: 20 June 2008.

method, it is possible to verify the results of an arbitrary
number of profiles, located in arbitrary directions. The
application of the confocal method together with the spe-
cial scanning microscopy techniques (BSE, TOPO) and
conventional surface roughness measurements enables a
relatively simple, yet accurate analysis of the outer layer
state of the ceramic barriers {12].

The last area of presented investigations is related
to degradations of gradient thermal barrier coatings dur-
ing oxidation test. Obtained results showed that TBC
with gradient of chemical compositions are not the best
solutions for improvement of life-time of TBC. More ef-
fective is application of TBC with gradient of porosity.
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