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Wptyw ksztattu granicy potgczenia

na naprezenia wtasne

powstajgce w natryskiwanych powtokach NiAl
na podtozu ceramiki Al,O,

Abstract

The physical preparation of a surface material to be
coated by the thermal spray processing plays very im-
portant role as it affects the bonding force between
the coating and substrate. When the coating material has
different thermal and physical properties than the sub-
strate the thermal residual stresses are generated in a two
material system which may reach the level that promotes
the coating delamination or cracking. Another factor in-
fluencing the stress state in sprayed coatings may lay in
the interface profile between the coating and substrate.
We may try to affect this factor by analyzing the profile
and texture of the substrate surface to be coated.
This way we may influence the residual stress built
in a deposited coatings. The aim of this paper is to model
and analyze the effect of the substrate surface profile on
the residual stresses generated during cooling of thermal-
ly sprayed metallic coatings onto the ceramic substrates.
The numerical computer simulation has been performed
to calculate and compare the residual stress state de-
veloped in thermally sprayed metallic/ceramic system
(NiAl/Al,O3). The main factor analyzed was the variation
in the shape of the interface profile between the coating
and substrate. The obtained results have been discussed.

Keywords: thermal residual stresses, coatings, interface
profile

Streszczenie

Przygotowanie fizyczne podtoza materiatu do natry-
skiwania termicznego odgrywa bardzo wazng role po-
niewaz wptywa na stopien powigzania miedzy utworzong
na podiozu powtoka. Gdy materiat powlokowy ma rézne
wiasciwosci cieplne i fizyczne w stosunku do podtoza to
w takim uktadzie powstaje okreslony stan naprezen wta-
snych termicznych, ktéry w zaleznosci od wielkosci i roz-
ktadu moze prowadzi¢ do peknie¢ w powioce lub jej de-
laminacji od podtoza. Istotnym czynnikiem wptywajgcym
na stan naprezen witasnych w natryskanej powtoce moze
by¢ ksztalt linii potgczenia miedzy powtokg a podtozem.
Mozna mie¢ na niego wptyw poprzez analize ksztattu czy
tekstury podtoza przygotowanego do natrysku. W ten
sposéb mozemy wptywacé na stan naprezen w natryski-
wanych powilokach. Celem pracy byto zbudowanie mo-
delu obliczeniowego oraz analiza wptywu profilu linii pota-
czenia powtoki z podtozem na rozktad naprezen witasnych
termicznych powstajgcych w fazie chtodzenia natryskanej
na podtoze powtoki. Przeprowadzono obliczenia nume-
ryczne dla uktadu powtoki NiAl natryskanej na podtoze
ceramiki AlL,O;. Gtéwnym analizowanym czynnikiem
byt charakter profilu granicy potaczenia miedzy powtokg
a podtozem. Wyniki obliczen naprezen wtasnych dla sze-
Sciu réznych profili granicy potgczenia poddano analizie
porownawczej oraz dyskusji otrzymanych wynikow.

Stowa kluczowe: naprezenia wtasne termiczne, powto-
ka, profil linii potgczenia
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Introduction

The thermal spraying belongs to one of the most uni-
versal method for the deposition of coating materials
used for the purpose of substrate protection against
friction, erosion, corrosion or fatigue wear [1]. The ap-
plication of intermetallic materials (eg. FeAl, NiAl, TiAl)
for the thermal spraying is a continuously developing
field of interest which results from their high strength,
oxidation resistance and lower density comparing to
the common nickel and iron based alloys specifically
in a high temperature environment applications [2, 3].

The literature provide us with several examples of
application of intermetallic materials deposited onto the
metallic substrates while a very few data can be gathe-
red on the possibility of using thermal spraying of these
kind of materials on the ceramic substrates [4+6]. Such
combination of materials looks very promising as it can
be used for cheap and effective method of developing
protective and repair coatings as well as could be used
as a fast metallization technique applied for bonding of
ceramic parts [7, 8]. To achieve good bonding between
the sprayed metallic coating material and the ceramic
substrate it is necessary to utilize high energy deposi-
tion methods like plasma, high velocity oxyfuel spray-
ing or detonation gun processes [9, 10].

The residual stresses in thermally sprayed coatings
play a very important role as the stress level and its di-
stribution may influence the strength of deposited layers
in the production stage and service life [F, G, H, J]. The
coating/substrate system composed of two materials
(intermetal/ ceramic) having dissimilar thermal, physical
and mechanical properties is subjected to the tempera-
ture gradient resulting from the thermal spraying proce-
dure and parameters. This leads to the formation of a dif-
ferent shrinkage between bonded metallic and ceramic
parts developed during cooling of deposited coatings.
As a result the residual stress state will be observed wi-
thin the coating and substrate material. If the stress sign,
level and concentration in the coating/substrate system
is unfavorable it may produce cracking around coating/
substrate interface or the coating delamination [15].

Another aspect that affects the bonding strengths of
deposited coatings and also the state of thermal resi-
dual stresses is the form of preparation of substrate
texture for processing. It is known that the profile of
metallic substrate material for thermal spraying should
be shaped in a way to produce the highest extension
of the surface profile which helps to form better mecha-
nical bonding between the coating and the substrate.
On the other hand the change in the surface profile
prepared for thermal spraying may affect the residual
stress distribution within the coating/substrate system.
By utilizing the computer numerical modeling we may
investigate how the residual stresses are affected by
the surface profile prepared for thermal spraying before
the process begin. This way we may design the optimal
surface preparation as a factor affecting the strength
and durability of the coating/substrate/system.
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The study reported here presents to modeling re-
sults of the effect of applying several different surface
profiles of a substrate material on the thermal residual
stresses generated upon cooling of a NiAl intermetallic
compound deposited onto the Al,O; ceramic substrate.

Residual stresses in coatings

The thermal residual stresses occurring in a flat thin
coating can be roughly calculated from the formula [16]:

E. (ac

I-v,
where E is the Young’s modulus of the coating, o is the
thermal expansion coefficient, T, is the temperature at
the beginning of stress development, T, is the ambient
temperature and v is the Poisson ration of the coating.
The subscripts ¢ and s denote the coating and substra-
te, respectively.

Equation 1 presents a simplified relationship which
permits to estimate the thermal residual stresses in the
elastic isotropic thin layers. There are found more de-
tailed analytical solutions for the residual stresses esti-
mation which take into account the thickness of coating
and the substrate [17].

In a real life we have to deal with coating-substrate
systems that do not apply to the above assumptions.
If we look at the coatings produced by the thermal spray-
ing processes we may see that the interface line rarely
presents a straight line. As an example, the microstruc-
ture of thermally sprayed NiAl coating on the alumina
ceramic substrate is shown in figure 1. We may see that
the interface profile line is not a straight line, or it is ra-
ther composed of several short line connected at diffe-
rent angles. The external coating surface profile is even
more complex making the overall thickness of the layer
uneven along the interface. In case we need to account
for nonlinear material behavior, temperature dependen-
ce of material properties or a complex geometry of the
model samples we need to use more advanced calcula-
tion techniques that the formula presented above.

One of mostly known and used tool for this purpo-
se is the finite element method which allows analyzing
models with complex geometries under the nonlinear
thermo-elastic-plastic material behavior. It is worth to
remember that the numerical simulation of residual
stresses by the finite element method requires also
several assumptions and simplifications during model
creation and analysis stage. Therefore, the results that
we obtain by this method shall be treated mainly as a
qualitative information that is providing us with some
kind of a comparison and optimization tool applied to
a group o coating/substrate models. But even such
results can be very valuable as we can analyze and
optimize several aspect of coating/substrate systems
before we start to produce them using real manufactu-
ring processes.
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Fig. 1. The microstructure of thermally sprayed (D-Gun) NiAl coatmg
onto the Al,O3 substrate
Rys. 1. Mikrostruktura powtoki NiAl natryskanej cieplnie (D-Gun) na
podioze Al,O3

Residual stress analysis
in deposited coatings

The subject of analysis

The thermal residual stress analysis has been con-
ducted for the NiAl coating models deposited onto the
Al,O3 ceramic substrate by means of a thermal spray-
ing process. Several NiAl/Al,O3; models with the varia-
tion of the coating/substrate interface profile have been
prepared in order to evaluate the effect the interface
profile variation on the residual stress state. The sim-
plest model presented a 0.2 mm metal coating bonded
to 1.0 mm ceramic substrate having a circular disk sha-
pe. This model represents the straight line interface pro-
file which is utilized in the formula described by Eq. 1.
Beside this basic coating/substrate system several
other models have been created having different sha-
pes of the interface profile between the NiAl coating
and the AlL,O5; substrate. All these profiles are still ide-
alized but they represent higher degree of similarity to
the real coating/substrate interface profiles.

In total six models with different profiles have built
and they are presented in figure 2 together with the
symbolic model description (L1-L6).

The models having higher description humber pre-
sents more complicated and extended profile shape.
For the purpose of the computer modeling the coating/
substrate dimensions have been increased 10 times
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Fig. 2. The FEM models of the coating—substrate interface profiles
assumed in the analysis

Rys. 2. Modele MES profilu potagczenia powtoka—podtoze zastoso-
wane w analizie

for the ease of model preparation. All models have the
geometry of a disk with the 40 mm diameter, the sub-
strate height of 10 mm and the coating height of 2 mm.
The total amplitude of the surface profile was assumed
to change from -0.3 mm up to 0.3 mm.

Modeling assumptions

The thermal stress analysis has been conducted
using the finite element programme LUSAS v.13.8.4.
The problem has been solved as a two dimensional
axisymmetric model in the thermo-elastic-plastic regi-
me with the von Mises yield criteria without material
hardening. Because of model symmetry only right half
of the model was used in the computations (Fig. 3).

h

Fig. 3. Finite element mesh in one of the models (L3) of NiAl coating
deposited onto the Al,O3 substrate
Rys.3. Siatka MES na modelu L3 powtoki NiAl na podtozu Al,O3

It was assumed that the residual stresses are gene-
rated upon cooling from different starting temperatures
for the coating and the substrate respectively. For the
thermal spraying processes the substrate temperature
usually does not exceed 150+200 °C. The temperature
of the coating deposited onto the substrate is difficult
to specify as it changes rapidly from the moment when
the transported metallic droplets begin to adhere to the
substrate. Because the analysis has a comparative me-
aning it was assumed that the whole deposited coating
has a uniform temperature that is three times higher
(600 °C) than the substrate which temperature reaches
maximal value of 200 °C when the cooling starts.

The material properties used in the computations
were assumed to vary with the temperature. The mate-
rial data (Young modulus, Poisson ratio, thermal expan-
sion coefficient and yield stress for the NiAl material)
were taken from several literature sources [18+22].
It is important to notice that the yield stress of NiAl in-
termetallic material exhibits some kind of an anomaly
behavior as it drops only less than 20% (800+650 MPa)
in the range from the room temperature up to 800 °C.
This is a common behavior of many intermetallic mate-
rials which is a great advantage in high temperature ap-
plications, but may result in a higher residual stresses.
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Calculation results

The performed FEM analysis allowed to receive the re-
sidual stress distributions in the modeled coatings for all
stress components and principal stresses. Figure 4 a, b,
¢ show the residual stress state in NiAl/Al,O3 system for
the model with the straight line of the coating/substrate
interface profile (model L1) and the model deformation
scheme (Fig. 4a) shown in the exaggerated scale. The
radial stress magnitude (ox) reached 800 MPa in the NiAl
coating which corresponds quite well with the stress level
calculated for NiAl/Al,O3 system using eq. 1 from which
the stress magnitude in NiAl coating was 744 MPa.
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Fig. 4. Residual stress distribution in the NiAl/Al,O3 system (right
half of the L1 model) for: a) radial ox stresses, b) axial oy stress,
c) principal 01 stress, d) model deformation

Rys. 4. Rozktad naprezen wiasnych w uktadzie NiAl/Al,Os: a) pro-
mieniowe ox, b) osiowe ay, c) gléwne o1, d) model odksztatcenia
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Fig. 5. Residual principal stress (o1) distribution for the modified in-
terface profile in the selected NiAl/Al,O3; models

Rys. 5. Rozktad naprezenia wtasnego — gtéwne (o1) dla profilu zmo-
dyfikowanego potgczenia w wybranym modelu NiAl/Al,O3



The analysis results show that the tensile ra-
dial stresses (ox) dominate within the NiAl coating
and are almost uniform throughout the coating length.
On the other side the ceramic substrate stays under
compressive stresses in most of the regions beyond
a small area near the interface line on the external
edge of the model (Fig. 4b). This phenomena is well
known to exist at the free edge in a two dissimilar
components system and is called the stress singu-
larity. The axial (oy) stress component has the major
effect on the stress concentration in this area becau-
se the high tensile stresses may promote cracking
in a ceramic substrate or pulling the coating off the
substrate.

The residual stresses calculated at the room tem-
perature for the rest models (L2-L6) having modified
interface profile revealed roughly similar stress distri-
butions comparing to the initial model (L1). For the
lack of space only principal stress distributions have
been shown in figure 5 for the selected models. The
principal stress distribution allows to visualize both the
action of tensile stresses within the coating as well as
the stress concentration at the free edge in the cera-
mic substrate so it may be a good indicator showing
dangerous stress levels both in the coating and in the
ceramic substrate.

From the images in the figure 5 we may conclu-
de that the principal stress distribution is disturbed
along the whole coating/substrate interface by the
repeated variations of the coating/substrate profile. It
can be seen that local regions with stress ‘islands’ ha-
ving elevated tensile stresses have been developed
in a repeated form along the interface. These stres-
ses decrease towards the external edge of the model
but the stress concentration still exists in the ceramic
substrate at the edge of the model. The region with
the stress concentration is localized within the NiAl
coating, laying near the modified interface profile as
shown in the enlarged area for one of the analyzed
models (Fig. 6).

section line 2

section line 1

section line 3

Fig. 6. The enlarged area of the stress islands within analyzed NiAl
coating in the L2 model

Rys. 6. Powigkszony obszar wysp koncentracji naprezen w analizo-
wanym modelu L2 w powloce NiAl

To compare the stress level between calculated mo-
dels two graphs of principal stress profiles across the
NiAl/Al,O; interface have been created (Fig. 7). One
section line (1) comes through the lower part of the in-
terface profile and the second section line comes thro-
ugh the upper (2) part of this profile which has been
schematically drawn in figure 6.

These graphs shows that the more complex inter-
face profile the higher the stress level is found in the
coating material and also within the ceramic substrate.
Specifically, the most complex L5 and L6 models pre-
sent around 50% stress increase in the NiAl coating in
region laying inside the profile comparing to the initial
L1 model. Moreover, the residual stresses on the cera-
mic side within the inner part of the profile line 1 also
show high stress level resulted from the cyclic shape
changes on the surface of the substrate.

The tensile residual stresses within the ceramic sub-
strate are very dangerous as it is known that ceramic
materials are brittle and are 6 to 8 times weaker in ten-
sion than in compression.

The intermetallic material subjected to high tensile
residual stresses may deform plastically which helps to
redistribute high stress concentrations. The high yield
stress of NiAl intermetalic restricts the plastic deforma-
tion to a small degree but allows to sustain its high per-
formance at higher service temperatures.
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Fig. 7. The principal residual stress profiles along the section lines
shown in figure 6: a) cross section line 1; b) cross section line 2
Rys. 7. Gtéwne naprezenia wiasne na liniach przekroju zaznaczo-
nych na rysunku 6: a) linia przekroju 1; b) linia przekroju 2
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The changes of the principal residual stresses in
the ceramic substrate towards the edge of the model
are shown in figure. 8. The section line 3 from the fi-
gure 6 shows that the stress profile has been drawn
just underneath the interface line of NiAl/Al,O3 system.
The cyclic fluctuations of the stress level visible in this
graph are due to the action of sudden changes in the
interface profile.

The highest stress amplitude is observed for the L4
model and we may see that these stresses reach both
tensile and compressive extreme values. The principal
residual stresses in ceramic substrate reach the hi-
ghest value at the edge of the model. The stress con-
centration visible for all models at the external edge is
up to four times higher than the average tensile stress
level observed far from the model edges. This is mainly
due to the stress singularity formed in the FEM model
as it was previously stated.

Conclusions

The computer simulation of residual stresses in
NiAl coatings deposited onto the Al,O; substrate
demonstrated the effect of variation in the interface
profile between metallic and ceramic parts on the
stress distribution both in the coating and in the sub-
strate. This analysis has comparative meaning and
shows that the assumption of a straight line repre-
senting the interface between coating and substrate
provides lower magnitude of tensile stress around
the interface line both in the metallic and ceramic
part of the model. On the other hand, the simula-
ted complex models (L4, L5, L6) with the expanded
profile of the interface line are characterized by the
higher tensile stresses and cyclic stress fluctuations
along the coating/substrate interface. The moderate
stress changes are obtained for L2 and L3 models,
still higher than that obtained in the basic L1 model.
The ceramic substrate is also subjected to high ten-
sile stress concentration at the external edge of the
model which may state a potential risk of ceramic
cracking or coating delamination.

The process of substrate preparation for ther-
mal spraying by applying modification of surface
profile towards the expansion of the profile line, is
a widely known action used mostly in a metallic/
metallic systems that helps to increase the adhe-
sion strength between coating and substrate. In the
case of ceramic substrates the advantage of such
modification for the increase of a coating-substrate
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Fig. 8. Principal residual stress profiles along the interface profile
at section line 3, shown in figure 6, within the ceramic substrate ma-
terial for the analyzed models

Rys. 8. Gtéwne naprezenia wlasne wzdtuz profili na linii przekroju
3 pokazanej na rysunku 6 w materiale ceramicznego podtoza dla
analizowanych modeli

adhesion strength may not give favorable results as
the tensile residual stresses grow up within the ce-
ramic part. This technique could be favorable when
applying other kind of metallic materials that are
characterized by a lower yield stress limit comparing
to the NiAl intermetallic. The higher plastic flow of
the deposited material during cooling of a coating/
substrate system to the ambient temperature play an
important role in stress relaxation at the coating/sub-
strate interface and may reduce the tensile stresses
in ceramic substrate to the higher degree.

The analysis is a part of investigations related
to the application of thermal spraying of metallic
materials on the ceramic substrates to be applied
as an alternative method of ceramic metallization
and surface modification for high temperature ap-
plications.

The residual stresses that occurs around the inter-
face of a metallic coating-ceramic substrate are one
of the most important factors affecting the strength
and durability of the whole system in the service
life. The numerical computer modeling of residual
stresses is one of the required initial simulation tool
used for the design and selection of a coating and
substrate materials combination for thermal spraying
technology. The future residual stress analysis sho-
uld also take into account the real surface profile of
the interface line between the coating and the sub-
strate material.
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