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Abstract- Mechanical properties of high performance 1. INTRODUCTION

ceramics have been improved to the point where their | S
use in heat engines is possible. The high temperature It has been reported that the power and efficiency 1m &
strength and low thermal expansion properties of engines increase with increasing combustion temperas
high performance ceramics offer an advantage over [1, 2, 3, 4. Design requirements and durability demf-
metals in the development of non-water cooling necessitate sophisticated material selection for extend:
engine. However, because hard environment in diesel service life. As a result, advanced materials such
engine combustion chamber, solving the problem of ceramics, compaosites and heat-resistant super alloys he
durability of TBC is important. Durability of thermal become important alternatives. At present, Coatc
barrier coatings(TBC) is limited by two main failure materials that resist oxidation, corrosion, erosion &
mechanisms: Thermal expansion mismatch between wear and that provide thermal barriers have been wide
bond coat and top coat and bond coat oxidation, used in aerospace and automotive industry [5].

Both of these can cause failure of the ceramic top

coat. Developments of recent years show that bond In diesel engines, thermal barrier coatings were initial!
coats with higher oxidation resistance tend to have intended for extending service life of the components &1
better coating system cyclic lives. for corrosion protection. However, recently conducte

studies have aimed at reducing heat rejection to th

Ke.y words: TBC, Oxidation, Thermal Expansion coolants and increased engine efficiency in diesel enginé
Mismatch (6]

Ozet- Dizel motorlarinda, Termal bariyer amach
kaplamalarda(TBK) sogutma sistemine transfer
edilen enerjinin azaltilmasi, hatta sogutma sisteminin
ortadan kaldirmasi hedeflenmektedir. Bununla
birlikte, TBK’ 1n dizel motorlarinda maruz kaldigi
sartlarin agirhgi), kaplamanin dayanimi yoéniinden
ortaya citkan problemlerin ¢oziimiini
gerektirmektedir. Bu problemin en énemlileri ana
malzeme, ara tabaka ve kaplama malzemesi

Some of the important properties required of the ceramx
materials used for thermal barrier applications area:
follows:

elleat resistance
eChemical 1nertness
eHigh fracture toughness
e[.ow specific heat

arasindaki i1sil genlegsme uyusmazhg ve oksidasyon etHigh compressive strength
problemidir.  Arastirmalar  gostermektedir ki eHigh thermal shock resistance
kaplamamin oksidasyona karsi direnci arttikca  e®Phase stability

kaplamanin dayammm énemli élgiide artmaktad:ir. Bu eLow thermal conductivity
calismada, TBK amach olarak kullanilan seramik e.ow cost

malzemelerde kusura neden olan mekanizmalar ve o[.ow modulus of elasticity
lyilestirme yontemleri incelenmistir. o[.ow thermal expansion mismatches

Anahtar Kelimeler: TBK, Oksidasyon, termal Typical properties required of a LHR diesel engine:
genlesme uyusmazligi.

e Temperature limits (°C) > 1800
o Fracture toughness, K¢ > 8.0
e Flexural strength, MPa > 800
. . ¢ Thermal conductivity, (W/m.°C) < (.01
A. Parlak, S. Koksal, A. Coban, I. k. SAU TEF Makina Bol. =
o WA, R A, St . e Thermal shock resistance, °C > 500
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o Thermal expansion coefficient, (x10™/°C) < 10

In table 1 are listed a number of applications along with
what are considered to be critical materals requirements.
The only component application not specifically for the
adiabatic diesel is that of wear faces or tappet/cam
follower inserts. Most of the other applications require
thermal shock resistance.
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Partially Stabilised Zirconia (PSZ) is one of the oxides
that combines the required TBC properties of low
thermal conductivity, high resistance to thermal
degradation, fairly good toughness and coefficient of
thermal expansion (CTE) fairly close to those of most
super alloys. Whitout a reasonable match in the CTE,
stresses high to cause coating failure can be generated at
the coating/substrate interface during even mild thermal
cycling. Therefore, PSZ has been the subject of the most
research for TBC applications [10, 11, 12].

Table 1 Applicability of Toughened PSZ to Engine Components (14)
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W car faces X X X X X
Valve scats X X X X,

Valve Guides X X X X
Cylinder L iner X X X X X X X
Precombustion Chamber X X x
Fire Deck (hot plate) X X X X X X
Piston cap X X X X X X X

II. TBC FAILURES AND THEIR MECHANISMS

During plasma spray coating process, residual
compressive and tensile stresses are generated that cause
cracking and spalling of the coating layer. The reasons
for this type of failure include followings: (a) complex
interaction of grit blasted substrate surface stresses, (b)
shrinkage of molten splats of bond coat metal and
zirconia, (c) stresses due to temperature transients in the
substrate and coating (d) thermal expansion mismatches
of the materials, (¢) bond coat oxidation, ()
heterogeneous heating of the substrate, (g) the geometry
of the substrate. The coating thickness is the main
parameter that affects the coating strength. Excessive
coating thickness results in residual stresses that lead to
spalling of the coating layer. In addition coating materials
with high modulus of elasticity, high porosity and oxide

inclusions are the other factors that degrade coating
strength [7, 13].

TBC failure in the form of spalling occurs due to
separation of the ceramic top coat form the bond coat m a
single layer. Spalling occurs due to cracking in the top
coat near and at the top coat/oond-coat interface driven
by stresses attributed to oxidation of the bond coat and
cyclic thermal expansion mismatch.

Cyclic life of a TBC decreases when it is exposed to
environments that promote oxidation of the bond coat.
Bond coat oxidation damage can reduce TBC cyclic lifc

to only one cycle under severely oxidising conditions of
high temperatures and long times 1n air. As reported by
Brindley at al. [6], Although the oxidation of bond coat is
an 1important degradation mechanism, 1t is not the only
parameter affecting the bond coat degradation. They
claim that, high chromium (35 wt %), low-aluminium (6
wt %), NiCrAlY bond coats show significantly better
top-coat life than the NiCrAlY compositions used for
overlay coatings (15-22 wt % Cr anc >6 wt % Al) even
though the oxidation resistance of the high chromium
coatings is not as good as that provided by overlay
coatings. As for the reasons for this finding, they
proposed that bond coat modulus, CTE, strength or

compositional effects on adhesion may be importar..
factors 11 TBC life.

Cracking 1s imtiated at interfaces due tc stress
concentration when the difference in the values of CTE
of substrate, bond coat and top coat exceeds 30 % [15].

Mechanical degradation of TBC can results from
contaminants that do not react chemically with the PSZ.
Therefore, the presence of the molten condensate has
little effect on the top coat while the top coat remains at
high temperatures. Because the condensate freezes upon
cooling during a normal thermal cycle, the frozen
condensate m the pores and cracks of the coating reduces
the strain tolerance of the coating and cause premature
coating failure [06].
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Figure 1. The effect of Y,0; Content (wt %) in ZrO, on TBC life (16).

III. IMPROVEMENTS IN THE PROPERTIES
OF TBC

It 1s possible to increase the mechanical and thermal
shock strength of the ceramic coating materials by means
of the stresses within the compounds with two phases
which consist of monoclinic and tetragonal zirconia.
Zirconia with two not fully stabilised phases is called
partially stabilised zirconia (PSZ). The strength of Y,0;-
PSZ has been substantially increased when the amount of
Y,0; reduced from 6 % mole to 3 to 4 % mole. The
volume of zirconia increases approximately 5 % when
cooled below transformation temperature. This 1s due to
structural transformation of zirconia from tetragonal to
monoclinic phase. Tangential stresses at the grain
boundaries of PSZ cause formation of micro cracks.
These micro cracks within the structure create damping
effect against crack propagation and hence improving
toughness property of the PSZ [15].
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Figure 2. Variation of thermal conductance of Y,0;- ZrO,
depending porosity, % (16).

TBC developed for aircraft engines to achieve bal
component temperaturec reduction and oxidatw
resistance is a two-layer coating. These layers consist
metallic inmner layer and an outcr insulating ceramic la vy
The ceramic layer typically is plasma sprayed Zr(
partially stabilised with 6 to 8 wt % Y203. Figure|
shows the effect of Y203 portion (wt %) in ZrO2 o
TBC failure [16].

It is imperative to reduce the amount porosity within P S
in order to improve corrosion resistance. In additia
coating materials are required to be chemically inert u
the exposed environment. However, the amount
porosity is kept at a certain limit due to the necessity d
low thermal conductivity for TBC applications. Figure !
shows the effect of porosity variation (%) on therrmu
conductivity.

'The life of coating is related to its density. As shown 1
Figure 3, the life of coating reaches a maximum witl
increasing density to a certain limit. However, beyond :
certain level, increasing density lowers the coating life.

The thickness of the inner metallic bond coat (MCrAlY.

M= Ni or Ni+Co) is approximately 0.13 mm. Bond coat
protects the substrate against oxidation as well as
providing a relatively rough surface for better adherence
of the top ceramic coat. The bond coat is required
because the ceramic top coat is not capable of providing
any oxidation resistance to the substrate.)
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Figure 3. The effect of density of Y,03-ZrO, on TBC life
(16).

Oxygen can easily diffuse to metallic bond coat owing to
the high porosity, segmentation and ionic conductivity of
the zirconia top coat. The bond coat suffers oxidation
attack. An oxide layer builds up between bond coat and
top coat and the related volume expansion causes internal
stress at this interface. When the oxide layer has attained
a critical thickness, cracks can first be observed. With
increasing oxidation attack the ceramic spalls off. Bond
coat oxidation also influences the thermal shock
resistance with increasing oxidation attack the number of
thermal shock cycles to failure i1s reduced. As a
consequence of the oxidation-based faillure mechanism,
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bond coats with higher oxidation resistance were
developed. The most important development were

e Optimisation of the chemical bond coat composition
from NiCr to NiCrAl to the MCrAlY alloys (M = Co or
N1),

e Improvement in the application of techniques:Low
pressure plasma spraying, which increases the
oxidation resistance at the same chemical bond coat
composition,

As for the chemical composition, the oxidation resistance
of bond coats seems to be optimised. Further
improvement in the oxidation resistance will be possible
by the use of oxygen diffusion barriers. Thomas at al.
suggested a new oxidation-resistant thermal barrier
coating that consists of a three-layer system[21]. This
system 1s as follows:

e On to a substrate an MCrAlY bond coat applied by
low pressure plasma spraying,

e An Al,O; diffusion barrier produced by reactive
sputtering, the diffusion thickness varies from 2 to 5
Hm ,

e Onto the diffusion barrier a 200 um ZrO,-8%Y,0;
top coat sprayed by plasnia under atmospheric
conditions.

Oxidation resistance s influenced Al content in the bond

coat composition. Increasing percent of the Al content in

composition makes the coating brittle. To enhance this
difficulties, Re 1s added into CoNi1CrAl bond coat. Re
also improve the mechanical properties of the coating

material [22].
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Figure 4. Variations of oxide layer thicness with respect to diffusion barrier coating thicness at 1273 K and 1373 K. The

bond coat composition is Co-31Ni-21Cr-8A1-0.5Y(21)
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Figure 5. Tensile strength varation at the interface

between top coat and bond coat after 10 thermal shock
cycles [21]

Tolukan et al. [23] reported that the application of fiber-
metal bond coat reduced the stresses associated with
thermal property mismatches, showed outstanding
performance when subjected to severe thermal shock
tests. They proposed that this application contributed
substantially to the betterment of thermal and oxidation
resistance of the ceramic coating.

IV. CONCILUSION
Application of multiple-layer coating i1n internal
combustion engines to prevent thermal property

mismatch and reduce oxidation yields promising results.
When applied on a bond coat of MCrAlY, Al203 layer
of 2-5 microns, which serves as a diffusion barmer,
reduced oxidation to an important extent.

For the TBC to be of long service life, porosity, ratio of
stabilizer and density of TCB were highlighted to be the
important parameters. However these parameters need to
be optimised depending on the type of ceramic coating
material and working conditions. According to the
relevant sources, 6-8 % mol Y203-PSZ and theoretical
TBC density of 90% produce the best results.

V. REFERENCES

[1)Kamu R., Bryzik W., Cummins/TACOM Advanced
Adiabatic Engine, SAE Paper No:840428,(1984)
[2]Taylor, R., BrandonJ., and Morrell, P,
Microstructure, composition and Property Relationships
of Plasma Spreyed Thermal Barrier Coatings, Surface
and Coating Technology,50,pp.144-149, 1992

Failure Mechanisms of Thermal Barrier Coating
Internal Combustion Engines and Improvemg
A.Parlak, S.Kdksal, A.GCoban, L(;

[3]Parlak A., Asinn doldurmali seramik kaph bir @
motorunda optimun piiskiirtme avansi ve SikKistn
oranuun deneysel olarak belirlenmesi, doktora tezi, S{§
Fen Bilimler1 Enstitiisi, 2000

|4)Junxing L.,Lingen C.,Chih W. And Fengru1 S., Fu
time thermodynamic performance of a dual o
International journal of energy research, 23,765
1999

[5])Early Lee M., The Reclationship Betwe
Microstructure and Thermal Conductivity of Them

Barrier Coatings Dcposited by Them
[Evaporation,MSc, University of Manchester,Octol
1992

[6]Brindley W. J.. and Miller R.A, TBCS for B
Engine Efficience, Advanced Matenals & Proces
8/89,1989.

[7]Grundling, H.W., “Mechanical Properties of Cof
Systems’’,Material Science &tech.,88,1987.

[8]Kamo R., Bryzik W, Cummins-TARADCO!
Adiabatic Turbocompound Engine Program, SAE Pax
No: 810011,1981.

[9]Woods,M.E.,Ceramic Insulating Components for Tk
Adiabatic Engine, SAE Goverment/ Industry Meetingé
Exposition, Washington, D.C. ,1984.

[10]Ustel F., Plazma Sprey Teknolojisi, Yiiksek Lisa
Tezi, ITU Fen Bilimleri Enstitiisii,1994.

[I1]JKamo R.,Assanis D.N, Walfer B.,Thin them

barricr coatings for engines, SAE paper, w
890143,1989.
[12]Novak  R.C.,Matarasc AP, Huston R?

Development of thermal barrier coatings for diest
applications, National Thermal Spray Conferance,Ohie
USA,24-27 October, 1988.

(13]Woods N.E., Thermal fatigue ng testing of themmd
barrier coatings for internal combustion engines, Nation
Thermal Spray Conferance,Ohio-ULA,24-27 Octobe
1988.

| l14]Marmmarch M., Toughened PSZ Ceramics-thieir Role
as Advanced Engine Component, SAE papers no.
830318,1983.

[15])Kimkoglu S., lleri Seramikler, YTU Ders Not
1990.

[16]Stecura S., Optimisation of the NiCrAlY/ZrO,-Y,}
thermal  Barrier System, NASA  Tech
Memo.86905,1985.

[17)Kharlamow, Y.A., Bonding of Detonation Spraye
coatings, Thin Solid Filins 54, 271,1978.

18)Cevik ., Zirkonya Esash Seramik Kaplamans
FFiziksel ve Kimyasal Ozellikleriz
Depistirilmesi,Doktora  tezi, ITU Fen  Bilimlen
Enstitiisii, 1990.

[19]Batakis A.P., and Vogan J.W Rocket Thrust
Chamber Barrier Coatings,NASA Contactor Report
175002, 1985.

112




SAU Fen Bilimier:1 Enstitiisi Dergis
7.Cit, 1.Say1 (Mart 2003)

[20]Lutz J.C., Hamms D.H., Development of thermal
barrier coatings for the international combustion engine,
National Thermal Spray Conferance,Ohio-USA,24-27
October, (1988).

[21]Smitht-Thomas, Kh.G.,and Dietl, U., Thermal
Barrier Coatings with Improved Oxidation Resistance,
Surface and Coating Technology, 68 69,p.113-115,1994

Failure Mechaunisms of Thermal Barrier Coatings in
Internal Combustion Engines and Improvements
A.Parlak, S.Kdksal, A.Coban, 1.Cevik

[22]Chellini R., Coatings for Gas Turbine Components”,
Diesel & Gas Turbine Worldwide, January/February,
1999

|23]Tolokan, R.P., Jarrabet,G.P., And Brady, J.B.,
“Fiber Metal Thermal Bamier Systems for Advanced
Engines”, SAE Paper,840899,1984

113



	c7s1sy108
	c7s1sy109
	c7s1sy110
	c7s1sy111
	c7s1sy112
	c7s1sy113

