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high service temperatures and long dwell timestaffamage growth and lifetime reduction of diffecamponents
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of automotive combustion engines and aero-engiaele mut of gamma titanium aluminides with protectivat-
ings. The outcome of this paper is related to thetipal recommendations on how damage growttghtteim-
peratures in multilayer thin films on gamma titanialuminides under thermal cyclic conditions andtiexial
stress state may be controlled in order to redogeoemental degradation, optimize the protectivating and
extend lifetime of a component for automotive, gpand aerospace applications.
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Introduction. At present, researchers have focused their attentioevaluating
gamma titanium aluminides-{iAl) for components of automotive combustion &g
and aero-engines, such as turbine airfoils, tudogen wheels, valves or compressors [1].
This new class of lightweight alloys has been witety developed over the last two dec-
ades, because densityyefiAl is equal to half the density of steel or retkased superal-
loys [2]. In this regardy-TiAl alloys could be used at high temperaturegds turbines of
aero-engines instead of the heavy nickel-basedalgys in order to increase the speed
of aircraft. For structures working at a harsh environmgnto temperatures in excess of
900°C, coating may be applied to protect the natéom direct exposure to the envi-
ronment. In this way, protective coatings are meglufor both environmental protection
and thermal insulation of the structural mateB&l Thus, protective coating canbstan-
tially improve at high temperatures the applicafiotential of gas turbine blades of air-
craft engines made outgiTiAl alloys.

A European Project INNOVATIAL (2005-2009%] supported within the Sixth
Framework Programme for Research and Technoldg@atlopment was directed at the
development of protective coatinfys y-TiAl alloys using four different coating strate-
gies, namely, nanoscale multilayers, nanocompgsitiesmetallic coatings and thermal
barrier coatings (Table 1). Twenty two internatloesearch organizations and industrial
partners leaded by the German Aerospace CentgedPfoordinator Prof. Christoph
Leyens) were involved into extensive collaboratiesearch within 54 monthENNO-
VATIAL coatings were applied to various components, ascero-engine airfoils, en-
gine valves, gas turbine buckets, gassier compgrefiers and dies [4].

Table 1—Four different coating strategies to protecty-TiAl against environmental attack [4]

Nanoscale multilayer coatings

\ SALN ‘ JEW | MUL \ 7 \ 000 / 900°3
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TBC systems
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The technology adopted from nickel-based supegllby3] was used at the Ger-
man Aerospace Center (DLR) and was focused onerelapment of improved oxida-
tion protective coatings in combina-
. . oxidation resistant coating | tion With thermal barri_er coatings on
| thermal barrier coating | TRl component | the y-TiAl alloys for high tempera-
§l r{ p ture applications (Fig. 1). Conven-
Temperature e tional Pt modified aluminides and
MCrAlY coatings (M = Ni and/or
Co) are not suitable as protective
coatings fory-TiAl due to the poor
coating—substrate compatibility [5].
In this regardintermetallicTi-Al-Cr
layers with small additions of Si, Zr,
W and Y were depositedn they-
TiAl substrateby magnetron sput-
= tering technique, and coating thick-
Ditancs ness ranged between @t and 30
Fig. 1 — A schematic of protective coating applied kM [1, 3]. This intermetallic coating
toy-TiAl alloys [3] remarkably improves the oxidation
resistance of-TiAl alloy, and ex-
hibits an excellent chemical and physical compagibiith y-TiAl substrate [5]. In the
following, coated substrate was pre-oxidized tonfan alumina scale [3]. Intaetallic
layerserves also as a suitable bond coat for thermagibeoatings zrO , - 7-8 wt %

Y ,0O 3 ) due to the excellent adherence of zirconia t@tscm alumina scales and repre-

sents the most effective oxidation resisttlOVATIAL coating [4]. Thermal barrier
coating was deposited on the pre-coatddAl substrate using electron beam- physical
vapor deposition (EB-PVD), and coating thickness Wa0—-19Qum [3]. These coating
systems exhibited lifetimes exceeding the maximygposure length of 1000 cycles with
1 h dwell time at 950°C, but failed at 1000°C [eilure was caused by degradation of
theintermetalliclayers resulting in spallation of the thermallywgnooxides.

The CrAlYN/CrN nanoscale multilayer coatings werelied instead of intermetal-
lic Ti-Al-Cr layers as oxidation resistant coatirigscombination with thermal barrier
coatings (TBCs) on thg TiAl alloys [7]. It was established that the TB@tems with
CrAlYN/CrN layers did not fail at 850 and 900°C ihgr the maximum exposure time
period of 1000 cycles of 1 h dwell time [7, 8].

Alternative coating strategy with nanoscale muyldta and without TBC was ap-
plied when TiAIYN/CrN and CrAlYN/CrN nanoscale nildyer coatings were deposited
on they-TiAl specimens using magnetron sputtering tectesgi®]. On some of the
coated samples an additional alumina top coat epssited too. The TIAIYN/CrN films
exhibited poor stability at 850°C and rapidly oz&ll, and therefore were not applicable
for long-term protective coatings on th&iAl alloys [9]. On the other hand, the Cr-based
nitride films provided effective oxidation protemsti toy-TiAl at 850°C. The alumina top
coat did not significantly increase the oxidati@sistance of-TiAl alloys with CrA-
IYN/CrN nanoscale multilayer coatings [9].

Environmental protection gfTiAl alloys by CrAIYN nanocomposites and thermal
barrier coatings was investigated at 850 and 90@uer cyclic oxidation conditions [10].
Thin films of CrAIN + 2 mol.% YNwere depositedn they-TiAl substrateby magnetron

1000°C 5 4

cooling air

AT~150K

850°C =+ +
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sputteringechnique while TBCerere deposited on the pre-coatetiAl substrate using
EB-PVD. The mixture of chromium and aluminium oxides wasnfed on the nitride
coating. The EB-PVD zirconia top coat was well adheto the mixed oxide scale of
chromia and alumina formed on the degraded CrAl#hboomposite.

Direct applicability of thermal barrier coatings they-TiAl alloys without oxida-
tion resistant coating was studied by cyclic oxifatesting in air at 850 and 900°C [11,
12]. SEM micrographs of the thermally grown oxidels revealed outer oxide mixture

TiO 5 /Al ;03 . For they-TiAl sample with TBC at 900°C, spallation was afuse

after 810 cycles [11]. Failure occurred in theriredly grown oxide. Thus, effective oxi-

dation protection remains a major issue for higtiperature applications @fTiAl alloys.
Diffusion coatings on the-TiAl alloys were produced using the pack-cemeutati

process and annealing treatments [13]. In this tasdigh temperature exposure resulted

in the formation o TiAl 5, layer due to interdiffusion betwe TiAl 3 coating and-

TiAl substrate. In the followingTBC was deposited on the pre-coajedAl substrate
using EB-PVD.The oxidation behavior of the aluminized and alatkapecimens with
TBC was studied performing cyclic oxidation testshie temperature range between 850
and 950°C. The lifetime of this TBC system at 95@%Ceeded 1400 cycles, whereas an
aluminized and annealed sample without TBC failiéet &00 cycles occurring in the
mixed oxide scale formed on theTiAl phase. Thus, diffusion coatings on the&iAl
alloys provided an effective oxidation protectiar®a0°C due to the formation of a con-
tinuous alumina layer.

Obviously, preventing the formation of non-proteetitanium oxide is the primary
goal to improve the resistanceyeTiAl alloys against oxidation. In this regard, lsised
and aluminum rich Ti-Al coatings produced by meahsnagnetron sputter technique
were studied as oxidation resistant coatings/foiAl alloys [14]. Both these coatings
were tested at exposure temperatures up to 950000 h resulting in very good oxida-
tion behavior.

The specific objectives of the research reflectate present paper are

* to specify the mechanisms of thermal, chemical hiereical and structural deg-
radation of multilayer coating systems developeprtdecty-TiAl alloy against environ-
mental attack involving four different coating s#gies (nanoscale multilayers, nanocom-
posites, intermetallic coatings and thermal bacdatings),

« to develop the constitutive laws of materials betaand kinetic equations of
damage for coatedTiAl substrates to describe elastoplastic defaomatnd creep under
thermal cyclic conditions, transport phenomenajation and chemical expansion, ratch-
eting and fatigue, wear, erosion and particle imppac

* to identify material parameters in the proposediitotive model using different
experimental data for multilayer thin films on fh&iAl alloys,

e to calculate the time-dependent stress distributimite element modeling,
structural mechanics) and damage growth (contindamage mechanics) in multilayer
thin films on they-TiAl alloys under thermal cyclic conditions asuadtion of material
and system parameters as well as operating corgjittod additionally to predict the
lifetime of multilayer coating systems,

« to find the interrelationship between environmembtective coatingy-TiAl
substrate and degradation of multilayer coatintesy®ver time,

« to compare the lifetime predictions obtained is tksearch against experimental
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data from the burner rig tests involving four diffiet coating strategies fpiTiAl alloys,

» to develop efficient instrumentation for durabilityalysis of multilayer coating sys-
tems withy-TiAl substrate and new concepts that could chiimmeay manufacturers design,

 to transfer new knowledge obtained in this resetradtientific and industrial
communities related to the development ofytfi@Al components for automotive, energy
and aerospace applications.

State of the art. The functionality and reliability of the TiAl components with pro-
tective coatings for automotive, energy and aec@sppaplications are strongly related to
the damage growth and stresses redistributiontiorerin the coating systems. A meth-
odology for durability analysis of multilayer coaii systems withy-TiAl substrate is
needed that complements experimental proceduresvéuation of coatings discussed
above. There are various sources of stressestingoH 5]:

a) thermal induced stresses resulting from temperahanges and differences of
the coefficient of thermal expansion of coatingetayand substrate material;

b) stresses resulting from coating growth. In daise it is necessary to distinguish
between intrinsic growth stresses and geometritaliyced stresses. Intrinsic growth
stresses are due to oxidation; chemical reactihase transformations, energetic particle
bombardment, etc;

C) stresses due to deformation of the coating sgstender applied loading and en-
vironmental influence.

The consideration of thermoelastoplastic deformaitio coating systems witir
TiAl substrate, as well as, stresses resulting temperature gradients and from external
mechanical loading is vital in the structural asalpf the systems. However, this alone is
not sufficient to understand the mechanisms ofilaydtr system degradation that affect
damage growth and reduce the lifetime of @Al components with protective coat-
ings. Therefore, it is necessary to identify theetidependent phenomena related to the
chemical, mechanical and structural degradatimoating systems over time. These time
dependent phenomena can be investigated experilpenta

In the following, several processes are descritwgchte essential to understand and con-
trol for long term operation of the multilayer gysis, but that are among the most challenging
to master, which is probably a reason why relgtiitéé literature on them has appeared so far.
The considered processes are creep, chemical iexpéatiyue and erosion.

Creep of EB-PVD zirconia top coatThe EB-PVD zirconia top coat in the coating
systems operating under severe service thermattardical conditions for a prolonged
period of time exhibits creep deformation considesis a time-dependent irreversible
deformation process. Even in the initial stagethefcreep process in ceramics of TBC,
dislocations, impurity atoms and voids accumulatiae grain boundaries to form grain
boundary cavitation. As microscopic cavities atdr@n boundaries get larger and coa-
lesce, dislocations, impurity atoms and voids moweto grain boundaries, and micro-
cracks along the grain facets begin to be formeolwt and coalescence of these micro-
cracks lead to the creep rupture in the final stdigge creep process with the formation of
macro-cracks with some preferential orientatiotergf direction perpendicular to the
maximum principal stress. Thus, creep deformati@mges the microstructure of the EB-
PVD zirconia top coat by introducing dislocatioinspurity atoms and voids in the initial
stages, microscopic cavities in the following, anidro-cracks in the final stage of the
creep process, all of them, at the grain boundaitbssome preferential orientation. Fur-
thermore, the velocity of the growth of alreadysting grain boundary microscopic cavi-
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ties and micro-cracks, and of the nucleation of oeas essentially depends on the inten-
sity of creep deformation. On the other hand, cdsfprmation of ceramics is influenced
by the growth of microscopic cavities and microsksa This influence begins at the pri-
mary and secondary stages of the creep processaaime visible in the tertiary stage due
to increase of the creep strain rate, precedingrisgp rupture. The creep rupture case
without increase in the creep strain rate cantssabserved in ceramics.

Thus, creep deformation and material deterioratidhe EB-PVD zirconia top coat
due to growth of creep damage occur parallel th ettwer, and they have a reciprocal
effect. Obviously, creep damage growth in TBC ldadfie degradation of coating sys-
tem on they-TiAl substrate over time. The creep deformatiogttfa-partially stabilized
zirconia ZrO , — 7-8 wt % Y ,O 3 ) has been studied experimentally in [16-18].

Creep ofy-TiAl substrates. Experimental creep studying for three different pom
sitions ofy-TiAl alloy shows three regimes of secondary creepavior (Fig2). In the
high stress region (Region I), dynamic recrystatilon with small grains forming along
grain boundaries takes place. In Region Il, dynaetcystallization is not observed. In
Region Ill, the grain boundaries remain

planar. :
The relationship between the stre: sl TTAET |
o and the corresponding steady-sts o Tisia

A Ti-53A1
creep rate € ¢ can be expressed at th
temperaturel with a power law by Nor-
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temperature such as
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creep deformation ofTiAl alloys is con- Stress (MPa)

trolled by a dislocation creep mechanisr Fig. 2 — Minimum creep strain rates under
and the scopes of 3.5, 7.5and 4.7 in Fig  uniaxial loading foy-TiAl alloys [19]

refer to the stress exponenin Eq. (1).

The creep activation energy was determined tQ be313kJ/mol for all threey-TiAl
alloys with different grain sizes (32-2:4 m) for a temperature range of 707-927°C

[19]. Creep ofy-TiAl alloys has been also studied experimentally20, 21]. Tertiary
creep with rupture has been observed.

Creep ofintermetallic Ti-Al-Cr layers. The creep deformation of intermetallic
Al-Cr alloys with small additions of Si, Zr, W aMdup to rupture has been investigated
experimentally in [21-23]The strengthening effect of Cr at highesses has been dis-
cussed. It was established that the main soursearigtheningn intermetallicTi-Al-Cr
alloys is precipitation hardening. TEM studies i@t microstructures indicate extensive
interaction between the precipitates and the diitots at thénterface [21]. Small addi-
tions of Si decrease the melt viscosity and malg ydeme improvements in oxidation
resistance. Addition of W improved the creep rasi but reduced the ductility iof
termetallicTi-Al-Cr alloys.

Creep of oxide scalesOxide scales located between oxidation resistatingoand
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TBC demonstrate strong creep behavior too. cfeep deformation ¢ Al ,O 3 has been

studied experimentally in [24, 25]. It was estdigle also [26] that high-temperature creep
deformation of Al ,O 5 is sensitively affected by small amount of dogations, which

tends to segregate along grain boundaries. Thendogales used in this study were
TiO,, ZrO, and Y,O3 . Creep 0 Al ,0 3 is suppressed by Ti/Y or Zr/Y co-doping,
and, in particular, Zr/Y co-doping improves thehkhigmperature creep resistance remarka-
bly. On the other hand, the creep deformation sirigly co-dopet Al ,O 5 is accelerated

in comparison with undope Al ,O 5 . Interaction between creep deformation and oxy-
nitride scale growth ip-TiAl alloys has been discussed in [19].

Chemical expansionDuring cyclic oxidation, the thermal grown oxide30) ex-
hibits parabolic or exponential growth kinetics. &ihthe TGO forms and grows, the
grain size of the TGO grows from small grains (tess 0.1um) to large grains (up to 2.5
um). The thickness of the TGO in thdiAl coating systems can reach a size ofu®
without fracture [3, 17]. The process under disoassan be termed as the chemical ex-
pansion of the TGO due to the diffusion of oxygen.

Fatigue and ratcheting ofy-TiAl substrates. Coating systems witit TiAl substrate
used at high temperature are subjectedyttic mechanical loading as well as periodic
temperature variation during the start-up and dbutn of the engine, which gives rise to
the so-called thermomechanical fatigue (TMF) afadliinitation of the components. In
many cases isothermal low cycle fatigue (LCF) tesi®e used to evaluate the TMF life
because of expensive equipment and time-consuniptidiMF test. Therefore, it is nec-
essary to clarify TMF behaviors of thdiAl components with protective coatings under
the simulated service conditions in the laboraforthe safety and reliability of the used
materials. Fully-reversed isothermal TMF testsyfaiAl alloys were performed in the
temperature range of 550-850°C on a servohydrald&ed-loop machine [27]. At all
temperatures tests were conducted under totat stnaplitude ofAe/2 = 0.7%, while at
service-relevant temperatures (i.e. 550-650°C)tiaddl tests were run at total strain am-

plitudes ofAe/2 = 0.5% and 0.6%.
1001 - If in the low cycle TMF test the
1000 { ——— s50C total strain amplitude is kept constant
800 +— | over a wide range of temperature, it

600 | \ 650°C may be expected that the amount of
400 ﬁ“c—ﬂ 850°C

plastic strain is increasing with tem-
2001 deit = 10% at elevated temperatures may be as-

Stress Amplitude
MPa]

perature. Therefore a shorter lifetime
R=-1

0 - ‘ - - - - sumed, which will be even more
0 100 200 300 400 500 600 700 pronounced When Oxygen attaCk
Number of Cycles occurs. However, this is not the case
Fig. 3 — Stress amplitude vs. number of cycles for for the y-TiAl alloy investigated in
isothermally fatigued-TiAl alloy [27] [27]. While the stress amplitude is
decreasing with temperature, lifetime
seems to be rather unaffected at elevated tempeygteig.3). Quick decreasing of the
stress amplitude at the fixed temperature with raimabcycles occurs before failure.
TMF behavior of they-TiAl alloys was studied either in in-phase or ofiphase
[28]. In this regard, the influence of related rostructural instability during TMF process
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on stress-strain response, fatigue life and fractvaty under in-phase (IP) and out-of-
phase (OP) loading mode was investigated. Thetieariaf tensile load and compressive
load counteracts each other, leading to almostaminsyclic stress amplitudes at various
temperature portions (Fig. 4). Fig. 4 also shows TMF life strongly depends on the
mean stress as well as on the loading mode. Afaime temperature portion, the fatigue
life under IP mode is much longer than OP mode.résglts are associated with the envi-
ronmental embrittlement that influences the indiatbf fatigue cracks during high tem-
perature exposure to air. Under OP mode, the bitgilé stress at minimum temperature
acts on the specimen and fatigue cracks can easgilgate on the oxide surface layer
and/or brittle subsurface layer. In contrast ts, ttie tensile stress is lowered in IP condi-
tion because of the significant improvement of gferdnability of the alloy at high tem-
perature. As a result, the fatigue crack initiatorthe brittle surface layer is delayed un-
der IP mode.

0 broken outside th lengihyy () 7o
| roken owiside the gage lengthe, (o b
32 600 ————— E 600 __“_( )
3 =~ Bl g e ————
B W00 B g ~—450:700°C
b= g 200 - ] % 400 b . 5w-?su=g
EE £ - 350-800°
gz ° - — B g wor - ss0700°C
5 5 200 T = ! 55wl tsw.gsu;g
= a + 550-800°C
400 F [TME-1P & 0
-600 0
0 20 40 &0 80 100 120

Number of cycles /N

Fig. 4 — Change of cyclic stress amplitude and raraas with temperature and number of cycles
for fatiguedy-TiAl alloy: a— TMF-IP; b— TMF-OP [28]

It is interesting to note that such cyclic behawibthey-TiAl alloys shown in Figs.
3 and 4 can be described considering simultanetaiigiye and ratcheting @fTiAl sub-
strates. The increase of mean stress with incgedéesiih temperature and cyclic number
enlarges the plastic strain accumulation (ratchetand promotes the TMF damage.
Negative mean stress in OP condition causes the eaoly fatigue cracks’ initiation on
the oxidized surface layer than in IP conditioadlag to shorter TMF life. Creep damage
arising from grain boundary sliding contributesiie TMF failure under IP mode. Inter-
granular crack and transgranular cleavage craitieinoarse grains are the predominant
ways of fatigue fracture under OP mode.

Number of cycles /N

Fatigue of oxidation resistant coating.Shida & Anada [29] have demonstrated
that at least 70 at.% Al is necessary-ifiAl alloys to obtain an alumina-only scale dur-
ing high-temperature exposure. As discussed edrlieecent years several coating sys-
tems have been developed in order to create sulfickidation resistance at temperatures
larger than 700°C. Niewolak et al. [30] have shdkat silver additions to TiAl can im-
prove oxidation behavior tremendously. Therefoating of the composition Ti-48Al-
2Ag was deposited on theTiAl specimens of TNB-V2 using magnetron sputigrin
technique [28]. In the fatigue test at 850°C it wasstigated whether these beneficial
properties may be transferred to fatigue conditidndifetime increase by a factor of
about 2 was measured compared to the test of aatedcspecimen [28]. Thus, a Ti-
48Al-2Ag coating is showing excellent oxidationisence.

Fatigue and ratcheting of zirconia top coat.Ratcheting of ZrO , - 8 wt %
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Y 5,03 at high temperatures has been studied experityentf81]. Fatigue of TBC on
they-TiAl alloy was investigated at 850 and 900°C [12].

Erosion. TBCs are used to protect hot path componentssdfigaines from hot com-
bustion gases. In this way, TBCs of aircraft gadiries, as well as, of stationary gas turbines
can be exposed to erosion damage, leading to iebsedtiction of the aerodynamic effi-
ciency of the gas flow over the airfoils and, fipato structural failure of the blades [32].
Solid particle erosion is particularly important &ero gas turbines operating in sandy (or
ashy) environments, but even for land based daiadst where air is filtered before entering
the compressor stage, solid particle erosion ¢anpiace owing to particles escaped from
filters, or produced either within compressor stages the combustion chamber, depend-
ing on the materials and on the operating conditifrthe specific engine. Owing to their
inertia, solid particles do not move along the fikgamlines and thus they impact on com-
ponents eroding the protective coatings from tree lmaaterials. Pressure loss, change in
blade geometry, overheatingeTiAl substrate and, finally, structural failure tbe blades
are the main effects of erosion in gas turbines [33

Little information exists on the mechanisms thatego erosion of EB-PVD TBCs.
Two types of mechanical responses have been idenifid are outlined asvere ero-
sion by foreign object damagand mild erosion by near surface crackirlg. the first
case, large particles at high velocity cause thteniahto be susceptible to large-scale
plastic deformation and densification around theéambrsite. The deformation zones de-
velop over millisecond timescales, as the impagbiagicle decelerates to rest, prior to
rebound. Within the densified zone, kink bands farmd extend diagonally downward,
toward the interface with the TGO. In some casespbands reach the interface with the
TGO and lead to delamination within the TBC, justwee the TGO. Such delaminations
provide a mechanism for creating large-scale spalls

Second mechanism of erosion corresponds to infiEct, when elastic waves are in-
duced in the TBC columns. Over a time frame of secands, bending waves are induced at
the top of the columns, and these cause flaws evltian perimeter to extend across the col-
umns. The column-sized cracks link, leading to Isamabunts of material removal. Elastic
waves also reflect off the bottom of the columnspiming tensile waves that propagate back
to the surface. These waves can also induce geakinss the columns, and at the interface
between the columnar layer and the underlying Tiga@icularly when the interface has been
embrittled by segregation of contaminants suchlpbg.

Modeling. Thus, to the best of our knowledge, up to now ndatiing tool exists
for damage analysis of multilayer thin films on th&iAl alloys under thermal cyclic
conditions and multiaxial stress statbe goal of this research is to solve such an impor
tant problem. The present paper involves comprefeimestigations towards an under-
standing on how aggressive environments, highcgetemperatures and long dwell times
affect damage growth and lifetime reduction ofegléht components of automotive com-
bustion engines and aero-engines made oulT &l alloys with protective coatings. The
outcome will be how damage growth at high tempegatin multilayer thin films on the
v-TiAl alloys under thermal cyclic conditions andltiaxial stress state may be controlled
in order to reduce environmental degradation, dptirthe protective coating and extend
lifetime of a component for automotive, energy aabspace applications.

In order to study damage accumulation in multildiger films on they-TiAl alloys,
which may occur in-service and limit the performan€turbine blades, two different test

190 ISSN 2079-007RBichux HTY "XIII". 2014.Ne 29 (1072)

specimens (Figs. 5 and 6) were subjected in tloedtdoy of the German Aerospace Cen-
ter (DLR) to conditions, which simulate the in-gegwcondition as close as possible. Testing
of the tubular multilayer specimen (Fig. 5) reaipgclic thermal and mechanical loading
including a thermal gradient over the specimen.wiail applied mechanical loading by
force N reproduces the centrifugal force acting on thariarblade. Temperatulie(Fig. 7)

on the inner and outer surfaces of the tubulaiirseec and load\ can act over time under
in-phase (IP) and out-of-phase (OP) loading moeleor®l specimen under study (Fig. 6) is
a rotating round multilayer plate. The applied ta&le for the surface temperatures of a

plate is shown in Fig. 7. A heating pe 1 , a dwell timet, —t; and a cooling period

t3 =t should be introduced so in order to represent gamgeowth in a turbing-TiAl
blade with the protective coating during an effifgat of a jet engine.

An integrated approach |

tO the analysis Of dam' N i Y- TiNfubstrate oxide scale

age accumulation in P |

multilayer thin films on s ,
the y-TiAl alloys of the ||| [~ ¥ ™%¢ froone
two specimens (Figs. 5|/l . | R AL

and 6) with multiaxial ]t l\ : ! oxidation resistant thermal
stress state under thermal ~ 2 coating jovel
cyclic conditions (Fig. 7) L

has been developed. o . )
Thermal and chemical Fig- 5— The model of the cylindrical test specinire proportions

expansions, creep de- of the layers in the figure do not resemble théirahdimensions

formation, accumulated T-1000°C
, : ” o - coating
ratcheting”  straining, i O 0 y

and damage develop & oxide scale
ment from creep and —
fatigue are con_S|dered.i Fesistant coating
Total strains in the : =

; i
specimens are assumer O
to be composed of an't>r

elastoplastic part, ther- Fig. 6 — The model of the circular plate specinuenesting. The

mal part, chemical part, @ proportions of the layers in the figure do not rdslertneir actual
part due to creep dimensions

and a ratcheting part accumulated during cycling.
Redistribution of the temperature in transienest
over the specimen wall can be found considering F
rier's law for heat transfer. Boundary conditiotstee
inner and outer surfaces of the specimens in adbthe
temperature profile given in Fig. 7 should be aersid Ta

too. Here T, =1000°C at the outer surface of TBC, ar 0t R

Time
T, =800°C at the inner surface of the substrate.

Chemically induced strains that occur in TG
during oxidation are connected with oxygen coneent
tion 5 [35],i.e.

T=800°C

T

Temperature

Fig. 7 — Temperature profile
during a single loading cycle
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where J is the magnitude of oxygen concentration at tfereace state dy; is the

Kronecker's symbol, ané is the material parameter. Oxygen concentrationbeade-
scribed by the second Fick's law:

3
ot

wheret is the time, and is the diffusion coefficient of oxygen.
The creep strain rates are related to the strazdesmultiaxial loading as follows [36]:

deid .o [3A%,ch @
dt a-9m\ 2 o

=DO% 3)

3
where g = Agj +Coy oy, 9i = W’E SISk , Skl is the stress deviatc 0 is the

stress tensor, ary C, n, m are material parameters. A continuum damage péeaine
Kachanov-Rabotno ¢ has been introduced into the creep law given by&aqyith the
formulation of the following creep damage growthiatopn

do__2¢
dt @-g) )
where 2 = Aggj + Cq0 S, Ag,Co, k andl are material parameters. Equa-

tions (4) and (5) reflect the tension/compressgymenetry of creep and creep damage of
the materials under study.

Description of ratcheting and fatigue is consideced In this regard, the compo-
nents of the ratcheting strain tensor can be akésdollows:

. r®NY (3ak
b = (2 KL+ edy 6)
d-9¢) G

3
whereN is a number of cycle:Tg = ar; +Cr Oy, i = W/EKkIKkI , Ky is the

stress amplitude deviator during cyclin Ty is the tensor of the mean stresses during

cycling, dot above the symbol denotes the derieatiith respect to the number of cycles,
anda, ¢, p, g andf are material parameters. Fatigue damage para ¢ tan be de-

scribed by the following kinetic equation
d¢ _[(7e —1/(b—17¢)]*
dt 1-g)" (@)
where pe = d7; +eryJdy , d, & x, bandv arematerial parameters. Equations (6) and
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(7) reflect the tension/compression asymmetry twheding and fatigue damage of the
materials under study.

Taking into account that TBCs are vulnerable tesieroand spalling from high
speed particle impact damage on the leading eddglefpressure turbine blades, the
effect of the TBC geometry upon the contact radhesjndentation load, the average in-
dentation pressure and the bending stresses walim column should be examined. Fi-
nite element simulations will be considered foresfal indentation of an elastoplastic
columnar TBC. In this way, plastic damage mechasjisa well as, and elastodynamic
mechanisms are involved.

Analysis of stress distributions in multilayer tffilms on they-TiAl alloys and coat-
ing system degradation over time as well as liéglgtion studies in this research are
related to the consideration of the physically im&alr initial/three-dimensional boundary
value multiphysics problem. Therefore, various caruial software packages can be
used for structural analysis, computational modedind simulation, when the integrated
constitutive model proposed in the project will ibgplemented into its codes. The
ABAQUS codes [37, 38] as well as software CFD-Riuerd equation solver software
gProms are accepted in the present research.drhjsuter-based structural modeling tool
(ABAQUS, CFD-Fluent and gProms) was used for airadypperation-induced stress
distributions in a coating system and system degjradwith time, for durability analysis
and lifetime predictions, and for improving thefpemance and safety of multilayer thin
films on they-TiAl alloys. The results of this analysis wereaibéed by analogy with
TBCs on the Ni-based superalloys [39, 40], and tittpe discussed in the future paper.

Conclusion. If the modeling tool proposed in this paper wdhabnstrate the ability
to predict experimental results obtained on systestsd in Germany, then it can be used
to optimize protective coatings, to explore newfigamations, and, finally, to form a con-
ception and design platform for multilayer thimfg on they-TiAl alloys. This gives the
possibility to work in the Ukraine in the area abtective coatings without need of expen-
sive experiments.

This research was partially supported by the Aleesivon Humboldt Stiftung and
the German Federal Ministry of Education and RededBMBF) through the German
Aerospace Center (DLR).
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Hacrosmast cratss BKIIOYaeT B ce0s BCeOObEMITIOIIHIE HCCIICAOBAHNS, HAPABICHHEBIC HA TIOHIMAHHUE TO-
T0, KaK arpecCHBHBIE CPEbl, BRICOKUE TEMIIEPATyphl U BPEMs LIUKJIA HAIPY>KEHHs! BIUSIOT HA POCT MOBPEXkKIae-
MOCTH W COKpAIICHHE JIOJTOBEYHOCTH DPA3INIHBIX KOMIIOHEHTOB aBTOMOOWIBHBIX JBHTATeNeil BHYTPEHHErO
CrOpaHHsl U aBUALMOHHBIX JBUTaTeNel, M3rOTOBIEHHBIX M3 TaMMa aIOMMHHIOB TUTaHA C 3allUTHBIMH IOKPbI-
TSIMIL B pesyrbrare 9THX HCCIeI0BaHHI YCTAHOBIICHO, KaK POCT TTOBPEXKICHHOCTH P BBICOKIX TEMIIEPaTypax
B MHOT'OCJIOMHBIX TOHKHX TUIEHKAX Ha OCHOBE FaMMa alFOMUHU/IOB THTaHA B YCJIOBHAX TEIUIOBOIO UKIIMYECKOTO
HArpy>KEHIS! 1 MHOTOOCHOTO HAIPSDKEHHOTO COCTOSIHMSL MOYKHO KOHTPOJIIPOBATh C IIENBIO CHIDKCHHS Jerpasa-
LMY IO BIIMSHAEM OKPYXKaroleH CpeJibl, ONTHMH3ALMN 3aLUTHOTO MOKPBITUS M YBEJIMUCHHS CPOKA CITy’KOBI
9IIEMEHTOB KOHCTPYKIIHIA [T aBTOMOOIIIEHOM, SHEPIeTHIECKOH U a9POKOCMIYECKON IPOMBIILICHHOCTH.

Kinouesble ¢10Ba: TaMMa alIOMHHUJL THTAHA, TIONI3y4eCTh; YCTAJIOCTh; MOBPEKIAEMOCTb; MHOIOCIIONHAsI
TOHKas IUICHKA; HATPSDKCHHE

Jlana crarTs BKIIIOYAE B ceOe BCEOCSDKHI JIOCTIDKEHHS, CIPSIMOBaHI Ha PO3YMIHHS TOTO, SIK arpecHBHI ce-
PEIOBHIIA, BUCOKI TEMIIEPATypH i 4ac LMKy HaBaHTaKyBAHHs BIUTMBAIOTH HA 3POCTAHHS IOLIKODKYBAHOCTI 1
CKOpPOYCHHSI JIOBIOBIYHOCTI DI3HHMX KOMIIOHEGHTIB ABTOMOOUIGHHX MABUTYHIB BHYTPIIIHBOTO 3TOPSHHS Ta
aBlaliifHIX JABUTYHIB, BUTOTOBJICHHX 3 TaMMa aJTIOMIHI/IB THTaHY 3 3aXHCHUMH TOKPUTTSIMH. Y Pe3yJIbTaTi IHX
JIOCJTI/DKEHB BCTAHOBJICHO, SIK 3POCTAHHST MOLIKOLKEHOCT] IIPH BUCOKHX TEMITepaTypax B GaraToIIapoBIX TOHKHX
IUTIBKAX Ha OCHOBI raMMa JIFOMIHIZIB THTAaHy B YMOBaX TEIUIOBOIO [UKJIIYHOTO HABAHTAKEHHI 1 6araToBiCHOrO
HAIpy>KEHOTO CTaHy MOKHA KOHTPOJIFOBATH 3 METOFO 3HIDKCHHSI IerPajiaLiii Ii/] BIVIMBOM HABKOJIUIIIHBOTO CEpe-
JIOBUIIA, ONTHMI3allil 3aXHCHOrO MOKPHUTTS 1 30UIBLICHHS TEPMiHY CITy)KOM EJIEMEHTIB KOHCTPYKIHH st
ABTOMOOLIBEHOT, eHEPTETHIHOI Ta a6POKOCMIYHOI IIPOMHUCIIOBOCTL.

KimrouoBi c;10Ba: raMma anroMiHiJ| TUTaHy, OB3YYiCTh, BTOMA, MOIIKO/DKYBaHICTh, OaraTomapoBa TOHKa
TUTiBKa, HaIpyra
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