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A BSTRACT

The industrial research project MODELCOAT has carried out a detailed investigation of
some TBCS systems of industrial rehwnce  to improve their reliahiIity  and lifetimes. The
selected route to achieve the goal has been through the definition and application of a combined
experimental and theoretical programme. The programme has compared experimental results
and theoretical modelling  at all stoges  of the work. The project hus been focused to the
modelling  of thelmal barrier coating microstructure, mechmical  and therma~ properties, and
behaviour under service conditicms.

A. INTRODUCTION

Thermal plasma spraying of ceramic materials offers interesting possibilities for the
development of new engine components and for new processing routes to surfkce engineering
in regard to the insulation of critical metal components. Thermal plasmas with temperatures
typically on the order of 10,000 ‘K provide extremely high heating and quenching rates for

*
particulate matter injected into such plasmas. Under these extreme conditions, unusual coatings

may be produced with interesting properties.

Recent work has focused on the improvement, for selected powder composition, such as
Zr02-Y203  on MCrAIY bond coat systems, of properties like thermal shock resistance,
mechanical properties and lifetime. Most of the research work reluting  the thermomechanical
properties of TBCS to the spraying parameters has taken an empirical approach. This has been
due both to the lack of enough detailed experimental information about the microstructure of
coatings and moreover the lack of adequate theoretical models.

Although thermal plasma processing attracted increasing attention over the past years,
progress, especially in telms of industrial developments, is still hampered by serious gaps in
the understanding of the correlation between spraying parameters and the corresponding
microstructure and material characteristics so obtained. A synergetic interplay between
experiment, theory and simulation have been indicated to be one of the key f~ctors for faster
progress in this field.

The present document describes on the main results obtained in the 36 months of activity of
. . the BRITE/EURAM project MODELCOAT, Proposal No. BE-4272-W, Contract No. BREU-

● 0535,  title: “Finite element modelling of ceramics TBCS to extend the operative range of heat
engine ccimponents”.

A. 1. OBJECTIVES OF THE PROJECT

The MODELCOAT project has focused on the rnodelling of’ thermal barrier coating
microstructure, mechanical and thermal properties, and behaviour  under service conditions.

The overall progmmme consisted of five mojor tasks plus a management task.
(i) production, chamcterization  and testing of state-of-the-art coatings (Task 1);
(ii) model development (Task 2);
(iii) assessment of model  predictions (Task 3);
(iv) improvement of TBCS perfmmance based cm the global model for

(a) reciprocfiting engine, and
(b) gas turbine components (Task 4);

(v) assessment of project results (T~sk 5).

The first phase of the project has considered state-of-the-art coating production,
characterization and testing, the set-up of specific tools for the numerical modelling and the
evaluation of coating performance and model predictions. The second phase has seen the
transfer of the complete set of acquired experimental data to the developed numericaI  model  and
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their mutual integration for the definitions of improved process pwmmters.  The improved
process parameters have then been applied in a spraying of a novel generation of ceramic
coating  tind their quality has been velitied.

The central aspect of the project has been the combined experimental, theoretical and
numerical effort on a number of’ TBC on industrial components produced for well defined
industrial coating production system under controlled conditions.

A.2. M EANS IJSED TO ACHIEVED ‘m otmcmm

In order to achieve the planned objectives the project has been divided into five
interdependent tasks find reluted  subt~sks.  The different subtasks of the project and their main
interrelations are schematically shown in Figure A. 1.

Within each of the defined tasks specific techniques and methods have been developed and
used to achieve the desired results. These techniques and methods are collected and presented
in detail in the Final Technical Report.

1.1 2.1
Production of state-of-the-art cmtings Microstructure model

t t
1.2 2.2.

Ch?racterimtion of Development of FE techniques
7 ‘ samples

+
1.3 2.3

Testing of coated
Y ‘

FEM simulation of sampIes
c o m p o n e n t s

i

3

Mid Term Assessment

$

4.1
FEM simulation of components

I

J

1

4.2
Optimization of spray parameters

4.3
Production of coatings

~
Testing of cootecl  components

I Awessment  of Project Results I

Figure A. 1: Program Flow Chart
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B .  SU M M A R Y  OF MA I N  RESUL’rS

Industrial applications of the present findings are summarized

(1)

(2)
(3)

(4)

n the following points:

Identification and applica~ion  of a combined (experimental and modelling) strategy to
extend opertitive range
Failure mechanism identifk~tion
Identification of key spmying  parameters, proposal for improvements and assessment
of improvements
Development and applications of new manufacturing technologies (ATCS) and geneml
control of quality of manufxturing  processes

B .  1 Identification  ANt3 Application  OF  A  COMBINE~  STRATEGY TO ExTEND
OPERATIVE RANGE

A tzeneml  framework for the development and application of numerical models based  on

@ expenwmental  charucterisation  have been defined. In ‘&ief it consists of the following blocks:
(1)

(2)

(3)

I

production of coatinm under controlled conditions. The development of the ~odels have
indicated the needed monitoring of specific process variables as important to the final
properties of the cotiting; the m~in selected process parameters are the substrate tempemture
and substrate tempemture gradients.
the measured vwiah,les  are then used in numericu]  models to assess the initial mechanical
state of the coatinm to predict the degree of damage present as well as the distribution of
the residual stresses. Validation of these predictions are obtained by experimental
characteridon  techniques specifically developed within the project.
the different coatings (corresponding to different initial states of the coating i.e.
microstructure and distribution of stresses) are then tested in thermal cycles designed
within the project.  Aguin the experimental tests have been extended to monitor variables
following th~ needs and the indications coming from the numerical models of the
simulation of the tests. The selection of the “best” coating are at present assessed by direct
measurement of the life time duling  the them-ml cycle. Models to indicate the state of stress
and indication of localization of stresses as a function of loading conditions and initial
mechanical stste htis also been developed and contribute in the identification fo the “best”
initail  state for the coating wit preference to the specific operative condition that the cycle
wants to reproduce.

B.2  FAILIJRE MEcHAN1sh4 mwrmxmm

~ermid  cycle tests were cmied  out on semi-components to investigate f~ilure mechanisms
and in particular crack .propogation  processes for both applictitions  considered in the project:
pistons and turbine blades. In pm-dlel  numericaI procedures have been developed for the
thermal cycling of co~ted structural components based on the finite element modelling of
coating, bond layer and substm[e-  or core matelial.  Thti numerical models htive proved capable
to indicate the critical locations and to ussist in the explanation of the failure mechanism,
therefor indicating possible route to improvements.

Piston$s
The work of DB was devoted to the charactelistition  of macro-cmcks due to thennaI stresses in
the standard zirconia  TBC’S for diesel engine applications (pistons). These macro-cracks are
initiated at thermal shock and they we regurded to be the important ikilure mechanism for the
TBC.

Special attention was therefore paid to the time (number of cycles) until this macro-crack was
initiated and to the propagation of the crack until spallation of the ccmting, leading to a failure
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curve. In order to foHow the crock pith until the final spallfltion o Spectrotherm instrument
based cm Iaser induced Ihermtil waves in the touted co[nponent  wtis used.

The resuIts show with good accuracy  LIM[ for [he tioated  components investigated in this project
and for which the numerical model Ims been developed the ~~ilure  is caused by a macro-crack
initiated in the edge of the interfwx  bond cotit imd top cotit.  This crtick propagtites  stress-
dependent in the top coating about 10-30 mm horizontal. The spaHation  of the coating and
thus the, t%ilure  of the component is completed when the crack joins  the surface of the top
coating. The crack initiation was correlated with the component fmlure. For a total of five tests
it was found that the macro-crack causing  !iJilure  is initiated h~ ti average $2&& ti’h
final Iife- time has been reached. ~ numerical calculation moy thus be interrupted N macro-
crack initiation

( Bl(uks
The work of MTU was devoted to [he chw-uctelisition  of macro-cracks due to thermal stresses
in the standard zirconid TBC’S for aeronautics wlgine applications (turbiIw bIades).

The result of the thermal cycling of the cozted blade  conforms with the ftiilure  patterns
observed in the coating after a few cycles (typically 1 to 5). The photographs of magnified
images investigated by MTU indicute  cracking across the cotiting on both the pressure and the
suction side at the stress maximum behind ,the last cooIing  hole and at the transition of
curvature at the trailing edge. Cracking ticross the cotiting is observed also in the middle
between the maximum where the tlat stress profile mtiintains the high intensity. Although at
this early stage we m~y r~ther spetik of fissures across the coaling, in the main, two open
segmentation cracks appew-  each on either side of the tail. On the pressure side, the
segmentiition  crack is definitely loc~ted  at the curvature transition, whilst on the suction side,
segmentation may altem?tively  occur  tit the middle  location with a fissure then visibIe  at the
rear stress maximum. Ultimately, segments of the coating are detached from the profile around
the trailing edge.

A40clelling
Computer simulations of thermal cycling tests on pistons and on turbine blades  (carried out by
ICA and UNI-TN)  provide detaiIed  information on the nature of strain and stress, their
distribution and intensity w a function of time. Thereby cliticol  locations hove be identified in
the coating and were confirmed by [he experimentalists to be prone to fi~ilurc.  In tiddition,
numerical analysis indicated the reversals from heating to cooling in the cycle as a critical
instant inducing a cooling shock in the blade coaling.  Variations of the manufticturing
conditions underline the positive effect of ml increasing deposition temperature and/or a
diminishing temperature grudient,  both reducing the Slress level  during thermal cycling. The
temperature dependence of the properties of the core material may be significant and is of
primary importmce  for the blades exposed to higher temperatures than the pistons.

The predictions based on the numerictil  rnodelling  reasonably interpret the observations in the
testing laboratories for both pistons md blades. The knowledge evolving on the resuIts of the
numerical modelling  and computer simulation work has been utilized for proposing
modifications in the manu~dcturing  und the operation of the coatings in order to delay failure
thus increasing lifetime.

B3 ID E N T I F I C A T I O N  OF KEY SPRAYING PARAMETERS, P R O P O S A L  F O R

IMPROVEMENTS AND ASSESSMENT OF IMPROVEMENTS

Following the results of the nurnericid  modelling  of the manutlcturing  process for the
coating on the blades and on the pistons, and of the therm.d  cycling ttxts (see subsection 4 in
Section D), the following route for improvements Iuwe been identified:
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Pistons
Since the citical  stress fields experienced by the ceramic coating during  thelrnal  cycling are
generally tensile in the rwiiol direction ond tensile in the axial direction close to the lateral edge
at the ceramic-substrate interface it seeims reasonable to try to search for spraying parameters
that produce coatings that have compressive rudiul  residufil  stresses zfter production.
These conditions should:

provide a method to counter-btikmce  the tensile stresses duling the~md cycling;
provide also compressive axial residual stresses close  to the lateral  edge at the ceramic-
substrate interface, that could be useful to deltiy the crmtion  of a localised mticrocrack at this
critical location;
provide a peak of tensile residwd stresses in the substrate close to the substrate-ceramic
interface that could be used to lock the ceramic in pi~ce during operation loading.

The extensive investigations of different temperature profiles in order to identify good initial
conditions to produce residual stress fields thtit fulf’il the ubove request have provided the

following indications:
● from the model the spraying conditions tlmt produce such compressive (on the average)

.0‘1 radial residual stresses in the ceramic (i.e. avertige  tensile stresses in the substr~te)  are high
substrate tempertiture  and/or low substriite  temperature gradients

● the same conditions (high substrate temperature and/or low substmte  temperature gradients)
assure also compressive axial  residual stresses close to the lateral edge at the ceramic-
substrate interfdce.

Turbine Blades
● During the course of thermal cycling - under testing or service conditions - the ceramic

coating is as a ruIe exposed to higher tempemtures than the core. Since the thermal expan-
sion coefficient of the core material, however, is an increasing function of tempemture ap-
proachingultimately  almost twice the valLw of the constant one of the ce~amic  coating, the
elevated opemtion  temperatures induce tensile circumferential stresses iil the ceramic layer.
The magnitude of the cycIing  stress can be reduced by increasing the stress-free temperature
of the coating at deposition. This diminishes the stress-inducing part of the thermal
expansion of the coated blade- The effect corresponds to a fictitious production of
compressive circumferential stresses in the coating after cooling-down from the deposition
temperature. These stresses would appear if the thermal exptinsion  coefficient of the core
material would possess throughout the temperature range the value  it assumes at high
temperatures in the cycle.

The stress in the coating is highest around  the nose of the profile and at the tail excepting
the curved part of the trailing edge. BodI regions are characterized by the absence of cooling
holes in the core material. A modified cooling system might reduce temperature and thermal
strain in the blade muterial  there, thus luding  to a more homogeneous distribution of the
cycling stress in the coating.

The numerical simulation of the cycling tests by finite  elements and the analysis of the
results in conjunction with ‘micromecixmics  modelling,  indictite  dl~t spontaneous Pailure  of
the coating by .wgmeiltation  cracks might not occur if straining does not exceed the stage at
the end of the heating phase. This requires a smooth transition to cooling. If the cooling
shock is unavoidable during operation, dwrmal straining of the coating might be diminished
by altering the conditions of deposition. In this connection, a higher deposition temperature
seems to be beneficial only as long m it does not imply an increase in the elastic modulus of
the sprayed matelial. L~boratory measurements by DB indicate, however, that the modulus
of elasticity is in fact an increasing fu nclion  of the deposition temperature. Therefore, a
preferable alternative is to diminish the temperature gradients in the cross- section by
appropriately adjusting lhe cooling conditions during spraying, whilst maintaining the
deposition tempemture  of the coating unchunged.
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A first application of the above guidelines have been carried out at DB and MTU in tht
spraying of new coated  components with improved spraying pwme[ers,  in particular high
deposition temperatures and controlled temperature grtidient  during deposition. The most
interesting results have been obttiined  at DB where dr~stic incresed of’ life-times of coated
pistons have been obttiined.  Table  I compares the best two series of results obtained at the
beginning of the project ml at the end of the project

State-of-the-art End of pro~
I 1

Series N o .  Of C@’S SeIies
before F~ilure

1
I

’297 I 3
2 767 4 “

!Ct

No. of cycles
before il~ilure

1350

2400”

,
*

I B . 4  D E V E L O P M E N T  AND A P P L I C A T I O N S  OF NEW MANI IFACTURING T E C H N O L O G I E S

(ATC!N AND GENERAL C(”)NTROI. OF OIIALITY OF MANI JFACT[lRIN(i  PROCESSES

In the course of the project:

(1) new spraying manutlactuling  technology like ATCS, have been applied;

(2) innovative methods of chumcteriz~tion  of thermal barriers coatings have been developed
and applied; these methods can huve a direct  industrial applications as new methods of
process control. In particultir  :

improved Rietveki  methods 10 enhance the quantitative analysis of phases;
- X-ray microdiffr~tion  methods for analysis of residual strain fields;
- transverse scratch test techniques for the assessment of mode of tooting failure

transient thermography techniques relevant for measurements (of coating thermal
properties), defect detection and hence qua~ity  control;

(3) numerical procedures hove been developed for both the manufacturing and thermal
*cycling of coated structural components based cm the finite element rnodelling  of coating, ‘

bond layer and substrate- or core material. The numerical models have proved capable to
indicate the critical Ioctitions  and to assist in the exphination  of the failure mechanism,
therefor indicating possible route to improvements.

C. CO N C L U S I O N S

During the course of the MODELCOAT project the knowledge of the con-elation between
spraying parameters and the quality w-d dur~tion of the coated componets  has been improved in
three main areas:

identification of important spraying ptimrneters
identification of failure mechanisms
identification (via numerical i.malysis)  and assessment (via testing) of possible route for
improvements of coaling life-times

The detail comprehension of the influences of the relevant process parameters (such as
substrate tempemture,deposition  temperature gradients, oxidation Ievel, etc.) does indicate
ways to advance coatings qutility and properties. The imptict  of such indications have been
tested for diesel engine applications. The aim of the project  has thus in the main being reached.
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The followin~  comments cm he mode  at the conclusion of this project:

● The combination of production, expelirnental ~nd numericol  effort has proved to be an
effective approach for the optimization of sprtiying  parameters for specific industrial
applications. In particular [he use of models relfiting the residual stress levels to
experimental life-time evaluation has been identified as an efficient route to achieve the
desired optimization gods.

● The development and the application of innovative experirnentul  techniques (such as micro
X-ray diffraction for residual  strain measurements, alternative measurements of coating
adhesion by a fracture mechanics tipprmwh, heat pulse techniques to qwmtify  thermal
diffusivit y as well as the identificti[ion  of f~iled areos) have permitted to improve the
monitoring of the mwluFJcturing  process 0s well as the monitoring of the overall quality of
the produced coatings.

The concelled  development of these innovative tools and their applications Imve represented

0
\, the central aspect of the present project.
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