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Foreword

This publication, Thermomechanical Fatigue Behavior of Materials: Second Volume, con-
tains papers presented at the Second Symposium on Thermomechanical Fatigue Behavior of
Materials held 14-15 November 1994 in Phoenix, AZ. The symposium was sponsored by
ASTM Committee E-8 on Fatigue and Fracture. Michael J. Verrilli, of the NASA Lewis
Research Center in Cleveland, and Michael G. Castelli, with NYMA, Inc., NASA LeRC
Group in Brook Park, OH, presided as symposium chairmen and are editors of the resulting
publication.



Overview

Background

Virtually all high-temperature components experience service cycles that include simul-
taneous temperature and load cycling, or thermomechanical fatigue (TMF). Materials testing
and characterization are required to capture the often unique synergistic effects of combined
thermal and mechanical loading. This information can make possible the proper formulation
of models used for component lifetime prediction and design, and can guide materials
development.

The paper included in this volume were written in conjunction with a symposium orga-
nized to disseminate current research in the area of TMF behavior of materials. ASTM,
through the members of Committee E-8 on Fatigue and Fracture, has traditionally had a
keen interest in thermal and thermomechanical fatigue, as evidenced by the numerous STPs
which discuss the issue. In 1968, the first ASTM paper on TMF appeared in STP 459,
Fatigue at High Temperature. Carden and Slade discussed the behavior of Hastelloy X under
strain-controlled isothermal and TMF conditions. The Handbook of Fatigue Testing (STP
566, published in 1974) described a technique for thermal fatigue testing of coupon speci-
mens as well as the structural TMF test system for the airframe of the Concorde. STP 612,
Thermal Fatigue of Materials and Components (1975) is the proceedings of the first com-
prehensive ASTM symposium on thermal and thermomechanical fatigue. Paper topics in-
cluded TMF test techniques, life prediction methods, and TMF behavior of advanced ma-
terials such as ceramics and directionally-solidifed superalloys. A symposium entitled “Low
Cycle Fatigue” (STP 942) held in 1988 contained five papers on thermal and thermome-
chanical fatigue. TMF test technqiues, deformation behavior and modeling, and observation
of microstructural damage were presented. The first ASTM STP devoted to TMF of materials
(and the predecessor to this volume) was the proceedings of the 1991 symposium on TMF
Behavior of Materials (STP 1186). Several papers discussed the role of environmental attack
on performance and life modeling of high-temperature alloys subjected to TMF loadings. In
addition, this STP contains two papers which discuss TMF of metal matrix composites, an
indication of the emerging interest in this class of materials for high-temperature applications.

ASTM s also actively pursuing development of a standard practice for TMF testing.
Numerous standard practices for isothermal low-cycle fatigue testing exist (including ASTM
E606 for strain-controlled testing and E466 for load-controlled testing), but none exist for
TMF. However, the first standard for strain-controlled TMF testing of metallic materials is
under development by an 1ISO working group in conjunction with ASTM Committee E-8 on
Fatigue and Fracture. We expect that the resulting international standard will be the foun-
dation of an ASTM standard.

Summary of the Papers
High-Temperature Structural Alloys

Most papers in this section discuss high-temperature alloys used for gas turbine engines,
such as Ni-base superalloys and titanium alloys. Steels which are subjected to TMF condi-
tions in power generation applications are discussed as well. The topics of the papers in this
section on TMF behavior of high-temperature alloys include crack initiation and growth,

vii
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novel experimental techniques, deformation modeling, and the role of coatings on life and
microcracking.

Chataigner and Remy studied the TMF behavior of a chromium-aluminum coated [001]
single crystal using a diamond-shaped strain-temperature cycle. They found no difference
between the lives of coated and bare specimens. A life prediction model based on microcrack
propagation due to fatigue and oxidation damage is evaluated.

Kraft and Mughrabi examined the crack evolution and microstructural changes of a single-
crystal superalloy subjected to in-phase, out-of-phase, and diamond TMF cycle types. The
morphology of the ' structure after TMF cycling was found to be dependent on cycle type.
The maximum tensile stress response of the [001] oriented specimens governed life for all
the cycle types.

Meyer-Olbersleben et al. performed thermal fatigue (TF) experiments on blade-shaped,
wedge specimens made of single-crystal superalloys. They proposed an ‘“‘integrated” ap-
proach where the temperature-strain history measured during TF experiments is used as the
basic cycle for a TMF investigation. This method is suggested as an alternative to finite
element calculations to deduce the stress history of wedge specimens.

Bressers, Martinez-Esnaola, Timm, and co-workers contributed three papers examining the
role of a coating on the TMF behavior of single-crystal Ni-base superalloys. In the first
contribution, Bressers et al. studied the effect of TMF cycle type on the lives of a coated
and uncoated single-crystal superalloy. This study reports the various modes of crack initi-
ation, crack growth, and the stress and inelastic strain response due to in-phase cycle and
—135° lag cycle. For uncoated specimens, the cycle type significantly affected the mode of
crack initiation. Also, life debits due to the presence of the coating varied as a function of
strain range and cycle type. In the second paper by this group, Martinez-Esnaola et al.
investigated cracking of the coating on the Ni-base single crystals subjected to the —135°
lag TMF cycle. The mode of coating crack initiation depended on the applied mechanical
strain range, while crack initiation of bare specimens occurred via a single mode. A fracture
mechanics model was applied to examine the effects of parameters such as coating thickness
and temperature on the coating toughness, strain to cracking, and crack density. In the third
contribution, Bressers et al. used a crack shielding model in an effort to explain the exper-
imentally-observed debit in TMF life due to the presence of the coating on the single-crystal
specimens. Higher crack-growth rates of the main crack were observed in coated specimens
relative to the uncoated material. The crack shielding model was used in a parametric study
to stimulate the growth of interacting, parallel cracks. The results of the analysis indicated
that crack shielding effects due to the presence of the coating did not play a primary role in
the life difference, and that other factors should be investigated as the potential cause, such
as presence of residual stresses or thermal expansion mismatch of the coating and substrate.

Two papers discussed TMF of stainless steels. Zamrick and his co-workers compared the
TMF and high-temperature LCF behavior of type 316 stainless steel. Yamauchi et al. con-
ducted structural thermal fatigue tests on tubes of 304 stainless steel to simulate the service
conditions. A FEM stress analysis revealed the stress state and temperature-strain phasing
for the inner and outer surfaces of the pipe which experienced through-thickness gradients
during the tests. The analysis, combined with uniaxial specimen tests, explained the exper-
imentally-observed difference of crack initiation life between the inner and outer surfaces.

Arnold et al. present their recent developments in viscoplastic deformation modeling. The
model utilizes an evolutionary law that has nonlinear kinematic hardening and both thermal
and strain-induced recovery mechanisms. One tensorial internal state variable is employed.
A unique aspect of the present model is the inclusion of nonlinear hardening in the evoluation
law for the back stress. Verification of the proposed model is shown using non-standard
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isothermal and thermomechanical deformation tests on a titanium alloy commonly used as
the matrix in SiC fiber-reinforced composites.

A novel test method to assess the role of temperature in determining the operative fracture
mode and crack growth rates in superalloy single crystals is presented in the paper by
Cunningham and DeLuca. The technique involves varying temperature with crack length
according to a user-supplied function and was shown to work with several specimen ge-
ometries. Applications of the test method for screening of temperature-dependent crack
growth behavior and model verification are discussed.

Gao et al. describe a unique thermal fatigue test rig fitted with a chamber that enables
testing under various environments, including flowing hydrogen. The performance of the rig
and the associated test procedures were evaluated through experimental testing of a y TiAl
alloy.

Dai et al. discuss thermal mechanical fatigue crack growth (TMFCG) results obtained for
two titanium alloys. Tests were conducted using several strain-temperature phasings, and the
ability of several fracture mechanics parameters to correlate the data was evaluated. Also, a
model to predict TMFCG rates is presented and its application to estimate lives of engine
components is discussed.

Titanium Matrix Composites

Over the past several years, silicon-carbon-fiber-reinforced titanium matrix composites
(TMCs) have received considerable attention in the aeronautics and aerospace research com-
munities for potential use in advanced high-temperature airframe and propulsion system
applications. The obvious attractions of TMCs are the high stiffness and strength-to-weight
ratios achievable at elevated temperatures, relative to current generation structural alloys. The
papers included in the TMC section of this publication discuss many of the complex phe-
nomenological behaviors and analytical modeling issues which arise under TMF loading
conditions.

Coker et al. present a deformation analysis of a [0/90] TMC. A micromechanics approach
is taken which treats the crossply as a three-constituent material consisting of a linear-elastic
(0] fiber, a viscoplastic matrix in the [0] ply, and a viscoplastic [90] ply with damage to
simulate fiber/matrix (f/m) interface separation, The authors clearly show the importance of
treating the TMC as a thermoviscoplastic medium and the need to account for f/m separation
when assessing [0/90] crossply macroscopic response. The contribution by Roberston and
Mall features a modified Method of Cells micromechanics approach coupled with a unique
f/m interface failure scheme based upon a probabalistic failure criterion. The proposed meth-
odology incorporates the effects of both normal and shear f/m interface failures. Verification
of the analysis is conducted under TMF loadings where the model appears to capture the
progression of the interfacial damage with cycles.

Johnson et al. present a detailed experimental evaluation of the fatigue behavior of a
[0/90] TMC subjected to a generic hypersonic flight profile. Material response under isolated
segments of the flight profile are also examined to help identify critical combinations of load
and time at temperature. Results indicate that sustained load at temperature had a more
deleterious effect on fatigue life than that of a combined nonisothermal temperature profile
and mechanical loading. Significant strain accumulations and eventual failure of the com-
posite under sustained load conditions were found to result primarily from [90] f/m interface
separation and sustained load crack growth, rather than more traditional creep mechanisms
such as viscoplastic deformation of the matrix. Aksoy et al. also examine the fatigue per-
formance of a TMC subjected to a mission cycle, but here the cycle was designed to simulate
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the stress-temperature-time profile in a TMC ring reinforced impeller of a turboshaft engine.
Results indicate that although the 14-minute mission cycle life was found to be significantly
less than that revealed under isothermal conditions at a much faster loading rate (as ex-
pected), the failure mechanisms appeared to be very similar.

The paper contributed by Neu extends the concept of mechanistic maps to TMCs and
presents unique TMF damage mechanisms maps for unidirectional laminates loaded in the
fiber direction. Extensive experimental data and observations are weighted to guide the use
of adopted and derived life prediction models and specify mechanistic regions of the maps.
Combined life and damage mechanism maps are then constructed over a wide range of stress
and temperature using the characterized prediction models. Ball presents experimental results
on both (0] and [0/90] TMCs, along with a continuum damage-mechanics-based lifing ap-
proach. Damage is incorporated into the material constitutive equations at the ply level prior
to the use of classical lamination theory to obtain the laminate response. Three types of
damage are considered, including fiber breakage, f/m debonding, and matrix microcracking.

Nicholas and Johnson present a systematic study of the potential interactions between
cyclic fatigue and creep (superimposed hold times) in [0] and [0/90] TMCs. Cyclic condi-
tions involving low-frequency cycling and/or hold times at relatively high temperatures were
found to result in failures dominated by time-dependent mechanisms with little or no con-
tribution from fatigue-induced failure mechanisms. This observation was elucidated through
a linear damage summation model which treats cycle- and time-dependent mechanisms sep-
arately. Blatt et al. also employ a linear summation model, but here in the context of un-
derstanding and predicting fatigue crack growth (FCG) rates. A unique study is presented
examining the FCG behavior of a unidirectional TMC under TMF conditions. Results in-
dicate that the amount of cycle time spent at or near T, conditions was a key factor
influencing the FCG rate. The proposed model appeared to be successful at predicting the
FCG rate of a proof test involving a continually changing temperature and load range to
produce a constant FCG rate.

Concluding Remarks

We feel that the work presented here is an outstanding reflection of the latest research in
this demanding field and a noteworthy contribution to the literature. The contributions from
both U.S. and international authors give a global perspective of the concerns and approaches.
Finally, we would like to express our gratitude to the authors, reviewers, and ASTM staff
for their hard work and resulting contributions to this STP.

Michael J. Verrilli

Symposium co-chairman and co-editor;
NASA Lewis Research Center, Cleveland,
Ohio.

Michael G. Castelli

Symposium co-chairman and co-editor;
NYMA, Inc., NASA LeRC Group, Brook
Park, Ohio.
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Eric Chataigner and Luc Remy *

THERMOMECHANICAL FATIGUE BEHAVIOUR OF COATED AND BARE
NICKEL-BASED SUPERALLOY SINGLE CRYSTALS

REFERENCE: Chataigner, E. and Remy, L., “Thermomechanical Fatigue Behaviour
of Coated and Bare Nickel-Based Superalloy Single Crystals,” Thermomechanical
Fatigue Behavior of Materials: Second Volume, ASTM STP 1263, Michael J. Verrilli and
Michael G. Castelli, Eds., American Society for Testing and Materials, 1996.

ABSTRACT: The thermal-mechanical fatigue behaviour of chromium-aluminium
coated [001] single crystals of AM1, a nickel-base superalloy for turbine blades, is
studied using a "diamond” shape cycle from 600° to 1100°C. Comparison with bare
specimens does not show any significant difference in thermal-mechanical fatigue nor in
isothermal low cycle fatigue at high temperature. Metallographic observations on fracture
surfaces and longitudinal sections of specimens tested to fatigue life or to a definite
fraction of expected life have shown that the major crack tends to initiate from casting
micropores in the sub-surface area very early in bare and coated specimens, under low
cycle fatigue or thermal-mechanical fatigue. But the interaction between oxidation and
fatigue cracking seems to play a major role. A simple model proposed by Reuchet and
Rémy has been identified for this single crystal superalloy. Its application to the life
prediction under low cycle fatigue and thermal-mechanical fatigue for bare and coated
single crystals with different orientations is shown.

KEYWORDS: thermomechanical fatigue, nickel-based superalloy, single crystals,
coatings, lifetime prediction.

INTRODUCTION

Cooled turbine blades in jet engines must have a good resistance to thermal-mechanical
cyclic loadings due to the superposition of centrifugal loads and thermal stresses

* Centre des Matériaux P.M. FOURT E.N.S.M.P. URA 866 - B.P. 87 91003
EVRY Cedex (FRANCE)
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during take-off and landing operations. These components have been designed for a long
time using simply isothermal low cycle fatigue (LCF) and creep tests. However the
synergy between fatigue damage and time dependent phenomena, such as creep or
oxidation, can be much stronger under thermal transient conditions than under isothermal
creep fatigue loading. Thermal-mechanical fatigue (TMF) therefore is especially
apropriate to simulate the behaviour of critical areas of components.

The advantages and limitations of the TMF test have been discussed in various
places [1-3]. There is no temperature gradient across the specimen section and the stress
is induced by a mechanical strain which is applied to the specimen to simulate the
constrained thermal expansion of a component part. The major limitation is that to avoid
temperature gradient in the section, cycle periods can be rather longer than thermal
transients in actual components.

In TMF testing, the phasing of strain and temperature can be arbitrarily varied.
Most authors have used two basic mechanical strain versus temperature cycles : the "in-
phase" cycle where the mechanical strain is maximum at maximum temperature and the
“out-of-phase” cycle where the mechanical strain is maximum at the minimum
temperature [4-6]. The phasing of strain and temperature can vary to a great extent
according to component geometry, engine type and so on. In our group, realistic
simulation type cycles are preferred which often have a large hysteresis and simulate
more closely conditions experienced in service [1, 7].

Turbine blades are generally made from cast superalloys. Though both creep and
oxidation can interact with fatigue in the so-called creep-fatigue tests or TMF tests,
superalloys are very susceptible to oxidation effects. This has been emphasized by Coffin
[8] and by later authors [9-11]. Various damage models have been proposed to account
for the interaction between oxidation and fatigue in these alloys [9, 12, 13, 14].

Directionally solidified single crystals are now introduced in advanced engines to
increase performance. Nickel-based superalloy single crystals have better creep
resistance, much higher thermal fatigue resistance and higher incipient melting
temperatures than conventionally cast alloys [15-17). They are cast with the [001]
direction of the face-centered cubic (fcc) lattice of the matrix along the main direction of
the blade.

Turbine blades in jet engines are exposed to oxidation and corrosion from hot
combustion gas. The intrinsic resistance of cast superalloys to oxidation and corrosion is
not high enough and coatings are generally applied on components to protect them from
the corrosive environment. Aluminide coatings in particular are widely used owing to
their good resistance to oxidation.

We have recently completed a detailed study of the behaviour of bare AM1 single
crystals, which is a new superalloy used by SNECMA for advanced blades, under LCF
and under TMF conditions [18, 19]. Coating alloys to protect turbine engine hot section
airtoils have been developed by SNECMA with a low activity chromizing-aluminising
vapor process referred to as C1A in the following. The purpose of the present work was
twofold : firstly to investigate the TMF behaviour of chromium-aluminium coated AM1
nickel base superalloy single crystals with a [001] orientation, using the same TMF cycle
as for the bare alloy from 600°C to 1100°C (873K to 1373K); secondly to evaluate life
predictions from a simple engineering model for different loading cycles (LCF, TMF ),
for different orientations of the loading axis, either in the bare or coated condition.
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This paper reports the results obtained on AMI single crystals with a [001]
orientation which have been coated by the C1A chromising-aluminising process under
TMF and conventional LCF tests at 950°C (1223K) and 1100°C (1373K). Their.
behaviour is compared with that of bare specimens and metallographic observations of
coated samples are then described. An oxidation-fatigue damage model which has been
previously proposed to predict the lifetime under LCF at high temperatures and TMF
cycling for conventionally cast superalloys is recalled and its application of to superalloy
single crystals is described. Predictions of this model are finally compared with various
results on bare and coated AM1 single crystals with different orientations.

EXPERIMENTAL PROCEDURE
The composition of the alloy used in this study is given in Table L.

TABLE 1--Chemical composition of the various batches of AM1 used (weight %).

Ni Ta Cr Co W Al Mo Ti

Batch JA 81731 63.8 7.9 7.7 6.5 5.7 5.2 1.9 1.1
Batch JA 81512 63.2 8.2 7.9 6.6 5.6 5.2 2.1 1.2
Batch RA 14684  63.2 8.3 7.6 6.4 54 5.5 2.1 1.3

Three alloy batches were used JA81731, JA81512 and RA14684. The last batch
was used mosly for the study of the C1A coated samples. Specimens were in the form of
cast cylinders 20 mm in diameter and 120 mm in length. These cylindrical bars were cast
with their main axis along the {001] dendritic solidification direction, in this study. The
first two batches were studied in the bare condition and were given a solution heat
treatment at 1300°C for 3 hours, a precipitation heat treatment at 1100°C for 10 hours
and a final ageing heat treatment at 870°C for 16 hours. The microstructure is composed
by a distribution of ¥ precipitates in a (fcc) matrix. Their size and volume fraction were
approximately 0.45um and 68 pct, respectively. The third batch was studied in the bare
and coated conditions and was given an industrial heat treatment. This comprises the
chromising and aluminising treatment which amounts to 15 h at 1050 °C and was
optimised to give the same distribution of ¥ precipitates as in the first two batches.

Hollow cylindrical specimens with Imm wall thickness, 11mm external diameter
and 25mm gauge length were used for TMF tests. This shape, shown on Fig 1, allowed to
obtain a uniform temperature distribution in the radial direction. LCF specimens were
solid and cylindrical, 12 mm in gauge length and 6 mm in diameter. After machining and
before mechanical testing, bare specimens were polished down to 3pm grade diamond
paste. The inner surface of TMF specimens was polished with a special tool in order to
avoid crack initiation at machining scratches.

The crystallographic orientation of specimens was checked using the Laiie back
reflection X-ray diffraction technique. Most specimens were within 5 degrees of their
nominal orientation.

All the LCF tests were conducted under symmetrical (Rg=-1) total axial strain
control on a screw-driven machine. The wave shape was triangular with a frequency of
0.05 Hz and tests were made at 950 and 1100°C.

The objective of the TMF test is to simulate the behaviour of critical parts of
components. In this thermal-mechanical fatigue test, there is no temperature gradient
across the specimen section and the stress is induced by a mechanical strain to simulate
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the constrained thermal expansion, due to temperature gradients across the components
section. The TMF tests were performed using a specific cycle presented on Fig. 2 which
simulates thermal loading conditions experienced in service at the leading edge of a blade
in a jet engine and was used in a previous investigation in the bare condition [19]. A
mechanical strain-temperature loop was used from 600° to 1100°C (873 to 1373K) with
peak strains at intermediate temperature : 950°C (1223K) in compression on heating and
700°C (973K) in tension on cooling.

Our own TMF test facilities used a micro-computer to generate two synchronous
temperature and mechanical strain signals and a lamp furnace to heat the sample, as
described in earlier publications [2, 3]. Thermal cycling time is 210 s. During the test,
temperature is also measured by a coaxial thermocouple located and attached on the
cylindrical part.

Smooth specimen testing is especially appropriate to investigate the life to engineering
crack initiation. Crack growth was monitored using the d.c. potential drop technique in all
the specimens and the plastic replication technique in some specimens. This second

procedure which necessitates test interruptions, enabled cracks as small as 10um in
surface length to be detected by scanning electron microscopy (SEM). Specimens were
sectioned and broken in order to get an experimental calibration curve between surface
crack length "ag" and crack depth "ap". Surface cracks observed in different TMF
specimens with a depth in the range 0.05 to about 0.8mm have a semi-elliptical shape.
Experimental ag and ap data can be fitted by the equation ap= 0.38 ag using a least square
method, as previous L(p,‘F data on the same alloy [18] as well as on other single crystal
alloys [20]. For coated specimens, tests were conducted too up to different fractions of
expected life and the crack distribution was observed on longitudinal sections by SEM.

Tests were stopped when the major crack grows through wall thickness or slightly
before 1mm depth (this corresponds to our definition of Nf). Previous work on solid LCF
specimens [10, 11] has shown that using a potential drop technique, a conventional
fatigue life can be defined to 0.3mm crack depth, referred to as Ni. Consistent fatigue
lives are thus given by solid and hollow specimens under LCF and Ni data under TMF
and LCF can be reliably compared. In order to describe more closely the initiation phase
and to trigger differences between coated and bare specimens, data to 0.1mm (referred to
as Ne) were also estimated whenever possible.

RESULTS

Cyclic Stress-Strain Behaviour under TMF

. Stepwise-increasing strain TMF tests were carried out on coated [001] specimens.
Fig. 3 shows the variation of stress as a function of mechanical strain. On this kind of
material, with a symmetrical strain range imposed, the hysteresis loops are stabilized after
a few cycles. The stress-mechanical strain response in non-isothermal conditions is not
usual and necessitates some comments. Because the material behaviour is different at the
temperature of each peak strain, the inelastic strain is mostly created during the heating
phase in compression. Though strain cycling was fully reversed, the stress cycle is
unbalanced with a positive tensile mean stress. The particular shape of the TMF
hysteresis loops is the result of the combined variations of elastic modulus E, monotonic
yield strength oy and imposed mechanical strain £ with temperature T. A
crystallographic model has been recently proposed which uses viscoplastic constitutive
equations at the level of the slip system considering both cube and octahedral slip planes
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[21]. This model describes the stress-strain loop as well as the active slip systems of AM1
single crystals under isothermal conditions [21] and was shown to predict quite
accurately the present stress-strain loops under TMF [22].

TMEF and LCF Life of Bare and Coated Specimens with a [001] Crystallographic

Orientation

Test results--TMF life results for 1 mm crack depth (Nf) of the [001] specimens
are plotted versus the total mechanical strain range in the bare condition (Fig. 4). There is
no significant difference between the different batches of material. The endurance of
coated specimens is almost the same as that of bare specimens for the TMF cycle used
(Fig. 5).

The life to engineering crack initiation in the bare condition is mostly spent in
micro-crack growth as shown by the variation of crack depth, which has been deduced
from the observations of plastic replicas, versus the fraction of total life (Fig.6). Cracks a
few tens um in depth can be actually detected within about 5 pct of total life. Whatever
the mechanical strain range, cracks propagated in stage II mode, i.e. mode I opening,
from the initiation site to 0.4mm about. But when cracks are longer they deviated and
tend to follow a crystallographic path, with a higher crack growth rate. Contrarily to LCF
data [18], short TMF lives do not seem to fit the straight line for longer lives as a function
of mechanical stain range.

The observations of interrupted tests after some fraction of expected life has
shown that a major crack initiates quite early in the TMF life of coated specimens (see for
instance Fig.6 ). The endurance of chromaluminized (C1A coated) specimens tested in
LCF at 950° at a frequency of 0.05 Hz is compared with that of bare samples under the
same test conditions using a total mechanical strain range in Fig.7. There is no noticeable
difference within the experimental scatter.

The life of chromaluminized specimens under TMF is compared with that under
LCF at 950 and at 1100 °C versus total mechanical strain range and versus stress range in
Figs. 8a and 8b respectively. The TMF life versus stress range is in pretty good
agreement with LCF life at 950°C. With the total mechanical strain range, TMF life is
well described by LCF life at 1100°C.

Metallographic observations--The damage mechanisms of AM1 single crystals
under TMF cycling of different orientations were recently reported in the bare condition
[19] and can be summarised as follows : at high strain ranges, the major crack nucleates
from a large casting micropore at the surface or in the subsurface area; at low strain
ranges, the major crack nucleates from oxidised areas at the surface.

The major crack seems always to initiate at a subsurface casting micropore
beneath the coating layer from the observation of fracture surfaces of coated [001]
specimens tested in LCF at 950°C. Fig. 9 shows that the main crack looks as a surface
initiated crack despite this crack initiation mechanism. Numerous cracks actually form in
the coating but they stop at the interface between coating and substrate and do not grow
into the substrate. At the lower strain ranges, the crack initiation mechanism seems
unaltered but the cracks are much more oxidised (Fig. 10); localised oxidation occurs at
the interface between coating and substrate.

Under TMF cycling, the fracture surfaces of coated [001] specimens tested at high
strain ranges, look like those tested in LCF at 950°C, Fig.11 and the major crack initiates
at a subsurface casting micropore. At low strain ranges, the initiation mechanisms of the



