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Abstract

The performance of coated high-temperature material systems under close-to-service
conditions can be assessed by means of thermo-mechanical fatigue (TMF) tests, while acoustic
emission (AE) can be applied for the in-situ monitoring of damage processes occurring during
these tests. This work presents experimental methodologies adopted for assessing the damage
behavior during TMF testing.  In view of the complexity of these tests and the lack of detailed
knowledge of the damage evolution in those material systems, AE monitoring has been used, in
order to reveal and interpret the micromechanical behavior during TMF.  The results are
suggesting that the use of the AE technique during the thermal and mechanical solicitation is
extremely powerful as it enables non-destructive damage monitoring and it offers possibilities
for the life assessment of coated high-temperature material systems.
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1. Introduction

The research and development efforts for enhanced performance of high-temperature
materials for gas turbines is driven by the need to meet the demands for increased lifetimes and
higher efficiencies at lower costs and reduced environmental impact. These ambitious goals can
only be achieved through a combined approach comprising the development of new material
systems and the use of advanced materials testing methods, in order to improve the
understanding of the materials behavior and to allow for less conservative designs [1-4]. This
work presents an experimental set-up optimized for assessing the materials systems behavior and
life under thermo-mechanical fatigue (TMF) testing.

Acoustic emission (AE) is a non-destructive method that allows the in-situ monitoring of
damage evolution during combined thermal and mechanical loading of a material. As compared
to other non-destructive techniques, which provide information about the damage accumulated at
a certain stage of life, AE gives access to damage processes inside a material in terms of the rate
of damage accumulation, and it is a highly sensitive means for the early detection of impending
failure [5]. Hence, the implementation of AE monitoring in a laboratory environment can be
instrumental in interpreting the damage mechanisms, as these are triggered and progressing
during TMF tests. Furthermore, AE is an extremely versatile technique to the experimental set-
up, has no constraints concerning into the specimen geometry and can be applied even to
complex material systems.
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In this work, results from AE data analysis of TMF tests on single crystal and directionally
solidified (DS) superalloys in the uncoated and coated conditions are described. Goal of this
study is to establish the validity of the information obtained by AE monitoring during TMF and
to correlate the AE data with specific damage processes (modes).

Currently, the efforts are focused on a simple material system (substrate with a diffusion type
coating) in order to evaluate the contribution of AE into identifying the damage processes.
Ultimately, the goal of our efforts is to apply this method to a more complex material system (a
thermal barrier coating system) in order to scan all the damage processes that are activated
during a TMF test.

2. Experimental Set-Up

Specimens were prepared from single crystal (SC) and DS Ni-based superalloy, CM 186
alloy bars, with the crystallographic orientation of the long axis of the samples in the [001]
direction. Threaded end specimens with a solid rectangular cross-section of 12 x 3 mm2 and a
parallel length of 9 mm were machined.  The rectangular cross section was adopted to enable
observation of the flat surface by means of a computer-controlled video imaging system during
testing, as discussed later. Some of the SC and DS CM186 samples were coated with a modified
aluminide coating, Sermalloy 1515, via an Al/Si slurry diffusion process, with an approximate
thickness of 80 µm.

2.1 Mechanical testing set-up
The strain-controlled TMF tests were carried out in air on a computer controlled electro-

mechanical closed loop-testing machine of 100 kN capacity (Schenck Trebel). Asymmetrical
triangular out-of-phase cycles with mechanical strain ranges ∆εm of 0.8% and 1.0%, respectively,
and a temperature range ∆T=600°C with temperature cycled between 350°C and 950°C were
chosen (minimum to maximum mechanical strain ratio R=−∞, cycle period ∆t=200s) (see Fig. 2).
Temperature and mechanical strain both varied linearly with time, but with a phase shift of 180°.
This cycle imposes maximum mechanical strain/stress at minimum temperature and minimum
strain/stress at maximum temperature. Control of the testing machine, the high frequency
induction heating system and data acquisition was performed by means of a dedicated computer
system using LabVIEW Compensation of the thermal strain was achieved by recording the
thermal expansion under zero load as a function of time prior to TMF testing using the same
temperature cycle as in the subsequent test. Prior to the actual TMF tests, the temperature
dependence of the Young’s modulus was also determined by isothermal static measurements in
the TMF temperature range.

The tests were started at the minimum temperature and at zero mechanical strain, and
conducted until failure, or stopped when the cyclic stress range had dropped at levels 50% below
the stress range during the previously stabilized value. TMF life is then defined as the ultimate
cycle number.

During TMF testing, images of the flat surface of the specimen were taken at pre-selected
cycle numbers by means of a computer controlled video imaging system, allowing contact-less,
in-situ and fully automated monitoring of the evolution of surface damage [6].  To enhance the
detection of crack initiation (with a surface length ≥ 15µm), the CCD camera with a flash unit
was synchronized with the TMF cycle and images were taken when the imposed stress on the
specimen exceeded 80% of the maximum tensile stress of the previous cycle. These images
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covered the whole specimen width and the gauge length.  All the images were digitized and
stored for post-processing and analysis. More details on the TMF set-up can be found in Ref. [2].

2.2 Acoustic emission set-up
Two broadband piezoelectric transducers (PAC WD) were used as sensors to monitor the

acoustic emission during the tests. The sensors were attached on the grips of the machine just
after the two cooling plates used to protect the gripping system and to stabilize the temperature
control. The AE signals were pre-amplified (PAC 1220A with 500-kHz high-pass filter) and fed
into a two-channel AE digital signal processor. The acquisition of the AE signals was performed
by a computer system using MISTRAS-2001 software configured with the specific mechanical set-
up [7]. The initialization parameters of the AE set-up were optimized with respect to the external
noise (ambient or induced by the induction heating system), the experimental set-up, the
specimen geometry and volume of interest (the bulk inside the gauge length).

Fig. 1. Schematic drawing of the acous
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Fig. 2. Thermomechanical behavior of uncoated DS CM186 sample during the first cycle (εm :
mechanical strain, εin : inelastic strain, T: temperature, σext :external tensile stress).

Fig. 3. Post-mortem scanning electron micrographs from a coated CM186 sample.

Fig. 4. Post-mortem scanning electron micrograph showing the initiation sites of cracks into the
coating – substrate interface.
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4. AE Analysis

The AE signals were separated according to the mechanical load state at their time of
occurrence: compressive or tensile signals. Table 1 presents the global information for each test.
A first conclusion resulting from Table 1 is that more AE signals were received from the coated
specimens.

Table 1. Experimental conditions and AE activity in terms of number of AE events.
Material
Mechanical strain range

SC
1%

SC
0.8%

SC, coated
1%

SC, coated
0.8%

DS
1%

DS, coated
1%

TMF lives (# cycles) 1941 9165 1121 5300 1412 2404
AE events in tension 749 1309 2393 7022 742 14693
AE events in compression 2491 4238 4813 5918 850 2629
AE events in Region I

in tension … … 1675 6484 … 6453
in compression … … 1475 1640 … 1892

End of Reg. I (cycle #)
(% of TMF life)

… … 335
(30%)

2508
(47%)

… 933
(39%)

First crack at cycle # 600 1000 200 300 400 200

When the temporal evolution of the overall AE activity during the test is considered, two
distinct regimes of AE activity are revealed; Regions I and II (see Fig. 5), which are sometimes
separated by an inactive period. In the case of the coated samples, both regimes are present,
whereas in the case of the uncoated samples only Region II is active during the last 20% of the
TMF life (Fig. 5).

Fig. 5.  AE activity for a coated and an uncoated specimen throughout the test.
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This observation provides a clear distinction between signals originating exclusively from the
coating (Region I) and those involving also the substrate (Region II). Therefore, signals from
Region I relate to damage processes in, or induced by the presence of the coating [9], while
signals from Region II reflect the behavior of the bulk material independently of the presence of
the coating. These signals are associated with the final stage of the test before the failure of the
specimen, which is brought about by the fatigue crack growth.

The AE data recorded during the late stages of the TMF tests, i.e. events from the
aforementioned Region II, are considered for further analysis in terms of a supervised pattern
recognition. This stage may reveal precursory events, before the immanent failure due to the fatal
fatigue crack growth becomes obvious from the mechanical response of the specimens.

 (a)

(b)

Fig. 6.  AE events (symbols) and cyclic maximum and minimum stress envelopes (solid lines)
during TMF tests for SC (a) and DS (b) coated samples.

Figure. 6 shows two examples of the AE activity in the stress vs. cycle number domain. For
the SC sample, Region II is well separated from Region I by an inactive period, which is missing
in the case of the DS sample. In both cases, AE activity in Region II starts at an intermediate
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stress level (close to zero stress or slightly compressive stresses), it spreads with respect to its
stress range of occurrence, while its rate of activity increases as TMF cycling continues. At a
later stage of TMF life (80-90%) another type of AE activity emerges which relates to the
maximum stresses (min. temp.) available within the TMF cycles. This AE activity accompanies
the ultimate fatigue crack propagation (Fig. 7).

Fig. 7.  Last stage (Region II) of AE data under tension for an uncoated sample. (top)
Surface images from the video imaging system during the last cycles. (bottom)

Figures 6a and 6b show that Region II may start as early as approximately 40% of the
ultimate TMF life, thus, providing important information about damage mechanisms preceding
the propagation of the fatal crack. Further analysis of this last part of the AE data is needed, to
consolidate the observed trend for these samples and to relate the Region II AE activity to
specific damage mechanisms.
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Based on the general understanding of the damage evolution inside the material and
confirmed by post-mortem microstructural analysis  (Figs. 4 and 8), it is expected that the
propagation of cracks inside the substrate is initially controlled by the cyclic formation and
fracture of an oxide layer grown at the crack tip during the high-temperature parts of the TMF
cycles. This oxidation controlled crack growth will cease when a critical crack length is reached
such that the toughness of the un-oxidized bulk material is exceeded. Then the crack will be free
to propagate at a higher rate controlled by the mechanical loading during the low-temperature
part of the cycles. The difference in nature of these two crack propagation mechanisms results in
distinct clusters of AE signals in the stress vs. cycle number domain.

The oxidation-controlled crack growth relates to AE signals that are generated at intermediate
applied stress levels, as low stresses are sufficient to crack the brittle oxide layer (note that
appreciable tensile internal stresses may assist the cracking of the oxide scale, such that the local
stresses at the crack tip are still tensile even if the applied stress is slightly compressive).
Ultimately, when oxidation-controlled crack growth gives way to stress-controlled crack
propagation, the AE signals related to latter growth mode occur close to the maximum cyclic
stress values (Fig. 8).

Fig. 8.  Correlation of AE signals with hypothetical damage mechanisms during the last stage
and verification of the existence of these mechanisms by a SEM micrograph.

By choosing stress and cycle number as descriptors in addition to the other physical AE
features a supervised cluster analysis can be performed, the result of which will be the
correlation of the two assuming damage mechanisms with different groups of signals, i.e.
clusters. In this case, where clusters are clearly distinct already in the stress vs. cycle number
domain (cf. Fig. 8) the important information provided by the AE activity does not so much
relate to the physical AE parameters, but mainly to the mechanical state of the system and the
time of their occurrence.
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5. Conclusions

The analysis of the AE data generated during the previously described experiments revealed
valuable information about the validity of AE as a method to monitor and identify damage
processes. Utilizing these methodically analyzed AE data and combining the results with
information provided by mechanical, video and post mortem microstructural observations, the
damage evolution was assessed in terms of different damage mechanisms associated with distinct
clusters of AE signals. Future analysis is expected to reveal common trends of material systems
subjected to thermo-mechanical fatigue, as far as the signature of AE activity received prior to
macroscopic damage visible on the surface or inferred from the mechanical response is
concerned. This opens up possibilities for life prediction methodologies for high-temperature
material systems during thermal and mechanical loading.
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