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Nickel high temperature oxydation under creep
loading using acoustic emission monitoring
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We have studied the cracking behavior of oxide scales developed on high purity nickel
single crystal during creep deformation under oxygen at 550◦C. The oxide microstructure
exhibits a network of parallel cracks with a constant spacing between cracks. The
deterioration of the oxide scale is monitored by acoustic emission. The creep deformation
mechanisms with oxide scale are investigated and compared to vacuum creep
experiments. Differences in creep behavior between these two atmospheres are obvious.
This study is followed by a stress relaxation analysis. The acoustic emission technique
provides a large number of results for the understanding of damage of the oxide scales
during creep deformation at 550◦C. C© 2003 Kluwer Academic Publishers

1. Introduction
Pure nickel or its alloys are well known for their good
mechanical properties and corrosion resistance at high
temperature in oxidising environments [1]. Neverthe-
less, application of a mechanical stress to a metallic
material during oxidation modifies the protective be-
havior of its oxide scale [2]. Indeed, strong damage can
occur on surface and the natural oxide which isolates
metal from the corrosive atmosphere quickly loses its
protective properties [3]. These phenomena are induced
by growth stresses and can be largely enhanced in the
case of applied stress or strain [4]. Synergetic effects
between the mechanical deformation and the oxidation
are generally a detrimental factor leading to the de-
struction of materials. But the analysis of this synergy
requires the development of specific techniques like
mechanical testing in different oxidizing atmospheres.
Basing on these techniques, a study was carried out for
a better understanding of nickel creep behavior and to
investigate the main damage of the oxide scale under
oxygen at 550◦C.

In this work a new methodology is proposed based
on acoustic emission analysis and microscopic observa-
tions to follow the chronological appearance, to under-
stand damage behaviour and to assess this methodology
as a measure of damage severity of the oxide.

The potential of acoustic emission A.E. for provid-
ing reliable information and for its utilisation in service
depends largely on the A.E. instrumentation available
[5]. Significant improvements and modifications have
been made in acoustic emission systems including fea-
tures for numerical data acquisition and analyses. It also
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allows different types of detection and location of de-
fects, amplitude analysis, energy and duration analysis,
counts, counts to peak and frequency analysis, which
are coupled with data acquisition systems to display the
information in real-time [6]. The more numerical mod-
ern systems, coupled with qualified mechanical analy-
sis of materials, enable determination not only of the
occurrence of damage, but also the type and extent of
damage mechanisms.

2. Material and experimental procedure
Plate specimens were extracted from a single crystal
(111) of nickel bar of high purity (residual content of
impurities lower than 30 ppm) prepared by Johnson
Matthey Comp. These specimens were machined to ob-
tain a rectangular useful length of 12 mm, a width of
2 mm and a thickness of 1 mm. Annealing was per-
formed for 5 hours in a primary vacuum, improved by
an oxygen trapping system, at 900◦C.

A specific device was developed which made it
possible to apply a mechanical load in a controlled
atmosphere (16-oxygen, 18-oxygen, vacuum) to the
sample [7]. The samples are tightened in a pair of alu-
mina tongs. The force is measured by a force sensor
located in the internal part of the rod near the cooled
side. The force is maintained constant by continuous
displacement between the two tongs, which is deter-
mined by an elongation sensor put at the outer end of
the alumina rod. This set-up enables the measurement
of the stresses and strains induced during oxidation of
nickel with or without mechanical loading (Fig. 1). An
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Figure 1 Schematic of the deformation-oxidation test set-up with Acoustic Emission equipment.

oxygen isotope (18O) was chosen to study the diffusion
of oxygen but results obtained by this technique are not
dealt with this article [8].

The experimental procedure was as follows: the sam-
ples were initially preoxidized without any load during
4 hours at 550◦C under oxygen pressure of 105 Pa. They
were then deformed in creep under the same conditions
of oxidation with loads varying from 15 to 60 MPa. For
the test-specimens tested in vacuum, the same experi-
mental process was used again only that the oxidizing
atmosphere was replaced with vacuum.

The acoustic emission system used in this study con-
sisted of the Physical Acoustics Corporation System
Model AEDSP-32/16 & MISTRAS 2001. The sam-
pling of features is 2 at 10 MHz per channel, with lower
noise (<18 dB threshold) and the CPU selectable, 15
filters/channel (LP, HP, BP). The (2/4/6/) preamplifier
was used with the A.E. system, with power supplied
via the output signal BNC. In our case the gain was
40 dB and the plug-in filter was band pass (20 and
1200 kHz). Acoustic Emission signals were detected
using a piezoelectric transducer in a large range of fre-
quencies from 200 kHz to 1 MHz. A coupling fluid was
used to have a flawless contact between the transducer
and the specimen support.

3. Microstructural study
The oxide scale exhibits, after 4 hours of preoxida-
tion, a duplex structure. The oxidized layer is com-
posed of large columnar grains in the outer zone and of
small equiaxed grains in the inner zone [9]. The oxide
scale thickness is 0.4 µm for the outer scale and nearly
0.1–0.2 µm for the inner one, after oxidation for 4 h at
550◦C in oxygen. The two layers have the same compo-
sition and structure, i.e., NiO. The mean radius of NiO
grains of the external layer is between 100 to 200 nm.
After the nickel samples have been tested in creep,
in oxygen, at 550◦C, a network of parallel cracks has
been developed on the surface of the oxide scale with
an orientation perpendicular to the tensile strain axis
(Fig. 2).

Figure 2 Periodic cracking of the oxide scale of nickel tested in creep
at 550◦C with a stress of 25 MPa (Scanning electron microscopy).

Such an array of cracks was already observed by
many authors [10, 11]; it appears when the applied
stress exceeds a critical stress for oxide failure by
cracking:

σc = KIC/ f (πc)1/2

where σc is the critical stress, KIC is the critical stress
intensity factor, f denotes a geometric factor ranging
between 2 and 4, and c is the defect half length. The
nature of defect c is mainly associated with cracks and
its size is about 10 µm.

The critical stress for these cracks is nearly 10 MPa.
The spacing between the cracks decreases when the
applied load increases. Many oxide buckling and spal-
lation are generated at the highest stresses (Fig. 3).

4. Mechanical study
To highlight possible synergetic effects involving re-
activity of surface and mechanical evolution in creep,
the mechanical behavior observed in vacuum and under
oxygen needs be examined.
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Figure 3 Spallation of the outer scale of NiO for an applied stress of 35
MPa under oxygen at 550◦C.

Under vacuum, the variation of the strain rate ver-
sus the applied stress corresponds with a Harper-Dorn
creep [12] (Fig. 4). Indeed, this creep behavior is found
to be active when the dislocation density, due to the
(111) glide systems, is low (low creep load). Then, the
deformation rate is nearly proportional to the applied
stress (slope n = 1.4).

For low stresses under oxygen, the deformation
mechanism in temperature (slope n = 1.2) is similar
to nickel in vacuum (slope = 1.45) (Fig. 4). At higher
stresses, a power law creep is now established (n = 4).
A mechanism of deformation concerning the disloca-
tions movement is evidenced with a power exponent n
found equal to 4, i.e., a value not very far from the data
of 3.5 or 3.8 that are reported for nickel in the study of
H. Siethoff et al. [13].

The deformation behavior of oxidized nickel sam-
ples is complex. Two distinct phases, nickel and oxide
are present and they deform by elasticity and creep.
More information on the mechanical behaviour of such
a complex oxidised system has been collected with the
help of stress relaxation experiments. The stress relax-
ation after creep was studied by stopping the elongation
of the sample and recording the isothermal evolution of
the applied stress. The stress relaxation analysis is based
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Figure 4 Logarithm of the strain rate (ln (ε̇)) versus the logarithm of
stress (ln (σ )) for creep in vacuum or in oxygen.
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Figure 5 Variation of the relaxed stress 	σ with the applied stress σ

after creep deformation under oxygen for a Ni/NiO system at 550◦C.

on the sharing of applied stress into two components,
the relaxed stress (or 	σ ) and the internal stress (or σi)
[14].

σapplied = 	σ + σi

The relaxed stress for the oxidised sample corre-
sponds to a mechanism of elastic energy relief used for
the displacement of moving dislocations. For deforma-
tion occurring by interface sliding, this energy enables
dislocations to jump over obstacles of small size and
controls the kinetics of deformation. This process is
thermally activated [15]. The internal stress is in re-
lation with the long distance displacement of disloca-
tions. This displacement is hampered by dislocation
interactions, grain-boundaries, and all defects con-
tributing to hardening.

In the present study, we only consider the relaxed
stress plotted as function of the applied stress (Fig. 5).

There is a linear decrease of the relaxed stress with the
applied stress for low stresses above a critical applied
stress (35–45 MPa), the relaxed stress that becomes
significant again, also follows a decrease versus exter-
nal stress. This behavior is not evidenced in the case
of relaxation tests on bare nickel single crystals (with
a continuous increase of 	σ ). The dislocation motion
seems fast for the lowest stresses, which permits fast
stress relaxation. This behavior would be related to the
fact that the outer oxide scale is cracked in the initial
stage of the deformation, so that dislocations are not
strongly constrained in their movement towards the sur-
face. But with increasing load, microstructural effects
may be possible, like healing of the scale. This continu-
ous new film would then inhibit the elimination of dis-
locations and the values of 	σ decrease when stresses
become higher. At a critical applied stress level, some
cracks appear in the inner oxide scale. That is shown on
the stress relaxation curves by a sharp increase of 	σ

45 MPa).

5. Acoustic emission study
The creep experiments at 550◦C on nickel test-
specimens under vacuum and oxygen can be subdivided
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in three distinct steps. The first phase is 4 hours vac-
uum annealing or a preoxidation according to the de-
vice atmosphere. The second one is creep itself with a
duration of approximately 2.5 h, it breaks up into two
domains according to the reactive atmosphere (oxygen
16O, then oxygen 18O). The last phase is the stress relax-
ation (constant total strain) for about one hour (Fig. 6).
The information gained from the acoustic emission dur-
ing these different phases will be detailed now.

During the preoxidation stage under oxygen or vac-
uum annealing, the acoustic activity is not very signif-
icant with a low number of hits that appear in a dis-
continuous way. The intensity of the acoustic events
and their number is almost identical for the two atmo-
spheres; thus this acoustic emission is attributed only
to problems of the installation to achieve equilibrium in
temperature. During this stage, the system consisting of
the test-specimens (nickel) and the device designed for
creep (alumina parts) reach thermal equilibrium from
the ambient temperature to 550◦C. The positioning of
the test-specimens in the alumina machine grips pro-
ceeds in the same time. Mechanical and thermal stabil-
ity is achieved at the end of 4 hours period. During the
stage of stress relaxation, there are no (or few) acoustic
events. Therefore, we will only focus on the acoustic
activity during creep changes according to the atmo-
sphere used (vacuum/oxygen).
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Figure 6 The different steps in creep experiments.
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Figure 7 Acoustic emission identification of the different damage types that occur in the outer NiO scale during creep deformation.

First of all, we must be sure that collected acoustic
emission signals are those emitted by the NiO oxide
scale. Under vacuum, the number of events is low and
almost negligible. Under oxygen, a significant gener-
ation of A.E. is observed during primary creep. This
acoustic activity continues during secondary creep.
Owing to the fact that acoustic activity is low under
vacuum, it appears clearly that evolution of the oxide
layer takes place during creep.

Analyzing the A.E. signals during the creep stage,
the A.E. activity during this stage was found to be
very significant in terms of amplitude and energy. This
can be attributed to the cracks generation at the first
stages of creep [11, 16]. Microstructural studies, like
S.E.M. (scanning electron microscopy), confirm the
creation of cracks at this stage, which can be explained
by a mechanical model already presented. During the
secondary creep stage, A.E. activity is evidenced but
the number of events and their intensities are lower
than the first stage. Indeed, cracks evolve with the de-
formation rate; buckling and spallation of the oxide
scale appear during deformation as evidenced by other
authors [17].

These different mechanisms of oxide scale damage
can be separated with the acoustic emission technique.
For example, the A.E. energy parameter can be used
for identifying these mechanisms (Fig. 7).
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Figure 8 Evolution of the acoustic emision energy (attoJoule) versus duration of creep for several levels of applied stress.

During creep deformation, the first damage takes
place by a crack generation in the external scale, ap-
pearing few minutes after applying a load to the test-
specimen. This damage is accompanied by A.E. events
with a high energy. The second phenomenon is the de-
struction of the outer scale of NiO by spallation and
buckling, which is characterized by a lower energy for
A.E. events and a long time duration of A.E. signal.
This is a general observation for the Ni/NiO samples
tested in creep under oxygen at 550◦C. These exper-
imental results require a better understanding of the
microstructure mechanisms in term of energy. As men-
tioned recently by authors, the energy for spallation and
buckling mechanisms can corresponds not to classical
interfacial bonding energy but to oxide cohesion en-
ergy. This can explain the weaker value of energy for
scales debonding than for cracking. It should be also
observed that acoustic energy is not directly related to
the total energy of damage mechanisms and represents
only a part of this latter.

A second step is to study the evolution of the oxide
scale damage (new phenomena or enhancement) with
increasing creep deformation. The damage severity is
not really directly proportional to the stress intensity.
Depending to the applied stress, the crack generation
can release energy, noticed by the A.E. system, with
higher or lower acoustic energy according the applied
load (Fig. 8). The strength of the external scale dam-
age (buckling, spallation) also depends on the applied
stress. The most important fact is the possibility of crack
generation in the inner NiO scale for a critical applied
stress domain (35–45 MPa). This result is confirmed
by the relaxation and global creep tests that exhibit a
change of slope precisely in this range Since the outer
scale of NiO is largely damaged for these stresses, only
the cracking of inner one can explain these mechanical
behaviors.

The acoustic emission thus confirms the results ob-
served in microstructural and mechanical studies. In-
deed, it is observed that cracking takes place and that
oxide scale degradation appears for large stresses. In
the stress relaxation study, the change of slope is pre-
cisely noticed at 45 MPa, which could be explained by

the cracking of the internal oxide scale. These first re-
sults are promising and require more accurate analysis.
Thus, establishing a failure criterion like the fracture
toughness (K1c) for oxide scales appears possible by a
combined use of acoustic emission and with a thorough
analysis of the nature of the defects produced.

6. Conclusion
The creep study under oxygen and in vacuum at 550◦C
indicates differences in mechanical behavior of Ni spec-
imens tested that can be attributed to the presence of the
oxide scale on the surface of the metal. Stress relaxation
experiments can be helpful for the understanding of
such a complex metal-oxide system, describing the true
stress operating during deformation. After deformation,
the oxide microstructure exhibits a network of parallel
cracks and numerous spallations. This failure behav-
ior is confirmed by in-situ acoustic emission, which
allows continuous monitoring of damage generation
and evolution during creep tests. Most types of dam-
age encountered can be identified using this technique.
This type of analysis highlights the potential of acous-
tic emission as a complementary technique for studying
material degradation in high temperature corrosion.
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