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Abstract
Multicracking tests are carried out in an SEM on nickel specimens preoxidized at 
high temperature. These tests are monitored by acoustic emission. By combining the 
analysis of the acoustic emission signals with SEM observations of the specimens, 
it is possible to find the signatures of the two active crack propagation modes. In 
mode I (propagation perpendicular to the metal–oxide interface), the acoustic emis-
sion signals have high amplitudes and short durations, whereas for propagation in 
mode II (along the metal–oxide interface), the AE signals have low amplitudes and 
long durations.

Keywords  High-temperature oxidation · Acoustic emission · Crack propagation

Introduction

Mechanical resistance and adhesion of oxide scales on substrate are of primary 
importance to ensure the reliability of their protective effects. To better manage 
the performance of these systems, it is necessary to assess the mechanical resist-
ance of scales on substrate in order to better understand thin scale/substrate failure 
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mechanism. Several studies coupled mechanical testing (tensile or bending tests) 
with acoustic emission (AE). This technique is based on the use of sensors to detect 
transient elastic waves generated by irreversible changes occurring inside a mate-
rial (plastic deformations, crack nucleation and propagation, corrosion, etc.). How-
ever, it should be underlined that acoustic activity is the result of wave propagation 
through the material to the surface, which can modify the wave characteristics. Thus 
acoustic activity is highly dependent on the examined material deformation but also 
on the material history (type of material, metallurgical history and resulting micro-
structure, strain level, etc.) as well as on acoustic emission test conditions.

Different strategies were used to try and correlate recorded AE events with the 
investigated phenomena. Clustering of acoustic signals can be performed through 
the k-mean clustering method [1] or principal component analysis [2, 3]. However, 
these clustering methods were most often dedicated to the study of the behavior of 
composite materials, which are particularly emissive. Another strategy consists in 
examining the frequency response of AE signals. Huang et al. [4] used a frequency 
analysis to identify the mechanisms taking place during tensile testing of steam-side 
oxide scales formed on steel. They identified three frequency bands during the test 
respectively corresponding to the plastic deformation of the substrate, scale cracking 
and scale spalling. Table 1 presents an overview of tensile or bending tests coupled 
with AE that were used to characterize thin film/substrate systems. It shows that AE 
parameters were often used to characterize AE signals without the use of clustering. 
Other than the frequency, the most used parameters were: the energy [5–10], the 
amplitude [4, 5, 9–11] and the number of events [4, 5, 7, 10, 12, 13]. Sometimes, 
event positions [5] or a qualitative description of the waveform [14] was also used.

In the framework of multiple cracking testing, some correlations were established 
between AE signatures and the investigated phenomena. At first, AE was only used 
to confirm first cracking occurrence [13]. Then, Hall et al. [14], through the bending 
of oxidized mild steel, managed to identify two different types of waveforms and to 
correlate them to scale fracture either in tension (through scale) or in compression 
(decohesion). Nagl et al. [7] tried to correlate the number of observed cracks with 
the number of recorded AE signals. They also linked the number of spalled seg-
ments with AE events having high energy. Bruns et al. [5] coupled the observations 
of AE energy through time with the examination of transverse sections of nickel 
oxides and identified two signal clusters corresponding to either the beginning of 
the disintegration of the outer layer of the oxide or the formation of through-scale 
cracks. However, the examination of the AE parameters did not lead to identify dis-
criminating characteristics ensuring an easy classification of the signals. This small 
overview of the literature highlights the difficulty in linking mechanisms to specific 
AE signals and the lack of “universal” correlations.

In this study, multiple cracking tests were conducted inside a scanning electron 
microscope (SEM) equipped with AE system to correlate crack propagation modes 
with acoustic signals. The Ni/NiO system was chosen as the application system.
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Experimental Procedures

Tensile specimens having a gauge length of 15 mm and a width of 2 mm were 
waterjet cut from laminated sheets of commercially pure nickel (99.8%) having a 
thickness of 1 mm (Goodfellow). Table 2 shows the chemical composition of the 
nickel sheet.

Two different oxidation conditions were used to obtain different oxide scale 
thicknesses and characteristics. Four specimens were oxidized in a muffle furnace 
at 550  °C under laboratory air for 30  h to obtain porous oxide scales having a 
thickness of 1.4 ± 0.4 µm. Four other specimens were oxidized at 900 °C for 2 h 
to develop porous oxide scales having a thickness of 6.3 ± 1.4 µm. For the sake of 
brevity, the first oxide thickness is hereafter referred as Ni/NiO-1 µm while the 
second is called Ni/NiO-6 µm.

Tensile tests were performed with Proxima 100 testing stage (microMECHA, 
Germany) equipped with a load cell of 3000 N (linearity of ± 15 N and hysteresis 
of ± 15 N). The displacement resolution was 20 nm with a displacement speed of 
the moving grip of 1  µm/s. Force and displacement were measured; stress was 
calculated from the force values using the initial section of the specimen gauge, 
and strain was calculated from the measured displacement using the initial gauge 
length, applying a correction that takes into account the stiffness of the traction 
platform. For each configuration (no oxide and two different oxide thicknesses), 
three continuous tests were performed with AE monitoring. Additionally, for each 
examined oxide scale thickness, an additional test was done to take SEM pictures 
of the oxide at different stages of deformation. SEM images were taken with a 
field emission SEM Zeiss Σigma™ using secondary electron detector.

The acoustic emission system was designed by Mistras Group SAS (France). 
Two PICO sensors were glued to the specimen heads with a distance between 
sensors equal to 41  mm. The used PICO sensors had good sensitivity for fre-
quencies comprised between 200 and 750 kHz. These sensors were linked to the 
acquisition setup through preamplifiers having a gain of 40  dB and fitted with 
band-pass filtering (200 to 1000 kHz). Data were recorded with AE Win software 
using a 30 dB threshold and were then treated using Noesis© software.

Before each test, AE sensors were checked with 0.5  mm Hsu-Nielsen pencil 
lead break (NF EN 1330-9 [15]). After each test, AE signals caused by instru-
mental noise were removed: They corresponded to signals having an amplitude 
lower than 30  dB. Then, only the signals located inside the gauge length, i.e., 
signals situated at a distance larger than 4 mm to the sensors were kept for the 
analysis.

Table 2   Chemical composition 
of the nickel sheets (Goodfellow 
data)

Element (ppm) Co Cr Cu Fe Mg Mn Si Ti C S

Ni sheets 8 8 10 10 10 10 8 10 70 10
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Multiple Cracking Test Results and SEM Observations

Discontinuous tensile tests were performed on Ni/NiO-1 µm and Ni/NiO-6 µm to 
observe oxide cracking and possible spalling (note that when the test is stopped, 
stress relaxation occurs). For Ni/NiO-1 µm, thanks to SEM observations, the first 
crack was noticed for a deformation of 2.1% and spalling occurred from a deforma-
tion of 8.6% until the end of the test. No new crack appeared after a deformation of 
11.6%, and the minimum inter-crack distance is found to be equal to 6 µm (Fig. 1). 
For Ni/NiO-6  µm, the first crack was discerned for a deformation of 1.9%. No 
spalling was detected. The last cracks emerged on the surface at a deformation of 
9%, and the minimum inter-crack distance is equal to 35 µm (Fig. 2).

The evolutions of mean crack spacing with imposed strain are given in Fig. 3 for 
both nickel oxide thicknesses. The results show the same tendencies as ever reported 
in the literature for different substrate/coating couples [11, 16–20]: The distance 
between consecutive cracks decreases rapidly with increasing strain and stabilizes 
at an asymptotic value (saturation distance, Dsat); moreover, the Dsat value increases 
with oxide thickness. This last observation has been extensively explained with dif-
ferent models [21–24].

After fracture, cross sections of the specimens were observed to analyze the crack 
morphologies (Fig. 4). Different types of cracks were observed and are highlighted 
in the images:

•	 Large through-scale cracks that can be qualified as opened cracks,

Fig. 1   SEM images of multiple cracking test—Ni/NiO-1 µm

Fig. 2   SEM images of multiple cracking test—Ni/NiO-6 µm
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•	 Smaller cracks taking place either through the oxide or located near the sur-
face of the oxide,

•	 Cracks situated between the oxide scale and the substrate.

Based on the crack morphology, two propagation modes prevailed: mode I 
(crack opening), in which cracks are perpendicular to the metal/oxide interface, 
and mode II, i.e., shearing along the metal/oxide interface. Spalling noticed for 
Ni/NiO-1 µm probably ensues from shearing along the metal/oxide interface that 
results in scale spalling.

Fig. 3   Evolution of the mean crack spacing with applied strain for Ni/NiO-1 µm and Ni/NiO-6 µm

Fig. 4   SEM images of transverse section (after tensile fracture)—a Ni/NiO-1 µm and b Ni/NiO-6 µm
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EA Results

First, the amplitude of AE signals recorded during the tests were superimposed 
on the tensile curves to compare emissivity levels between configurations (Fig. 5). 
Very few signals were obtained for pure nickel: Only 28 signals remained after the 
pretreatments. These signals had a maximum amplitude that remained lower than 
70 dB. The number of signals for Ni/NiO-1 µm was 730 times higher than the num-
ber recorded for pure nickel, with a maximum amplitude lower than 60 dB. Finally, 
around 49,800 signals were acquired for Ni/NiO-6 µm: The number of signals for 
Ni/NiO-6 µm was thus 2.5 times higher than the number of signals found for Ni/
NiO-1 µm. The signals detected for Ni/NiO-6 µm had large amplitude as most of 
the signals had an amplitude larger than 60 dB. These comparisons between pure 
nickel, Ni/NiO-1 µm and Ni/NiO-6 µm highlighted the fact that oxidized specimens 
exhibited higher emissivity than non-oxidized specimens. It means that the AE 
activity detected in the oxidized specimens mainly originated from the oxide scale. 
As a consequence, for the oxidized specimens, there is no need to search for signals 
linked to mechanisms solely linked to the substrate.

Then, changes in cumulative absolute energy, which stands for the intensity of 
the signals during the tensile test, were sought (Fig. 6). There were curve breaking 
points in both configurations: For Ni/NiO-1 µm, there was a major increase in the 
cumulative absolute energy between 1.9 and 12% strain while this interval spanned 
from 1.9 to 9% strain for Ni/NiO-6  µm. Based on SEM observations, both inter-
val spans matched the beginning of cracking to crack saturation. For Ni/NiO-1 µm, 

Fig. 5   AE amplitude versus tensile strain. a Ni, b Ni/NiO-1 µm and c Ni-NiO-6 µm
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spalling was also found to take place inside the identified interval. The observation 
of the cumulative energy changes did not lead to differentiate signals caused by 
cracking from signals linked to spalling. However, it confirmed the good detection 
of the deformation level at which first cracking occurred as identified using SEM 
observations.

Clusters of signals were then searched through the observations of different 
AE parameters. Figure 7 shows the evolution of the count number as a function 
of amplitude, as well as the duration as a function of absolute energy for both 
configurations. The observation of the count number–amplitude graph led to the 
identification of signals that stood out from the main cluster having a wavelike 
shape. These signals tend to have large count numbers (between 30 and 200) 

Fig. 6   Cumulative absolute energy versus tensile strain for a Ni/NiO-1 µm and b Ni/NiO-6 µm

Fig. 7   Identification of clusters using hit number versus amplitude for a Ni/NiO-1 µm, c Ni/NiO-6 µm 
and hit duration versus absolute energy for b Ni/NiO-1 µm, d Ni/NiO-6 µm
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and rather low amplitudes. This first group of signals is called cluster 1 for Ni/
NiO-1 µm and cluster A for Ni/NiO-6 µm. Similarly, the use of the duration ver-
sus absolute energy graph led to find signals that split off from the main cluster, 
forming a small second branch. This second group gathers signals of high ampli-
tude. This second group of signals is called cluster 2 for Ni/NiO-1 µm and cluster 
B for Ni/NiO-6 µm.

To check the relevance of the proposed clusters, the corresponding waveforms 
were observed. Representative waveforms are shown in Fig. 8 for each identified 
cluster. For each configuration, there are clear differences of waveforms between 
the identified clusters. The waveforms of clusters 1 and A have short duration 
time but high amplitude, whereas the waveforms of cluster 2 and B have lower 
global amplitude but tend to be noisier, with longer duration time.

The occurrence of the signals during the test (Fig. 9) was then used to try to 
link the clusters of signals to mechanisms:

Fig. 8   Comparison of waveforms for the identified clusters. a Cluster 1 for Ni/NiO-1 µm, b cluster 2 for 
Ni/NiO-1 µm, c cluster A for Ni/NiO-6 µm, d cluster B for Ni/NiO-6 µm

Fig. 9   AE amplitude versus tensile strain for a Ni/NiO-1 µm, b Ni/NiO-6 µm
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•	 The signals of cluster 1 took place from a strain of 2.2 to 7.5% while the signals of 
cluster A spread from 1.9 to 3.9%.

•	 The signals of cluster 2 were spotted from a strain of 2.2% until fracture while the 
signals of cluster B were detected from a strain of 2% until fracture.

According to SEM images, for Ni/NiO-1 µm, signals of Class 1 could be linked to 
the larger cracks that are perpendicular to the interface. Signals of Class 2 could be 
linked to spalling: SEM images enabled spalling to be observed from 8.6% to fracture. 
The difference of strain between the detection between SEM images and AE could be 
explained by the fact that mode II propagation could be active prior to spalling observa-
tion. However, no spalling was detected for Ni/NiO-6 µm and it was shown that clus-
ters 2 and B shared similar characteristics. In both configurations, cracks parallel to the 
interface, linked to mode II fracture propagation, were observed. As a consequence, 
cluster 2 and cluster B could be linked to this second type of cracks.

Discussion

To the best of the authors’ knowledge, few articles dealt with the link between 
the characteristics of AE signals and the fracture propagation modes in oxide lay-
ers. However, several authors [24–27] associated high-energy AE hits with crack-
ing initiation and propagation. This link was established in several study cases: the 
investigation of the effects of thermal cycling on steel oxide scale cracking [24], the 
study of creep loading effects on nickel oxide [25], the examination of cracking and 
spalling of Cr2O3 scale formed on Ni-30Cr alloy [26] or else the detection of breaka-
way oxidation during zirconium oxide growth [27]. Among the previous studies, two 
of them [24, 25] also linked AE hits of small amplitudes to spalling. Gaillet et al. 
[25] also specified that those low-energy hits associated with buckling and spalling 
had large duration time. These results are thus in agreement with the proposed con-
clusions. However, it is worth noting that Huang et al. [4] linked AE events having 
very high amplitudes to oxide delamination and spalling, whereas events of high 
amplitude were associated with cracking perpendicular to the oxide/substrate inter-
face, when they examined the tensile failure of steam-side oxide scales formed on 
superheater tubes. The available data in the article do not allow to conclude on this 
difference. Nonetheless, the transverse sections of the oxide scales given by Huang 
et al. showed thick scales (around 50 µm) with very few local defects compared to 
the oxide scales observed in our study. This difference may explain why Huang et al. 
found that mode II crack propagation was associated with higher-energy events than 
mode I crack propagation.

Conclusion

Multiple cracking tests were performed using tensile tests associated with AE analy-
sis in a SEM chamber. The aim was to improve the understanding and quantitative 
description of the damage behavior of oxide scale/substrate systems by correlating 
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crack propagation modes with acoustic signals. Two oxide scale thicknesses were 
examined in the Ni/NiO system: 1 and 6 µm. Whatever the oxide scale thickness, it 
was found that the first damages caused by tensile loading corresponded to through-
scale cracks that were perpendicular to the oxide/metal interface. There was a mul-
tiplication of these cracks with the increase in the tensile strain until saturation 
occurred. Before saturation, mode II crack propagation also took place leading to 
local spalling in Ni/NiO-1 µm contrary to Ni/NiO-6 µm in which no spalling was 
observed.

The coupling of SEM observations with AE analysis led to correlate crack propa-
gation modes with specific acoustic events. It was found that mode I crack propaga-
tion was associated with signals having high amplitude and high absolute energy, 
whereas less energetic AE events with long duration time were related to mode II 
crack propagation leading to possible spalling.
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