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Acoustic emission signals were continuously monitored during fatigue crack propagation
for LY12CZ and 7075-T6 aluminum alloys in laboratory air and 3.5% NaCl solution. The
results showed that the acoustic emission count rate was as a linear function of crack
propagation rate during fatigue and corrosion fatigue. The acoustic emission activity for
LY12CZ was smaller in solution than that in air; but for 7075-T6, greater in solution than that
in air. The acoustic emission waveform parameter, the frequency centroid ratio, was tried to

use as a criterion to distinguish the corrosion fatigue crack propagation mechanism for
anodic dissolution of LY12CZ and hydrogen embrittlement of 7075-T6.
© 2005 Springer Science + Business Media, Inc.

1. Introduction

Although acoustic emission (AE) technique has been
used extensively to study fracture and fatigue and has
been considered a promising technique already some
thirty years ago, there are several factors preventing the
advancement of this technique. One of theses factors is
source pattern recognition, as there exist some difficulty
in characterizing parameters. Furthermore, the sensors
typically need are such that it is not possible to measure
the complete waveform [1]. The development of the full
waveform numeric AE systems and wideband sensors
solve this problem [1-3].

Up to the present time there are many models for
the mechanism of environmental sensitive cracking, in-
cluding stress corrosion crack (SCC) and corrosion fa-
tigue (CF) for precipitation hardened aluminum alloys.
For aqueous solutions, crack growth is either controlled
by anodic dissolution [4] or hydrogen embrittlement [4,
5-7] at the crack tip. It is now generally accepted that
SCC of Al-Cu alloy in CI~ containing aqueous solu-
tions is controlled by an anodic dissolution mechanism
[8-10]. During CF however, the crack tip strain rate
changes with cyclic loading, which causes the mech-
anism of crack propagation to be more complex, but
most of study for the corrosion fatigue crack propa-
gation mechanisms of Al-Cu alloys in Cl~ solutions
prefer to anodic dissolution mechanism [11, 12]. For
the high strength 7075-T6 alloy, the CF mechanism in
solution is usually attributed to the hydrogen embrittle-
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ment mechanism [6, 7, 12] which explains the cleavage
fracture morphology and considers that the hydrogen
atoms formed by the cathodic partial reaction to em-
brittle, the aluminum alloys by dislocation transmission
and weakening the grain boundaries [6]. It is known that
CF mechanisms for LY12CZ and 7075-T6 aluminum
alloys are different, but there is no existing criterion to
distinguish them.

In this paper, AE monitored CF tests were performed
for LY12CZ and 7075-T6 aluminum alloys in order to
find a criterion to distinguish, the two different crack
propagation mechanisms by characteristic parameters
and waveform analysis of AE signals.

2. Experimental procedure

The chemical composition and the mechanical proper-
ties of the alloy are listed in Table I. The single edge
notched plate specimens (length = 250 mm, width =
36 mm and thickness = 2 mm) with a 5 mm pre-
crack were cut by Mo line from rolled plate along
the rolling direction. Testing was carried out in an IN-
STRON servo-mechanical fatigue testing machine with
tension—tension sinusoidal loading at stress ratio R of
0.1 and frequency of 1 Hz in ambient laboratory air
(temperature: 20-25°C). The crack length was mea-
sured at one side of the specimen using a traveling
microscope with a magnification of 30 and 0.01 mm
precision. Environmental test conditions were air and
3.5% NaCl aqueous solution.
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TABLE I. Composition (wt%) and mechanical properties of the two aluminum alloys

Material Cu Mg Mn Fe Si Zn Ti Cr oyMPa oyrsMPa  Elongation

LY12CZ 436 1.49 0.46 0.25 0.14 0.07 0.01 345 465 17.5%

7075-T6 1.2-2.0 2.1-2.9 0.3 0.5 0.4 5.1-6.1 0.2 0.18-0.28 469 538 7.0%
AE measurements were performed using AE equip- 3. Results

ment (DiSP system) manufactured by the Physi-
cal Acoustic Corporation. Two wideband transducers
(WB) at a distance of 80 mm from the crack were
symmetrically mounted on both sides of the pre-crack
so that AE signal from the crack could be differen-
tiated from the grip noise. AE signals from the two
transducers were amplified by preamplifiers (40 dB),
and then sent to the DiSP microprocessor. The WB
transducers were broadband, high-fidelity and high sen-
sitivity. These preamplifier outputs were bandpassed
filtered from 20 KHz to 2 MHz. The threshold was
26 dB. The voltage time gate was utilized to control
the stress phase of the loading cycle. During the tests,
the AE signals were only accepted for the load range
of above 0.7 maximum stress when there was crack
closure. AE signal were measured with crack lengths
from 5.0 to 20.0 mm. Subsequently the specimen was
rapidly pulled to failure, and the morphologies of the
fracture surfaces were examined using scanning elec-
tron microscopy (SEM).
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Figure I Relationships between the crack propagation rate (left-hand,
with unfilled markers), the AE count rate (right-hand, with filled mark-
ers) and the stress intensity factor range for (a) LY 12CZ and (b) 7075-T6
aluminum alloy in air and 3.5% NaCl solution.
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The fatigue crack propagation rate was chosen to be
located in the second stage of the da/dn versus AK
curve. It obeyed the Paris law [13], for crack growth
(da) per cycle (dn):

da/dn = c-(AK)" (1)

where ¢, m are material constants. The AE count rare,
amplitude and waveform of AE were analyzed dur-
ing fatigue and CF. Fig. 1 shows the relationship be-
tween the crack propagation rate (da/dn), AE count rate
(dN/dn), and the stress intensity factor range (AK) for
(a) LY12CZ and (b) 7075-T6 aluminum alloys. The AE
count rate (dN/dn) and the crack propagation rate (on
log-log axes) increased almost linearly for the two alu-
minum alloys in both air and the solution. For LY 12CZ
aluminum alloy in corrosive solution the crack prop-
agation rate (da/dn) increased and the AE count rate
(dN/dn) decreased relative to in air. But for 7075-T6
aluminum alloy in solution, both da/dn and dN/dn in-
creased relative to in air. The relationship between
da/dn and dN/dn is shown in Fig. 2 for (a) LY12CZ
and (b) 7075-T6 aluminum alloys. This relationship
follows a linear law (on log-log axes) in the two en-
vironments. Furthermore, the AE count rate in air was
larger than that in 3.5% NaCl solution at a given crack
propagation rate. For LY12CZ the slopes of two lines
were almost the same, but for 7075-T6 the difference
of slopes was significant.

The amplitude distribution of the AE events for the
two aluminum alloys in the two environments, shown in
Fig. 3a, indicates that there were fewer AE signals in so-
lution than air for LY 12CZ, whereas for 7075-T6 there
were more signals in solution than in air. Fig. 3b shows
the logarithm slope of amplitude distribution. For the
two alloys the slopes were similar in air and in solution.

Fig. 4 represents the average of 10 waveforms and
Fast Fourier Transform Algorithm (FFT) spectra from
fatigue crack growth for LY12CZ and 7075-T6 alu-
minum alloys in air. The average waveforms exhibited
similar shape, and their FFT spectra were also simi-
lar. The peak frequency is at about 100 kHz, which
reveals that the signals of fatigue crack propagation
for LY12CZ and 7075-T6 aluminum alloys are from
the same source. However, the corresponding aver-
age signals from corrosion fatigue crack propagation
for the two aluminum alloys in 3.5% NaCl solution
showed two distinctly different waveform shapes as
shown in Fig. 5a and b. The FFT spectrum of average
waveform for 7075-T6 aluminum alloy (Fig. 5d) has
a wider frequency range than for LY12CZ aluminum
alloy (Fig. 5c), and the peak frequencies were 100 kHz
and 215 kHz respectively. The different peaks corre-
sponded to different corrosion fatigue crack propaga-
tion mechanisms.
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Figure 2 Relationship between AE count rate and crack propagation
rate for (a) LY12CZ and (b) 7075-T6 aluminum alloys in air and 3.5%
NaCl solution.

Fig. 6 shows scanning electron micrographs of the
fatigue fracture surface for the LY 12CZ aluminum al-
loy in (a) air and (b) 3.5% NaCl solution. The LY 12CZ
aluminum alloy had a ductile fracture surface both in
air and in the 3.5% NaCl solution. The fracture surfaces
for the 7075-T6 aluminum alloy are shown in Fig. 7. In
air the fracture surface was similar to that for LY12CZ,
but in the 3.5% NaCl solution the fracture surface was
characterized by a cleavage brittle striation morphol-

ogy.

4. Discussion

If the fatigue crack propagation was described by
equation (1) Morton et al. [14, 15] found that the AE
during fatigue crack propagation could be expressed by
a similar equation:

dN/dn = ¢ - (AK)™ 2)

where ¢, and m; are material constants. The relation-
ship between crack propagation rate (da/dn) and AE
counts rate (dN/dn) could be deducted from Equations
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Figure 3 AE events vs amplitude (a) and its logarithm slope (b) for two
aluminum alloys in air and 3.5% NaCl solution.

1 and 2:
€1 my/m
dN /dn = (da/dn)
le/m
dN/dn = c/(da/dn)m/ 3)

where ¢/ = ¢ /c™/™, m’ = m;/m. So the relationship
between dN/dn and da/dn is linear in logarithm coordi-
nates, which is consistent with the experiment results
shown in Fig. 1.

It is known that the main AE source in fatigue is the
energy release from the formation of the new surface
by breaking atomic bonds and the change of the plastic
zone at the crack tip during crack growth at the peak
load [16]. Wang et al. [17] particularly discussed the re-
lationship between the AE total counts and the change
of the size of the plastic zone at the crack tip for low
strength steel during CF, and proposed the model of the
relation between No, and Ny,, where No is the in-
creasing value of AE caused by the increase of material
strength due to embrittlement at the crack tip and Ny,
is the decreasing value of AE caused by the decrease
of plastic zone size at the crack tip.

For LY 12CZ, the AE count rate dN/dn was lower in
solution than in air as shown in Fig. la; and the AE
events were lower in solution than that in air as shown
in Fig. 3a, which indicated that corrosion of the crack
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Figure 4 The average of 10 waveforms and FFT spectra from fatigue crack growth for LY12CZ (a, ¢) and 7075-T6 (b, d) in air.

tip did not only reduce AE counts but also weaken the
AE activity. The slopes between dN/dn and da/dn were
same in solution and air as shown in Fig. 2a, which is
about 0.60. The average of waveforms and FFT spec-
tra as shown in Figs. 4a, ¢ and Sa, ¢ also show that
the sources of AE signals for LY12CZ were same both

in air and solution. The fracture surface of LY12CZ
as shown in Fig. 6 indicated the fracture modes were
same in both air and solution. There were fatigue stria-
tions and micro-void on the facture surfaces. There was
no evidence of breakdown of atomic bonds by cleav-
age for LY12CZ, so the reduction of the AE events
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Figure 5 The average of 10 waveforms and FFT spectra from corrosion fatigue crack growth for LY12CZ (a, c¢) and 7075-T6 (b, d) in 3.5% NaCl

solution.
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Figure 6 Scanning electron micrographs of fracture surfaces for the LY 12CZ aluminum alloys (a) in air and (b) in 3.5% NaCl solution.

during CF crack propagation was mainly associated
with the change of the size of the plastic zone at the
crack tip. Noy < Ny, i.e., the decrease of the plastic
zone played an important role during CF of LY12CZ.
The mechanism of CF for LY 12CZ was anodic disso-
lution affected the plastic zone size of crack tip.
Compared to LY12CZ, the high strength aluminum
alloy 7075-T6 showed different AE behavior. AE count
rate was higher in solution than that in air as shown in
Fig. 1b; and AE activity was bigger in solution than that
in air as shown in Fig. 3a. The slopes between dN/dn
and da/dn in solution and air were different as shown
in Fig. 2b. These were about 0.97 in air and 0.65 in
the solution, respectively. The average of waveforms
in air was very different to that in solution as shown in
Figs 4b and 5b, and the peak frequency was 100 kHz in
air (Fig. 4d) and 215 kHz in solution (Fig. 5d), which in-
dicated that the source of AE signals in air was different
to that in solution. Fig. 7b shows the fracture surface in
solution was brittle with features of cleavage, cleavage
steps and detachment at inclusions. These characteris-
tics can be related to an abrupt energy release, to which
AE is sensitive. This brittle fracture was attributed to
the presence of hydrogen inside the crack and the en-
trance of hydrogen into the plastic zone in front of the
crack tip. The alloy can be thus embrittled by hydrogen
and this embrittlement provided an increasing No , and

a large AE activity. The interaction of environments
(dissolution or hydrogen embrittlement), mechanical
conditions (triaxial stress) and material nature are con-
sidered to be the AE sources.

Frequency centroid (FC, in kHz) is one of waveform
parameters of the AE signal and a real time frequency
derived feature. The FC results from performing a real-
time FFT and carrying out the following calculation on
each FFT element:

FC = SUM(magnitude * frequency)
/SUM(magnitude) @)

In order to embody the different frequency distribution
character of the FFT spectra from CF crack propaga-
tion waveform for two aluminum alloys, the frequency
range was divided into two parts: a high pass (HP)
section: 400-1000 kHz; and a low pass (LP) section:
20-400 kHz. The frequency centroid ratio (FCR) is de-
fined as:

FCR=FCyup/FCprp 5)

FCR considered not only the magnitude but also
the frequency distribution of signals. The different
source of AE signal causes the different distribution of
FCR. Fig. 8 shows the frequency centroid ratio (FCR)

. =

Figure 7 Scanning electron micrographs of fracture surfaces for the 7075-T6 aluminum alloys (a) in air and (b) in 3.5% NaCl solution.
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Figure 8 Frequency centroid ratio distribution of signals from fatigue
and corrosion fatigue crack growth for LY 12CZ and 7075-T6 in air and
3.5% NaCl solution.

distribution of 10 signals from crack propagation for
LY 12CZ and 7075-T6 aluminum alloys both in air and
3.5% NaCl solution. The FCR values were 3.1258 for
LY12CZ and 7075-T6 in air, which is consistent with
the result as shown in Fig. 4 that indicated the AE signal
sources were same for LY 12CZ and 7075-T6 loaded in
air. The FCR values were about 4.0873 for LY12CZ,
and 2.7452 for 7075-T6 in the 3.5%NaCl solution. The
FCR distributions for LY12CZ in 3.5% NaCl solution
was greater than that in air, however, for 7075-T6 it was
smaller than that in air. It indicates when the sources of
AE were plastic distortion (LY 12CZ and 7075-T6 crack
growth in air and LY 12CZ in solution), the FCR distri-
bution increased with the increasing embrittlement of
crack tip, which was related to the essence of waveform
and transmit of AE signals. When the crack propagation
is controlled by hydrogen embrittlement mechanism,
for 7075-T6 in solution, FCR distribution decreased
with the increasing embrittlement of crack tip. So FCR
is possible to be used as a criterion to distinguish corro-
sion fatigue crack propagation mechanisms, i.e., anodic
dissolution for LY12CZ and hydrogen embrittlement
for 7075-T6 aluminum alloys.

Of course, further experiments should be carried out
in order to determine the possible FCR distribution of
other materials whose corrosion fatigue crack propaga-
tion mechanisms are well-controlled by anodic disso-
lution or hydrogen embrittlement mechanisms, for in-
stance: Al-Mg alloys crack growth in CI~ and SOﬁ_ so-
lution (anodic dissolution mechanisms [18, 19]), other
7000 series alloys crack growth in NaCl solution (hy-
drogen embrittlement mechanisms [20]). Then it may
be able to find a range or a boundary of FCR for crack
propagation mechanisms controlled by anodic dissolu-
tion and hydrogen embrittlement mechanism. A thor-
ough study of the acoustic emission for corrosion fa-
tigue crack propagation mechanisms will be meaning-
ful.

5. Conclusions

AE activity during fatigue crack propagation of two
aluminum alloys was different in air and 3.5% NaCl
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solution. For LY 12CZ, the activity was lower in 3.5%
NaCl solution than that in air, and AE came mainly
from plastic deformation at the crack tip during the
fatigue process. But for 7075-T6, CF crack propagation
controlled by hydrogen embrittlement dominated the
AE source, so the activity was higher in the solution
than in air.

Traditional amplitude distribution analysis can not
distinguish the mechanism of CF crack propagation
for the LY12CZ and 7075-T6 aluminum alloys. For the
two alloys, the type of waveform and FFT spectra is
similar during fatigue crack propagation but distinct
during CF crack propagation. FCR was defined in this
paper. The same source of AE signal induced the same
FCR distribution. For anodic dissolution controlled CF,
FCR value increased with the increasing embrittlement
of crack tip; for hydrogen embrittlement controlled CF,
it decreased with the increasing embrittlement of crack
tip. It is possible to distinguish the CF crack propaga-
tion mechanism by analyzing the FCR distribution and
the trend of its evolution in solution and air.
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