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High�strength aluminum alloys (AAs) are successfully used virtually in all fields of science and tech�
nology, including aerospace engineering, owing to their set of physicomechanical, corrosion, and techno�
logical properties. Critical aluminum elements of aircraft (fuel tanks of rockets, the elements of a space�
ship cabin module, etc.) are connected using electron�beam welding, because this technology provides
high�quality thick�wall welded joints (WJs). During long operation under the actions of different factors,
including alternating loading, micro� and macrofractures often originate in the elements of constructions
containing AAs and their WJs. As has been established from statistical studies, the development of fatigue
cracks is the most widespread factor that causes failures in spacecraft [1], thus stimulating improvements
in their diagnostic techniques. Owing to the high accuracy and the possibility of monitoring the develop�
ment of a flaw in real time, the acoustic�emission (AE) method efficiently detects propagation of damage
[1–14, 20]. However, it has seldom been used to determine the fatigue strength of welded AA joints.
Therefore, in order to perform the high�quality AE diagnostics of the state of aluminum elements of struc�
tures, it is important to know the activity and specific features of AE signals during the initiation and
development of fatigue�failure processes.

The objective of this study was to investigate the features of AE generation during the propagation of
fatigue cracks in different zones of WJs in an alloy of the Al–Cu–Mn system, which are produced using
electron�beam welding.

Reviews of the literature sources that are devoted to the AE diagnostics of fatigue failures of metallic
alloys were published in [2, 3].

One of the first studies in this field was performed by Harris et al. in 1974 [4]. The essence of these
experiments involved observations of the generated AE during the propagation of fatigue cracks in the
7075�76 Al alloy (the Al–Cu–Mn alloy system). The relationships between the crack growth, the stress
intensity factor, and the parameters of AE signals were established in experiments. It was shown that this
method allows the detection of crack initiation, even when its propagation rate is lower than 10–6 m/cycle,
and the total AE count is closely related to the energy that is released during the crack propagation within
a single loading cycle. Analogous results were also obtained in [5], where AE was studied during the
fatigue�induced failure of compact steel specimens. Here, the AEs were registered when the maximum
load in a cycle was attained, and only such signals were perceived that were generated by a crack growth
but not by the friction of its edges.
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Abstract—The features of the generation of acoustic emissions (AEs) during the initiation of a fatigue
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welded joint of the alloy is structurally and mechanically inhomogeneous. This predominantly influ�
ences the initiation and development kinetics of fatigue cracks in the joint and the AE kinetics. It is
shown that the area of a formed flaw is proportional to the sum of the amplitude of detected signals,
and the transition from the initiation to the stable propagation of a failure is accompanied by an abrupt
increase in AE activity.

Keywords: aluminum alloy, welded joints, acoustic emission, microstructure, fatigue crack

DOI: 10.1134/S1061830914020077

ACOUSTIC 
METHODS



RUSSIAN JOURNAL OF NONDESTRUCTIVE TESTING  Vol. 50  No. 2  2014

FEATURES OF ACOUSTIC�EMISSION SIGNALS DURING THE INITIATION 121

The kinetics of the propagation of short and long fatigue cracks in welded steel seams [6] and in the
LY12CZ aluminum alloy of the Al–Cu–Mg–Mn system [7] have been investigated using the AE�source
location technique [6, 7]. The obtained data were used to construct kinetic fatigue�failure diagrams for
different values of the cycle asymmetry in the range R = 0.1–0.7. It was established that for identical load
values, the growth rate of a short crack is much higher than the growth rate of a long crack. Typical wave
representations of AE signals and their spectral distributions, which were obtained during propagation of
cracks of both types, are also shown. The signals from both cracks were similar, but the amplitudes of the
signals that were generated by the propagation of long cracks were larger by a factor of >2.

The authors of [1] studied the features of the AEs that were radiated during the fatigue failure of plates
with dimensions of 750 × 300 × 2 mm manufactured of an aircraft�grade aluminum alloy. AEs were
detected with four resonance transducers with an operating frequency of 150 kHz. The dependences of
the change in the total AE count on the number of loading cycles showed that the transition from the
fatigue�crack initiation to its stable propagation is accompanied by an abrupt increase in the AE activity.

Similar studies were performed in [8], where the AE features were monitored during the fatigue failure
of compact specimens of the 7075 aluminum alloy. The RA criterion, which is equal to the ratio of the rise
time of the leading edge of the AE signal to its amplitude, was used to evaluate the damage propagation.
It was established that the parameter RA sharply increases upon a change to the supercritical crack�devel�
opment stage; this is about 1000 cycles to the complete specimen destruction. The time�dependent
change in the coefficient RA properly correlates with the crack�growth curve.

The AE features during the fatigue failure of the 6082�T6 aluminum alloy (the Al–Mg–Si alloy sys�
tem) were described in [9]. As in previous investigations, in order to avoid the reflection of elastic AE
waves from the surfaces of a body, large specimens with dimensions of 1200 × 1000 × 3 mm were used. The
loading frequency was only 1 Hz, thus allowing efficient detection of AE signals from each jumpwise crack
increase. The experimental data were used to construct a finite�element 3D model of generation of elastic
AE waves during propagation of a fatigue crack.

When studying the AE behavior kinetics during propagation of a fatigue crack in the incoloy 901 alloy,
it was found [10] that the dependence of the change in the total AE count on the number of loading cycles
contains three damage�development stages: initiation, stable propagation, and the supercritical stage
(specimen rupture). An abrupt AE�activity jump is observed during the transition to each subsequent
stage. A pattern similar to that in previous studies was observed in [11] during cyclic tensile loading of
cylindrical specimens of the ultimet alloy. The dependence of the change in the total AE count on the
number of loading cycles has a stepwise character [11]. The authors assert that an abrupt periodic increase
in the AE activity indicates a stepwise growth of a macrocrack, and during the so�called “incubation”
period (formation of a plastic zone near the crack tip) between AE pulses, small�amplitude AE pulses are
generated.

Investigations devoted to the identification of AE sources for an aluminum alloy in a fatigue state have
been performed [12–14]. Using the spectral characteristics of AE signals and fractographic studies, it was
established that the main AE generation source is the fracture of brittle intermetallic inclusions located
near the crack tip [12]. The fraction of these AE signals is 80% of all detected signals and their amplitude
and intensity depend on the shape, size, and spatial localizations of inclusions [13].

Thus, analysis of the literature shows that the problem of studying the influence of the structural and
mechanical inhomogeneities of thick�wall aluminum�alloy WJs on the generation of AE signals during
propagation of fatigue cracks in them has not been comprehensively studied.

Features of the microstructure of a WJ in the 2219�T6 alloy. The effective AE diagnostics of a fatigue fail�
ure requires knowledge of the specific features of the base�metal microstructure and characteristic areas of a
WJ. For this purpose, an EVO�40XVP scanning electron microscope was used. When the chemical element�
by�element analysis was performed, the voltage that accelerated the electron beam was 20 keV.

The thermally hardened 2219�T6 aluminum alloy (which is known as the 1201�T6 grade alloy) refers
to the Al–Cu–Mn alloy system. The chemical composition of the alloy is presented in Table 1. At room

Table 1. The chemical composition of the 2219�T alloy (wt %) [15]

Al Cu Mn Zr Ti V
Si Fe Mg Zn Other 

impurities

at most

Base 5.8–6.8 0.2–0.4 0.1–0.25 0.02–0.1 0.05–0.15 0.2 0.3 0.02 0.1 0.15
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temperature, its microstructure consists of grains whose body is composed of an α solid solution of copper
and manganese in aluminum and secondary θ (Al2Cu) and T (Al12Mn2Cu) phases, which are uniformly
distributed over a grain in the form of fine needle�shaped inclusions and also along the grain boundaries
in the form of large flakes (Fig. 1).

AAs of this grade are characterized by a significant disintegration of the α solid solution during welding;
therefore, in the heat�affected zone (HAZ), structural transformations occur already at T = 673 K and
higher, which lead to an intense recrystallization growth of grains and coagulation of hardening phases at
their boundaries (Fig. 2a), thus resulting in a decrease in the metal hardness [16]. Owing to the high metal�
cooling rate during electron�beam welding, a seam has a finely dispersed structure (Fig. 2b), whose micro�
hardness is almost half as high as the base�metal hardness and has a value of only 70 HV, and the subse�
quent thermal treatment of the WJ can increase this value only by 10–15% [16]. Metallographic studies
showed that the WJ of the 2219�T6 alloy that was produced by the electron�beam welding technique is
structurally and mechanically inhomogeneous over the entire cross section; therefore, each of its zones
will have individual fracture features under cyclic loading.

The materials and technique of the AE testing. The cyclic crack resistance was studied using the scheme
of cantilevered bending of prismatic beam specimens manufactured from the WJs of plates with the thick�
ness δ = 20 mm, which were produced via through electron�beam welding without an added metal. The
welding heat energy was 337.3 kJ. Prismatic specimens with dimensions of 10 × 20 × 160 mm of two types
were studied: (I) with a cut V�type sharp notch in the thermal�effect zone and (II) in the seam metal. The
structural scheme of tests is shown in Fig. 3.

The specimens were manufactured according to the requirements of [17]. The depth of the stress con�
centrator was h = 4 mm and the radius of its top curvature was ρ = 0.2–0.3 mm. The load changed accord�
ing to a sine law at a frequency f = 16 Hz. The cycle asymmetry factor was R = 0.26. The specimens were
loaded with the moment M = 8–24 N m. AE signals that were generated as a result of a fatigue failure were
received with an AE transducer that was installed on the side surface of a specimen. To select useful signals
against noise, a parallel AE channel was used [20]. Electric AE signals were amplified with preamplifiers
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Fig. 1. (a) The microstructure and (b) EDS spectrum of the element distribution in the base metal of the 2219�T6 alloy.
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Fig. 2. (a) The microstructures of the TEZ and (b) the seam metal of a WJ of the 2219�T6 alloy produced using electron�
beam welding.
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4 and then recorded with a SKOP�8M multichannel measuring AE system (5) and processed with a per�
sonal computer (6). AE signals were sampled using a primary piezoelectric transducer (PET) with an
operating frequency band of 0.2–0.6 MHz. Before each experiment, the sensitivity of the measuring
channels was evaluated with a Gsu source [18]. The following measurement modes were set for the SKOP�
8M system: the number of measuring channels for recording AE signals (the gain of each channel is 40 dB)
was 2; the sampling duration was 0.25 ms; the sampling period of an analog signal was 0.25 μs; the cutoff
frequencies of the low� and high�pass frequencies were 0.7 and 0.2 MHz, respectively; the discrimination
threshold was 28%; and the intrinsic noise level reduced to the preamplifier input was 7 μV. The gain of
the preamplifiers was 34 dB.

Test Results and Discussion

During crack initiation and propagation under the cyclic loading of specimens, the AE generation
kinetics were recorded and features of the recorded signals were investigated. To measure the areas of crack

M
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Fig. 3. A structural diagram of these experimental investigations: (1) specimen, (2) AE�sensor, (3) parallel AE channel of
noise [18], (4) preamplifiers, (5) SKOP�8M measuring AE system, and (6) personal computer.

2 mm

Σ
A

i, 
ar

b.
 u

n
it

s

τ, μs

N, 103 cycles

(a)

(b)

60
0

3

6

120 180

A
i, 

ar
b.

 u
n

it
s

4
0

200

400

8 12

Fig. 4. (a) Changes in the amplitudes of AE signals in a sample Ai and in the sum of the amplitudes of all recorded signals
within the experiment duration ΣAi and (b) an image of a fatigue macrocrack on a metal rupture in the TEZ of welded
2219�T6 alloy joints.
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surfaces after fatigue tests, specimens were fractured at a high rate on an impact pendulum�type testing
machine and the obtained ruptures were studied with an optical microscope.

It is known [19] that fatigue failures of metals and alloys occur in four stages: incubation (accumulation
of the critical density of dislocations in local volumes of worked metal); accumulation of damage within
separate grains; the stable growth of a crack; and an avalanche�like fracture propagation. In [20], we pub�
lished the results of studies on the AE diagnostics of the fatigue failure of the base metal of the 2219�T6
alloy. It was established that earlier stages of the crack nucleation are accompanied by an insignificant
number of AE signals, which are radiated in individual groups. Such an AE generation dynamics contin�
ues until the crack reaches the side surfaces of a specimen. After that, the amplitude and number of AE
signals abruptly increase, thus indicating a transition to the third fracturing stage, viz., the stable propaga�
tion of the macrocrack front (the rectilinear Peris segment on the kinetic fatigue�failure diagram).

As in the base metal, the AE generation also occurs in the TEZ of welded joints. Its specific feature is
that at early fatigue�failure stages, when flaws accumulate in the vicinities of local grains (the near�thresh�
old region of the kinetic fatigue diagram), a small number of AE signals is radiated (Fig. 4b). Because the
metal in the TEZ consists of large plastic recrystallized grains (Fig. 2), the AE signals that are generated upon
their destruction have somewhat smaller values of the maximum amplitudes Ai = 200–300 μV (Fig. 5a) than
those in the base metal [20]. Here, the surface of a fatigue macrocrack consists of large quasi�spalling
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Fig. 5. Wave representations of typical AE signals during a fatigue failure: the metal in the TEZ (a) at the initiation stage
and (b) during stable crack propagation, and (c) the seam metal in a WJ of the 2219�T6 alloy.
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Fig. 6. The dependence of the acoustic emission signals amplitudes sum on fatigue crack area for weld metal (curve 1) and
heat�affected zone (curve 2) 2219�T6 welding joint.
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planes of a transgrain fracture (Fig. 4b). The transition to the next fatigue�failure stage, viz., the stable
propagation of the crack front, as in the case of the base metal [20], is accompanied by an abrupt increase
in the AE activity (Fig. 4a). In this case, signals with amplitudes Ai = 500–600 μV are generated (Fig. 5b).

The AE radiation kinetics during fatigue fracturing of the seam metal is similar to the cases of studying
the TEZ and the base metal. However, one specific feature of the seam metal is the fact that due to the
high dispersity and plasticity of its structure, a large number of signals with small amplitudes Ai = 200–250
μV are generated in the seam. Their characteristic wave representation is shown in Fig. 5c.

The performed experiments showed that the structural and mechanical inhomogeneities of WJs of the
2219�T6 alloy, which were produced using electron�beam welding, cause different features of AE genera�
tion in each zone of a WJ. Figure 6 shows the dependences of the area of the fatigue cracks on the sum of
the amplitudes of recorded AE signals, which were approximated by the power function in the form

(1)

where A, B, and C are the approximation parameters, whose values for each WJ zone are presented in
Table 2.

A power change in the dependences of the areas of fatigue cracks on the sum of the amplitudes of AE
signals (Fig. 6), as in the case of the base metal in [20], is determined by a jumpwise increase in the AE
activity upon a change of the fatigue failure from the initiation stage to its stable propagation. As is seen,
the size of the structural components of different zones of the WJ substantially affects the character of AE
generation. In the case of a fatigue failure of fine�grained and plastic metal in the weld seam, a large num�
ber of small�amplitude AE signals are generated; therefore, curve 1 in Fig. 6 changes more rapidly. The
transcrystallite failure of coarse and partially weakened grains in the TEZ is accompanied by the emission
of a small number of signals with high amplitudes. Thus, the structural factor has the strongest effect on
the character of the AE during the initiation and development of the fatigue failure in different zones of a
WJ in the 2219�T6 alloy.

CONCLUSIONS

The AE method allows efficient determination of the moment of fatigue�failure initiation and permits
the study of its propagation dynamics in the 2216�T6 aluminum alloy and its WJs. The AE generation
depends on the microstructure in each zone of a WJ.

The initiation of a fatigue crack in the TEZ metal is accompanied by a small number of AE signals with
intermediate amplitudes (Ai = 500–600 μV). In a weld seam, a large number of low�amplitude AE signals
(Ai = 200–250 μV) are radiated.

A specific feature of the AE generation kinetics at the fatigue initiation stage is the fact that AE signals
are radiated in certain groups, the sums of whose amplitudes are proportional to the formation of new sur�
faces at the crack front. An abrupt jump in the AE activity is observed upon the transition from the initia�
tion stage to stable fracture propagation.
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