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Abstract 
 

In the field of lightweight construction for transportation means, hybrid structures composed 
of high-strength and low-density materials exhibit a high application potential. As a viable ap-
proach to increase the stiffness, strength and fatigue life of light-metal sections, spring steel 
(301SS) wires are incorporated into the matrix material via composite extrusion. This work in-
vestigated the deformation and damage behavior of wire-reinforced hybrid samples with alumi-
num (EN AW-6082) and magnesium (AZ31) matrices under quasi-static and cyclic loads. The 
mechanical tests are accompanied by acoustic emission (AE) analysis. The results show that the 
AE analysis allows for the detection of the plastic deformation under pure tensile as well as un-
der cyclic load for both composites. Furthermore, the damage can be detected and located so that 
the AE analyses lead to a detailed insight to damage mechanisms like crack growth, debonding 
of the matrix material from the interface and fracture of the components. 
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1. Introduction 
 

For the application of hybrid materials for lightweight structural parts in, e.g. aeronautical 
and automotive sector, it is essential to get a detailed insight into the damage behavior in order to 
realize a fail-safe dimensioning. The mechanical behavior and the occurring damage mechanisms 
of aluminum sections unidirectionally reinforced with metallic wires, produced via composite 
extrusion [1] have already been investigated in detail for quasi-static tensile [2] and cyclic [3] 
loading. Some insight into the damage mechanisms like necking, debonding between matrix and 
reinforcement, crack initiation and crack growth can be obtained by analyzing the evolution of 
strain and shape of the sample. Acoustic emission (AE) analysis is a viable technique to obtain 
additional information about the on-going processes inside the sample subjected to quasi-static or 
cyclic testing. The investigation within this work focuses on the AE response during tensile and 
cyclic loading of spring steel wire reinforced EN AW-6082 and AZ31. 
 

The quasi-static and fatigue behavior of AZ31 in longitudinal and transverse extrusion direc-
tion has been determined by [4]. The quasistatic behavior in combination with the AE response 
of the magnesium alloy AZ31 has been investigated in detail by [5,6]. Here, most of the AE ac-
tivity occurred before the macroscopic yield strength of the material was reached, which was not 
further discussed by [5,6]. In [7] this effect was attributed to micro yielding by activation basal 
slip in the hexagonal lattice structure. 

 
Acoustic emission analysis during fatigue testing of AZ31 at a testing frequency of 1 Hz has 

been carried out by [8]. Three stages of fatigue crack propagation were observed: The crack ini-
tiation in the beginning of the test causes high AE activity represented by an increase of the 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
44

98



 

 318  

cumulative AE (ring down) counts, whereas the following slow crack propagation only causes a 
low AE activity compared to stage I. The final steep increase in the cumulative counts during 
stage III is caused by fast crack propagation [8]. 
 
2. Materials and Specimen Geometry 
 

The specimens were taken out of composite extruded profiles with a 40 x 10 mm² section 
each reinforced with 4 spring steel wires [1]. The aluminum EN AW-6082 composite has been 
extruded with a billet temperature of 570°C and quenched with moving air after extrusion, result-
ing in T4 temper. The magnesium AZ31 composite has been extruded with a billet temperature 
of 360°C and was cooled in stationary air. The reinforcing elements were 301 stainless steel 
(301SS) spring wires with a diameter of 1 mm. Figure 1 shows metallographic sections of the 
embedded wires in the particular matrix material (left: EN AW-6082, right: AZ31), showing a 
good bonding between wire and matrix. The apparent gap between wire and AZ31 matrix is a 
metallographic artifact. The specimens for tensile and cyclic testing were manufactured accord-
ing to the geometries shown in Fig. 2 where the loading direction is parallel to the extrusion di-
rection.  The gauge diameter was 3 mm resulting in a fiber fraction of 11.1 vol.-% in the gauge 
length. The specimen ends were face-turned for proper application of AE sensors.  
 

 
Fig. 1. Cross sections of 301SS-wire reinforced materials used, left: EN AW-6082, right: AZ31. 

 
Fig. 2. Geometries of the specimens for the tensile (left) and cyclic (right) tests. 
 
3. Experimental Setup 
 
3.1 Tensile Tests 
The quasistatic tests were carried out on a Zwick 200 kN electromechanical testing machine. The 
crosshead velocity was set to 1 mm/min (dε/dt ≈ 16 x 10-4 s-1). The strain was measured over a 
length of 10 mm by an extensometer attached to the specimen. The hydraulic mounting of the 
specimen was realized by specially designed clamping allowing for the attachment of the AE 
sensors on the specimen ends, see Fig. 3. 
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3.2 Fatigue Tests 
The fatigue tests were carried out on an Instron 
E3000 electro-dynamic testing machine with 
the same clamping design as above. The tests 
were load-controlled with a stress ratio of  
R = –1 with a loading frequency of 10 Hz. The 
strain was measured using a capacitive clip 
gauge within a length of 10 mm. 
 
 
 
 
 
 
 
Fig. 3. Experimental setup for the tensile and 
cyclic tests with AE. 
 

 
3.3 AE Equipment / Setup 
The AE system was a Vallen AMSY-4/AMSY-5 with AEP3 preamplifiers with integrated band-
pass filters of 95 – 1,000 kHz and a variable gain (34 – 49 dB), set to 49 dB. The system offered 
adjustable band-pass filters to suppress background noise. The adjustment of the experimental 
setup was reported previously [3]. Resonant sensors Vallen VS600-Z1 and broadband sensors 
Digital Wave (DWC) B-1025 have been used. For a good acoustic coupling, vacuum grease was 
applied to the sensors before attachment and cellular material was used to fix the sensors (Fig. 3). 
Two sensors placed on opposite ends of the specimen were used for localization of the AE 
sources along the specimen axis. The required velocity of sound was determined by pulsing be-
fore the tests. Table 1 gives the AE parameters used during the quasistatic (modified settings for 
rearm time and duration discrimination time) and cyclic tests (Vallen default values). The para-
metric inputs of the AE system were used to correlate the load and the elongation with the de-
tected acoustic emissions. 
 

Table. 1 AE acquisition parameters. 
 

 Testing Threshold 
in dB 

Bandpass-
filter in kHz 

Rearm 
time in ms 

Duration Discrimi-
nation time in ms 

Tensile tests 11.1 100 – 1,000 0.4 0.2 
Fatigue tests 22 - 23.7 180 – 1,000 3.2 0.4 

 
4. Results 
 
4.1 Quasistatic tensile tests 
EN AW-6082: Figure 4 shows exemplarily the stress-strain curve for an 11.1 vol.-% reinforced 
specimen correlating the mechanical and AE data; cumulative (AE ring down) counts Ccum (left) 
and the RMS value (right). The stress-strain curve is in agreement with the theoretical model by 
[9] and exhibits four stages of deformation and damage. After [9] within stage I, the deformation 
is characterized by an elastic behavior of both components. The plastic deformation of the matrix 
material defines the onset of stage II while the reinforcement still deforms elastically. Stage III is 
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identified by plastic deformation of both components. The reinforcement exceeds at this stage its 
total strain to fracture (εfr = 1.8%) by multiple necking and debonding of both components. In 
stage IV, the remaining matrix material deforms by necking until ultimate fracture. 
 

	  
Fig. 4 AE data during quasistatic tensile loading of reinforced EN AW-6082, left: cumulative 
counts Ccum, right: RMS. 
 

The AE activity via the cumulative counts Ccum starts at the beginning of stage II whereas 
stage III shows only a slight rise followed by a steep increase at a strain of εt ≈ 11.3% where the 
fracture of the reinforcing element occurs. During the continuing plastic deformation and neck-
ing of the matrix material (stage IV) a slight increase of the cumulative counts Ccum can be attest-
ed whereas at the final fracture of the specimen (εt ≈ 14.2%) a sudden increase of Ccum can be 
recognized. On Fig. 4 (right) the RMS value shows a relatively constant progression with fluctu-
ations starting at the end of stage II until large peaks appear at the fracture of the reinforcement 
at a strain of εt ≈ 11.3%. Regarding stage IV a larger peak in RMS sets in at the final failure of 
the composite. 
 

Figure 5 (left) shows the global source location of the hits within the specimen compared to 
the stress-strain curve. The detected location along the specimen axis has been modified by im-
plementing the elongation of the gauge length (l0 = 20 mm, see dotted lines) during the tensile 
test: 

x!"#,!"# =
x! + (x! + 2 ∙ ∆l)− v ∙ ∆t

2  
 
where x1 and x2 represent the sensor positions. The sensor at location x2 is shifted to x2 + 2Δl, 
where Δl represents the elongation measured within the initial length of l0 = 10 mm. The influ-
ence of the localized elongation due to necking of the specimen is neglected.  
 

It can be seen that only a few of the recorded hits could be located within stage III during 
plastic deformation and debonding of both components. Close to the fracture of the reinforcing 
element at εt ≈ 11.3%, more hits can be located, which show a cluster in the lower part of the 
gauge length. Figure 5 (right) shows the distribution of hits just prior to the large load drop of the 
composite (9.6% < εt < 11.4%) within the gauge length. By comparing the longitudinal section 
of 20-mm gauge length with the Gaussian fit, a good localization of the wire fracture to ~1 mm 
can be attested. 
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Fig. 5 Localization of deformation and damage in reinforced EN AW-6082 (auto calibration, v = 
4,871 m/s). 
 
AZ31: Figure 6 shows the exemplary results of a tensile test of a reinforced AZ31 specimen. The 
deformation and damage behavior can be subdivided in 3 stages (the 4th stage is missing due to 
simultaneous matrix fracture at reinforcement failure).  
 

From both cumulative counts Ccum and RMS value, AE activity increases from the beginning 
of the test within the elastic stage. This is also observed for the AZ31 matrix material. Here, the 
rearm time (RT) and the duration discrimination time (DDT) have been modified in comparison 
to the default values, see Table 1, in order to accommodate the continuous character of the sig-
nal. This is indicated by the increase of the RMS value during stage II, see Fig. 6 (right). The AE 
activity decreases and is nearly constant in stage III until an increase of the RMS value occurs at 
the final fracture of the composite at εt ≈ 7.4%. 
 

 
Fig. 6. AE data during quasistatic tensile loading of reinforced AZ31, left: cumulative counts 
Ccum, right: RMS. 
 

Figure 7 shows the located hits during deformation and damage. The located hits show a 
broad scatter within the gauge length and partially at the specimen heads. The distribution of the 
located hits within stage III starting at about εt = 2% show that most of the detected hits were 
located within the gauge section of the specimen, see Gaussian fit, Fig. 7 (right). The global 
specimen failure cannot be located from the hit locations since they are widely distributed along 
the specimen axis. 
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Fig. 7 Localization of deformation and damage in reinforced AZ31 (auto calibration, v = 4,222 
m/s). 
 
4.2 Fatigue tests 
EN AW-6082: Figure 8 shows the results of a fatigue test with stress amplitude of 175 MPa. Fig-
ure 8 (left) shows the change of the plastic strain amplitude εpl,a and the RMS value versus the 
fractional lifetime, ratio of the number of cycles to that of fracture, N/Nf. The decrease of the 
plastic strain amplitude εpl,a in stage I indicates the cyclic hardening of the material due to the 
formation and pile-up of dislocations resulting in a decrease of the dislocation activity. The hard-
ening of the material continues with increasing cycles at a lower rate. Stage III characterizes the 
onset of crack growth within the matrix material resulting in an increase of the plastic strain am-
plitude εpl,a. Figure 8 (right) shows a more detailed view in stage III and IV. The increase of the 
plastic strain amplitude εpl,a is due to crack growth within the matrix material. At the end of stage 
III, the matrix material fractures resulting in a local maximum of the plastic strain amplitude εpl,a. 
The fatigue of the reinforcing element continues in stage IV where the decrease of the plastic 
strain amplitude εpl,a indicates the hardening of the reinforcing element whereas the slight in-
crease at the end of lifetime can be attributed to macroscopic crack growth. 
 

The evolution of the RMS values shows a decrease within the hardening stage I and a steady 
state within the saturation stage II. In stage III, a more continuous and increasing behavior can be 
observed. Figure 8 (right) shows a local maximum of the RMS value close to the transition to 
stage IV followed by a decrease. Prior to fracture of the reinforcement, a slight increase of the 
RMS value can be observed.  
 

 
Fig. 8 EN AW-6082 + 301SS plastic strain amplitude εpl,a and RMS vs. relative number of cycles 
to fracture N/Nf, right: zoom in (σa = 175 MPa). 
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In order to describe the evolution of damage, a parameter D based on the loss in stiffness (in-
crease of compliance) in tension [3] due to crack growth is shown in Fig. 9. D is defined by the 
following equation: 

D [%]  =  
Sunl(ave1-100) –  Sunl(i)

Sunl(ave1-100)
 

where Sunl characterizes the unloading stiffness in tension; the index i stands for the current cycle 
and (ave1-100) for the average value of the first 100 cycles as reference for the start value.  The 
increase of the damage parameter D resulting from crack growth within the matrix material de-
fines the beginning of stage III. Similarly, the cumulative counts Ccum indicated a slight increase 
at nearly the same fractional lifetime. The further increase of the damage parameter D results 
from the crack propagation within the matrix material and the interaction between the crack and 
the reinforcing element along the interface (debonding). A steep increase of the damage parame-
ter D resulting from the fracture of the matrix material can be seen upon reaching stage IV. After 
matrix failure within stage IV, the cumulative counts Ccum show a steady increase, Fig. 9 (right).  
 

 
Fig. 9 EN AW-6082 + 301SS, Damage parameter D and cumulative counts Ccum left: transcend-
ing stage II to III, right: detail stages III and IV (σa = 150 MPa). 
 

 
Fig. 10 EN AW-6082 + 301SS. Comparison of the load cycle numbers at which the beginnings 
of characteristic damage processes are identified via strain measuring gauge (SMG) or via AE 
testing (AT) for different stress amplitudes. 
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In order to compare the detection of damage, namely crack growth within the matrix material 
and the fracture of the matrix material via an increase of the mechanical damage parameter D 
(measured with a strain measuring clip gauge – SMG) and the acoustic emission response via an 
increase of the cumulative counts and the RMS value (AT), multiple tests at different stress am-
plitudes (150 MPa, 175 MPa, 200 MPa) have been carried out. Figure 10 shows the comparison 
with the bisecting line where a comparable sensitivity especially for matrix fracture detection can 
be concluded. 

 
Figure 11 shows the results of the localization of detected hits over lifetime. Matrix fracture 

can be optically observed, in consequence only hits recorded before matrix fracture (up to stage 
IV) were considered for localization. The best results have been achieved by an eccentric place-
ment of the small (Φ = 4.8 mm) resonant sensors onto the specimen ends so that the sensor plate 
was set on the pure matrix material. Just before matrix fracture the spreading of hit locations gets 
very large, which can be attributed to the matrix crack surface fretting and the resulting acoustic 
noise. It can be seen that most of the located hits can be found at the lower part of the specimen 
gauge section. The concentration of hits on the lower part of the specimen is in good agreement 
with the real fracture location (Fig. 11 right).  

 

 
Fig. 11 Localization of deformation and damage of reinforced EN AW-6082 (σa = 175 MPa, v = 
4,250 m/s). 
 
AZ31: The AE measurements on AZ31 fatigue testing was done with broadband sensors DWC 
B-1025, with a threshold set to 22.7 dB since the cyclic hardening at the beginning of the test 
leads to a much higher AE activity, which can be seen in Fig. 12. In Fig. 12 (left) the plastic 
strain amplitude εpl,a and the RMS value are plotted against fractional lifetime. Near the end of 
lifetime at about 83% a clear increase in plastic strain amplitude εpl,a is observed, whereas the 
RMS value shows a significant increase at about 93% of lifetime. At the beginning of stage IV 
the decrease of RMS and the plastic strain amplitude εpl,a due to cyclic hardening of the reinforc-
ing element can be observed. 
 

In Fig 12 (right), the damage parameter D is compared with the cumulative counts Ccum. D 
shows a relatively large spread and the first noticeable increase at about 83% of lifetime. For the 
cumulative counts Ccum there is a steep increase at the beginning of the test, during cyclic harden-
ing within stage I. Within stage II a nearly linear accumulation up to 93% lifetime can be seen, 
where matrix fracture occurs and a considerable increase of the cumulative counts can be ob-
served. The disadvantage of using broadband sensors is the undefined onset of damage detection 
via the cumulative counts Ccum. 
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Fig. 12 AZ31 + 301SS left: plastic strain amplitude and RMS vs. relative number of cycles to 
fracture N/Nf, right: damage parameter D and cumulative counts Ccum vs. relative number of cy-
cles to fracture N/Nf

 (σa = 120 MPa). 
 

In order to understand the origin of the steep increase of the cumulative counts, Fig. 13 
shows the cumulative counts Ccum during tension and compression. It can be deduced that most 
of the measured hits during cyclic hardening are observed at negative loads. Furthermore, the 
increase of the cumulative counts for negative loads is observed earlier than for positive loads. A 
possible explanation is that full crack closure leads to higher AE activity. In addition, friction 
between the matrix material and the reinforcement can also contribute to an increase of the 
measured hits. 

 
Fig. 13. Detection of counts during tension (F > 0) and compression (F < 0, σa = 120 MPa). 
 

Figure 14 shows the localization of hits over fatigue life until matrix fracture becomes visible 
(end of stage III). The filtering of the hits shown is focused on hits detected during compression 
(F < 0) since investigations of located hits without filtering showed a wider distribution of locat-
ed hits. Thus, it can be seen that the detected hits during hardening of the matrix material show a 
wide spread. From about 70% relative lifetime on, the AE hits are concentrated in the lower part 
of the gauge length where also the ultimate fracture of the specimen is observed at 100% relative 
lifetime. On Fig. 14 (right), the cumulative hits detected until matrix fracture are shown. From 
this cumulative data set, the global fracture site cannot be identified accurately. 
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Fig. 14 Localization of deformation and damage of reinforced AZ31 (F < 0 N, σa = 120 MPa, 
auto calibration v = 4,691 m/s) 
 
5. Discussion and Outlook 
 

Regarding the results from tensile testing, it can be concluded that for spring steel reinforced 
EN AW-6082, the RMS value and the cumulative counts Ccum can be used to determine defor-
mation and damage, such as fracture of the reinforcement and the complete failure of the speci-
men. The plastic	  deformation of the components as well as the necking and debonding can be 
acoustically registered by an increase in Ccum whereas a precise separation of individual damage 
mechanisms appears impossible. The localization results showed that debonding and necking 
cannot be detected whereas the localization of the reinforcement failure is relatively precise.  

 
The mechanical deformation behavior and AE data of AZ31 differ from those of EN AW-

6082. Since the fracture of the matrix occurred simultaneous to fracture of the reinforcement, no 
stage IV exists. Comparing Ccum and RMS, high AE activity can be observed within the elastic 
stage I, which was already investigated for AZ31 in [10]. In order to discuss further details about 
the deformation behavior influenced by gliding of dislocations in basal planes, orientated parallel 
to the extrusion direction, as well as twinning [11-14], more knowledge about the crystallograph-
ic texture and grain size [15] is needed. Comparable to the AE results of the EN AW-6082, com-
posite debonding and necking in stage III cannot be identified from the AE results. The localiza-
tion of the fracture of the reinforcing element was very inaccurate. Further	   investigations	  
about	  the	  origin	  of	   the	  detected	  hits	  during	  debonding	  and	  necking	   in	  stage	  III	  should	  be	  
done.	  This	  could	  lead	  to	  an	  in	  situ	  view	  on	  the	  deformation	  behavior	  under	  tensile	  loads. 
 

In cyclic testing both AE values are also applicable. The RMS value allows for a detection of 
cyclic hardening at the beginning of the test and crack growth in both reinforced materials. Alt-
hough the constraints are not as clearly visible as in mechanical measurement of the plastic strain 
amplitude, the in situ monitoring offers a large benefit, so that the time of the matrix fracture 
detection is very accurate (local maximum in RMS). Ccum is mainly important for monitoring the 
damage evolution in stage III, where crack growth in the matrix material and debonding and 
necking of the wire occurs, although the AE response cannot be attributed to individual damage 
mechanisms. Compared to the mechanically determined parameter D, the beginning of damage 
detection is visible through AE. In case of AZ31 the damage parameter D allows slightly earlier 
damage detection than Ccum, which may be attributed to the use of broadband sensors of a lower 
sensitivity. For both composites the hardening of the reinforcing element as well as the following 
crack growth could be detected after matrix fracture, which results in a bumping of the matrix 
crack surfaces during the fully reversed testing. 
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The four different stages of deformation of spring steel reinforced AZ31 are identified acous-
tically by AE cumulative counts. The slowing increase of the cumulative counts can be attributed 
to the microscopic yielding whereas the exact crystallographic deformation behavior should be 
investigated in detail. The second stage with a nearly linear increase of the cumulative counts can 
be attributed to small amounts of hardening whereas stage III with a progressive increase of the 
cumulative counts is based on crack growth within the matrix material. The three stages detected 
by AE are equivalent to those registered for the pure matrix material and are different from the 
investigations shown in [8]. Reference [16] gives a more quantitative interpretation of the evolu-
tion of cumulative counts over fatigue life, influenced by several AE parameters such as gain and 
threshold and mechanical parameters, such as stress amplitude and stress ratio. For the reinforced 
material, at the end of stage III, the fracture of the matrix material causes a steep increase of the 
cumulative counts resulting from fretting of the crack surfaces of the matrix material. The differ-
ence in cumulative counts registered during compressive and tensile loading can be attributed to 
the different deformation behavior for AZ31, which is explained in detail in [13-15]. 
 
 The localization of damage-induced AE hits on EN AW-6082/301SS proved to be precise 
within the theoretical measuring accuracy (±0.5–1 mm), depending on the sampling frequency. 
The precision of the localization is reduced due to deflection of acoustic waves at the interface, 
which results in an improper localization. 
 

The current study showed that AE is an appropriate means for characterization methods in 
testing reinforced lightweight alloys in quasistatic as well as in cyclic loading. The comparison 
of AE characteristics with measured mechanical values showed that a large benefit from addi-
tional in situ AE monitoring can be reached for cyclic testing, since the damage parameter and 
the plastic strain amplitude suffer from being ex post interpretation methods. Important damage 
hits like reinforcement or matrix fracture (tensile and cyclic) and crack growth (cyclic) can be 
clearly recognized. Further the fast rise of the RMS value at wire fracture (quasistatic) or matrix 
fracture (cyclic) allows defining a threshold for automatic matrix fracture detection. A shutdown 
algorithm built into the AE software could be programmed to automatically stop the test for 
metallographic investigations. Future investigations should focus on pattern recognition features 
or clustering of the recorded AE data so that other damage mechanisms like debonding or neck-
ing could be recognized from the AE signals. 
 
Acknowledgment 
 

This paper is based on investigations of the subproject A3 “Material systems for reinforced 
and functional extruded profiles” of the Transregional Collaborative Research Center/Transregio 
10, which is kindly supported by the German Research Foundation (DFG). The authors would 
like to thank A. Henschel for contributing to the experiments on AZ31. 
 
References 
 
[1] M. Kleiner, M. Schomäcker, M. Schikorra, A. Klaus, Mat.-wiss. u. Werkstofftechn., 35 [7], 
(2004), 431-439. 
[2] K.A. Weidenmann, E. Kerscher, V. Schulze, D. Löhe, Advanced Materials Research, 10, 
(2006), 23-34. 
[3] K.A. Weidenmann, E. Kerscher, M. Merzkirch, Advanced Engineering Materials, 12 [1], 
(2010), 637-640. 



 

 328  

[4] A.N. Chamos, Sp. G. Pantelakis, G.N. Haidemenopoulos, E. Kamoutsi, Fatigue Fract Engng 
Mater Struct, 31, (2008), 812–821. 
[5] J. Bohlen, F. Chmelik, P. Dobron, D. Letzig, P. Lukác, K.U. Kainer, Journal of Alloys and 
Compounds, 378, (2004), 214–219. 
[6] P. Dobron, F. Chmelik, J. Bohlen, K. Hantzsche, D. Letzig, K.U. Kainer, Int. J. Mat. Res., 6, 
(2009), 889-891. 
[7] S.R. Agnew, Magnesium Technology 2002, TMS Annual Meeting, Seattle, (2002),  
[8] H. Zhou, J. Wang, Q. Zang, E. Han, W. Ke, Materials Science Forum, 546-549, (2007), 
579-584. 
[9] Th. Courtney, Mechanical Behavior of Materials, 2nd Edition, (2000). 
[10] M. Friesel, S. H. Carpenter, Journal of acoustic emission, 3 [1], (1984), 11-17. 
[11] C.R. Heiple and S.H. Carpenter, Journal of Acoustic Emission, 6 [3], (1987), 177-204. 
[12] C.R. Heiple and S.H. Carpenter, Journal of Acoustic Emission, 6 [4], (1987), 215-237. 
[13] M.R. Barnett, Materials Science and Engineering A, 464, (2007), 1-7. 
[14] M.R. Barnett, Materials Science and Engineering A, 464, (2007), 8–16. 
[15] J. Bohlen, P. Dobron, J. Swiostek, D. Letzig, F. Chmelik, P. Lukac, K.U. Kainer, Materials 
Science and Engineering A, 462, (2007), 302–306. 
[16] D. Fang, A. Berkovits, Fatigue Fract. Engng Mater. Struct., 17 [9], (1994), 1057-1067. 


