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Abstract 
 

Plastic instabilities are investigated in iron with different purity by means of acoustic emis-
sion (AE) power spectral analysis.  Special attention is paid to AE accompanying the yield drop 
followed by Lüders-band propagation and macroscopic strain localization associated with neck-
ing followed by crack nucleation and propagation. Both the Lüders instability and necking be-
long to the same generic type strain-softening instability although the former refers to the so-
called propagative instability while the latter is static. In both cases, significant shift of the power 
spectral density towards low frequencies is observed and discussed. 
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Introduction 

 
Various kinds of instabilities of plastic deformation and strain localization appear in focus of 

practically any research related to fracture since the synergy between the plastic deformation and 
fracture has become evident for many years. Acoustic emission (AE) has long been recognized 
to be capable of monitoring the local structural rearrangements associated with both plastic de-
formation and fracture. Many aspects of AE phenomenon, which occurs during uniform defor-
mation of metals and alloys, have been fairly well understood in terms of dislocation kinetics and 
dislocation interaction with impurities. On the other hand, AE accompanying the processes of 
strain localization under loading has not been fully understood and rationalized from either phe-
nomenological or microscopic viewpoint. Problems with AE interpretation during strain localiza-
tion are associated not solely with the AE technology itself, but also with the generic complexity 
of the multi-scale processes underlying localization of plastic flow. Beside the academic interest 
related to strain localization phenomenon, its practical aspect cannot be overvalued. Since plastic 
strain localization always precedes crack nucleation, the identification of the onset of localization 
process can be important for non-destructive routines.  The present paper aims to shed some light 
on the AE behavior during strain localization in ductile materials such as iron. A variety of ways 
how the plastic instabilities manifest themselves under loading is broad.  At first glance, the 
problem seems to be quite intricate being dependent on a type of instability, which in turn de-
pends on numerous internal and external variables in a specific way. However, we believe that 
general tendencies in the AE behavior due to strain localization still can be revealed and classi-
fied at least in a phenomenological manner with little reference to underlining fine microscopic 
dislocation mechanisms in a way similar to non-linear thermodynamic formulations or mechanis-
tic constitutive approach, etc.  Anyway, before any generalization can be made, available ex-
perimental results should be reviewed and the experimental database should be broadened.  

   
A simple classification of plastic instabilities associated with the stress-strain behavior has 

been proposed by Estrin (1988) [1], (see also [2, 3]) by linear stability analysis of a generic con-
stitutive relation between the flow stress σ, the plastic strain ε and the plastic strain rate . In a 
differential form this relation is expressed as  
  (1) 
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where  and  stand for the strain-hardening coefficient and the  
strain rate sensitivity, respectively. Apparently, this simplistic constitutive formulation does not 
include any internal microstructural variables, but rather lumps various contributions into the 
phenomenological material characteristics, h and S, which are easily measured experimentally 
and are representative of the materials mechanical response. It is not difficult to show that ex-
pressing a local strain perturbation in a conventional exponential form     
   

with initial perturbation  and growth parameter λ, the stability criterion can be formulated  
through the equality  

 
.
 (2) 

Obviously, a positive λ corresponds to instability, i.e., to susceptibility to strain localizations. In 
this case, either of the two following conditions is fulfilled 

  (3) 

These two kinds of instability are commonly referred to as h- and S-type instabilities in the litera-
ture [3].  Instability of the first kind prevails locally when strain-hardening capability is ex-
hausted through dislocation-accumulation mechanisms and/or strain softening. The most known 
example of this h-type of unstable mechanical behavior is necking, which is attributable to the 
macroscopic instability related to a whole specimen. Another vivid example of the same generic 
type of instability can be given with regard to the yield-drop phenomenon followed by Lüders- 
and Lüders-like-band propagation in impure or irradiated metals, Fig. 1. The second S-type in-
stability is clearly associated with negative strain-rate sensitivity, giving rise to discontinuous 
yielding known as the Portevin-Le Châtelier effect.  The S-type instability has received a great 
attention in AE community, resulting in many publications (see reviews [4, 5]). Although some 
authors reveal an ample similarity between AE due to Lüders-band propagation and Portevin-Le 
Châtelier bands [6-8], and although a certain similarity does exist in the underlying dislocation 
mechanisms associated with dislocation avalanches (particularly at the onset of the yield drop), 
according to the classification (3), they belong to different classes: strain (or h-) instability for 
the Lüders band and strain-rate (or S-) instability for the Portevin-Le Châtelier effect.  

In the present paper we will confine ourselves to the h-type instabilities only, with a focus on 
the Lüders-band propagation. A need to understand the AE behavior in line with underlining dis-
location interactions with metallurgical and structural parameters of materials initiated us to in-
vestigate the common AE behavior in simple relatively pure materials rather than in complex 
alloys. We therefore have chosen iron with different impurity content and different grain sizes 
for the present study. It has long been understood that the yield drop appears in bcc metals in as-
sociation of impurities and grain size. To be more specific, in very pure iron the yield drop is not 
observed while it becomes pronounced if a few tens ppm interstitials (mainly C, N, O) are pre-
sent [2, 9-12]. Furthermore, the yield drop and Lüders strain is larger in fine grain materials (few 
tens µm grain size) than in coarse grain ones; in polycrystals with very coarse grains, the Lüders 
bands cease to appear at all.  Some results obtained on mild steel will also be reported for the 
sake of comparison. Iron was chosen also for the reason that AE has been relatively rarely stud-
ied in this material because of the low level of acoustic emissions emerging in pure iron during 
plastic deformation (see, for example, a comprehensive review by Heiple and Carpenter [5]).   



 146  

To our best knowledge, no attempts to investigate the evolution of the AE power spectral density 
in iron have been performed so far. In line with our former studies of AE in pure copper and its 
alloys [13, 14], we therefore employ a broadband AE acquisition scheme for further Fourier 
spectral analysis.  
 

 
Fig. 1. AE rms voltage behavior during plastic deformation of a plain carbon (0.07wt% C) steel; 

 = 5 x 10-4 s-1.  The optical micrographs (a)-(c) illustrate the Lüders-band front, separating the 
deformed and non-deformed regions at the time corresponding to the respective arrows on AE 
diagram (in-situ observation by a Keyence VHX-8000 digital microscope, an arrow on (b) shows 
the direction of front propagation). 
 

 
Fig. 2. Optical micrograph of the electrolytically polished and then etched surface of 3N-Fe sam-
ple prior to mechanical testing.  
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Experimental 
 

The samples for mechanical testing were cut by spark erosion from sheets of iron with nomi-
nal purity of 99.5% (3N) and 99.99% (4N), supplied by Nilaco Corp. (Japan). Plain carbon steel 
with 0.07wt% C is used for illustrative purposes and comparison. The sample dimensions were 
10 × 5 × 2 mm3 in the gauge section. All samples were annealed in vacuum at 500˚C for 2h to 
achieve a uniform structure. Figure 2 shows a micrograph for 3N-Fe with a mean grain size of 50 
µm. The samples were then mechanically and electrolytically polished to a mirror finish. The 
grain size was estimated after etching by intercept method.  The samples were tested under 
monotonic tensile loading with nominal strain rates of (1, 2, 4, 8) × 10-3 s-1. An extensometer was 
not used in the present study because the AE level in iron is quite low so that we tried to mini-
mize any possible influence from external sources. For this reason the stress-strain curves are 
shown in terms on nominal strain calculated from the crosshead velocity.     

A broadband AE sensor AE-900S-WB (NF Electronics, Japan) with a bandwidth of 100-
1000 kHz was securely mounted on a lateral surface of the specimen below a gauge part with a 
rubber band. Vacuum oil was used as coupling media. The signal from the transducer output was 
amplified 60 dB with a 2/4/6 preamplifier (PAC, USA) and then transferred through a main am-
plifier-filter FA-010 (Microsensors AE, Russia) to either a PC-controlled digital AE-recording 
system AS-1 (Microsensors AE, Russia) or the PCI-2 AE acquisition board (PAC, USA). AS-1 
was operating at 6.25 MHz sampling rate with 12 bits amplitude resolution and 8 ksamples re-
corded per single realization. PCI-2 was used due to its streaming capability for continuous data 
recording at 2 MHz sampling frequency and 18 bits amplitude resolution.  The frequency band 
was chosen at FA-010 from 50 to 1200 kHz and the total gain was set at 90 dB. The AS1 ADC 
was triggered by threshold crossing. The threshold was set slightly higher than the laboratory 
noise.   

The details of data processing have been described elsewhere [13]. AE amplitude (peak volt-
age) and root-mean-square voltage (corrected for the background electrical noise) were calcu-
lated in time domain for every waveform record. The power spectral density (PSD) function G(f) 
was calculated after the standard FFT followed by smoothing with a rectangular spectral window 
of 40 kHz width. The average spectral density of the pre-recorded noise was subtracted before 
calculating the spectral parameters. The AE energy (power) per record was calculated as the in-
tegral of PSD over the whole frequency band. To characterize the frequency distribution in the 
power spectral density, a median frequency, fm, was calculated via conventional numerical pro-
cedures to obtain   

. 

Results   

A typical AE pattern in plastically deformed 3N iron polycrystal is shown in Fig. 3. Compar-
ing Figs. 1 and 3, the following common features are worth noticing.  

(i)  AE commences shortly before the upper yield point and  
(ii) AE reaches its sharp maximum at the yield drop.  
(iii) During Lüders-band propagation (lower yield point) the AE level (energy) is lower than 

that at the upper yield point. The pronounced feature of this stage is that the AE PSD has shifted 
notably to a low frequency region, which is reflected by lowering of the median frequency value.  
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Fig. 3. AE behavior during plastic deformation of 3N (99.95%) iron; = 1 x 10-3 s-1. 
 
The latter is clearly visible despite obvious scattering of experimental data. The AE energy E and 
fm value remain nearly constant on average during this stage although the fluctuations of AE pa-
rameters are also quite evident reflecting the fluctuating character of the Lüders-band propaga-
tion.   

(iv) The onset of parabolic hardening is accompanied by the rise of AE energy as is typically 
observed in fcc metals [4, 5-7, 13, 14]. Shortly after yielding, the uniform deformation with 
strain hardening begins and then the AE energy (or rms voltage) gradually reduces to a very low, 
hardly distinguishable from noise, level while the median frequency is monotonically increasing 
on average with the flow stress. This has been commonly observed in a wide range of fcc metals 
[13, 14].  

(v) The uniform deformation ends when, according to the h-type instability criterion (3), the 
increasing true stress becomes equal to the reducing hardening coefficient (the strain rate sensi-
tivity is, of course, positive). This point corresponds roughly to the ultimate tensile strength. 
Around this point a certain increase in the AE energy is noticed again and the low frequency 
components prevail again in the frequency distribution, i.e., the power spectral density shifts to-
wards low frequency domain and the average fm value reduces accordingly.  
 (vi) However, the evolution of AE during necking does not occur monotonically and the AE 
energy peak is formed around the point of instability and the flow becomes “quasi-static” again.  

(vii) The last point of instability in the AE pattern is apparently associated with ductile mi-
crocrack initiation and propagation at largest strains before fracture.  Overall, the oscillatory be-
havior of AE spectral parameters reflects sequential transitions from one metastable state to an-
other, passing through a number of points of instability.  
 

Together with the discrete (burst) nature of AE phenomenon (see Fig. 4 for illustration), this 
emphasizes a strong intermittency of plastic deformation, which occurs on different structural 
scales. The characteristic scale lengths do not appear to be strictly defined, but rather evolving, 
which is reflected by gradually changing AE parameters in the course of deformation of a 
strongly non-equilibrium dissipative system.   
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Fig. 4. Typical AE waveforms and their Fourier power spectral density corresponding to differ-
ent stages of plastic deformation of 3N-iron: (a) pseudo-elastic loading stage near the upper yield 
point, (b) upper yield point, (c) Lüders-band propagation stage, (d) uniform deformation stage 
prior to the ultimate tensile strength. 
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Fig. 5. Fragments of AE continuously streaming data during the Lüders-front propagation at dif-
ferent time scales for 3N-Fe at strain rate of 2 × 10-2 s-1.  (PCI-2, sampling rate 2 Ms/s).  

 
Figure 4 illustrates typical AE waveforms and their Fourier power spectral densities corre-

sponding to different stages of plastic deformation of 3N-purity iron. At the given strain rate  = 
1 × 10-3 s-1, AE amplitude is fairly low when compared to the noise level. Most of the signals 
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detected just before the upper yield point (a) and right at the yield point (b) are of burst type. 
Comparing spectra (a) and (b), one can notice the shift of the PSD to low frequency domain. 
During the Lüders-front propagation, a mixture of low amplitude bursts, Fig. 4(c), and continu-
ous noise-like signals has been observed with dominant low frequency components. As deforma-
tion proceeds in the parabolic hardening stage (uniform deformation region), the amplitude and 
rms voltage of the signals reduce progressively and significance of high frequency content in the 
PSD increases, Fig. 4(d). 

 
 
Fig. 6.  Evolution of the normalized AE PSD during the Lüders plateau for 3N-Fe at strain rate of 
2 × 10-2 s-1. The dominance of the low frequency components is evident and the highly fluctuat-
ing character of the AE spectra is seen. 
 

It is particularly instructive to have a closer look at the Lüders plateau. This is possible if we 
increase the strain rate to 2 × 10-2 s-1 and record the AE data by the PCI-2 board enabling con-
tinuous data streaming. The results are illustrated in Figs. 5-7. Figure 5 shows the typical frag-
ments of AE records during the Lüders-front propagation at different time scales. Although the 
AE still appears as a series of the transient signals (Fig. 5(d)), the activity of sources is so high 
that the transients overlap and the AE time-series manifests itself as a continuous fluctuating 
noise-like signal at coarse time scales. The significance or, to be more precise, the dominance of 
low frequency components becomes evident from Fig. 6 where the AE PSD is plotted as a func-
tion of time. It is worth noting that the AE spectrum fluctuates considerably during front propa-
gation, which is associated with the intermittency of the dislocation avalanche production in dif-
ferently oriented grains. The grains have a notable distribution of sizes at the propagating front of 
a localized deformation, which becomes zig-zag shape in a scale of grain size. The claim that the 
AE spectrum shifts towards low frequencies when strain localization occurs due to increasing 
spatial and temporal correlation in the ensembles of the emitting defects is particularly obvious 
in terms of the median frequency reduction as seen in Fig. 7(b). Interestingly, the sharp fall of the 
fm value can be noticed slightly before the upper yield point, i.e., the tendency to strain localiza-
tion and the processes of localized stress accumulation commence prior to the apparent stress 
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drop, avalanche dislocation release and the start of the Lüders-front motion.  This result appears 
in line with early findings by Rosenberg [15], who has reported the initiation of the Lüders band 
by pre-yield relaxation tests in pure iron. This result also illuminates the high potential capacity 
of AE for the detection of early stages of strain localization; usually AE can detect the signatures 
of strain localization earlier than those can be found by any mechanical measurement, (for a 
vivid example see [16] where the extreme sensitivity of AE spectrum for the formation of persis-
tent slip bands has been demonstrated for copper single crystals).               
 

 
Fig. 7. A close-up view of the AE rms voltage and median frequency during the Lüders-band 
propagation for 3N-Fe at strain rate of 2 × 10-2 s-1. The fluctuating AE rms voltage behavior and 
the sharp drop of the median frequency are worth noting.  
 

Turning back to the features of the Lüders-band propagation, we notice that in most experi-
ments we observed a single band propagating from the lower grip to the upper one as shown in 
Fig. 1 (monitoring was performed in-situ by a Keyence digital microscope VHX-8000 with a 
long-focus lens). It has been demonstrated by simultaneous AE measurements and optical 
speckle-interferometry that the motion of the localized AE sources at the band front can be 
traced by means of linear location technique [17]. The phenomenological Lüders-band behavior 
is well documented for a large number of materials at different temperatures, strain rates and 
grain sizes [2, 6-12] and it is not surprising that the Lüders strain, stress drop at yield and Lüders-
plateau stress increase slowly (logarithmically) with the strain rate, Fig. 8(a).  The behavior of 
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the AE energy in iron upon Lüders-band propagation is also in fair conformity with available 
literature data [6, 8] (experimental data are still scarce, however). While the first AE peak at the 
yield point does increase notably with , the AE energy tends to decrease with increasing nomi-
nal machine strain rate.       

 
Fig. 8. (a) Dependence of Lüders strain, stress and yield drop on the strain rate, (b) strain rate 
dependence of average AE parameters during Lüders type instability; AE1 = AE peak energy, 
EL = AE energy during Lüders deformation, fmL = fm during Lüders deformation (3N-purity Fe, 
50 µm grain size). 
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Let us notice that compared to the results shown in Fig. 1 for low carbon steel and Fig. 3 for 
3N Fe with the grain size of 50 µm, the samples of the same purity but having a greater grain 
size (of 150 µm) show considerably less pronounced yielding and considerably lower AE. In the 
specimens with the grain size over 500 µm, neither yield phenomenon nor associated AE was 
observed and the overall AE level was quite low. This fact emphasizes the significance of the 
grain size for Lüders-band nucleation as will be discussed below.  
 
Discussion 

 
A consistent explanation for the occurrence of the stress drop and associated Lüders phe-

nomenon was proposed by Cottrell (1953) [9] (see also the details in [2, 10]) in terms of locking 
effect, which is furnished by relatively mobile interstitials, e.g., C and N, in ferritic alloys. The 
energy of dislocation-impurity interaction in a bcc lattice is rather high (of ~0.5 eV) bringing 
about a significant dislocation anchoring at low temperatures, provided that the interstitials con-
centration is larger than 10 ppm. Thus, the unlocking stress is substantially larger than the propa-
gation stress. This causes abrupt dislocation multiplication at the yield point. If the time it takes 
the solutes to recapture a dislocation is longer that the time it takes for a Lüders band to traverse 
the entire specimen gauge length, no repetitive stress drop is observed. The band propagates at 
constant stress maintained by the constant dislocation density, which is balanced dynamically by 
interplaying processes of dislocation multiplication and the band front and their storage in the 
band tail. It has long been recognized undoubtedly that the magnitude of the first AE peak corre-
sponding to the stress drop at yield is sensitive to heat treatment, previous mechanical working, 
concentration of impurities responsible for dislocation pinning and other factors influencing the 
extent and strength of the dislocation locking. Although dislocation breaking away from pinning 
points at the onset of plastic deformation of fcc metals is unlikely to be a major mechanism re-
sponsible for the AE peak observed [14], this mechanism undoubtedly governs the stress drop at 
yield of bcc metals, particularly in Fe: indeed, in higher purity Fe (99.99%) the stress dome at 
yield was smaller and the associated AE peak was by a factor of 1.5-2 smaller than that shown in 
Fig. 3 for 99.95% Fe (let us notice that same tendencies in the Lüders band and AE behavior are 
observed in 4N Fe as those in 3N Fe with only quantitative differences, which will be discussed 
elsewhere).  

 
The appearance of AE before yield is consistent with the original ideal by Cottrell [9] that 

dislocation motion can occur before the upper yield point in a microstrain region, but the upper 
yield point is not reached until these dislocation avalanches, or dynamic pile-ups (see also [10]), 
become strong enough to be able to cross the grain boundaries. In parallel to Cottrell, Hahn [11] 
has suggested that the yield point phenomenon can be viewed as an abrupt dislocation multipli-
cation process. As Estrin and Kubin [2] have stressed, the significance of multiplication models 
is that they allow identifying new parameters influencing the yield behavior: a difference in 
strain rate or dislocation velocity between the upper yield point (where the velocities are large) 
and low yield point (where they have reached dynamic equilibrium values) results in stress dif-
ference proportional to the strain rate sensitivity S of the flow stress. Starting from essentially the 
same premise Hähner [18] has proposed a most elaborated quantitative phenomenological dislo-
cation dynamical model of the reaction-diffusion type to describe the spatio-temporal dynamics 
of Lüders-band propagation, viewed as solitary wave. Caceres and Rodriguez [6] have employed 
the dynamic pile-up concepts to account for the observed AE behavior in Al-Mg and Cu-Zn al-
loys in a rather qualitative manner.  
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The most intriguing issue, which has not received a consistent explanation yet, is apparently 
the reduction of the AE energy (rms or amplitude) with the strain rate during strain localization 
on a plateau region. The opposite behavior is expected from the strongly experimentally sup-
ported linear relation between the imposed strain rate and AE energy (power) during uniform 
deformation of a wide range of pure metals [5]. It is worth noting, that the local strain rate in the 
Lüders band can be by two orders of magnitude greater than the external strain rate.  The AE 
level, however, was found reduced.  Two possible explanations can be proposed for that from 
either the experimental settings or from the standpoint of physical metallurgy and the dislocation 
behavior during the yield pint.  On one hand, our observations highlighted significant shift of the 
power spectral density to low frequency domain, Figs. 5-7. In the region of 20-50 kHz either an 
AE sensor has limited sensitivity or the acquisition system frequency band may be selected in-
adequately with too high high-pass filter cut-off frequency (say 50 kHz as in our case) in at-
tempts to minimize the laboratory noise. On the other hand, it is well known that the yield drop 
ratio Δσ/σL increases as strain rate increases [19, 20] which could be due to reduction in the den-
sity of unlocked dislocation, i.e. potential AE sources.  Besides, from a bulk amount of experi-
mental results obtained on various pure fcc metals, the present authors are aware of AE relation 
to the rate , at which dislocation density changes (accumulation or annihilation) rather than to 
the dislocation density ρ itself.    
  

With regard to AE during macroscopic necking, one should notice that many essential AE 
features appear to seemingly resemble those during Lüders phenomenon; e.g. at high imposed 
deformation rates, recorded AE is relatively low.  Besides, it seems obvious that the increasing 
values of AE energy during the onset of necking cannot be attributed simply to the rising local 
strain rate in the reducing cross-section of the specimen.  If it would be so, the spectrum shift to a 
high frequency domain (increasing fm) is expected from a large experimental database obtained 
by the same authors on various fcc metals and alloys (e.g. [16]) as well as from theoretical ex-
pectation of AE produced by a collection of temporarily and spatially correlated sources by Bra-
ginskii [21]. The picture is however opposite – the AE spectrum apparently shifts towards lower 
frequencies. This indicates that the plastic instability at necking manifests itself as a sort of local 
material softening, which is accompanied by increasing local dislocation activity (multiplication 
and motion). This, in turn, stimulates local dislocation storage and hardening processes as well. 
The latter inhibits dislocation motion in a way similar to that during uniform elongation so that 
the only accommodation mechanism possible after such an extreme hardening would be a crack 
initiation.   
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