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Abstract

The Portevin—Le Chatelier (PLC) effect manifests itself as an unstable plastic flow during
tensile tests of some dilute alloys under certain regimes of strain rate and temperature. The
plastic strain becomes localized in the form of bands which move along a specimen gauge in
various ways as the PLC effect occurs. Because the localization of strain causes degradation of
the inherent structural properties and surface quality of materials, understanding the effect is
crucial for the effective use of alloys. The characteristic behaviors of localized strain bands
and techniques commonly used to study the PLC effect are summarized in this review. A brief
overview of experimental findings, the effect of material properties and test parameters on the
PLC effect, and some discussion on the mechanisms of the effect are included. Tests for
predicting the early failure of structural materials due to embrittlement induced by the PLC

effect are also discussed.

Keywords: dislocations, serrated plastic flow, metal surface potential

1. Introduction

The Portevin—Le Chatelier (PLC) effect occurs in vitally
important industrial materials such as steel and aluminum
alloys. The localized deformation associated with the PLC
effect causes both cosmetic and structural problems. Car
bodies, aircraft fuselage and most types of casing made of
steel and aluminum alloys can develop rough and unsightly
markings on their surfaces during shape-forming processes,
as shown in figure 1.

The PLC effect affects most material properties. It
increases flow stress, ultimate tensile strength and the work
hardening rate. It decreases the ductility of metals with a
corresponding decrease in elongation, the effective gauge
cross-sectional area, the strain rate sensitivity coefficient and
fracture toughness. Alloys under load become susceptible
to unprecedented service failures because of the increased
embrittlement and reduced fracture toughness resulting from
the PLC effect [1, 2].

When these negative qualities induced by the PLC
effect are combined with embrittlement by environmental
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conditions, material failures are expected to be much more
catastrophic. Further embrittlement can result from the
presence of hydrogen in gaseous and aqueous environments,
which accelerates corrosion processes, or through the
physical contact of load-bearing materials with other
materials resulting in localized corrosion. Thus, especially for
load-bearing and mission-critical materials, the detection of
susceptibility to the PLC effect is an imperative issue, as is the
monitoring of materials during their service for events related
to PLC effect.

The PLC effect has been researched extensively since its
discovery in 1909. Investigations started with conventional
strain- and stress-controlled tensile tests and have evolved
significantly through the addition of novel devices and
procedures. Optical, acoustical, thermographic, magnetic,
electromagnetic and electrochemical techniques have been
applied to correlate the spatio-temporal characteristics of
the PLC effect with the associated serrations observed in
conventional tensile tests. These imaging and correlation
techniques have also been helpful in detecting some
microscopic features of the effect that may shed light on
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Figure 1. PLC bands formed in an Al-Cu alloy part by shaping
processes (reproduced with permission from [153] © 1952 The
Institute of Metals).

possible mechanisms of the plastic instability phenomenon.
The empirical studies have provided information on
dislocation—solute and dislocation—dislocation interactions,
and affirmed the effect of microstructural and bulk specimen
characteristics on the dynamic nature of localized strain
appearing in various types. The studies that dealt with the
influence of inherent material characteristics and external test
parameters on the PLC effect have resolved practical issues
for industry and have produced sound theoretical explanations
for the origin of the unstable plastic flow. Some of the
present models simulate all observed features of the PLC
effect equally well, even though some of their assumptions
are somewhat discrete, especially regarding the role of solutes
and vacancies and the type of diffusion. Insights from further
experimental work based on new approaches may contribute
towards a single generalized model that can be universally
accepted.

This paper reviews experimental results and methods
concerning the PLC effect and only briefly mentions the
commonly proposed interpretations and mechanisms. It starts
with describing plastic flow in general, and then moves onto
a description of the PLC effect and PLC bands, followed by
a summary of the commonly accepted mechanisms of the
effect. The implications of some of the empirical findings
for the mechanism of the PLC effect are briefly discussed.
Then the experimental methods for investigation the PLC
effect and the results produced to date are described with
an emphasis on the factors known to influence the effect.
Some new tests for the prediction of early failure of structural
materials in aqueous media due to embrittlement induced by
the PLC effect are also presented. Finally, an overall summary
of the fundamental achievements related to the PLC effect is
given, along with likely future developments.

2. The PLC effect from macro to micro scale

2.1. Plastic flow

The mechanical deformation of crystalline solids is greatly
assisted by dislocations. This can be easily shown by
calculating the stress associated with one atomic plane sliding
over an adjacent plane from the known periodic bonding

forces along the slip plane. The resulting value is roughly
an order of magnitude lower than the bulk shear modulus
defined by experimental elastic deformation of the sample.
Typically, the stress required to deform a metal is of the
order of a few hundred MPa, at least an order of magnitude
less than that expected from the calculation for a sliding
atomic plane, and much less than the shear modulus. Thus,
the mechanical deformation of metallic alloys requires only
a small fraction of the theoretical stress. The theory of
dislocations, which explains this paradox, was formulated
in the mid-20th century by several scientists. In particular,
contributions from Frenkel [3], who is best remembered for
his work on defect structures; Schottky [4], known for the
Schottky effect in thermionic emission; Burgers [5], who
defined the Burgers closure vector; and Cottrell [6], known
for the term Cottrell atmosphere and also the dynamic strain
aging phenomenon, have helped establish solid foundations
for the theory of point defects and dislocations.

Plastic flow in metals and alloys can be explained in
terms of the nucleation and motion of dislocations [6-9].
Dislocations are considered as the agents responsible for a
steady flow; this, however, does not describe their general
contribution to plastic deformation. While it is difficult to
deform a metal without dislocations, plastic deformation also
becomes much more difficult as the extent of deformation
increases. The toughening effect of cold work on metals
exemplifies this clearly [10]. The basic mechanism behind
this effect is known to be the hindering of the motion of
dislocations by the presence of other dislocations [11]. When
dislocations pile up, they can block an ongoing stable flow
until a sufficient strain is built up to unlock them [12].
Dislocations may also interact with diffused foreign atoms
such as the solutes in solid solutions. The solutes tend
to migrate towards dislocations, where their energy is
lowered [13-15], and hinder the motion of dislocations.
This phenomenon, referred to as dislocation pinning by
solutes [6, 16], is believed to be the main factor controlling
instabilities in plastic flow.

Temperature affects the mobility of solutes and vacancies
present in a metallic specimen because heat provides the
energy for the motion of point defects. Similarly, the strain
rate alters the number and mobility of dislocations nucleated
in a material under stress [17, 18]. Temperature and strain
rate are the most significant external factors affecting the
interactions between defects and the stability of plastic flow.
In general, when dislocations move without interacting with
each other or with point defects, a steady plastic flow
is observed. In other words, the transitions between the
enriched and saturated regions of the induced strain in a
stressed specimen become smooth in the presence of mobile
noninteracting defects. Otherwise, the motion of dislocations
is disturbed and the plastic flow becomes unstable [7, 14, 15].
In addition to temperature and strain rate, the stability of
plastic flow strongly depends on parameters such as test
machine stiffness and geometry and the surface quality
of samples. Inherent properties such as alloy composition,
crystal lattice, structure, type and amount of solutes, mobile
dislocation density, type of obstacle and grain size also affect
the instability of plastic deformation of alloys.
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Figure 2. Regular and serrated flows of a low carbon steel strained
at 25 and 85 °C at a strain rate of 1.6 x 107%s~! (reproduced with
permission from [112] © 2011 Springer Science and Business
Media).

2.2. PLC effect

When dislocation motion is unstable, the plastic flow is
also unstable and appears as strain bursts and arrests in a
tensile test curve obtained under a constant load. Under a
constant strain rate and temperature the instability appears
as serrations in the stress—strain curve with a characteristic
range of frequency and amplitudes of stress drops, as shown
in figure 2. The PLC effect occurs in both substitutional
and interstitial alloys such as alloys of aluminum, copper,
zirconium, and austenitic, mild and low-carbon steels [19, 20].
A typical strain rate-temperature range for a serrated flow of
the PLC effect for a commercial aluminum alloy is shown in
figure 3. Unstable flow was first studied by Le Chatelier [21]
in mild carbon steels. Later work by Portevin and Le Chatelier
on susceptible substitutional alloys made the effect to be
known as the PLC effect [22]. The most distinct feature
of the PLC effect is the localization of strain in a section
of the stressed specimen and the motion of the localized
strain along the specimen with increasing stress, as shown
in figure 4. The strain localization manifests itself as bands
a few millimeters thick, which are inclined at approximately
55° to the tensile axis and move in various ways on the
specimen. Each stress drop of a serrated plastic flow that
occurs during a constant-strain-rate test corresponds to a
macroscopically observable plastic avalanche of one of these
localized bands [23, 24]. Experimental observations have
shown that PLC bands are of different types, and the transition
between band types may occur upon changes in strain rate and
temperature [25, 26].

2.3. PLC bands

Various types of deformation bands induced by the PLC effect
are known to exist; each type corresponds to a well-defined
serration shape in the tensile test curve, as illustrated in
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Figure 3. Serrated flow range of the aluminum alloy AA 5083 in
the strain rate-reciprocal temperature plane (reproduced with
permission from [154] © 2008 Elsevier Ltd).
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Figure 4. Schematics of motion, orientation, spatio-temporal
appearances and strain-controlled tensile curve characteristics of
the PLC bands.

figures 4 and 5. The band types have particular locations
in strain rate-temperature plots, as shown in figure 6 for
a commercial aluminum alloy sample. The band types
are associated with the spatio-temporal organization of
dislocations in the effective gauge of a specimen and are
assigned as type A, B, or C [27-29]. Type C bands are
randomly nucleated, nonpropagating, or hopping bands
throughout the specimen gauge and correspond to a tensile
test curve with relatively consistent serrations around a certain
amplitude and frequency. Type B bands propagate in a gauge
in an intermittent manner with roughly equal intervals. The
amplitudes and frequencies in the corresponding tensile test
curve appear somewhat irregular and are smaller than those
of a type C curve. Type A bands propagate continuously in
a gauge resembling a longitudinal wave [30], with arbitrarily
located small stress drops embedded in the regular flow in
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Figure 5. Stress-time curves for an AI-Mg alloy at 7 = 300 K
showing the change from type C to type B, and then to type A
serrations with increasing strain rate. (a) Type C; 5 x 107¢ 57!,
(b) type B; 5 x 107*s~ ! and (c) type A; 5 x 1073 s~! (reproduced
with permission from [28] © 1987 Elsevier Ltd).
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Figure 6. Typical band types (A, B, C, A+B, C+B) in the serrated

RIS

flow range of an Al-Mg alloy; ‘i’, ‘p’ and ‘as’ refer to the crystal
type of the studied sample (reproduced with permission from [140]
© 2000 Elsevier Ltd).

the tensile test curve. Not all type A bands are alike. Schwink
and Nortmann have distinguished the sudden and the gradual
stress drops for type A bands, referred to as type Al and
A2 bands, respectively [27]. Usually, higher strain rates are
associated with type A bands, lower strain rates with type C
bands and intermediate levels with type B bands [31]. The
temperature has the opposite effect on the band type; with
type C bands occurring at higher temperatures and type A
bands occurring at lower ones.

Because the deformation bands of the PLC effect are
transitional, different types of bands do not occur together
except at the critical temperatures and strain rates [32, 33],
which are also called the crossover regimes of the bands
[31, 34]. Thus, when one type is present, the other types
generally disappear. The bands can form in single or multiple
locations in the effective gauge of a test specimen [35]. The
analysis of serration shapes of mild carbon steels carried
out by Cuddy and Leslie has shown that only type C bands
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Figure 7. Schematics of reflection, splitting and sequential
emergence of PLC bands (type A and type B).

form at random locations in a specimen gauge [36]. Similarly,
aluminum alloys at certain strain rates and temperatures
exhibit only one type of band, until the temperature or strain
rate is changed [33, 37-39]. A series of studies conducted by
Jiang et al [37, 38] and Ranc and Wagner [40] have shown
clear transitions among the serration types in Al-Cu alloys;
the transitions have been observed using digital speckle
correlation, pyrometric and digital image correlation (DIC)
techniques on the surfaces of flat specimens during tensile
tests.

Chatterjee et al presented an alternative approach [41],
suggesting that all PLC dynamics are governed by a
single band which changes its character of motion during
deformation. This hypothesis is based on a statistical analysis
of stress-time series data taken from tensile tests of Al-2.5%
Mg alloy at moderate strain rates. According to the study,
only the mode of propagation of the band on the test
specimen varies, but the inherent character of the band may
stay unchanged. Cassarotto et al [24] also emphasized the
same point: type B bands were found to be type A bands
that no longer propagated in a soliton-like manner. Optical
extensometry and infrared thermography have shown that
continuously propagating type A bands are reflected from the
ends of a specimen gauge and change their inclination to
the opposite direction with respect to the tensile axis after
reflection [42], as illustrated in figure 7. Band reflections
can also occur at any arbitrary location within a specimen
gauge, particularly for type B bands [23]. Some bands,
as shown in figure 7, can split at any point in a gauge
into two different bands with different orientations traveling
in opposite directions, as revealed by Shabadi et al [43].
The crossover phenomenon from continuously propagating
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type A bands to hopping type B bands has recently been
analyzed by Ait-Amokhtar and Fressengeas using digital
image correlation and infrared thermography techniques.
At the critical temperatures and strain rates, the sequential
emergence of type A and type B bands shown in figure 2 has
been observed in Al-Mg alloys [31].

2.4. PLC mechanisms

The most commonly accepted explanation for the origin of
the PLC effect is based on a model called dynamic strain
aging (DSA) [9, 14, 44], which is defined as interaction
between the moving dislocations and diffusing solute atoms.
The mobile dislocations act as carriers of the plastic strain
according to this mechanism, and move unsteadily among
the obstacles formed by other defects in the bulk material.
Since this early description, the mechanism of the PLC effect
has been studied extensively [1]. Copious theoretical work
has been reported in the literature including a variety of new
simulations and insights into the nature of nucleation and
motion of the deformation bands [2].

Recent models have added various new parameters to
those discussed in the typical description above. Generally,
an evolution factor is added for mobile and forest dislocations
because of changes in the local strain within a band [45-47].
It has been considered that the interaction of dislocations
with their long-range stress fields is necessary to account
for the observed synchronized nucleation, multiplication
and propagation in a specimen gauge [48, 49]. Another
consideration is that the pipe diffusion of solutes might
occur along the dislocation core during the residence time
of dislocations at obstacles, together with bulk diffusion
across the dislocation core [50-52]. Transmission electron
micrographs and a schematic illustrating the pipe diffusion of
a solute are given in figure 8.

As recently debated, the negative strain rate sensitivity
(NSRS) of flow stress, which may occur within a certain
range of applied strain rate and temperature, cannot be
explained by DSA. It has been shown independently by
Hahner [29], Curtin [53] and Olmsted et al [54] that the
dynamic strain aging of noninteracting dislocations does not
give rise to NSRS. Therefore, a long-range interaction among
dislocations is necessary for unstable plastic flow to occur.
Such an interaction may be modeled by a stochastic treatment
of dislocation dynamics. According to Hahner [29], one of
the instabilities corresponding to each band type is associated
with a phase transition to a collective mode of slip, which
necessitates the combined action of DSA and dislocation
self-interactions [29, 55]. Schwink and Nortmann [27] have
suggested that unstable plastic flow must include a linear
type of diffusion such as pipe diffusion or core diffusion to
account for the several different band types which exist in
the PLC effect. Other mechanisms have been suggested which
avoid the proposed solute contribution entirely. For instance,
an experimental study by Korbel et al, on annealed and cold
worked «-brasses shows that the relationship between band
velocity and dislocation density can be fitted to a common
curve. The study considered only measured band parameters
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Figure 8. Transmission electron micrographs and schematic
showing pipe diffusion of precipitate P1 into precipitate P2 via
dislocation line segment d1 (reproduced with permission from
[155] © 2001 Elsevier Ltd).
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Figure 9. Schematic map of NSRS of an Al-Mg alloy. The PLC
effect appears in the m <0 region, while the DSA mechanism
appears in a wider area of the strain rate-reciprocal temperature
plane (reproduced with permission from [156] © 2004 Elsevier Ltd).

such as band velocity, bandwidth and deformation, and it was
found that some characteristics of the PLC effect could be
explained by collective behavior of dislocations without any
requirement of solute diffusion [56].

The strain rate sensitivity of flow stress investigated
by Mulford and Kocks [57] for nickel-based and Al-Mg
alloys showed some anomalies, which suggested that the DSA
mechanism occurs over a much wider temperature range than
that in which unstable flow occurs. Figure 9 shows a typical
NSRS range in a schematic diagram of strain rate versus
reciprocal temperature. The authors reported that NSRS is
associated with the contribution of strain hardening to flow
stress starting from the beginning of the deformation. In
other words, the strain rate sensitivity becomes negative only
after strain hardening becomes dominant. In addition, the
critical strain for a serrated flow to occur is independent of
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Table 1. Common techniques for investigating PLC effect and their basic characteristics.

Investigation technique

Basic characteristics

Digital image correlation
Speckle pattern interferometry
Laser scanning extensometry
Thermography

Acoustic emission

Magnetic flux measurements
Electric field measurements
Electrochemical measurements

Visually reveals strain fields with high spatial and temporal precision

Allows quantitative analysis by precise vector field displacement measurements on specimen surfaces
Provides accurate data on the band speed and localized strain along the specimen

High data acquisition frequency enables accurate detection of temporal features of the PLC bands
Efficiently monitors PLC events and number of dislocations involved in strain localization

Suitable for ferromagnetic materials

Correlate air-metal interface charge fluctuations with PLC band events

Correlate electrolyte-metal interface charge fluctuations with PLC band events in aqueous environments

the vacancy population [58]. Thus, the interpretation of the
PLC effect in terms of interactions of moving dislocations
with mobile solutes has been questioned. Subsequently, a
dislocation arrest model has been more widely accepted,
in which solute atoms diffuse along dislocations at forest
intersections [57]. Some investigations by Weiss et al [59]
using acoustic emission (AE) techniques on single-crystal
ice specimens compressed under constant loads support the
idea of interactions among dislocations, a model currently
supported by many researchers. The authors reported that
AE bursts reveal a power law distribution of type A bands,
which should result only from dislocation—dislocation elastic
interactions.

In addition to dilute substitutional alloys, carbon steels
are also well known to be prone to the PLC effect. It has
long been proposed that this sensitivity originates from the
high carbon content of the steels [60]. Carbon steels allow the
easy permeation of hydrogen, which may interact with foreign
atoms such as carbon and nitrogen existing in the metal and
promote the interaction of all solutes with dislocations [2, 61].
A common explanation of the PLC effect for carbon steels
is based on reaching a critical strain required to produce a
sufficient number of vacancies, that permit carbon diffusion to
the dislocation cores, as discussed in depth by Chen et al and
others [62—64]. The experimental results of McCormick [65]
were in agreement with a model based on mobile dislocations
being temporarily arrested at obstacles in the slip path,
which was a new proposal at that time. However, more
recently, Sarkar et al [66] have shown that there is marginal
deterministic chaos in the PLC effect in low-carbon steels.
From their analysis of stress time series using a nonlinear
dynamical approach, they concluded that the dynamics of the
PLC effect in interstitial alloys is much more complex than
that in the substitutional Al-Mg alloys.

Although earlier models assumed that vacancies do not
contribute to the PLC effect in interstitial alloys [58, 67],
an alternative proposal from Almeida et al [68], based
on a mechanism involving temperature-induced diffusion,
includes vacancy contributions in light of the results of
tensile tests carried out on austenitic steels. According to
the work, the PLC effect occurs when carbon-vacancy and
nitrogen-vacancy complexes are reoriented in the regions
where dislocations are arrested or decelerated; this occur
at high and low temperatures but not at intermediate
temperatures. At intermediate temperatures these complexes
are not concentrated in any region because of their higher
mobility and higher equilibrium concentration.

In addition to the typical dislocation-solute mechanism,
there are many other interpretations of the PLC effect based
on various experimentally supported approaches [34, 48,
67, 69-71]. Recent simulations have reproduced empirical
observations reasonably well as regards the features of all
types of the bands and the crossover phenomenon [72-74].
Generally, some basic assumptions used for a particular
interpretation have been found to be unsatisfactory in other
interpretations [34]. However, when the complexities of the
PLC effect are taken into account [34, 59], and considering
the time and effort that will be required to develop new
and more accurate experiments to obtain further information
and insights on microscopic band nucleation events, even the
contributions from imperfect models will be crucial.

In most cases, the proposed models for the PLC effect
are associated with only the particular specimen studied, and
there are various modeling approaches which describe the
unsteady flow behavior of a particular alloy equally well [55].
It is widely acknowledged that most theoretical treatments
do not provide an explanation for the exact microscopic
nature of the observed PLC bands [23, 34, 75, 76]. An
excellent review of the models describing the PLC effect
by Ananthakrishna [34] explains in detail the main sources
of difficulty and complexity in modeling from statistical,
stochastic and dynamical view points, and examines and
compares recent models. Ananthakrishna points out that the
dissipative and irreversible nature of dislocation processes,
the dominant role of nonlinearities, strain localization and the
tensor character of dislocations as line defects are the main
difficulties in developing a generalized model.

3. Investigation methods

Many researchers have observed band characteristics
and attempted to correlate the serrated flow and discrete
physical events on or in metal specimen during the PLC
effect. Most correlation studies employed optical, magnetic,
thermographic, or acoustic techniques to monitor the
specimens. Some studies involved magnetic flux leakage
measurements of ferritic materials, and a few applied
electromagnetic and electrochemical techniques. The basic
characteristics of these investigation methods are briefly
compared in table 1.

3.1. Optical methods

3.1.1. Digital image correlation. Optical methods, including
DIC, speckle pattern metrology and optical extensometry
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Figure 10. Basic DIC setup (above) and DIC pattern of two
developing PLC bands nucleated consecutively (below). The red
color represents the highest local strain (reproduced with permission
from [51] © 1998 Wiley-VCH Verlag Berlin GMBH).

are widely used to characterize the PLC effect. They
accurately resolve the local strain fields of bands and their
spatio-temporal characteristics within the gauge length. DIC
is a powerful technique that is able to detect the distinct
features of strain localization in the PLC effect. This
method provides quantitative data on the changes in strain
fields even within the deformation bands, with a high time
resolution [77, 78]. A schematic of the setup and an example
of the band strain resolution obtained by the method are given
in figure 10. In addition to conventional tensile test equipment,
a high-speed digital camera and computer processing are
required for this relatively new image acquisition method.
To examine the nucleation and motion of PLC bands, the
entire gauge section of a sample is imaged using a digital
camera generally operating at 30 frames per second or
higher. The recorded digital images are then analyzed by the
software, which calculates the displacement vector field using
successive pairs of images. Then, strain maps of the entire
specimen surface are generated for each image [79].

The preparation of the specimen surface significantly
affects the quality of the images and the resulting data;
therefore, the flatness and smoothness of specimens are
important. Generally, the accuracy of strain measurements by
the DIC method is within +0.001 [80]. In some studies flat
specimen surfaces are covered with a randomly distributed
speckle pattern created by spray paint to produce a better
physical reference for the image recording system and the
correlation software [81]. DIC measurements have confirmed
the common observation that the kinetics of strain buildup
within a band changes when the stress is changed [80, 82].
It has also been shown by DIC that drops in the stress—strain
curve are directly correlated with band nucleation and the
subsequent strain buildup inside the band, as can be seen in
figure 11. The bands remain unchanged during increases in
stress, and cyclic strain accumulation occurs outside the bands
shortly before a new band is generated [82]. A procedure
recently developed by Casarotto er al [24] uses the DIC
technique with a triggered CMOS camera and a line-scan
camera to correlate the changes in local and global strains by
scanning both surfaces of a flat specimen.

3.1.2. Speckle  pattern interferometry. Digital speckle
pattern correlation (DSPC) is another commonly used
technique for the investigation of PLC bands. It is based
on laser scanning extensometry (LSE) [25], which was
improved by Zhang et al [83]. A schematic of the setup is
shown in figure 12. During a tensile test, a flat specimen
gauge is illuminated by two laser beams set at the same
oblique angle on the same plane, and the change in the
fringe pattern during the motion of PLC bands is recorded
by a high-speed digital camera as described by Jiang et al
[38, 84]. Another procedure, the laser speckle technique
(LST), has been derived from DSPC by Shabadi et al [43].
The technique involves observing changes in the grainy
appearance of a deforming sample surface illuminated by a
coherent light source such as an expanded (diffused) laser
beam. Then an active PLC band propagating through the
specimen gauge causes a disturbance in the grainy appearance
(i.e. the ‘speckle pattern’), making it distinguishable from
the rest of the gauge as shown in figure 13. The contrast of
the speckle patterns is improved by subtracting consecutive
images from each other. The LST was found to be equally
effective for alloys subjected to any type of heat treatment.
Arevalo et al [85] compared the DIC and DSPC techniques
using martensitic steel specimens. Since the DIC technique
uses white light illumination it provides better visual
information. However, the DSPC technique yields better
quantitative results, owing to the greater precision in
measuring displacement vector fields from the specimen
surface illuminated by the laser. Using DSPC Xiang et al [86]
have shown that the nucleation of type B bands starts at the
surface of a specimen gauge and grow into the bulk at a
certain inclination. The same study also revealed that each
stress drop corresponds to an avalanche-like deformation
inside the band and shrinkage outside the band, with both
events occurring within a few milliseconds. For type A bands,
much smaller, consecutively occurring avalanches have
been detected, corresponding to band propagation of much
less than the bandwidth, demonstrating the high resolution
of the method. These capabilities of the DSPC technique
have clarified the transitions between the band types, such
as between type C and type B, in some alloys for the first
time [37].

3.1.3. Laser  scanning  extensometry. Another laser
technique for monitoring the PLC effects is multi-zone LSE
developed by Zeigenbein et al [25]. The technique reveals
one-dimensional information, and its spatial resolution
is related to the size of patterns drawn on the specimen
surface [87]. It has been used to monitor the propagation
of PLC bands, yields quantitative information on the band
speed, and measures the strain along the specimen gauge in a
line parallel to the specimen axis [25, 30, 88]. LSE has proven
to be a valuable tool for establishing direct correlations
between the spatio-temporal characteristics of the PLC effect
and the global information from a tensile test machine in
the investigations of Zeigenbein et al [25]. Examples of
stress—temperature and stress—strain diagrams obtained by the
method are shown in figure 14.
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Figure 11. Band nucleation upon lowering of external stress. No significant change in strain occurs within the band when the stress is
increased (reproduced with permission from [55] © 2003 Elsevier Ltd).
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Figure 13. Band splitting observed using the DSPC technique
(reproduced with permission from [43] © 2004 Elsevier B.V.).
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Figure 14. Stress—temperature (a), and stress—strain (b) diagrams
for an Al-Cu alloy measured by the LSE technique (o — 0y:
reduced flow stress = external flow stress — initial yield stress)
(reproduced with permission from [25] © 2000 Elsevier B.V.).

The typical resolution of the above optical techniques
when applied to the spatial features of PLC bands can be less
than half a millimeter, which remains high compared with
the width of the bands, with a strain resolution of approxi-
mately 0.005%. These techniques and their combinations or
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Figure 15. Temperature increase during the nucleation and
propagation of a type A band measured by a thermographic method
(reproduced with permission from [64] © 1998 Springer Science
and Business Media).

derivatives are easy to set up and relatively straightforward
to carry out because of the availability of state of the art
cameras with high resolution and speed and image acquisition
software.

3.2. Thermographic techniques

Plastic strain is always accompanied by heat dissipation due to
the associated mechanical work, which causes a temperature
increase in the strained region [89]. Infrared thermography
and pyrometry are therefore promising for quantifying PLC
band features such as bandwidth, velocity, inclination and
localized strain [90]. Thermographic techniques allow the
measurement of temperature fields on a strained specimen
surface using an infrared camera with a capture rate of
about 200 frames per second and a noise level of less than
0.02°C [91]. The recorded temperatures are converted to
dissipated heat powers using the heat transfer equation. Then,
the dissipated powers are correlated with the stress and plastic
strain to create strain maps and visualize PLC band events.
A typical thermal map of a propagating type A PLC band is
shown in figure 15. To visualize the formation of PLC bands
and accurately determine the band velocities, the thermal
camera may be coupled with a pyrometer in an infrared
pyrometry system such as that used by Ranc and Wagner [92].
Generally, the specimen surface is coated with a thin layer
of black dye to homogenize the surface emissivity [40]. As
thermographic methods have much higher data acquisition
frequencies than DIC, DSPC and LST they are better at
resolving the temporal features of PLC bands.

Ranc and Wagner [92] and Louche and Chrysochoos [93]
demonstrated this capability of thermographic methods by
clearly distinguishing hopping type B bands from propagating
type A bands. Using temperature field measurements,
Ait-Amokhtar et al found a difference between type A and
type B bands that has not been possible to detect by other
means. For Al-Mg alloys, the hopping of type B bands has
been related to a quasi-isothermal process, while nucleation
and propagation of type A bands is quasi-adiabatic [31, 91].
Ranc and Wagner studied an Al-Cu alloy at a constant strain
rate and temperature and found that several type B bands
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Figure 16. Correlation of acoustic signals with band location and
count rate (reproduced with permission from [45] © 1990 Elsevier
B.V.).

can nucleate in the effective gauge of a specimen with a
certain time interval between consecutive nucleations. The
average interval was 95ms, and band formation occurred
within 1.5 ms of a stress drop [92]. Note that the time between
successive serrations varies in proportion to the reciprocal
strain rate, provided the plastic events take place under similar
strains. The formation time of each band, which is determined
by the dislocation dynamics and the stress history during
plastic relaxation, does not necessarily depend on the strain
rate. The bandwidth in the same study was estimated to be
3.5mm and the band inclination with respect to the tensile
axis as 62°. Thus, in common with the optical methods, the
thermographic and pyrometric techniques also allow precise
measurements of the characteristic times and location of PLC
bands.

3.3. Acoustic emission

Acoustic emission (AE) techniques have long been used
for the detection of cracks in structural materials to avoid
catastrophic failure during service [94]. Plastic instabilities in
alloys such as crack nucleation and propagation, twinning and
dislocation motion are always accompanied by pronounced
AE activity resulting from sudden local changes in inelastic
strain [95]. This activity can be correlated with PLC band
events by separating the signature of dislocation motion from
those of other instabilities occurring in an alloy under a
tensile test, as demonstrated experimentally by Chmelik et al
[33, 96], Weiss et al [59] and other researchers [97-99].
The correlation of acoustic signals with PLC band events
is shown in figure 16. Generally, a miniature piezoelectric
transducer is used to record the acoustic data, and a linear
source location tool enables the correlation of AE burst signals
with their exact location in an effective gauge. The sensor
is attached to a waveguide and is generally welded to the
specimen, and several types of filters and threshold identifiers
have been used to separate signals due to PLC activity from
those originating from other AE sources [94]. Members of
Chmelik’s group have extensively used AE monitoring and
analysis methods to investigate the PLC effect in Al-Cu
alloys [33, 96, 100]. They have shown that each stress drop
in a serrated flow corresponds to a movement of at least
10* dislocations in any metal [33]. Some striking differences
between the propagation of Liiders bands and PLC bands have
been noted in another study of the same authors on Al-1.5%
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Mg alloys [96]. Furthermore, it is argued that the ‘cooperative
character’ of dislocation motion is a necessary condition for
emission of acoustic waves [33, 59, 94, 101]. Thus, AE
monitoring is superior to other techniques for detecting event
counts due to the PLC effect.

3.4. Magnetic flux measurements

Magnetic flux leakage (MFL) measurements are generally
used for detecting fine defects in metals [102]. Usually a
sample of a ferromagnetic material is placed in an intense
magnetic field which induces magnetic saturation. Then a
magnetic Barkhausen sensor combined with some amplifiers
and band-pass filters is used to detect defects and their
locations. Dhar et al [103] and Sanchez et al [104] have
shown that both the Liiders bands and serrated flow due to the
PLC effect can be accurately detected by MFL measurements,
and the flux leakage in these particular bands originates
from the decreasing magnetic permeability due to localized
plastic deformation. Only a few studies have applied the
MFL technique to PLC bands. However, MFL measurements
are nondestructive and are promising for monitoring the flux
leakage of ferromagnetic materials, such as carbon steels, that
are prone to the PLC effect.

3.5. Electric field measurements

Schmitter correlated the electric field emission from the
surface of a tensile test specimen with the PLC effect. This
experimental method, new to the field, uses an electrical field
sensor (an antenna) to monitor the intermittent plastic flow of
aluminum and steel specimens [105]. He confirmed a precise
correlation between the observed electric field emission and
PLC band events, as shown in figure 17, which provided
insights into the charges at the air—metal interface and their
density fluctuations. Schmitter explained that the brittle oxide
layer on the tensile test specimens is broken down by the
emerging slip steps, exposing the dislocation core domains at
the interface during a serrated plastic flow induced by the PLC
effect. Then, the stress field around dislocation core domains
alters the electron density, inducing a measurable electric
field [105, 106]. Schmitter’s study also revealed some striking
similarities between the PLC effect and earthquake events, as
the Gutenberg—Richter law holds for data obtained from the
tensile tests conducted. This similarity has been confirmed
by prominent experimentalists and theoreticians [33, 94,
95, 107, 108].

3.6. Electrochemical measurements

Darowicki and Orlikowski [109] have examined the effect
of impressed potential on the impedance behavior of an
aluminum tensile test specimen during the unstable flow of
the PLC effect. The observed change in impedance during
the PLC effect is greater when the alloy is less passive, i.e.
when the surface oxide films are thinner or more brittle.
The mechanism responsible for the observed change in
impedance may involve the slip steps, which carry extra
charges, becoming exposed to the electrolyte, causing the
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Figure 17. Electrical signature of a single event (top-right inset)
and multiple dislocation events (avalanche) (reproduced with
permission from [78] © 2007 Elsevier B.V.).

impedance to change [110]. It could also be due to charge
separation in the outer oxide layers of the test specimen [111].
Regardless the dominant factor, the work of Darowicki and
Orlikowski has shown that PLC band events are correlated
with the impedance behavior of the metal under investigation
under various impressed potentials.

A recent work [112] on PLC band events examined
the metal-electrolyte interface potential in an aqueous
environment. The work revealed precise correlations of
the PLC serration amplitude with fluctuations of the
metal surface potential in a ground water electrolyte. The
amplitude—potential correlations were attributed to the
increase in the electrical resistance of metals by the formation
of dislocations via cold work or the PLC effect [113]. An
edge dislocation, for instance, contains an extra plane of ions
above and below the slip plane, which are bound states where
the conduction electrons are trapped, resulting in increased
electrical resistivity [106, 110]. During a serrated plastic flow
induced by the PLC effect, the oxide layer is broken down
by the emerging slip steps exposing the dislocation core
domains at the metal—electrolyte interface. Hence, the stress
field around dislocation cores alters the electron density and
induces potential fluctuations, which then can be detected
with a Luggin probe using the electrochemical cell setup
illustrated in figure 18. Because the corrosion potential is
a directly observable electrical parameter representing the
number of electrons at the metal-electrolyte interface, it
may reveal more information than other electrochemical
parameters such as impedance and cell current.
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Figure 18. Schematic of an electrochemical setup for detection of
the surface potential of an alloy subjected to the serrated flow
induced by the PLC effect in an aqueous environment (A: specimen,
B: platinum auxiliary electrode, C: reference electrode, D: Luggin
probe, E: quartz heater, F: gas-purging capillary, G: electrolyte, H:
condenser, I: universal joints, J: O-ring seal threaded joints, K:
thermowell, L: electrical connection to the specimen (working
electrode) (reproduced with permission from [112] © 2011 Springer
Science and Business Media).

4. Important results

4.1. Factors influencing PLC effect

4.1.1. Particle dispersion. The dispersion of particles within
an alloy also affects the critical conditions required for
instability of the PLC effect to occur, as shown by the
experimental studies of Estrin and Lebyodkin [114] and
Brechet and Estrin [115], who also reported that the
extent of the influence depends on the volume fraction
of added particles and their spatial arrangement in the
studied specimen. Pink and Krol [116] demonstrated that
the formation of dislocation avalanches can be prevented or
at least reduced by the addition of non-shearable obstacles.
However, the addition of 2—5 vol.% alumina particles into AA
5754 Al-Mg alloy produced almost no effect on the serration
behavior in uniaxial tensile tests at various constant strain
rates carried out by Dierke er al [117], who attributed this
result to the inhomogeneous distribution of the dispersion
particles during the manufacture of the test alloy. Furthermore,
the experimental investigations of Dablij and Zeghloul
indicate that precipitate shearing does not cause serrated flow
even if precipitation is thermodynamically possible [118].
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These conclusions are consistent with the experimental
work of Thevenet et al [119], who found that precipitation
reduces the tendency for serrated flow to occur but that the
underlying mechanism depends on the type of precipitate.
The rates of precipitation in the aluminum alloy studied
were increased by the addition of a large amount of copper,
which suppressed the serrated flow after 2-3h of solution
treatment. It was observed that the Guinier—Preston (GP)
zones are the most effective precipitates to reduce serrations.
Chen et al [60] reported that different types of precipitates
have different influences on the PLC effect. GP zones and
an unstable phase in aluminum alloy AA 7055 can delay the
PLC effect, which is promoted by the existence of a stable
phase. Jiang found that the PLC effect in solution-treated
Al-4% Cu alloys sets earlier than in annealed materials [84].
In some cases, an increase in solute concentration enhances
the PLC effect, and subsequent precipitate formation reduces
the effect. This has been observed in Al-Cu alloys by
Liang et al [120] and in Mg-Li-Al alloys by Wang
etal [121].

4.1.2. Shape, size, and surface finish. Zdunek et al found
that the flow instability of Al alloy samples increases with
the ratio of specimen perimeter to its cross sectional area.
The PLC effect was more pronounced in rectangular and
T-shaped specimens than in square and circular ones [122].
The bandwidth always increases with increasing specimen
thickness [123]. Zhang et al [83] used cylindrical specimens
of different diameters under various imposed strain rates.
They showed that the bandwidth increases linearly with
the specimen diameter with a proportionality constant of
0.50-0.67. The different strain rates imposed by Jiang
et al [37] did not have a significant effect on the bandwidth.
Thus far, no correlation has been reported between the band
type and either specimen thickness or bandwidth [32].

The surface finish of samples also affects their
susceptibility to the PLC effect. For example, Abbadi
et al [124] found that at a particular strain rate and
temperature, the tensile test curves had serrations for
unpolished aluminum alloy specimens but were perfectly
smooth for specimens polished to 3000 grit or more. It has
been reported that the rolling of metal sheets increases their
surface roughness and that the surface defects induced by
rolling increase the local stress and can induce the nucleation
of PLC bands. The authors also found that the bands
propagated about twice as fast in polished specimens than in
unpolished specimens in stress-controlled tensile tests, that
is, the propagation velocity, among other parameters, strongly
depends on the surface quality. The same authors reported
that the range of temperatures and strain rates over which
the PLC effect occurs is greater when the surface quality
of a specimen is inferior. This is consistent with the results
of experiments of Kang er al [125], who found a strong
correlation between the localized strain of PLC bands and the
surface roughness as evaluated by confocal microscopy.

The characteristic behavior of PLC bands is also affected
by whether the tensile test is stress- or strain-controlled
(‘soft’ and ‘hard’ tensile machine types, respectively). The
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temperature regime of the PLC effect expands noticeably
towards higher temperatures as the test machine becomes
softer [124]. For instance, it increased from <120°C
with a strain-controlled hard machine to <140°C with a
stress-controlled soft machine. Abbadi et al [124] and Kumar
et al [126] have independently observed that the temperature
and strain rate ranges over which the PLC effect occurs widen
and the domains shrink with increasing loading rate. Under
a constant strain rate, the hopping type B bands propagate
continuously in soft machines [88], as do type C bands tested
with hard machines. This behavior is explained by the high
levels of external stress retained by controlling the stress
rate. This prevents the local drops in stress that occur when
the crosshead speed is controlled and instead produces strain
avalanches due to plastic relaxation. The observed periods
of continuous band propagation with rather high velocities
have been attributed to some intrinsic properties of the studied
materials, which allow local stress concentrations to emerge
that are caused by moving dislocation groups near the surface
of the crystal grains [127].

4.1.3. Critical strain. The critical strain for an alloy to
be subjected to the PLC effect depends on the strain rate
and temperature. The critical strain, analyzed by a number
of tests on substitutional alloys, has an Arrhenius type
relationship with the test temperature [128]. An increase
in the critical strain with increasing strain rate or with
decreasing temperature is referred to as ‘normal’ behavior,
while the opposite can also be observed and is referred
to as inverse behavior [26, 75, 129, 130]. While inverse
behavior is attributed mostly to inhomogeneity, it also occurs
in homogeneous solid solutions. In a pressurized low-carbon
steel, measurements of the strain rate and temperature
dependence of critical strain carried out by McCormick
revealed an activation energy of 84.9kJmole™' and a strain
exponent of 0.72 in the mobile dislocation density—strain
relationship. These numbers agree with a model for the
onset of serrated yield based on the strain aging of mobile
dislocations temporarily arrested at obstacles in the slip
path [65].

4.1.4. Crystal size, orientation, and dislocation density.
Kovacs et al [131] studied the effect of crystal orientation
by considering the micro-indentation of individual grains.
They found that the unstable flow is more pronounced when
the direction of indentation is close to the crystallographic
orientation (100); in other words, when the diagonal of
the indenter in the Vickers test coincides with the (110)
direction [131]. Shen et al [132] also observed the influence
of the crystal orientation on the PLC effect in a study carried
out on solution-treated and peak-aged 2090 Al-Li alloys.
While no serrations were observed in the central section of
the studied specimens, the surface layer, which was oriented
differently from the center, exhibited serrations [108]. This
is in contrast to the study of Shabadi et al [43], where the
specimen orientation did not affect the magnitude of the
serrations of the PLC effect in solution-treated AA 2219 alloy
specimens. A smaller grain size promotes the PLC effect, as
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confirmed for 5086 Al-Mg alloys [133]. Chen et al [128]
analyzed the critical strain in a series of tests on face-centered
substitutional alloys and found Arrhenius-type relationships
between critical strain and test temperature for numerous
systems. Their data disagree with Cottrell’s model because
of the need for a critical mobile dislocation density. Chen
et al [128] used the concept of local vacancy enrichment
in the region near the dislocation core to account for their
observed Arrhenius relationships. This concept also explains
the observed grain size [133].

Regarding the dislocation density, Chen et al [60]
emphasized the obstructive effect of the initial high
dislocation density on the mobility of dislocations, as
observed in AA 7055 aluminum alloys and confirmed by
others [96]. This result also largely explains the phenomenon
of the Liiders band, another type of instability that occurs at
the onset of plastic deformation. Korbel et al [56] showed that
an increase in mobile dislocation density decreases the PLC
band velocity and increases the band strain. The experimental
results can therefore be fit to a common curve illustrating the
relationship between band velocity and dislocation density,
independent of the initial history of the alloys. This author
has also observed the PLC effect under athermal deformation.
Once thermally activated, the PLC effect disappears, resulting
in a stable flow [16, 56, 134].

Schwarz performed a series of experiments that helped
clarify whether vacancies influence the PLC effect [58].
He combined conventional tensile testing with the sensitive
measurement of internal friction (attenuation of vibrations)
and provided convincing arguments against the involvement
of vacancies in PLC mechanisms.

4.2. Fundamental achievements

A number of new findings have been added to those of
the earliest investigators, Portevin and Le Chatelier [21, 22].
Penning [8] reported that two stable deformation regimes, a
slow regime and a fast one, must coexist for the PLC effect
to occur under a constant stress. He recognized the NSRS as
a condition for repeated yielding or a serrated flow, which is
a decrease in the flow stress with an increase in the applied
strain rate [8, 48, 55], or vice versa. Later this decrease in
the band velocity with increasing stress rate was observed
for various alloys by numerous researchers [118, 124].
The dependence on temperature and strain rate has been
studied rigorously, and all observations have shown that
the serrated flow of a particular metal occurs at particular
strain rates in combination with suitable temperatures [7, 8,
135-138], a feature that many authors have directly connected
to the matching of the mobility of solutes with that of
dislocations [7, 138, 139]. Because of the long-observed
reproducible and well-established temperature—strain rate
relationship, Lebyodkin er al proposed the construction of
a phase diagram based on strain rate versus reciprocal
temperature [49, 140]. Such diagrams have been used by many
prominent researchers [32, 48, 88], and are a convenient and
practical way of presenting data.

In the last few decades, through the development of
better experimental techniques and more precise measuring
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equipment, such as more sensitive load cells and strain
gauges, sensitive temperature measurement and recording
tools, high-speed digital cameras, and comprehensive data
acquisition software running on fast computers, it has become
possible to record the behavior of different band types in
detail. The spatio-temporal features of the deformation bands
have become much more quantifiable. By combining optical,
thermal and acoustic evaluation techniques with conventional
tensile tests, the kinetics of strain build-up even within a band
have become directly observable. It has been shown that the
kinetics during the stress drop and the stress increase are
dissimilar [20]. Drops in the stress—strain curve are directly
correlated with band nucleation and subsequent build-up of
strain inside the band. During the increase in stress, the
band remains unchanged, and cyclic strain accumulation
occurs outside the bands shortly before the generation of new
bands [82]. Some recent DIC studies suggest that the PLC
effect does not form nuclei for the localized shear bands,
which nucleate on a conjugate plane crossing the plane of
the PLC bands [141]. Another work supports this finding and
discusses a possible synergetic interaction between the PLC
bands and shear bands [142].

Transmission electron microscopy (TEM) is a
particularly powerful technique which enables the direct
observation of dislocations. In situ deformation techniques
based on TEM can be used to clarify plastic deformation, the
dynamics and generation of dislocations, and the interactions
of dislocations with obstacles and grain boundaries [143].
From such studies, criteria for slip transfer through grain
boundaries can easily be determined [144].

The analysis of the time and space series of bands and
efforts to develop of experimental techniques to accurately
resolve band dynamics are valuable additions to the classical
method (the analysis of the stress—strain curves only) [103,
145, 146]. The examination of acquired stress—space—time
series by different methods has been used to reveal a
significant amount of quantitative information about the
dynamic nature of the band types, that is not contained
in the stress—strain curves alone [147]. For instance, the
possibility of chaos in stress drops, initially predicted by
Ananthakrishna, has been demonstrated clearly since type B
bands at a medium strain rate are associated with a bell-shaped
distribution of the stress drops, while type A bands have
a power-law distribution [101, 148]. The crossover regime
between these two phases is a subject of intense research at
present [149]. It is widely agreed that the theoretical models
used to interpret the PLC effect became much more consistent
once experimental examination of its spatio-temporal features
became possible [34].

Several models can display almost all the features
of PLC bands and closely match experimental results for
particular alloys. For instance, Hahner and Rizzi have
precisely simulated the band speed, band width and plastic
strain of a type A band from experimental space-time fields
of plastic activity [55, 134]. A DSA-based model proposed
by Jiang er al [38] successfully describes all three types
of bands obtained through changing the constant strain rate
applied. Most recently, Ananthakrishna [72] has included the



Sci. Technol. Adv. Mater. 12 (2011) 063001

Topical Review

transitional dynamics of bands to his model in addition to all
three types of PLC bands. He has also covered the most recent
observation called the crossover phenomenon [31], where the
stress drop is in a low-dimensional chaotic state at low and
medium strain rates and a high-dimensional power-law state
at high strain rates [74]. The latest studies can simulate all the
important features of PLC bands, reflecting the progress in the
modeling of the PLC effect.

5. Final remarks

Although some of the present models reproduce all observed
band features, quantification of the microscopic formation
mechanisms of the bands and the band motion and transition
still remains challenging.

The tests used for the examination of PLC bands, such as
DIC, DSPI, AE and thermographic techniques are expected
to increase in resolution, as their digital components such
as computers, cameras and sensors are being continuously
improved. These techniques will continue to produce more
accurate measurements of banding time, band location, strain
and dislocation density, leading to a better understanding of
the microscopic nature of the PLC effect.

To clarify the individual contributions of dislocation
density, type of obstacle, grain size, grain boundaries,
specimen orientation, and so forth, more experiments which
use several of the available methods for the same alloy
system may be needed. This would test the repeatability and
reproducibility of observations, as well as their dependence
on the investigation method used.

Studies involving the comparison of shear bands with
PLC bands are fairly new. More experimental work is needed
to refine the differences between PLC bands and shear bands
and their interactions with each other. Also, comparative
experimental work on the PLC bands and Liiders band of one
particular alloy would be very informative.

Future investigations of the PLC effect should include
more correlative experiments aimed at the early detection
of the degradation and failure of structural materials. While
many slow-strain-rate tests have been carried out [150-152],
few reports discuss the fluctuation of electrochemical
parameters at the metal-electrolyte interface during the
PLC effect. Electromagnetic and electrochemical in situ
correlation techniques can potentially be used to detect the
embrittlement factor due to the PLC effect, in addition to band
characterization, for susceptible load-bearing materials used
in ambient and aqueous environments.
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