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the PLC effect in Al-3at.%Mg alloys by strain rate and stress

rate controlled tests”, ICSMA, Mat. Sci. Eng. A, (in print).



II
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• H. Neuhäuser, F. Klose, H. Dierke, A. Ziegenbein, A. Nortmann: ”Ex-

perimental studies of plastic instabilities in solid solutions”,

6th National Congress on Mechanics and TMR Meeting, Thessaloniki,

Greece, 19.-21.7.2001.

• F.B. Klose, A. Ziegenbein, J. Weidenmüller, H. Neuhäuser, P. Hähner:
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”Portevin-LeChâtelier effect in Al-Mg in tensile tests with

constant stress rate - Experiment and model simulation”,

IWCMM13 13th International Workshop on Computational Mechanics

of Materials, Magdeburg, Germany, 22.-23.9.2003.

• F. Hagemann, F. Klose, P. Hähner, H. Neuhäuser: ”Experimental in-
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1 Introduction

The pronounced ductility of metals in combination with their high (fracture)

strength is one of the main reasons for their superior technological impor-

tance compared to all other materials. The basic idea for a description of

plastic deformation of metals is based on the production and motion of one

dimensional crystal defects, denoted as dislocations [115,122,155]. One of the

methods to improve the strength of pure metals is to introduce foreign atoms

in metallic solid solutions in order to obstruct the dislocation motion. In this

case, the macroscopic spatially homogeneous and temporally stable deforma-

tion can change into a pronounced inhomogeneous and instable one within

a certain range of temperatures and deformation rates, which is undesirable

for technological processing, e.g. by reducing the surface quality and fracture

strength.

Such an instable behavior has been discovered first in the 19th century and

is commonly known as the Portevin-LeChâtelier (PLC) effect [12, 91, 94, 123,

124, 134]. The occurrence of the PLC effect is closely connected to the phe-

nomenon of Dynamic Strain Aging (DSA), i.e. the additional pinning of mobile

dislocations by foreign atoms diffusing into the dislocation cores during their

arrest at obstacles, e.g. forest dislocations. The instable behavior is attributed

to a repeated break away of dislocations from and a subsequent recapture by

clouds of foreign atoms [27–29].

The nucleation and the motion of dislocations is a thermally activated pro-

cess, which can be described by an Arrhenius law for the plastic strain rate

ε,t(≡ ∂ε/∂t) according to [95–97]

ε,t ∝ exp[−(G0 + ∆GDSA − V σeff)/kBT ] .

G0 is the basic activation enthalpy in the absence of DSA, V is the activation

volume, and σeff denotes the effective stress, which equals the external applied
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Figure 1.1: Characteristic band parameters of the propagating PLC bands dur-

ing strain rate controlled tests. (a) Sketch of a specimen with laser extensome-

tric markings and a PLC band (hatched) with its width wb, its propagation

velocity vb, and the inherent (local) strain ∆εb as shown in (b).

stress diminished by the internal (athermal) back stress. The contribution of

strain aging is implemented by the additional activation enthalpy of aging

∆GDSA, which depends exponentially on the temperature and explicitly on

time. It increases during the waiting time of the dislocations at obstacles.

A collection of the essential features of previous theoretical and experimental

investigations of the PLC effect is presented e.g. in [128]. Additionally, the

next chapter includes the relevant references and a list of the most important

experimental results referring to the findings of this thesis is given in an extra

subsection.

Therefore, instead of a rather ”tedious” summary of the essential previous in-

vestigations, the following paragraphs will first give a direct introduction to

the main subject of this thesis in order to arouse the curiosity of the reader

about an interesting example of non linear phenomena in physics. Afterwards,

the focus is on a more general approach to plastic instabilities, particularly on

the similarities between thermomechanical instabilities (TMI) and PLC insta-

bilities. The close analogy of both kinds of instabilities has been pointed out

in a theoretical treatment by Zaiser and Hähner [59, 171]. These consider-

ations might provide an appropriate approach to interpret the results for the

PLC instabilities.

In order to give a short outline of the main questions of this thesis, Fig. 1.1

illustrates the appearance of the PLC effect and introduces the essential PLC

parameters which can be measured during a continuous tensile test by means

of laser scanning extensometry according to Ziegenbein (cf. e.g. [175]) who
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deformed specimens at constant applied strain rates. For a PLC deformation,

the applied strain rate is concentrated within a spatially limited region denoted

as the PLC band with the band width wb. Such a band, mostly inclined by about

45 ◦ to the tensile axis according to the direction of maximum shear stress,

propagates along the specimen axis with the band velocity vb. As shown in Fig.

1.1 (b), the local strain is increased in a short time interval by an amount of

∆εb, which is the strain concentration within the band.

The main subject of this thesis deals with the propagation

mechanism of PLC bands, and particularly the problem of a cri-

terion for a selection of the band velocity, especially in the case

of stress rate controlled deformation. The present state of the-

oretical predictions and the few previous experimental investi-

gations show contradicting results. The evolution of the band

velocity with increasing applied stress rates, which is most in-

teresting for theoretical modeling, is still unknown. This means,

that the relevant propagation mechanism is not yet determined,

and the velocity selection problem is still unsolved [84].

The modes of propagation of the PLC bands during strain rate controlled

tests have been investigated extensively by Ziegenbein (cf. e.g. [175]). The

present thesis presents an examination of the PLC instable behavior in Cu-

15at.%Al and Al-3wt.%Mg by means of laser scanning extensometry at a

variety of deformation rates and temperatures for both modes of deforma-

tion, the common strain rate control and the experimentally more sophisti-

cated stress rate control, which has been recommended from the theoretical

point of view [39, 81, 84, 173] to solve the question stated above, in particu-

lar, since contradicting views appear in the literature as well for experimental

(e.g. [2, 31, 67, 100, 156, 157]) as for theoretical treatment (e.g. [84] and refs.

therein). Furthermore, numerical simulations of stress rate controlled tests

have been carried out on the basis of a recent model of Hähner, which

has already been applied successfully for simulations of strain rate controlled

tests [59,127,128].

The PLC instabilities exhibit close correspondences with another type of insta-

bilities, specifically the thermomechanical instabilities (TMI) [59, 171]. Under

certain conditions of (low) temperature and strain rate, TMIs are observed,

which have been investigated first by Basinski [10,11], and later on by many

others, e.g. Komnik et al. [72,73] and Obst et al. [113]. At low temperatures
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(i.e. for low specific heat), the local plastic strain events are accompanied by a

considerable increase of temperature, because more than 90 % of the power ex-

erted by the tensile machine are dissipated into heat in the specimen [13,130].

Such an increase of temperature is expected to influence the nucleation or

propagation of strain avalanches due to the thermally activated character of

dislocation motion. On the one hand, the temperature rise might only be the

consequence of the local strain concentration of the avalanche [113,142], while

the nucleation of the avalanche is mainly controlled by the high mechanical

local stress. On the other hand, the rise in temperature might directly cause

the local plastic strain event by facilitating the thermal activation [45,46,117].

The current state of research is that parts of both hypotheses appear to be

correct, since the nucleation and first rapid evolution of a strain avalanche due

to local mechanical overstresses is followed by thermally assisted spreading out

into the neighboring regions (cf. [35, 114]) following the propagating front of

the elevated temperature. A positive feedback of the temperature increase for

accelerating local deformation is especially pronounced at low temperatures

owing to the small specific heat and thermal conductivity.

Advanced analyses of TMIs (cf. [81, 82, 92, 93, 103]) lead to a mathematical

description, which is formally analog to that for the PLC instabilities [170,171]

and therefore deserves short consideration as follows.

The Arrhenius law of thermal activation applies for both types of instabil-

ities, the TM and the PLC instabilities. At low temperatures, the additional

enthalpy of aging ∆GDSA is nearly constant due to the small diffusion rates,

whereas changes of the specimen temperatures become important. In fact, the

reciprocal temperature 1/T represents the additional internal variable of the

thermomechanically instable system [59, 171]. At elevated temperatures, the

enhanced diffusion of foreign atoms results in a growth of ∆GDSA, which is

now the additional internal variable of the system, such that the implicit in-

fluence of temperature (on ∆GDSA) becomes more important than the explicit

one, even more, since the larger heat capacity and heat conduction favor a

fast equalization of the small temperature gradients resulting from localized

plasticity. Heat losses in TMI due to a warming up of the surrounding bath

(i.e. a growth of 1/T), correspond to the increase of ∆GDSA during the wait-

ing time. The heat owing to dissipated mechanical work, which increases the

specimen temperature (i.e. a decrease of 1/T), is analogical to the break away

of dislocations from their clouds of foreign atoms (decrease of ∆GDSA) in case

of the PLC effect. Whereas the dislocation interaction stresses provide the
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spatial coupling term in PLC (cf. [59]), the propagation of localized strain in

thermomechanical instabilities is based on heat conduction. The higher the

level of ∆GDSA and the lower the temperature (the higher 1/T), the more

pronounced the macroscopic instabilities due to the positive feedback mech-

anism for the strain rate of both, PLC and TMI, respectively. Since the flow

stress decreases with increasing temperature (or decreasing ∆GDSA), a neg-

ative asymptotic strain rate sensitivity is obtained in both cases within the

regimes of instability [170].

It is most important to emphasize that both, the nucleation and the propa-

gation of the localized strain avalanche are thermally activated processes. The

total activation potential for a local increase of the plastic strain rate accord-

ing to the Arrhenius law is overcome by means of the superposition of true

thermal activation and the contribution of the actual local stress. In the case of

TMI the nucleation of an avalanche must be mainly attributed to a local me-

chanical overstress (according to [35,114]), though. Since the local fluctuations

of the (athermal) stress, i.e. of V σeff , are significantly larger than the thermal

contribution for activation, the avalanche nucleation is mainly due to the local

mechanical overstress, and only the top of the peaked potential is overcome

by true thermal fluctuations. The freed source dislocation multiplicates very

rapidly at an initially high stress level, which is then relaxed as a result of just

this rapid multiplication process during evolution of the avalanche.

The subsequent propagation of the avalanche proceeds at a diminished stress

level, such that the ratio between the (athermal) stress contribution and the

(thermal) contribution of temperature is decreased. Therefore, the band prop-

agation is mainly attributed to the more important thermal fluctuations in

that case.

These different weights of thermal activation and the stress level for the nucle-

ation and the propagation processes, just shown for low temperatures, where

the low thermal heat capacity and the small thermal conductivity prevent fast

thermal equalization, might be a clue for understanding the processes during

PLC instabilities at higher temperatures which will be shown and discussed

in the present work. In this case, a larger heat capacity and a higher thermal

conductivity reduce the explicit influence of temperature on the one hand. On

the other hand, the implicit influence on the enthalpy of aging ∆GDSA, which

increases with rising temperature, determines substantially the necessary stress

level for nucleation of an avalanche and its propagation during strain rate con-
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trolled tests. Of course, thermal activation is still relevant for an overcoming of

the potential peaks, but it is expected to achieve a relevant influence at most

for the propagation at a relaxed stress level, while for nucleation, analogical

to the case of TMI, the high local stress level is again decisive. These consid-

erations, comparing TMI and PLC instabilities, will be taken up again in a

conclusion.

Finally, the structure of the present thesis is outlined. Chapter 2 presents the

phenomenon of the PLC effect, its theoretical description and a collection of the

most important previous results, which are closely related to the findings of this

thesis, in particular in the case of stress rate control. The experimental basics of

the tensile tests and the laser scanning extensometry as well as a description of

the procedure for stress rate controlled tests and the data analysis are presented

in chapter 3. The detailed description and discussion of the experimental

results is given in chapter 4. The first and the second section show the findings

for the strain rate and the stress rate controlled tests on Cu-15at.%Al including

the variations of strain, temperature, and deformation rates, i.e. strain rates

or stress rates, respectively. The results of the corresponding measurements

on Al-3wt.%Mg are compiled in subsection three and four of chapter 4. For

all particular results, the main focus is on the question about the mechanism

of band propagation, and the problem of selection of the band velocity (cf.

e.g. [84]). Numerical simulations of stress rate controlled tests according to the

model of Hähner are summarized in the last section of chapter 4.

A concluding discussion is given in chapter 5, where the general ideas of

a consistent interpretation of the observed PLC phenomena are summarized.

This includes a concept explaining the governing propagation mechanism, the

selection of the propagation velocity, and the appearance of the specific modes

of band propagation and the sequences of specific PLC types.
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2 Phenomenology, Theory and

Modeling

The Portevin-LeChâtelier (PLC) effect can be explained both, from a phe-

nomenological and a theoretical (modeling) point of view. This chapter starts

with the former one. For a comprehensive description of the PLC effect in

metals, it would be necessary to start this chapter with the basics of plastic

deformation in general. For the sake of conciseness this part is left to the exten-

sive literature, e.g. [44,48,63,64,137]. Therefore, the following section confines

itself to those parts of models which will be used directly or reinterpreted for

an explanation of the experimental and numerical results in the course of the

thesis.

The attention is turned to the model of Hähner [52–55,57–59], quoting those

parts and ideas from the literature which are related to the description of this

model. More detailed presentations of Hähner’s theory have already been

given in former theses, e.g. [18,47,49,165,175,179].

2.1 Phenomenology

The PLC effect denominates spatio-temporal instabilities during plastic defor-

mation of solid solutions in a certain range of deformation rates, temperature

and predeformation. To be more precise, spatial inhomogeneities denote a local

restriction of deformation to a limited part of the specimen, while the majority

of the specimen length is not involved in plastic deformation. Temporal insta-

bilities appear as recurring stress drops within the stress strain curve in strain
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rate controlled testsi, also referred to as stress serrations, serrated or repeti-

tive yielding. In stress rate controlled testsii the temporal instabilities arise as

repeated strain jumps after an almost elastic increase of stress (at lower tem-

peratures and smaller stress rates), hence a staircase like stress-strain curve is

obtained. Examples of both cases, i.e. strain and stress rate controlled defor-

mation, respectively, are given in Fig. 2.1. In this diagram the true stress and

strain is given, whereas in the following the technical stress and strain is used

for convenience.

(a) (b)

Figure 2.1: Stress-strain curves for the deformation of Al-3wt.%Mg at room

temperature in (a) strain rate controlled mode with ε,t = 2.3 × 10−4 s−1 and

(b) stress rate controlled mode with σ,t = 0.1 MPa/s. The serrated yielding in

the strain rate controlled mode is replaced by strain bursts in a staircase shaped

deformation curve in stress rate controlled mode. This can be seen clearly after

an averaging over 200 points as shown in the inset of (b).

At the beginning of the stress-strain curves the plastic deformation often (for

small grain sizes) starts with a Lüders band (like that in Fig. 2.1), which is a

single deformation front, that propagates along the tensile axis without strain

hardening, generating a large amount of strain within a small region behind

the deformation front. Lüders bands (LB) belong to the strain softening phe-

nomena, contrary to the strain rate softening type of the PLC bands [84]. The

significant grain size dependence of the LB phenomena is attributed mainly

iε,t = const. (The lower index with a comma ( ),t denotes the differentiation ∂/∂t.) This
experimental condition is usually realized as a constant cross head velocity l,t = const.
of the tensile or compression test machine.

iiσ,t = const. This mode of deformation is usually realized as a constant force rate, i.e. the
force exerted by the machine increases linearly with time.
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to single slip [101, 102]: The stress, generated predominantly by single slip

in single preferred grains, is transferred to the surrounding grains by means

of compatibility stresses, also influencing far neighboring grains, due to the

few slip systems involved. This becomes the more significant the smaller the

grain size. According to Ziegenbein (cf. [175]), the propagation velocity of

LB is significantly smaller than that of PLC bands, because of the high strain

concentration within the LB.

The localization of strain avalanches often appears as shear bands, which are

initiated at one edge of the specimen, i.e. near the clamps, and propagate along

the specimen length. These localized strain avalanches result in surface struc-

tures, whose physical form depends on the grain structure of the material. For

coarse grains a macroscopically very rough surface is obtained, that is micro-

scopically swamped with slip band bundles [106]. An impressing example of

such a surface is given in Fig. 2.2. Multiple manifestations of surface structures

can be recognized, e.g. flame like or orange-peel like [88,120,129].

(a)

~4mm~4mm

(b)

~1mm~1mm

Figure 2.2: Example of a Cu-10at.%Al specimen with a grain size of about

1 mm after stress rate controlled deformation up to about 15 % straining. Fig.

(a) shows a perfectly electrochemically polished surface after deformation within

the PLC region. Fig. (b) shows an example of the resulting slip line structure.

The PLC effect has been investigated most extensively with strain controlled

tensile tests for which different types and characteristics have been found.

Three peculiarities of the PLC effect appear for this deformation mode, which

are labeled as A, B and C, respectively, according to [17, 21, 30, 98, 119, 167].

In addition to the global stress-strain curve the classification can be done

unambiguously on the basis of local strain data as shown in Fig. 2.3 (cf. section
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3.1.2, local strain data is achieved by means of laser scanning extensometry).

The left figures show the global stress and the local strain for a 2 mm wide

region of the specimen, both as a function of time. The right figures show the

so-called ”correlation diagrams”, in which the position of a local strain burst

is plotted versus its time of occurrence for all local strain measurements within

a certain time interval. This illustrates the propagation mode and speed, and

it is therefore an unambiguous indication of the specific PLC type, i.e. A, B,

and C, which show distinctly different correlation patterns.

Type A appears as a continuous propagation of PLC bands, which are usu-

ally nucleated with a slight yield point near one specimen grip and propagate

with a nearly constant velocity and band width to the other end of the speci-

men. They can mathematically be described as solitary waves. The increase in

strain is quite slow, and the fluctuations of load are moderate during propa-

gation. Sometimes the nucleation starts within the specimen length, preferen-

tially within the first stage of deformation. The external applied strain (rate)

is concentrated within the active width of the PLC band and the rest of the

specimen contributes hardly any additional strain (rate).

Type B bands propagate discontinuously along the specimen, or more precise,

small strain bands nucleate in the nearest surroundings of the former band.

The average velocity is significantly reduced in comparison to type A bands.

After nearly elastic loading, the stress abruptly drops down due to a very

rapid local plastic deformation (εloc,t > εext,t). The associated saw tooth like

load serrations become more and more regular with increasing strain.

Type C PLC deformation is characterized by spatially random nucleation of

bands without subsequent propagation accompanied by strong, high frequency

and regular load drops. The load commonly oscillates at a lower level compared

to the level of stable deformation.

Sometimes along the stress-strain curve transitions of these types of PLC bands

are observed. The appearing sequences of the different PLC types are deter-

mined by a complex interplay of dynamic strain aging kinetics, dislocation

dynamics and work hardening [55], and are further complicated by the exis-

tence and overlap of different diffusion mechanisms [111,112,150]. An example

of such a sequence of the different PLC types C–B–A is shown in Fig. 2.4 for

the stress-strain curve and a (local) strain-time curve.

The main aim of the present work is to get an idea of the mechanism and

general characteristics of PLC propagation from a phenomenological point of
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(a1) (a2)

(b1) (b2)

(c1) (c2)

Figure 2.3: The three types (top: A, center: B, bottom: C) of the PLC effect

in Cu-15at.%Al in strain rate controlled tests according to Ziegenbein [175].

The left figures show stress and local strain, the right figures show the position-

time correlation for localized strain events. The arrows assign corresponding

strain/stress events in both figures. The lines in (a2) and (b2) denote a linear

fit to determine an average propagation velocity.
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(a) (b)

Figure 2.4: Stress and local strain curves for a measurement under strain rate

control. With increasing strain and stress all three PLC types occur within the

same measurement on Cu-15at.%Al at 373 K and ε,t = 6.67 × 10−6s−1.

view on the basis of the experimental and numerical results. Especially the

results from the two modes of deformation, i.e. stress and strain rate control,

indicate importance of an interplay of local and global stresses on the one

hand with the effectiveness and time dependence of dynamic strain aging on

the other. Both have to be considered in order to understand consistently the

recent results under stress control as well as the (former) results on strain

rate control with Cu-15at.%Al, and furthermore the different behavior of Al-

3wt.%Mg for both deformation modes.

For this purpose the important ”ingredients” (parameters) for a sufficient de-

scription of the PLC phenomena will be resumed first phenomenologically with

regard to the extensive literature, in particular to review articles [39, 84, 171]

and references therein, and former theses [18,47,49,165,175,179]. Subsequently,

those phenomenologically introduced parameters are used for a quantitative

description of the PLC effect in the model of Hähner.

2.2 Strain aging and dislocation interaction

The motion of dislocations is inherently inhomogeneous in space and discon-

tinuous in time due to different local stresses along the dislocation lines and a

thermally activated break away from several kinds of ”obstacles” (the Peierls

potential itself, the mutual intersection of dislocations on different glide planes,
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i.e. immobile (forest) dislocations, impurity atoms and their clusters). But even

though the motion of single dislocations is locally inhomogeneous and discon-

tinuous in time, the macroscopic deformation, especially of pure metals, ap-

pears homogeneous and stable, except if investigated with extreme sensitivity,

like by acoustic emission, because of the huge amount of dislocations mov-

ing simultaneously. This situation is different for PLC instable deformation of

alloys, when the instabilities show up in macroscopic measurements.

It is generally accepted that the existence of Dynamic Strain Aging

(DSA) is one of the necessary conditions for the appearance of the Portevin-

LeChâtelier effect. Starting with Cottrell, who assumed a viscous dislo-

cation glide and a drift velocity of foreign atoms in the order of magni-

tude of the dislocation velocities [27–29], the idea of DSA has been devel-

oped further by Sleeswyk, Friedel, McCormick, van den Beukel,

Schlipf, Schwarz, Mulford and Kocks, Louat and Springer et al.

[44, 89, 90, 96, 98, 99, 104, 136,139–141,148,150,160,161,164]. DSA denotes the

thermally activated diffusion of foreign atoms to and along the dislocation

core and line regions that leads to an additional anchoring of the dislocations.

Due to an external load, that enforces the multiplication and motion of dis-

locations, DSA leads to their repeated break away from and their recapture

by the ”Cottrell-cloud” of mobile solute atoms. The enhanced diffusion of

foreign atoms along the distorted lattice around the dislocation lines is called

the ”pipe-diffusion” mechanism.

Two aging mechanisms have to be distinguished, an intersection strengthening

mechanism at lower temperatures and higher stresses [104] and a line strength-

ening mechanism [160] at higher temperatures [110] (cf. Fig. 2.5). Both mech-

anisms are relevant for the Portevin-LeChâtelier effect in Cu-Al. For the ex-

periments with Al-Mg at room temperature, the pipe diffusion mechanism is

also predominant [9,86,132], and the line strengthening mechanism is probably

preferred as compared with intersection strengthening, due to the higher stack-

ing fault energy, that lowers the splitting distance of the partial dislocations

(cf. [110]).

The attractive force between the randomly jumping foreign atoms and the

dislocation originates from a lowered total internal energy, if the lattice dis-

tortion caused by bigger or smaller atoms (size effect) and the dislocations is

decreased by their mutual approach (paraelastic interaction) [147]. Therefore,

the break away of dislocations is obstructed, because it leads to an unfavor-
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II

I

Figure 2.5: Scheme of the dif-

fusion processes within the scope

of DSA, illustrating the inter-

section strengthening (I) [104]

and line strengthening (II) mech-

anism [160], respectively. The

straight lines represent immobile

(forest) dislocations, intersected by

a (curved) mobile dislocation. [69]

able configuration of the foreign atoms, such that the flow stress is increased.

Further mechanisms of interactions between dislocations and foreign atoms are

discussed, e.g. in [108].

Contrary to Cottrell’s view the motion of dislocations is basically discontin-

uous, already in case of the absence of DSA, all the more in combination with

DSA. Tabata et al. [154] have observed this discontinuous motion of disloca-

tions by transmission electron microscopy (TEM) during in situ deformation

of Al-Mg single crystals. Therefore, it has to be remarked that in the micro-

scopic scales of single dislocations most aging occurs as Static Strain Aging

(SSA) of stationary dislocations. But even on the macroscopic scales of PLC

bands, in particular for stress rate controlled tests, the band propagation lasts

for about 10−1 s, whereas the recurring time of the PLC bands is in the range

of 10 s. Hence, most of the aging occurs during the elastic loading phases, i.e.

by means of SSA. This, of course, depends on the time scales of solute diffusion

(1...100 s) and the deformation rate. The influence of aging leads to a pref-

erential activation of slightly aged dislocations that mainly carry the plastic

strain rate. In today’s view DSA is a necessary, but insufficient condition for

PLC instable deformation. Macroscopic instabilities require a synchronization

of the dislocations. They ”communicate” with each other by means of their

long range stress fields, which results in a correlated motion and generation of

dislocation avalanches, if the interaction stresses between two dislocations τinter

become larger than the local statistical stress background
√
〈τ 2

effective〉 produced

by all the other surrounding dislocations [51–55].

The interrelationship between DSA, dislocation interaction and the PLC ef-

fect can be illustrated with the idea of the thermally activated motion of
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dislocations, described with an Arrhenius law for the plastic strain rate,

that corresponds to the activation probability of dislocations, according to

ε,t ∝ exp[−(G0 + ∆GDSA − V σeff)/kBT ] [95–97], and the concept of a negative

Strain Rate Sensitivity (SRS) that denotes the reaction of a stressed mate-

rial to a change of the deformation rate: S = dσ/d ln ε,t. Here ∆GDSA indicates

the contribution of DSA and V σeff the contribution of stress to the enhanced

or reduced plastic strain rate. This will be considered below.

An increased external strain rate ε,t demands a decrease of the dislocation

waiting times of dislocations arrested at obstacles. Reduced waiting times,

however, reduce the mean dislocation activation probability in order to come

up with the higher external rate. This can only be realized by an increased flow

stress, so that S, the SRS, is positive. However, it is also conceivable that the

reduced waiting times of dislocations in front of obstacles lead to a diminished

effectiveness of DSA (∆G). This in turn facilitates the thermal activation of

dislocations and can result in a negative SRS (c.f. section 2.3).

A conclusion can be drawn, relating all these necessary ”ingredients” for a

satisfactory modeling of the PLC effect: The always present dislocation inter-

actions increase the effectiveness of the DSA via the synchronization of the

dislocations. This decreases the SRS, hence intensifying dislocations’ correla-

tions and synchronization, which finally leads to a sufficiently decreased SRS

and instable deformation arises.

2.3 Theoretical modeling –

The model of Hähner

The above mentioned and phenomenologically introduced ”ingredients” will

now be incorporated quantitatively in a mathematical description of the

Portevin-LeChâtelier effect. This section is restricted to the model of Hähner

[53,54,58,59,171], because it convincingly reproduces qualitatively and to some

extent quantitatively the localization of strain, the mode of propagation and

the characteristic parameters of PLC events for both, strain rate and stress

rate controlled tensile tests. Some results of the numerical simulations of stress

rate controlled tensile tests based on this model are presented in chapter 4.5

and confirm the experimental results.
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The main constituents of the model

The basic approach to a theoretical description of the PLC effect is the idea of

the thermally activated motion of dislocations, formulated as an Arrhenius law

for the plastic strain rate [95–97], which is modified in Eq. (2.1). The terms of

this equation will be discussed in four paragraphs.

ε,t(t) = νmΩ︸ ︷︷ ︸
I

∫ ∞

0
dtwf0(tw, t)︸ ︷︷ ︸

IV

exp
[
−

II︷ ︸︸ ︷
G(tw)−

III︷ ︸︸ ︷
Va〈σeff(t)〉

kBT

]
. (2.1)

Term I

The factor νmΩ denotes a ”basic strain rate” ε0,t, where νm is an appropriate

attack frequency, approximately 1/100 of the Debye frequency [137], and Ω is

the elementary strain that is attained after a single activation of all mobile

dislocations [83]:

νm Ω = νm ρmbj = ε0,t (2.2)

with the density of mobile dislocations ρm, the absolute value of the Burgers

vector b and the free path length after a single activation j.

This is associated with the Orowan equation for continuous glide of disloca-

tions with an average velocity of the dislocations vd and an average waiting

time tw at obstacles, assuming the dislocation’s flight times tf to be much

smaller than the waiting times, i.e. tf � tw:

ε,t = ρmbvd = Ω/tw . (2.3)

Term II

The activation enthalpy G(tw) for a thermally activated strain rate [41, 150]

consists of two contributions: G(tw) = G0 + ∆G(tw). The basic or statistical

activation enthalpy G0 of fixed obstacles without DSA has to be provided

to overcome obstacles, i.e. forest dislocations etc. The additional activation

enthalpy ∆G(tw) due to DSA [90, 150] increases with the concentration of

foreign atoms at the dislocation cores and lines. It is one internal dynamical
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variable of this model depending on the momentary value of ε,t as well as on

the strain rate history. This leads to the distinction between an instantaneous

strain rate sensitivity (SRS) S0 (always positive) and an asymptotic SRS S∞,

that may be negative for the strain rate softening case:

S∞ =
∂σext

∂ ln ε,t

∣∣∣∣∣
ε

= S0 +
∂σext

∂∆G

∣∣∣∣∣
ε

d∆G

d ln ε,t︸ ︷︷ ︸
<0

. (2.4)

In Hähner’s model the temporal evolution of the additional activation en-

thalpy is written as follows:

∆G,t = η
(

∆G∞
∆G

)(1−n)/n

(∆G∞ − ∆G)︸ ︷︷ ︸
aging = dislocation pinning

− ε,t

Ω
∆G︸ ︷︷ ︸

unpinning

. (2.5)

The rising number of foreign atoms that diffuse to the dislocations results in an

increase of the additional activation enthalpy ∆G according to the first term in

Eq. (2.5). Here, η is the aging rate (determined by diffusion) and ∆G∞ denotes

the maximum value for the aging enthalpy, which is attributed to saturation

or exhaustion state [136]. On the other hand, the second term gives a strain

rate terminated ”reset” of ∆G when dislocations are thermally activated and

leave the cloud of solute atoms. According to Eq. (2.3), (ε,t/Ω)−1 corresponds

to an average waiting time tw. This will be specified with term IV of Eq. (2.1).

The exponent n determines the aging kinetics and therefore strongly depends

on the predominant diffusion mechanism. For volume diffusion n equals 2/3,

for pipe diffusion along the dislocation lines n becomes 1/3 [44,136,150,151].

As already mentioned, especially in the case of stress rate controlled deforma-

tion static strain aging is the predominant aging process. With this assumption

(ε,t = 0) and the reflection of the extreme cases of long and short waiting times

in comparison to the reciprocal aging rate η−1 (depending on solute mobility)

the activation enthalpy G(tw) gives way to the well known formulation for

long aging times (t � η−1): G(tw) = G0 +∆G∞(1− exp [−ηtw]n), proposed by

Louat [90], and power law aging ∆G ∝ tn for short aging times (t � η−1) [44].

The two system inherent time scales have to be emphasized, the plastic strain

rate ε,t = Ω/tw and the aging rate η, the ratio of which governs the competi-

tion of the two processes, aging and unpinning, respectively. This will give a

necessary condition for PLC instability to occur.
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x

σ
int

Figure 2.6: Scheme of the

one-dimensional internal

back stress σint changing

with space.

Term III

The term Va〈σeff(t)〉 represents the reduction of the activation potential with

the help of ”external work”. The activation volume Va can be interpreted as

the stress dependence of the activation enthalpy G with the dimension of a

volume (cf. [144]). The acute brackets indicate an average over an ensemble

of moving dislocations or equivalently a temporal average experienced by a

representative glide dislocation.

The effective stress σeff is the sum of the externally applied stress σext and the

internal (athermal) back stress, which depends explicitly on ε due to strain

hardening.

〈σeff(ε, ε,t, ∆G, t)〉 = σext(ε, ε,t, ∆G, t) − 〈σint(ε)〉 (2.6)

The internal back stresses result from the actual stress fields, e.g. originating

from other dislocations, precipitates, incompatibility stresses between different

grains etc.

The dislocation interactions can be seen as stochastic fluctuations superim-

posed on the slowly varying external stress. The spatial average σint of long

range internal stresses vanishes (Albenga, e.g. in [36] and Fig. 2.6), whereas

the temporal average 〈σint〉 is positive.

With the assumption of forest dislocations being the main source of internal

stresses Eq. (2.6) reads

〈σeff〉 = σext − αGb
√

ρf , (2.7)

with α ≈ 0.5, the shear modulus G and the strain dependent forest dislocation

density ρf . For non fluctuating external stresses (δσext = 0) the fluctuations of
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the effective stress equal those of the negative internal stress: δσeff = −δσint.

The correlation between two mutually passing by dislocations prevail, if the

internal stresses exceed the stochastic background of all neighboring disloca-

tions:

σint >
√

(δσeff)2 . (2.8)

The amplitude of the fluctuations can be rewritten by means of the fluctuation-

dissipation theory of plastic deformation [54,179] to the autocorrelation

〈(δσeff)2〉 = S∞〈σint〉 . (2.9)

For two edge dislocations on different glide planes with the distance d the

maximum interaction stress can be written as

σint =
Gb

4πd
(2.10)

and the maximum distance for correlated moving dislocations (with Eqs. (2.8)

and (2.10)) is

ξ =
Gb

4π
√

S〈σint〉
. (2.11)

It is also possible to derive a ”condensation time”, which is needed to reach a

correlated status for all dislocations of the resulting strain avalanche. There-

fore, the dislocations have to cover a distance, called the ”correlation length”

λcond = 2/ξρm (ρm: density of mobile dislocations) with the velocity v:

tcond =
λcond

v
=

8π
√

S〈σint〉
G〈ε,t〉 . (2.12)

Using the description of diffusion like moving dislocations within a comoving

coordinate system and the estimation of a pseudo diffusion constant, tcond

results in

tcond = (8π)2S∞〈σint〉Ω
G2ε3

,t

{δt2w}−1 . (2.13)



20 2 Phenomenology, Theory and Modeling

Such a synchronization of dislocations breaks down again within the correlation

time tcorr (with the Orowan equation (2.3))

tcorr =
bρmL

〈ε,t〉 , (2.14)

which is limited by the life-time of the involved dislocations that cover the

average path length L.

The quotient of both times A = tcorr/tcond can be used as a criterion for the

efficiency of the dislocation interaction. This point will be picked up in the next

paragraph about term IV of Eq. (2.1) that explains the role of the distribution

of the dislocation waiting times, the time evolution of which is conditioned by

these times tcorr and tcond.

Term IV

In former works, especially of McCormick et al. [98, 99], the status of aging

is given by an average waiting time of an ensemble of dislocations. This was

also used for the explanation of term I and for Eq. (2.5). McCormick used

an (a priori) postulated delta-function for the distribution of waiting times. In

fact from a physical point of view a spectrum of waiting times is much more

realistic for the material’s description. Therefore, the average waiting time

tw is substituted by a normalized distribution of waiting times f0(tw, t), that

satisfies the condition
∫∞
0 f0(tw, t)dtw = 1 for all times t. As a first step the

zero denotes the absence of dislocation interactions. The distribution f0(tw, t)

equals the product of the probabilities for an activation at the time t − tw
and that of no activation within the time interval ]t− tw, t] [53]. Hence, it has

to be remarked, that only by means of the implementation of such a waiting

time spectrum, instead of an average value, the actual plastic strain rate is

influenced by its previous history, and retardation effects at strain rate changes

can be easily explained by a rearrangement of the distribution of waiting times.

Therewith it is possible to obtain a relaxation equation for the plastic strain

rate

∂ε,t

∂t
= −ε,t − ε0,t

τr

, (2.15)

with the quasi-steady state strain rate ε0,t (i.e. the ensemble average without

DSA and without retardation) and the relaxation time τr. This equation is
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Figure 2.7: Different distribu-

tions of waiting times [53], with

and without DSA and the δ-like

function of McCormick’s model.

There is no dislocation interaction

implemented yet.

formally similar to the relaxator equation for the aging time of McCormick

[99].

The resulting SRS S0 is positive (cf. term II) and even the stationary SRS

S∞ does not fall below zero. Therefore, DSA only is not sufficient for a PLC

instable deformation (cf. [179]). The different distributions of waiting times

are illustrated in Fig. 2.7.

For medium waiting times, for which the average waiting time is approxi-

mately equal to the reciprocal diffusion rate η−1 (tw ≈ η−1), the statistical

weight of Hähner’s waiting time distribution is diminished in comparison to

that of McCormick. Hence, dislocation interactions have been implemented

as already mentioned in the discussion of term III. The triggering of strongly

correlated moving dislocations results from a rising synchronization of the dis-

location waiting times, which manifests itself in the model as a constriction

of the waiting time spectrum. This results in a Dirac function similar to that

postulated by McCormick, but is now founded on a physical basis.

Whereas Korbel et al. [74, 75, 78] attribute the PLC strain avalanches to

(dynamical) pile-up configurations of dislocation groups within one glide plane,

Hähner describes the spatio-temporal correlated behavior of the dislocations

with the mechanical interaction during their motion on a set of adjacent glide

planes with mutual distances below the correlation length ξ, given in Eq. (2.11).

The time which is needed for the synchronization process of the waiting times

(constriction of f(tw, t)) is the condensation time tcond (Eq. (2.12)) and the

duration of the synchronized state is the correlation time tcorr (Eq. ( 2.14)).

The time evolution of the distribution of waiting times f1(tw, t) for mechani-

cally interacting dislocations (denoted by ”1”) reads
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Figure 2.8: Schematic of the distribution of waiting times of mechanically

interacting dislocations. The parameter A = tcorr/tcond characterizes the degree

of correlation. [18]

f1,t =
f1 − f0

tcorr︸ ︷︷ ︸
decomposition

+
4
∫ tw
0 f1(tw + τ)f1(tw − τ) dτ − f1

tcond︸ ︷︷ ︸
synchronization

. (2.16)

The first term characterizes the decomposition of the synchronized state, i.e.

the difference between the correlated state f1 and the uncorrelated state (with-

out dislocation interactions) is reduced with the rate t−1
corr. The increasing syn-

chronization for the waiting times proceeds with the rate t−1
cond. For example,

two dislocations with the waiting times tw1 and tw2 correlate with the rate

t−1
cond and are incorporated into the spectrum after the average waiting time

(tw1 + tw2)/2.

As stated above, the efficiency of the dislocation interaction is expressed by

the ratio A = tcorr/tcond. Eq. (2.16) can be approximated for the case of sta-

tionarity. The solutions are shown schematically in Fig. 2.7.

For weakly correlated dislocations (A � 1), the distribution approximates

the case of individual dislocations, represented by f0(tw, t) (cf. Fig. 2.7). For

A ≈ 1 the distribution conglomerates at the average waiting time tw, and

strongly correlated dislocations (A � 1) show a δ-shaped distribution.

With Eq. (2.13) and A = tcorr/tcond the relation A ∝ {δtw}2 is obtained, but the

S dependence of the variance of the aging time distribution is still unknown.

For a decreasing {δtw} the condensation time would increase (Eq. (2.13)) and

the synchronization would be less efficient. However, it can be derived [53], that
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dislocation
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strain-rate

interactions
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DSA
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Figure 2.9: Positive feedback of dy-

namic strain aging DSA, strain-rate

sensitivity SRS and dislocation inter-

action mediated by mechanical stress

fields. [53]

{δtw}2 ∝ S1/2
∞ and therefore tcond ∝ S1/2

∞ . Hence, for a vanishing stationary

SRS S∞ the condensation time decreases, and, as a consequence, the degree of

synchronization increases.

Thus the interplay of DSA and dislocation interaction leads to a self-energizing

feedback process, which is illustrated in Fig. 2.9.

The time evolution of f1(tw, t) also elucidates the mechanism of the strain rate

softening instability. DSA reduces the SRS S. This, in turn, decreases the con-

densation time and therefore enhances the correlation of dislocations, i.e. the

synchronization of the dislocations’ waiting times (trend to a δ-distribution).

Thus the effectiveness of DSA is increased and consequently S is further de-

creased. Within this positive feedback mechanism the SRS tends to vanish

under certain circumstances (temperature, strain-rate, solute concentrations,

etc.) and may even become negative.

In particular, the implementation of dislocation interactions enables to achieve

a negative SRS, that has not been obtained with DSA, only. By means of a

similar aging status, DSA coordinates the dislocations to move in a collective

manner, developed by mechanical long-range interaction. Without strain aging,

the dislocation interaction is restricted to markedly smaller regions.

The mesoscopic model

A mesoscopic formulation of Hähner’s model is used for an analysis of the

range of existence of the PLC effect and for its numerical simulation. On the

basis of the Arrhenius law (Eq. (2.1)), that is rewritten using the SRS and an

average waiting time based on the considerations above

ε,t(t) = νmΩ exp
[
−G0 + ∆G

kBT
− σeff

S0

]
, (2.17)
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a new force like variable f is introduced,

f =
ν

η
exp

[
− G0

kBT

]
exp

[
σeff

S0

]
, (2.18)

the time evolution of which (using Eqs. (2.6), (2.17), and linear hardening

σint = hε with h = ∂σext/∂ε|ε,t∆G) is given by

f,t =
(

σext,t − hε,t

S0

)
f =

σext,t

S0

f − ηΩh

S0

exp
[
−∆G

kBT

]
f2 . (2.19)

Rewriting Eq. (2.5)

∆G,t = η
(

∆G∞
∆G

)(1−n)/n

(∆G∞ − ∆G) − ηf exp
[
−∆G

kBT

]
∆G (2.20)

Eqs. (2.19) and (2.20) form a set of two coupled differential equations, that has

to be supplemented by the tensile machine equation for strain rate controlled

tests

σext,t = Eeff

(
v

l
− 1

l

∫ l

0
ηΩ exp

[
−∆G

kBT

]
fdx

)
, (2.21)

with the cross head velocity v, the specimen length l, and the effective ma-

chine stiffness (Eeff)−1 = 1/E +A0/(l0DM) (E: specimen’s Young’s modulus,

A0: specimen’s cross section, l0: initial specimen length, DM: machine’s spring

constant).

Introducing scaled variables and parameters g = ∆G/kBT , g∞ = ∆G∞/kBT ,

τ = ηt, σ,τ = σext,t/ηS0, and Θ = hΩ/S0, Eqs. (2.19 - 2.21) finally lead to the

constitutive equations of Hähner’s model:

f,τ = σ,τf − Θ exp [−g] f2 , (2.22)

g,τ = (g/g∞)(1−n)/n (g∞ − g) − f exp [−g] g , (2.23)

σ,τ

Eeff/S0

=
v

ηl
−
∫ l

0

Ω

l
f exp [−g] dx . (2.24)
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The asymptotic SRS S∞ can be deduced according to Eq. (2.4), with ∆G =

∆GS = ∆G|(∆G),t=0 :

S∞ = S0

(
1 − g∞

[1 + ε,t/ (ηΩ)]2
ε,t

ηΩ

)
. (2.25)

For ε,t/(ηΩ) ≈ 1 and g∞ > 4, the asymptotic SRS S∞ can become negative as

a necessary condition for PLC instability. To obtain an estimate of the region

of existence of instable deformation, the results of a linear stability analysis

with respect to small deviations δg and δf of g and f are shown in Fig. 2.10

(a). For simplicity, linear hardening (n = 1) was used, which proved not to

misrepresent essentially the physical consequences of the model. It leads to an

instable region within the following interval:

g∞ − 2 − Θ −
√

g∞ (g∞ − 4 − 2Θ)

2 (1 + Θ)
<

σ,τ

Θ
<

g∞ − 2 − Θ +
√

g∞ (g∞ − 4 − 2Θ)

2 (1 + Θ)
.

(2.26)

(a) (b)

Figure 2.10: (a) PLC instable regime for the deformation rates versus the

saturation DSA enthalpy at three different hardening rates. Strain and stress

rates transform according to σext,t = hεext,t. (b) Typical limit cycle in phase

space f-g (σ,τ = Θ = 10−2, g∞ = 6, weak hardening). [59]

In order to clarify the properties of the model the steady state conditions can

be derived (f,τ = 0 = g,τ in Eqs. (2.22, 2.23)):

f f
s (g) =

σ,τ

Θ
exp (g) , f g

s (g) =

(
g∞
g

− 1

)
exp (g) .
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The working point of the system constitutes the total steady state of both

variables, f and g, that is defined by the intersection of f,τ = g,τ = 0 which

reads:

fs =
σ,τ

Θ
exp (gs) , gs =

g∞
1 + σ,τ/Θ

.

For instable deformation the working point lies on the (unstable) ascending

branch of the ”N-shaped” curve (f g
s (g)) and the trajectories are oscillations

around this working point.

The orbits in the f -g-plane as well as the steady state curves f f
s (g), f g

s (g)

(the upper index denotes the according variable, the derivative of which is set

to zero), and the working point (gs, fs) are shown in Fig. 2.10 (b) for weak

hardening (σ,τ = Θ = 10−2, g∞ = 6) [59].

For weak hardening, the stress-like variable f is slow compared to the kinetics

of aging. Hence, the system favors the descending parts of the f g
s (g) curve.

This corresponds to an adiabatic approximation, i.e. the adiabatic elimination

of the aging kinetics (g,τ = 0). The fast variable g switches rapidly from the

high to the low level and vice versa, because the unstable ascending branch

of f g
s (g) is not compatible with the sign conditions for f,τ and g,τ . The slow

variable f on the other hand cannot follow and remains almost constant on

both branches I and III in Fig. 2.10 (b).

The four steps of each orbit of the limit cycle represent different steps of

nucleation and propagation of plastic waves, i.e. PLC bands, that are depicted

in Fig. 2.11.

In part I the dislocations within the band front break away from their anchoring

points. Their rapid glide leads to the hardening phase II on a lower level of g

with a raised stress level f of the already passed specimen section. Within part

III, in the wake of the band dislocations are recaptured by the solute cloud, so

that the stress can be rebuilt for the arrested dislocations in part IV.

The existence of two different - system inherent - time scales of the model

has to be emphasized, which are the time η−1 belonging to aging, i.e. the

characteristic time scale of g, and the time of thermal activation (depinning)

tw = Ω/ε,t, that governs the variable f . This is a difference to former models.

Only the adiabatic approximation leads to the ”N-shaped” flow stress and the

model then corresponds to Penning’s model [116].
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Figure 2.11: Schematic of the four

steps of the influence of DSA kinetics

on the stress like variable f , the DSA

status g, the local plastic strain rate ε,t,

and the strain ε: I break away, II hard-

ening, III recapture, IV stress increase.

[127]

.

The ratio between both variables, f and g, governs the appearance of the PLC

effect on the one hand, and Θ determines the shape of the limit cycle on the

other hand. Further details and consequences of the model are described, e.g.

in [58,59,127,128] and parts will be summarized shortly in section 2.5.

For a more realistic description of the PLC effect, in particular the propagation

of bands, and therefore of its characteristics as band velocity, width, and its

inherent strain, there is still the necessity of a spatial coupling term. It is

implemented in the model as a diffusion like spreading of the aging status

by adding a second order gradient of g to Eq. (2.23), as suggested first by

Aifantis [3–5]:

g,τ = g′′ + (g/g∞)(1−n)/n (g∞ − g) − f exp [−g] g , (2.27)

where the primes ′′ denote the twofold differentiation referring to the non-

dimensional spatial variable x̃ =
√

η/Dgx. The pseudo diffusion constant Dg

introduces a characteristic length scale x̃ =
√

Dg/η. An estimation of differ-

ent possible coupling mechanisms, e.g. solute diffusion, cross slip, multi axile

condition of stress, incompatibility stresses, and dislocation interaction [50,51]
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in combination with experimental findings [175] favors the latter to be the

most probable propagation mechanism: dislocation interaction influences the

break away process (last term in Eq. (2.5)). The diffusion constant is then

approximated by

Dg ≈ βggmin (G/S0) εb,ts
2 (2.28)

with the shear modulus G, a geometrical factor βg ≈ 0.1, the average strain

rate within the PLC event εb,t, and the specimen thickness s.

For solitary plastic waves of type A the concentrated local plastic strain ∆εb

compensates the whole applied strain rate, and the following two equations

connect the band velocity vb, the band width wb, and the local plastic strain

rate εb,t with the cross head velocity v

v = ∆εb vb , v = εb,t wb , (2.29)

so that two independent parameters remain with the assumption of solitary

wave solutions (f,τ = −cf ′ and g,τ = −cg′ with the dimensionless band speed

c = vb/
√

ηD).

Neglecting σ,τ for an onward propagating band, i.e. neglecting elastic loading

and band nucleation, and using the actual extreme values g∗
min/max, which are

realized for the strong hardening regime, the band parameters can finally be

derived:

vb =
Θ

2Ω
v , (2.30)

wb =
2

Θ

1 + g∗
min

(g∗
max − g∗

min)
2

√
Dg

η
, (2.31)

∆εb =
v

vb

=
2Ω

Θ
. (2.32)

A separate analysis of type B and C within the bounds of Hähner’s model is

given in [59].

The focus has been put on the model of Hähner, because there has been con-

vincing qualitative and quantitative correspondence between the experimental

results, obtained by Ziegenbein in strain rate controlled tests with localized

(laser extensometric) strain measurements, and the numerical and analytical

results of the represented model [58,59,127,128,175,177,178].
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2.4 Additional theoretical remarks on stress rate

controlled tests

From the theoretical point of view tests with a constant applied stress rate are

the more promising ones for the identification of possible propagation mecha-

nisms and the intrinsic characteristic parameters that are hardly (ideally not

at all) influenced by machine effects, i.e. the machine equation can be neglected

for a theoretical description. There have been several attempts to describe the

PLC effect for each of both testing modes, strain and stress rate controlled

ones, but unfortunately the stress rate controlled mode has been disregarded

a little. This probably stems from the small number of groups, carrying out

stress rate controlled tests, and the few and mutually contradictory results,

that have been obtained so far (cf. section 2.5).

Here, some remarks are given, which will be helpful in discussing the experi-

mental and numerical results later on. Stress rate controlled tensile tests have

been realized in order to discover the propagation mechanism, and thereupon

the mechanism of velocity selection of the propagating PLC bands. A linearized

theory of front propagation leads to the so called marginal stability hypoth-

esis [84]. It denotes that for the propagation of plastic waves, the natural

wave speed is distinguished from the spectrum of possible velocities, such that

the perturbations (at the band front) neither grow nor decay. The marginal

stability hypothesis was first introduced by Dee and Langer [32] and has

been applied by Zbib and Aifantis [172, 173], Jeanclaude and Fressen-

geas [65, 66], Hähner and Zaiser [51, 56, 171] and Lebyodkin et al. [85].

An overview is given by [84], thus, only the main results are presented in

the following. Afterwards the consequences of Hähner’s model for stress rate

controlled tests and the velocity selection problem are depicted as used for

experimental fits by Thevenet [156,157].

The theoretically predicted stress rate dependencies of the velocity selection

are given in Fig. 2.12. Zbib and Aifantis based their analysis on a linear

internal stress model and the marginal stability hypothesis. Jeancleaude and

Fressengeas used both, the internal stress model with a non-linear analysis

and the cross-slip model. The singularities at both ends of the PLC stress rate

regime stem from the vanishing slope of the Penning function at its extrema.

Especially the singularity at lower strain rates is not expected from a physical

point of view. Both predictions do not match with the (admittedly mutually
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(a) (b)

Figure 2.12: Theoretically predicted stress rate dependencies of the band ve-

locity: (a) according to the internal stress model using the marginal stability

hypothesis (MSH) [172], and a non-linear analysis [66], respectively, and (b)

according to the cross slip model [65] (taken from [84]).

contradicting) experimental results. In addition the course of the curves in Fig.

2.12 (a) depends sensitively on the specific shape of the Penning function

used.

On the background of these rather unsatisfactory theoretical predictions, con-

tradicting the available experimental results, we finally have a glance at the

conclusions of Hähner’s model [56]. We start again with the basic equations

(2.27) and (2.22). The PLC band represents a region of nearly unaged dis-

locations, i.e. g is small, propagating into an almost fully aged state at the

front of the solitary wave, i.e. g,τ = −cg′ with the non-dimensional band speed

c = vb (Dη)−1/2. Therefore, a dynamical potential U can be defined

U = g∞g − 1

2
g2 + f(g + 1) exp [−g] , (2.33)

so that the dynamics of g becomes

g′′ + cg′ = −∂U

∂g
. (2.34)

For several values of the stress-like variable f between its minimum and maxi-

mum value fmin and fmax in Fig. 2.10 the potential U is plotted in Fig. 2.13 (a).

At medium values of f , the potential U shows two local maxima, which are

associated with the dynamically stable states of the system at high and low
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(a) (b)

Figure 2.13: The ”dynamical potential” U and velocity selection of propa-

gating type A bands. (a) The PLC instable behavior takes place for those val-

ues of f , which generate two maxima of the potential U , corresponding to the

switching between the unaged and the aged state, associated with the region be-

hind and in front of the band front, respectively. (b) For strain rate controlled

tests the stress drop in consequence of the band nucleation stabilizes the aged

state, so that the just nucleated band propagates from the left maximum into

the metastable state at the right maximum [56].

values of g (Fig. 2.13 (b)). The band nucleation is associated with maximum

values of f . In a mechanical analogy a mass particle (the band) starts at the

left maximum (x = −∞), moves in the potential U and is arrested at the

right maximum (x = ∞). The ”damping coefficient” c (the velocity) is clearly

defined and given by Eq. (2.30).

For stress rate controlled tests Hähner emphasizes two basic differences to the

strain rate controlled testing mode. As already mentioned in section 2.2 static

strain aging (SSA) is substantial rather than dynamic strain aging, since the

propagation times are much shorter than the waiting times. Hence, the band

dynamics depends on how close to the saturation value g∞ the actual static

aging enthalpy gets during the elastic loading phases, the duration of which

in turn depends on the stress rate σ,t. Furthermore, the band propagates into

a marginally stable state instead of the metastable state in the case of strain

rate controlled tests. As illustrated in Fig. 2.14 the particle (band) starts again

at the left maximum (dynamically stable, unaged state), propagates into a

marginally stable state, and stops finally at the saddle point of the potential

U . In this case the ”damping coefficient” c (band velocity) is no longer well
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Figure 2.14: For stress rate con-

trolled tests the bands propagate into

marginally stable states. For the result-

ing spectrum of possible band velocities

only a lower limit is determined, for

which the band is still arrested at the

saddle point. [56]

defined, rather only a minimum velocity (lowest damping) represents a lower

limit at which the particle just comes to rest at the saddle point.

Assuming static aging and solitary wave propagation in g such a minimal

critical band speed can be deduced, using the marginal stability hypothesis

[163]. We will come back to that point of not well defined propagation velocities

later on when discussing the experimental and numerical results in sections 4.2

and 4.4 .

2.5 Previous results

To conclude this introductory chapter we will shortly summarize some experi-

mental and numerical results from the literature which are closely connected to

this work. The amount of data from strain controlled tests is extensive, whereas

only a few truly force controlled measurements have been reported. In the first

part, this section focuses on the laser extensometric strain controlled results

on Cu-15at.%Al [175, 177, 178] and important experimental results on Al-Mg

alloys. The second part will give a survey of previous results for stress rate

controlled tests.

2.5.1 Strain rate controlled tests

In strain rate controlled tests Ziegenbein [58,59,175–178] extensively investi-

gated Cu-15at.%Al with respect to the temperature, strain rate, grain size, and

specimen thickness dependencies of the PLC phenomena. All three PLC types

have been classified unambiguously by means of laser extensometric measure-

ments as already shown in Fig. 2.3. A ”map” of the types’ boundaries for both,
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the temperature and the strain rate dependence, respectively, has been drawn

as an extension of Nortmann’s maps [110], as shown in Fig. 2.15 (a) and

(b). Two regions, I and II, have to be distinguished in Fig. 2.15 (a). They are

associated with the efficiencies of the two aging mechanisms, the intersection

strengthening in region I, and the line strengthening in region II (cf. section

2.2). The declining branch (σ2), limiting type AI at higher temperatures and

stresses, respectively, arises from the exhaustion of the intersection strengthen-

ing due to the growing dislocation densities developed with rising flow stresses.

At elevated temperatures the line strengthening mechanism becomes increas-

(a) (b)

(c) (d)

Figure 2.15: Some important results of Ziegenbein for strain rate controlled

tests on Cu-15at.%Al: PLC ”maps” for (a) the temperature and (b) the strain

rate dependence of different PLC types at ε,t = 6.67× 10−6 s−1 (a), and 373 K

(b), respectively. The band parameters (strain concentration ∆εb, band width

wb, and velocity vb) in (c) and the local strain rate εb,t (d) at 373 K match

satisfactorily with the theoretical predictions of Hähner’s model [59,175].
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ingly predominant. Hence, the exhaustion of mechanism I is enhanced, because

foreign atoms migrate from the intersection points into the dislocation lines

and the σ2 boundary shifts to lower stresses at rising temperatures, if the corre-

sponding aging enthalpy of mechanism I exceeds that of mechanism II. Only at

elevated temperatures mechanism II (line strengthening) becomes sufficiently

effective, which results in PLC type B. The exhaustion of the line strengthening

ultimately causes the transition to type AII deformation at elevated stresses.

The laser extensometer permits to determine independently all the PLC band

parameters, in particular ∆εb, vb, wb, and the local plastic strain rate ε,t (sec-

tion 3.1.2). For type A bands the power law dependencies match satisfactorily

with the theoretical analysis [58,59], if the strain rate dependence of work hard-

ening is taken into account. This is illustrated in Fig. 2.15 (c) and (d). Those

promising correspondences of experimental results and theoretical predictions

of Hähner’s model in combination with the model’s numerical simulations

for strain rate controlled tests gave a sufficient reason to prepare tensile tests

with stress rate controlled deformation, which have been recommended earlier

from theory [39,82,84,173].

For Al-Mg a lot of experiments have been carried out. Because of the usually

missing local strain measurements we refer to the laser extensometric results

of Ziegenbein for the type B in Al-1.5 wt.%Al in combination with acoustic

emission measurements [25,175,176]. The sequences of the different PLC types

and stable deformation have been presented in [7] as shown in Fig. 2.16 (a).

We have investigated higher strain and stress rates exceeding 10−4s−1. It has to

be pointed out, that the negative slope of the smooth (stable) PLC transition

for the critical strains at lower strain rates is called ”inverse behavior” and the

positive slope for the transition to stable deformation at higher strain rates

denotes ”normal behavior”. A discussion of inverse and normal behavior is

given, e.g. by Chihab and Fressengeas [22], Abbadi et al. [2], Nortmann

[110–112], Estrin and Kubin [38], and McCormick [98], and references

therein.

Characteristic band parameters have been detected only by McCormick et

al. [100]. They used two extensometers to determine average band velocities,

showing a significant decrease with rising strain, and an increase with higher

strain rates.
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(a) (b)

Figure 2.16: (a) The different sequences of PLC types in Al-3wt.% Mg at room

temperature [7,8]. The lower boundary for the transition to smooth deformation

is associated with Lüders bands. (b) Temperature and strain rate dependence

of the critical strains for an Al-Mg alloy (5182 O) [2]. The capitals denote the

PLC type at the beginning of plastic deformation.

2.5.2 Stress rate controlled tests

As already mentioned, the amount of stress rate controlled tests, performed

so far, is very small. Due to the missing local data, in particular local strain

and band velocity, most results just show the time dependence of the global

strain, measured with one or two clip-on extensometers, and the band veloc-

ity determined with the assumption of homogenous band propagation within

the whole gage length. Some of the results are not even for truly stress rate

controlled, but constant stress tests with incremental stress increases using a

creep test machine.

Early results on Al-Mg (99.5 and 99.99 wt.% Al) have been achieved by Caisso

[20], using constant water flow to increase linearly the tensile force. Staircase

shaped stress-strain curves have been obtained at several stress rates with

single strain bursts of up to 10 % and a small total number of strain steps.

Sharpe [146] investigated the influence of grain boundaries on the PLC effect,

also increasing the stress by a constant flow of water into a loading container.

Tensile tests on single, bi- and polycrystals provide the strain dependence of

the step height and width of the staircase shaped stress-strain curves. The

early plastic deformations are supposed to occur inside the grains, and the

grain boundaries tend to promote the occurrence of discontinuous yielding.

Dillon [34] tested thin walled tubes of small grained polycrystalline ”pure”
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aluminum under torsional static loading with very small incremental loading

rates and bending tests, which show similar results. Sudden large strain bursts

result from small additional loading after long terms of almost no creep at an

incrementally smaller stress. Cuddy and Leslie [30] used a creep tensile test

machine with an incrementally increased stress for tests on several iron based

solid solutions. The staircase shaped stress-strain curve is accompanied by

bands, which ”spread immediately over the entire specimen gage length” [30].

Similar experiments have been carried out by Bodner, Rosen, and Baruch

et al. [15,131]. They investigated commercially-pure aluminum, using a ”dead-

load” testing machine with a constant rate of loading and proposed a simple

dry friction model for the explanation. Later on Bodner and Baruch [14]

examined a 2024 aluminum alloy and α-brass, with respect to deformation

wave propagation velocities, width, strain increments and corresponding band

strain rates. Their results gave reason to the supposition, that the propagation

velocity vb of a deformation wave and the strain concentration ∆εb within the

band are analog to the velocities of dislocations and corresponding displace-

ment, respectively. They have been the first to determine characteristic band

parameters for Al-Mg 2024 at room temperature and 4 × 10−3 kg/(mm2s)

to be wb ≈ 0.8 . . . 7 mm, vb ≈ 16 . . . 770 mm/s, ∆εb ≈ 0.28 . . . 1.1 %, and

ε,t ≈ 0.006 . . . 1.5 s−1. For α-brass at a stress rate of 6.2 × 10−3kg/(mm2s),

the parameters were found to be wb ≈ 0.75 . . . 27 mm, vb ≈ 2 . . . 192 mm/s,

∆εb ≈ 0.44 . . . 3.55 %, and ε,t ≈ 0.00021 . . . 1.33 s−1. The stress dependence of

the determined dislocation velocities was found to follow a power law [14].

Van den Brinck et al. [162] found an increase of the concentrated strain

within the PLC events in Al-Cu, especially for the two types A and B, for

a decrease of the machine stiffness in strain rate controlled tests. The only

statements in the literature about the quality of the applied stress rate control

are given by Fellner et al. [40] (cf. 3.1.4), who compared strain and stress rate

controlled tensile tests on two Al-Mg alloys with an electronically controlled

tensile machine and a dead load testing machine with a load increase by means

of a programmed addition of water. They conclude that types B or C are

missing and the well known stretcher strain markings are much less pronounced

compared to strain rate controlled tests. Hamerský and Pink [61] used a

creep apparatus with incremental loading to approximate a constant stress

rate test on Al-3wt.%Mg at different temperatures. They determined the stress

sensitivity of the strain rate and distinguished between the cutting of forest

dislocations to be rate controlling at medium temperatures and the diffusion-
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(a) (b)

Figure 2.17: The dependence of the PLC band velocities on the applied stress

rate. (a) McCormick et al. [100] observed increasing velocities within a rather

small interval of increasing applied stress rates (taken from [84]). (b) A de-

crease is found by Karimi [67] (dots), a decrease traversing a minimum and

increasing again has been obtained by Bakir (squares)(taken from [84]).

assisted creep of dislocations at elevated temperatures. For the same material

Hamerský [60] carried out constant applied stress rate tests by a continuously

increasing amount of water to load the specimen. For the critical conditions

right before the strain bursts a critical strain hardening coefficient hcrit and a

critical strain rate εcrit
,t can be determined (εcrit

,t = σcrit
,t /hcrit). The critical strain

rate εcrit
,t increases with rising stress rates, whereas hcrit is rather independent

of the stress rate.

Kovacs et al. [79] investigated Al-3.6wt.%Mg in stress rate controlled tensile

tests with several stress rates between 5.1× 10−2 and 8.0 MPa/s at room tem-

perature referring to the strain and strain rate dependence of the concentrated

strain ∆εb within the band. They also observed (non locally) changes of the

deformation mode, especially at medium stress rates.

Band velocities for stress rate controlled tests

There are only few results for the velocity of the propagating bands beyond

those of Bodner and Baruch [14]. The main results are resumed here.

As already mentioned for the strain rate controlled tests, McCormick et

al. [100] determined average velocities of the bands by means of two clip-on
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extensometers as depicted in Fig. 2.17 (a). Within only one order of magni-

tude of stress rates they recognized increasing velocities up to 7 mm/s with

increasing rates. Unfortunately, the strain dependence of the velocities is not

mentioned.

With one extensometer Zeghloul et al. obtained different results: At increas-

ing stress rates between 2 × 10−3 MPa/s and 45 MPa/s at room temperature

Dablij et al. [31] obtained slightly decreasing velocities for Al 5182 at ε = 5 %

and a more pronounced decrease from 235 mm/s to 130 mm/s at ε = 4 % for

Al 5754. Within the same stress rate interval Abbadi et al. [1, 2] measured

a significant reduction from 470 mm/s to 180 mm/s at 273 K. Thevenet et

al. [156, 157] finally observed band velocities decreasing remarkably with in-

creasing stress rate from nearly 450 − 600 mm/s to about 310 − 120 mm/s at

a strain of ε = 7 %, depending strongly on the annealing treatment. These re-

sults are shown in Fig. 2.18 (b). The fits match notably with Hähner’s model

(cf. section 2.4). The strain dependence of the band velocity is shown in Fig.

2.18 (a).

Some further results on austenitic steel at elevated temperatures have been

reported by Karimi [67], which are depicted in Fig. 2.17 (b), showing a mono-

tonic decrease with an increasing stress rate. Likewise the results of Bakir

(in [84]) of Al-3wt.%Mg at 333 K are presented here, showing a decrease of

the band velocity at lower stress rates and, in contrast, an increase at higher

stress rates. The present experimental results as well as the predictions of the

theory do not lead to a consistent and distinct picture of the stress rate depen-

dence of the propagation velocity. Considering the recommendation of stress

rate controlled tests from the theoretical point of view (e.g. [39, 82, 84, 173])

for a ”direct” interpretation with respect to the propagation mechanism, one

finds that this is still an open problem.

2.5.3 Numerical simulations

Numerical simulations have been performed, based on parts of the model of

Hähner, the main conclusions of which are briefly summarized within this

section.

Bross [18, 19] examines the individual influence of DSA, dislocation in-

teractions, and the combination of both, respectively. A mesoscopic, two-

dimensional model is based on cellular automata. The dynamical behavior of
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(a) (b)

Figure 2.18: PLC and Lüders band velocities as a function of (a) strain and

(b) applied stress rate. The velocities of both band types increase with increasing

strain, and the PLC band velocities appear to saturate. The velocities decrease

significantly at higher stress rates after a plateau between 450− 600 mm/s, the

level of which depends strongly on the annealing treatment. [156]

an ensemble of discrete edge dislocations, moving straightly on parallel ”glide-

planes” through a distribution of obstacles, is investigated, referring to thermal

activation according to the Arrhenius law in Hähner’s model (Eq. (2.17)).

The seperate implementation of elastic dislocation interaction and DSA, re-

spectively, results in macroscopically stable deformation, whereas the combined

implementation of both, elastic interactions and DSA causes instable plastic

deformation. The simulation covers both, strain rate and stress rate controlled

testing mode, showing the realistic phenomenology, i.e. serrated yielding, and

staircase shaped stress-strain curves, respectively.

The simulations of Zorn [179] focus on the microscopic part of the model, i.e.

the waiting time distribution of the arrested dislocation. Aging is considered

on the basis of Markovian processes, by means of statistically distributed dis-

location waiting times. Dislocations change their membership to a particular

class of activation probability (according to a specific interval of aging times)

corresponding to activation or further aging. Stable behavior is obtained for

non interacting classes. Instabilities only occur, if almost all dislocations inter-

act with each other. This is realized by the introduction of a second group of

dislocations with joint activation probabilities.

The basic Eqs. (2.22, 2.24, and 2.27) of Hähner’s model have already been

used for numerical simulations, but with respect to the physical phenomena

of strain rate controlled deformation [59, 126–128]. All three PLC types, A,
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B, and C, with corresponding transitions have been observed. A larger re-

gion of PLC instable deformation appeared (compared with the theoretical

predictions), due to fluctuations of the plastic strain rate, corresponding to

real fluctuations of material parameters, e.g. surface roughness [2]. The main

characteristic PLC phenomena of the simulations match satisfactorily with the

experimental data, in particular, the stress-strain curves and the correlation

diagrams, i.e. the mode of propagation. Furthermore the band parameters, ve-

locity, width and concentrated strain show even quantitative correspondence

in their dependence on imposed strain rate. These promising results give cause

to expect similar correspondences between experimental stress rate controlled

tests and simulations with a constant applied stress rate, to support a com-

prehension of the underlying propagation mechanism, as will be described in

chapter 4.5.
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3 Experimental basics

In this chapter both, the experimental and the numerical basics, are collected

as far as necessary to understand the respective results. The first section deals

with the experimental background, which comprises the two material systems,

Cu-15at.%Al and Al-3wt.%Mg, as well as the specimen preparation for tensile

tests. The tensile machine is specified in terms of the new stress rate con-

trolled testing mode, including the modifications of soft- and hardware. Subse-

quently, the laser extensometer for local strain measurements is described and

the recorded and in principle obtainable data are mentioned.

The introduction to the numerical simulation of Hähner’s model constitute

the second section of this chapter. Starting with a modification (normalization)

of the variables of the governing equations (chapter 2), the model parameters

are introduced, the discretization in time and space, and the simulated physical

parameters referring to the PLC effect in strain and stress rate controlled de-

formation modes. A fundamental comparison and evaluation of the obtainable

physical quantities will conclude this chapter.

3.1 Experimental methods

As already mentioned above, this section is divided into five parts: The selec-

tion of the materials - Cu-15at.%Al and Al-3wt.%Mg - with the preparation

of the specimens, the laser extensometer for local strain measurements, the

tensile machine, the stress rate control, and finally the data analysis.
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3.1.1 The specimens - material and preparation

Choice of material

The first part of the investigations of the Portevin-LeChâtelier effect has been

carried out with Cu-15at.%Al, which has not yet been studied in stress con-

trolled experiments.

A vast amount of measurements, especially those combined with local strain

measurements, have already been carried out with this material by Ziegen-

bein [175] and his predecessors, representatively Nortmann [109–111], En-

gelke [37] and Plessing [121] in terms of strain rate controlled tensile tests.

At that time the pronounced tendency to short range ordering for aluminum

concentrations above 5at.%, with the effect of inhomogeneous deformation in

terms of dislocation slip lines, slip bands and slip band bundles [106], was one

of the reasons for its selection. Furthermore, Cu-15at.%Al shows a type A PLC

instability in a wide range of temperatures and strain rates, respectively. Cu-

15at.%Al is a fcc structured substitutional solid solution within the α-phase.

Therefore, different phases or precipitates do not complicate the situation. As

indicated, short range ordering emphasizes the localization of strain. On the

other hand, Cu-Al shows two interacting strain aging mechanisms [112, 150]:

the core strengthening mechanism exhausts when the line strengthening sets

in. This results in a rather complicated PLC map with several transitions

between the different PLC types A, B, C and stable deformation [58,178].

In contrast Al-Mg is dominated by one strain aging mechanism only. The sim-

pler PLC map gives reason for a easier comparability between stress and strain

rate controlled measurements. The fcc structured substitutional Al-3wt.%Mg

solid solution within the α-phase shows Mg based precipitates, which in turn

complicates the attribution of the relevant strain aging mechanism to the PLC

instabilities [8, 16, 21, 87, 95, 118, 119, 141]. Additionally, at room temperature

type A deformation bands are restricted to higher strain rates (> 10−3) and

type B deformation predominates at medium strain rates. The evolution of

PLC band parameters during a transition between different PLC types can be

investigated without a change of the strain aging mechanism.

As for Cu-15at.%Al several investigations of the PLC effect have been

made with similar Al-Mg alloys, even for stress rate controlled tests (e.g.

[2, 31, 40, 79]), but only few of them have been combined with local strain

measurements (e.g. [21, 23, 24, 43, 100, 145, 166, 168]). First results for strain
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(a) (b)

(c)

Figure 3.1: (a) Crucible for simultaneous annealing of up to 14 specimen,

(b) schematic of a prepared specimen within the specimen holder for tensile

tests, (c) picture of prepared samples of Cu-15at.%Al (top) and Al-3wt.%Mg

(bottom).

rate controlled tests with laser extensometric local strain measurements have

been presented by Ziegenbein [175, 176] on type B for Al-1.5wt.%Mg. The

direct comparison to stress controlled deformation at the same temperature

and comparable deformation rates will shed some light upon the questions of

PLC inherent propagation modes and parameters.

Preparation

Cu-15at.%Al

Cu-15at.%Al is induction melted from the pure components Cu (99.9998wt.%)

and Al (99.999 wt.%) and cast into a square chill-mold. The subsequent me-

chanical surface grinding decreases the probability of inhomogeneities after

rolling of sheet ”swords” of 1.5 mm thickness. Mechanical polishing precedes

the sawing and milling of the bone shaped specimens with the tensile axis in

rolling direction.

The surface is cleaned chemically with acetone and diluted nitric acid be-

fore the annealing process starts. The specimens are stored within a graphite

crucible that permits the simultaneous annealing of up to 14 specimens
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(cf. Fig. 3.1 (a)). To avoid oxidation and thermal fluctuations, the recrystal-

lization temperature of 600 K is attained at a pressure of about 10−5 mbar

with a heating rate of 500 K / h and is applied for 10 h with subsequent fur-

nace cooling. This thermal treatment results in a reduced dislocation density

and a homogenized grain structure with an average grain size of about 70 µm

(cf. [6, 125,175]).

Prior to the preparation for the laser extensometric measurements, the speci-

mens are cleaned with nitric acid again and electrolytically polished with 30%

ortho phosphoric acid (room temperature, duration ≈ 20 min, current density

≈ 8 − 9 mA/mm2). This is necessary in order to reduce the density of dis-

locations near the surface, produced during manufacturing, and for a smooth

surface that avoids the expansion of the PLC instability region by surface stress

concentrations, referring to critical strains, stresses and rates, respectively [2].

In addition, the subsequent coating sticks better to a smooth specimen’s sur-

face. Finally, the polishing is necessary for in situ microscopic cinematography.

The polishing process is finished with an elaborate flushing process. At this

state the sample geometry is measured. The complete active length for most

of the specimens is 65 mm, their width is 4 mm and their thickness between

1.2 and 1.5 mm depending on the duration of the polishing process.

In the last step the specimens are copper plated electrolytically, in order to

reduce the reflectivity of the surface. Other base coatings did not sustain

at higher temperatures during deformation [175]. White stripes (width and

distance 1 mm) are sprayed on this base layer (cf. Fig. 3.1(c)) for laser

extensometric measurements, which will be explained in 3.1.2.

Al-3wt.%Mg

The raw material for the technical alloy AA5754, material code 3.3535, was cast

by AMAG Metall GmbH, Ranshofen, Austria. An analysis of the chemical com-

position results in: 96.15 % Al; 3.14 % Mg; 0.25 % Si; 0.23 % Fe; 0.21 % Mn

(all wt.%). The received material was cut by spark erosion in plates of 5 mm

thickness and cold rolled in several steps of 0.5 or 0.25 mm to ”swords” of

1.5 mm thickness. Due to the high internal stress developed, the curvature

of the rolled plates has to be reduced once or twice by an intermediate an-

nealing process (1 h at 673 K, ambient air). The sheets are sawed and milled

to the bone shaped geometry as already described above for Cu-15at.%Al

(cf. Fig. 3.1 (c)).
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Acetone is used for cleaning before the subsequent solution and recrystalliza-

tion anneal at 673 K for 4 h at ambient air is applied and the samples are

quenched in iced water. Up to the time of a second annealing at 413 K for

20 h, the specimens are stored at about 257 K. This second annealing prevents

an undefined development and influence of precipitates at room temperature

that would emerge as the room temperature solubility is lower than the given

concentration of Mg of about 3.14 wt.% (e.g. [62]). Considerable differences of

the mechanical properties have been recognized for different annealing treat-

ments even at room temperature (cf. e.g. [8, 16,33,80,118,158]).

Polishing tests with still insufficient results have been carried out. The best

results have been obtained for electro polishing with an electrolyte consisting

of 6 vol.% perchloric acid (60%) and 94 vol.% methanol. It has to be cooled by

a mixture of alcohol and dry ice down to about 200 K to reduce the explosion

risk due to the formation of volatile ester. All constituents have to be highly

pure (p.a.), and only clean equipment is to be used. A current density of

0.65 mA/mm2 is used. The etching has to be repeated for about five times,

whereby the contacted end of the sample is changed for each time.

The final preparation for laser extensometric measurements is restricted to

black stripes (distance and width 1 mm) without a darker base layer, because

the reflectivity of the material itself is sufficiently high. Therefore, an inverse

mask is used compared to that for Cu-15at.%Al (see Fig. 3.1(c)). This proce-

dure is insufficient for measurements at elevated temperatures due to a sliding

of the markers on the sample surface.

3.1.2 Laser scanning extensometer

PLC instabilities appear as inhomogeneous localized plastic deformation. This

calls for local strain measurements in order to characterize the propagation

modes and parameters. Ziegenbein has applied the laser scanning extensome-

ter to the tensile machine and used it for strain rate controlled measurements

on Cu-Al, which lead to an unambiguous classification of the different PLC

types (cf. [175,178] and Fig. 2.3). The measurement of local strain is even more

demanded for stress rate controlled tests, particularly referring to conceivable

PLC types and parameters, that can no longer be concluded from stress ser-

rations and that are not known at all up to now [2,31,40,79,100,156,174].
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In the following, the operating mode of the commerciali laser scanning exten-

someter will be explained, referring to its advantages and limitations, especially

with respect to the PLC effect, varying for stress and strain rate controlled ten-

sile tests.

Fig. 3.2 shows a schematic of the operating mode of the laser extensometer. A

rotating cubic glass prism with a permanently measured rotation frequency of

approximately 54 Hz scans a red laser beam across the sprayed stripy markings,

already described in section 3.1.1. The reflected signal is focused on a photo

diode and its intensity is measured. The second derivative gives the time shift

between each intensity alteration referring to the stripe structure. With the

reference of the initial state and the known rotation frequency those time

intervals can be converted to the position or distance in space for all numbered

stripes. Changes of the intervals in time, for example due to localized plastic

strain as in PLC bands, cracks, etc. show an increase in strain for the affected

markings.

The gage length of the extensometrically recorded sample parts amounts

to 50 mm with a grid of up to 22 black and white zones (44 bright-dark

boundaries) along the specimen axis. The resolution of displacement is 1 µm

(δ∆ε = δl/l = 0.05 % of a 2 mm wide zone). The maximum sampling fre-

quency for stress amounts to about 216 Hz, for strain to about 54 Hz due to

non ideal polynomials for the description of the four prism faces. This leads

to an undefined strain offset for the different prism faces, so that the data of

only one prism face is used for further analysis. For most of the data presented

here, only 17 zones (33 bright-dark boundaries) of 2 mm width and distance

are used, because on the short specimen length of 70 mm two thermocouples

have to be fixed additionally.

It has to be remarked that a slight slipping of the markings may occur during

the measurements. This in turn may result in negative local strain jumps,

that are sometimes recorded. In such a case, the following local strain bursts

show slightly increased or decreased absolute strains. If additional alternating

intensities appear during measurements (due to cracking of colored stripes or

base coating) the relative position data of higher stripe numbers can be mixed

or even deleted.

The main advantages of laser extensometric strain measurements are the vari-

able extensometer gage length up to 50 mm, the contactless and independent

iFiedler Optoelektronik GmbH, Lützen, Germany, http://www.fiedler-oe.de
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Figure 3.2: (a) Schematic of the laser scanning extensometer, showing side

and top view. (b) Voltage of the photo diode, which is proportional to the re-

flected intensity for 17 stripes and 2nd derivative of the intensity signal.

measurement of quantity, location, extent and kinetics of strain localizations

(propagating band width, velocity, strain concentration, strain rate) with high

resolution in time (54 (strain) and 216 Hz (stress)) and space (1 µm) with

the synchronously recorded stress and strain data. Especially at small strain

and stress rates the high sample frequency results in a large amount of raw

data (64 MB for a measurement of approximately 30 minutes), that have to be

filtered and from which the physically interesting data have to be extracted.

Therefore, sophisticated numerical analyses have to be undertaken. This part

will be described in section 3.1.5.

3.1.3 Tensile machine

For an experimental exploration of the PLC effect during strain and stress

rate controlled plastic deformation, respectively, a stiff tensile machine is used,

which can optionally be ”softened” by an additional spring within the hor-
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izontal tensile axis. In order not to falsify the load cell signal during rapid

plastic events the spring is inserted between the pull rod and the specimen.

The extension for stress rate controlled tests required a shortening and read-

justment of the machine. In addition, in particular for stress rate controlled

tests, the software for the motor control had to be changed and was replaced

by a universal program for both, strain and stress rate controlled ”real-time”

measurements. In this section general characteristics of the machine are given.

Special features for stress rate controlled tests are mentioned in section 3.1.4.

The tensile machine was built by Neuhäuser and Traub [159] and has been

advanced by the successors [121, 138, 175]. Along the horizontal tensile axis

the machine consists of a low inertia, brushless speed regulated direct current

motor, factor of 102 in about 50 ms, a gear (with reduced mechanical fetch),

that offers strain rate changes up to 106 by means of three electromagnetic

couplings. The maximum cross head velocity amounts to about 2 mm/s. The

load is transmitted to the tensile rod via a ball bearing spindle to reduce

friction. It rotates in a nut within the tension rod, that acts in turn as the

vacuum feed through (two series connected collars) to pull the tension jaw. The

collars show some slip-stick effect [42], that makes the stress rate control more

difficult especially at smaller stress rates (abrupt acceleration and retardation)

and elastic loading parts of the specimen.

The heating up to maximum temperatures of about 675 K is obtained by

means of two direct thermocoax heating elements that heat the steel cavities

of the specimen holders on both sides of the sample. To minimize temperature

gradients especially at elevated temperatures, a removable furnace providing

radiation heating is used (length along tensile axis 80 mm) with a recessed part

of 100 ◦ of the circular shaped cross section for microcinematic film shots or

laser extensometric measurements. A commercial temperature controller pro-

vides for both, a fast heating and a constant temperature during the measure-

ment. The temperature is recorded by means of three Ni/NiCr-thermocouples

at the radiation heating element and at both ends of the sample, respectively

(cf. Fig. 3.3). Temperature fluctuations amount to ±1 K during stationarity,

and up to 6 K during the measurements probably due to slight slipping of the

thermocouples on the specimen surface at high deformation rates and stress

rate controlled tests.

In order to avoid uncontrolled thermal expansion, on both sides beyond the

heating elements, i.e the tensile rod and the load cell, a thermal decoupling
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is achieved by spacers and water cooling of universal-joint shafts of stainless

steel. Nevertheless there is a slight zero point drift of the load cell. Therefore,

the thermal stability is awaited and the load is calibrated at the beginning of

each measurement. At higher strain or stress rates, usually used here, slight

thermal drifts during the measurements can be neglected.

An amplifier (HBM, model KWS 3/5, carrier frequency 50 kHz) and an

AD/DA-converter (20 kHz) are connected to the load cell (steel ring with

four strain gages in a full bridge circuit). The digitized voltages are recorded

as mechanical load and (technical) stress by means of two computers. One

of them records the laser extensometric data, including the load (stress), the

second computer controls the measurement. The load cell has been calibrated

prior to the measurements presented here.

The resolution of load is limited to 4096 steps (AD/DA-converter) with a

maximum load of 3 kN. For stress rate controlled tests the noise of stress is

about 6 N, due to the amplifier. Inaccuracies for the machine stiffness, the

specimen geometry, and zero point drift result in an uncertainty of e.g. the

yield stress of approximately 5 %.

Natural vibrations of the machine influence the registered serrated load during

PLC instable deformation, of course. The stiffer the machine and the lower the

inertia of the system, the lower its influence on the kinetics of the measured

load. This is more important for high-speed deformation mainly due to the

inertia of the tensile rod. For typical load oscillation during serrated yielding

the frequencies amount to less than 10 Hz, which are significantly smaller than

typical oscillations in the order of kHz of a common stiff tensile machine at

small strain rates up to 10−2 s−1. For correct load data the carrier frequency

of the load recording has to be sufficiently high (c.f. [105, 107] and references

therein). For the tensile machine used, Plessing demonstrated the sufficiently

fast and barely falsified load records of the load cell (”far” from the specimen)

by comparing its signal with that of a piezo load sensor at one of the sample

clamps [121].

The rearrangement of the machine for stress rate controlled tensile tests in-

cluded an expansion of the total machine length and in turn a shortening of

the spindle to bring in a soft element (spring, cf. section 3.1.4) with an accept-

able maximum strain of the deformed specimen. For an optional use of the soft

machine (spring) or the stiff machine, respectively, the cooling flow path had

to be rearranged.
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Figure 3.3: View into the vessel.

Starting from the left hand side:

spring construction, spacers, left

heating coil, tensile jaw, clamped

specimen with two thermocouples

and markings for laser extensom-

etry. In the background there is

a lens for optical micro cinematic

monitoring (for which the radiation

furnace is removed). [49]

In order to avoid the oxidation of the samples and parts of the setup at higher

temperatures as well as to stabilize the temperature (convection) a two stage

rotary pump is used. Two quartz windows are attached to the opposite sides

of the stainless steel vessel in order to realize laser extensometric or cinemato-

graphic measurements on vacuum condition.

3.1.4 Stress rate control

For strain rate controlled tests, the electronic ”control” of the cross head ve-

locity simply requires a constant rotation speed of the motor. It is realized

with a comparator circuit that balances the desired voltage with the value of

the tachometer fixed to the motor axis.

In contrast, for stress rate controlled tensile tests with linearly increasing stress

a fast stress control is indispensable. This refers to the current load recording,

controller algorithm, motor drive, acceleration and velocity of the motor and

the complete tensile rod, in order to compensate the actual stress drops due

to sudden plastic strain bursts.

It has to be remarked, that stress rate control in fact means technical stress rate

control, i.e. in effect load control. The strain data are not available during the

measurement. Hence, the evolution of the actual sample cross sectional area

is unknown. Moreover, it changes in an inhomogeneous and temporal instable

way during PLC band propagation. In the following the term stress control as

well as stress rate is used instead of load control and load rate, as is customary

in the literature.
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To provide a maximum flexibility the soft- and hardware has been changed

to permit both, strain and stress rate controlled tests with short rebuilding

times from stiff to soft machine, including ”online” strain rate and stress rate

changes, creep (constant stress), and stress relaxation tests.

With the former software, the displacement ”control” permitted to calculate

the strain from the associated recording time of measurement, by starting the

deformation simultaneously with data recording. For a linearly increased stress,

and particular strain rate and stress rate changes during the measurement, a

”real-time” measurement and control of the load was essential. The computer

interrupt frequency has been changed to 4 kHz during the measurement. At

each time step the desired stress value is calculated from the actual time, the

specific (constant) stress rate, and the stress at the beginning of each stress

rate change.

A PID control algorithm evaluates the proper change of the motor rotation

frequency to compensate deviations between desired and actual stress value.

In particular for any stress rate change the load is averaged over eight load

readouts to reduce noise of the actual stress value, which is used as the initial

stress level of the new stress rate. Without stress rate changes the load is aver-

aged over two readouts and additionally over all readouts within the recording

time interval for load recording. The recording frequency of the control com-

puter differs from that of 216 Hz of the laser extensometer and depends on the

total measurement time. Usually it is about 84 Hz.

The main problem for stress rate controlled measurements within the PLC

instable regime is the difference between the actual strain rate during the

nucleation and propagation of PLC bands with the tendency to a huge stress

drop at band nucleation and stress overshots at the bands’ arrest on the one

hand, and the small strain rate during the ”quasi elastic” loading times with

a small amount of stress fluctuations on the other. These time scales are even

more different for stress rate controlled compared to strain rate controlled tests,

because here the propagation lasts for about 0.1 to 1 s, in contrast to up to

about 100 s for the case of strain rate control.

For both, strain rate controlled and stress rate controlled tests, the measurable

global strain rates range from about 10−6 s−1 during the (nearly) elastic loading

phase up to some 10−2 s−1 during PLC band propagation for both materials,

Cu-Al and Al-Mg (cf. [26]). An analysis of the local and global strain rates will

be given in chapter 4.
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For stress rate controlled tests these immense plastic strain rates during band

nucleation can be compensated by the tensile machine - to keep up with the

increasing plastic strain rate - at best by the fast drive ratio of the gear, which

cannot be changed sufficiently fast during the test, when PLC deformation sets

in or stops. That in turn challenges the control of the motor velocity at the

plastic strain rate changes, when a strain avalanche starts or is arrested. In the

case of vanishing work hardening (large strain, high temperature, especially for

Al-Mg) the maximum cross head velocity limits the maximum stress rate to a

small value of 10 MPa/s.

An ideal stress control is unrealizable, because any control mechanism can

respond only to deviations from the set point. Additional deviations result

from delay times from the control algorithm, the motor drive and acceleration,

mechanical fetch, mainly within the gear, and any inertia within the system,

mainly the tensile rod. The smaller each contribution, the smaller the chal-

lenge for the control algorithm. After many tests, the following method was

most convincing. The direction of motion of the pull rod was limited to ten-

sion, because the change of the rotation direction takes too much time and

is too ”rough” (nonsensitive) due to the mechanical fetch within the gear. In

order to reduce a resulting risk of stress overshots an increased sensitivity to

stress fluctuations is applied to that problem, such that the two time scales as

well as the two quantities of stress fluctuations for PLC deformation and elas-

tic reloading, respectively, are treated differently. The cube of the difference

between the actual stress value and the set point is used in the proportional

controller for large deviations from the set point to rapidly decrease stress over-

shots when a band is arrested and larger stress drops occur due to the band

nucleation. For small deviations the stress difference enters linearly to con-

trol the elastic loading phases ”smoothly” with small motor speeds and slight

speed changes. Finally, the integral and differential part of the controller was

skipped, because long term deviations from the set point values do not appear,

and the hardware was much slower than the controller with these character-

istics. In addition the absolute average stress level was sufficiently controlled

and the differential contribution was not able to accelerate significantly the

stress control.

Therefore, a soft element, i.e. a spring with a comparably small spring constant

has been integrated as mentioned before. This spring is supposed to absorb

most of the rapid elongation during band nucleation that cannot be com-

pensated by the stiff machine only. On the one hand the smaller the spring
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Figure 3.4: Part of a typical strain

time curve of the global strain for

Al-3wt.%Mg at room temperature,

0.1 MPa/s. The two marked strain

rates have to be realized by the ma-

chine with mutual changes as fast

as possible to avoid stress drops or

stress overshots.

constant, the smaller the stress drop due to the elongation of the spring. On

the other hand this additional displacement has to be absorbed again by the

machine and limits the maximum plastic strain of the sample due to the lim-

ited machine extension. This consideration leads to an optimized value of the

spring constant for the present machine: For the reported tensile tests and

stress strain curves, the work hardening coefficient h is in the order of 103 MPa.

As the elastic strain contribution is small, the applied stress rate can be ex-

pressed by σ,t = hε,tPLC with ε,tPLC between 10−6 s−1 and 10−2 s−1. In the case

of instable PLC deformation a staircase shaped strain time curve is observed.

A small part of a typical global strain time curve is given in Fig. 3.4 for a

stress rate controlled test on Al-Mg.

For part I the plastic strain rate εI,t, that is compensated by the machine,

is given by εI,t ≈ σ,t/Eeff � σ,t/h with the effective stiffness of the system

Eeff . Hence, one can approximate εI,t ≈ (h/Eeff) εPLC,t ≈ 103/105εPLC,t ≈
10−7 · · · 10−4 s−1. To compensate the strain jump (I), the effective machine

stiffness has to be small enough. The spring is expected to shift the external

strain rate εI,t to about 10−4 · · · 10−1 s−1. The effective system stiffness with a

Cu-Al sample (75 mm length, 4 mm2 cross section area and 7679 N/mm pure

machine stiffness) is about 6.5×104 MPa and has to be softened by a factor of

about (Eeff/h ≈) 102. Therefore, the spring ought to have a spring constant of

5 to 50 N/mm, depending on material (work hardening rate h) and specimen

geometry.

Furthermore, the whole construction for the spring has to satisfy the following

requirements: It has to fit in the small vessel and a cylindric protuberance of

it on the one hand (limited diameter), and must not be too long (regarding

the initial length and maximum elongation) with respect to maximum plastic
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Figure 3.5: Construction for one of

the springs. The spring constants are 15

and 45 N/mm, respectively, the length

is about 100 mm, the diameter amounts

to 65 mm. The tensile load is conver-

ted to the compression of the spring (cf.

Fig. 3.3). [49]

strain of the sample, with concurrent limited length of the machine on the other

hand. The maximum attainable stress competed against the limited elongation

and the low spring constant.

Converting the tensile load to compression load for the spring, at loads higher

than the maximum spring load, the compression mode does not break the

springs and permits further testing with a stiff machine, when the spring mount

transfers the load to the sample. The inertia and friction during the compres-

sion of the spring are minimized for sufficient acceleration of the tensile rod,

considering also the required strength for the case of a completely compressed

spring. Especially for high compression the construction has to prevent the

buckling of the spring.

Two constructions have been manufactured for two different springs (spring

constants: 45 N/mm and 15 N/mm). To minimize their initial extension within

the tensile rod, both elements have an initial load of about 350 N (smaller than

the critical shear loads for the materials (and their smallest geometries)). To

avoid additional inertia the spring is mounted to the specimen as close as

possible, next to one of the heating coils.

Figs. 3.5 and 3.3 depict the final solution for this problem. The initial length

of the construction is about 100 mm, its diameter amounts to 65 mm.

Of course, the quality of the present stress rate control has to be evaluated

and compared to the state of the art within the literature. This has been done

and reported within the diploma thesis of Hagemann [49] and will shortly be

summarized here.

In order to evaluate the quality of stress rate control, one has to distinguish be-

tween the instable deformation during PLC band nucleation and propagation,

and the stable (nearly elastic) loading periods. Two characteristic attributes

are used for the evaluation of the stress control, the (maximum) amplitude of
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Figure 3.6: Typical normalized distri-

bution of the deviation ∆σ from the

set point value of the stress in Cu-

15at.%Al at 0.1 MPa/s. The distribu-

tion of stress drops during the stable de-

formation regime at 325 K and that of

the motor uncoupled from the specimen

show a similar Gaussian distribution,

whereas during PLC instable deforma-

tion the distribution is broader.

fluctuations around the set point during instable plastic deformation on the

one hand and, on the other hand, the distribution of stress deviations from the

set point for both, the instable, and the stable parts of complete deformation.

Of course, the sampling frequency is as important for such an evaluation as

the resolution of the amplitude of stress fluctuations.

In Fig. 3.6 three different normalized distributions of the deviation ∆σ from

the set point value of the stress are shown for the cases of only PLC instable

deformation during a complete measurement at 0.1 MPa/s and 375 K, for the

case of an uncoupled motor, and for periods of stable plastic deformation at

0.1 MPa/s and 325 K. Note that the intervals of instable deformation are de-

termined by an automatic detection of global strain bursts (total extensometric

gage length), which might include short periods of stable deformation prior to

the avalanche (cf. next paragraph). Both histograms beyond the PLC instable

deformation show a similar, almost Gaussian distribution with a full width

at half maximum of about 0.3 MPa. The histogram of the instable region is

broader and asymmetrical due to a tendency to stress overshots, because of the

restriction to only one direction of motion of the motor. This is clearly seen in

the inset of Fig. 3.6. The white line indicates the set point value of the linear

stress increase. Maximum stress drops up to 1 MPa and stress overshots of

about 2 MPa are observed. Due to the fact, that the direction of motion of the

cross head is restricted to tension, the tendency to positive deviation from the

set point value is more pronounced as well as the stress drops increase markedly

at larger stresses (strains) and temperatures for tests without a spring. There-

fore, all measurements presented, except of those at the maximum stress rate,

are carried out with the soft spring involved.
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It is most important, that the PLC band propagation does not occur at a

significant lower level than the set point level, since the propagation of the

band front turns out to be markedly influenced by the actual stress level, and

its velocity is significantly reduced for the case of a longer lasting reduced stress

level (cf. section 4.2.1 and [40]). In particular, for the case of Cu-15at.%Al

at higher temperatures, an increasing influence of the aging enthalpy results

in significant stress drops as a consequence of a rapid band nucleation and

propagation. This will be discussed in detail in the context of the corresponding

data.

In comparison to the few incomplete, or usually missing explicit statements

about the quality of stress control in the literature, the stress control achieved

for the present results shows a rather good quality, in particular, considering

the relatively large noise level, probably originated from the amplifier. Hage-

mann presented a detailed comparison of the different accessible data about

the quality of stress control [49], referring mainly to the data presented in [40]

and [174].

Additional tests have been carried out with a hydraulic machine

(Schenk/Dartec, type 9640) at the Institute for Energy of the Joint Research

Centre of the European Commission in Petten, Netherlandsii. Such machines

provide a good acceleration and large velocity of the cross head, i.e. they are

expected to be more suited for stress rate controlled tests than mechanical ma-

chines. The machine stiffness was about 41 kN/mm. The sampling frequency

of that is limited by the total number of data records (10000), which is there-

fore normally between 10 and 100 Hz. The resolution of force is about 1 N, i.e.

the noise level is significantly lower than that of the mechanical machine in

Braunschweig. The minimum load rate was 50 N/s. Unfortunately, the adjust-

ment of the PID controller of the insufficiently described commercial controller

software is very sophisticated, such that it is very sensitive on the correct PID

parameter, and the machine easily starts to get out of control and oscillates

heavily. Best results have been obtained after a significant reduction of the hy-

draulic oil pressure, in order to diminish the sensitivity to the PID parameter.

iiMy sincere thanks to Stefan Ripplinger for all his help with the tests and his patience.
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3.1.5 Data analysis

From raw data to physical data

As already mentioned in section 3.1.2, the amount of data for each measure-

ment is of about 64 MByte binary raw data for half an hour of the laser exten-

sometric measurements. To realize the maximum sample frequency of about

216 Hz at lowest strain and stress rates the data recording has to be restarted

for several times, depending on the maximum strain. The data are recorded

in a binary format with both computers for a reduced amount of raw data,

such that a conversion to an ASCII format for further analysis is necessary.

This is realized by a small program for the data of the load control computer,

that calculates the stress time data, and by a commercial program for the

laser extensometric data. This program provides the time dependence of local

and global strain, depending on the demanded zone intervals, global force and

stress, and the stress-strain data. For all data presented here, the local strain

was averaged over 2 mm, i.e. three bright-dark boundaries, because for higher

local resolution the scattering was not satisfactory.

Within the work of Hagemann [49] the software for further ”semi automatic”

data preparation has been improved significantly. The main algorithm for the

detection of local and global strain bursts has originally been developed by

Ziegenbein [175]. Despite of different alternative improvements, the solution

of Ziegenbein was most successful and a graphical user interface has been

developed, including a zoom function for a fast detailed check of the quality

of the strain burst detection.

The following algorithm and parameters are used for the automatic detection

of local and global strain bursts, their time and place of appearance and their

amount of strain. Due to the scattering of the strain data and the small number

of data points within rapid strain increase an average process over the number

M of data points is necessary, especially for the smallest strain increase, i.e. at

small strains and especially for type B oder C bands. Afterwards an adjacent

forward differentiation over D data points detects the average slope of those

D data points. The exceeding of such slopes over a minimum slope ST and

the exceeding of the corresponding strain increase within those D data points

over an initial minimum amount of strain increase ISH, respectively,

is the first condition for the detection of a strain burst. The first data point

(A) that fulfills this condition defines the time of the strain increase within
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Figure 3.7: Typical example of a local

strain increase during PLC band prop-

agation. The parameters ∆εb, ∆t, εloc,t

are extracted for all laser extensometric

zones. Note the falsified ∆t and εloc,t,

due to the adjacent averaging and dif-

ferentiating over three data points.

the actual location (laser extensometric zone interval), if a second condition is

fulfilled: If the actual slope falls below 1/20 of ST (this data point (B) defines

the end of the local strain increase) and if the whole strain increase within

the interval of averaged strain data [A,B] exceeds a minimum amount of

the actual entire strain burst SH these times of (A) and (B), the time

difference ∆t between them, the amount of strain within the actual jump ∆εb

are recorded.

This process is continued at data point (B) for the detection of further strain

bursts up to the end of the file and repeated for the local strain data of all

zones, as well as for the global strain data between the first and the last zone.

An example of a typical strain increase and the relevant parameters deduced

are shown in Fig. 3.7.

The parameters used have to be identified and optimized manually after a close

look at the more ”critical” strain bursts. For strain rate controlled tests with

sometimes one or even two PLC type changes, this routine has to be used two

or three times with parameters adjusted to the corresponding type.

This points to one of the problems with this automatic detection of strain

bursts: The non-stationarity during increasing deformation causes changes of

the characteristics of the strain bursts and therefore, often needs a change of

the parameters for the detection. Especially the adjacent average (and differ-

entiation) causes a time lag between the recorded starting time and the ”real”

starting time, that a manual detection would find. This is worst at high strain

rates and stress rate controlled tests in general, where the local strain rates

are large and even with the maximum sample frequency the number of data

points within the strain increase is limited to about 1 to 10 points, whereas

the scattering remains unchanged for the nearly elastically deforming parts. An
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example of this problem can be seen in Fig. 3.7. This problem is most impor-

tant for the determination of the duration of strain bursts, which is somewhat

overestimated in principle (by up to a factor of 8), and falsifies the calculation

of (local) strain rates and band widths. In general, the results of the automatic

detection of the strain bursts always have to be checked and the parameters

for the algorithm have to be optimized successively, in order to assure physical

conclusions concerning these parameters.

At the end of this procedure the following data for further physical analysis are

available: The (global) stress/force and the global strain bursts (averaged over

all laser extensometric zones), which contain the initial times of occurrence of

PLC events, the accumulated strain within the actual strain avalanche, the

duration of the avalanche and the strain at the end of the actual avalanche.

Furthermore, there is the data extracted from the local strain bursts, i.e. the

initial time t, the position (zone) x, the concentrated strain ∆εb, the event

duration ∆t, and the strain at the end of the strain increase ε(t + ∆t) of each

PLC induced strain increase. Further characteristics and PLC parameters, like

mode of propagation, band velocity, width, and local strain rate in the band

have to be analyzed separately.

From data to characteristic physical parameters

Strain and strain rate

Local and global strain concentrations within the PLC bands ∆ε
loc/glob
b are di-

rectly deduced from the data, as described above. Difficulties with the accurate

detection of strain bursts, with respect to their time of occurrence, do not affect

the strain values, because during PLC deformation the strain is concentrated

within the small PLC bands and almost no plastic strain takes place elsewhere

(especially before and after the detected strain burst). Therefore a slight time

shift for the start and stop of the strain increase within the almost stationary

part of the strain time curve does not affect the amount of accumulated strain.

Dividing the local and global strain concentration ∆ε
loc/glob
b by the duration

of the strain increase ∆t provides the local and global strain rates. It has to

be pointed out again, that especially the accuracy and the reliability of the

local strain rate strongly depend on the misinterpretation of ∆t due to the

averaging process during the strain burst detection.
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Propagation mode and propagation velocity

The plot of the position (zone) where a strain burst is detected over the time of

its occurrence is denominated as a ”correlation diagram”. It has already been

mentioned in section 2.1. First of all, phenomenologically, the mode of prop-

agation (PLC types A (solitary wave like), B (intermittent), and C (random

nucleation)) can be characterized unambiguously. Furthermore, the velocities

of the PLC bands can easily be deduced from the correlation diagram for strain

rate controlled tests via linear fits for the individual bands, due to their homo-

geneous propagation with a constant average velocity for both types A and B

as illustrated in Fig. 2.3.

In contrast to all analyses without local strain measurements, which can be

found in literature, the velocities were not deduced from the quotient of the

complete extensometric gage length in general and the duration of the global

strain increase. This is most important particularly for stress rate controlled

measurements, where the bands often propagate with a varying velocity and

parts of a PLC event or even several PLC bands propagate at the same time.

Such a procedure of dividing the gage length by the duration of the global

strain increases tends to overestimate the actual PLC band velocities. There-

fore, only those parts of the propagating bands are linearly approximated, that

show a coherent propagation with a nearly constant local velocity vlocal
b . No

algorithm could be found for an automatic detection of the ”correct” local

band velocities, all the more, as at higher stress rates several bands propagate

at different positions at the same time. Only for those cases, where the prop-

agation dynamics change significantly with time and space and no linear fits

can be made for sufficiently large sample parts, a global velocity vglob
b is cal-

culated from the number of the participating zones divided by the duration of

the strain event. But of course, the physical meaning of a definite propagation

velocity of a moving band front is no longer maintainable.

The general shift of starting times of the local strain bursts does not pro-

foundly falsify the creation of correlation diagrams except of a general shift

of the PLC events to earlier times, hence the deduced band velocities and

recurrence times are not significantly falsified.

Bandwidth

The last characteristic PLC parameter is the width of the band wb, i.e. the

extension of the plastically active region, starting with the band front up to the
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wake of the band, where the dislocations are arrested. An analysis of the band

width is quite simple for propagating solitary waves (type A bands) during

strain rate controlled deformation. In that case it can be determined by

wb = vb ∆t − ∆p (3.1)

with the zone width ∆p. The assumption of PLC bands as solitary plastic

waves provides a constant band front velocity with a constant shape of the

deformation band. The path vb∆t is covered by the band front within the

duration of the strain increase ∆t and equals the band width plus the width

of the actual zone that has to be subtracted.

For stress rate controlled tests the situation is completely different: As men-

tioned above, the velocities are not constant anymore. They rather differ lo-

cally and change during band propagation. In addition, similar as for the strain

rates, the duration is falsified due to an averaging process and the same error

appears for the band width, especially for very fast bands at elevated temper-

atures, where the duration of PLC events is in the same order of magnitude

as the extensometric sampling rate. Manually determined durations of local

strain increases for all zones in single bands finally prove that the band width

varies during propagation for stress rate controlled tests as does the velocity.

In general, the definition of the PLC parameter wb is questionable for stress

rate controlled tests. If band propagation takes place at different positions

at the same time with different propagation dynamics and modes, the band

width could be defined as the width of synchronously propagating, neighboring

specimen parts, or, alternatively, the summed up extension of synchronously

plastically active specimen parts. This problem will be discussed by means of

experimental and numerical results (cf. chapter 4).
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4 Results and discussion

This chapter summarizes the experimental results that have been obtained

from both materials, Cu-15at.%Al and Al-3wt.%Mg. It is structured accord-

ing to those two materials as well as to the two testing modes, the stress

and the strain rate controlled deformation. Hence, there are four sections of

experimental results, that follow the ”historical” development.

Supplementing investigations on the strain rate dependencies within the high

temperature PLC regime of Cu-15at.%Al (mainly type B) in the first section

are followed by recent results on stress rate controlled tests of that material,

including temperature and stress rate variations in the second section. The

third and fourth section deal with the PLC strain rate and stress rate depen-

dence of Al-3wt.%Mg at room temperature. The fifth section compares the

results of both materials, specific similarities and differences are indicated and

discussed in terms of differences between specific evolutions of strain aging.

4.1 Strain rate controlled experiments on

Cu-15at.%Al

In this section the results from strain rate controlled tensile tests on Cu-

15at.%Al at elevated temperatures are presented, which have been performed

mainly in the framework of the diploma thesis of Weidenmüller [165].

The first part describes the evolution of PLC characteristics with strain, in

particular the stress-strain and stress-time curves, respectively, the mode of

propagation, and the characteristic PLC parameters. The second part will fo-

cus on the corresponding temperature and strain rate dependencies. The closest

attention is given to the peculiarities and the differences to those phenomena
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in the regime of PLC type B, that have been investigated and described earlier

by Ziegenbein [59,175,178].

4.1.1 Strain dependence

Stress and strain

At a strain rate of ε,t = 6.67 × 10−4 s−1 at 525 K all three PLC types in the

order C, B, AII are found with increasing deformation, corresponding to the

PLC map of Ziegenbein (cf. Fig. 2.15 (a)). The associated stress-strain and

strain-time curves are shown in Fig. 4.1. This measurement is similar to that

in Fig. 2.4, at 373 K with ε,t = 6.67 × 10−6 s−1. The reciprocity of strain rate

and temperature dependencies will be discussed at the end of section 4.1.

The instable deformation starts with a Lüders band, prior to PLC type C with

rather irregular stress drops that correspond to at most shortly propagating

bands. Type B bands come along with rather regular stress serrations with

steep stress drops at the nucleation of bands (see last large stress drop at the

inset for type B in Fig. 4.1 (a) and Fig. 4.2) and step-like strain time curves due

to their jerky propagation. This is shown for the local strain (position 6−8 mm)

in Fig. 4.1 (b). It has to be pointed to the significantly positive slope for the

jerkily onward propagating band between the steps, indicated by (p) in the

(a) (b)

Figure 4.1: The stress-strain curve and the corresponding local strain-time

curve (position 6−8 mm) for Cu-15at.%Al deformed with ε,t = 6.67×10−4 s−1

at 525 K. The insets show again the different appearance of the three PLC

types, with respect to stress and strain.
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Figure 4.2: Type B stress serrations

from the inset in Fig. 4.1. ∆σ denotes

the depth of a stress drop, and ∆tσ the

time lag between two consecutive stress

drops. The last steep stress drop is as-

sociated with the nucleation of a band

(ε,t = 6.67 × 10−4 s−1 at 525 K).

inset for type B in Fig. 4.1, in contrast to the vanishing slope of the strain

curve for the time of linear elastic stress increase, where no increase of local

strain can be observed. Type AII finally appears as a smoothly fluctuating

stress (Fig. 4.1 (a)) and continuously increasing strain (Fig. 4.1 (b)). The

strain jumps increase significantly with increasing total strain. This will be

discussed below within the scope of the band parameters, in particular of ∆εb.

Furthermore, the characteristics of the local strain increase change gradually

from typical type B, step-like increases, over type B steps superimposed on

usually ”smooth” type A strain increase to finally smoothly increasing strain

of type AII.

After such a general overview, an analysis of the stress serrations will be given,

before the mode of propagation and the characteristic band parameters are

determined as a function of strain. The focus is on PLC type B, since it is

predominant for the high temperature regime (cf. Fig. 2.15 (a)).

For a detailed analysis of the stress serrations the amplitudes and the recur-

rence times of the stress drops are determined. The depth of a stress drop is

denoted as ∆σ, the time between two consecutive stress drops, i.e. the time

lag between repeated jumps of a discontinuously propagating type B band, is

∆tσ as illustrated in Fig. 4.2.

Fig. 4.3 shows the strain dependencies of the stress drop amplitudes and their

recurrence times. The stress drop amplitudes show a significant strain (or

stress) dependence, which is superimposed by a large statistical scatter, as-

sociated with the fluctuation of microstructure which the PLC band passes

through during its way across obstacles and grain boundaries [76,77]. The first

increase, more clearly to recognize with the polynomial fit (5th order), results

from an increasing effectiveness of DSA due to the rising dislocation density,
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(a) (b)

Figure 4.3: Example of (a) the strain dependence of the stress drop amplitudes

∆σ and (b) the recurrence times ∆tσ of the stress serrations in Cu-15at.%Al

deformed with ε,t = 6.67 × 10−4 s−1 at 525 K. The strain dependence of ∆σ

reflects the changing effectiveness of DSA.

i.e. increasing number of diffusion paths [150,151]. The following decrease can

be attributed to the exhaustion of solute foreign atoms, i.e. the decrease of

the effectiveness of DSA. This causes the transition to PLC type AII at higher

strains. The bell like shape of the curve may therefore correspond to that of

the contribution of DSA to the strain rate sensitivity. Note additionally, that

also an intensified work hardening, i.e. the reduction of the dislocation path

length, that leads to an earlier dying out of the dislocation avalanches, which

are subsequently pinned by foreign atoms, supports such a decrease of the

stress drops.

Since the stress increases linearly with time during the elastic loading periods

and the stress drops are much faster than the loading periods, the recurrence

times are proportional to the stress drops except for the Lüders band and at

highest strains (type AII), due to the associated lower fluctuation frequency

for both phenomena. Additionally, the scattering of the recurrence times is

significantly reduced, compared to the stress drop amplitudes. A more detailed

analysis of the type B stress drops and the associated recurrence times will be

given in connection with their strain rate dependence.

Propagation mode

As already mentioned, the actual PLC type can unambiguously be classified

by means of laser extensometry. The stresses and strains of transitions between

types and the mode of propagation can therefore be determined by means of
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(a) (b)

Figure 4.4: Correlation diagram and stress for a single Lüders band (a)

and the piecewise propagating type C deformation bands in Cu-15at.%Al at

ε,t = 6.67 × 10−4 s−1 and 525 K.

the correlation diagrams. For the measurement mentioned above all three PLC

types appear. Two deviations from the well known PLC behavior (as observed

by Ziegenbein [175]) can be recognized. The typical stochastic nucleation of

PLC bands without any propagation for type C bands, as observed by Ziegen-

bein, is replaced by shortly propagating bands at elevated temperatures and

increased strain rates. This can be seen in Fig. 4.4 (b). The second difference

is an interrupted propagation of the Lüders band as illustrated with Fig. 4.4

(a). The first appearing band propagates without measurable strain harden-

ing, whereas further bands propagate with significant strain hardening. The

propagation of the first band is divided into about five parts. Each part of

the specimen is involved in band propagation only once during the period of

vanishing global strain hardening. Hence it is attributed to the Lüders phe-

nomenon. Despite of its interrupted propagation mode, the LB obeys the soli-

tary wave propagation (Eq. (2.29)): with vb ≈ 10 mm/s taken from the points

in Fig. 4.4 (a) a strain concentration within the LB ∆εLB = v/vb ≈ 0.51 %

is obtained, matching well with the measured value of about 0.4 . . . 0.65 %

(see Fig. 4.6 below). With an estimation of the Lüders band width of about

2 mm a local strain rate ε,t loc ≈ 2.5 × 10−2 is observed at an external rate of

ε,t = 6.67 × 10−4 s−1.

On the one hand, the propagation of the LB band is similar to that of the PLC

type B bands, probably a result of the effective DSA (large ∆G) due to the

enhanced diffusion of the solutes at higher temperatures (at small and medium
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deformation rates). As it will be seen later in the context of the stress rate

controlled experiments, the effective strain aging causes an elevated local stress

level prior to the strain avalanche. This leads to a more rapid multiplication

and motion of dislocation, which results in steep stress drops, that cause an

early dying out of the motion and multiplication of (fresh) dislocations. Only

then, strain aging causes a pinning of the already arrested dislocations, rather

than a recapture of the moving dislocations by foreign atoms.

On the other hand, the piecewise propagation of the LB in different directions

along parts of the specimen length is probably a concession to the pronounced

internal stress inhomogeneities at the beginning of the deformation. This phe-

nomenon is often recognized along the passage of the first PLC bands in both,

strain and stress rate controlled tests. Further examples will be given below.

The shortly onward propagating bands in Fig. 4.4, following the LB with sig-

nificantly increased strain hardening, are attributed to PLC type C for two

reasons. Firstly, the region within Ziegenbein’s PLC map (Fig. 2.15 (a)),

that is estimated to be associated with that region of stress, strain rate and

temperature, is that of type C, and secondly, the only shortly onward propa-

gating bands can be clearly distinguished from those of type B later on, which

propagate coherently along larger parts of the specimen. The fact, that at

higher strain rates the characteristics of type C bands, being nucleated ”ran-

domly” (depending on the local effective stress status) along the specimen axis,

are changed to type B like propagation over significantly shorter path lengths

can be compared to the disappearance of type C and even type B propagation

at stress rate controlled tests (see section 4.2) due to the smaller (vanishing)

stress drops at larger external deformation rates.

For the actual measurement the increasing homogeneity of microstructure with

rising strain is superimposed by the transition from type C to type B prop-

agation. The type B and type AII propagations proceed without significant

differences to those described by Ziegenbein. Nevertheless, the specific mode

of propagation can be analyzed in more detail with respect to the correspond-

ing specific course of the local strain time evolution at those locations and

times, where peculiarities of the propagation of type B bands occur.

Two different band propagation processes of the jerkily propagating type B

bands can be observed. The well known closely correlated sequences of several

jumps in a rather regular succession moving into a definite direction has al-

ready been depicted in Fig. 2.3. The succeeding avalanche starts just at the



68 4 Results and discussion

location where the former band has been arrested. This matches with the idea

of Schwarz [140], that the onward propagation of type B bands occurs at

the position of the less aged dislocations, i.e. those of the just arrested former

avalanche. A second variant of type B band propagation is characterized by

short breaks in the regular succession, where the band stops and continues to

propagate after a break in the same or sometimes even in the opposite direc-

tion, but starting usually at the position of the last former avalanche. This

second type is depicted in Fig. 4.5.

For both propagation processes the according local strain data can be analyzed:

In the latter case, where a reactivation of the band needs a longer time (arrow in

Fig. 4.5 (a)), most dislocations have probably become nearly fully aged, such

that again a period of synchronization of the dislocation waiting times (cf.

section 2.3, term IV) is needed. Within this period, which endures for two to

four load drops, some ”smooth” strain occurs prior to the avalanche formation,

due to many microplastic break away events. This is illustrated in Fig. 4.5 (b),

where the local strain of position 30− 34 mm increases gradually, as indicated

by ”(s)”. This precursory strain, which may be attributed to microplastic break

away events, leads not only to a synchronization of the dislocation waiting

times, but probably produces also some local overstresses. These overstresses

will be discussed below within the framework of a simple ”pile-up” model,

that will be used to explain apparent contradictions for determined activation

energies, as already described and applied for the temperature dependence of

the stress drops in Cu-15at.%Al by Ziegenbein [68,175].

For the regular propagation in concomitant strain jumps (position 34−36 mm,

”(p)” in Fig. 4.5 (b)) some precursory strain prior to the repeated break away

of the onward propagating band is observed, probably due to a rearrangement

of the only partially aged dislocations after their arrest. This will also produce

some overstresses for the nucleation of the next avalanche. In this case of an

onward propagating band, no long-time synchronization process is necessary

due to the less aged, still synchronized dislocations in front of the ”hopping”

band. Both types of local precursory strains have also been observed for type

B instabilities in Al-Mg at room temperature [70] and therefore have to be

distinguished from global (homogeneous) viscous strains at elevated tempera-

tures for Cu-15at.%Al as reported below. Such a local precursory strain can

be referred to the stress relaxation ∆σ∗ prior to each stress drop as depicted

in Fig. 4.5 (c) for the same time interval of the strain jumps in (b). The slight

strain increase of about ∆ε ≈ 0.1 % in (b) corresponds to a stress relaxation
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(a) (b)

(c)

Figure 4.5: Correlation diagram (a) and local strain (b) for a PLC type B band

in Cu-15at.%Al at ε,t = 6.67 × 10−6 s−1 and 575 K. Prior to the arrow in (a)

the band is arrested for a while and needs renucleation. In (b) for positions 30−
34 mm a precursory strain according to the synchronization of the dislocation

waiting times (s) occurs. For the onward propagating band after the arrow in

(a) slight precursory strains (p) accompany the jerky progression of the band.

The first three stress serrations in (c) correspond to the local strain bursts

shown in (b).

of ∆σ∗ = (2 mm/75 mm)∆εEeff ≈ 1.6 MPa for a specimen length of 75 mm, a

laser extensometric zone width of 2 mm and an effective stiffness of the system

Eeff = 58 GPa. This agrees approximately with the relaxed stress of about

∆σ∗ ≈ 2 MPa in Fig. 4.5 (c), which is estimated from the difference of the

extrapolated elastic loading curve and the break away stress.

Further specific PLC parameters will be given in the following paragraph. The

specific parameters (σ, ε,t) for each transition between different PLC types will
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(a) (b)

Figure 4.6: Concentrated strain within the PLC bands of type C, B and AII

(a), and associated band velocities (b) for Cu-15at.%Al deformed at 525 K at

ε,t = 6.67× 10−4 s−1. The strain concentrations of the type A analysis indicate

approximately the total strain concentration within the type B bands, neglecting

its division into the small strain steps as typical for type B propagation. The

real type A bands start only at about ε = 23 %, as shown for the bands velocities.

also be summarized within a new PLC map in section 4.1.3.

PLC parameters

The local strain measurements lead to a detailed analysis of the specific PLC

parameters. The local strain concentration within the PLC bands for the two

types, AII and B, respectively, is shown in Fig. 4.6 (a). The concentrated strain

within the Lüders band is larger than that of the subsequent type C bands.

The distinctly different characteristics of the local strain time behavior for

type A and B demand for a separate analysis of the strain jumps for each

type. Since type B deformation bands propagate jerkily, the associated local

band strain is increased in more than one zone at a time. Therefore, in Fig.

4.6 (a) the strain concentrations of the type A analysis indicate approximately

the total strain concentration within the type B bands, neglecting its division

into the small strain steps as typical for type B propagation. The real type A

bands start only at about 23 %, as shown for the band velocities. Those plots

for the strain concentrations and the band velocities illustrate in addition that

the transition between the different PLC types shifts in time within the entire

gage length, i.e. there are still some type B like strain events, even if type AII

bands have already appeared somewhere along the gage length.

However, type B bands show a wide scattering of ∆εb. The strain concentration



4.1 Strain rate controlled experiments on Cu-15at.%Al 71

increases slightly from type C to B and remains nearly constant within the

type B region. The type A-analysis for the strain concentration disregards

the small strain steps of type B, and therefore it indicates the total local

strain concentration within the bands. The total strain concentration within

the bands increases almost linearly with the externally applied strain. The true

values for ∆εb are those of the type B-analysis for the type B regime and those

of the type A-analysis for the type A regime. Therefore, a significant increase

of ∆εb coincides with the transition from type B to type AII, as well as the

emerging lags between the ”columns” of PLC events. These columns result

from the fact, that no strain can be registered beyond the extensometric gage

length, even if the bands propagate further on beyond the outermost zones.

Such time intervals of not registered band propagation are more pronounced

for type A than before due to a slower propagation rate of bands at higher

strains, as shown in Fig. 4.6.

The band velocities decrease considerably with increasing strain, supporting

the idea of solitary wave propagation (Eq. (2.29)). For increasing local strain

bursts (see the ∆εb for type A analysis in Fig. 4.6 (a)) with increasing strain

at a constant cross head velocity, the band velocity decreases (Fig. 4.6 (b)). It

has to be pointed out that the evolution of band velocity remains continuous

even for the transition from type B to type AII. This behavior matches with

the continuously decreasing jump width of the hopping type B bands as illus-

trated in Fig. 4.7 (a) and indicates that for the overall propagation behavior

the microscopic diffusion mechanism does not matter. Rather the propagation

is controlled by the effectiveness of DSA, i.e. the kinetics of aging, and the

effective local stresses. Both do not change markedly during the transition of

the aging mechanisms.

The jump width j is determined by the ratio of the band passage and the asso-

ciated number of stress drops. It decreases continuously with increasing strain,

starting from about 2 mm to a quarter millimeter. The increasing dislocation

density with rising strain provides a more effective DSA, that causes an earlier

dying out and pinning of the released dislocations. Therefore, the jump width

of the type B bands decreases with increasing deformation. Simultaneously,

the jump frequency fj increases according to the constant imposed strain rate.

Finally, the gradual onset of exhaustion of mechanism II gives way to the in-

creasingly continuous propagation of the succeeding type AII bands, i.e. the

jump width is increasingly diminished, until continuous local strain increases

according to ”pure” AII bands appear.
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(a) (b)

Figure 4.7: Width and frequency of the jumps of the jerkily propagating type

B bands for Cu-15at.%Al deformed with ε,t = 6.67 × 10−4 s−1 at 525 K.

Similar to the jump width, the associated frequency of jumps can be calculated

by the reciprocal ratio of the duration of propagation and the associated num-

ber of stress drops. The initial frequencies of the type C bands are distinctly

larger than the nearly constant plateau of the type B events. For the transition

to type AII bands the frequency of the single jumps increases according to the

smaller jump width, the decreasing local ∆εb, and the increasing total strain

avalanches at higher strains. This is an additional indication for the smooth

transition from a jerky to a continuous propagation mode due to the gradual

exhaustion of the line strengthening mechanism.

The band width wb finally can be determined for type A bands only, because

for the jerky propagation mode of type B bands, the band velocity is neither

homogeneous in space nor continuous in time. The band widths of the observed

type AII range between 0.2 and 3.5 mm with an average value of 0.85±0.4 mm.

4.1.2 Temperature dependence

Extending Ziegenbein’s measurements, type B PLC deformation has been

investigated by Weidenmüller at 525 and 575 K at a strain rate of

ε,t = 1.33 × 10−4 s−1. Both measurements show a Lüders band and type

B deformation exclusively. At 575 K the type B behavior changes to viscous,

stable deformation at higher strains, whereas at 525 K type B instable defor-

mation prevails up to failure.
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Stress and strain

The differences in stress and strain behavior between the deformation at 525

and 575 K are illustrated by Fig. 4.8. In contrast to lower temperatures, the

stress serrations show significant deviations from linear elastic behavior of

stress during the reloading periods at 575 K. This stress relaxation prior to the

stress drops can be attributed to microplastic strain (εglob,t), that can be seen

in Fig. 4.8 (b) in particular at higher strains. It belongs to the transition to sta-

ble viscous-like flow at higher strains. There is no exhaustion phenomenon of

process II as it is found for process I. The effectiveness of DSA is even enhanced

due to a superposition of process II and the Suzuki-effect [133, 152,153], but

because of the fast diffusion of solutes at those elevated temperatures the solute

atmospheres around the dislocations move together with them, no synchroniza-

tion of dislocation waiting times occurs (cf. explanations of Fig. 4.5), and the

deformation becomes homogeneous and stable. A second kind of microplastic-

ity is observed even at room temperature measurements on Al-Mg, associated

with local precursory strain prior to type B avalanches. This will be discussed

later. For clarity it has to be pointed out that the strain increase at 575 K is

observed for the global strain within the periods of usually elastic loading (cf.

Fig. 4.8 (a)).

The absence of exhaustion of process II at this temperature is also seen for the

stress serrations, since the stress drops become infrequent, but do not decrease

in amplitude at 575 K as depicted in Fig. 4.9.

PLC parameters

The localization of strain, i.e. the concentration of strain within the small re-

gion of the band ∆εb, increases with at larger deformation and at elevated

temperatures (not shown here) due to the enhanced DSA at elevated temper-

ature. Correspondingly, the depth of stress drops ∆σ is much larger at 575 K

compared to 525 K as also depicted in Fig. 4.8 and 4.9.

The strain dependence of the stress drop amplitude at 525 K is similar to

that shown in Fig. 4.3 at a slightly larger strain rate. The explanation for the

specific course of the stress drop amplitude with the strain has already been

given there. At the same strain rate at 575 K the falling branch is replaced by a

saturation at the highest level. As the strain hardening for the tested samples

is even larger at 575 K than at 525 K, the elevated temperatures seem to
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(a) (b)

Figure 4.8: Differences between the instable deformation of Cu-15at.%Al with

ε,t = 1.33×10−4 s−1 at 575 K for the upper figures and 525 K for the lower fig-

ures. The deviations from linear elastic behavior during the ascending branches

of the stress-strain curve at 575 K corresponds to the microplastic strain be-

tween the strain avalanches as shown in the upper figure in (b), particularly

at elevated strains. Periods of usually elastic loading show almost no plastic

strain at 525 K (bottom figure in (b)).

(a) (b)

Figure 4.9: Stress drops and time intervals between the stress drops for Cu-

15at.%Al at ε,t = 1.33 × 10−4 s−1, 575 K and 525 K, respectively. The line is

a polynomial fit to the data, as mentioned in 4.1.1.

compensate the influence of work hardening and enhance the DSA, remaining

at maximum level.

At 575 K the increasing concentrated total strain within the bands with in-

creasing deformation at a constant strain rate as shown in Fig. 4.8 (b) corre-
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(a) (b)

Figure 4.10: Jump frequencies (a) and jump widths (b) for Cu-15at.%Al at

ε,t = 1.33 × 10−4 s−1, 575 K and 525 K, respectively.

sponds to the increase of ∆tσ (Fig. 4.9) and a decrease of the jump frequency

fj as depicted in Fig. 4.10 (a). According to the local strain, the jump width

j corresponds to the depth of stress drops ∆σ: the larger ∆σ, the larger the

path length of a dislocation avalanche, which is subsequently arrested by both,

local work hardening and the subsequent recapture by foreign atoms, in terms

of DSA. Therefore, j is larger at the higher temperatures and does not indicate

a significant decrease at higher strains at 575 K (cf. Fig. 4.10 (b)) (contrary

to 525 K), corresponding to the saturating values of ∆σ in Fig. 4.9 (a).

The product of the jump width and the jump frequency results in band veloc-

ities v
fj,j
b that match well with the velocities vb, which have been determined

independently by linear fits in the correlation diagrams as shown in Fig. 4.11.

Apart from the larger scattering at 525 K, the velocities do not differ much

at 575 K and 525 K and decrease almost linearly with increasing strain, in

contrast to the temperature dependence of the maximum band velocities of

type A bands at lower temperatures, that rise from about 0.09 mm/s at room

temperature to about 0.22 mm/s at 383 K [175]. A slight decrease for type

B band velocities has been observed at temperatures between 420 and 525 K

with a corresponding increase of the concentrated strain within the same tem-

perature interval, according to the equation for solitary wave propagation (Eq.

(2.29)). Corresponding to the saturation of the stress drops ∆σ and the only

slight increase of ∆εb with temperature, the influence of dynamic strain aging

(∆G) seems to saturate and might result in a saturation of the temperature

dependence of the band velocities.
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Figure 4.11: PLC type B band veloc-

ities for Cu-15at.%Al at ε,t = 1.33 ×
10−4 s−1, 575 and 525 K, respectively.

The open triangles show the velocities

v
fj,j
b = fj · j, that match with the other

values for the independently determined

velocities vb from linear fits of the cor-

relation diagrams.

4.1.3 Strain rate dependence

Cu-15at.%Al has been deformed at several strain rates between ε,t = 1.33 ×
10−5 s−1 and ε,t = 1.33 × 10−2 s−1 at 525 K. To begin with those parameters,

which are independent of the applied strain rate, the work hardening behavior,

in particular the critical resolved shear stress σ0, does not change markedly

with an increasing imposed strain rate. As well, the Lüders band phenomenon

is recognized at all strain rates and the band has filled up the whole gage length

at strains of ε ≈ (0.75 ± 0.15) %.

The propagation behavior of the Lüders bands is similar to the propagation

mode of the subsequent PLC band types. This has been discussed already in

section 4.1.1. There is only one measurement at 525 K with a strain rate of

ε,t = 6.67 × 10−4 s−1, where a type A like moving LB is followed by type C

PLC bands that transform to type AII. A comparison with the PLC map of

Ziegenbein (cf. Fig. 2.15 (a)) indicates, that at the chosen strain rate, the

LB occurs apparently at the boundary of the transition from type A to type

C deformation (in addition DSA is less effective because of only few diffu-

sion paths), changing finally to type AII deformation, due to the exhaustion

of the aging mechanism II. This supports the assumption, that the mode of

propagation of LB is influenced, similar to the PLC band propagation, by the

effectiveness of the DSA, the according ”aging depth”, and the dislocation

correlation.

Stress drops

The strain and temperature dependence of the stress drops of type B serrations

have already been shown in sections 4.1.1 and 4.1.2. The strain rate dependence
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is shown here, with respect to a ”pile-up model”, which has been presented

already in [68, 70, 175]. Since this analysis is only a supplement of the results

of Ziegenbein [175], the model is not described in detail, but only the main

ideas and results, used for an interpretation of the experimental results, are

mentioned here.

The the course of the stress dependence of the stress drops is in principle

similar to that, described and explained in sections 4.1.1 and 4.1.2. The stress

drop amplitude decreases markedly with increasing strain rate, for a part of

the stress drop is compensated by the stress increase due to the fast cross head

velocity at highest strain rates. A double logarithmic plot of the stress drop

amplitude at the maximum of the curves in Fig. 4.12 (a) results in a power law

according to ∆σ ∝ ε−0.113...−0.161
,t (Fig. 4.12 (b)) and the corresponding power

law for the time intervals between the stress drops is ∆tσ ∝ ε−1.081...−1.188
,t (Fig.

4.12 (c)). For linear elastic stress increases within the time interval ∆tσ the

exponent of ∆σ/∆tσ = ε0.92...1.075
,t matches sufficiently well with the expected

value of 1.

These power laws can be compared to the corresponding dependencies expected

from the theory: Ziegenbein has found an apparent discrepancy for the ac-

tivation enthalpy, such that the enthalpy determined from the temperature

dependence of the stress drops is about 1/5 of the enthalpy for the underlying

diffusion process. This discrepancy can be resolved by the assumption of locally

increased stresses to be involved in the average dislocation break away process.

It is assumed and provided by the local strain data as reported above, that

the break away of a single dislocation initiates the rapid multiplication of al-

most fresh dislocations and activates previously aged, neighboring dislocation

groups, thereby triggering the next avalanche. Small groups of dislocations in

piled-up configuration waiting in front of obstacles, e.g. forest dislocations, can

produce local stress concentrations.

It has to be emphasized, that those piled-up dislocation groups are probably

spread over a set of adjacent glide planes, rather than being strictly coplanar.

The substantial role of those dislocation groups is indicated by the observation,

that also the previous dislocation avalanche consists just in a long range

correlated motion of dislocation groups of even macroscopic extent.

The excess of local stress in front of a barrier, ∆σ̂ due to an ideal pile-up,

neglecting lattice friction and deviations from coplanarity, is proportional to

the number N of piled-up dislocations and the applied stress increment ∆σ and
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(a) (b)

(c)

Figure 4.12: The polynomial fits to the

stress drops at 525 K in Cu-15at.%Al at

several multiples of a basic strain rate

ε,t = 6.67 × 10−6 s−1 as a function of

strain are shown in (a). The accord-

ing power law dependencies of the max-

imum stress drop amplitude (b) and the

time lags ∆tσ (c) on the applied strain

rate is determined.

the number N of dislocations in a group produced by the source is proportional

to the overstress ∆σ [63], then: ∆σ̂ ∝ N∆σ ∝ ∆σ2, whereas for individual

dislocations ∆σ̂ ∝ ∆σ is expected. The additional activation enthalpy ∆G

due to DSA increases during the waiting times ∆tσ and is supposed to be

∆G ∝ ∆σ̂. Hence, ∆σ ∝ ∆Gq with q = 1/2 is obtained for an ideal pile-

up and q = 1 for individual dislocations. With the appropriate aging kinetics

(with the aging exponent n = 1/3 for pipe diffusion) and solute diffusivity,

the following strain rate dependence of the introduced parameters is finally

obtained:

∆σ ∝ ε
− nq

1−nq

,t ∆tσ ∝ ε
1/(nq−1)
,t . (4.1)

Taking into account the slopes in Fig. 4.12 (b) and (c), and using n = 1/3 for

pipe-diffusion, it is obtained from Eqs. (4.1) q = 0.305 . . . 0.416 from ∆σ(ε,t)

and q = 0.23 . . . 0.48 from ∆tσ(ε,t), which approaches the expected value of

q = 0.5.
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Especially for the ∆σ values a remarkable strain dependence of the stress drop

amplitude is observed. This of course influences the analysis of the power law

dependencies of the stress drops. In fact, at strains beyond 15 % the slope in

Fig. 4.12 (b) increases with strain, but at the same time the quality of the

polynomial fit becomes worse at high strains. Evaluating the ∆σ at strains

between 2.5 % and 15 % and strain rates between ε,t = 1 . . . 100 × 6.67 ×
10−6 s−1 the values for q vary between q = 0.3 . . . 0.54. Although q tends to

be smaller than the expected value q = 0.5 for ideal pile-ups, this can still be

considered as in reasonable agreement with the model.

It has to be pointed out that the increasing influence of stress concentrations

with increasing temperatures (cf. Fig. 4.9 (a)) seems to contradict the experi-

ence, that pile-up phenomena are more important at lower temperatures. For

DSA alloys, however, the solute concentration at obstacles, and therefore ∆G

increases with increasing temperatures. Hence, increasing stress concentrations

are required for dislocation break away at elevated temperatures.

PLC parameters

As depicted in Fig. 4.13 (a) and (b), the strain dependence of the strain con-

centration within the band is similar to that described in section 4.1.1 and

4.1.2, and there is no remarkable strain rate dependence of the local strain

concentration within the type B bands, neither for the initial bands, nor at

strains of about 10% or larger.

Also for the local strain concentration of type AII bands there is no significant

strain rate dependence. At most a slight decrease of ∆εb can be recognized for

the largest strain rate at large strains, probably due to a starting exhaustion

of aging mechanism II – at strain rates exceeding 2.67× 10−6 s−1, a transition

from type AII to stable deformation is observed.

These observations support the assumption, that the local strain, concentrated

within the PLC bands, is limited by local strain hardening, such that dislo-

cation multiplication and motion stops due to local strain hardening, i.e. is

significantly dependent on strain and local stress, rather than on the applied

deformation rate. This will be confirmed additionally by stress rate controlled

tests in sections 4.2 and 4.3.

In the same way as the concentrated strain within the bands, the jump width

of type B bands is rather independent of the applied strain rate. A power law
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(a) (b)

(c)

Figure 4.13: Local strain concentra-

tion within PLC type B bands in Cu-

15at.%Al at 525 K at two different

strain rates as a function of strain (a)

as discussed in section 4.1.1. No signif-

icant strain rate dependence of ∆εb can

be observed, neither for type B (b) at 1

and 10 % nor for type AII (c).

of j ∝ ε−0.024±0.025
,t is obtained for the average values as shown in Fig. 4.14 (a).

The jump width j behaves similarly to the strain concentration ∆εb, being

mainly dependent on the local stress situation, i.e. the larger the stress drop,

the larger the path length of the dislocation avalanche, that is subsequently

arrested due to solute diffusion (DSA) and local strain hardening.

As a consequence, the power law behavior of the jump frequencies should result

in an exponent equal to 1, which matches well for the medium strain rates as

presented in Fig. 4.14 (b). Neglecting the smallest strain rate, a power law

according to fj ∝ ε0.94±0.06
,t is found.

The strain and the strain rate dependencies of the band velocities vb are given

in Fig. 4.15. The largest band velocities at elevated temperatures are found

at the beginning of plastic deformation (for a few bands after the Lüders

band). Similar to the Lüders band velocity, that is usually smaller than that

of subsequent PLC bands, vb increases with rising strain rates, as does the v
fj,j
b

(since the jump width is nearly independent of the strain rate, cf. Fig. 4.14)
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(a) (b)

Figure 4.14: Double logarithmic plots of the strain rate dependence of the jump

width (a) and the jump frequencies (b) in Cu-15at.%Al at 525 K. The triangles

represent the maximum and minimum values and the squares represent the

average values for the particular strain rate.

(a) (b)

Figure 4.15: Double logarithmic plots of the PLC band velocities at 525 K in

Cu-15at.%Al as a function of strain (a) at several multiples of the basic strain

rate 6.67 × 10−6 s−1, and of strain rate (b). In (b) the triangles represent the

maximum and minimum band velocities for the particular strain rate.

and Eq. (2.29). The power law behavior of the band velocities is depicted in

Fig. 4.15 (b).

For the maximum velocities the power law vb,max ∝ ε0.99±0.041
,t is obtained, and

for the average velocity of all bands at the particular strain rate vb,average ∝
ε1.01±0.033
,t is determined. Both, type A and type B bands, are taken into account,

since the velocities decrease continuously, also during transitions from type AI
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Figure 4.16: Suggestion of a PLC map

for Cu-15at.%Al at 525 K. The reduced

stresses (critical resolved shear stress σ0

is subtracted from the measured stress σ

of the transition between the different

types of deformation are plotted versus

the applied strain rates.

to B and from B to AII, respectively, as observed for all transitions (cf. section

4.1.1, Fig. 4.6 (b), and Fig. 4.15 (a)). The appearance of an exponent very close

to 1 means that the strain concentration within the band ∆εb and the jump

width j are independent of the strain rate. It has to be pointed to the overall

maximum band velocity of about 215 mm/s at 525 K and 1.33 × 10−6 s−1,

that will be compared to the corresponding value during stress rate controlled

tests.

Finally, the transitions between the different PLC types have to be mentioned.

The reduced stress (the critical yield stress σ0 is subtracted) of the transi-

tions during a tensile test is plotted versus the corresponding applied strain

rate in Fig. 4.16, representing a high temperature equivalent to the PLC map

of Ziegenbein for different strain rates at 373 K and for the temperature

variation at a strain rate of 6.67 × 10−6 s−1 as given in Fig. 2.15.

All transitions between the different types of deformation are given with

some uncertainty (cf. error bars in Fig. 4.16), because the corresponding sug-

gested boundaries represent gradual transitions within the indicated intervals

of stress. The dashed lines are intended to guide the eye rather than indicating

definite boundaries, around which the transitions take place at the correspond-

ing strain rates.

All courses of the strain rate dependence of transitions between the particular

types of deformation are qualitatively similar to those observed by Ziegenbein

(cf. Fig. 2.15 (a) and (b)), in particular the slopes of these boundaries have the

same sign. The boundary σ1 from stable to type AI behavior is not recognized,

probably due to insufficiently high strain rates. At 6.67 × 10−4 s−1 the PLC

behavior starts with type C (after a type A like Lüders band) and changes to

type B. This transition is comparable to the σ2 boundary. The transition from
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PLC type AI to type C deformation, (σ3), is absent at higher strain rates, and

type AI changes directly to type B.

Therefore, although deforming at 525 K, type C disappears at strain rates ex-

ceeding 6.67×10−4 s−1, corresponding to the vanishing type C at 3.33×10−4 s−1

at 375 K (Fig. 2.15 (b)). Note that there is no direct transition from type AI

to type B, i.e. the onset of type C is markedly shifted to higher temperatures

and smaller reduced stresses in Fig. 2.15 (a). It can be concluded, that the

region of type C and AI with a normal transition to type B is close to the ex-

haustion of mechanism I at these elevated temperatures and large strain rates.

This means, that most of the solutes are removed from the intersection areas

and diffuse into the mobile dislocation lines. Mechanism II is not sufficiently

effective at smaller stresses (strains) and type C and AI appear prior to type

B instabilities.

The normal transition from type B to stable deformation at small strain rates

and high stresses corresponds to the σHT
2 boundary and the inverse tran-

sition from type B to AII also corresponds to that in Ziegenbein’s map

(Fig. 2.15 (a)). In addition to Ziegenbein´s measurements, which did not

exceed a reduced stress of about 210 MPa, a transition from type AII to stable

deformation is observed at large strain rates and large stresses. This transition

can be attributed probably to an exhaustion of the line strengthening (mech-

anism II), and has to be compared to the σ∗
2 boundary in Fig. 2.15, which is

actually not proven by experimental results.

Although there are several similarities, this map is not an inverse analogy to

the map of Ziegenbein, i.e. the given maps are not phase diagrams, for several

reasons. The inversion of strain rate or temperatures, i.e. the equivalent shift of

larger strain rates to smaller temperatures, is different for the particular tran-

sitions and is less fulfilled at increasing strain rates. Especially the transition

from and to type C is markedly different. In particular type C deformation is

observed for one strain rate only, i.e. at larger rates type AI changes directly

to type B, and at smaller rates the deformation starts with type B immedi-

ately. The fully uncorrelated nucleation of ”typical” type C bands without any

propagation is not observed even once.

It can be concluded, that the unambiguous distinction between the different

PLC types according to the mode of propagation is no longer valid at higher

strain rates, for type C deformation as a pure nucleation of bands without any

propagation does not occur any more, even at elevated temperatures, where
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DSA is enhanced and rather effective. This can probably be attributed to a

different local stress status in front of the propagating band: At small strain

rates and for an effective DSA, nearly all dislocations in front of the band

are almost fully aged and the stress drop due to the strain avalanche is not

promptly compensated by the rather slowly moving cross head of the tensile

machine. Therefore, the dislocations are arrested quickly and the global and

local stress is too small – even at the position of the just nucleated bands (of

type C) – to drive an onward propagation of the band. At elevated strain rates

at the same temperature, i.e. the solute diffusion is still very fast, the stress

drop is compensated faster, corresponding to the higher strain rate, and leads

to an at least piecewise propagation of the in former case randomly nucleat-

ing type C bands. Hence, the lacking invariance of strain rate increase and

temperature decrease results from the different effective local stress situations

at different deformation rates, which influence strongly the propagation mode

of the PLC bands in addition to the effectiveness of DSA, for which the reci-

procity of strain rate and temperature is fulfilled rather well. This explanation

is supported by the fact, that the distortion of the PLC map in Fig. 4.16 in

comparison to Ziegenbein’s results (cf. Fig. 2.15(a)) is enhanced for higher

strain rates. For such an interpretation of the results under strain control, the

stress rate controlled mode is expected to show results that correspond to an

extrapolation of strain rate controlled tests to very large strain rates.
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4.2 Stress rate controlled experiments on

Cu-15at.%Al

This chapter presents the results of stress rate controlled tests on Cu-15at.%Al.

The structure of this section is the same as for the last section, where the strain

rate controlled tests have been presented for this material especially at elevated

temperatures as a supplement of Ziegenbein’s results. Here, the section starts

with general observations of the evolution of the specific characteristics and

parameters with stress instead of strain, since the stress was controlled and

increased linearly with time. For a better comparability to the strain rate

controlled tests in section 4.1, this paragraph shows results at 525 K and at a

stress rate of 0.1 MPa/s. Of course, the characteristics of the stress dependence

change for a variation of the stress rate and of temperature. Those differences

of the stress dependencies are described in the second and third part, which

will focus on the temperature and stress rate dependence of the PLC effect in

Cu-15at.%Al. Tensile tests were performed with imposed stress rates between

10−2 and 3 × 101 MPa/s at temperatures between 325 K and 525 K. If not

mentioned separately, the soft spring (15 N/mm) was used for all tests to

provide the best possible stress control (cf. section 3.1.4).

4.2.1 Stress dependence

In order to compare the strain rate controlled tests with those under stress

control the focus is on the deformation at 525 K and 0.1 MPa/s. These con-

ditions correspond to those in section 4.1 – assuming a hardening coefficient

of about σ,ε = 1 × 103 MPa, the corresponding nominal strain rate amounts

to 10−4 s−1. Of course, the hardening coefficient varies for different specimens

and changes during the deformation, such that the correspondence of stress

and strain rates is only a clue for a comparison of the results.

Stress and strain

As already mentioned in section 2.1, the stress-strain curve for a stress rate

controlled deformation does not show serrated yielding, but a stair case shape,

i.e. long term elastic loading periods without plastic deformation are inter-

rupted by sudden rapid plastic strain bursts, the PLC events. Apart from the
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(a) (b)

Figure 4.17: Stress-strain curve (a) and global strain-time curve (b) for Cu-

15at.%Al at 525 K and σ,t = 0.1 MPa/s. The whole stair case shaped stress-

strain curve in (a) is shown for an averaging over 50 points, which is equivalent

to a sampling frequency of 1 Hz. In fact, the scattering in stress is significantly

larger, as shown in the insets in (a) for the LB and two PLC bands. Long term

elastic loading phases are interrupted by rapidly propagating PLC bands. The

insets in (a) and (b) depict the same time intervals of the measurement. Since

the stress is increased linearly with time, the global strain-time curve (b) is an

inverse stress-strain curve for a smoothed stress-time evolution.

serrated or the stepped shape, the work hardening evolves very similar for both

modes of deformation. A typical stress-strain curve is shown in Fig. 4.17 (a).

Quite similar as in the strain rate controlled results, a Lüders band appears

for all stress rate controlled measurements on Cu-15at.%Al. Depending on

temperature and stress rate the Lüders band propagates coherently or in up

to three parts from one end of the specimen to the other (cf. Fig. 4.20 (c))

with a similar strain concentration as in the strain rate controlled case (here

0.73 % compared to 0.4 . . . 0.65 % for a strain rate controlled test, cf. section

4.1.1). The mode of propagation and the LB velocity will be discussed in

detail below. In contrast to the strain rate controlled test, transitions between

different PLC types cannot be observed in the stress-time curve, since the

stress is controlled, such that it increases linearly in time. Furthermore, the

(global and local) strain-time evolution does not show any distinct changes of

its characteristics during deformation (cf. Fig. 4.17). Only transitions from and

to stable behavior can be observed for different stress rates and temperatures,

especially the boundaries σ2 and σ∗
2 in Fig. 2.15 (a) appear differently. This
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will also be explained in sections 4.2.2 and 4.2.3. Very similar to the strain

rate controlled case (cf. Fig. 4.1), the strain avalanche due to each PLC event

increases markedly with rising stress (or strain). Only the first part of the

strain time curve (up to about 1000 s) shows significantly smaller strain jumps.

This results from a period of homogenization of the specimen with respect to

coherent propagation, i.e. the propagation of each PLC event is divided into

several parts, the complete strain concentration of which matches with the

strain of coherently propagating events. Those smaller strain jumps cannot

be attributed to a type B like propagation, since the mode of propagation is

distinctly different to that of type B.

In addition, the duration of each global PLC event, i.e. – for the case of stress

control – the duration of a PLC band propagating from one sample end to the

other, is much shorter than for the strain rate controlled case. This indicates

a markedly increased (global) strain rate or velocity of the PLC events for

stress rate controlled deformation compared to those of corresponding strain

rate controlled tests, provided that the strain concentration is similar for both

deformation modes.

The quality of stress control has been discussed in general in section 3.1.4.

Stress rate controlled tests on Cu-15at.%Al at 525 K are expected to require

the best possible stress control compared to all other test conditions in the

framework of this thesis. An enhanced diffusivity of the solutes results in a

maximum additional enthalpy of aging ∆Gmax, which in turn demands for a

maximum stress contribution for a nucleation of dislocation avalanches, which

accelerates and enhances the subsequent strain increase. As expected, the stress

control turns out to be worse than at lower temperatures. In particular, the

nucleation of a PLC event is accompanied by a steep initial stress drop, which

is absorbed gradually during the very fast PLC event. The insufficient stress

control at higher temperatures can already be seen in the insets of Fig. 4.17

(a).

Additionally, three examples of the time evolution of such stress drops at 525 K

are depicted in Fig. 4.18. The initial maximum stress drop amplitude ∆σmax

rises with increasing stress (strain) (Fig. 4.19), i.e. the stress drops are the

more insufficiently compensated by the machine, the larger the deformation,

due to the increasing strain concentration within each PLC event (cf. Fig.

4.17 (b)). This is even more enhanced, since the additional spring element is

totally compressed at high stresses and therefore out of function. The almost
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(a) (b)

(c)
Figure 4.18: Examples of the insuffi-

cient stress control for Cu-15at.%Al at

525 K and σ,t = 0.1 MPa/s. Due to the

very rapid strain avalanche, the stress

drop cannot fully be compensated by the

machine or the additional soft spring.

The specific fluctuations of stress are

expected to influence the specific mode

and velocity of propagation, as well as

the local width of the PLC events.

Figure 4.19: The maximum negative

deviation from the linearly increased

stress ∆σmax in Cu-15at.%Al at 525 K

and σ,t = 0.1 MPa/s increases with ris-

ing deformation due to the rising strain

concentration within each avalanche

(cf. Fig. 4.17 (b)). Such an evolution

of stress drops has to be considered for

the evolution of the PLC parameters.

vanishing stress overshots at the stop of the PLC event emphasize, that the

machine itself, i.e. its maximum acceleration and velocity, limits the quality of

stress control, rather than the control algorithm or the stress recording.

Of course, it is expected, that such stress drops influence the propagation mode

and velocity of the PLC events, and probably the duration of local strain
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events, that determines the width of possible PLC bands. For that reason,

those examples of Fig. 4.18 will be used again for a detailed discussion of the

PLC parameters during the propagation of single bands.

Propagation mode

In the last paragraph, the behavior of the Lüders band has been discussed by

means of the stress-strain and the strain-time evolution (insets in Fig. 4.17).

The mode of propagation of all inhomogeneously propagating strain localiza-

tions, i.e. of LB and PLC events, is depicted with the correlation diagram in

Fig. 4.20 (a). The propagation of the LB as shown in (c), occurs in four periods.

During the last three parts the stress level is slightly increased, i.e. it occurs

not strictly without work hardening, as expected for a LB. The attribution to

a LB phenomenon is based on the observation for strain rate controlled tests,

where LBs propagate once along the whole specimen, before repeated PLC

bands or homogeneous deformation appear. At higher strain rates, the propa-

gation was not necessarily coherent either, rather the LB was also divided into

several parts. The time lag between the single parts of the LB (Fig. 4.20 (c))

is about 15 s, whereas the duration of coherent propagation is in the order

of 1−10 s. During the LB period, the dislocation density of the specimen is

raised and equilibrated to a certain moderate level corresponding to that at the

end of stage I in single crystals, before strong work hardening corresponding

to extensive activation of secondary slip systems sets in. Note, that here we

have polycrystalline samples with a distribution of, e.g. grain sizes and their

orientations.

A period of homogenization follows the LB propagation. Such a period of

varying duration is observed for all measurements, which start with instable

propagation immediately. It is characterized by an incoherent mode of prop-

agation, whereas the size of single parts of coherent PLC events increases or

the time lag (stress difference) between starting and stopping strain avalanches

decreases. In most cases, the propagation starts and stops repeatedly at sev-

eral positions (laser extensometric zones), e.g. position 19 and 21 mm in Fig.

4.20, until coherent PLC events cover the whole gage length. For the example

of Fig. 4.20 (a) and (b) the period of homogenization ends at about 1000 s,

at the same time, when the global strain jumps are increased markedly, as

mentioned above. Such a so called homogenization is supposed to result from

an inhomogeneous stress status along the specimen axis, which is homogenized
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(a) (b)

(c)

Figure 4.20: The correlation diagram

for the whole measurement on Cu-

15at.%Al at 525 K and σ,t = 0.1 MPa/s

is shown in (a). A period of homog-

enization is depicted in (b). The light

points indicate a start or stop of co-

herent PLC events. These diagrams are

generated with the algorithm. The man-

ually detected LB is shown in (c).

by the first bands. The mode of propagation of these bands is substantially in-

fluenced by inhomogeneous stresses, since the activation probability of a strain

avalanche is largest for those sites with a maximum local stress. Those stress

concentrations are reduced during the period of homogenization. At times of

about 1380 s, i.e. stresses about 200 MPa, the PLC events start to decompose

again slightly, probably due to a diminishing quality of the stress control (cf.

Fig. 4.19, especially for stresses exceeding 200 MPa), that is no longer able to

compensate the large and fast strain avalanches.

At least at times larger than 1000 s the discrete PLC events, lasting for about

10−1 s, are distinctly separated from the elastic loading periods of about 50 s

at 0.1 MPa/s. For this reason, the propagation mode of PLC events for stress

rate controlled deformation appears to be very similar to that of type A bands

during strain rate controlled tests. In fact, the PLC type observed for stress

rate controlled tests is neither that of type B and C, nor a solitary wave

propagation as for type A bands. For a detailed discussion of the particular
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mode of propagation under stress control, it is essential to choose the time

scale in the order of the duration of the particular band propagation, also

considering the evolution with stress (strain) during the whole measurement.

In addition to those distinctive features, further substantial differences to the

propagation during strain rate controlled tests are connected with the spe-

cific PLC parameters. Before discussing these parameters in detail in the next

paragraph, some further phenomenological peculiarities are stated, referring

to Fig. 4.21. Three examples of PLC events are shown, with the filled black

squares representing the ”band front” and the open squares indicating the end

of the local strain avalanche, i.e. the time, when the dislocation multiplication

and motion stop ”locally” (within the particular laser extensometric zone).

These diagrams provide information about the band velocity, the band width

and the specific mode of propagation. Note, that for these rapid PLC events,

the automatic detection (using the algorithm) falsifies markedly the times of

start and stop of a local strain increase. Therefore, a tedious manual analysis

of the local strain bursts had to be done. For that reason, it is restricted to

some selected examples of PLC events, for which an exact comparison to the

evolution of stress is possible (cf. Fig. 4.18), and the correct band propagation

mode, velocity, band width, strains and strain rates can be determined.

The duration of the PLC events under stress control is much shorter than the

band propagation under strain control. A distinction between PLC ”bands”

(of a constant width, markedly smaller than the gage length) for the strain rate

controlled test, and PLC ”events” under stress control is necessary, because

in the latter case, there is not only a varying velocity of a proceeding band

front (Fig. 4.21 (b)), but sometimes not even a partially coherent propagating

band front. All examples in Fig. 4.21 show PLC events, lasting for about

10−2 s up to some 10−1 s. The propagation rate of the ”bands” is partially

higher than it can be resolved by the sampling rate of the laser extensometer,

as shown in Fig. 4.21 (b) and (c). The diagram in (c) shows an example of

a PLC event, the time evolution of which cannot be resolved at all, since

the strain increase starts in the same time interval δt = 0.02 s for all zones

recorded. For such bands, a minimum velocity can be estimated at most, that

depends on the extension of not temporally resolved strain bursts and the

sample frequency of the laser extensometer, which is about 54 Hz. Therefore,

a minimum velocity of the band shown in Fig. 4.21 (c) is determined to be

about 32 mm/(2 × 0.019 s) = 842 mm/s, assuming that i) a band does

propagate, instead of being nucleated in a wide specimen region, ii) the band
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(a) (b)

(c)
Figure 4.21: Parts of the correlation

diagram in Fig. 4.20 (σ,t = 0.1 MPa/s,

525 K). Additionally, the stop of a local

strain increase is indicated with open

squares. These diagrams show implic-

itly the duration of local strain activity

and therefore the band width. The dia-

grams show the same time intervals as

the insets in Fig. 4.18.

propagates with a constant velocity. Additionally, if the band starts in the

middle of the gage length and propagates to both endings simultaneously, the

velocity might be reduced to its half, i.e. at least about 420 mm/s. There

are several examples in Fig. 4.21, where a larger part of the gage length is

covered with strain within the same recorded time interval, and the strain

avalanches seem to ”propagate” by larger blocks of the gage length. Such a

kind of propagation is to be distinguished from both, type B propagation, since

the strain increase is continuous locally and globally (between the outermost

laser extensometric zones) with respect to the temporal resolution, and type

A, because the propagation velocity (as well as the band width) is not constant

during propagation.

These observations lead to a general question about the propagation mode,

its mechanism and the resulting velocity. Obviously, there are two kinds of

propagation rates. On the one hand, sometimes (mostly at the beginning of

a PLC event) the band propagation is too fast for the sampling rate of the
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laser extensometer, and no definite statement can be made about PLC ”band”

velocities – except of minimum velocity – and it is not even known, if the PLC

events ”propagate” at all. On the other hand, a series of such parts of tempo-

rally not resolved events results in a kind of propagation along the specimen

axis, which can be resolved by means of laser extensometry. In such a case, an

average velocity can be determined. The idea about the fundamental propa-

gation mechanism has to include those two forms of propagation under stress

control, and the different PLC types during strain rate controlled tests. This

will be discussed at the end of this chapter, when all available data will have

been collected. Of course, the propagation mode is not sufficiently described

by the behavior of the band front only, neglecting the band width, the strain

concentration and the strain rate of the band. Therefore, those parameters are

picked up, after a more detailed explanation of the band front velocity.

PLC parameters

Band velocity vb

Two different forms of propagation have already been mentioned in the last

paragraph. For such PLC events, which have a faster propagation rate than the

extensometric sampling rate, only minimum velocities can be determined. The

most impressive example is given in Fig. 4.21 (c), but also for (b), strain events

in single blocks of two or three zones appear ”locally” ”at a time”, i.e. at a rate,

which cannot be resolved temporally. For such bands only an average velocity

can be determined. On the one hand, such data show convincingly, that the

laser extensometer was used at the limits of its spatio-temporal resolution.

On the other hand, those limits demand for a manual analysis of the time

evolution of the local strain data with the restriction of low statistics. Since

this is time-consuming, such an analysis is done only for a few examples, like

those in Fig. 4.21. Especially for those PLC events, the propagation mode can

be compared directly with the time evolution of stress, depicted in Fig. 4.18,

where the insets show the same time interval as those in Fig. 4.21.

As already mentioned above, at 525 K a steep stress drop occurs at the begin-

ning of a PLC event. Such a stress drop is correlated with a very rapid strain

avalanche, that occurs with a rate beyond the extensometric sampling rate.

Those stress drops represent both, a result from such a very rapid and large

strain event, and a cause for its end. Only if the machine has kept up with

the stress again, the propagation continues, usually at the positions of the last
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avalanche, i.e. the less aged groups of dislocations (e.g. position 15 and 17 mm

in Fig. 4.21 (b)). The continued propagation of this band occurs at a stress

level still slightly below the set point value (inset in Fig. 4.18 (b)). At the

same time (about 1002.85 s) a second strain avalanche restarts again at po-

sition 21 mm, propagating towards the upper end of the gage length. In this

region, the activation of the first band was probably stopped due to the stress

drop, which has lowered the actual stress level below the local strain hard-

ening. The re-raised stress level restarts the ”band” at position 21 mm, and

this part of the gage length is active at the same time as the parts between 3

and 15 mm. This situation will be discussed again in the context of the band

width.

In contrast to the band in (b), the PLC event in (c) is not resolved at all.

The comparison of the correlation diagram (c) with the corresponding stress

evolution (inset in Fig. 4.18 (c)) shows that the whole PLC event is finished

within the gage length during the stress decrease. The PLC event is so rapid,

that the whole gage length is involved, before a reduced stress level results in

a premature stop of the avalanche.

At lower temperatures (cf. section 4.2.2) the quality of stress control is sig-

nificantly better, especially a stress drop at the beginning of a PLC event is

absent. But in spite of it, such rapidly appearing events as depicted in Fig.

4.21 (c) are not observed at all. Therefore, it can be concluded that the stress

level influences directly the resulting mode and velocity of propagation as ex-

plained above, but it is not sufficient to describe the phenomenon alone. The

same parameter, which causes the steep stress drops, is probably responsible

for the rapid PLC events. In particular, the additional aging enthalpy ∆G has

been used to explain the stress drop amplitudes in the case of type B stress

serrations, i.e. the depth of the stress drops has been proportional to ∆G.

In contrast to the strain rate controlled mode, for the stress rate controlled

tests the machine tries to keep up with the set point value of the stress. The

stress drop depth is no longer proportional to ∆G. But in fact, the larger

∆G, the larger the critical stress for a nucleation of a PLC avalanche, and

the more difficult a sufficient stress control. Hence, the large values for ∆G

cause both, the steep stress drops, due to a limited velocity and acceleration of

the cross head, and the large band velocities, especially at the beginning of an

avalanche, since the stress is at a maximum there. The band velocities decrease

with decreasing stress level during propagation and the bands can even stop
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Figure 4.22: Manually determined av-

erage band velocities from linear fits

to parts of the correlation diagram for

Cu-15at.%Al at σ,t = 0.1 MPa/s and

525 K. The LB propagates more slowly

than the following PLC bands. Their

velocities increase with rising stress

(strain, dislocation density), probably

due to an increasing effectiveness of

DSA (∆Gmax).

for a short while, such that an incoherent, piecewise propagation with a lower

average band velocity takes place. Assuming a perfect stress control at those

elevated temperatures, the bands would probably propagate with a much larger

velocity as for example estimated for the band in Fig. 4.21 (c).

Therefore, at least two parameters seem to influence markedly the mode and

velocity of propagation. For a perfect stress control, the additional maximum

enthalpy of aging ∆Gmax mainly determines locally the critical value of a max-

imum additional stress ∆σ∆Gmax, exceeding the actual local work hardening

level, which remained from the previous PLC event. The larger such a criti-

cal stress level, the larger the resulting band velocity. Any deviations from a

perfect stress control, especially stress drops, will certainly influence the prop-

agation mode and velocity, such that the band velocity is reduced or the band

even stops, if the sum of local stress concentrations and the externally applied

stress approaches or falls below the stress level due to work hardening. Of

course, this idea is valid for the strain rate controlled tests as well.

In Fig. 4.22, all manually determined average band velocities are depicted.

First of all, the last part of the LB shows a band velocity of about 54 mm/s,

being much smaller than the following PLC bands. The first bands during the

period of homogenization, for which only small stress drops are observed (cf.

Fig. 4.19), show a smaller band velocity than those at high stresses (strains).

Therefore, in spite of the better stress control, the bands do not propagate

too fast for the extensometric sampling rate. It is supposed, that only the

increasing dislocation density provides for a sufficiently effective DSA, i.e. a

sufficiently large ∆Gmax, such that the propagation rate starts to be too fast

for the extensometric sampling rate. Therefore, the band velocities increase
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with increasing stress (strain). At a stress beyond about 160 MPa at least a

part of the band propagates with a rate exceeding the sampling frequency, and

at a stress beyond 200 MPa the bands do not move coherently due to a worse

stress control, with the initial part always beyond the extensometric sampling

rate.

Note, that the best approximation for a ”true” vb during significant stress

drops at elevated temperatures is an estimation of a minimum velocity for

the not resolved bands (420 . . . 842 mm/s). Hence, it cannot be decided, if the

band velocities tend to saturate or decrease again at larger stresses, due to

an exhaustion of solutes (limitation or decrease of ∆Gmax), or further increase

almost linearly. The falling slope in Fig. 4.22 may already result from the stress

drops. This will be discussed again in the context of the temperature and stress

rate dependence.

On the basis of such a comparison of the actual stress level and the mode and

velocity of propagation, all data published about the band velocities without

any additional stress data, are difficult to be interpreted, e.g. [1,156,157,174].

This is even more valid for measurements with a low sampling frequency

with respect to averaging processes which cover possible stress drops. The

quality of stress control influences markedly the propagation of PLC bands,

in particular for those conditions which result in large additional aging

enthalpies. Additionally, local strain measurements are essential for a correct

determination of band velocities, propagation modes, and therewith, for a

definite attribution to a specific PLC type.

Strain concentration ∆εb

The global (∆ε) and local (∆εb) strain concentrations during the PLC events

are shown in Fig. 4.23. As it was already shown and discussed with Fig. 4.17

(b), the global strain increases with rising stress (strain). A rapid increase of

the global strain occurs at about 160 MPa (950 s). At this point, the period

of homogenization comes to an end, such that former partially, incoherently

propagating bands change to coherent band propagation. The total strain con-

centration within one band is then no longer divided into several parts. Its

increase during the last part (at stresses exceeding 200 MPa) is reduced again,

due to the limited stress control, which leads to incoherent, piecewise propaga-

tion mode again, as explained in the context of the corresponding correlation

diagram.
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Figure 4.23: Global and local strain

concentration for the PLC events in

Cu-15at.%Al at σ,t = 0.1 MPa/s and

525 K. Apart from a wide scattering,

the strain concentration increases with

increasing stress (strain). The distinct

increase - mainly of the global strain

concentration - is attributed to the end

of the period of homogenization.

In general, the global strain concentration is expected to be an average value

of the local strain concentration. This is, however, not a proper approximation

for the period of homogenization, since the total strain concentration within

a band is divided into those smaller strain increments, which belong to the

dissected events. In contrast, the local strain events are only slightly influenced

by the dissected propagation, of course. Again the larger scattering of the

local strain concentration is conspicuous, however, for the small region between

the period of homogenization and the part with a limited stress control, the

scattering tends to give way to a bimodal distribution for small and large values

of ∆εb. The larger such a part of coherent PLC events, the more distinct the

trend to a smaller distribution around larger values of ∆εb. This will also be

discussed below with the temperature and stress rate variation.

For the same PLC events, which are depicted with respect to the evolution

of stress and the correlation diagram in Figs. 4.18 and 4.21, the local strain

concentrations are given for the different positions along the gage length in

Fig. 4.24, in order to compare the actual stress and the according mode of

propagation with the strain concentration within the particular local strain

burst. Apart from a wide scattering, there is no significant evolution of local

strain with the proceeding band.i Additionally, the amount of ∆εb and its

evolution with strain is very similar for stress and strain rate controlled tests.

For type B bands the total ∆εb within one PLC event is divided into several

smaller parts (according to the hopping band), and has to be summed up.

iNote, that those data in Fig. 4.24 have been determined manually, whereas no significant
differences to the automatically detected values in Fig. 4.23 can be found. Therefore, the
automatic detection does not falsify the strain concentration within the PLC bands, as
discussed for the band strain rate in section 3.1.5.
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(a) (b)

(c)

Figure 4.24: Locally resolved strain

concentrations during propagating

strain avalanches for the same PLC

events as depicted for the stress and

the correlation diagrams in Figs. 4.18

and 4.21, in order to illustrate the

evolution of ∆εb with proceeding band

propagation.

It can be concluded, that the total strain concentration within a PLC band

is limited by the local work hardening, i.e. the compensation of the externally

applied stress by the local work hardening, or – for the case of ”true” dynamic

strain aging – possibly assisted by a recapture of dislocations by rapidly dif-

fusing foreign atoms (approximately negligible for stress rate controlled tests).

Such a balance of external stress and local work hardening does not depend

essentially on the mode of external deformation, except for the case, where a

rapid strain avalanche cause a rapid stress drops even below the level of lo-

cal work hardening, which can result in a premature immobilization of fresh

dislocations that can be arrested additionally by foreign atoms. This affects

markedly the individual local strain concentration at elevated temperatures

and assists the appearance of PLC type B for the case of strain control.

Assuming local strain hardening as the limiting parameter for the strain

concentration within a PLC band, the band width wb is a direct result of the

stress evolution, i.e. the quality of stress control, and also of the band front
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(a) (b)

(c)

Figure 4.25: Locally resolved strain

rates during propagating strain

avalanches for the same PLC events as

depicted in Figs. 4.18, 4.21, and 4.24

in order to illustrate the evolution of

∆εb with proceeding band propagation.

velocity (and the external stress rate at very fast deformation rates). This will

be discussed below in the paragraph about the band width.

Local strain rate εb,t

In consideration of the limited time resolution of the laser extensometer, which

required a manual analysis for the correlation diagrams, the same problem con-

cerns the duration of local strain events ∆tlocal. Such a manual analysis permits

the determination of local band strain rates according to εb,t = ∆εb/∆tlocal.

For the same examples referring to stress, strain and band velocities, (cf. Figs.

4.18, 4.21, and 4.24), the local strain rates for those PLC events are plotted

for all zones of the gage length in Fig. 4.25.

Apart from a wide scattering, probably intensified due to the limit of time

resolution, there is no significant dependence on the position within the prop-

agation path length. The strain rates range between 2 . . . 40 %/s. Up to now,

the strain rate sensitivity during the instable deformation was not accessi-
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ble. By means of laser extensometry, the localized evolution of strain is mea-

sured simultaneously with the stress. Therefore, in principle, the actual stress

can be plotted versus the local strain rates, and the strain rate sensitivity

S = ∂σ/∂ ln ε,t should be obtained from the corresponding slope. Unfortu-

nately, the faster the bands, i.e. the larger the not temporally resolved part,

the lower the quality of this procedure – due to an insufficient resolution of

the stress evolution. For that reason, with the present resolution in time, such

an analysis is restricted to slower events, i.e. at lower temperatures or strain

rate controlled tests.

Band width wb

The duration of strain bursts has already been mentioned in the former para-

graph about the mode of propagation and the propagation velocities, especially

in the context of Fig. 4.21. In combination with the band front velocity, the

duration of strain events influences substantially the band width. Fig. 4.21

gives three examples of bands, for which a bandwidth is to be determined. For

PLC events like that in Fig. 4.21 (c), the band width equals the entire gage

length. Considering the evolution of stress (cf. Fig. 4.18 (c)), it is supposed

that the band width even amounts to the entire deforming specimen length.

For such a case, there is no strain localization anymore after the pass through

of the band front, and an investigation of the time evolution of local strain dur-

ing a single PLC event is not possible due to the limited temporal resolution

again. Anyhow, other examples like that in Fig. 4.21 (b) raise the question of

a reasonable definition of the parameter band width.

It appears, that partly coherent and partly incoherent regions of the gage

length show rising local strains at the same time. Therefore, a band width

can be defined by the maximum coherent part of the gage length with plastic

activity, or by the overall (also incoherent) regions with rising plastic strain at

a time. In this context, the reason for such different characteristics of the band

width wb is associated with the strain concentration ∆εb and the evolution of

stress. The strain concentration within a PLC band was attributed to the local

strain hardening and aging. For that reason, local strain activity, i.e. the motion

and multiplication of dislocations within a local region of the gage length, stops,

if the external stress falls below a critical stress level, which is determined by

the combination of the local work hardening and the contribution of aging ∆G

for the case of DSA (During a PLC event in the case of stress control, ∆G ≈ 0

owing to static strain aging).
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For the example of Fig. 4.21 (b), the strain increase between 34 and 21 mm

stops at about 1002.75 and 1002.767 s – as well as the fast propagation of

the band front stops – due to the drop of the external stress, leaving a local

work hardening level corresponding to the respective stress level. When the

stress is re-raised, the band at first continues its propagation, and a second

strain avalanche is additionally nucleated just at the position 21 mm, where

the first avalanche was stopped, and moves again towards the position 34 mm.

The onward propagation at the position 19 mm is due to the lower work

hardening level, whereas the restart and the reverse propagation direction from

the position 21 mm to 34 mm is attributed to the still smaller aging enthalpy

for those dislocations, due to their former activation.

Both definitions of the band width are possible, and there are reasonable argu-

ments supporting each of them. Especially according to the term ”PLC event”,

which includes the appearance of several incoherently propagating parts, the

second definition seems to be most adequate. Nevertheless, the very fact, that

the parameter ”band width” indicates a limited region of concentrated plastic

deformation, that can propagate along the specimen axis, casts into doubt a

reasonable definition of the ”band width”, if such a band width increases dur-

ing the spreading of ”the band”, i.e. if the limited width looses its limitation

apart from the geometrical limits of the specimen itself. That problem will be

discussed again in the context of the temperature and strain rate dependence

of the ”band width”. At first, the definition of the band width as a (coherent)

region of synchronous strain activity is used.

In contrast to strain rate controlled tests with maximum band widths of about

3.2 mm for type AI bands at 400 K and ε,t = 5.34 × 10−3 s−1, and about

4 mm for type AII bands at even 1.33 × 10−2 s−1, much larger band widths

are observed for stress rate controlled tests at 525 K, namely 6 . . . 36 mm, or

even larger, assuming further band propagation beyond the gage length and

using Eq. (3.1). No significant stress (strain) dependence of the band width is

observed for Cu-15at.%Al at 525 K and 0.1 MPa/s, this has to be analyzed for

the temperature and stress rate variation again. Nevertheless, the in general

markedly larger band width can be explained phenomenologically.

On the basis of the above considerations about the limitation of the duration

of local strain bursts, those larger band widths under stress control can be

explained by the interplay of local strain hardening and aging on the one

hand, and the evolution of stress on the other hand. For tests with constant



102 4 Results and discussion

cross head velocities, the correlation shows still quite a regular type AII band

propagation with band front velocities up to 215 mm/s at 1.33 × 10−2 s−1

(cf. Fig. 4.15). Despite of such large band velocities, which do not reach those

during stress rate controlled tests though, the band widths do not exceed

4 mm. A possible explanation might be the actual stress situation. Most of the

externally applied strain in strain rate control is obviously accomplished by a

rapidly moving band front, and further, longer lasting strain activity after the

passage of the band front is less important, i.e. the stress drops during strain

rate controlled tests – even at large applied strain rates – probably result in

an actual stress level, that is slightly below the critical stress level, which is

caused by the contributions of local strain hardening and DSA (∆G).

4.2.2 Temperature dependence

At a stress rate of 0.1 MPa/s, Cu-15at.%Al was deformed at temperatures

between 325 and 525 K. For all but one measurement, the PLC instable de-

formation starts immediately after a LB and continues up to the end of defor-

mation. Only for the deformation at 325 K, the very beginning up to about

to 2.1 % does not show a localization of strain after the LB. Additionally, this

measurement is the only one without an observable period of homogenization,

but of course large local stress gradients can already be homogenized during

the stable plastic deformation of about 2.1 %. The absence of any different

PLC types, as already reported in the above section, is the more amazing,

since at lower temperatures all three PLC types occur during strain rate con-

trolled tests, and the diffusion mechanism changes with decreasing temper-

atures from mechanism II, (line strengthening) to mechanism I (intersection

strengthening). Only an increasing ”decorrelation” of the PLC events occurs

within a special temperature and stress rate interval, which can be attributed

to a transition to stable deformation during strain rate controlled tests. The

next paragraph about the mode of propagation in stress rate control starts

with this phenomenon. As observed at 525 K, particularly at high strains, the

stress control at the more elevated temperatures was insufficient. The lower

the temperature, the better the quality of stress control. At 475 K and lower

temperatures, the band propagation during the first bands does not occur at

a generally lower stress level compared to the set point value; rather the stress

oscillates around the set point value, similar to the measurement at 375 K, as

already described in detail in section 3.1.4.
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Figure 4.26: Correlation diagram for Cu-15at.%Al at σ,t = 0.1 MPa/s

and 425 K. The upper part shows a brief period of homogenization (start-

ing/stopping band at position 4−6 mm and 29−31 mm). The bottom diagram

(different time scale) shows a period of ”decorrelation” starting at about 1175 s

at position 10 − 12 mm, which spreads out to both ends of the gage length.

Propagation mode

As mentioned above and in the previous section, a period of homogenization

is observed for all measurements, except of that at 325 K. For a test at 425 K

and 0.1MPa/s such a period of homogenization during the first PLC events is

depicted in Fig. 4.26 (top). In contrast, another effect is observed, concerning

the later part of deformation as shown in the bottom diagram of Fig. 4.26.

The previously coherent appearance of PLC events, as those in Fig. 4.26

between 800 and 1140 s, starts to degenerate at about 1175 s (σ − σ0 =

(170− 119) MPa = 51 MPa) from position 10− 12 mm, spreading out to both

ends of the gage length. In the following, such a phenomenon is denoted as

”decorrelation”. Such a kind of decorrelated, finally nearly type C like, behavior

continues up to the end of the measurement, i.e. the last recorded local strain
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increase occurred at about 1975 s (σ − σ0 = (252 − 119) MPa = 133 MPa).

Note, that the density of local strain bursts decreases finally. Ziegenbein ob-

served a transition to stable behavior at a temperature of about 400 K and a

reduced stress of about 80 MPa at an applied strain rate of ε,t = 6.67×10−6 s−1

(cf. Fig. 2.15 (a)). The temperature of 425 K, used here, is slightly higher, but

the larger rate of deformation shifts the corresponding temperature back to

a lower level again (cf. section 4.1.3). Hence, the beginning of a decorrelated

mode of propagation starts approximately at those reduced stresses, where

the transition to stable deformation takes place for strain rate controlled tests

(boundaries σ2 and σ∗
2 in Fig. 2.15 (a)). Since the onset of decorrelation shifts

to a higher stress with decreasing temperature, the boundary σ2 is probably

the relevant one.

Due to the fact, that instable behavior during stress rate controlled tests goes

far beyond the region of instability during strain rate controlled tests, the

strain rate controlled testing mode apparently tends to stabilize the deforma-

tion. Probably, small local strain events die off due to a small accompanying

stress drop, before they reach a critical size to develop a complete local strain

avalanche. For stress rate controlled tests, the stress drops are avoided and

strain avalanches can always grow locally. The missing propagative manner of

the PLC events can probably be attributed to the exhaustion of mechanism I,

since the synchronizing impact of aging (∆G), that leads to long range (corre-

lation length ξ) correlated dislocation motion, is no longer sufficiently effective,

i.e. increasingly short range correlated dislocation motion predominates and

finally the correlation disappears. Such a behavior resembles those findings of

Bross (cf. section 2.5.3 and [18,19]), who investigated the effect of long range

dislocation interactions with and without aging. For dislocation interactions

without aging, he observed the activation of strain events induced by disloca-

tion interaction with a small spatial expansion. Only the additional implemen-

tation of aging leads to an increasingly instable behavior. This is the inverse

case of those experimental observations, where the exhaustion of (static) strain

aging results in an increasingly smaller spatial expansion of strain avalanches,

which finally disappear, due to the vanishing strain aging. The instable be-

havior under stress control within a region of stable behavior during strain

rate controlled tests indicates the enhanced influence of dislocation interaction

under stress control as a result of the avoided stress drop.

Especially at the lower temperatures of 325 and 350 K a second phenomenon, a

”multiple band” propagation, is found. Multiple bands which propagate along
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Figure 4.27: Correlation diagram for

Cu-15at.%Al at σ,t = 0.1 MPa/s

and 325 K. The horizontal lines mark

the initial ends of deforming specimen

length (60 mm). The dashed lines indi-

cate the PLC band propagation beyond

the extensometric gage length, assum-

ing homogeneous propagation. At about

four sites simultaneous PLC band prop-

agation is observed at a time.

the specimen axis at the same time are also observed at 375 K, but at a higher

stress rate of 1 MPa/s. The larger deformation rate acts like a decrease of

temperature again, due to the thermal activation of dislocation motion. Two

examples of multiple band propagation are shown in Figs. 4.27 and 4.28.

Fig. 4.27 shows a small part of the correlation diagram for Cu-15at.%Al at

325 K and 0.1 MPa/s. In order to explain multiple band propagation, the

dashed lines indicate the PLC band propagation beyond the extensometric

gage length, assuming homogeneous propagation up to both ends of the de-

forming specimen length of 60 mm. At both ends of the specimen (nucleation

occurs at those sites of maximum stress, e.g. exerted by the clamps), two parts

of a band are nucleated, which propagate in opposite directions along the spec-

imen axis towards the center of the gage length, such that the shape in the

correlation plot appears like an arrowhead. Up to four bands propagate si-

multaneously, and even if the local recurrence times are about 50 s as those

in Fig. 4.26 at a higher temperature of 425 K, there is no time without any

band propagation anymore. For this reason, a global strain-time curve is ob-

served during such a multiple band propagation, which almost looks like that

of a homogeneous and stable deformation. An example of such a situation is

depicted in Fig. 4.28. Between 1200 and 1500 s the global strain time curve

resembles that of stable deformation, whereas the local strain-time data shows

markedly instable, inhomogeneous behavior, which results in the correlation

diagram with multiple band propagation.

Those examples of PLC bands at 325 and 425 K in Figs. 4.26 - 4.28 already

show implicitly the much larger duration of band propagation and therefore
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Figure 4.28: Correlation diagram and global strain (extensometric gage

length) for Cu-15at.%Al at σ,t = 0.1 MPa/s and 325 K. Note the varying

band velocities during band propagation (wavy shape of single bands), the sta-

ble region between the LB and the first PLC band, and the region of multiple

band propagation with an almost ”smooth” global strain curve between 900 and

1500 s.

much smaller band velocities than in the case of elevated temperatures, al-

though the quality of stress control is much better than for the test at 525 K

described in the previous section. Therefore, in addition to the effective local

stress, the influence of temperature or other significantly temperature depen-

dent parameters, also affect or even determine markedly the band velocity. The

influence of temperature on all PLC parameters is presented in the following

paragraph. In the context of the band velocities, the phenomenon of multiple

band propagation will also be discussed.

PLC parameters

As mentioned in the last paragraph, the propagation velocity of the PLC events

decreases markedly with decreasing temperatures. Therefore, the quality of

the automatic analysis of the time evolution of the local strain data is rather

acceptable with respect to a possibly falsified propagation mode and velocity,

and the resulting correlation diagrams have been spot-checked manually for

maximum velocities. In the following paragraphs, the temperature dependence

of the characteristic band parameters is described, i.e. the velocity, the strain

concentrations, and the band width.
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Figure 4.29: The evolution of the PLC band velocities vb with stress (strain)

and temperature for Cu-15at.%Al at σ,t = 0.1 MPa/s. vb increases markedly

with raising temperatures. The stress dependence shows two characteristics, a

”
⋃
”-shape at lower and a ”

⋂
”-course at higher temperatures.

Band velocity vb

The comparison of the different methods to determine band velocities leads to

the conclusion, that only linear fits of coherent parts of the correlation diagram

result in reliable values of ”local” band velocities. The ”global” band velocity, i.e.

the quotient of the total gage length and the total duration of strain activity

can obviously be wrong, for instance in case of the multiple band propagation.

This is valid even if the propagation length is adapted to only those parts of the

gage length, where an increase in strain occurs within the specific time interval.

All ”local” band velocities at a stress rate of 0.1 MPa/s are summarized in Fig.

4.29 for several temperatures including their evolution with stress during a

measurement.

First of all the markedly increased scattering of the band velocities, compared

to those during strain rate controlled tests has to be emphasized. The stress
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rate controlled band velocities are apparently not as well defined as those

of type A bands during strain control, which show very small variations of

vb for subsequent bands. This might be understood as a hint to Hähner’s

predictions [56] of the existence of a lower limit of the band velocity, only (cf.

section 2.4).

Secondly, two characteristic evolutions of the band velocity vb with increasing

stress (strain) can be recognized in Fig. 4.29. At elevated temperatures, vb

increases with increasing stress up to a maximum value, and then decreases

slightly again for large stresses. Only at 525 K, the rising stress drops prevent

an analysis of the band velocities (cf. section 4.2.1). At lower temperatures,

i.e. at 325 and 350 K, vb decreases at the beginning, keeps constant at a lower

plateau level, and finally rises again with increasing stress. The low plateau

level is correlated with the multiple band propagation. During the gradual

onset of multiple band propagation, the velocity decreases, whereas it increases,

when the arrowhead shaped propagation (cf. Fig. 4.28, t = 900 . . . 1500 s)

gradually vanishes.

In section 4.2.1, the importance of the interplay of both, the superposition of

the applied stress level and the local stress concentrations (geometrical stress

concentrations, e.g. at the clamps, and due to the shear at the band front)

on the one hand, and the maximum additionally acquired stress contribution

∆σ∆Gmax due to the maximum additional aging enthalpy ∆Gmax on the other

hand, has already been indicated.

∆Gmax is determined by the diffusion rate η, the activation enthalpy for the

relevant diffusion mechanism (I or II, i.e. core strengthening as well as line

strengthening), the total number of foreign atoms, the pinning strength of the

involved aging mechanism per foreign atom, and the concentration of foreign

atoms within the intersection regions of mobile and forest dislocations (I), or

within the lines of mobile dislocations (II). Therefore, ∆Gmax is strongly de-

pendent on temperature (and deformation rate, i.e. waiting times at obstacles).

Assuming a significant influence of ∆Gmax on the band velocity, the temper-

ature dependence of ∆Gmax should reflect the temperature dependence of vb.

The same applies to the evolution of vb with stress (strain), because of the ris-

ing effectiveness of strain aging ∆Gmax with an increasing dislocation density

(number diffusion paths), i.e. with larger value of η. As the stress control of

measurements at lower temperatures is of very good quality, i.e. there is neither

a stress drop nor a stress overshot beyond the (white) noise of the system load
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cell - amplifier, almost no influence of an insufficient stress control should be

observed in the band propagation and velocity at temperatures below 475 K.

On the basis of these assumptions about the role of ∆Gmax, an explanations for

the two characteristic evolutions of vb with the stress (strain) may be suggested,

which goes beyond an approach of Ziegenbein and Chmelik [25,175,176].

They interpreted the results of acoustic emission experiments with an increased

multiplication rate of dislocations at the beginning of plastic deformation. Such

an enhanced multiplication decreases the dislocation path length (increasing

density of obstacles), which in turn might decrease the dislocation velocity and

the band velocity. Such an explanation by means of some kind of friction stress

is probably more relevant in the low temperature regime, i.e. at a small level

of ∆σ∆Gmax, due to the corresponding level of ∆Gmax. Only at a higher stress

(strain), the increased influence of ∆Gmax due to a rised diffusion rate η leads

to a re-increase of vb.

At elevated temperatures, ∆Gmax is probably large enough, such that the en-

hanced dislocation multiplication at the beginning of plastic deformation and

the resulting friction stress is overcome by the exceeding influence of ∆σ∆Gmax.

Such an interpretation cannot, however, explain the temporal correlation of

the lower level of vb with the appearance of multiple arrowhead shaped bands.

Therefore, a second explanation is suggested.

At lower temperatures, i.e. at low ∆Gmax and ∆σ∆Gmax, the influence of local

stress concentrations, in particular maximum stress differences between dif-

ferent sites of the specimen, might lead to a premature initiation of a PLC

event, i.e. an initiation at lower ∆Gmax values compared to the case of virtu-

ally missing local (e.g. geometrically or microstructurally induced) stress gra-

dients. During the first bands, the stress within the gage length is effectively

homogenized (cf. section 4.2.1) and the multiple band propagation is gradually

built up. Therefore, the nucleation of PLC bands occurs predominantly at the

clamps, due to geometrical stress concentrations, such that arrowhead shaped

PLC bands appear. Due to stress concentrations at the clamps, which might

be in the same order of magnitude as the ∆σ∆Gmax values, a PLC event can be

nucleated at an even lower level of ∆Gmax. The propagation is then triggered

by the stress concentration due to local shear at the band front. Such a lower

level of ∆Gmax in turn results in even smaller values of vb, which form the small

plateau level of vb at 325 and 350 K. Due to the increasing diffusion rate η

at higher stresses (strains), and a proceeding equalization of stress concentra-
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Figure 4.30: Arrhenius plot of the

band velocities vb in Cu-15at.%Al at

σ,t = 0.1 MPa/s. The analysis of a pos-

sible activation enthalpy leads to values

of about (0.4± 0.1) eV for different in-

tervals of stress, and for the maximum

and minimum band velocities for the

particular test condition.

tions, the multiple band formation gradually vanishes and the band velocities

increase again, as a consequence of the larger ∆Gmax level.

At elevated temperatures, the formation of multiple bands and an initial de-

crease of the band velocity is absent, because of the smaller importance of stress

concentrations for a premature band nucleation. At elevated temperatures, vb

increases with rising stress up to a maximum value, due to an enhanced dif-

fusion rate η of foreign atoms, as a consequence of the increased dislocation

density, i.e. an increased number of diffusion paths, which results in a larger

level of ∆Gmax. The effectiveness of strain aging, represented by ∆Gmax, de-

creases again at large stresses for those measurements, which are submitted

to the exhaustion of mechanism I (the intersection strengthening). For those

measurements, which show an insufficient stress control, in particular stress

drops, the lower effective local stress level also diminishes the band velocities,

as already shown at 525 K (cf. section 4.2.1).

The general increase of vb with temperature is attributed to an increased level

of the additional aging enthalpy ∆Gmax. The larger the temperature, the larger

∆Gmax and ∆σ∆Gmax. That means, the more the actual stress level previous to

a band nucleation exceeds the stress level due to work hardening (generated by

the last band), the faster the band propagation. The idea of such an influence

of the actual stress level is supported by an analysis of the stress affected mode

of propagation at 525 K (cf. section 4.2.1).

The temperature dependence of the band velocities, interpreted as a conse-

quence of the temperature dependence of ∆Gmax, can be analyzed by means

of an Arrhenius plot of vb, shown in Fig. 4.30. The band velocities within

the particular stress intervals, as well as the maximum and minimum band ve-

locities vary within about two orders of magnitude for a temperature variation
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of 200 K. The slope of the Arrhenius plot is used to determine an activation

enthalpy, which amounts to about (0.4 ± 0.1) eV. The values at the largest

stress and at the maximum band velocities tend to underestimate the activa-

tion enthalpy, since the maximum velocities at 525 K are probably diminished

due to the insufficient stress control, and at the largest stress interval, the ex-

haustion of aging mechanism I already decreases the band velocities. Therefore,

the activation enthalpy is supposed to be 0.4 . . . 0.5 eV. Such a low activation

enthalpy cannot be directly attributed to the relevant diffusion mechanism –

pipe or the volume diffusion – which is about more than twice as large.

The basic physical mechanism of such an activation enthalpy is phenomenolog-

ically described as the depinning of dislocations from their pinning points. The

pinning strength is substantially determined by the additional aging enthalpy

∆Gmax. As a first approximation, it can be described by a sum of the weighted

pinning strengths of the involved aging mechanism: ∆Gmax = nisG
sa
is + nlsG

sa
ls ,

where the index ”is” is attributed to the intersection strengthening mechanism

I, and ”ls” to the line strengthening mechanism II, and the index ”sa” at the en-

thalpies indicates the additional aging enthalpy by one single foreign atom per

line or intersection region and nis and nls denote the relative weights of the two

strengthening processes. In addition, such an activation enthalpy is reduced by

a stress assisted thermal activation in the break away process. Therefore, the

above value of about 0.4 . . . 0.5 eV might be the contribution of thermal acti-

vation. This quantity appears to be reasonable, considering activation energies

of about 20kBT ≈ 0.5 . . . 0.8 eV (at T = 300 . . . 500 K) for typical thermally

activated processes [71, 137], and binding energies for single solute atoms at

dislocations, which are in the order of 0.1 eV for Cu-Al [108,135,143,169]

All these considerations assume, that the actual local stress is a steady state

value. This is the case since during typical waiting times for thermal activation

the stress waves spread out and propagate back and forth within the specimen

axis for several times.

Strain concentration ∆εb

In section 4.2.1, the evolution of the concentrated strain within the PLC events

has already been shown at 525 K. At those elevated temperatures, the quality

of stress control was insufficient and the resulting stress drops markedly influ-

ence ∆εb. Apart from such an influence of stress drops, the strain concentration

within the bands turns out to be nearly independent of temperature, exclud-

ing superimposed exhaustion phenomena. This is different to Ziegenbein’s
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Figure 4.31: Evolution of local strain

concentration ∆εb for Cu-15at.%Al at

350 and 425 K and σ,t = 0.1 MPa/s.

The strain concentration increases al-

most linearly with the stress as dis-

cussed in section 4.26. At 425 K ∆εb

decreases markedly at about 170 MPa,

which is attributed to the ”decorrela-

tion” phenomenon due to the exhaus-

tion of DSA. This is explained for the

same measurement already in the con-

text of Fig. 4.26.

results for strain rate controlled conditions [175], which show a distinct de-

crease of ∆εb with increasing temperature. Two examples for the evolution of

∆εb at 350 and 425 K and 0.1 MPa/s are shown in Fig. 4.31.

At lower temperatures up to 425 K and those parts of the measurements, where

no decorrelation and no exhaustion phenomenon is observed, the evolution of

∆εb is nearly the same like that at 350 K. After a LB with localized strains

up to about 0.8 %, ∆εb starts to increase almost linearly from about 0.3 %.

The scattering is rather small compared to that at 525 K. For those tests,

which show either the decorrelation phenomenon due to an exhaustion of aging

mechanism I, or increasing stress drops, the strain concentration decreases with

increasing stress (strain) as shown for ∆εb at 425 K in Fig. 4.31. For the period

of decorrelation, the deformation becomes gradually stable, since the strain is

increasingly homogeneous and the dislocation motion and multiplication are

less synchronized.

In order to explain the temperature independence of ∆εb during stress rate

controlled tests, and its similar behavior as in strain rate controlled tests for

type A bands at medium and large strain rates – as far as no exhaustion phe-

nomenon or an insufficient stress control with marked stress drops takes place

– one cannot refer to the markedly temperature sensitive parameter ∆Gmax (or

the corresponding ∆σ∆Gmax). If the plastic behavior is markedly PLC instable

due to strain aging, i.e. due to a sufficiently large ∆Gmax, the ”aging depth”

∆Gmax is just not the main parameter, which determines the strain concentra-
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tion within the PLC bands (the particular case of type B bands is discussed

below). Such a consideration represents the case of strong hardening in the

model of Hähner (cf. section 2.3 and [59]).

Rather, ∆εb is mainly determined by the specific amount of work hardening

between the ends of two PLC events, according to the stress difference between

the final local stress level σlocal(tPLC(n)) at the end of PLC event number ”n”

and the stress level σlocal
wh (tPLC(n−1)) due to work hardening (wh) at the end of

the former PLC event number ”(n − 1)”, which is proportional to the strain

concentration within the PLC event ∆εb(n) for the case of linear work harden-

ing: [σlocal(tPLC(n)) − σlocal
wh (tPLC(n−1))] ∝ ∆εb(n). Some deviations from such a

behavior are observed. The condition of linear work hardening is not fulfilled,

neither for Cu-Al nor for Al-Mg, for which the work hardening nearly vanishes

near the end of plastic deformation (cf. sections 4.4 and 4.3). The smaller the

work hardening, the larger ∆εb, if aging does not exhaust.

In the case of exhaustion, ∆Gmax is decreased and ∆εb is decreased, and the

deformation tends to become stable and homogeneous, i.e. the total strain

exceeds the local strain concentration within the PLC band and a part of the

deformation occurs homogeneously on the rest of the gage length, in order to

compensate the externally applied deformation. Stress drops, no matter if they

result from an insufficient stress control during stress rate controlled tests, or

naturally during strain rate controlled tests, can cause the (fresh) dislocations

to die off, before the above mentioned stress levels are equalized by means

of strain hardening. This is realized for type B (or type C) bands, where the

actual local stress even falls below the actual stress level of work hardening,

due to the fast stress drop resulting from large ∆Gmax values. In such a case,

also markedly diminished local strain concentrations are observed, although

the total local strain concentration (i.e. the sum of the single small strain

jumps within each zone) of each PLC event amounts to similar values as for

type A bands or PLC events under stress control.

Band width wb

At a temperature of 525 K, the correlation diagrams, as well as the band

width had to be determined manually, due to the small time scales, on which

strain activity and band propagation proceeded (cf. section 4.2.1). This was not

necessary at lower temperatures. Therefore, the band width is determined for

those bands which show a minimum path length of 10 mm with a sufficiently

homogeneous band propagation (nearly constant velocity (vb)), using Eq. (3.1)
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Figure 4.32: The temperature depen-

dence of the width of PLC bands in

Cu-15at.%Al at σ,t = 0.1 MPa/s. The

triangles show the maximum and mini-

mum values for the specific conditions,

the squares denote corresponding aver-

age values. wb is determined using Eq.

(3.1). The band width rises markedly at

elevated temperatures exceeding 425 K.

(wb = vb ∆t − ∆p) with the zone width ∆p = 2 mm. In Fig. 4.32, the

temperature dependence of the average values of the band width, the maximum

and the minimum band width are shown. The average values are determined

with the average values of ∆t for all positions involved in the respective PLC

band, the maximum and minimum values are determined, using the maximum

and minimum ∆t of all positions involved and the corresponding average band

velocity vb.

At elevated temperatures exceeding 425 K, as shown in Fig. 4.32, the band

width rises markedly up to values slightly smaller than the whole gage length

(60 mm), or possibly even the whole gage length, since the band velocities are

expected to change during propagation. Especially values of wb, exceeding the

laser extensometric gage length of only 33 mm for those measurements, are

based on the assumption of a constant propagation velocity and a constant

duration of plastic strain bursts beyond the gage length. Anyway, also at lower

temperatures, the band widths during stress rate controlled tensile tests exceed

markedly those during strain rate controlled tests. For type AI bands, the

band width decreases from about 2.2 mm at 293 K to 0.4 mm at 383 K at

ε,t = 6.67 × 10−6 s−1 and is constant, namely wb ≈ 2.3 mm at temperatures

between 400 and 450 K [59,175]. The upper limit of the band width has been

attributed to the smallest specimen dimension, i.e. the specimen thickness s.

Additionally, it was found experimentally and theoretically (cf. section 2.3

and [59, 175]), that the band width is proportional to the specimen thickness:

wb ∝ s.

Considering the former results of Ziegenbein and the new results for strain

and stress rate controlled tests referring to the band width, but also to the
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evolution of the other PLC parameters, the following conclusion might be

drawn. The band width is determined by both, the band front velocity and

the duration of local strain activity. The latter is again markedly influenced

by the actual local stress level and its difference to the level of local work

hardening. For a sufficient stress control, the higher temperatures lead to larger

band front velocities. If the duration of local plastic strain activity exceeds the

duration of band front propagation, the band width increases rapidly during

band propagation.

Since the (local) plastic strain rate is also thermally activated and strongly

dependent on the additional enthalpy of aging ∆G (Eq. (2.17)), the realized

band width especially at elevated temperatures (large ∆Gmax) results from a

sophisticated interplay of the band front velocity and the local strain rate, that

determines the duration of local strain activity, since the strain concentration

is nearly independent of temperature and deformation rate.

Therefore, such a large variance of band widths as shown in Fig. 4.32 is proba-

bly obtained at maximum temperatures due to just this interplay of the evolu-

tion of local strain rates and the large band front velocity, both being strongly

dependent on the local effective stress. Only for those bands at elevated tem-

peratures, for which the band front velocity is very large and the strain rate is

not increased to a similar extent (maybe because of a slightly lower effective

stress level or unfavorable or smaller local stress gradients) the band width can

extend up to the whole gage length. Unfortunately, the temporal evolution of

the local strain rate within a PLC event requires a sampling rate beyond that

of the available laser extensometer.

4.2.3 Stress rate dependence

The tensile machine with the additional spring provides stress rates between

10−5 up to about 30 MPa/s, depending on the strain hardening behavior of the

investigated material and the maximum cross head velocities at lower stress

rates, because of an adequate transmission ratio of the machine gears. With re-

spect to the necessity of the maximum laser extensometric sampling frequency,

the minimum applied stress rate was 10−2 MPa/s (which results in an amount

of data of about 3 GB) and 10 MPa/s as a maximum stress rate, though the

maximum stress rate was realized without the additional spring. A variation

of the stress rate was carried out at temperatures of 375 and at 525 K.
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Due to the fact, that the stress (strain) dependence of most phenomena evolves

similar as already explained in the two former sections, this section gives a

short summary about similar behavior for a stress rate variation and focuses

on those observations, that explicitly supplement the former results or which

are new or different. The variations of the stress rate at 375 and at 525 K are

discussed separately, starting with 375 K.

Propagation mode

At 375 K Lüders bands are observed for all stress rates and the deformation

remains PLC instable up to the end of the tests. None of the PLC types A, B,

or C is observed. Only the transitions from stable behavior after a LB to PLC

instable behavior can be recognized at 10 MPa/s, according to Ziegenbein’s

map (Fig. 2.15 (a)). As already explained in the context of temperature vari-

ation, a period of homogenization and of decorrelation appears with different

intension at all stress rates, except of the maximum one, corresponding to the

σ2 boundary in Fig. 2.15 (a). At the maximum stress rate, the critical stress

for the exhaustion of aging mechanism I is not reached at the end of the tests,

similar to the test at 1 MPa/s, where a beginning decorrelation is observed

only at the very end of the test.

Multiple band propagation accompanied by an almost smooth global strain-

time evolution occurs at 1 MPa/s and 10 MPa/s only, whereas at the larger

rate the bands do not show an arrow head shape as they do at 1 MPa/s and

at the lower temperatures. Obviously, the stress concentration at one of the

clamps governs the shape of the band.

Such an observation of multiple band propagation only at higher stress rates

at 375 K is in agreement with the restriction to 325 and 350 K at 0.1 MPa/s,

due to the approximate reciprocity of deformation rate and temperature, and

additionally supports the importance of the ratio of local stress fluctuations

(concentrations at the clamps) and the level of ∆σ∆Gmax due to the smaller

aging enthalpy ∆Gmax at lower temperatures and higher stress rates, as men-

tioned in section 4.2.2).

At 525 K, for a stress rate variation between 10−2 and 5 MPa/s, apart from a

differently pronounced period of homogenization, no decorrelation, no multiple

band propagation and no significant differences with respect to band propaga-

tion are observed, maybe owing to the deficient stress control.
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PLC parameters

Strain concentration ∆εb

The stress dependence and the stress rate dependence of the strain concen-

tration at 375 K are shown in Fig. 4.33. As discussed in section 4.2.2 for the

present case of strong hardening [59], the strain concentration ∆εb is mainly

determined by the specific amount of work hardening between two PLC events,

if no exhaustion phenomenon takes place. According to the discussion in sec-

tion 4.2.2, for the case of linear work hardening without exhaustion, this was

described by [σlocal(tPLC(n)) − σlocal(tPLC(n−1))] ∝ ∆εb(n).

Apart from a wide scattering, ∆εb increases almost linearly with rising stress

(strain) due to a growing ∆Gmax, if no exhaustion takes place, as depicted in

Fig. 4.33 at 10 MPa/s. The smaller the stress rates, the larger the influence of

an exhaustion of the aging mechanism, which governs an increasing last part

of the measurements. For the case of exhaustion, ∆Gmax decreases according

to the σ2 boundary in Fig. 2.15 (a) with a declining stress rate and at lower

stresses, such that the decorrelation starts, ∆εb is diminished, and the defor-

mation tends to become stable and homogeneous, i.e. the total strain exceeds

the local strain concentration within the PLC band and a part of the defor-

mation is homogeneous on the rest of the gage length in order to produce the

externally imposed strain.

At 525 K the evolution of the strain concentration with raising stress (strain)

appears to be independent of the applied stress rate with respect to the wide

scattering. It has been shown already in Fig. 4.23. Due to missing exhaustion

phenomena at such elevated temperature and the applied stress rates, there

is no significant difference between the various stress rates, except of a

faintly different onset and end of the period of homogenization, that influences

slightly the appearance of the strain concentration as discussed in section 4.2.1.

Band width wb

The stress rate dependence of the band width wb at 375 K is shown in Fig.

4.34, where the variation of the average band widths is shown to be negligible

in comparison to the large variance of the band width for all bands at a cer-

tain stress rate. At most, a slight decrease of the maximum band width can

be observed for rising stress rates. It might be attributed to a faster strain

hardening, due to the increased linear stress rate, i.e. the stress level of work
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Figure 4.33: Evolution of the local strain concentration in Cu-15at.%Al at

375 K with increasing stress (strain) and increasing stress rate. Except the

test at 10 MPa/s, an increasing influence of the exhaustion of aging starts to

diminish ∆εb at lower stresses and smaller stress rates.

hardening is equal to the actual stress level within a shorter period of time

(assuming a perfect stress control), such that the local dislocation motion and

multiplication dies out earlier, and the band width is slightly diminished. Note

as well, that the stress rate is changed by the factor of 100, whereas the band

velocities increase by a factor of about 10 (see below).

Similar to the situation with the band velocities, the band width does not

change significantly with varying stress rates at 525 K. As already shown

in Fig. 4.32, the variance of wb at 525 K during each measurement is much

too large to be able to observe any distinct changes with varying stress

rates. At all stress rates, band widths of about 6 mm up to the whole gage

length are observed. Such results support the doubts about the band width

as a well defined parameter for the case of very rapid ”band” front propagation.



4.2 Stress rate controlled experiments on Cu-15at.%Al 119

Figure 4.34: Stress rate dependence

of the band width in Cu-15at.%Al at

375 K. The open triangles denote the

maximum and minimum values dur-

ing the corresponding measurement, the

filled squares show the average values,

determined as described for Fig. 4.32.

Apart from the large variance, no sig-

nificant stress rate dependence of the

band width is observed.

Band velocity vb

The stress and stress rate dependence of the band velocity at 375 K are shown

in Fig. 4.35. In (a) the overall averages of the maximum, the minimum, and

the average band velocities are depicted, neglecting their evolution with stress

(strain). Apart from a wide scattering, a slight increase of the band velocities

is observed for the maximum stress rate. As already discussed in the context

of Fig. 4.29, several evolutions of the band velocity with increasing stress are

obtained. Multiple band propagation is observed at a certain combination of

stress rate and temperature, e.g. as indicated in Fig. 4.35 (c) at 375 K and

1 MPa/s, which propagate with a diminished band velocity as discussed in

section 4.2.2 in terms of a decreased ∆Gmax. For the case of decorrelation, due

to the exhaustion of the involved aging mechanism I (σ2 boundary in Fig. 2.15

(a)), the band velocity is also diminished as indicated in Fig. 4.35 (c). Except

for those effects, the band velocities increase with raising stress (strain) because

of the enhanced diffusion rate of foreign atoms η, which enlarges ∆Gmax.

For stress rate controlled tests, aging occurs predominantly in terms of static

strain aging. Therefore, the influence of an increasing stress rate gains in impor-

tance, inasmuch as the decrease of the recurrence times results in an effective

reduction of ∆Gmax. Assuming such an influence of ∆Gmax as discussed in the

former sections, stress rate independent band velocities are expected at lower

and medium stress rates, and decreasing band velocities should be observed

for sufficiently large stress rates. The present results in Fig. 4.35, appear to

indicate a different behavior. It has to be emphasized, however, that a slight

increase of vb beyond its pronounced variance (Fig. 4.35 (a)) is observed only
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(a) (b)

(c)

Figure 4.35: Stress and stress rate de-

pendence of the band velocities in Cu-

15at.%Al at 375 K. (a) Overall max-

imum, minimum and average veloci-

ties. (b) Stress resolved average veloc-

ities. (c) Evolution of local band veloci-

ties during the measurement for several

stress rates.

for the maximum stress rate. At that stress rate of 10 MPa/s the external

stress level is raised markedly even during the propagation of a band. Assum-

ing the actual stress level to influence markedly the band propagation velocity,

such an increased stress level during band propagation might raise the prop-

agation velocity beyond a nearly constant and comparably small contribution

of ∆Gmax (∆σ∆Gmax).

For a convincing experimental ”proof” of the above interpretation, the tests on

Al-3wt.%Mg have to be taken into consideration, since no change of the aging

mechanism complicates the effect. The results on Cu-15at.%Al at 525 K do

not show any stress rate dependence of the band velocities up to a maximum

applied stress rate of 10 MPa/s. Unfortunately, the limited temporal resolution

of the laser extensometer prevents a definite statement about the maximum

band velocities (cf. sections 4.2.1 and 4.2.2).

All experimental observations on Cu-15at.%Al, i.e. the evolution of the differ-

ent modes of propagation and the different evolution of the PLC parameters,
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in particular for the two modes of deformation, the strain rate and the stress

rate control, and the variation of temperature and deformation rate (strain

rate or stress rate) led to a consistent physical explanation of the effects sup-

plementing, but not disproving the mathematical formulation of Hähner’s

model. The physical concept, which has been developed by means of the re-

sults on Cu-15at.%Al has to be verified with the results on Al-3wt.%Mg which

are presented in the next sections.
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4.3 Strain rate controlled experiments on

Al-3wt.%Mg

Strain rate controlled tests on Al-3wt.%Mg have been carried out at room

temperature at strain rates between ε,t = 2.3 × 10−4 and 2.3 × 10−2 s−1,

i.e. mainly medium and high strain rates have been investigated, in order

to supplement first results of Ziegenbein at smaller strain rates (cf. section

2.5 and [25, 70, 175, 176]). He investigated the jerkily propagating PLC type

B bands in Al-3wt.%Mg , whereas the following sections start with type B

behavior in Al-3wt.%Mg and then focus mainly on type A bands. In the cases

of similar behavior of Al-3wt.%Mg and Cu-15at.%Al the discussion of the

phenomenon is reduced and references to the corresponding paragraphs will

be given.

Since the room temperature solubility of Mg is lower than the given concentra-

tion in Al-3wt.%Mg and in addition there is a considerable diffusion of solutes

even at room temperature, precipitates will be formed after quenching from

673 K (cf. section 3.1.1). Therefore, the testing temperature was room temper-

ature, and only the strain rate is varied in order to compare the dependence of

accessible parameters on the deformation rate in both, strain rate and stress

rate controlled tests.

4.3.1 General characteristics

The general appearance of the stress-strain behavior of Al-3wt.%Mg has been

shown already in Fig. 2.1 within the type B and type A PLC regime. The work

hardening behavior is quite different to that of Cu-15at.%Al. In particular the

markedly evolving work hardening rate h = dσ/dε starts at about 2000 MPa

and decreases to about 120 MPa at the maximum strain in Al-3wt.%Mg (com-

pare Figs. 2.1 and 4.1). The plastic strain at failure reaches about 20 % for

Al-3wt.%Mg, i.e. much smaller than in the case of Cu-15at.%Al.

According to the different boundary conditions (critical strains, stress rates)

and regimes of PLC types in the case of strain rate variation (cf. Fig. 2.16),

type B and type A behavior is expected at the present strain rates applied, and

the critical strain at the onset of PLC instabilities increases with increasing

strain rates starting at about 8 × 10−2 s−1. In agreement with the results of

Balik et al. [7,8] (cf. Fig. 2.16 (a)), instable plastic behavior is observed almost
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(a) (b)

Figure 4.36: Stress-strain (a) and strain-time curve as well as the correlation

diagram (b) for Al-3wt.%Mg at room temperature and ε,t = 8.1 × 10−4 s−1.

Note the marked evolution of the work hardening and the transition from type

A to type B behavior at about 5.5 %.

throughout all tests. Only at the maximum strain rate of ε,t = 2.3 × 10−2 s−1

a small homogeneous plastic regime appears between the end of the Lüders

band at ε ≈ 0.8 % and the onset of PLC instabilities at ε ≈ 1.2 %. Type B

behavior is exclusively found at ε,t = 2.3×10−4 s−1, and a transition from type

A to type B behavior occurs at about 5.5 % at ε,t = 8.1 × 10−4 s−1, and at

about 17 % at ε,t = 3.35 × 10−3 s−1, which matches perfectly with the results

in [7]. The boundary between type A and type B behavior indicates a normal

behavior, i.e. increasing critical strains with rising strain rates, similar to the

transition from stable to instable behavior at high strain rates.

Such a transition from type A to type B behavior can be recognized in the

stress-strain curve, but more clearly in the correlation diagram. Increasingly

smaller parts of the correlation diagram of Fig. 4.36 (b) are shown in Fig. 4.37.

The transition between type A and B proceeds within two successive bands,

which are indicated by ”(1)” and ”(2)” in Fig. 4.37 (a), and which are shown

in detail in Fig. 4.37 (b) and (c).

The discontinuous, jerky propagation of the type B band in (b) is manifested

in the correlation diagram with the repeated strain avalanches within one

extensometric zone for each PLC band, which can also be recognized in the

”wavy” (global) strain curve as small strain increments due to each local strain

avalanche. The continuously moving type A bands appear as single, smooth
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(a) (b)

(c)
Figure 4.37: Close ups of the cor-

relation diagram of Fig. 4.36 (b).

The transition from type A to type

B behavior occurs within two suc-

cessive bands indicated by ”(1)”

and ”(2)” in (a), which are shown

in detail in (c) for the last type A

band and in (b) for the first type

B band. Note the discontinuous in-

crease of the global strain in (b) due

to the jerky propagation of type B

bands.

rises of local strain, which result in a smooth global strain curve and single

local strain events for each PLC band in the correlation diagram.

As already reported for the stress rate controlled tests on Cu-15at.%Al a pe-

riod of homogenization occurs for the first PLC bands. The same behavior is

observed in Al-3wt.%Mg, as shown in Fig. 4.38. The regions around positions

15 and 23 mm represent an inhomogeneity at which bands start and stop, and

five PLC events after the LB are necessary to provide a sufficiently homoge-

neous distribution of local stress, such that the propagation of following PLC

events is not affected any more.

No multiple band propagation occurs for strain rate controlled tensile tests at

the given values of the strain rate. Because of the marked strain aging, stress

gradients and stress concentrations are less important than the required stress
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Figure 4.38: Similar to the case of Cu-15at.%Al, a period of homogenization

is observed for the first bands in Al-3wt.%Mg at ε,t = 3.35 × 10−3 s−1. Bands

stop and restart around positions 15 and 23 mm. Only at the sixth band after

the LB band, the band propagation appears rather regular along the specimen

axis.

due to aging denoted as ∆σ∆Gmax. Furthermore, the stress is decreased by each

strain avalanche. The increasing importance of the additional aging potential

compared to stress gradients is supported by the fact, that particularly for type

B bands a ”reflection” of bands is recognized, the more frequently, the larger

the strain (cf. Fig. 4.36 (b)). A reflection of bands means that the nucleation of

the next strain avalanche occurs preferably at those sites, where the last band

has just come to a stop, i.e. where the less aged dislocations represent the

smallest threshold for a re-nucleation (cf. model of Schwarz [140]), assuming

a homogeneous work hardening level along the specimen axis.

This idea is closely connected with one of the two peculiarities of propagation

of type B bands, which have been discussed already for type B bands in Cu-

15at.%Al at elevated temperatures (cf. section 4.1.1, in particular Fig. 4.5) in

the context of the precursory strain phenomenon. In order to explain those

peculiarities with the corresponding precursory strain phenomena, the corre-

lation diagram for one PLC event, that is split up into several parts, is shown

in Fig. 4.39 (a). Additionally, the corresponding local strain and the (global)

stress evolution are given in Fig. 4.39 (b) and (c).

(i) According to Schwarz [140], the onward propagation of type B bands

occurs at the position of the less aged dislocations, i.e. those of the just stopped

former avalanche. This propagation mode is recognized as closely correlated

sequences of several jumps in a rather regular succession moving into a definite

direction. It is associated with a precursory strain phenomenon prior to the
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(a) (b)

(c) (d)

Figure 4.39: Examples of a part of a correlation diagram (a), part of the

corresponding local strain data of the indicated neighboring extensometric zones

(b), and corresponding stress time serrations (c) of a single PLC type B band in

Al-3wt.%Mg at room temperature and at the strain rate of ε,t = 2.3×10−4 s−1.

(d) shows the correlation diagram and one local strain time curve for a PLC

event which is reflected at 12 − 14 mm, i.e. almost at the center of the gage

length.

repetitive strain bursts, (cf. (p) in 4.39 (b) and more pronounced in (d)).

As already discussed for the case of Cu-15at.%Al this precursory increase of

local strain has been related to a kind of pile-up mechanism. Partially aged

dislocations are assumed to rearrange during the increase of external stress

following the arrest of the previous avalanche. Due to a still remaining sharply

peaked aging time distribution from the last jump of the jerkily propagating

band front, no long lasting synchronization of waiting times is required.
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Analog to the case of Cu-15at.%Al the local precursory strain contribution ∆εp

can be related to the stress relaxation (∆σ∗) prior to the stress drops in Fig.

4.39 (c). It is expected to obey approximately the relation ∆σ∗ ≈ Eeff · ∆εp,

where Eeff is the effective stiffness of the tensile system (Eeff ≈ 35 GPa). For

the example shown in Fig. 4.39 (b) at time 323.9 s this results in Eeff ·∆εp ≈ 1

MPa which agrees quite well with the value of ∆σ∗ ≈ 0.8 MPa as observed

in 4.39 (c). According to this idea about type B serrations, the quasi-elastic

reloading time ∆tσ, which practically coincides with the recurrence time of

serrations and equals the aging time of dislocations between their arrest and

next break away.

(ii) For the nucleation of bands within the gage length of the laser extensome-

ter, e.g. at ”(b)” in Fig. 4.39 (a) we recognize a gradual increase of local strain

prior to the initial strain burst, namely at position 26− 28 mm (cf. (s) in Fig.

4.39 (b), lowest curve). This precursory strain accumulation takes about 10 s,

i.e. about 10 stress drops and therefore, cannot be attributed to the stress

relaxation prior to a single stress drop (Fig. 4.39 (c)). This type of precursory

strain can be detected only prior to the nucleation of new bands within the

gage length, when the dislocations are aged more completely as compared to

an intermittently onward propagating band (cf. case (i)). During the precur-

sory phase preceding the nucleation of a new band, the dislocation waiting

times have to be synchronized, i.e. many single, not yet efficiently correlated

micro break away events have to occur, which by means of dislocation interac-

tion then evolve into the globally correlated break away of many dislocations

(dislocation avalanche) with a narrow distribution of waiting times (cf. section

2.3 and [54]).

It has to be emphasized that in both cases (i) and (ii) this precursory strain

occurs locally and cannot be considered as homogeneous creep of the whole

specimen.

After having reported some general features and peculiarities of the PLC effect

during strain rate controlled tests on Al-3wt.%Mg, the strain and strain rate

dependence of the characteristic PLC parameters will be presented in the next

section, focusing on the PLC type A.
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4.3.2 Strain rate dependence

The following section shows the results of tests at room temperature and

at strain rates of ε,t = 2.3 × 10−4, 8.1 × 10−4, 3.35 × 10−3, 9.2 × 10−3, and

2.33 × 10−2 s−1. Of course, some of the characteristics mentioned above, such

as the period of homogenization and the work hardening behavior, change

slightly with the variation of the strain rate. The regimes of type A and type

B instabilities shift in strain with a changing strain rate. The following para-

graphs, therefore, focus on the evolution of the PLC parameters with increasing

strain and rising strain rates.

PLC parameters

With regard to the assumption of PLC type A bands propagating as solitary

waves, the characteristic band parameters, in particular the strain concentra-

tion within the band ∆εb, the band velocity vb, the band width wb, and the

”local” strain rate within the bands are determined and discussed in terms of

their evolution with strain and strain rate.

Strain concentration ∆εb

The evolution of the strain concentrations within the PLC band ∆εb with ris-

ing strain and strain rate in Al-3wt.%Mg at room temperature is depicted in

Fig. 4.40. The concentrated local strain of the Lüders band is significantly

larger than that of the following PLC bands and amounts to about (1±0.3) %.

Its distribution is markedly dependent on the subsequent PLC type, i.e. for

the case of following PLC type B, the LB band also propagates in a jerky man-

ner, such that a broad distribution of ∆εb can be recognized in Fig. 4.40 (a).

All other measurements show a type A like, continuous propagation of the

LB, corresponding to the following PLC type A, which results in a narrow

distribution of ∆εb of the LB.

Similar to the case of Cu-15at.%Al, ∆εb increases markedly with increasing

strain. In addition, two characteristic differences between type B and type A

bands are most conspicuous referring to ∆εb. First, ∆εb is significantly smaller

with a broader distribution for type B bands than for type A bands. The

increasingly column like concentration corresponds to the growing time interval

between PLC events. Secondly, the evolution with strain is different to that of

type A bands. For type B bands the maximum ∆εb show a similar shape as
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(a) (b)

(c) (d)

Figure 4.40: The evolution of the strain concentrations within the PLC band

∆εb with strain rate and strain for Al-3wt.%Mg at room temperature. ∆εb is

nearly independent on the strain rate for type A bands, and it is markedly

diminished for type B bands. (a) ε,t = 2.3 × 10−4 s−1, (b) 8.1 × 10−4 s−1, (c)

3.35 × 10−3 s−1, (d) 2.3 × 10−2 s−1 .

the stress time curve, i.e. they seem to represent directly the strain hardening

behavior. In contrast, for type A bands, the ∆εb increase almost linearly with

strain and tends to diverge at maximum strains. This might indicate, that for

the case of type A bands, ∆εb evolves inversely to the work hardening, i.e.

according to the strain softening.

For the case of Cu-15at.%Al the evolution of the strain concentration within

the PLC bands has been attributed to the ratio of the effective stress and the

level of local work hardening. This interpretation is based on the assumption

of a virtually missing exhaustion of aging, and strong aging according to the
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(a) (b)

Figure 4.41: The derivative of a polynomial fit of the plastic part of σ(ε) curve

(a) and a polynomial fit of the ∆εb(ε) curve (b) at ε,t = 9.2× 10−3 s−1 at room

temperature in Al-3wt.%Mg. Assuming a saturating level of ∆Gmax (i.e. for

∆σ∆Gmax), the band strain concentration ∆εb tends to diverge at large strains

due to the vanishing strain hardening, according to ∆σ∆Gmax = h(ε) ∆εb(ε).

model of Hähner (cf. section 2.3 and [59]). Due to the fast diffusion in Al-

Mg alloys [86] and the missing exhaustion of aging, a maximum additional

enthalpy for aging ∆Gmax can be assumed at the beginning of each PLC event

in the present test conditions. For the case of type A bands, the ∆Gmax value is

not large enough for the stress drops, which result from the strain avalanche,

to produce an effective stress level below the level of work hardening, i.e.

no premature stop of the strain avalanche occurs, as for the case of type B

bands. The total strain concentration within a PLC band corresponds to the

amount of work hardening, i.e. the stress level at the end of the PLC event and

the former event, [σlocal(tPLC(n)) − σlocal(tPLC(n−1))] ∝ ∆εb(n), and is therefore

mainly determined by the amount of ∆Gmax, i.e. corresponds to ∆σ∆Gmax.

Therefore, it can be concluded, that for the present conditions, the strain

concentration within type A bands in Al-3wt.%Mg is determined by ∆σ∆Gmax,

an increasingly weaker work hardening, and a local stress level during band

propagation, that is not distinctly below the level of work hardening.

Such an interpretation of the results is illustrated in Fig. 4.41, where the deriva-

tive of the polynomial fit to a stress-strain curve and a polynomial fit of the

evolution of ∆εb is plotted for a test at ε,t = 9.2×10−3 s−1. Assuming a saturat-

ing level of ∆Gmax or ∆σ∆Gmax, the values of ∆εb tend to diverge at large strains
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Figure 4.42: Strain rate dependence

of the concentrated strain ∆εb within

the PLC bands in Al-3wt.%Mg at room

temperature at ε ≈ 5 % and ≈ 11 %.

The concentrated strains in type B

bands do not match with the power law,

which fits to type A bands.

due to the vanishing strain hardening, according to ∆σ∆Gmax = h(ε) ∆εb(ε),

but not due to an increase of the additional aging enthalpy.

Apart from the differences between type A and type B bands, the evolution

of ∆εb shows only a slight dependence of the applied strain rate. The strain

rate dependence of the strain concentration within the bands is shown in Fig.

4.42 at total deformations of about 5 and 11 %. Linear fits in the double

logarithmic plot of the ∆εb for the case of type A bands result in a power

law, according to ∆εb ∝ ε0.17±0.013
,t at ε = 11 %, and ∆εb ∝ ε0.14±0.018

,t at

ε ≈ 5 %. This power law behavior will be discussed in terms of solitary wave

propagation in the context of the band velocity.

Band velocity vb

The evolution of the velocity of the propagating bands with rising strain and

strain rate is presented in Fig. 4.43. At small strains, the LBs show a smaller

band velocity than the following first PLC bands at all strain rates. The onset

of the curves can differ from the actually immediate onset of instability, due

to the period of homogenization, which possibly prevents a determination of

(local) band velocities by means of linear fits of sufficiently large parts of the

correlation diagram.

The band velocities show a significant dependence on both the strain and the

strain rate, and decrease from 108 to about 6 mm/s for type A bands and

from about 5 to about 0.4 mm/s for type B bands at the smallest applied

strain rate. The propagation velocity decreases markedly with rising strain

and increases significantly with rising strain rates. It has to be emphasized,

that at two strain rates, a transition from type A to type B deformation is

recognized without marked deviations in the course of the evolution of vb.
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Figure 4.43: Strain and strain rate dependence of the LB and PLC band ve-

locities in Al-3wt.%Mg at room temperature. vb decreases markedly with strain

and increases with the strain rate (in s−1). Note the continuous evolution of

vb in spite of a transition from type A to B at two strain rates.

Hence, the velocity of the PLC bands does not depend on the type of PLC

bands, and the propagation mechanism, which determines the band velocity,

does not change with the type of instabilities. Additionally, the band velocities

tend to saturate at large strain rates and low deformations at vb ≈ 110 mm/s.

This value will be compared to the results on stress rate controlled tests, since

the tests at maximum strain rates represent a kind of approximation of a stress

rate controlled test, due to the increasingly smaller stress drops during band

propagation, especially at lower strains with smaller stress drops due to smaller

aging enthalpies ∆Gmax.

Both evolutions of vb can be interpreted as a result of the evolution of ∆Gmax:

The increasing dislocation density with rising strain results in an enhanced

diffusion rate η, which enlarges ∆Gmax and the corresponding ∆σ∆Gmax. In

the case of stress rate controlled tests, such a stress difference is compensated
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Figure 4.44: The band velocities in Al-

3wt.%Mg at room temperature increase

with rising strain rates according to a

power law. The corresponding exponent

matches well with the observations for

the strain concentration (cf. Fig. 4.42)

according to Eq. (2.29).

by the machine, and ideally does not lower the band velocity. In the case of

strain rate controlled tests, it is manifested as stress drops, which increase with

rising strains (see above) and therefore do not support the propagation of the

band. This explanation corresponds to the description of the band propagation

in terms of solitary wave propagation according to Eq. (2.29), v = ∆εb vb,

with the velocity of the cross head v. The increase of ∆εb with rising strain

corresponds to the decrease of the band velocities vb.

The strain rate dependence of the band velocities is explicitly shown in Fig.

4.44 for the maximum band velocities and the velocities at ε ≈ 6 % and

ε ≈ 11 %. Apart from the tendency to saturate at maximum strain rates, the

band velocities behave according to the power law vb ∝ ε0.87...0.95±0.02
,t . The

power law exponents of both parameters, vb and ∆εb should add up to 1,

which matches with the present results.

Band strain rate εb,t

The ”local” strain rate within the bands is determined by the ratio of ∆εb

and the duration of a local strain increase ∆t. Therefore, the results represent

an average value of the theoretical evolution (Fig. 2.11) and systematically

underestimate the true strain rate within the band, if the band width is lower

than the width of the extensometric zone, which is used to determine the

strain rate. The strain dependence, and implicitly the strain rate dependence

of the band strain rate ∆εb,t is shown in Fig. 4.45 (a). Similar to the band

velocities, ∆εb,t increases with rising strain and strain rate, although a

significant scattering due to uncertainty of ∆t from the detection algorithm

(averaging) predominates.
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(a) (b)

Figure 4.45: (a) The evolution of the band strain rates εb,t with rising applied

strains and strain rates ε,t (in s−1) in Al-3wt.%Mg at room temperature. The

exponents of a power law fit in (b) increase with rising strains. This corresponds

to a simultaneous decrease of the bands width, according to Eq. (2.29) (cf.

Fig. 4.46).

Nevertheless, the dependence of ∆εb,t on the applied strain rate is analyzed

in Fig. 4.45 (b) referring to power law behavior at three different stages of

deformation, revealing an exponent, which rises from about 0.54 ± 0.001 at

ε ≈ 5 % up to 0.87 ± 0.03 at ε ≈ 15 %. This means, that the larger the

external strain rate, the more concentrated the region of strain rate activity,

i.e. the smaller the band width. The increase of ∆εb,t with rising strain is

therefore expected to correspond to a declining band width. Such a result

would confirm the second equation (Eq. (2.29)), describing a solitary wave

propagation (v = εb,t wb). This is discussed in the next paragraph.

Band width wb

Corresponding to the expected small strain rate dependence of the band width

wb and considering the scattering owing to the uncertainty of ∆t from the

detection algorithm (averaging) again, it is not possible to derive a distinct

strain rate dependence of the band width. An example of the evolution of the

band width with rising strain and the corresponding distribution illustrates

those difficulties in Fig. 4.46.

As mentioned above, declining values of wb with rising strain can be recognized.

Trying to estimate vaguely a power law for the band width (wb ∝ ε
αwb
,t ), values
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(a) (b)

Figure 4.46: Apart from a wide scattering of the band width, which is illus-

trated with the histogram in (b), a slight decrease with rising strains is observed

(a), corresponding to the increasing band strain rates in Al-3wt.%Mg at room

temperature. A vague estimation of a power law behavior (wb ∝ ε
αwb
,t ) results

in exponents between αwb
= 0.1 and 0.45.

between αwb
= 0.1 and 0.45 limit the possible range of exponents. In any case,

the growing exponent for the band strain rates with rising strain corresponds

to simultaneously decreasing band widths, i.e. the region of strain activity

shrinks at larger deformation. Such observations match with the idea of strain

hardening, which can limit the band width: The larger the deformation, the

larger the stress drops owing to the strain avalanche, such that the actual

stress level might fall below the level of work hardening, predominantly in

the wake of the band. The band width slightly increases with a rising strain

rate, since most of the increased applied strain rate is compensated by raised

band velocities and band strain rates, and even at the maximum applied strain

rate there are still pronounced stress drops, which cause an extinction of the

dislocation motion and multiplication in the wake of the band.
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4.4 Stress rate controlled experiments on

Al-3wt.%Mg

Stress rate controlled experiments on Al-3wt.%Mg have been carried out at

room temperature at stress rates between σ,t = 0.1 and 30 MPa/s. Those stress

rates correspond to the deformation rates applied in the strain rate controlled

tests, such that the results can be compared in terms of a deformation rate

dependence in both deformation modes, strain rate and stress rate control.

Additionally, this section serves for a check of the ideas, which have been

developed in order to explain the results for Cu-15at.%Al, in particular as

exhaustion of aging is missing in Al-3wt.%Mg, which has markedly complicated

the phenomena in the case of Cu-15at.%Al.

For the stress rate controlled tests on Al-3wt.%Mg at the lower rates σ,t = 0.1

and 1 MPa/s, the soft spring within the tensile axis has been used to improve

the quality of stress control. At stress rates exceeding σ,t = 1 MPa/s, no

additional spring has been used due to the nearly vanishing strain hardening

and the huge strain avalanches at larger deformations. For both reasons the

implementation of the soft spring would require a cross head speed, that could

not be achieved by the present machine.

The section is structured in two paragraphs, the first one presents some general

characteristics, e.g. the homogenization phenomena and the regimes of PLC

instable behavior, and the second paragraph describes the stress (strain) and

stress rate dependence of the characteristic PLC parameters.

4.4.1 General characteristics

The work hardening behavior is very similar to that during strain rate con-

trolled tests as depicted in Figs. 2.1 (a) and (b), and Fig. 4.40. The onset of

PLC instabilities occurs immediately after the Lüders band, very similar to

the strain rate controlled tests, within the regime of type A with a concen-

trated strain of about 1± 0.2 %, and the instabilities continue throughout the

whole measurement for all tests.

Similar to all test conditions before, a period of homogenization is observed

during the first part of the plastic deformation. Its duration lasts the longer,

the smaller the applied stress rate. Two examples of such a homogenization

period at a stress rate of 0.1 MPa/s, and 20 MPa/s are presented in Fig. 4.47.
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Figure 4.47: The correlation diagrams for the periods of homogenization at

stress rates of σ,t = 0.1 MPa/s (top), and 20 MPa/s (bottom) in Al-3wt.%Mg

at room temperature.

At 0.1 MPa/s about seven PLC events pass across the gage length without

completely coherent propagation before coherent band propagation predom-

inates. At positions around 13, 19, and 25 mm (Fig. 4.47) bands start and

stop within the gage length, which are therefore attributed to sites with a

pronounced structural, i.e. stress inhomogeneity(e.g., specially arranged and

ordered neighboring grains).

In the case of Cu-15at.%Al, a decorrelation phenomenon has been observed,

due to the exhaustion of the intersection strengthening. For Al-3wt.%Mg, how-

ever, no decorrelation phenomenon is observed, which is therefore attributed

to the (lacking) exhaustion of the aging mechanism at the applied stress rates.

Just as no decorrelation, no multiple band propagation is observed. At most,

at a stress rate of 20 MPa/s (cf. Fig. 4.47 (b)) at the end of the homogeniza-

tion period, within a short period the first and the last part of two succeeding

bands might propagate simultaneously. Therefore, the global strain time course
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is markedly ”smoother” (Fig. 4.47 (bottom)) than that of a deformation at a

smaller stress rate with distinctly separated PLC events as those in Fig. 4.47

(top).

The appearance of multiple bands in the case of Cu-15at.%Al has been at-

tributed to the diminished influence of aging compared to that of stress gra-

dients and stress fluctuation along the specimen axis. In Al-3wt.%Mg the en-

hanced diffusivity of Mg results in a more effective aging compared to Cu-

15at.%Al, especially at lower temperatures or larger strain rates or stress rates.

Therefore, a markedly premature band initiation near the clamps or at stress

concentrations within the gage length is improbable, such that multiple band

propagation appears at most rarely for the stress rate controlled case, where

the actual stress level during band propagation is higher than in the strain

rate controlled case.

Similar to the case of Cu-15at.%Al, no types B and A appear during stress

rate controlled tests on Al-3wt.%Mg, although those types are observed in the

corresponding strain rate controlled tests at equivalent deformation rates as-

suming linear hardening. The stress rate controlled deformation suppresses the

appearance of type B or even type C events and as for the case of Cu-15at.%Al

the propagation velocities vary during band propagation. Two examples of the

propagation mode of a LB and a PLC band in Al-3wt.%Mg at room tempera-

ture are given in Fig. 4.48. Whereas the LB velocity changes markedly during

its propagation without pronounced deviations from the linear stress increase

(Fig. 4.48 (a)), the PLC band behaves very sensitively at drops of the stress,

similar as described for the corresponding case in Cu-15at.%Al (cf. Fig. 4.18).

4.4.2 Stress rate dependence

As already mentioned above, the purpose of this section is to check the ideas,

which have been developed in order to explain the results for Cu-15at.%Al. The

focus is on the evolution of the band velocities with rising strain and stress rate.

Furthermore, the behavior of the other parameters is of considerable interest,

in particular due to the lacking exhaustion of aging, which has complicated

the phenomenon in the case of Cu-15at.%Al, and the more pronounced work

hardening behavior, since the stress level of work hardening in combination

with the amount of ∆Gmax has been stated to determine markedly the mode

of propagation (type B), the band strain, and the band width.
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(a) (b)

Figure 4.48: Examples of the propagation mode of a LB (a) and a PLC band

(b) in Al-3wt.%Mg at σ,t = 0.1 MPa/s, room temperature. During the propaga-

tion of the LB (a), the quality of stress control is sufficient, whereas significant

stress drops influence markedly the propagation of the PLC band (b).

PLC parameters

Strain concentration ∆εb

As already shown in Fig. 4.47 (a), the (global) strain concentration within

the PLC bands increases markedly with rising deformation. This has already

been explained for the case of strain rate and stress rate controlled tests on

Cu-15at.%Al and the strain rate controlled tests on Al-3wt.%Mg.

According to the course of work hardening and the equivalent contribution

of the aging enthalpy ∆Gmax to the stress ∆σ∆Gmax, the strain concentration

within the particular PLC avalanches, increases with decreasing work harden-

ing. This means, that the local overstress ∆σ∆Gmax due to aging needs more

strain until it equals the actual level of work hardening and only then the strain

avalanche dies out. The more pronounced the strain softening, the larger the

strain within the PLC bands ∆εb as depicted in Fig. 4.49.

The effect of vanishing strain hardening is especially seen at maximum strains,

because ∆εb tends to diverge, according to ∆σ∆Gmax ∝ ∆Gmax = h ∆εb, with

a saturating (constant) contribution of aging and a vanishing work hardening

h, as described already for type A in the strain rate controlled case.

Apart from a decrease of scattering, which can be seen at the maximum and

minimum values in Fig. 4.49 (b), a rise of the stress rate does not influence
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(a) (b)

Figure 4.49: (a) The stress (strain) dependence of the strain concentration

within the PLC bands in Al-3wt.%Mg at σ,t = 1 MPa/s and room temperature.

(b) Stress rate dependence of ∆εb, at a stress between 150 and 170 MPa. The

open triangles indicate the maximum and minimum values, the filled squares

show average values with the corresponding standard deviation.

markedly the amount of ∆εb with stress (strain). At most, the late part of

the deformation shows slightly smaller values of ∆εb (this is not shown for a

second stress rate in Fig. 4.49 (a) for the sake of clarity). This means, that

the vanishing work hardening is less pronounced at higher stress rates due to

the rapidly rising applied stress level or the larger applied stress rates starts

to decrease slightly the level of ∆Gmax, which would also result in a slight

decrease of ∆εb. These findings support the above explanation, that, assuming

an approximately saturated level of ∆Gmax due to static strain aging for

all stress rates, the stress rate variation does not markedly affect the aging

(∆Gmax), such that the strain softening behavior determines predominantly

the amount of ∆εb.

Band velocity vb

Apart from the wide scattering, the band velocities vb in Cu-15at.%Al tend

to increase only at the maximum stress rate (cf. Fig. 4.35), which has been

attributed to the marked stress increase during band propagation, which influ-

ences the band propagation velocity similar to the overstress ∆σ∆Gmax owing

to aging, especially, at lower temperatures, where the corresponding ∆Gmax

is not very large anyway. At elevated temperatures no stress rate dependence
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(a) (b)

Figure 4.50: Stress dependence (a) and stress rate dependence at a stress be-

tween 150 and 170 MPa (b) of the PLC band velocities in Al-3wt.%Mg at

room temperature. Apart from the wide scattering, vb at a maximum of about

100 mm/s, equals to those results at maximum stress rates at low strains (sym-

bols as explained in Fig. 4.49).

has been observed at all. For the case of Al-3wt.%Mg in strain rate controlled

tests, vb is decreased with rising strains due to the rising strain concentrations,

which cause stress drops that diminish the band velocities.

The stress (strain) and the stress rate dependence of the band velocities in

stress rate controlled tests on Al-3wt.%Mg are shown in Fig. 4.50. At first,

the conspicuous scattering of vb is markedly larger than in the case of strain

rate controlled tests. Additionally, vb increases first and decreases again after

a maximum at about 160 MPa, where the average level of vb amounts to

100 mm/s, whereas it drops at the smallest stress rate without a spring and

re-rises again at larger rates. Note, that the average value of about 100 mm/s

is the same as the maximum (possibly saturating) level at maximum strain

rates in strain rate controlled tests (cf. Fig. 4.43).

During strain rate controlled tests on Al-3wt.%Mg, the maximum velocities

have been observed at small strains and large strain rates, because of the

maximum level of ∆Gmax in combination with rather small stress drops (sup-

ported by the strong initial work hardening). The initial increase of vb with

rising stress for the stress rate controlled tests cannot be attributed easily to

an increase of ∆Gmax due to a rising dislocation density, since the same effect

would have to appear for strain rate controlled tests, except for the case, that
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the strain rates are too low, such that the saturation level of the aging en-

thalpy is reached in any case. But this gives a reason for the missing increase

under strain control only, and does not explain the increase under stress con-

trol. If the band velocities are determined by the additional stress level above

the level of work hardening, and if identical work hardening behavior of both

deformation modes is assumed, a peculiarity of the stress rate controlled tests

is expected to cause the initially smaller band velocities under stress control.

Possibly, the more pronounced fluctuations of the applied stress due to the

stress control, compared to the quite smooth stress course during the non-

plastic loading phase in the case of type A bands (in strain rate control) may

result in a premature band initiation at a lower value of ∆Gmax, especially

during its probable increase from a lower level at smaller strains.

The decrease after the maximum of the band velocities with rising stress can

be attributed to the markedly larger strain softening, which results in larger

stress drops due to an insufficient stress control again, similar to the case of

Cu-15at.%Al at elevated temperatures (cf. section 4.2.1) and as depicted in

Fig. 4.48 (b). In contrast to the situation for Cu-15at.%Al the reason for the

stress drops is not mainly the high level of ∆Gmax, but rather the pronounced

strain softening for Al-3wt.%Mg.

The significantly larger scattering of the band velocities, even for successive

bands, is expected to be a consequence of the testing mode and the sensitivity

of the band nucleation and propagation on the actual stress level. For the case

of strain rate control, the stress drops lead to a band propagation preferably

at the band front due to the stress concentration owing to the local strain

rate gradients, whereas the global stress level is markedly lower. In contrast,

the stress rate controlled test (ideally) provides a linearly increasing global

stress level, no matter if there is a band nucleation or not. In such a case, the

actual local stress determines a possible band nucleation also beyond the stress

concentration at the band front. For the case of strongly aged dislocations, the

higher a homogeneous level of ∆Gmax (and correspondingly ∆σ∆Gmax) the less

important the stress concentration at a band front for a propagation of a band.

Rather, a repeated nucleation at those sites of a maximum stress is observed.

Therefore, the band front velocity changes during its motion (cf. Fig. 4.48)

due to spatially varying stress levels, and a nucleation occurs before the stress

concentration of the band front would cause a propagation at a lower global

stress level. Such a phenomenon can be denoted as a ”propagation into an

excited state”.
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Figure 4.51: Since only a slight de-

crease of the band width wb is observed

with rising strain for Al-3wt.%Mg at

room temperature, only the dependence

on the applied stress rate is shown.

Apart from the broad distribution of wb,

at most slightly declining band widths

with rising stress rates can be recognized

(symbols as explained in Fig. 4.49).

Band width wb

The width of the PLC bands wb decreases slightly with rising strains. Its stress

rate dependence is shown in Fig. 4.51.

As discussed in the context of Cu-15at.%Al the band width is expected to

be determined by the ratio of the actual local stress and the level of work

hardening. The lower the quality of the stress control, i.e. the more pronounced

the appearance of stress drops, the earlier the dying out of dislocations in the

wake of the band, such that the band width does not expand to the whole

gage length. As mentioned in the context of Fig. 4.48 (b), the quality of stress

control for the tests on Al-3wt.%Mg is insufficient, such that parts of the band

propagation occur at a stress level below the set point value. This leads to

an earlier stop of the dislocation motion and multiplication predominantly in

the wake of the band due to the missing stress concentration as present at the

band front. Hence, a broad distribution of band widths is observed, as well as

a lower level for both the average and the maximum band widths, compared

to those in Cu-15at.%Al. Nevertheless, the band widths under stress control

exceed those under strain control, due to the higher applied stress level, even

if a perfect stress control could not be realized.

A summarizing conclusion, comparing the results of Cu-15at.%Al and Al-

3wt.%Mg, will be given in chapter 5. The next section will present the results

of stress controlled simulations according to the model of Hähner, which will

also be compared to the experimental results.
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4.5 Stress rate controlled numerical simulations

In addition to the experimental investigations on two materials, Al-3wt.%Mg

and Cu-15at.%Al, numerical simulations have been carried out in the frame-

work of the diploma thesis of Grützun [47]. Numerical simulations of physical

processes have several advantages in comparison to the corresponding exper-

iments. Effects in solid state physics usually result from a superposition of

numerous influences. Within numerical simulations those influences can be in-

vestigated separately and in their superposition. Even those parameters, which

are not tunable directly in an experiment, can simply be varied, and a some-

times desirable stationarity of variables can be realized (e.g. the ε-dependence

can be adjusted). Simulations enable to check the theoretical model beyond

the possibly limited analytical solvability and with respect to its relevance for

reality. On the other hand – similar to complications in experiments – nu-

merical artefacts have to be estimated and carefully checked with regard to

numerical instead of physical effects.ii

Numerical simulations of the PLC effect by means of Hähner’s model on

the basis of a Fortran program by Hähner have already been performed

for strain rate controlled tests after the source code has been modified by

Rizzi [59, 126–128]. These simulations show convincing accordance with the

strain rate controlled experiments of Ziegenbein [59] (cf. section 2.5.3), which

was promising for performing an analogical procedure for stress rate controlled

simulations in parallel to stress rate controlled experiments as well.

In view of the detailed description in [47], the first section of this chapter

gives only a short introduction to the basics of the simulations. The second

section focuses on fundamental results, mainly with respect to the mode of

propagation of PLC ”bands” in comparison to the experimental observations,

i.e. the appearance of PLC events in the correlation diagram. This will provide

valuable additional indications on the mechanisms of band propagation.

iiIn particular, a limited resolution of single variables can lead to a supposed power law
dependence, which has to be attributed precisely to the limited resolution and does not
represent a physical effect. In the present case, this applies to the apparent power law
dependencies of the strain rate peaks, which must be attributed to the limited temporal
resolution of the simulations.
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4.5.1 Basics of the simulation

The basics of the numerical simulation include the implementation of the set

of differential equations of Hähner’s model as presented in section 2.3, some

remarks on the required spatio-temporal discretization, and finally a short

introduction of the input and output parameters and boundary conditions of

the simulations.

Implementation of the model

For stress rate controlled simulations of Hähner’s model the basic equations

(2.22 and 2.27) are recalled. In the present stress rate controlled deformation

mode, the machine equation can be disregarded.

f,τ = σ,τf − Θ exp [−g] f2 ,

g,τ = g′′ + (g/g∞)(1−n)/n (g∞ − g) − f exp [−g] g .

The main problem for the numerical solution of this system of coupled differ-

ential equations consists in the two different time scales of aging (ta = η−1) and

of depinning (tw = Ω/ε,t) of the two internal variables, f and g, respectively.

Such a stiff system of differential equations tends to be numerically unstable

and the time increment ∆t for the calculations has to be appropriately small.

In order to reduce the computational expense (i.e. to permit larger time scales

in spite of small time increments) a backward differentiation formula is used,

implemented in the Fortran source code with a NAG routine [47].

Spatio-temporal discretization

The discretization in time has to be fine enough to keep the simulation numer-

ically stable and to get a satisfactory resolution of the time evolution of the

physical outcomes. On the other hand it should not be too fine with respect

to the huge amount of data and the computational expense.

Due to the addition of a 2nd order gradient g′′, a spatial discretization becomes

necessary. It is implemented by using a number nB of ”blocks” along the width

∆x = L/nB within the length L of the one-dimensional ”specimen” and as-

suming homogeneous deformation within each block. The differential equations

are solved ”locally” for each block within one time step ∆t, and the spatial
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coupling of the specimen sections (blocks) is done by means of g′′. Since the

2nd order gradient is calculated with a twofold difference quotient with respect

to the non-dimensional spatial coordinate x̃ =
√

η/Dgx, the coupling involves

next neighbor blocks only. The number of blocks is chosen to be nB = 100, the

specimen length L = 100 mm. Hence, the block size is 1 mm. These conditions

are similar to the local resolution of the laser extensometric results within the

experiment, such that results can be compared more or less directly.

In order to avoid misinterpretations, the way how the degree of refinement of

the spatio-temporal discretization influences the physical results of the simula-

tions has to be checked carefully. The chosen refinement of spatial discretization

is ∆x = 1 mm. A coarser refinement results in rougher band structures, the

bands seem to be even less homogeneous, because a levelling of differences be-

tween local f values by means of the spatial coupling g′′ is distributed over less

blocks. The coarser the refinement of ∆x, the less homogeneous the appearance

of the bands in the correlation diagram.

A variation of the temporal resolution between ∆t = 0.1 and 0.01 s only shifts

the time, and with that the critical value of f , which triggers the onset of the

PLC instable behavior (cf. the limit cycle in Fig. 2.10). A temporal shift does

not influence the appearance of the correlation diagram, i.e. the propagation

mode of the PLC events. In contrast, the resolution of the local strain rate is

markedly affected, i.e. at tolerable time scales referring to computing time the

height of the strain rate peaks is seriously falsified, such that e.g. an apparent

scale invariance derived from power law distributions of the strain rate is just

a result of the insufficient resolution in time (cf. [47]). An insufficient temporal

resolution is one of the reasons, why the presented results are restricted to

the propagation mode, instead of a detailed discussion of the particular PLC

parameters.

Input and output parameters

Both variables, g and f , are subjected to initial and boundary conditions, that

have to be established. The initial aging condition (glocal ≡ gi, with 1 ≤ i ≤ nB)

is set to the saturation value for all blocks: gi(t = 0) = g∞. The initial stress

condition (f local ≡ fi) is estimated to be randomly distributed around the

boundary conditions of
∑

i σi(t = 0) = σext(0) and fi(0) ≈ 10−13, i.e. the global

stress average equals the externally applied stress. Some further parameters
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Time increment ∆t (deltime) (0.1; 0.01) η−1

Initial specimen length (aL) 0.1 m

Aging rate η (eta) 1 s−1 (Eq. (2.5))

Elementary strain Ω (Om) 1 × 10−3 (Eq. (2.2))

Pseudo diffusions constant D (D) 1 × 10−7 m2s−1 (Eq. (2.28))

Instantaneous SRS S0 (S0) 1 MPa (Eq. (2.4))

Young’s modulus E/S0 (rE) 1 × 105 (sect. 2.3)

Machine stiffness Emachine/S0 (rSM) 1 × 105 (Eq. (2.21))

Linear hardening coefficient h (rah) 500 MPa (sect. 2.3))

Table 4.1: Important input parameters for the numerical simulations of stress

rate controlled tensile tests. The denotations in brackets are the names of the

algorithm’s variables.

have to be chosen with respect to physical circumstances. These are compiled

in table 4.1 (for stress control, only).

Within the scope of the simulations, four parameters are varied. (i) Local

boundary conditions for the first and the last block are selected, in particular

fixed or loose ends. For the case of ”fixed ends” the values of f and g for the

first and the last block of the specimen are kept constant. In this case the veloc-

ities of the bands are significantly reduced at the specimen ends compared with

the other blocks, which are influenced by means of the spatial next neighbor

coupling of g. In contrast, ”loose ends” are implemented for all simulations,

i.e. f and g are determined by the differential equations with the special situ-

ation for the outermost blocks with one neighbor only. This resembles a long

specimen with clamps far from the gage length. (ii) The aging exponent n has

been chosen to be n = 1/3 according to the pipe-diffusion mechanism instead

of (unrealistic) linear aging (n = 1). (iii) The main attention is turned to the

variation of the applied stress rate σ,t (sdi), and (iv) the saturation enthalpy

g∞ (ginf).

The solution of the differential equations provides the stress like variable f

and the aging variable g as a function of time and space (block). With these,

further essential ”physical” parameters, in particular local and global strain

(ε(i)), and strain rate (ε(i),t), and the global stress are obtained:
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local

{
εi,t(t) = ηΩ exp (−gi (t)) fi (t)

εi (t) = εi (t − ∆t) + εi,t (t) ∆t

global

{
ε(,t) (t) = 1/nB

∑nB
i=1 εi(,t) (t)

σ (t) = σext,t (t) · t + σ (0)

(4.2)

According to Eq. (2.18), the local stress and stress rate can be derived from

f , which runs as schematically depicted in Fig. 2.11.

Similar to the experiments, ”correlation diagrams” can be generated for the

evaluation of the propagation mode and for a detailed analysis. Therefore, the

time of occurrence of (local) PLC events is detected in terms of local strain

rate peaks, i.e. whenever a threshold value is exceeded with a positive slope

for the local strain rate, the onset of a strain (rate) event is defined, instead of

the direct strain raisers for the experiment. Such a procedure is also applicable

for lower time resolutions. The strain rate peak position is recorded as the last

data point prior to negative slopes of the strain rate. Therefore, the accuracy

of the peak position is rather insensitive to the resolution of time, as this error

is small (≈ ∆t) compared to the recurrence times of the peaks (several second,

depending on the imposed stress rate), and the resulting correlation diagrams

are not substantially falsified.

4.5.2 Fundamental results and discussion

The following paragraphs show only few parts of the results, in particular the

effect of non linear aging (n = 1/3), the consequence of perturbations of the

local stress (fi), the general appearance of the correlation diagrams in the case

of stress rate controlled simulations compared to strain rate controlled ones,

and the consequences of a variation of both the saturation enthalpy and the

applied stress rate on the propagation mode and the band velocities.

Stability analysis for n = 1/3

In comparison to the regime of instable plastic behavior with linear aging

(n = 1/3) as described in the context of Fig. 2.10, the implementation of non

linear aging, in particular an aging exponent of n = 1/3, results in a similar

shape of the boundary between the stable and instable regime, whereas the

critical point at the minimum saturation enthalpy is shifted to larger values of
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(a) (b)

Figure 4.52: (a) PLC instable regime for the deformation rates versus the sat-

uration enthalpy at n = 1/3 at three different hardening rates Θ, and for linear

aging (n = 1) for comparison. The dashed lines indicate the investigated vari-

ations of σ,t and g∞. (b) The limit cycle in the phase space f-g (σ,t = Θ = 0.5,

n = 1/3). Note the markedly large stress level due to an increased g∞, and the

pronounced decrease of f at falling values of g. The adiabatic approximation

for g is no longer valid (cf. Fig. 2.10).

g∞, and the interval of instable behavior is broadened referring to the applied

stress (strain) rate (cf. Fig. 4.52 (a)). Due to the enhanced pinning owing to

larger values of g∞, the actual stresses during the simulation are considerably

larger than in the case of linear aging. Additionally, a large work hardening

rate of Θ = 0.5 has been used for all simulations. The resulting limit cycle for

such a case is shown in Fig. 4.52 (b).

Perturbations

Due to a pronounced memory effect of the shape of the single PLC events in

the correlation diagram owing to the initial values of f and the rather weak

coupling of g to the neighboring blocks only, perturbations of the stresslike

variable f have been implemented in Eqs. (2.22) and (2.27) according to

f → fδ + (1 + δ)k, with δ slightly smaller than 1 and the intensity of the

perturbation k = 500. The perturbations are applied in a random number of

up to N blocks every 100∆t. Affecting the local shape of PLC events, the main

result of the perturbations is a gradual change of the appearance of the PLC

events in the correlation diagram with increasing times. Apart from the general
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(a) (b)

Figure 4.53: The influence of perturbations in f for a simulation at n = 1/3,

σ,t = Θ = 0.5 and g∞ = 8, i.e. within the stable regime with respect to

Fig. 4.52 (a), Without perturbation the instabilities owing to the initial fluc-

tuations in f die out, whereas repeated perturbations (b) result in continual

instable behavior.

appearance of the correlation diagram, which will be presented in the follow-

ing paragraph, a second consequence of the perturbation has to be mentioned.

The PLC regime of instability in Fig. 4.52 is determined without the influence

of perturbations. Fig. 4.53 shows the first parts of the correlation diagrams

for two simulations with a saturation enthalpy g∞ = 8, i.e. just beyond the

regime of instability. Without perturbations the initial fluctuations in f are

homogenized during the first 160 s and stable deformation sets in, whereas the

repeatedly applied perturbations result in a continual instable behavior.

Mode of propagation

The general appearance, i.e. the mode of propagation of PLC events during

stress rate controlled deformation is depicted in Fig. 4.54. In contrast to the

regular solitary wave propagation of type A bands in strain rate controlled

simulations shown in (a), the propagation during stress rate controlled simula-

tions is neither regular nor similar to the propagation of solitary waves. PLC

events rather appear as a combination of PLC nucleation at several sites of

the gage length and a limited propagation between these sites of nucleation.

This term of PLC event has been introduced in the context of stress rate con-

trolled experiments in Cu-15at.%Al in section 4.2.1 for the same reason of a
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Figure 4.54: (a) Regular solitary wave

propagation of type A bands in a strain

rate controlled simulation at cross head

velocity 1 × 10−7 mm/s (η = 0.1 s−1,

S0 = 1 MPa, g∞ = 6, Θ = 0.01, n = 1)

[128]. In contrast, (b) and (c) show the

first and the last part of a stress rate

controlled simulation at σ,t = Θ = 0.5,

g∞ = 11, and n = 1/3.

missing regular shape of ”bands”. The longer the total time of simulation, the

smoother the appearance of the PLC events, as shown in Fig. 4.54 (c), owing

to the increasing homogenization of the initial fluctuations of f .

In order to compare the results of the simulation with those of the experi-

ments (e.g. Figs. 4.21 and 4.48), three examples of single PLC events of the

simulated data are given in Fig. 4.55 for the same size of the experimental

gage length, i.e. a close-up of 35 mm. The wavy shape of the PLC events in

both the experiment and the simulation represents a pronounced variation of

local ”band” velocities. Repeatedly, these circumstances raise the question of a

reasonable definition of a ”band” and a ”band velocity”, if multiple nucleation

and propagation of several ”bands” at different sites of the gage predominate,

rather than a single band front propagating regularly (with a constant veloc-

ity) along the specimen axis. This observation of band nucleation rather than

propagation might appear even more pronounced during stress rate controlled

simulation than during the corresponding experiments where a limited stress
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(a) (b)

(c)
Figure 4.55: Three examples of single

PLC ”bands” in stress rate controlled

simulations at σ,t = Θ = 0.5, g∞ = 11,

and n = 1/3. The appearance of the

PLC events is governed by a stress (f)

induced nucleation of strain avalanches

at several sites of the gage length and a

limited propagation between those cen-

ters of nucleation.

control still favors the band propagation owing to stress concentrations at the

band front and undesirable global stress drops, which have been proven to

influence markedly the propagation of the bands.

According to the dashed lines in Fig. 4.52 (a), two series of simulations have

been investigated, varying the saturation enthalpy g∞ and the applied stress

rate σ,t. The following paragraphs describe the results of the respective pa-

rameter variation.

Variation of g∞

To begin with an increase of the saturation enthalpy, the recurrence times tr of

the PLC events rise according to a power law: tr ∝ g1.73
∞ . Two examples of the

initial part of the correlation diagram for g∞ = 9 and g∞ = 13 (σ,t = Θ = 0.5)

are given in Fig. 4.56. Since g is the fast variable of the system, the actual

aging enthalpy (previously called Gmax) equals approximately the saturation
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(a) (b)

Figure 4.56: The initial parts of the correlation diagrams for two simulations

at (a) g∞ = 9 and (b) g∞ = 13 (σ,t = Θ = 0.5). The recurrence times of the

PLC events rise with g∞ according to tr ∝ g1.73
∞ .

enthalpy g∞, such that an enhanced pinning of the dislocations requires a

larger critical stress (f) for the break away of the strain avalanche. This leads

to increased recurrence times of the PLC events.

Similar to the experimental determination of local velocities, the same proce-

dure can be applied to the numerical results, with an even larger scattering due

to the pronounced variation of the band velocities even within each single PLC

event. No significant g∞ dependence of the locally determined band velocities

is recognized.

Variation of σ,t

Corresponding to a decrease of g∞, the variation of the applied stress rate at a

constant saturation enthalpy g∞ = 12 leads to a change of the recurrence times

of the PLC events. Two examples of the first part of the correlation diagrams

at σ,t = 0.5 MPa/s and σ,t = 5.5 MPa/s are given in Fig. 4.57.

The decrease of the avalanche recurrence times is found to match with the

power law tr ∝ σ−1
,t . Additionally, the distribution of tr is the broader, the

smaller the stress rate, as depicted in Fig. 4.58 for the same simulations as in

Fig. 4.57. The increasingly broader distributions of tr at smaller stress rates

reflect the larger influence of ”coupling”, i.e. the influence of propagation rather

than nucleation owing to relatively larger stress concentrations at the band
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(a) (b)

Figure 4.57: Initial parts of the correlation diagram of simulations at (a)

σ,t = 0.5 MPa/s and (b) σ,t = 5.5 MPa/s (g∞ = 12, Θ = 0.5). Both diagrams

show a stress interval of 65 MPa. The recurrence times of the PLC events

decrease with increasing stress rates.

Figure 4.58: Histograms of the recur-

rence times tr at σ,t = 0.5 MPa/s and

σ,t = 5.5 MPa/s (g∞ = 12, Θ = 0.5).

The broader distribution at lower stress

rates reflects a tendency to an individ-

ual behavior of the single block at large

stress rates.

front compared to the pronounced global (and local) stress increase during the

PLC event. Note, that the stress concentration in a single block is coupled to

the neighboring block by means of the resulting changes in g, particularly by

means of g′′.

This interpretation of a small distribution of tr at high stress rates with the

tendency to an increasing individual evolution of each block is illustrated in

Fig. 4.59. At large stress rates, there is no ”propagation” of ”bands” any-

more, but the individual activation of single blocks with a small distribution

of recurrence times of all blocks.

As mentioned above, the ”band” velocities of parts of the PLC events can be

determined by means of linear fits to small parts of the correlation diagram. For
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(a) (b)

Figure 4.59: Parts of the correlation diagram at σ,t = 0.5 MPa/s (a) and

σ,t = 5.5 MPa/s (b) (g∞ = 12, Θ = 0.5). At large stress rates, an individ-

ual evolution of the single blocks predominates, rather than propagating bands,

by means of a synchronization of waiting times and an effective coupling of

neighboring blocks owing to g′′.(Both diagrams show corresponding intervals of

stress of 11 MPa).

two stress rates the manually determined local band velocities are depicted in

Fig. 4.60. Due to an increasing decoupling of the blocks at stress rates exceeding

(a) (b)

Figure 4.60: Local band velocities shown exemplary at (a) σ,t = 0.5 MPa/s

and (b) σ,t = 1.5 MPa/s (g∞ = 12, Θ = 0.5). Aside from the pronounced scat-

tering, the maximum band velocities decrease slightly with increasing applied

stress rate.
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2.5 MPa/s, local band velocities can be determined only for lower stress rates.

Apart from the wide scattering, the maximum band velocities decrease with

increasing stress rates.

These results of the numerical simulation according to Hähners model show

a similar appearance of the PLC events, in particular the obvious tendency to

a more pronounced ”propagating nucleation” or even a ”pure” nucleation at

highest stress rates confirm the concepts of ”band propagation”, which have

been developed for an explanation of the experimental results.
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4.6 Summary

The PLC instable plastic behavior of two materials, Cu-15at.%Al and Al-

3wt.%Mg, has been investigated and two modes of deformation, the ”conven-

tional” tensile tests with a constant applied cross head speed and the more

”sophisticated” stress rate controlled tensile tests with a linearly increasing

stress rate have been applied.

Supplementary to Ziegenbein [175], strain rate controlled tests at 525 K and

575 K at a variety of medium and especially of large strain rates have been

carried out in order to compare them to the corresponding stress rate controlled

tests. The latter, the stress rate controlled deformation mode, has been applied

here for the first time to explore the PLC behavior of Cu-15at.%Al at various

temperatures and stress rates.

The instable behavior of Cu-15at.%Al is governed by a complex interaction

of two strain aging mechanisms, the intersection strengthening, exhausting at

medium temperatures and large strains, and the line strengthening mechanism,

predominating at elevated temperatures. The decrease of work hardening is less

important for the evolution of the different PLC parameters than the influence

of aging.

In contrast, strain rate and stress rate controlled tests on Al-3wt.%Mg at

various strain rates and stress rates at room temperature, also applied here in

combination with laser scanning extensometry for the first time, appear to be

rather sensitive on the pronounced decrease of work hardening. In this case

the PLC behavior is more sensitive on changes of work hardening than on the

actual level of the additional activation enthalpy ∆Gmax, which is almost at the

level of saturation even at room temperature, due to the enhanced diffusivity

of Mg. Furthermore, no exhaustion of aging and no second aging mechanism

influence the evolution of the PLC parameters in the Al-Mg alloy.

By means of laser scanning extensometry, the evolution of characteristic PLC

parameters has been investigated referring to the imposed deformation rate,

the strain and the temperature for both materials and deformation modes

(strain rate and stress rate control). In particular, the strain concentration

within the bands ∆εb, the band width wb, the band velocity vb, the band strain

rate ∆εb,t, and the mode of propagation of the PLC events are determined

independently. The measured dependencies can be successfully explained by

an interaction of the actual stress level during band nucleation and propagation
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beyond the level of work hardening and the actual stress level caused by the

additional aging enthalpy.

In addition to these experiments, numerical simulations applying the model of

Hähner [59] and, in the case of stress rate control supplementing the results

of Rizzi [127,128] have been performed. They confirm those ideas which have

been developed in order to explain the experimental findings and to indicate the

physical mechanisms governing the PLC propagation modes and parameters.

Since a detailed discussion of the particular results has already been given

in the context of their presentation in sections 4.1 - 4.5, a comprehensive

conclusion of all results will be drawn in the following chapter, referring to

common and different characteristics of the experiments on Cu-15at.%Al and

Al-3wt.%Mg on the one hand, and of the numerical simulations on the other.

Those concluding explanations will also include the findings of Ziegenbein

[175] in order to develop a comprehensive idea about the complex appearance

of the PLC effect in the considered alloys.
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5 Concluding discussion and

outlook

On the basis of the description and detailed discussion of the results shown in

chapter 4, this chapter will give some comprehensive conclusions on the experi-

mental and numerical results. Furthermore, earlier results of Ziegenbein [175]

will be included.

The chapter is structured into four sections, beginning with general statements

about the essential parameters which govern the appearance of the PLC events.

The second section explains the characteristic modes of propagation of PLC

and Lüders bands during strain rate and stress rate controlled experiments,

respectively. The third section illustrates the mutual adjustment of the specific

PLC parameters to the testing parameters. Particularly, the evolution of the

band velocity will be discussed referring to the previous results (cf. section

2.5), because the main still unsolved question about the PLC bands concerns

the physical mechanism of band propagation [39]. Finally, the fourth section

gives an outlook to further proposed experiments, simulations and modeling.

5.1 General statements

All tests with a stress rate controlled deformation mode indicate the pro-

nounced importance of the actual local stress level for the specific appearance

of the individual PLC event (e.g. Fig. 4.21 and 4.18, or Fig. 4.48 (b)). The criti-

cal stress for the nucleation of a PLC strain avalanche is essentially determined

by the actual additional activation enthalpy of aging ∆Gmax and the level of

work hardening, produced during the previous PLC event. It is composed of

the externally applied stress and the superimposed internal local stress fluctu-

ations resulting from geometry (specimen cross section, grain structure), and
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from long range stresses of the dislocation microstructure. These findings corre-

spond quite closely to the situation with thermomechanical instabilities (TMI)

(e.g. Obst et al. [113,114]) as mentioned in the introduction. In that case the

nucleation of TMIs has been attributed to a local mechanical overstress due to

rather large fluctuations of the (athermal) stress compared to the contribution

of thermal fluctuations (cf. chapter 1). In the present case of PLC instabilities,

the crucial stress level for an avalanche nucleation is essentially determined

by the diffusion controlled value of ∆Gmax, which is nearly constant and less

important in the case of TMI at low temperatures.

In fact, the importance of the actual local stress level for the specific appear-

ance of the PLC events is valid also for strain rate controlled tests, where the

evolution of the stress level, due to strain avalanches in combination with a

constant cross head velocity, determines directly the specific type of the PLC

events, i.e. type A, B, or C as will be detailed in section 5.2. Such an assign-

ment of the PLC types to the evolution of actual stress level leads to the main

reason for the different appearance of the PLC events in strain rate and stress

rate controlled tests, respectively.

The two modes of deformation, the strain rate control and the stress rate

control, are considerably different with respect to the local stress level on the

one hand, and the mode of aging on the other hand. The influence of the

deformation mode on the actual stress situation is depicted schematically in

Fig. 5.1. In strain rate controlled tests, the work hardening and the aging level

∆Gmax determine the overstress beyond the actual stress level. The nucleation

of a PLC event, in terms of dislocation multiplication and propagation, results

in a stress drop, such that the propagation of the band proceeds at a markedly

reduced average stress level compared to the level of nucleation. Therefore, the

stress concentration at the band front developed at high strain rates causes

the onward propagation of the band exactly at the position of the former band

front.

In contrast, a perfectly stress rate controlled deformation mode provides for a

linearly rising global stress level, even at the moment of a band nucleation. At

a sufficiently high and homogeneous level of aging, almost all sites of the speci-

men are subjected to a similar stress level, modified by local stress fluctuations.

Therefore, either the ”propagation” of a band front, owing to the corresponding

stress concentration, proceeds into an ”excited state” (or ”marginally stable

state” as explained in section 2.4), such that the velocity of the onward prop-
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Figure 5.1: The influence of the deformation mode on the actual local stress

status and the resulting mode of band propagation or nucleation. In the case of

strain control (a), the stress drops ∆σ favor the propagation of a band owing to

the stress concentration at the band front. In the case of a perfect stress control

(b), the global stress is raised also during the nucleation of a strain avalanche

(∆σ = 0), such that the critical stress level of an avalanche nucleation is

reached at several sites, and nucleation predominates the PLC events, rather

than propagation at the band front, the more the larger the applied stress rate.

agation changes due to the varying times at which the critical stress level is

reached, or the applied linear stress increase provides for the critical stress level

for an avalanche nucleation at different sites of the specimen, before the stress

concentration of the band front has reached these sites. In such a case, a prop-

agating nucleation or even an individual nucleation predominates the more the

larger the applied stress rate (as observed for the simulations in section 4.5.2),

in contrast to a ”pure” propagation in the case of strain rate controlled tests.

It is assumed, that the actual local stress is a steady state value as the stress

waves, generated by rapid relaxation events, propagate back and forth along

the specimen axis within markedly shorter times scales, compared to the inter-

vals of band propagation. These considerations also confirm the importance of

a local mechanical overstress for the nucleation of both, TMI and PLC strain

avalanches as suggested in the introduction. The propagation of an avalanche

during strain rate controlled tests on TMI is attributed to heat conduction af-

ter the formation of pronounced thermal gradients at low temperatures (small

heat capacity and slow heat conduction), created by the dissipated mechanical

work during the avalanche nucleation process. In the case of PLC at high tem-
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Figure 5.2: A buffer overrun of the

stress control algorithm results in

a stress drop, that causes the PLC

band to stop within the extensomet-

ric gage length (at position 21 mm).

Although the aging tends to satu-

rate already after the given period

of time in Al-3wt.%Mg, the band is

seen to be (re)nucleated at the same

location, where it has stopped, prob-

ably due to the stress concentration

of the ”old” band front.

peratures, those temperature gradients are less important than the influence

of aging due to a markedly higher level of ∆Gmax and due to the larger heat

capacity and faster heat conduction compared to the low temperature TMI.

Furthermore, the mode of aging is different for stress rate and strain rate con-

trolled tests. In the case of strain control, the PLC bands propagate with a

rather low velocity, such that at sufficiently large diffusion rates, true dynamic

strain aging predominates, i.e. aging occurs also during band propagation, es-

pecially for type B bands. In the case of stress control, the band propagation is

rather fast, such that static strain aging prevails during the periods of elastic

loading, i.e. during resting times of the band.

The importance of the actual local stress level and the corresponding influence

of the additional aging enthalpy ∆Gmax on the associated overstress ∆σ∆Gmax

are supported by the experimental observation, that especially in the case of

type B instabilities (enhanced aging at elevated temperatures), the bands are

often reflected at the clamps, i.e propagation proceeds at those sites, where

the less aged (almost fresh) dislocations of the former band can be reactivated

easily due to the lower aging enthalpy. The influence of local stress is addition-

ally supported by an observation depicted in Fig. 5.2. Due to a buffer overrun

of the stress control algorithm, the stress dropped just at the moment of band

propagation, such that the band stopped within the extensometric gage length

at time 54.5 s. When the stress is raised again, the band propagation proceeds

(at time 64.8 s) exactly where it has stopped before, although the time interval
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between start and stop is about 10 s, such that the aging enthalpy is prob-

ably nearly saturated. Hence, the stress concentration of the old band front

represents the preferred center of (re)nucleation.

5.2 Modes of propagation – PLC types

Three different modes of propagation and three corresponding PLC types are

observed in the case of strain rate controlled tests. The PLC type in the case

of stress control was expected to be that of type A, i.e. propagation of solitary

waves. Both, experiments and numerical simulations according to Hähner’s

model, do not prove this hypothesis. All results presented in sections 4.2, 4.4,

and 4.5.2 show rather PLC ”events” than PLC ”bands” with a band velocity

varying during ”propagation”, and the simulations even show a gradual transi-

tion from partial propagation to a prevailed nucleation of individual (spatially

distributed) strain avalanches with a decreasing tendency of propagation with

increasing stress rates. Therefore, the band propagation during stress rate con-

trolled tests cannot be described as solitary wave propagation.

On the basis of the above considerations about the role of the actual stress

and the contribution ∆σ∆Gmax to the PLC events during stress controlled tests,

the different PLC types, A, B, and C during strain rate controlled experiments

can be re-interpreted.

Type A

At lower temperatures (or at larger imposed constant strain rates), with a

relatively small ∆Gmax, type A band propagation predominates. The small

resulting local overstress ∆σ̂max leads to a lower band velocity, smaller stress

drops than those at elevated temperatures, and results in regularly propagating

bands, which can be described as solitary waves. The mode of deformation in

the strain rate controlled testing mode results in a lowered global stress level

due to the nucleation and propagation of the strain avalanche, which provokes

a further band propagation only at that position, where the band front has

just produced local shear and where a local stress concentration exists nearby

(cf. Fig. 5.1). This increases the local stress level beyond the critical level of

depinning and multiplication of further dislocations, which form a ”new” or

propagating band front.
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Type B

Type B bands appear at more elevated temperatures or correspondingly at

smaller imposed strain rates and are associated with an increased level of

∆Gmax. Therefore, the resulting local overstress ∆σ̂max is increased, as well as

the resulting stress drop. Additionally, the higher temperatures increase the

local strain rate due to fresh dislocations, which leads to a faster stress drop.

Therefore, the local stress level drops down rapidly below the level of local

strain hardening, which causes a rapid stop of the strain avalanche. Its re-

nucleation occurs at that position, where the band front has just stopped, due

to a markedly lower local level of ∆Gmax of the just arrested dislocations (cf.

Schwarz et al. [139–141]), and the lower level of local work hardening, right

at the head of the band front. Therefore, the jerky mode of propagation of type

B bands is associated with the strongly oscillating effective stress level at the

band front, which results from the initially high level of ∆Gmax implying an

exceedingly rapid local plastic relaxation, rather than resulting from a repeated

recapture of the dislocation by foreign atoms, which occurs in turn as a result

of the rapidly reduced dislocation motion, due to the sharp stress drops below

the level of local work hardening.

Type C

In the case of type C deformation predominating at very small applied strain

rates (or at elevated temperatures), the actual level of ∆Gmax approaches the

saturation value ∆G∞. Similar as for the type B, the stress drop below the

level of work hardening stops the strain avalanche and due to the very effective

aging, the level of ∆Gmax ≈ ∆G∞ is saturated and equalized everywhere in

the specimen, such that no propagation at the former avalanche is preferred,

but a random nucleation of avalanches prevails.

Normal and inverse behavior – order of PLC types

Furthermore, a consistent explanation of the normal and the inverse behavior

of the critical strains (cf. Fig. 2.16, Fig. 2.15 (a), and sections 4.1.3 and 4.3.1)

and the sequences of the different PLC types can be presented in terms of the

actual stress level in combination with the stress contribution of aging.
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In the simpler case of Al-3wt.%Mg with mainly one aging mechanism involved

(cf. Fig. 2.16), the transition from type C (at low imposed strain rates) to

B, and finally type A (at high imposed strain rates), as well as the inverse

behavior for type C and the normal behavior for type A instabilities can be

explained with a gradual change of ∆Gmax. At low applied strain rates, ∆Gmax

approximates ∆G∞ nearly all the time. This is the regime of saturation of

foreign atoms, i.e. the diffusion is fast and the concentration of foreign atoms

is sufficiently high, such that most dislocations are strongly pinned all the time,

even those of the last avalanche, and almost no long range propagation can

occur. Therefore, most of the deformation is homogeneous and stable, and large

critical strains (large dislocation density, large number of pinning centers) are

required in order to reduce the effectiveness of aging, such that (at least local)

strain avalanches can be developed and the deformation becomes unstable.

With rising applied strain rates, the distribution of ∆Gmax becomes broader,

and the average level is decreased below the previous level of saturation ∆G∞.

Therefore, the critical strain of the onset of instable deformation is also reduced

(inverse behavior), the bands start to propagate discontinuously and type B

sets in. The truly dynamic strain aging (during band propagation) is weak

enough in order to prefer an onward propagation at those sites of the previous

band front with the less aged (nearly fresh) dislocations. At medium applied

strain rates, the instable plastic behavior is most pronounced, the critical strain

of the onset of instable behavior is lowest, and there is neither saturation nor

exhaustion of aging.

At higher strain rates, the transition to type A behavior occurs, as aging starts

to get exhausted, i.e. ∆Gmax is reduced further. The critical strain for the

onset of this type of instability increases with the applied strain rate (normal

behavior), because a minimum dislocation density is required for a sufficiently

fast diffusion of foreign atoms, i.e. for a sufficiently effective aging. The stress

drops decrease as well, owing to a decreasing ∆Gmax and the higher cross head

velocity, such that the actual local stress level does not fall below the level of

work hardening. Therefore, the type A bands propagate continuously.

For the Lüders bands, a similar mode of propagation is observed as for the

subsequent PLC bands. This supports additionally the above considerations

about the propagation mechanism, since the same dependence of the propa-

gation mode on the local stress level and the same influence of aging is found,

even if single glide is preferred.
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In addition, the observations at elevated temperatures and higher strain rates

(section 4.1.3) in Cu-15at.%Al confirm the above statements about the im-

portance of the actual stress level. No ”pure”, i.e. randomly nucleating, PLC

events are observed within the type C regime at higher applied strain rates,

but usually bands propagating jerkily over small distances. Furthermore, the

invariance of a strain rate increase and a temperature decrease for the transi-

tion between PLC types is no longer valid at higher strain rates, due to the

different local stress situations at different deformation rates, which affects

markedly the mode of propagation apart from the effectiveness of aging. This

fact is illustrated by the distorted PLC map in Fig. 4.16. The higher the ap-

plied strain rate, the more obvious the distortion of the PLC map compared

to that at lower temperatures and at lower strain rates (cf. Fig. 2.15 (a)). For

the aging process only, the reciprocity of temperature and applied strain rate

is true.

The different PLC maps and the different sequences of the PLC types in Cu-

15at.%Al and Al-3wt.%Mg result from the two superimposing aging mech-

anisms in Cu-15at.%Al, the intersection strengthening at lower temperature

(higher applied strain rates) and the line strengthening at higher temperatures.

This has already been discussed in section 2.5 and by Ziegenbein [175], and

will therefore be referred to within the context of the different evolution of the

specific PLC parameters in the following section.

During strain rate controlled tests on Al-3wt.%Mg the propagation of the type

A bands can be described as propagating solitary waves in accordance with the

model of Hähner (section 2.3). The corresponding power law dependencies

of the band velocity and the strain concentration, and the estimations for the

power law dependencies of the band strain rate and the band width confirm

the applicability of Eq. (2.29).

For type B serrations in Cu-15at.%Al and Al-3wt.%Mg the observation of

”precursory strains” in both cases, the long term synchronization process prior

to the nucleation of a jerkily propagating band and the short term pile-up

like process during the discontinuous onward propagation of a type B band,

also support the ideas of Hähner, suggesting that the long range dislocation

interaction synchronizing the dislocation waiting times is a necessary condition

for the appearance of PLC instabilities.

There is no satisfying theoretical description of the PLC behavior during stress

rate controlled tensile tests up to now, mainly because of insufficient exper-
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imental results. Therefore, the evolution of the specific PLC parameters as

observed here for Cu-15at.%Al and Al-3wt.%Mg during strain and stress rate

controlled tests is explained phenomenologically referring to the ideas of local

stress and aging in order to suggest ideas for a theoretical modeling.

5.3 PLC parameters

The main PLC parameters – as far as accessible by means of laser extensometry

– are the band velocity, the strain concentration within the band, and the band

width. The essential influencing variables are the evolution of work hardening,

the actual stress level during band propagation (and therefore the quality of

stress control), and the evolution of the actual additional enthalpy of aging

∆Gmax, due to the corresponding stress level ∆σ∆Gmax beyond the level of

work hardening of the previous PLC event.

Band velocity vb

The band velocity vb is mainly influenced by both, the overstress ∆σ∆Gmax (due

to the additional pinning (aging) ∆Gmax) shortly before a strain avalanche

starts and by the stress level at which the avalanche proceeds. The higher the

temperature, the more effective the aging, i.e. the larger ∆Gmax, which implies

a higher overstress before the avalanche starts.

The activation enthalpy ∆Gmax is mainly determined by the diffusion rate η,

the concentration of foreign atoms, the activation enthalpy for the relevant

diffusion mechanism, the temperature, the pinning strength of the involved

aging mechanism per foreign atom, i.e. the intersection strengthening and the

line strengthening, and the equilibrium and saturation concentration of foreign

atoms within the intersection regions of mobile and forest dislocations, or the

lines of mobile dislocations.

Hence, the band velocity rises with temperature, due to an increased ∆Gmax,

which raises the actual local stress level beyond the level of local work hard-

ening (”wh”) reached during the previous PLC event: σlocal
eff = ∆σ∆Gmax =

σext − σlocal
wh . Additionally, the actual local stress may be raised by a super-

imposed local stress fluctuation. Therefore, the band velocities during strain

rate controlled tests are much smaller than during stress rate controlled tests,
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because of the lacking stress drops in the latter case. In the real experiment,

the band velocities are markedly influenced by the amount of stress drops even

during stress rate controlled tests, particularly at highest temperatures, where

the stress rate control is quantitatively insufficient. Large stress drops, espe-

cially at the moment of band nucleation, can lead to a deceleration or even

a stop of the propagating band front, and a re-increasing external stress level

re-accelerates or restarts the band front propagation.

In the case of perfect stress rate control and large spatial stress fluctuations

comparable to the stress concentration at the band front or due to a pro-

nounced global stress increase owing to large applied stress rates, a ”propa-

gating nucleation” (premature nucleation due to high local stress level) or a

”pure” nucleation can prevail, rather than ”pure” propagation in the case of

strain rate controlled tests (particularly observed in the numerical results, cf.

Fig. 4.59 (b)).

The band velocity rises with strain during stress rate controlled tests, probably

due to an increasing dislocation density, which enhances the diffusion of foreign

atoms and therefore enlarges ∆Gmax. A premature nucleation at lower levels

of ∆Gmax due to stress fluctuations in the case of stress rate controlled tests

might be superimposed on this effect. The decrease of the band velocities with

increasing strain in Al-3wt.%Mg in the case of strain rate controlled tests (this

occurs for type B and type A bands as well) and at large strains in the case

of stress rate controlled tests is caused by rising stress drops, i.e. by a lower

stress level during the propagation, due to the vanishing work hardening rate.

Decreasing applied strain rates also cause diminishing band velocities due to

the lower stress level during band propagation owing to the strain avalanche,

which is compensated by the machine the more slowly, the smaller the applied

cross head velocity.

The virtually absent stress rate dependence of the band velocity is a result

of the manner of aging. In this deformation mode static strain aging predomi-

nates, as aging mainly occurs during the elastic loading phases. An influence of

the stress rate is expected only, if the rate is increased up to a value where the

period of static strain aging is shortened markedly and results in an amount of

∆Gmax which is significantly smaller than the saturation value of ∆G∞. Note,

that in this case the stress increase during band propagation (for a perfect

stress control) might in turn lead to preferred nucleation, rather than propa-

gation, such that vb as a propagation velocity is no longer well defined.
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Strain concentration ∆εb

The evolution of the strain concentration ∆εb within a PLC event in stress

rate controlled tests is very similar to that in strain rate controlled tests for

type A bands.

For stress rate controlled tests, the evolution of ∆εb is independent of temper-

ature, as far as no exhaustion phenomenon or insufficient stress control with

marked stress drops take place. Therefore, it cannot be determined mainly by

the significantly temperature sensitive parameter ∆Gmax (or the correspond-

ing ∆σ∆Gmax). It is only determined by the specific amount of work hard-

ening according to the stress difference between the final local stress level

σlocal(tPLC(n)) at the end of PLC event number ”(n)”, and the stress level

σlocal
wh (tPLC(n−1)) due to work hardening (wh) at the end of the former PLC

event number ”(n − 1)”. This difference is proportional to the strain concen-

tration within the PLC event ∆εb(n) for the case of linear work hardening:

[σlocal(tPLC(n)) − σlocal
wh (tPLC(n−1))] ∝ ∆εb(n). Some deviations from such behav-

ior are observed.

In Al-Mg there is no linear work hardening, and the work hardening rate ap-

proaches zero near the end of deformation. The smaller the work hardening

rate, the larger ∆εb, if aging does not exhaust. For the case of exhaustion,

∆Gmax is diminished and ∆εb is decreased, and the deformation tends to be-

come stable and homogeneous, i.e. the total strain exceeds the local strain

concentration within the PLC band and part of the deformation occurs homo-

geneously on the rest of the gage length, in order to comply with the externally

imposed deformation. Stress drops – no matter if they result from an insuffi-

cient stress control during stress rate controlled tests, or if they occur naturally

during strain rate controlled tests – can cause the (fresh) dislocations to die

off, before the above mentioned stress levels are equalized by means of strain

hardening. This is realized for type B and type C bands, where the actual local

stress level even falls below the actual stress level of work hardening, due to

the fast stress drop resulting from large ∆Gmax values and rapid plastic relax-

ation. For such a case, also markedly diminished local strain concentrations

are observed, although the total local strain concentration of each PLC event

amounts to similar values as for type A bands or PLC events under stress

control.

Those considerations also match with the description by solitary wave prop-

agation of type A bands during strain rate controlled tests (Eq. (2.29)). The
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strain concentration is proportional to the corresponding stress drop ∆σ∆ε at

small cross head velocities v, such that v ∝ ∆σ∆ε · vb. The larger the actual

stress drop, the lower the band velocities (this is also valid for type B bands)

for a fixed cross head speed v. With increasing applied cross head velocity

part of the stress drops is compensated by elastic loading, such that the band

velocities increase.

Band width wb

The band width wb is determined by both, the band front velocity and the

duration of local strain activity. Both variables are again markedly influenced

by the actual local stress level and its difference to the level of local work

hardening. For the case of strain control, each stress drop leads to a decel-

eration of the band front, and to a dying out of the local strain activity in

the wake of the band. The latter provides the limitation of the band width,

that is kept constant according to the propagation of a solitary wave. The

adjustment of the band width is described by Eq. (2.29). In the case of stress

rate controlled tests, the ”width” of the ”bands” (or rather PLC ”events”)

is not well defined any more, since only a band front possibly ”propagates”

along the specimen axis, whereas the strain activity in the wake of the band

front may continue for a longer time, such that the band width may increase

during ”band front” propagation. Therefore, particularly in the case of very

fast PLC events, the parameter wb as a certain (constant) width of a band,

i.e. a spatially limited region of shear activity on the gage length, is no longer

well defined, similar to the ”band” velocity (as described before). Referring

to the limitation of the band width by the specimen thickness through the

correlation length ξ (Eq. (2.11)), the correlation length is extended in the case

of stress rate controlled tests, because of the high local and global stress level

during band propagation. Here, the correlation length does not seem to be

determined by the specimen thickness, but the evolution of strain hardening

in comparison to the local stress level determines the duration of local strain

activity. Possibly, also in the case of strain rate controlled tests the local strain

hardening and the local stress level determine the band width rather than the

specimen geometry.

In the case of stress rate controlled tests, the PLC events are sometimes too

rapid to be determined by measuring the temporal evolution of the local strain

within the PLC event, such that the strain rate cannot be analyzed unambigu-
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ously in order to compare it with the evolution of the extension of the PLC

event. For this purpose, it would be necessary to combine a fast recording of

the temporal evolution of the strain localization along a larger part of the gage

length (in order to determine the extension of the events) with a recording of

the kinetics of local shear (in order to determine the local strain rate of the

events).

First attempts to combine the laser extensometry on one side of the sheet

specimen with high speed dark field video cinematography failed so far for two

reasons. On the one hand, those tests have to be carried out at room temper-

ature in the available experimental set-up. Therefore, the preferred material

is Al-Mg, since the regime of instability of Cu-Al at room temperature starts

at large critical strains or is restricted to extremely small applied strain rates.

On the other hand the polishing procedure of Al-3wt.%Mg is not of sufficient

quality for dark field observations, which are necessary to observe the fine

structure of slip lines at the specimen surface. Furthermore, the large strain

concentrations within the rapid events often result in a marked fast shift of

the small observed specimen region, which consequently results in defocusing

owing to the small depth of focus of the applied optical microscope. Addition-

ally, an appropriate triggering of the short recording sequences is necessary

and difficult.

General remarks

Only a faint stress rate dependence of all parameters can be recognized for

Cu-15at.%Al, in particular for the strain concentration within the band ∆εb,

which has to be attributed to the existence of two strain aging mechanisms, in

particular to the exhaustion of the intersection strengthening at lower tempera-

tures. In the case of Al-3wt.%Mg there is no significant stress rate dependence

of all parameters at all, due to a minor change of ∆Gmax compared to the

markedly decreasing work hardening with increasing strain.

A pronounced larger variance in the case of stress rate control, particularly

of the band velocities and the band widths can probably be attributed to

the tendency for a ”propagation into an excited state”, i.e. to the prevailing

”nucleation” (compared to ”pure” propagation) of newly activated sites ahead

of or behind the PLC front. In this case the parameters vb and wb are no longer

clearly defined.
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In this context, the marked stress dependence rather than the stress rate de-

pendence has to be emphasized, which is completely disregarded within the lit-

erature (cf. section 2.5.2), since there is no consideration of the quality of stress

control and its – now proven – influence on the propagation mode and velocity.

Therefore, the reported stress rate dependencies cannot be interpreted without

the corresponding evolution of the stress, which must be recorded with suffi-

ciently high sampling rates. Furthermore, the usually missing spatially resolved

data about evolution of strain does not even permit to determine unambigu-

ously the ”propagation” velocity, if there is any propagation at all, and if there

is no multiple band propagation, as often observed within specific regimes of

strain rates, stress rates and temperatures. With respect to these problems,

the presented results are the first with certain data about the evolution of the

band velocities and propagation modes, i.e. with the additional data about the

stress-time and strain-position evolution.

5.4 Outlook

This thesis presents the main ideas, with which the received experimental and

numerical findings can be explained consistently, including former results under

strain control. In order to check and to extend the explanations, further tests

and simulations are necessary, some of which are suggested in the following

paragraphs.

Local strain measurements in combination with stress rate controlled tests have

markedly helped to develop the presented ideas in order to comprehend the

complex appearance of the PLC effect referring to both deformation modes,

the strain rate control and the stress rate control. Therefore, further stress

controlled tests are recommended, in particular those with a sufficiently high

quality of stress control and a sufficiently fast sampling rate.

Low temperature tests on Al-3wt.%Mg are suggested to identify the influence

of strain aging, since the exhaustion of aging at lower temperatures, instead

of higher stress rates (which cannot be applied easily and which demand for

an even faster stress control and a larger sampling rate) is expected to result

in a decrease of the band velocities as observed by Thevenet and Abbadi et

al. [1, 156, 157], as well as in a decrease of the strain concentration within the

band, as presented for Cu-15at.%Al.
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It is necessary to combine those kinds of tests with high speed observations

of the local band dynamics, in order to determine the macroscopic propaga-

tion characteristics and the microscopic dynamics of shear. This procedure

might prove or disprove possible similarities between the dynamics of single

dislocations or dislocation groups and macroscopic deformation bands.

Investigations by means of transmission electron microscopy on specimens

tested under stress rate and strain rate control and cut into several discs,

with the first PLC band arrested somewhere within the extensometric gage

length should be done in order to explore the dislocation structure around

the band front. This might help in discovering the sources of internal stress

concentrations, such as grain triple junctions, grain boundaries, or particles.

Furthermore, gradients of the dislocation density from the surface to the inner

specimen might be observed.

Further tests on extremely thin samples at very high applied strain rates might

show a deviation from the proportionality of the band width to the specimen

thickness, since the local stress stays at a higher level owing to the high cross

head velocity, such that the band width might increase beyond the correlation

length ξ limited by the (small) specimen thickness.

The actual enthalpies of aging ∆Gmax are recommended to be measured refer-

ring to their temperature and deformation rate dependence according to the

procedure proposed by Springer [149] (experiments with rapid changes of

strain rates, stress rates, and temperature).

For the numerical simulation, the evolution of ∆Gmax with strain, temperature

and deformation rate should be implemented in the simulated model, using the

strain evolution of η, a fixed concentration of foreign atoms, a pinning strength

of one or two aging mechanisms, and a more realistic strain hardening behavior.
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6 Summary

Spatio temporal instabilities, denoted as the Portevin-LeChâtelier effect and

the Lüders phenomenon, during the plastic deformation of polycrystalline Cu-

15at.%Al and Al-3wt.%Mg have been investigated experimentally by means of

laser scanning extensometry and tensile tests with different deformation modes,

i.e. at a constant strain rate and at a constant stress rate. Additionally, stress

rate controlled numerical simulations according to a recent model of Hähner

have been carried out.

The stress rate controlled deformation has been recommended from the theo-

retical point of view for a ”direct” access to elucidate the propagation mech-

anism of the deformation bands associated with serrated flow. The evolution

of the characteristic parameters (band strain and strain rate, band width, and

band velocity) with strain has been studied as well as their dependence on

temperature and deformation rate. Those parameters can be determined si-

multaneously and independently by means of laser scanning extensometry.

Modifying the tensile machine and applying the improved laser extensometer

at the limits of its spatio-temporal resolution enables stress rate controlled

tensile tests with a high temporal resolution of the stress recording (200 Hz)

and of the local strain measurement (50 Hz) in up to 22 zones of 1 mm width

along the specimen axis (resolution of displacement: 1 µm).

The combination of both deformation modes, the strain rate and the stress rate

control, for two different materials, Cu-15at.%Al and Al-3wt.%Mg, at various

temperatures and deformation rates, and the stress rate controlled numerical

simulations in addition to corresponding ones in the literature for the strain

rate controlled case lead to the following essential results:

• The mode of propagation and therefore the propagation velocity of ap-

pearing bands are found to be essentially dependent on the effective
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local stress level (i.e. the stress beyond the level of work hardening) dur-

ing band nucleation and propagation. This stress level is determined by

the external load depending on the deformation rate and mode (stress

rate or strain rate control) and by local overstresses, resulting from ge-

ometry (e.g. changes of the specimen cross section at the deformation

front, or grain triple junctions), and from long range stresses of the dis-

location microstructure (e.g. ”pile-ups”). The total resulting overstress

has to overcome (with additional thermal activation) the value ∆σ∆Gmax

resulting from the actual level of the additional aging enthalpy ∆Gmax in

order to release a new avalanche of local plasticity by breaking a source

dislocation free from its blocking solute cloud and rapidly multiplicating

the front dislocation to a spreading avalanche. With this idea the mode

of propagation of type A, B, and C bands in strain rate controlled tests

and the propagation mode during stress rate control as well as the evolu-

tion of the characteristic PLC parameters can be consistently explained.

Except of the influence of aging, the importance of the (athermal) stress

level for a PLC avalanche nucleation is quite similar to the case of ther-

momechanical instabilities in strain rate controlled tests [113, 114] as

mentioned in the introduction [171].

• The jerky propagation of type B bands in strain rate controlled tests on

Cu-15at.%Al and Al-3wt.%Mg can be explained completely in terms of

∆σ∆Gmax. It is accompanied by long and short term precursory strains,

supporting the idea of a synchronization of dislocation waiting times

by long range dislocation interaction as a necessary condition for the

appearance of PLC strain avalanches (cf. [59]). A simple pile-up model

(e.g. [68]) is successfully applied to explain the strain rate dependence of

the stress serrations.

• A variation of the strain rate at 525 K indicates, that the obtained PLC

maps do not represent phase diagrams, i.e. the reciprocity of temperature

and applied strain rate is the less valid the larger the applied strain rate.

The actual stress level during band propagation influences markedly the

mode of propagation, and the stress drops owing to the strain avalanches

are the smaller the larger the cross head velocity.

• The description of type A band propagation in strain controlled tests

as solitary waves, as already applied successfully for type A bands in
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Cu-15at.%Al (e.g. [59, 175]), is also confirmed by type A bands in Al-

3wt.%Mg. Their maximum velocity tends to saturate at about 100 mm/s

at small strains and at maximum applied strain rates. This value is sim-

ilar to the maximum average velocity observed during stress rate con-

trolled tests and is probably the maximum velocity of a ”pure propaga-

tion” of bands in Al-3wt.%Mg at room temperature, whereas apparently

higher values might be attributed to a preferred ”propagating nucleation”

of bands or even a ”pure nucleation” rather than a propagation. This in-

terpretation is supported by the results of the numerical simulations.

• The PLC events appearing in stress rate controlled tests do not show a

solitary wave propagation, rather a ”band” velocity can be determined

over small parts of the gage length, and varies during ”band propaga-

tion”. A distinct band width does no longer exist, since the plastic region

extends while the instable PLC front propagates.

• The strain concentration within the PLC events during stress rate con-

trolled tests is very similar to that of type A bands during strain rate

control, since it is determined by the actual stress level at band nucle-

ation and the level of work hardening of the former PLC event, i.e. the

overstress ∆σ∆Gmax. Therefore, an exhaustion of aging or rapid and large

stress drops like those within the type B regime diminish the measured

value of the single local band strain concentration.

• The inverse and normal behavior of the critical strain of starting PLC

behavior with increasing applied strain rate, and the sequences of the

different PLC types can also be explained consistently, considering the

actual stress level and the actual level of aging during band propagation

and nucleation.

The consistent phenomenological explanation of the experimental and numeri-

cal findings is based on the consideration of the actual local stress status, which

is markedly influenced by the local pinning contribution of aging. This idea

reflects the two internal variables, the stress like variable f and the variable of

aging g of Hähner’s model [59]. For the first time, the combined application of

strain rate and stress rate controlled tests with a sufficient temporal resolution

of stress and local strain, gives a distinct clue to the interaction of the relevant

parameters, the effective local stress and the local contribution of aging.
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