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bstract

Plastic deformation of Al–Mg alloys were investigated by analyzing the stress–strain curves obtained in uniaxial compression tests at constant
oading rate. Experimental results have shown the well-known phenomenon of plastic instabilities – the Portevin–Le Chatelier effect – in these

olid solution alloys. Using the characteristics of plastic instabilities – the local stress increment, �σ, – dislocation densities were calculated and
ompared with those determined by considering the global strain hardening. The influence of the increasing Mg concentration on the multiplication
nd the annihilation of dislocations, as well as on the development of the mobile and immobile dislocation densities was also analyzed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Plastic instabilities as the phenomenon of discontinuous
ielding – often called as Portevin–Le Chatelier (PLC) effect
manifest themselves as local stress drops (�σ) or strain incre-
ents (�ε) during uniaxial tensile stress with constant strain

ate [1–5] or constant stress rate [2,5–8], respectively. Recently,
he phenomenon was also investigated by depth sensing inden-
ation (DSI) tests performed with constant loading rate, where
lastic instabilities are characterized by load (�F) or hardness
�H) increments [9–15]. It is also well-known that this behav-
or is a consequence of the dynamic strain ageing (DSA), the
ffect caused by dynamic interaction between mobile disloca-
ions and fast diffusing solute atoms. In a solid solution crystal
he blocked mobile dislocations get through the obstacles in

thermally activated process for a certain waiting time (tw).
fter this they traverse a certain distance (L), as a free path,
ntil the next blocking in a negligible short flight time. In the
resence of DSA the fast diffusing solute atoms give an excess
locking strength fixing the mobile dislocation better during

he waiting time which can lead to negative strain rate sen-
itivity. Consequently, the DSA modifies the average waiting
ime of dislocations, hence the waiting time can be consid-
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red as a characteristic quantity describing the effectiveness of
SA.
The waiting time is a microscopic quantity which can be

elated to measurable macroscopic quantities of plasticity. Con-
idering the relationship between the average velocity of dislo-
ation motion, v, and the waiting time, tw = L/v, taking into
ccount also the Orowan equation, ε̇ = ρmbv, and L = ρ

−1/2
f ,

he waiting time can be given as:

w = ρmbL

ε̇
= bρmρ

−1/2
f

ε̇
= Ω

ε̇
(1)

here ρm and ρf are the mobile and forest dislocation densities,
espectively, b the magnitude of the Burgers vector, ε̇ the strain
ate, and Ω is the so-called elementary strain [16,17]. According
o Eq. (1) the microscopic waiting time is connected with the

acroscopic strain rate through the elementary strain Ω, which
lays an important role in the description of plastic instabilities.
n several models [16,18–21] the strain dependence of the DSA
s interpreted by the strain dependence of Ω. This is the reason
hy describing plastic instabilities, the elementary strain is con-

idered as a typical constitutive quantity [18,20], which has been
etermined experimentally with different, more or less complex

ethods [18–20,22].
The phenomenon of plastic instabilities is strongly related

o the evolution of mobile and forest dislocation densities.
lthough the PLC effect in Al–Mg has been extensively
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Fig. 3 shows the σ–ε curves of Al–2Mg alloy deformed at
different initial stress rates. The experimental results show that
at room temperature, where the effect of thermal activation is not
so strong, the stress rate has practically no influence on the global
ig. 1. Stress–strain curves for different Mg concentrations. The inset shows a
tress increment, �σ associated with the DSA effect.

nvestigated, no systematic study of the development of mobile
nd forest dislocations as a function of Mg concentration has
een published.

In this paper the characteristics of plastic instabilities occur-
ing in Al–Mg solid solution alloys deformed by stress-
ontrolled uniaxial compression tests are investigated. By ana-
yzing these characteristics, the development of mobile and
mmobile dislocation densities are estimated and compared
ith those obtained by other methods. The effect of Mg addi-

ion on the development of both dislocation densities is also
iscussed.

. Experimental

Compression measurements were carried out on binary
l–Mg alloys with 0.5, 1, 2 and 3 wt.% Mg. All samples were

olution heat treated at 470 ◦C for 30 min and water-quenched to
oom temperature. Cylindrical samples with diameter of 6 mm
nd height of 8 mm were worked out for uniaxial compression
ests, which were performed on an MTS 810 servohydraulic test-
ng machine at room temperature with constant loading rates of
.5, 5 and 50 N/s, which correspond to the initial stress rates, σ̇0
f 0.02, 0.2 and 2 MPa/s, respectively. During measurements the
mposed load and displacement of the compressing head were
ecorded as a function of time, with the sampling frequency up to
00 Hz. It should be noted that the real stress-controlled tests are
ery sensitive on the control parameters of the testing machine
rive [5,23], mainly in the case of tensile test. Although, it can
e improved by using implemented soft elements in series to the
pecimen [5], the solution still remains very complicated, even
hen using relatively fast control system. In the present investi-
ation, therefore, we applied the electronically well-controllable
oad-controlled system for compression tests.

. Experimental results

Fig. 1 shows some typical stress–strain curves obtained at

˙0 = 0.2 MPa/s for different Mg-containing Al–Mg alloys. On
he one hand, the global shape of these curves show the well-
stablished strengthening effect of Mg addition [14] manifested
y the increase of both the proof stress and flow stress with
ig. 2. Strain rate as a function of time for Al–3Mg. The inset shows the strain
ate peak according to the inset in Fig. 1.

ncreasing Mg concentration. On the other hand, the stress–strain
urves show also plastic instabilities as local features during
tress rate-controlled compression test. This phenomenon man-
fests itself as characteristic stress–strain steps indicating two
lternating states (see inset of Fig. 1). On the steep (denoted as
B) part of the steps the strain hardly changes while the stress

s monotonously increasing with a stress increment, �σ. Reach-
ng a certain stress value local softening appears inducing rapid
train change at nearly constant load, F, at regime BC. As the
ross-section, A of the sample is monotonously increasing in
ompression measurements, the stress level (σ = F/A) is slightly
ecreasing at the rapid plastic event. It should be emphasized
hat this stress-decrease is then neither the overshoot nor the
elay of the stress controlling system, which are often observed
n the real stress-controlled tests [2]. Considering the process of
lastic deformation in the present investigation, the strain rate,

˙, as a function of time, t, was calculated and plotted in Fig. 2. In
his figure the plastic instabilities can also be characterized by
he occurrence of the successive low (AB) and high (BC) strain
ate regimes. Here we note that the step-like behavior observed
uring stress rate-controlled compression test is quite similar to
hat occurring in the indentation tests with constant loading rates
10,11].
Fig. 3. The effect of stress rate on the stress–strain curves.
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good agreement with the experimentally determined Ω–ε curves
ig. 4. The �σ–ε curves obtained at σ̇0 = 0.2 MPa/s for different magnesium
oncentrations.

tress–strain relationship. At a given strain, both the flow stress
nd the rate of strain hardening of the global σ–ε curves remain
within statistical error – unchanged when the initial stress

ate is changing from 0.02 to 2 MPa/s. In contrast to this, the
ocal stress increment, �σ characterizing the PLC effect seems
o be considerably sensitive to the stress rate, σ̇. At a given
train, the lower the stress rate the larger value of �σ can be
bserved.

In order to characterize plastic instabilities responsible for
he local plastic behavior of the samples, the height of the steps,
hich can be considered as the depth of DSA, appearing on

he stress–strain curves were analyzed. Fig. 4 shows the devel-
pment of the stress increments, �σ as a function of strain for
l–Mg alloys with different magnesium concentration deformed

t an initial stress rate of σ̇0 = 0.2 MPa/s (see also Fig. 1). It can
e seen that the evolution of �σ depends strongly on the Mg con-
entration. In the case of small Mg concentrations �σ increases
t small strains and after a maximum it decreases and at high
trains it becomes constant. For the highest Mg concentration
he decreasing part of the curves disappears, and after the initial
ncreasing regime saturation is found.

. Discussion

The characteristics of �σ and the dependence of this quan-
ity on numerous other parameters like temperature, strain rate,
tc., has been investigated in several works [3,8,14,24,25]. The
train dependence of �σ has also been observed and discussed
oth for constant strain rate [2,4,25–27] and constant stress rate
6,7]. In these works the evolution of the instability step, �σ

uring plastic deformation was explained, on the one hand, by
he increasing dislocation density, exhausting solute content or
ork hardening [2,4,21,28,29], and on the other hand, by the

hanging ratio of the mobile and immobile (forest) dislocation
ensities [16,27]. In the following, the densities of these two
ypes of dislocations are estimated from the characteristic fea-

ures of plastic instabilities for the Al–Mg alloys investigated
ere and the effect of Mg content on the development of these
islocation densities is discussed.

i
l
t

ig. 5. The development of elementary strain, Ω during plastic deformation for
ifferent magnesium concentrations.

.1. Dislocation densities calculated by using the
haracteristics of plastic instabilities

Considering the process of plastic deformation, the occur-
ence of the instability steps on the stress–strain curves is
xplained by the jerky motion of dislocations. The flat part of
he step corresponds to the high velocity motion of dislocations,
hile the steep part reflects the state when the mobile disloca-

ions are temporarily blocked by obstacles. In the latter state
wo basic processes contest: (i) the blocking stress is increas-
ng with the number of solutes diffusing towards dislocations
nd (ii) the monotonously increasing external stress is trying
o move dislocations over the obstacles. The waiting time, tw,
hich characterizes the blocking process at a given step, can
e estimated from the measured stress increment, �σ by the
ormula:

σ = σ̇ × tw

rom which

w = �σ

σ̇
(2)

Determining experimentally also the global strain rate, ε̇glob
rom the strain–time curve, the elementary strain, Ω(ε) as a func-
ion of the global strain can be derived from the �σ–ε curves
ith the help of Eqs. (1) and (2):

(ε) = �σ(ε) × ε̇glob(ε)

σ̇
(3)

Fig. 5 shows the development of the elementary strain during
lastic deformation for the different Al–Mg alloys deformed at

˙0 = 0.2 MPa/s. Experimental results show that the Ω–ε func-
ion depends strongly on the Mg concentration. At small con-
entrations the Ω–ε curves have a maximum which is followed
y a slightly decreasing part, while for higher Mg concentra-
ions the curves increase monotonously. It is worth mentioning
t this point, that for higher magnesium content the results are in
n the literature [18,19,22], while the curves for samples with
ower Mg content have the same tendency as it was proposed by
heoretical models [16,20].
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ig. 6. The development of mobile (ρm) and forest (ρf) dislocation densities dur
nd (d) Al–3Mg alloys.

Considering the expression of the elementary strain, Ω =
ρmρ

−1/2
f in Eq. (1) and taking into account the Taylor equation

or the flow stress:

= σ0 + αMGb
√

ρ = σ0 + αMGb
√

ρm + ρf, (4)

here σ0 is the proof stress, α a constant (α = 0.33 was taken),
the Taylor factor (M = 3 for untextured polycrystalline mate-

ials), G the shear modulus (G = 26 GPa for Al and its alloys)
nd ρ = ρm + ρf is the total average dislocation density, the
evelopment of mobile (ρm) and forest (ρf) densities can be
etermined as a function of strain (Fig. 6). Both calculated dis-
ocation densities increase with increasing Mg concentration.
urthermore, the increase of the density of mobile dislocations
ith increasing Mg concentration is higher than that for forest
islocations. It should be mentioned here that the total disloca-
ion densities of 1.2 × 1014 m−2 and 3.1 × 1014 m−2 determined
rom the plastic instabilities in Al–1Mg and Al–3Mg at strain
f 0.2 are in good agreement with the values of 0.9 × 1014 m−2

nd 3.6 × 1014 m−2 determined by X-ray diffraction line profile
nalysis [30].

.2. Determination of dislocation densities by taking into
ccount major mechanisms of plastic deformation

According to the Taylor formula expressed in Eq. (4), the
tress–strain connection (σ–ε curve) can be obtained theoreti-
ally by establishing the functional relationship between ρ and ε

uring plastic deformation. Several models have been proposed
o describe the development of the dislocation density during

lastic deformation [16,21,31–33] but, considering the devel-
pment of both types of dislocation densities, ρm and ρf, it is
easonable to adopt the Kubin–Estrin (KE) model [16] for a
ore detailed analysis. In this model the development of mobile

σ

d
p
σ

stic deformation at σ̇0 = 0.2 MPa/s in (a) Al–0.5Mg, (b) Al–1Mg, (c) Al–2Mg

nd forest dislocation densities are described by the following
elationships:

dρm

dε
= C1 − C2ρm − C3ρ

1/2
f (5a)

nd

dρf

dε
= C2ρm + C3ρ

1/2
f − C4ρf, (5b)

here the terms containing the parameters Ci are related to the
rimary microscopic processes occurring during plastic defor-
ation such as the multiplication of mobile dislocations (C1),

heir mutual annihilation and trapping (C2), their immobiliza-
ion through interactions with forest dislocations (C3) and to the
dvent of dynamic recovery (C4). The parameter C2 is reintro-
uced in the equation for the evolution of the forest density to
ccount for the creation of immobile partial dislocations and/or
mmobile dipolar arrangements, as well as for the formation of
ebris, loops left by the mutual annihilation of mobile disloca-
ions. In the present description these quantities are considered
s material constants with the note that some of them, espe-
ially C2 and C4 – which in fact characterize the annihilation of
m and ρf, respectively – may depend on strain rate and tem-
erature since they account for thermally activated mechanisms
ike cross-slip or climb. It was shown previously [34] that the
acroscopic stress–strain relationships of pure Al and Cu can

e satisfactorily described on the basis of this model.
In the present work, the values of Ci parameters were chosen

o that the numerical solution of the equation system (5a) and
5b) describes best the experimental σp–ε relationship, where

p = σ − σ0 = αMGb

√
ρ is the stress component developed

uring plastic deformation. The Ci values determined by this
rocedure are listed in Table 1. Fig. 7 shows the theoretical
p–ε curves obtained by using the fitted Ci values for all the



190 Gy. Horváth et al. / Materials Science and En

Table 1
The parameters of Eqs. (5a) and (5b) obtained from fitting to the experimental
curves of Al–Mg alloys

C1 (m−2) C2 C3 (m−1) C4

Al–0.5Mg 5.2 × 1014 7.0 2.1 × 107 8.1
Al–1Mg 8.4 × 1014 5.5 2.6 × 107 9.4
Al–2Mg 1.6 × 1015 4.0 1.8 × 107 8.0
Al–3Mg 1.9 × 1015 3.0 4.8 × 107 7.8
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ig. 7. The σp–ε curves numerically calculated by Eqs. (5a) and (5b) with exper-
mental ones for different Mg concentrations.

l–Mg alloys and also the corresponding experimental curves.
ig. 7 demonstrates excellent agreement with the experimental
ata in the case of alloys having lower Mg addition, providing
upport for the principles of the KE theoretical model. For higher
2% and 3%) Mg contents, however, the deviation between the

xperimental and the fitted line is larger. For all investigated
lloys the agreement between the experimental curves and the
redicted lines of the KE model seems to fail at small strains up
o ε = 0.05, as it was observed earlier for pure Al and Cu [34].

o
f
o
m

ig. 8. The mobile (ρm) and forest (ρf) dislocation densities calculated from plastic i
b) Al–1Mg, (c) Al–2Mg and (d) Al–3Mg alloys.
gineering A 445–446 (2007) 186–192

Fig. 8 shows the development of mobile (ρm) and forest (ρf)
islocation densities as a function of strain calculated by KE
odel, together with that estimated by using characteristics of

lastic instabilities (shown in Fig. 5). It can be seen that in the
ase of dilute (0.5 and 1% Mg) alloys the corresponding quanti-
ies obtained by two different ways are in excellent agreement,
onfirming the validity of the procedure based on the character-
stics of plastic instabilities. For higher Mg contents, especially
or Al–3%Mg, more significant deviations can be observed
etween the mentioned quantities, which may be explained by
he enhanced interaction between dislocations and solute atoms.
t is well-known [30] that the addition of Mg retards the recov-
ry in Al. In the present case the dislocation–solute interaction at
igh Mg content may change considerably with increasing dislo-
ation density, modifying the effect of annihilation and dynamic
ecovery, i.e. changing the value of C2 and C4 parameters as a
unction of strain. This may lead to the incorrect estimation of
he dislocation densities by applying Eqs. (5a) and (5b) for alloys
aving high solute content. It should be emphasized, however,
hat in the case of all alloys investigated here the quantities of
oth ρm and ρf obtained by different ways show similar tendency
n their development during plastic deformation.

.3. The effect of Mg addition on the development of
islocation densities during plastic deformation

Considering the results obtained by using the characteristics
f plastic instabilities (shown in Fig. 6), it has been mentioned
hat both the mobile and forest dislocation densities increase
ith increasing Mg concentration. Furthermore, the increment

f the mobile dislocation density is higher than that of the
orest dislocation density. Fig. 9 shows Pm = ρm/ρ, the ratio
f the mobile to the total dislocation density. Pm decreases
onotonously from 0.9 to 0.5 and to 0.65 for the Al–0.5

nstabilities (P.I.) and those determined by Eqs. (5a) and (5b) for (a) Al–0.5Mg,
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ig. 9. The development of the ρm/ρ ratio during plastic deformation in Al–Mg
lloys.

nd Al–1Mg alloys, respectively, and it changes only slightly
etween 0.7 and 0.8 for the higher Mg contents of 2 and 3%.

According to the results of numerical calculations (see
able 1), it can be concluded that the Mg content enhances
trongly the multiplication of the mobile dislocation den-
ity, characterized by the parameter C1. Plotting the value
f C1 against Mg concentration, CMg, as shown in Fig. 10,
n approximately linear relationship can be observed. The
alue of C1 obtained by the extrapolation to zero Mg addi-
ion (2.5 × 1014 m−2) is close to the value obtained for pure Al
34]. Furthermore, considering the decreasing value of param-
ter C2 with increasing Mg content (see Table 1), it can also
e concluded that the annihilation of mobile dislocation density
ecreases with increasing Mg addition. On the one hand, at a
iven mobile dislocation density, ρm, the higher the Mg concen-
ration the smaller fraction of mobile dislocations transforms
nto forest dislocations, and on the other hand the addition of

g decreases the recovery of Al–Mg alloys. These phenomena
ogether determine mainly the development of both dislocation
ensities. It is well-known that the Mg atoms prefer to stay
t the dilated region of edge dislocations, which decreases the
ensile strains around these dislocations and also hinders the non-

onservative motion of dislocations [35]. As a result of the strong
islocation–solute atoms interaction, dislocations are less clus-
ered to minimize their strain energy for higher Mg content. This

ig. 10. The value of parameter C1 in Eq. (5a) as function of the Mg content in
l–Mg alloys.

t
F
B
o

R
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s supported by previous TEM studies [30,36], which revealed
hat the dislocation substructure in plastically deformed Al–Mg
lloys with 3–6% Mg concentrations consist of a fairly uniform
istribution of dislocation tangles, i.e. no expressed dislocation
ell structure can be formed, while for pure Al the dislocations
re arranged into cell walls even at about 5% strain. As the
rapped dislocations in the cell walls are immobile [37], the
elative fraction of forest dislocations is higher for lower Mg
ontent. Another consequence of the formation of diffuse dis-
ocation tangles is the smaller mean free path for dislocation

otion in alloys having higher Mg concentration so that the dis-
ocations intersect each other more frequently. This results in
igher rate of dislocation formation by Frank-Read mechanism,
eading to the higher density of mobile dislocations.

. Conclusions

Plastic instabilities and dislocation densities in solid solution
l–Mg alloys were investigated by analyzing the stress–strain

urves obtained in uniaxial compression tests at constant loading
ate. The main results can be summarized as follows:

(i) The characteristics of Portevin–Le Chatelier plastic insta-
bilities depend strongly on the Mg concentration.

(ii) Using the local stress increment of plastic instabilities,
the mobile and immobile dislocation densities were calcu-
lated and compared with those determined from the global
stress–strain curve. The dislocation densities obtained from
the essentially different methods were in good agreement.

iii) Increasing the Mg content in solid solution Al–Mg alloys
enhances strongly the multiplication of mobile dislocations
and decreases the trapping of mobile dislocations and the
annihilation of immobile dislocations. This leads to the
strong strengthening effect of Mg addition in Al–Mg alloys.
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Abbadi, A. Zeghloul, Mater. Sci. Eng. A369 (2004) 76–81.
[4] F.B. Klose, J. Weidenmüller, A. Ziegenbein, P. Hähner, H. Neuhäuser, Phi-
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