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The Lukáč-Balík model, describing the dislocation density evolution in metallic al-
loys, was applied for characterization of work hardening behaviour of room temperature
deformed magnesium alloys, containing various amounts of aluminium and zinc. The ana-
lysis of stress dependences of the work hardening rate predicted by the model has shown
that the solute elements strongly influence hardening and softening processes. The Zn ad-
dition enhances annihilation of dislocations by cross slip and thereby the ductility at room
temperature. On the other hand, Al increases the room temperature strength because of
blockage of dislocations moving in basal slip system.

K e y w o r d s: magnesium alloys, plastic deformation, hardening behaviour, dislocation
density evolution

1. Introduction

Hexagonal structured magnesium alloys have been the focus of interest for
many years, especially because of their excellent mechanical properties [1–6]. Their
wide industrial application leads to a need for detailed knowledge about their de-
formation behaviour. The analysis of stress dependence of work hardening curves
by means of models worked out by various authors [7–12] could give information
about the evolution of dislocation structure and deformation processes during de-
formation. As was shown in our previous works [13–15], Lukáč-Balík model [11] is
the most appropriate for describing deformation behaviour of hexagonal metals.

In the present work, tensile data from the literature [16, 17] for a range of Mg-
-Al and Mg-Zn solid solutions are analysed by means of Lukáč-Balík model [11] for

*corresponding author, e-mail: mathis@apollo.karlov.mff.cuni.cz



K. Máthis, Z. Trojanová / Kovove Mater. 43 2005 238–244 239

softening and hardening. The role of solute atoms on the deformation behaviour is
also discussed.

2. Lukáč-Balík model for hardening and softening

Lukáč and Balík’s evolution equation of dislocation density [11] is divided into
two hardening and two softening components. They assume that the hardening
occurs due to the multiplication of dislocations at both impenetrable obstacles
and forest dislocations. Dislocation annihilation, due to cross slip and dislocation
climb, is considered the dominant softening process. The overall evolution of the
dislocation density ρ with strain ε thus can be described as

∂ρ

∂ε
= K1 +K2ρ

1/2 − K3ρ − K4ρ
2, (1)

where K1 = 1/bs, s is the spacing between impenetrable obstacles and b is the
magnitude of the Burgers vector, K2 is a coefficient of the dislocation multiplication
intensity due to interaction with forest dislocations, K3 and K4 are coefficients
of dislocation recovery intensity due to the cross slip and climb of dislocations,
respectively. The stress dependence of the work hardening rate θ for polycrystals
can thus be written in the form:

Θ = A/ (σ − σy) +B − C (σ − σy)− D (σ − σy)
3
, (2)

where the parameter A is connected with the interaction of dislocations with the
non-dislocation obstacles and is expected to increase with increased solute content
or the presence of precipitates of second phase particles; the parameter B relates to
the work hardening due to the interaction with forest dislocations; the parameter
C relates to recovery due to cross slip and the parameter D is connected with the
climb of dislocations. σ represents stress and σy is the yield stress.

3. Data for analysis

The tensile data for both Mg-Zn and Mg-Al solid solutions were taken from
Ref. [16] and [17]. The chemical composition and grain sizes of these alloys are
given in Tables 1 and 2. The details of the solution heat treatment can be found
in the original papers [16, 17]. Tensile testing was carried out at 8.3 × 10−4 s−1 at
room temperature. The work hardening rate θ was obtained from the experimental
true stress-true strain data by numerical derivation. The model has been fitted to
the θ-σ curves with the help of the TableCurve� program.
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Ta b l e 1. Chemical composition of the Mg-Zn alloys [16]

Nominal Zn content [at.%] 0.2 0.3 0.4 1 2 3

Zn [at.%] 0.21 0.29 0.40 0.98 1.85 2.66

Grain size [µm] 47 41 39 35 35 41

Ta b l e 2. Chemical composition of the Mg-Al alloys [17]

Nominal Al content [at.%] 1 2 4 6 8

Al [at.%] 0.87 1.8 3.4 5.2 7.44

Grain size [µm] 321 291 209 221 95

4. Results and discussion

The true stress-true strain data for Mg-Zn and Mg-Al alloys are given in the
Fig. 1 and Fig. 2, respectively. It can be seen, that the type and concentration
of solute elements strongly influences the mechanical properties, particularly the
ductility. The active hardening and softening mechanisms during the plastic de-
formation could be found by means of the model using Eq. (2). By this way also
the role of solute elements could be explained.

The stress dependence of the work hardening rate θ, calculated from the Mg-
-Zn experimental curves of Fig. 1, and the behaviour predicted by Eq. (2) are shown
in Fig. 3. The experimental and theoretical curves are in good agreement also for
Mg-Al alloys. The values of the parameters of best fit for Mg-Zn and Mg-Al alloys
are given in Table 3 and Table 4, respectively.

Fig. 1. True stress-true strain curves of Mg-
-Zn alloys for various Zn contents, adopted

from [16].

Fig. 2. True stress-true strain curves of Mg-
-Al alloys for various Al contents, adopted

from [17].
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Fig. 3. The symbols represent the work-
-hardening rate calculated from flow curves
of Fig. 1 (Mg-Zn alloys). The solid lines are
the lines of best fit according to Eq. (2).

The parameter A increases monotonically with the increasing solute content
for both alloys in agreement with the prediction of the model, i.e. the para-
meter A is reciprocally proportional to
the distance of impenetrable obstacles
[11]. The results suggest the increas-
ing role of dislocation – non-dislocation
obstacles (e.g. solute atoms, clusters,
precipitates, dispersoids) in the harden-
ing mechanism. However, there are two
different hardening mechanisms in Mg-
-Zn and Mg-Al alloys.

Hardening mechanisms in mono-
crystals of Mg-1.9at.%Zn alloys at low
temperatures (4.2–300 K) were invest-
igated by Chun and Byrne [18]. They
assumed that hardening takes place by
cutting of Zn clusters by dislocations.
This process is energetically favorable due to the lower stacking fault energy of
Zn clusters in comparison to that of the Mg matrix [19]. Forming of Zn clusters is
supported by migration of dislocation loops [20]. Nevertheless, they did not exclude
the existence of other mechanisms.

Cáceres and Blake proposed a different hardening mechanism of Mg-3at.%Zn,
deformed at ambient temperature [16]. Their explanation is based on results of

Ta b l e 3. Concentration dependence of the parameters of best fit for Eq. (2) and the
calculated and measured yield stress for Mg-Zn alloys

A
[MPa2]

B
[MPa]

C D × 104
[MPa−2]

R2 σy
[MPa]

σ02
Exp
[MPa]

0.2 % Zn 820
± 180

2010
± 20

5.4
± 0.3

2.77
± 0.07

0.987 57.40
± 0.10

59

0.3 % Zn 930
± 60

1750
± 10

0.5
± 0.2

4.97
± 0.05

0.988 71.48
± 0.07

71

0.4 % Zn 1940
± 160

1910
± 20

4.2
± 0.3

2.30
± 0.04

0.986 65.76
± 0.04

70

1 % Zn 1870
± 170

1780
± 20

2.7
± 0.3

1.65
± 0.06

0.97 87.28
± 0.06

86

2 % Zn 11100
± 600

1780
± 30

1.6
± 0.3

1.00
± 0.04

0.984 97.80
± 0.20

100

3 % Zn 46000
± 6000

1360
± 190

3E-3
± 1.7

1.17
± 0.28

0.988 114.70
± 0.10

109
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Ta b l e 4. Concentration dependence of the parameters of best fit for Eq. (2) and the
calculated and measured yield stress for Mg-Al alloys

A
[MPa2]

B
[MPa]

C D × 104
[MPa−2]

R2 σy
[MPa]

σ02
Exp
[MPa]

1 % Al 23300
± 1500

1250
± 80

1.2E-4
± 1.3

3.0
± 0.5

0.98 35.1
± 0.3

40

2 % Al 19800
± 1500

1340
± 70

7.7E-4
± 0.8

2.5
± 0.2

0.98 43.3
± 0.4

45

4 % Al 51100
± 4400

1110
± 140

1.1E-3
± 1.3

1.2
± 0.2

0.96 47.2
± 0.4

50

6 % Al 64500
± 5000

1150
± 150

5.4E-4
± 0.9

1.0
± 0.3

0.97 59.1
± 0.2

60

Sturkey and Clarke [21] acquired in TEM, who described the precipitation of Mg-
-Zn alloys as follows: in the first step of solidification of solid solution, rod-like Zn
precipitates segregate along the crystallographic axis c and form ordered region.
After a certain time these regions transform to the β′-MgZn2 transient phase or to
the MgZn equilibrium phase, eventually. Forming of MgZn2 phase is energetically
favorable in spite of their transient character. Therefore, Cáceres and Blake [16]
assumed forming of short range ordered (SRO) regions during solution heat treat-
ment, originating from the transient phase. The calculation of the contribution of
SRO to the hardening shows, that SRO is one of the main hardening mechanisms
[16].

In the case of Mg-Al alloys neither a transient phase nor SRO regions form
owing to the near melting point of the Mg17Al12 intermetallic phase and the sur-
rounding eutectic (difference of 5◦C, contrary to the 250◦C difference of Mg-Zn
system), and due to the higher solubility of Al in Mg (Al in Mg: 11.5 at.%, Zn in
Mg: 2.4 at.% [1]). Therefore solid solution hardening in the basal plane should be
taken into account, as shown by numerous authors [17, 22, 23].

The parameter B remains nearly constant for all concentrations for both types
of alloys. Since this parameter is connected with the dislocation – forest disloca-
tion interaction, this result indicates that the dislocation density in non-basal slip
systems does not change with increasing solute content.

There is a significant difference in parameter C of Mg-Zn and Mg-Al alloys,
which characterizes the cross slip of screw dislocations. Cross slip most probably
takes place through prismatic slip system [24], and an increased activity of this slip
system could enhance the ductility. In the case of Mg-Zn alloys, values of parameter
C are of the order assumed by the model and suggest the importance of cross slip
in the deformation process. The concentration dependences of this parameter and
the ductility are in agreement, i.e. decrease with increasing concentration of Zn,
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thus the probability of cross slip decreases as well. It seems that 2 at.% Zn is a
critical concentration; above that Zn content ceases improving the slip in prismatic
slip system. Similar concentration dependence of prismatic slip system activity was
observed also for Zn single crystals [25]. It is necessary to remark that the model
is able to describe drop in ductility for 0.3 at.% Zn, where the value of parameter
C is small. This result supports the hypothesis of Akthar and Tegthsoonian [22],
who assumed a hardening in prismatic plane for this concentration of Zn.

The negligible value for C in Mg-Al alloys suggests that the addition of Al to
Mg does not enhance the cross slip of dislocations. The low incidence of cross slip
is in agreement with the neutron diffraction study of AZ31 alloy by Agnew et al.
[26] who found a marginal importance of non-basal slip to the macroscopic strain
for strains up to 10 %. A negligible role of non-basal system activity up to 200◦C
in pure Mg and AZ91 was also found by X-ray diffraction profile analysis [27, 28].
Therefore the main deformation mechanism in Mg-Al alloys is twinning, as it was
shown in our previous work [29].

Decreasing of parameter D with increasing solute content is most probably
connected with reduced climb ability because of the high concentration of solute
atoms along the dislocation line, and due to the lowering of the stacking fault
energy as the solute content increases. Lowering of stacking fault energy improves
the twinning activity as well.

5. Conclusions

In the present paper the stress dependence of the work hardening rate of
Mg-Zn and Mg-Al alloys was analysed using Lukáč-Balík model. The deformation
behaviour of alloys strongly depends on solute type and content. The hardening is a
result of dislocation interaction with atoms in solid solution and other dislocations,
respectively. The annihilation of dislocations due to the cross slip is the dominant
softening mechanism in Mg-Zn alloys. On the other hand, Al addition inhibits
cross slip. An additional softening mechanism is annihilation due to the dislocation
climb. The climb ability decreases with increasing solute content.
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