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Magnesium single crystals of purity (99.8 wt%) deformed to stage B on the work-hardening curve at the
temperature of 293 K and at a strain rate of 10−3 s−1 were investigated. The modi�ed Bridgman method was used
to obtain the crystals of the preferred orientation of (0001)⟨1120⟩ as primary slip system. By using the method
based on the experimental gradient matrix, the activity of slip systems was obtained in magnesium single crystals
deformed to shear strain 1.2γ, where well developed stage B of work hardening was observed. It was shown that
primary (0001)⟨1120⟩ slip system was dominant in the whole investigated range of the examined deformation. The
observation and analysis of etch pits on the {1210} plane showed the heterogeneous distribution of dislocations
formed during deformation into walls of dislocations perpendicular to the (0001) slip plane. The suggested model
of work hardening of magnesium single crystals, which is worth taking into consideration, shows the in�uence of
the long-range stress �eld derivating from the groups of dislocations arranged in dislocation walls.

PACS: 81.40.Ef, 61.72.Ff, 61.72.Hh, 61.72.Lk, 61.72.Hh, 61.72.Hh

1. Introduction

Work hardening theories based upon a predominant
role of a dislocation interaction mechanism related to fcc
metals are transferred to hcp metals like Mg, Zn, Cd de-
formed by single slip especially in stage B of deformation.
There are some di�erences in work hardening between fcc
and hcp metals. The work hardening coe�cients θA and
θB are temperature dependent [1, 2]. In hcp metals, there
are many types of slip systems with di�erent Burgers vec-
tors. The critical resolved shear stress for the di�erent
types of slip systems is up to two order higher than the
critical resolved shear stress for basal slip system [3]. The
forest dislocation density is too low to completely explain
free path of moving basal dislocations.
On the other hand, the dislocation structure developed

during deformation of single crystals of metals [4, 5] and
the walls of dislocations are formed. The purity of sin-
gle crystals is one of the main factors which has in�u-
ence in developing dislocation structure [5, 6] because it
may introduce stress gradient leading to the nonuniform
distribution of dislocations. The investigations made by
Mikuªowski and Ksi¡»ek [6] showed that the dislocations
walls formed during the deformation of zinc single crys-
tals strongly a�ected work hardening.

2. Experimental details

Magnesium single crystals (Mg 99.8 wt%) were grown
from melt using the modi�ed Bridgman method. Rods
of polycrystalline magnesium were placed in boron ni-
tride mould inside an alumina furnace tube and evac-
uated using an oil di�usion pump. There were car-
ried out a few series of evacuating to vacuum at least
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2 × 10−4 hPa and admitting of high purity argon gas
(5.0) to a pressure of 0.196 × 103 hPa. When the tem-
perature reached 680 ◦C, the furnace was cooled down at
the rate of 1.5 ◦C/min. The obtained single crystals were
parallelepiped, 60× 3× 3 mm3 in dimension. The orien-
tation of the magnesium single crystals was determined
by a Bruker D8 Advance di�ractometer. Only the single
crystals of similar orientation, where the tensile direction
was close to [6285], which preferred the deformation in
the (0001)⟨1120⟩ slip system, were investigated. Then the
single crystals were etched in a 10% solution of nitric acid
in water and then electropolished for 2 h at room temper-
ature in a solution of H3PO4 acid and ethanol (volume
ratio 3:5) with a tantalum cathode operating at 3 V.

The single crystals were deformed by tension at room
temperature at a shear strain rate of 10−3 s−1 up to 1.5γ
where well developed stage B of work hardening was ob-
served. To determine the activity of slip systems dur-
ing tensile deformation of the magnesium single crystals,
the method based on experimental gradient matrix was
used. This method was established by Chin et al. [7],
other authors [8�11] re�ned this method and performed
detailed study of activity of slip systems in deformed cop-
per and zinc single crystals of di�erent orientations. In
this method, the shape changes during single or multi slip
of single crystal are linked with the slip system activity.
The (0001)⟨1120⟩, {1010}⟨1210⟩ and {1122}⟨1123⟩ slip
systems were taken into consideration for the calcula-
tion of slip system activity during tension deformation of
magnesium single crystals at room temperature. In the
middle of two perpendicular sides of the crystals the mesh
of twenty �ve (5×5) points with the space of 0.5 mm be-
tween each point were placed. The measurements of the
coordinations of the points and orientation of the crystal
before deformation and after 0.4γ, 0.8γ and 1.2γ allowed
to set vectors describing certain volume of deformed mag-
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nesium single crystals. From the shape changes of that
volume, it was possible to determine the slip system ac-
tivity in magnesium single crystals deformed by tension.
The etch pits of dislocations on the surface near the

{1210} plane of initial and deformed samples were in-
vestigated by optical microscope. The electropolished
surface was etched in a solution consisting of 10 g of am-
monium chloride dissolved in 50 cm3 of water [12].
Transmission electron microscopy was used to deter-

mine the dislocations density in initial and deformed
magnesium single crystals. The dislocations were ob-
served on the basal (0001) plane and on the prismatic
{1120} plane. Using Struers Secotom 10 cut machine,
about 2 mm thin slices were cut from the middle of
the initial and the deformed magnesium single crystals.
There were two kinds of slices, those with planar section
parallel to the (0001) plane and those with planar sec-
tion parallel to the {1120} plane. Then the slices were
thinned by chemical polishing in a solution of 10% nitric
acid and 90% distilled water and electropolished in 1%
perchloric acid in ethanol using TenuPol 5 to obtain the
samples for observations in Philips CM-20 microscope.

3. Results and discussion

Figure 1 presents a work hardening curve of Mg
(99.8 wt%) single crystal for basal slip at room tem-
perature. The critical resolved shear stress is τCRSS =
1.01 MPa. The work hardening curve consists of two
stages � easy glide stage A is followed by a relatively
short stage B. The transition from stage A to stage B
is gradual and reaches 0.38γ. The work hardening co-
e�cients at stages A and B are θA = 3.11 MPa and
θBmax = 27.31 MPa, respectively (stage A is nonlinear
and therefore the above value is an average one).

Fig. 1. Work hardening curve of Mg (99.8 wt%) single
crystal deformed by tension at room temperature.

Figure 2 shows slip systems activity of Mg (99.8 wt%)
single crystals deformed by tension at room temperature.
For the given orientation of obtained single crystals (ten-
sile direction parallel to [6285]), the basal slip system
(0001)[1120] was activated as primary. There was no
change of the primary slip system, and the activity of
secondary slip systems is very low, even after 1.2γ of de-
formation.

Fig. 2. Slip system activity of Mg (99.8 wt%) single
crystal deformed by tension at room temperature (ten-
sile direction parallel to [6285]).

Fig. 3. Etch pits of dislocations on a surface near
{1210} plane of initial material (a), and of Mg
(99.8 wt%) single crystals deformed up to 0.6γ at room
temperature (b).

The etch pits of dislocations, on the surface near the
{1210} plane, in the initial material and in the deformed
up to 0.6γ Mg (99.8 wt%) single crystals are shown
in Fig. 3.

The initial density of etch pits of dislocations was
0.3×106 cm−2 (Fig. 3a) and after 0.6γ the density of etch
pits of dislocations reached the value of 24.2× 106 cm−2

(Fig. 3b). The etch pits of dislocations showed in Fig. 3b
are mostly arranged in dislocations walls perpendicular
to the (0001) plane. Such arrangements of etch pits of
dislocations were also observed in copper single crystals
deformed by tension at room temperature [13] and in
bent zinc single crystals [14]. The dislocations walls in
Mg (99.8 wt%) single crystals deformed by tension were
formed during deformation. The average distance d be-
tween disloction walls observed in Fig. 3b was decreased
during deformation, as is shown in Fig. 4. First disloca-
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Fig. 4. Average distance d between dislocation walls
of Mg (99.8 wt%) single crystals deformed by tension at
room temperature.

Fig. 5. Dislocation structure of Mg (99.8 wt%) single
crystals deformed up to 1.4γ by tension at room tem-
perature. Plane (0001) (a), (b); plane {1210} (c), (d).

tions walls appeared at 0.4γ, where stage A ended and
the transition from stage A to stage B started.

The dislocation structures formed at stage B are shown
in Fig. 5. We can see that the distribution of the dislo-
cations is heterogeneous.

The dislocation density was increasing during defor-
mation (Fig. 6). Before the deformation, the basal dis-
location density is at least two orders higher than the
forest dislocation density, but during the deformation, it
was increasing slower than the forest dislocation density.
The basal and the forest dislocation density before de-
formation were 5.97 × 108 cm−2 and 1.23 × 106 cm−2,
respectively. After 1.4γ, the basal and the forest disloca-
tion density were 4.71 × 109 cm−2 and 4.8 × 107 cm−2,
respectively.

Experimental investigations of work hardening of met-
als single crystals allowed us to establish the relationship

Fig. 6. Dislocation density of Mg (99.8 wt%) single
crystals deformed by tension at room temperature.
Dashed line � basal dislocation density, dotted line �
forest dislocation density.

between the �ow stress τ and the square root of the dis-
location density ρ [15, 16], with proportional factor α.
The α values measured in experiments were in range be-
tween 0.1�1 for fcc metals and α values for hcp metals
as large as 2.6 have been reported [16]. Theoretical in-
vestigations made by Püschl and Schoeck [17] showed
that α value for hcp metals was not higher than ≈ 1.
On the other hand, the dislocation structure developed
during deformation of single crystals of metals [4, 5] led
to the formation of cell structure. Langford and Cohen
[18] investigated severely drawn iron wires and proposed
a relationship, which takes into consideration the cell-
-wall segments, where the contribution to the �ow stress
induced by cell-wall segments was described by propor-
tional factor α3.

Suªkowski et al. [19] investigated by electron backscat-
tering di�raction (EBSD) technique Mg single crystals
deformed by tension at room temperature and did not ob-
serve twinning, but there was some local rotation of ≈ 7◦

of the microstructure resulting from rotations around the
⟨1100⟩ axis. The explanation was that during the de-
formation by tension at room temperature of Mg single
crystals oriented for single slip, the dislocation walls, con-
sisting of edge basal dislocations, were formed, causing
consequently a change in local misorientation.

The relationship that links the contribution of disloca-
tion density ρ and dislocation walls to the �ow stress τ
in Mg (99.8 wt%) single crystals deformed by tension at
room temperature can be written as

τ = τ0 + α1Gb
√
ρb + α2Gb

√
ρf + α3Gbd

−1
, (1)

where τ0 is friction stress, ρb is the basal dislocation
density, ρf is the forest dislocation density, α1 describes
the basal�basal dislocation interaction, α2 describes the
basal�forest dislocation interaction and α3 describes the
basal�dislocation walls interaction, G is the shear mod-
ulus, b � the Burgers vector of glide dislocations, and d
� distance between the dislocation walls.
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In our calculations, τ0 = 0.49 MPa, α1 = 0.15, which
corresponds to the weak basal�basal dislocation interac-
tion, α2 = 1, which describes strong basal�forest dis-
location interaction, α3 = 5.2 [17], G = 16.4 GPa,
b = 0.321 nm. The values d, ρb, ρf were taken from
Figs. 4 and 6, respectively. The results are showed
in Fig. 7.

Fig. 7. τ�γ relationship of Mg (99.8 wt%) single crys-
tal deformed by tension at room temperature � full line,
and calculated from Eq. (1) � dotted line. Dashed line
� calculated from (1) without last module.

From Fig. 7, it can be seen that when only the disloca-
tion density is considered (dashed line), there is no agree-
ment with the experimentally obtained curve and struc-
tural strengthening mechanisms should be taken into
consideration. The calculated curve (Fig. 7, dotted line)
from Eq. (1) is in a good agreement with work hardening
curve obtained from experiment of Mg (99.8 wt%) single
crystal deformed by tension at room temperature.

4. Conclusions

1. Work hardening curve of Mg single crystals
(99.8 wt%) deformed by tension at room tempera-
ture consists of two stages. Easy glide stage A is
followed by a relatively short stage B. The transi-
tion from stage A to stage B is gradual and reaches
0.38γ.

2. The (0001)[1120] slip system was the primary slip
system in the whole investigated range of deforma-
tion.

3. There was no twinning observed.

4. During the deformation of Mg (99.8 wt%) single
crystals by tension at room temperature disloca-
tion walls perpendicular to the basal slip plane were
formed.

5. The dislocation walls contribute to the �ow stress
τ which can be expressed by Eq. (1).
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