
Mechanical Property of Pure Magnesium: From
Orientation Perspective Pertaining to Deviation from

Basal Orientation
S.K. Sahoo, R.K. Sabat, S. Panda, S.C. Mishra, and S. Suwas

(Submitted January 2, 2015; in revised form March 8, 2015)

Pure magnesium is subjected to cold rolling followed by annealing at 200 �C to obtain near-equiaxed grains
of average grain size �15 lm. The hardness of different grains/orientations of the annealed samples is
estimated through consecutive characterization by nanoindentation and electron backscattered diffraction.
It is observed that an increase in deviation from basal orientation decreases the hardness of an orientation.
Orientations <14� from basal orientation have higher hardness compared to orientations at 14� to 28�
from basal orientations. Subsequently, the texture and microstructure of pure magnesium are tailored to
examine the correlation between volume fractions of basal orientations with the bulk hardness of the
samples. A direct relationship of hardness with the volume fraction of basal orientations is observed.
Magnesium with higher volume fraction of basal orientations has higher hardness.
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1. Introduction

Magnesium and its alloys have a great potential for
lightweight structural applications due to their low density
and high specific strength (Ref 1). However, their poor
formability at room temperature is an important limitation of
magnesium for its usage as a structural material (Ref 2, 3). The
development of strong basal texture during processing is
responsible for this poor formability of magnesium (Ref 3–6).
The main slip systems in magnesium are as follows: basal,
(0002)Æ11 �20æ, prismatic, (1 �100)Æ11 �20æ, and pyramidal, (11 �2
�2)Æ11 �23æ slip systems (Ref 7–9). At room temperature, the
critical reserved shear stress (CRSS) of basal slip systems
shows much lower value than non-basal slip systems such as
prismatic and pyramidal slip systems (Ref 10, 11). The basal
slip systems cannot fully accommodate the external elongation,
although tensile twinning offers lattice reorientation and further
adjusts the degree of deformation at room temperature. With
increase in temperature, the CRSS value quickly decreases for
non-basal slip systems and activation of these slip systems
improves the formability of magnesium (Ref 10, 11).

It has been attempted to deviate/alter the basal texture of
magnesium through different processing techniques such as
extrusion (Ref 12, 13), equal channel angular processing (Ref 14,
15), asymmetric rolling (Ref 16–18), thermo-mechanical pro-
cessing (Ref 19, 20) etc., to improve its formability. In the present

study, an attempt has beenmade to correlate the basal texturewith
mechanical property of pure magnesium. A fully recrystallized
pure magnesium sample with average grain size of �15 lm is
subjected to nanoindentation for measurement of hardness
corresponding to different grains/orientations. This has been
achieved through consecutive characterization of nanoindenta-
tion and electron backscattered diffraction (EBSD). Subsequent-
ly, the texture and microstructure of pure magnesium have been
tailored to examine the correlation between volume fraction of
orientations and bulk hardness of pure magnesium.

2. Material and Methods

2.1 Material and Sample Preparation

Pure magnesium, obtained from General Motors, USA, is
subjected to cold rolling of 90% reduction in thickness in a
laboratory rolling mill. The rolled plates are then subsequently
annealed at 200 �C for 5, 10, and 30 min, respectively. Both
rolled and annealed samples are electro-polished for different
characterizations. Electro-polishing is carried out using an
electrolyte containing mixture of ethanol to ortho-phosphoric
acid by 3:5 ratio (by volume) at 0 �C. Initially, the electro-
polishing is carried out at 3 V for 30 s and subsequently at 1.5 V
for 2 min. The nanoindentation is performed on the sample
annealed for 30 min only. However, the samples annealed for 5
and 10 min of soaking time, respectively, are used to estimate a
valuable correlation between volume fractions of basal orienta-
tions with the bulk hardness of the sample.

2.2 X-ray Diffraction (XRD)

XRD is carried out in a Bruker D8-Discover system using
CuKa radiation for both deformed and annealed samples. Six
poles, (0002), ð10�10Þ, ð10�11Þ, ð10�12Þ, ð10�13Þ;and ð1120Þ, are
measured and are analyzed using a commercial software,
Labotex 3.0 (Ref 21). Texture is measured on the ND plane
containing RD-TD direction. The volume fraction of basal
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orientation is estimated through integration method where 15�
tolerance from exact orientation is taken.

Dislocation density of basal, (0002), and off-basal, (01 �13),
orientations is estimated through the methodology described in
(Ref 22). The second order moment of the peak profile, m2(q) is
related to the average dislocation density, Æqæ as follows:

m2ðqÞ ¼ 2K qh i ln q

q0

� �
; ðEq 1Þ

where q ¼ 4pSinh=4pSinhk:k, k is the wavelength of the x-
ray, and h is half the Bragg angle. q0 is a fitting parameter
and K is a parameter that describes the dislocation contrast
and is usually close to unity.

Stored energy values, for the basal and off-basal orienta-
tions, i.e., (0002) and (01 �13), respectively, are estimated using
Stibitz formula (Ref 23):

�Ejða; bÞ ¼
3

2
Yhkl

ðDd=dÞ2

ð1þ 2m2hklÞ
; ðEq 2Þ

where �Ej a; bð Þ is the stored energy and Yhkl & mhkl are the
directionally dependent values of Young�s modulus and Pois-
son�s ratio. Dd

d is obtained from the peak profiles as

Dd
d

¼ B

2 tan h
; ðEq 3Þ

and

B2 ¼ B2
r � Ba; ðEq 4Þ

where Br and Ba are the measured values of full width half
maximum (FWHM) of the rolled and annealed samples,
respectively.

Fig. 1 (a) EBSD estimated discrete inverse pole figure representing the grains/orientations where nanoindentation is carried out; (b)
Corresponding hardness of different grains/orientations shown in (a)
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2.3 Electron Backscattered Diffraction (EBSD)

EBSD, on the ND plane of the magnesium samples, is
carried out on a FEI-Quanta 200-HV SEM (scanning electron
microscope). Data acquisition and analyses are performed using
the TSL-OIM version 6.0 software. Beam and video conditions
are kept identical between the scans and a step size of 0.2 lm is
used. Misorientation in a grain is represented by grain
orientation spread (GOS) and it is defined as the misorientation
between all measurement points of a grain and the grain
average orientation. Orientation estimated elastic stiffness of
different grains is estimated using the procedure explained
elsewhere (Ref 24). Based on the known single-crystal elastic
constants of hexagonal titanium, orientation information, and
appropriate strain tensor, average polycrystalline elastic stiff-
ness values are estimated using the Voight and Reuss averaging
scheme (Ref 24) using TSL-OIM software. The deformation
(strain) gradient used for the present study is as follows:
�0:5 0 0
0 �0:5 0
0 0 1

2
4

3
5. Schmid factor (Ref 25) of different

grains/orientations is determined using the basal slip system

and the stress state as follows:
�0:5 0 0
0 �0:5 0
0 0 1

2
4

3
5.

2.4 Nanoindentation

Nanoindentation is carried out using a nanomechanical
testing instrument, Hysitron Triboindenter (TI 900). A
Berkovich diamond indenter is used for indentation. Hardness
of approximately 50 grains on the ND plane is measured using
a load of 11,000 lN.

2.5 Vickers Hardness

Vickers hardness is measured on the ND plane in a LECO
Microhardness tester LM 248AT using 0.1 kgf load and a dwell

time of 15 s. Average hardness of 10 indentations at different
regions of the sample is estimated.

3. Results

Figure 1 shows the hardness of different grains/orientations
of pure magnesium annealed at 200 �C for 30 min of soaking
time. The discrete inverse pole figure shown in Fig. 1(a) is a
representation of grains/orientations where nanoindentation has
been carried out. The corresponding hardness of different
grains/orientations is shown in Fig. 1(b). It may be observed
from the figure that the hardness of grains/orientations
decreases with increasing deviation from basal orientations.
The grains away from basal orientations (>14� from exact
basal orientation, i.e., grains/orientations numbered from 13 to
24) have relatively lower hardness values. Figure 2 shows the
relative elastic modulus values, as estimated from EBSD
analysis, of basal grains/orientations (<14� from exact basal
orientation) and off-basal orientations (14� to 28� from exact
basal orientation), respectively, of pure magnesium annealed at
200 �C for 30 min of soaking time. This is achieved by
partitioning the EBSD scan into two parts, i.e., grains
corresponding to basal orientations and those corresponding
to off-basal orientations. However, this analysis has been
performed with a separate EBSD scan obtained on another
region of the sample—after knowing the nanohardness
(Fig. 1a) values corresponding to different orientations. Fig-
ure 2 shows a higher value of elastic modulus for basal grains/
orientations compared to off-basal grains/orientations. The
XRD estimated dislocation density and stored energy of
different orientations in pure magnesium before annealing,
which is shown in Fig. 3. This shows a relatively lower value
of dislocation density and stored energy for basal orientation
compared to that for off-basal orientation, respectively. It may
be noted that the sample annealed for 30 min of soaking time is
used to estimate the instrumental effect on XRD peak profile
and hence, the orientation effect on dislocation densities and
stored energy values is estimated for rolled pure magnesium

Fig. 2 Orientation estimated elastic modulus distribution of differ-
ent grains/orientations of pure magnesium annealed at 200 �C for 30
min of soaking time. Basal orientations are those corresponding to
<14� from exact basal orientation and off-basal orientations are 14�
to 28� from exact basal orientation. In other words grains/orienta-
tions of 1 to 12 (Fig. 1a) are basal grains/orientations, whereas oth-
ers, i.e., 13 to 24, are off-basal grains/orientations

Fig. 3 XRD estimated dislocation density and stored energy w.r.t.
different orientations in pure magnesium. Basal: (0002); Off-basal:
(01 �13)
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sample only. It is apparent from Fig. 3 that the grains with off-
basal orientations possess a higher amount of strain compared
to basal-orientated grains.

Figure 4 shows the EBSD micrographs, in the form of
inverse pole figure (IPF) maps, of samples annealed at 200 �C
for different soaking times. The maps clearly show a dominant
basal texture in the samples. It can also be seen from the figure
that the samples are fully recrystallized after 5 min of soaking
time and a significant grain growth can be observed in the
sample annealed for 30 min. The average grain size as a
function of soaking time of annealing is shown in Fig. 5. The
samples annealed for 5 and 10 min of soaking time, respec-
tively, show an insignificant grain growth during annealing. As
shown in Fig. 6, the samples annealed for 5 and 10 min of
soaking time, respectively, have also insignificant development
of GOS during annealing.

The texture development, in terms of (0002) pole figure,
during annealing of pure magnesium is shown in Fig. 7. The
figure shows a decrease in basal texture when annealed for
5 min of soaking time which further increases on increasing the
soaking time. The volume fraction of basal orientation as a

function of soaking time of annealing is presented in Fig. 8.
Initially, the volume fraction drops at 5-min soaking time and
then it increases with further increase in soaking time of
annealing. It may be noted that pure magnesium is annealed at
200 �C for different soaking times varying from 30 s to 5 min
and shows a decrease in basal texture as a function of soaking
time of annealing.

The Vickers hardness of different magnesium samples is
shown in Fig. 9. This shows a general decrease in Vickers
hardness with progressive annealing. However, an increase in
hardness value can be seen in the sample annealed for 10 min
of soaking time.

4. Discussion

It has been reported that in hexagonal metals/alloys, the
basal grains/orientations are harder compared to off-basal or
non-basal grains/orientations (Ref 24, 26–28). In the present

Fig. 4 IPF maps of magnesium samples annealed at 200 oC for different soaking times: (a) 5 min, (b) 10 min, and (c) 30 min

Fig. 5 Effect of grain size as a function of soaking time of anneal-
ing at 200 �C in pure magnesium Fig. 6 Grain orientation spread (GOS) of pure magnesium samples

annealed at 200 �C for 5 and 10 min of soaking time, respectively
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study, it has also been found that the orientation dependence of
hardness in magnesium is not different from other hexagonal
metals/alloys. The higher hardness of basal grains is in line with
the findings of several researchers (Ref 29–31). For magne-
sium, the active slip systems at room temperature deformation

are different from that of titanium/zirconium (Ref 7–9).
Figure 10 shows a schematic for possible explanation of higher
hardness pertaining to basal orientations in pure magnesium.
Three possible orientations (represented by an unit cell) are
shown in the figure: Figure 10(a) shows that c-axis of the unit

Fig. 7 (0002) pole figure of magnesium samples before and after annealing: (a) Cold rolled, (b) Annealed at 200 �C for 5 min, (c) Annealed at
200 �C for 10 min, and (d) Annealed at 200 �C for 30 min. The contour levels are at 2, 4, 6, 8, and 9 times random

Fig. 8 Volume fraction of (0001)Æ10 �10æ orientation (i.e., basal
orientation) in rolled and annealed pure magnesium samples

Fig. 9 Vickers hardness of pure magnesium samples before and
after annealing
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cell is parallel to the indention direction, whereas Fig. 10(b)
and (c) shows that the indentation direction is at 10� and 20� to
the c-axis of the unit cell, respectively. Dislocations present in

the basal and prism planes are, respectively, represented by red
and green color. It is well known that in magnesium, basal
dislocations are easily activated than other dislocations because
of low value of CRSS for basal slip. Hence it is expected that
favorable orientation for basal slip is responsible for difference
in the hardness of magnesium. The orientation shown in
Fig. 10(a) is difficult to slip and expected to be harder
orientation. The generation of contraction twins (Ref 32–35)
can be expected in orientations where the indentation direction
is parallel to c-axis of the orientation (i.e., in case of Fig. 10a).
However, these twins are not observed in the present study.
These twins, in any case, resist the indentation as they require
higher stress to activate (Ref 33, 34). It may also easily be
visible from Fig. 11, where a schematic shows the dislocation
activities in grains w.r.t. the orientations presented in Fig. 10. In
Fig. 11, the gray-colored grain is subjected to nanoindentation.
It is expected that the grain whose c-axis is parallel to the indent
axis (Fig. 11a) activates pyramidal slip after indentation. As the
basal plane is perpendicular to the applied loading axis, neither
prismatic nor basal slip system will active because the planes
are generally parallel and perpendicular to the applied axis.
Hence, there is the only possibility of activating contraction
twin in the sample. Formation of contraction twin is associated

Fig. 10 Orientation (represented an unit cell) w.r.t. the direction of indentation: (a) c-axis of the unit cell is parallel to the indention direction,
(b) c-axis of the unit cell is 10� to the indention direction, and (c) c-axis of the unit cell is 20� to the indention direction. Red color dislocations:
basal dislocations and green color dislocations: prismatic dislocations (Color figure online)

Fig. 11 Grains corresponding to the respective orientations shown in Figure 10. The grain with gray color is subjected to nanoindentation. Re-
spective dislocation activations after nanoindentation are also shown in the schematic. Saffron color dislocations: pyramidal dislocations, Red
color dislocations: basal dislocations and green color dislocations: prismatic dislocations (Color figure online)

Fig. 12 Schmid factor distribution of basal and off-basal grains/
orientations of pure magnesium annealed at 200 �C for 30 min
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with the crack formation on the sample surface (Ref 33, 34),
and after nanoindentation no such crack is observed on the
sample surface which indicates that the deformation is associ-
ated with higher order slip systems namely pyramidal Æc + aæ
type. As the CRSS required for pyramidal slip is more than
basal slip (Ref 15, 36), a higher hardness value for these basal
orientations is expected. However, in Fig. 11(b) and (c), the
grains being favored with the slip directions, a relatively more
dislocation activities may be observed in these grains. This has
been also estimated in Fig. 3; a higher dislocation density for
off-basal orientations. To evaluate further the Schmid factor,
distribution of these two orientations, basal and off-basal, is
estimated from EBSD analysis by partitioning the EBSD scan.
The results of Schmid factor distribution are shown in Fig. 12.
This clearly shows a lower distribution of Schmid factor for
basal orientations indicating a higher strength of these orien-
tations.

Other important finding in the present study is the corre-
lation of volume fraction of basal orientation with bulk
hardness of magnesium. As shown in Fig. 4, 5, and 6, samples
annealed for 5 and 10 min of soaking time have approximately
equal microstructural developments. Both grain size and GOS
developments are insignificant in these samples. However, the
texture development in these samples is quite different (Fig. 7
and 8). The decrease in basal texture during annealing for
5 min could be due to lower stored energy of basal orientation
(Fig. 3). However, the increase in basal texture on further
annealing (10 min) may be attributed from the end of
recrystallization or beginning of grain growth phenomena. As
the basal texture of both the annealed samples is different, it
may not be improper to correlate texture of these samples with
their mechanical properties. It may be noted that the correlation
of bulk mechanical property of magnesium is limited to Vickers
hardness. This is because very smaller pieces of pure magne-
sium samples are obtained after 90% of rolling. It has been
observed that the sample annealed for 10 min of soaking time,
i.e., the sample having higher volume fraction of basal
orientations, has higher hardness compared to samples annealed
for 5 min of soaking time, i.e., the sample having lower volume
fraction of basal orientations.

5. Summary

The present study reveals the orientation-dependent hard-
ness in annealed pure magnesium samples. It is observed that
the basal orientations show a higher hardness value, and with
increase in deviation from basal orientation the hardness value
decreases.

The extent of texture formation in magnesium samples
decreases with increase in soaking time of annealing when
annealed at 200 �C. The volume fraction of basal orientations
decreases till soaking time of 5 min which further increases on
increasing the soaking time of annealing till 30 min. It is further
observed that the microstructural developments are in-
significant during annealing of magnesium samples for soaking
time of 5 and 10 min, respectively. The present study confirms
that the volume fraction of basal grains/orientations decides the
bulk hardness of magnesium. Higher the volume fraction,
greater is the hardness.
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