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Magnesium single crystals of three different orientations were deformed by tension at room temperature to
investigate the geometrical criterion resulting from the Schmid law for activation of basal and non-basal slip

systems.

Changes of crystallographic orientations of investigated single crystals were systematically measured

during deformation and the geometrical criterion was examined in respect to the changes of crystallographic
orientations during deformation. The geometrical criterion itself failed to explain lack of activity of non-basal slip
systems in the deformed magnesium single crystals. Therefore the ratio of activation volumes of soft to hard slip
systems is considered to be introduced for a better understanding of the deformation in hcp metals.
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1. Introduction

To analyze deformation behaviors and flow stress in
metals and metal alloys all possible slip modes and their
activity during deformation have to be taken into ac-
count. For example, the knowledge of activity of slip
systems in hcp metals can be very useful to better un-
derstand texture evolution during deformation [1, 2]. To
predict which slip mode will initiate the slip process the
Schmid law defined as 7 = om (where m = cos x cos A is
a Schmid factor, x angle between force and slip plan nor-
mal, A angle between force and slip direction) is used [3—
5]. However, the application of the Schmid law to hcp
metals is much more complicated than to the fcc met-
als because there are more than one type of slip systems
with different critical resolved shear stresses (CRSSs) and
a lot of twinning modes [6]. There are: basal slip system
(a), prismatic slip system (a), pyramidal first (a), and
second order (c+ a) slip systems and twinning on {1012}
and {1011} planes. Additionally, there are a lot of fac-
tors such as c/a ratio, imposed stress, temperature and
initial orientation which have influence on activation of
particular slip mode like [7-12].

Munroe et al. [13] analyzed the Schmid factors in hcp
metals and divided them in two groups: basal-slip met-
als (¢/a > 1.633, Zn, Mg) and prismatic-slip metals
(¢/a < 1.633, Ti, Zr), then the areas, where particular
slip system was acting were specified inside the standard
triangle. In case of the basal slip metals, the basal slip
system is operating mainly in the center of the standard
triangle. Crystals with orientations near [0001] direction
(¢ + a) pyramidal slip system is dominant. Near (1120)
or (1010) direction the (a) prismatic or (c + a) pyrami-
dal slip system is acting, respectively. Nan et al. [14]
systematically calculated the Schmid factors m in mag-
nesium under different loading directions for the basal
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(a), prismatic (a), pyramidal (a), and (c + a) slip sys-
tems and two twinning modes {1012} and {1011}. It
was proposed that the easiest activation variant of slip
mode for magnesium is the one with the highest m value.
Nan et al. [15] referred the Schmid factors of the differ-
ent slip modes to the ¢/a ratio in the hcp metals like Cd,
Zn, Zr, Ti, Be. The results indicate a negligible effect of
¢/a ratio on Schmid factors for the basal and prismatic
slip systems for all hcp metals. On the other hand, the
experiments are showing the impact of c/a ratio on the
basal/prismatic slip activity in the hcp metals [7-12, 16].
The basal slip system is dominant for the hcp metals with
¢/a > 1.633 [16] and prismatic slip system is dominant
in the hep metals with ¢/a < 1.633 [11].

Additional difficulties arise from the fact that for some
hep metals Schmid law is not always obeyed, for exam-
ple, in Ti single crystals during prismatic slip deforma-
tion as was reported by Akhtar and Teghtsoonian [17] or
in magnesium alloy Mg-3Al-1Zn [18] where the behav-
iors of secondary twinning was assigned with non-Schmid
effects. Thus, besides the Schmid factors, there is an ad-
ditional parameter for activation of different slip modes
in the hcp metals. Hutchinson and Barnet [19] analyzed
the ratio of CRSSs hard to soft slip systems (Thard/Tsoft )
in magnesium. They found that if 7ar4/7sort > 1 then
the soft slip system (basal in hcp) is dominant. Such a
situation is observed e.g. in pure magnesium single crys-
tals [3, 20]. On the other hand, if the Thara st decreases
to 1, e.g. in Mg-alloys, hard slip mode becomes more
favorable one [19]. Koike and Ohyama [20] investigated
tensile anisotropy in hot-forged and subsequently hot-
rolled magnesium alloy AZ61. They found that at the
room temperature the angle between the basal plane and
loading axis is a geometrical criterion (n) for the activa-
tion of the prismatic {(a) slip mode. If n < 1.5 only basal
slip system is active while for n < 2 both basal and pris-
matic slip systems operate. When basal and prismatic
slip systems operate a larger deformation of the samples
is observed in comparison to a situation, when only basal
slip system is active [20].
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Tyson [21] considered the preference for activation of
basal or prismatic slip systems in hcp crystals under “en-
ergy factor” (K). K is dependent on the elastic constants
and the choice of slip plane may be governed by the stress
needed to move dislocation against the resistance of the
lattice [21]. He concluded that elastic anisotropy and
high theoretical value of stacking fault energy 7}, of two
partial basal dislocations favour slip on prismatic plane
in Zr, Ti and Hf and low value of v, favours basal slip
in Co. For the other hcp metals, due to lack of reliable
data above criterion could not be validated.

Therefore, the criteria for the activation of basal and
non-basal slip systems in the hcp metals need more the-
oretical and experimental investigations. This paper
presents the investigations of crystallographic orienta-
tions changes during tensile deformation of pure mag-
nesium single crystals and comparison with data of de-
formed titanium (c/a = 1.589) single crystals which can
be found in the literature.

2. Experiment and results

Single crystals of magnesium (99.8 at.%) were obtained
from seed using the Bridgman method under argon at-
mosphere (0.1 atm). There were three different initial
orientations (A, B and C) where angles between tensile
direction (TD) and normal to (0001) plane were 25°, 56°
and 77° for each single crystal, respectively, (see Fig. la
points AO, B0 and CO0). The initial orientations were
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Fig. 1. The changes of crystallographic orientations of
the investigated single crystals A, B and C, (a) before
the deformation (points A0, BO and C0) and after teh
deformation (A1, B3-B5 and C1, (b) results of simula-
tions — traces of pyramidal and prismatic slip systems.

measured with use of the X-ray techniques where error
of measurement was estimated for +1.5°. The Schmid
factors for initial orientations of the single crystals A,
B and C for basal, prismatic and pyramidal slip sys-
tems were calculated and are shown in Table I. In this
study, the pyramidal first-order (1011)(1010) slip system
was not considered because this slip system is activated
in the magnesium single crystals at temperatures above
225°C [22]. The single crystals were prepared to obser-
vations at optical microscope by electro-polishing for 2
h at room temperature in a solution of H3PO4 acid and
ethanol (volume ratio 3:5) with a tantalum cathode op-
erating at 3 V.

The single crystals A, B and C were deformed by ten-
sion at room temperature (0.317},) at 1073 s~! strain

rate. The crystallographic orientations after deformation
of investigated single crystals were measured by X-ray
diffraction technique. The orientations were measured
with the error of 1.5°. The experimentally measured ori-
entations after deformation of the single crystals A, B
and C are marked by crosses in Fig. la at points Al,
B3-B5, C1, respectively. The related Schmid factors for
slip basal, prismatic and pyramidal systems are listed in
Table I.
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Fig. 2. [Engineering stress—strain curves of the investi-
gated magnesium single crystals A, B, and C.

Figure 2 shows engineering stress—strain curves for the
investigated magnesium single crystals because consider-
ing Table I is not clear which slip systems are primary
and dominant. If the angle between TD and [0001] direc-
tion of the studied single crystals is increasing the rate of
work hardening is also increasing. It was also observed,
that only one type of slip lines were present during the
deformation of A, B and C single crystals investigated by
the optical microscope.

The next step in this study were simulations of theoret-
ical changes of TD if there was assumed deformation by
single slip. TD moves toward slip direction of a primary
slip system during single slip of tensioned crystal [23].
The vector VP after v shear strain can be calculated
from Eq. (1):

VP =DV, (1)
where V' is a vector before the deformation, D is defor-
mation matrix (3 x 3) which is expressed as:

D=1+ 'ysds;l;, (2)
where [ is the identity matrix, sq and s, are the unity
vectors of slip direction and normal to slip plane of active
slip system.

The glide shear strain can be determined from initial
orientation from slip plane (xo), slip direction (A\g) and
extension of sample L;/Lg as is expressed by the equa-

tion:
Li\?
<Ijo) — Sin2 AO]

Calculated shear strains (Eq. (3)), in respect of initial
orientation, for A and C single crystals rotated to posi-
tions A1l and C1 were 1.24 and 1.41, respectively. With
respect to the initial crystallographic orientation of the

1/2

! —cosAg p. (3)

sin xo
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deformed crystal B, the shear strains were 0.1, 0.2, 0.4,
0.8, and 1.2 at positions B1-B5, respectively. The sim-
ulations were performed in the way that the vectors VP
describing the crystallographic orientations after defor-
mation of the single crystals A, B and C for basal (empty
circles in Fig. 1a), prismatic and pyramidal (dotted lines
in Fig. 1b) slip systems were calculated from vectors

J

B. Sutkowski

V' of initial crystallographic orientations (positions A0,
B0 and CO, Fig. 1a) using formulae (1) and (2) and v
for each single crystal. In all cases, it was assumed that
deformation proceeded only by a single slip. Empty cir-
cles in Fig. 1a cover the error of 1.5° around calculated
directions.

TABLE I

Schmid factors for the investigated magnesium single crystals of the orientations A, B, and C.

A0 | Al B0 Bl B2 | B3 | B4 | B5 co | C1

strain — | 0 33% | 0% | 5% | 10% | 20% | 40% | 60% 0 60%
(0001)[1120] | 0.37 | 0.44 | 045 | 043 | 043 | 041 | 035 | 033 | 0.22 | 0.19
(0001)[2170] | 0.24 | 0.24 | 034 | 033 | 031 | 029 | 024 | 021 | 0.12 | 0.10
(0001)[1210] | 0.13 | 0.21 | 0.11 | 0.10 | 0.11 | 0.11 | 0.2 | 0.12 | 0.10 | 0.08
(1100)[1120] | 0.03 | 0.03 | 0.19 | 0.20 | 0.19 | 0.18 | 0.16 | 0.14 | 0.05 | 0.05
(0110)[2110] | -0.08 | —0.33 | ~0.34 | —0.35 | ~0.37 | —0.39 | —0.42 | —0.43 | —0.43 | —0.44
(1010)[1210] | 0.06 | 0.30 | 0.15 | 0.16 | 0.18 | 0.20 | 0.26 | 0.26 | 0.38 | 0.39
(1122)[1123] | 0.46 | 0.00 | 0.06 | 0.03 | 0.01 | —0.04 | —0.14 | —0.17 | —0.30 | —0.33
(1212)[1213] | 0.42 | 0.14 | 0.17 | 0.16 | 0.15 | 0.13 | 0.08 | 0.06 | —0.02 | —0.03
(2112)[2113] | 0.23 | -0.08 | ~0.17 | —0.19 | ~0.19 | —-0.20 | —0.20 | ~0.20 | —0.16 | —0.16
(1122)[1123] | 0.13 | ~0.40 | —0.34 | —0.36 | ~0.38 | —0.41 | —0.46 | —0.47 | —0.50 | ~0.50
(1212)[1213] | 0.30 | —0.04 | 0.08 | 0.07 | 0.05 | 0.02 | —0.02 | —0.04 | —0.11 | —0.11
(2112)[2113] | 0.45 | 0.13 | 0.13 | 0.11 | 0.10 | 0.06 | 0.01 | —0.01 | —0.05 | —0.07

3. Discussion

Comparing calculated orientations with experimen-
tally measured ones (Fig. 1a — crosses and open circles),
in all cases TD moves toward [1120] direction of the pri-
mary basal (0001)[1120] slip system. With respect to the
basal slip system, the Schmid factors were larger or even
twice larger for the pyramidal (1122)[1123], (2112)[2113]
slip systems in case of the single crystal A and for the
prismatic (0110)[2110] and pyramidal (1122)[1123] slip
systems in case of the single crystal C (see Table I), de-
spite that no move of TDs’ toward [1123], [1123], [2113]
or [2110] direction was observed. The very interesting
result was noticed for the crystal B. In this case, be-
fore deformation, the crystal had the highest value of the
Schmid factor (m = 0.49) for (0001)[1120] slip system.
During deformation myasa was decreasing for that crys-
tal (see Table I) and at position B4 the highest absolute
Schmid factor was for the pyramidal (1122)[1123] slip
system, but any significant change of TD toward [1123]
direction was not observed.

The CRSS of (0001)[1120] slip system was 0.46 MPa,
0.59 MPa and 0.49 MPa for the single crystals A, B, C,
respectively. The mean value is 0.51 4+ 0.07 MPa, which
is in a good agreement with literature [24].

In this study non-basal slip systems in the deformed
single crystals A, B and C were not activated. Reed-Hill
and Robertson [25] observed activation of prismatic slip
system in the magnesium single crystals oriented par-
allel to (1010) direction. Obara et al. [6] observed ac-
tivation of pyramidal slip system (1122)(1123) as sec-

(

ondary one in the compressed magnesium single crystals
of orientation very close to ¢ axis. In both investigations
Mnon—basal/Mbasal > 1 satisfied the geometrical crite-
rion for activation of non-basal slip system in magne-
sium [14, 20]. For the initial orientations of crystals A
and C in this study mpon—basal/Mbasal was 1.24 and 2.27,
respectively, but no activation of the non-basal slip sys-
tem was observed. Hence, the above geometrical criterion
was not satisfied [14, 20].

Activation volume is a function of shear stress, V* =
f(1/7), so Eq. (5) in [14] can be expanded to

*
Tprism _ Vbasal (4)
Thasal Vp*rism

To minimize work done by the moving dislocation, that
slip system will be activated in which moving dislocation
overcomes less obstacles. The expanded criteria for ac-
tivation of non-basal slip systems in hcp metals are the
ratio of the Schmid factors mpon—basal/Mbasal > 1 [14, 20]
and the ratio V% ., /V <1.

on—basal —

Considering basal and prismatic slip in hcp metals.
Akhtar and Teghstoonian [24] found that at 78 K in high
purity magnesium single crystals at the beginning of de-
formation Vi, is 4.5 x 10363, b is the Burgers vector.
Bhattacharya and Niewczas [26] found V;%_,, = 900b° at
room temperature for the high purity of magnesium sin-
gle crystals. Butt et al. [27] investigated plastic flow in
the Mg-alloyed single crystals and found that Vi, is
decreasing with increasing concentration of alloying ele-
ments.
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In case of prismatic slip [28] V5., at 78 K was 800°.
The increase of temperature to 293 K caused increase of

ism 10 2000, At 78 K, the ratio of Vi .1/ Viri, 18
56.25 while at room temperature is 3. At the range of
temperatures between 77 and 300 K for large spectrum
of orientations only basal slip system is activated in the
high purity magnesium single crystals [3, 16, 26].

The ¢/a ratio has no effect [15] on the Schmid fac-
tors for basal and prismatic slip in Mg (¢/a = 1.624)
and Ti (¢/a = 1.589) single crystals of similar orienta-
tions. The titanium single crystals of various orienta-
tions were investigated by Akhtar [17, 29|, who found
out that above 500 K (0.267},) the basal slip system is
dominant [29]. The TD (similar to BO in this study)
of the deformed Ti single crystal moved from the ini-
tial position, where Mprism/Mbasal = 0.49 (see Fig. 9
in [29]) toward [1120] slip direction of the primary basal
slip system. At position where mpyigm/Mbasal = 0.8 (sim-
ilar to B4) a change from the primary basal (0001)[1120]
to prismatic (1010)[1210] slip system was observed (TD
moves toward [1210] direction). Akhtar [29] found that
at 500 K Vi, &~ 1500® while V¥, is &~ 170b 3 [17].

prism
In case of Ti, Vi¥ .1/ Viriem =~ 0.88 at 0.2671,. The ra-
tio Vb*asal/V*

rism
prism < 1 fopr the Ti single crystals, thus the
prismatic slip system was activated.

Based on the data provided by Akthar and Teghstoo-
nian [24] and Butt [27] the ratio of Vi) _.1/V i, can be
estimated for magnesium single crystals of purity 99.8%.
The data are summarized in Table Il. AR E 11

Values of activation volume V™ for basal
and prismatic slip system for Mg.

V™ b Ref.
basal slip system 2148 Butt [27]
prismatic slip system 200 Akhtar [24]

For all single crystals A, B and C the estimated ratio

Vinsal/ Vorism = 10.74 at the beginning of deformation.
The ratio Vi3 .1/Virisms > 1 can be associated with no

activation of prismatic slip system in the studied magne-
sium single crystals A and C despite mprism/Mbasal > 1.

Summarizing, the criteria for activation of basal and
non-basal slip systems in the deformed magnesium single
crystals of three different orientations were investigated.
The introduced ratio of Vi, ./ Viism in combination with
ratio of Mprism/Mbasal gave information about dominant
slip mode in hcp metals as it was discussed for the Mg
(¢/a =1.624) and Ti (¢/a = 1.589) deformed single crys-
tals. The proposed criteria may be used for explanation
of the deformation and the texture evolution in hcp met-
als.
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