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Latent hardening experiments were carried out on Mg single crystals under basal self- and coplanar dislocation interactions. For self-interactions
the latent hardening ratio (LHR) is independent on the amount of primary deformation in the basal slip system. For coplanar interactions LHR
increases linearly with primary strain and quadratically with primary stress, suggesting that during the stage A in Mg the coplanar slip systems
harden proportionally to the dislocation density accumulated in the other coplanar slip system.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Magnesium single crystals; Easy glide; Basal slip; Latent hardening; Coplanar interactions

During plastic flow of crystalline materials, an
active slip system exerts the strength on inactive slip
systems; this process is known as latent hardening and it
plays an important role in crystal plasticity [1]. The latent
hardening effect has been studied extensively in FCC single
crystals of pure metals and alloys under uniaxial tension
and compression [2-10], pure shear [11-14] and cyclic fati-
gue [15,16]. In the experiments on Cu single crystals,
Jackson and Basinski [4,17,18] observed strong hardening
effect due to forest interactions between non-coplanar slip
systems, but no hardening during interactions between
coplanar systems. Pure shear experiments on Cu show that
during the early stages of plastic flow the strengthening of
coplanar slip systems increases with increasing deformation
in the primary system [13]. Subsequent studies of latent
hardening in Al and Cu single crystals [9] revealed that
the coplanar interactions exhibit features similar to those
observed during hardening under non-coplanar interac-
tions namely, initial increase of the strength in the coplanar
systems during early stage I of work-hardening, followed
by its decrease to some constant value later in stage II.

HCP materials display different plastic flow attributes
than FCC materials, determined by strong flow anisotropy
of available deformation modes and polarized nature of
twinning. In Mg single crystals, basal slip is dominant
deformation mechanism in a wide range of orientations
and over a broad range of temperatures [19-24]. The inter-
actions of basal slip with other slip and twinning systems
occur frequently during plastic flow and control the
work-hardening of Mg. This makes it difficult to determine
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the latent hardening effects under non-basal slip or twin
interactions. Pure shear experiments carried out on Zn
[25,26], Cd [25] and Mg [27] single crystals are consistent
with results obtained on FCC materials [13] and suggest
that for small deformations, the hardening of coplanar slip
systems increases approximately linearly with the primary
shear strain. In the present work we study latent hardening
effect in Mg single crystals under conditions of self- and
coplanar basal dislocation interactions and extend these
studies to the limit of easy glide in tension at room temper-
ature. The scaling relationship governing the strength of the
interactions is analyzed.

High purity Mg single crystals of dimension
~3 x 26 x 120 mm® were grown in spectroscopically pure
graphite mold by a modified Bridgman method, under
argon atmosphere. The crystals were deformed in tension
at room temperature to some predetermined levels of strain
with the constant strain rate of 1 x 10™*s~'. After unload-
ing, secondary samples were spark-cut from the
pre-strained parent crystals to promote a single coplanar
slip system during secondary tensile deformation. The
cross-section of the secondary samples was kept
~3 x 3 mm?, with the gauge length dependent on the sam-
ple orientation and deformation mode, typically not less
than 15 mm. To remove spark damage, spark-cut faces of
the secondary samples were chemically polished, followed
by electro-chemical polishing of the specimens in the same
solutions as the parent crystals. The secondary samples
were deformed in tension at room temperature with the
strain rate of 1 x 107" s™ . The slip marking patterns
formed on the lateral surfaces of parent and secondary
samples were studied under optical microscope with
Nomarski contrast.
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Figure 1. (0001) standard stereographic projection depicting the
orientation of the tensile axis of parent single crystals #a—#f and
secondary samples #al-#f1, #a2-#f2 and the trace of the wide face of
the parent crystals ((a—a)-(e-e)). The Miller-Bravais indices of
crystallographic plans and directions in hexagonal system are
related as:  [uvtw] = [hki(1/7)] and  (hkil) = (uvt(2*w)), where
2= 2/3(c/a)2 = 1.757 for Mg. The corresponding crystallographic
directions of the tensile axis for all samples are given in Tables 1 and 2.

Figure 1 shows (0001) standard stereographic projection
depicting the orientation of the tensile axis of parent crystals
and secondary samples, given in terms of the crystallo-
graphic plane normal to the tensile axis. BI, BII and BIII
denote three basal slip systems, (0001)[2110], (0001)[1210]
and (0001)[1120] respectively. The range of crystallographic
orientations where these systems are expected to be active
during plastic flow are depicted by the stereographic trian-
gles labeled BI, BII and BIII in Figure 1. The homogeneous
deformation of Mg single crystals under a single basal slip is
limited to the specific areas in the orientation space for which
the angle between the slip direction and the tensile axis of the
crystals is within 40°-60° [19]. If this angle is too large or too
small, inhomogeneous deformation associated with kink
bands formation and deformation twinning occurs in addi-
tion to the basal slip [19-21]. The dashed areas on the stere-
ographic projection in Figure 1 represent “safe” regions for
the homogeneous deformation of crystals under the basal
slip. The open circles in Figure 1 depict the crystallographic
orientations of the tensile axis of as-grown parent single
crystals #a—#f and the secondary samples #al-#f1 cut form
the parent crystals, with the same orientation of the tensile
axis. For all these orientations, the Schmid factor for basal
slip is in the range 0.47-0.50, high enough to promote a
homogeneous deformation of crystals in a single basal slip
system; this has been verified by microscopy observations
of slip marking patterns formed on the lateral surfaces,
not shown here. The orientation of the secondary samples
can be selected by suitable rotation around normal to the
wide face of the parent crystals along the great circles labeled
as “a—a”-“f—f” in Figure 1, representing the trace of the crys-
tals’ wide faces. The samples #al—#f1 cut parallel to the ten-
sile axis of the pre-deformed parent crystals were used to
investigate interactions between the same type of disloca-
tions activated in the secondary tensile test, as those stored
in the sample after primary deformation plus the effect of
stress relaxation due to sample unload on the flow stress.
The secondary samples #a2-#f2 were oriented approxi-
mately at 90° with respect to the axis of the parent crystals
#a—#f to promote the coplanar basal slip system BIII
(Fig. 1) during secondary tensile test, with the Burgers vector
at 120° to the Burgers vector of BI dislocations.

Figure 2 shows the variations of the Schmid factor for the
basal slip systems BI, BIT and BIII against the rotation angle
around the normal to the wide face in crystal #c. The tensile

axis of the parent sample #c, corresponding to 0° rotation
angle in Figure 2, is used as the reference direction, with
the clockwise rotation defined as 40 and the anti-clockwise
rotation, as —0. The Schmid factor for basal BI slip system
assumes the value —0.48 at 0° rotation angle, which produces
the highest resolved shear stress on BI slip system. As the 6
increases in the clockwise direction, the absolute value of m
for BI slip system decreases and for BIIT slip system increases.
At rotation angle 0 = 90°, the Schmid factor for BIII slip
system m = —0.49, producing highest resolved shear stress
acting on it. Following this procedure, the orientation of all
secondary samples was chosen to be within a dashed zone
of high Schmid factor for homogeneous deformation in a
single basal BIII slip system, as shown in Figure 1.

Figure 3 shows T — y (Fig. 3(a)) and 0 — y characteristics
(Fig. 3(b)) for parent crystals deformed within stage A of
easy glide and secondary samples #cl and #c2 cut from the
parent crystals for latent hardening experiments. The flow
stress and the work-hardening rate of the parent samples
during stage A is strongly dependent on crystal orientation
and the contribution of non-basal slip systems to the plastic
flow (Table 1). For the parent crystal #c, the work-hardening
decreases monotonically during the onset of easy glide from
1.5x 1071 to 5 x 10~ at the end of stage A. The sec-
ondary samples #cl and #c2, cut from the pre-deformed par-
ent crystals, exhibit qualitatively similar flow stress
characteristics. Their work-hardening rate decreases some-
what faster than that observed in parent samples, also from
~1.5 x 10~*p down to ~5 x 10, at a later stage of plastic
flow (Fig. 3(b)). The results suggest that the same kinds of
interactions control the work-hardening in parent and sec-
ondary samples. The strength of the interactions between dif-
ferent slip systems is usually characterized by the latent
hardeningratio LHR = 1; /7’ , defined as the ratio of the ini-
tial resolved shear stress of secondary sample tj, over the
final resolved shear stress of the parent crystal </ [4].
Figure 4 shows LHRs as a function of the primary strain
and as a function of the effective stress in the primary basal
BI slip system, under conditions of self-interactions between
systems BI/BI and during coplanar interactions between
systems BI/BIIL. Each point is plotted as the mean value of
several measurements with the error indicated by the stan-
dard deviation. It is seen that LHR during BI/BI
self-interactions is independent on the applied strain and/or
stress in the primary deformation and LHR ~ 1. The LHRs
for coplanar BI/BIII interactions shows linear increase with
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Figure 2. Variations of the Schmid factor for the basal slip systems BI,
BII and BIII as a function of rotation angle around the normal to the
wide face in crystal #c. The reference direction, 0° rotation angle, is the
direction of the tensile axis of crystal #c.
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