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This study investigates the effect of loading direction on the compression behaviour of extruded pure magnesium with different grain-sizes
and at different strain-rate. At the same grain-size level, samples compressed at 45 degrees to the extrusion direction have lower yield stress than
samples compressed parallel to the extrusion direction. However, the loading direction has a negligible effect on the dominant deformation
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1. Introduction

Wrought processing of magnesium (Mg) and its alloys
results in the development of a strong crystallographic
texture, which significantly affects its room-temperature
formability and limits their use in commercial applications
[1, 2]. It has been shown that modifying the crystallographic
texture can improve the formability and specific strength-
ductility balance of Mg and its alloys [2, 3]. The changes in
initial texture caused by variations in the angle between the
loading direction and the c-axis of the crystal, can activate
different deformation mechanism [4]. The activation of non-
basal slip mechanisms promotes more homogenous deforma-
tion, improving ductility [5]. Peng et al. [6], in an extruded
AZ31 Mg alloy, showed that the dominant deformation
modes changed gradually during compression, with more
pronounced increase in the angle between the loading
direction and the c-axis during the tension testing.

In addition to texture and loading direction, other factors,
such as grain-size and strain-rates, significantly influence
the deformation behaviour of Mg alloys [4-8]. For instance,
grain boundary sliding (GBS) is observed at room-temper-
ature in a fine grain-size structures, particularly at lower
strain-rates [7, 8]. However, the contribution of GBS is to
overall ductility remain limited, as dislocation slip remains
the dominant deformation mechanism in the extruded Mg at
room-temperature [8]. Moreover, the influence of loading
direction on the deformation behaviour further complicates
the materials response in extruded samples. Despite advances
in understanding the effects of loading direction, grain-size,
and strain-rate on deformation behaviour, their combined
effect is not well understood. This study investigates how
loading direction, grain-size, and strain-rate influence the
compression behaviour of pure Mg at room-temperature,
focusing on yield stress and deformation modes to identify
factors that could improve the mechanical properties of Mg
alloys.
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2. Materials and methods

Commercial grade pure Mg (99.96% purity) was used in
this study. The cast pure Mg was extruded into bar of 8 mm in
diameter at 623 K, 423 K, and 378 K with an extrusion ratio
of 25:1 at an extrusion speed of 0.2 mm/s. From the extruded
bars, cylindrical samples with compression axis (CA) parallel
to the extrusion direction, (ED) (referred to as CA//ED) and
45° to the extrusion direction (referred to as CA//45°ED)
were prepared. The sample size was either 4 mm in diameter
and 8 mm in height or 3 mm in diameter and 6 mm in height.
These samples were compressed at room-temperature at
strain-rates of 1 x 102s71, 1 x 10™*s™" and 1 x 1055~ L.
For selected deformation conditions, the samples were
compressed to intermediate strains ranging from 0.08 to
0.12. The microstructures of the samples were examined in
a plane parallel to the compression axis using a scanning
electron microscope equipped with a backscatter electron
detector. For microscopic observation, the samples were
mechanically polished and etched in a 6% aqueous solution
of hydrochloric acid. The detailed sample preparation
methods for microstructure observation have been reported
elsewhere [8].

3. Results and Discussion

Figure 1 shows representative microstructure and inverse
pole figure triangles along the compression axis (CA) of
samples with CA//ED and CA//45°ED. The microstructural
features, obtained from statistically sufficient EBSD measure-
ments, show equiaxed grains, with grain-size decreasing as
the extrusion temperature decreases. In the coarse grain-size
(d = 88 um) sample with CA//ED, the (1010) direction of
grains are predominantly parallel to the CA, followed by
(2110) (Fig. 1(b)). This indicates that the basal c-axes of
most grains are nearly perpendicular to the CA which suggest
a basal texture. On the other hand, in the sample with CA//
45°ED (Fig. 1(c)), the grains were random along the loading
direction. Similar behaviour is observed with decreasing the
grain-size (Fig. 1(d)—(i)). Therefore, observable differences
in the compression behaviour of these samples can be solely
attributed primarily to the grain-size.
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(a) Inverse pole figure (IPF) map, (b) IPF triangles along compression axis parallel to extrusion direction (CA//ED) and (c) IPF

triangles along compression axis 45° to extrusion direction (CA //45°ED) for coarse grain-size sample (¢ = 88 pm); Similarly (d), (e) and
(f) for meso grain-size sample (d = 6.9 um); and (g), (h) and (i) for fine grain-size sample (d = 1.4 um); ET: extrusion temperature; ED:

extrusion direction; CA: compression axis. (online color)

Figure 2, summarizes the compression behaviour of the
samples. Note that the stress-strain curves for the coarse
(d =88 um) and fine (d = 1.4 um) grain-size samples with
CA//ED are adapted from our previous work [8]. For the
same grain-size level, both the yield stress and the maximum
strength are lower in samples with CA //45°ED than samples
with CA//ED (Fig. Al(a)). At a strain-rate of 1 x 1073s7!,
strain hardening is observed after yielding in both coarse
grain-size (d = 88 um) and meso grain-size (d = 6.8 um)
samples with CA //45°ED (Fig. 2(a)). On the other hand, the
strain hardening is less significant after yielding in the fine
grain-size sample (d = 1.4 um) (Fig. 2(a)). The decrement
in strain hardening with grain refinement observed in the
CA//45°ED samples is similar to that observed in the CA//
ED samples. At a strain-rate of 1 x 10™>s!, the stress-strain
behaviour of the CA//45°ED sample is again similar to that
of the CA//ED samples (Fig. 2(b)).

Figure 2(c) shows the variations in flow stress at 0.02
plastic strain for different strain-rates. At strain-rates above
1 x 107*s7!, the flow stress increases with grain refinement
at the same strain-rate. Additionally, for the same grain-size
level, the flow stress is lower in samples with CA//45°ED
compared to those with CA//ED. For grain-sizes smaller
than 6.8 um, the flow stress decreases significantly as strain-
rates are reduced. At strain-rates below 1 x 107*s™!, the
decrease in the flow stress is considerably increased in the

fine grain samples (d = 1.4 um). The variation of flow stress
at different strain-rate is similar to the yield stress
(Fig. Al(a)). Moreover, the yield stress of the fine grain
sample (d = 1.4um) at low strain-rate (1 x 1073s7!) are
comparable to that of the coarse grain-size (d = 88 um) and
meso grain-size (d = 6.9 um) samples.

These results demonstrated that both yield and flow stress
are strongly influenced by loading direction, grain-size, and
strain-rates. However, in terms of the slope of strain-rate vs
flow stress, no significant difference is observed between
samples with CA//45°ED and those with CA//ED. Since
the slope of strain-rates vs flow stress is related to strain-rate
sensitivity factor (m) [9], the similar slope observed in both
CA//45°ED and CA//ED sample sets, suggest that the that
dominant deformation modes are less likely to be influenced
by the loading direction during compression.

Figure 3 summarizes the deformation behaviour during
compression of pure Mg with CA//45°ED. At a strain-rate
of 1x1073s™!, the formation of deformation twins is
frequently observed in the coarse grain-size sample (d =
88 um) (Fig. 3(a)). On the other hand, in the fine grain-size
sample, such deformation twins are not observed (Fig. 3(b)).
This suggest that grain refinement retards the formation of
deformation twins since grain refinement is known to
increase the stress required for deformation twin formation
[10].
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Fig. 2 Nominal stress-plastic strain curves at strain-rates (a) 1 x 1073s~" and (b) 1 x 1075s~'; (c) variation in flow stress at different

strain-rates. (online color)
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Image quality map (IQ) of sample with CA//45°ED at 1 x 1073s~! grain (a) coarse grain-size sample (d = 88 um) after strain of

0.12, (b) fine grain-size sample (d = 1.4 pm) after strain of 0.08, (c¢) SEM image of deformed surface of fine grain-size sample with

CA//45°ED at 1 x 107557,

At a strain-rate of 1 x 107s™!, the formation of the
deformation twin is confirmed in the coarse grain-size sample
(d = 88 um) with CA//45°ED (Fig. A1(b)). At a strain of
0.10, the twin fraction ( f;,;;) was determined as 0.17, which
is similar to that of a coarse grain-size sample (d = 88 um)
with CA//ED (fain = 0.16). In the fine grain-size sample
(d=1.4pum) with CA//45°ED, deformation twins are not
observed (Fig. Al(c)). Furthermore, the surface of the fine
grain-size sample (d = 1.4pum) with CA//45°ED, exhibits

wavy-like features (Fig. 3(c)), which are attributable to the
GBS effect [7]. For Mg, m-values over 0.2 is reported to
indicate a contribution from GBS to overall deformation at
room-temperature [11]. In the fine grain-size sample (d =
1.4 pm) with CA//ED an m-value > 0.3, was observed at
strain-rates below (1 x 107*s7!), demonstrating further
contribution from GBS [8]. In the fine grain-size sample
(d = 1.4 um) with CA //45°ED, similar slopes were observed
as in the case of the CA//ED sample (Fig. Al(a)). These
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results suggests that in fine grain-size sample (d = 1.4 um)
CA//45°ED dislocation slip dominates deformation behav-
iour, with GBS also contributing at low strain-rate (1 x
107357, At strain-rates over 1 x 107*s™!, the m-value
decreases, leading to a lesser contribution from GBS, and the
overall deformation is dominated by dislocation slip [12].

In contrast, in the coarse grain-size samples (d = 88 um),
deformation is dominated by dislocation slip and twinning,
irrespective of loading direction. Similar results were
reported by Peng et al. [6], where for compression at 0° to
61.9° from the extrusion direction of AZ31 with grain-size
13 um, deformation mechanism is dominated by basal slip
and twinning in large volume fraction of grains. It is evident
that the loading direction has a less significant effect on
the dominant deformation modes during room-temperature
compression behaviour of extruded pure Mg, whereas grain-
size has a significant influence.

The deformation modes of pure Mg at ambient-temper-
ature include dislocation slip on the basal, prismatic, and
pyramidal planes, as well as twinning. Among these modes,
basal slip is the primary deformation mode in polycrystalline
magnesium due to its typically lower critical resolved shear
stress (CRSS) required for activation [13, 14]. Consequently,
the yield stress is strongly influenced by the activation of
basal slip, which is significantly dependent on the angular
relationship between the mechanical loading direction and
the crystallographic texture in wrought Mg [6, 14].
According to the Schmid law for a single crystal, the yield
stress is inversely proportional to the critical resolved shear
stress for a given direction [15].

To understand the effect of loading direction on the yield
stress, the number fraction distribution of the Schmid factor
(for basal slip) was determined for samples with CA//45°
ED and CA//ED for both coarse grain-size (d = 88 um)
(Fig. 4(a)) and fine grain-size (d = 1.4 um) (Fig. 4(b)). As,
the change in loading directions (with CA//45°ED and
CA//ED) was prepared by cutting the extruded samples at
0° and 45° relative to the extrusion direction. The samples
were fully recrystallized structures (Fig. 1). This suggests
that changes in the yield stress is primary influenced by the
loading direction and grain-size.
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In the coarse grain-size sample (d = 88 um) with CA //45°
ED, a large fraction of grains exhibits a higher Schmid factor
for basal slip compared to the samples with CA//ED
(Fig. 4(a)). The average Schmid factor for basal slip in the
sample with CA//45° ED is 0.33 (as shown in the inserted
table), which is higher than that in the sample with CA//ED
(0.16). In the fine grain-size sample (d = 1.4 um) with CA//
45°ED, a larger fraction of grains also exhibits higher Schmid
factors for basal slip than the sample with CA//ED. This
explains the observed lower yield stress in the sample
with CA//45°ED compared to the sample with CA//ED
(Figs. 1(a), 1(b) and Fig. Al(a)). Most grains in the CA//
45°ED sample are oriented such that basal slip is readily
activated upon compression. These results suggest that, for
the same grain-size, the loading direction significantly affects
the yield stress in extruded bars of pure Mg (i.e., for samples
with the same grain-size, CA//45°ED results in lower yield
stress than CA//ED). Furthermore, it is noteworthy that
dislocation-slip is primarily responsible for the initiation of
yielding, irrespective of grain-size, strain-rate, or loading
direction.

4. Conclusion

The effect of loading directions on the room-temperature
compression behavior of extruded pure Mg with different
grain-sizes was investigated. The loading direction affects
yield stress, with samples compressed at 45° to the extrusion
direction having lower yield stress. This lower yield stress is
due to a higher proportion of grains with a high Schmid
factor for basal slip. In the coarse grain sample (d = 88 um),
the deformation mode was dominated by slip and
deformation twinning. On the other hand, in a fine grain
sample (d = 1.4 um), the deformation is dominated by slip,
and at low strain-rate (I x 1073s~!), in addition to slip,
grain boundary sliding also contributes to the deformation
behavior. Furthermore, in the studied conditions, the
dominant deformation modes were found to be less affected
by the loading direction during room-temperature compres-
sion of pure Mg.
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Fig. 4 Number fraction distribution of Schmid factor for basal slip in (a) coarse grain-size sample (d = 88 pm) and (b) fine grain-size

sample (d = 1.4 um).
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