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ABSTRACT
Texture adjusting approaches of divergence, inclination, and deviation were proposed to improve
the tension-compression asymmetry in magnesium alloys. The dominant deformation mechanism
during tensile and compressive yielding was quantified based on the Sachs assumption and primar-
ily manifested as the extent of twinning inhibition and the transition between twinning and slip
with the variation of texture adjustment. Its impacts on associated yield strength and asymmetry
were estimated by the modified Hall-Petch relationship. Slight texture adjustments, particularly of
basal texture divergence, can significantly improve the strength asymmetry while avoiding severe
strength loss, illustrating the significance and potential of texture adjustment in engineering.

IMPACT STATEMENT
Yield strength and the contribution of deformation mechanisms were predicted using the modi-
fied Hall-Petch relationship, and texture adjustment strategies were further established to improve
tension-compression asymmetry.
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1. Introduction

Wrought magnesium alloys are important lightweight
structural materials with low density and high spe-
cific strength [1,2]. However, magnesium alloys can eas-
ily form a strong basal fiber texture after extrusion.
This results in a significant directional difference in its
mechanical properties, especially in tensile and compres-
sive yield strength asymmetry. This strength asymmetry
undoubtedly brings hidden dangers to the design and
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264209, People’s Republic of China

application of the bearing structure of magnesium alloys
[3–5]. The root cause is that the dominant plastic defor-
mation mechanisms of strong basal textured magnesium
alloys under different loads are quite different, specifi-
cally, multi-slip yielding in tension and tensile twinning
in compression [6,7].

The orientation of the basal plane most obviously
determines the activation of the tensile-compressive-
dominated plastic deformation mechanism, especially
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the activation of deformation twinning. In turn, this
affects the strength and strength asymmetry associated
with the basal texture, which has been discussed and
studied by many researchers [8–12]. The adjustment of
the basal texture based on the plastic deformation path
has been proven to be an effective way to improve the
strength asymmetry. The typical adjusting approaches
include: the divergence of the basal texture realized by
forging-extrusion [13–15]; the inclination of the basal
texture obtained by equal channel extrusion and asym-
metric extrusion [16–19]; and the deviation of the basal
texture achieved by cyclic extrusion and compression
[20–22]. Accordingly, the yield strength and its strength
asymmetry are highly texture-dependent and can be sig-
nificantly improved by grain refinement. This texture
dependence is also reflected in the change in the grain
sensitivity of the strength, known as the slope K of
the Hall-Petch relationship:σy = σ0 + Kd−1/2 (here, σy
is the yield strength,σ0 is the friction stress for dislocation
gliding, and d is the average grain size), which varies in
a wide range from 150 to 450MPa·μm1/2 depending on
the dominant deformation mechanism [23–27]. There-
fore, it is rather necessary to establish effective texture
adjustment strategy for high load-bearing performance
of wrought magnesium alloys.

The quantification of texture effects, typically charac-
terized as the orientation factor M, is crucial to reveal-
ing the texture dependence of strength. At present, the
estimation of M for strongly textured polycrystals is
mostly limited to the equivalent single crystal assump-
tion. For example, Cáceres et al. [28] estimated that
the M of pure magnesium with a strong basal texture
was between 2.1 and 2.5 by comparing the hardening
behavior of polycrystals and equivalent single crystal.
However, the more common approach is based on the
Sachs assumption of monophyletic slip/twinning due to
the large differences between the slip/twinning mecha-
nisms of magnesium alloys. TheM was estimated by the
reciprocal of the Schmid factorm of a preferentially acti-
vated slip/twin system and showed better experimental
agreement [20,29,30]. In particular, Choo et al. effec-
tively estimated the M and associated K values for dif-
ferent activated deformation mechanisms of magnesium
plates with strong basal texture [30]. In order to apply
to the texture adjustment of magnesium alloy polycrys-
tals, especially the weakening of the basal texture, we
introduced an equivalent Schmid factor using the statis-
tical average method and constructed a four-parameter
Hall-Petch relationship. The texture dependence of the
yield strength of polycrystals is well explained and pre-
dicted in upsetting-extruded ZK61 and multi-forged
AZ31 [31–33].

Based on the abovemode, taking the divergence, incli-
nation, and deviation of the basal texture as the adjusting

approaches, we quantified the effect of the basal texture
state on the dominant deformation mechanism of ten-
sile and compressive yielding in wrought magnesium
alloys and analyzed its influence on the yield strength
and related tension-compression asymmetry, to even-
tually establish texture adjusting strategy for excellent
load-bearing properties in wrought magnesium alloys.

2. Experimental details

The initial material was as-extruded Mg-2.9wt%Al-
0.9wt%Zn (AZ31B) alloy rods with an ideal extruded
fiber texture. Secondary extrusion at 473K and further
annealing treatments at 573K with varying periods (O-
temper) were carried out to produce varying grain sizes
ranging from 5.5μm to 30μm (a total of 12 samples
with different grain sizes). Three combined extrusion
techniques-upsetting and extrusion with extrusion ratio
of 4–10 [32,34], equal channel angular extrusion with
internal channel angle of 90°–150° [35], and cyclic extru-
sion and compression with extrusion ratio of 2–4 and
cyclic passes of 2–8 [20,36] were employed to prepare
magnesium alloy rods with diverged fiber texture (DFT),
inclined fiber texture (IFT), and deviated annular texture
(DAT), respectively. All the combined extrusion samples
underwent extrusion at a temperature of 573K and a
velocity of 5mm/s.

Uniaxial tension and compression tests were per-
formed on an Instron 5967 testing machine with a start-
ing equivalent strain rate of 6.7× 10−4 s−1. Tensile speci-
menswith a gauge size of�4mm× 15mmand compres-
sive specimens of �8mm× 12mm were cut from the
rods along the extrusion direction (ED).0.2% offset yield
strength was determined by the offset method described
in ASTM standard E8M-16a and was repeated three
times in the same condition. Microstructure, including
texture, was examined by electron backscattering diffrac-
tion (EBSD) using a Quanta 200FEG field emission scan-
ning electron microscope. The size of each grain and its
average value were determined through the area-based
measuring method using TSL OIM Analysis software.

3. Results and discussion

Figure 1 shows the tensile and compressive yield
strengths of magnesium alloy rods with 0002 fiber tex-
ture prepared by secondary extrusion as a function of
grain size d−1/2 along the extrusion direction. It is clear
that both the yield strengths strictly showed linear Hall-
Petch relationships within the scope of this study and
presented an obvious strength difference with the ten-
sile/compressive yield strength ratio (TYS/CYS) chang-
ing from 1.23 at 30μm to 1.04 at 5.5μm. The tensile
yielding was dominated by slip with a friction stress of
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Figure 1. Tensile/compressive yield strengths of magnesium
alloy rods with 0002 fiber texture as a function of grain size d−1/2

along the ED.

119MPa and a K value of 196MPaμm−1/2. In contrast,
compressive yielding was dominated by 10–12 twinning,
which had a lower friction stress of 70MPa and a rather
higher K value of 291MPa·μm−1/2.

To deeply understand the strengthening mechanism
behind the distinctly different Hall-Petch relationships of
textured magnesium alloy polycrytals, a four-parameter
equation to predict the yield strength considering four
deformation modes: basal< a> slip, prismatic< a>

slip, pyramidal< c+a> slip, and 10–12 twinning, was
proposed referring to the Sachs model by Barnett [37].
The CRSS (critical resolved shear stress) ratios of the
four deformation modes: τ bas0 : τ pri0 : τ pyr0 : τ tw0 were set
to 1:2:4:0.7 for theAZ31magnesium alloy [30]. The Sachs
assumption, as Hosford suggested [38], highlights that
only one system of slip or twinning was considered to
activate in each grain, particulary at yielding. The pref-
erentially activated system in a grain is the one with the
lowest CRSS/m among the four modes for uniaxial ten-
sion or compression [37]. Thus, two fractions were set
for the equation: Xsl, the fraction of grains where yielded
only by slip, and Xtw, grains undergoing twinning. Based
on the division, two corresponding yield stresses, σ sl

y and
σ tw
y , were calculated following the Hall-Petch relation,

respectivley.
For grains undergoing slip, the slope K can be cal-

culated by the formula proprosed by Armstrong et al.

[39,40] according to the dislocation pile-ups model:

K = M2τ0(r)1/2 (1)

whereM is the orientation factor reflecting texture effect,
τ0 equal to σ0/M is the CRSS for given slip mode, and r
is the distance between the dislocation pile-up and the
nearest dislocation sources in an adjacent grain. Thus,
the Hall-Petch relationship for slips can be expressed as
[41–43]:

σ sl
y = Msl(τ sl0 + λτ sl0 M

sld−1/2) (2)

where λ is the square root of r and was assumed to be
constant in the present, and the superscript sl was added
for identification.

Further, to deal with the textured polycrystals and the
different CRSSes of different slip modes, the orientation
factorMsl was equivalent calculated via a weighted aver-
age method based on quantitative statistical results as
follows:

Msl =

∑

g

∑

s
(wg · τ s0/m

s,g)

∑

g

∑

s
(wg · τ ref0 )

(3)

where g is the grain undergoing slip, s is the slip mode, τ s0
is the CRSS of the slipmode s,ms,g is the Schmid factor of
the preferentially activated slip mode s in the grain g, wg

is the corresponding area-weighted percent of the grain
g, and τ

ref
0 is the reference CRSS for equivalence, which

is usually that of the basal slip τ bas0 .
Different from the hardening induced by dislocation

pile-ups for slip, the twinning nucleation and expansion
represent the stress relaxation. This behavior tends to
make the yielding mainly determined by the Schmid fac-
tor of the twinning system [24,44], and shows a higher K
of the grain size strengthening (about 1.5∼7.0 times that
of slip). Thus, for grains undergoing twinning, the slope
K can be estimated as:

Ktw = Mtwktw (4)

where ktw can be treated as a constant value referring
to the research of Wang et al. [30], the superscript ‘tw’
was added for identification. Thus, the yield strength
dominated by twinning can be directly expressed as:

σ tw
y = Mtw(τ tw0 + ktwd−1/2) (5)

whereMtw is the associated orientation factors for twin-
ning (following the same formula as Msl and taking the
CRSS of twinning τ tw0 as a reference).

Combining the stresses generated by the two volumes
at yielding, the yield strength could be predicted as:

σy = XslMsl(τ sl0 + λτ sl0 M
sl · d - 1/2) + XtwMtw
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Table 1. Values fitting Equation (6) for the four-parameter Hall-
Petch equation.

τ sl0 λ τ tw0 ktw

30.1MPa 0.4 28.9MPa 134.8MPa·μm−1/2

× (τ tw0 + ktwd - 1/2) (6)

The fitting parameters of the Equation (6) for the present
yield strengths were obtained as shown in Table 1.

Three typical texture states, DFT-II, IFT-III, andDAT-
II, were selected to analyze the significant influence of
texture types on the deformation mechanism at yield-
ing. The corresponding proportions of preferentially
activated deformation mechanisms in the polycrystals
based on the Sachs assumption are shown in Figure 2c.
These three texture adjusting approaches all clearly show
effective improvement in tensile and compressive yield
strength asymmetry arising from strong fiber texture
and have significant differences in improvement mech-
anisms. (i) DFT essentially did not change the slip mech-
anism’s dominance in tension, and the improvement in
yield strength asymmetry was attributed to an increase
in slip-activated proportion in compression, resulting in
a higher CYS of about 158MPa and a better TYS/CYS of
1.11. (ii) IFT decreased slip activation in tension while
increasing it in compression, resulting in the most sig-
nificant improvement in TYS/CYS (around 0.98) at the
expense of tensile yield strength. (iii) The effect of DAT
was similar to that of IFT. The difference is that the tensile
and compression yield strengths were reversed due to the

overall annular deviation of the basal plane, characterized
by a TYS/CYS of 0.87.

In order to further reveal the effect of texture adjust-
ment on the deformation mechanism of magnesium
alloys, referring to the textures in Figure 2b, we con-
structed three basal texture adjusting approacheswith the
variation of adjusting angles from 0° to 90° (Figure 3a–c).
The quantified proportions of Xs1 and Xtw, and the ori-
entation factorsMsl andXtw were illustrated as a function
of the angle (Figure 3d–f for tension, h-i for compres-
sion). The adjusting approach and angle have an impor-
tant influence on the deformation mechanism in tensile
and compressive yielding. Regardless of the adjusting
approach, it is beneficial to reduce the significantly high
slip Xs1 and the Msl of the initial fiber texture in ten-
sile yielding, and it is more effective to suppress the
twinning Xtw in compression yielding. The extent of the
influence of adjusting angle on the deformation mecha-
nism follows: DFT < IFT < DAT. An important feature
is the transition in the dominant deformation mecha-
nism. Specifically, DFT maintained the dominant defor-
mation mechanism during yielding similar to the initial,
which is exhibited by slip in tension and twinning in com-
pression. In contrast, the dominant deformation mech-
anism of IFT during compressive yielding transformed
from twinning to slip after the adjusting angle of 45°.
More dramatically, DAT exhibited an earlier twinning-
to-slip transition at 22° during compression yielding, and
even a reverse slip-to-twinning transition at 55° during
tensile yielding.

Based on the obtained deformationmechanism under
the influence of texture in Figure 3, the variations of TYS

Figure 2. (a) Experimental and predicted tensile/compressive yield strengths using three texture adjusting approaches (DFT, IFT, and
DAT); (b) 0002 pole figures using three texture adjusting approaches (DFT, IFT, and DAT); (c) proportions of preferentially activated
deformationmechanisms corresponding to the representative textures of (b, DFT-II, IFT-III, DAT-II) estimated using the Sachs assumption.
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Figure 3. Adjusted basal textures constructed by three adjusting approaches with varying adjusting angle from 0° to 90°: (a) DFT, (b)
IFT, and (c) DAT; The corresponding proportions X and orientation factorsM of the deformation mechanism for tensile yielding (d-f ) and
compressive yielding (h-i). Note that IFT and DATwere constructed based on DFTwith an adjusting angle of 10° to be consistent with the
experimental.

and CYS with adjusting angle were calculated using the
four-parameter Hall-Petch relationship as illustrated in
Figure 4. The color-shaded area in the figure reflected the
grain size sensitivity affected by texture. The texture effect
on the deformation mechanism was directly reflected in
the changes of TYS andCYS. At the lower angles less than
30°, the TYS decreased significantly with the decrease
of slip-activated Xsl and Msl under all the three texture
adjusting approaches, while the CYS slightly increased
or remained stable depending on the extent of twinning
inhibition. The grain size sensitivity on the strength at
this stage was also the most significant. With the further
increase of the adjusting angle, the transition of the dom-
inant deformation mechanism associated with the tex-
ture adjustment caused significant differences in the yield
strength change, and the extent of the strength change
also follows DFT < IFT < DAT. A maximum CYS of
160MPa at an angle of 30° was achieved in DFT, which
is obviously related to the high compressive Mtw, and
then both TYS and CYS showed a monotonous but gen-
tle decrease as the angle increased. The induced strength

change was merely within 20MPa. While in IFT, the
trends of TYS and CYS showed a concave shape, which
first decreased rapidly and then slowly recovered with
the increase in adjusting angle, and the angle of mini-
mum yield strength was around 45° in tension and 65° in
compression. This strength trend is directly related to the
change of the dominant deformation mechanism, par-
ticularly the proportions of the basal slip and twinning
(Figure 3e and h). As expected, the abrupt transitions in
the dominant deformation mechanism in DAT caused
a more pronounced concave changes in TYS and CYS.
The minimum was only about 80MPa for both yield
strengths at about 45°, and was extremely insensitive to
grain size. Another notable difference from other tex-
tures is that TYS and CYS achieved twinning-dominated
localmaxima at 63° and 18° due to highMtw, respectively.
Apparently, basal texture adjustment mostly had a nega-
tive impact on the enhancement of yield strength in both
tension and compression, which was attributed to either
the weakening of low-Mtw twinning or the substantial
activation of low-Msl slip. Therefore, slight adjustment of
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Figure 4. Variation of TYS and CYS with adjusting angle calculated using the four-parameter Hall-Petch relationship: (a) DFT, (b) IFT, and
(c) DAT. A fixed grain size of 10μmwas chosen for comparison, and a grain size range of 5–45μmwas used to reflect grain size sensitivity,
which was colored in blue for TYS and in red for CYS.

Figure 5. TYS/CYSwith variation of adjusting angle calculated from Figure 4: (a) DFT, (b) IFT, and (c) DAT. Grain size sensitivity of TYS/CYS
was colored in red and positions where TYS and CYS are equal were marked.

basal texture is most favorable for achieving high yield
strength in both tension and compression.

The TYS/CYS with variation of the adjusting angle
was employed to investigate the texture influence on the
improvement of the tension-compression asymmetry, as
shown in Figure 5. The influence of texture adjustment
on tensile and compressive yield strength is also largely
reflected in the change of tension-compression asymme-
try. The strength asymmetry can be greatly improved
with appropriate texture adjustment while minimizing
strength loss. For DFT, IFT, and DAT, the recommended
adjusting angles are roughly 30°, 20°, and 15°, respec-
tively. The higher grain size sensitivity of the adjacent
angle region also means that it can be more adequately
improved with the aid of grain refinement. In the subse-
quent angle regions, the tension-compression asymmetry
of the three texture adjusting approaches showed vari-
ations in TYS/CYS corresponding to the transitions of
the dominant deformationmechanism. Specifically, DFT

exhibited a nearly steady TYS/CYS of about 1.0 with
noticeable grain size sensitivity; IFT displayed moderate
fluctuations in TYS/CYS of 0.9–1.2; and DAT presented
severe fluctuations in TYS/CYS of 0.5–1.8 and multiple
reversals. Fluctuations in the latter two were less sensitive
to grain size.

4. Conclusions

In summary, basal texture adjustment has non-negligible
impacts on tensile and compressive yield strengths as well
as its asymmetry of wrought magnesium alloys, demon-
strating texture adjustment’s potential and importance
in engineering. The key findings drawn from this study
are:

(1) Slight texture adjustment in all three texture
approaches can significantly improve the strength
asymmetry while avoiding severe strength loss.
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(2) Variations in strength and its asymmetry with
adjusting angle were closely related to texture effects
on the deformation mechanism based on the Sachs
assumption, which were mainly manifested in the
extent of twinning inhibition in the low adjusting
angle region and the transformation of the dominant
deformation mechanism in the subsequent angle
region.

(3) The divergence of the basal texture exhibits the least
strength loss and great grain size sensitivity, the devi-
ation of the basal texture exhibits the most effective
impact on tension-compression asymmetry but the
most serious strength loss, and the inclination of the
basal texture falls in the middle.
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