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A B S T R A C T   

This paper concerns Tensile-Compressive Asymmetry (TCA) in a Mg-based alloy. Strong TCA is in general un-
usual, but previous publications have indicated that it can arise with the AZ31(B) alloy (in extruded rod or rolled 
plate form), such that there is a factor of up to two between yield stress values obtained by testing the same 
sample (in the same direction) in tension and in compression. This is confirmed in the present work. It has also 
been previously established that this effect is associated both with strong crystallographic texture and with the 
plasticity involving at least some deformation twinning. It is thus more likely with hexagonal metals, such as Mg, 
since their lower crystallographic symmetry (compared with cubic metals) favours this type of deformation. The 
microstructural evolution, and operative deformation mechanisms, that give rise to the observed TCA effects are 
investigated in detail here and at least most of the observed mechanical characteristics are rationalised. Finally, 
the Profilometry-based Indentation Plastometry (PIP) methodology for inferring stress-strain curves from 
indentation tests is applied to this material. As expected, full TCA characteristics cannot be obtained via PIP, but 
it is shown that there is a well-defined relationship between curves inferred in this way and the full set of uniaxial 
test outcomes.   

1. Introduction 

Obtaining different stress-strain curves when loading identical 
samples in tension and compression (along the same direction), often 
described as Tensile-Compressive Asymmetry (TCA), has frequently 
been reported. The nominal stress-strain curves are always distinctly 
different, but they should in principle be the same when converted to 
true stress – true strain plots. This is because the plastic deformation of 
metals is normally controlled solely by the von Mises stress, which can 
be regarded as a direction-averaged shear stress [1]. The hydrostatic 
(volume-changing) component of the stress state usually has no effect on 
the plastic deformation. This is consistent with plastic deformation 
involving no volume change and with both dislocation glide and 
deformation twinning being stimulated solely by shear stresses. Since 
the application of a particular stress level in uniaxial tension and uni-
axial compression creates the same von Mises stress, with only the hy-
drostatic components differing, no variation is expected between the 
true stress – true strain curves derived from the two types of testing. It 
may also be noted that most FEM modelling of metal deformation is 

implicitly based on this premise, with a constitutive law being used to 
relate the von Mises stress to the von Mises strain (equivalent plastic 
strain). 

Certain caveats need to be added. One of these is that, while the 
analytical relationships for converting between true and nominal 
stresses and strains can safely be used for tensile testing (up to the onset 
of necking), this is not quite true for compressive testing. The reason for 
this is that friction almost inevitably affects the nominal curve. Even if 
efforts are made to reduce friction (using lubricants), the contact pres-
sure between sample and platen is usually so high that some frictional 
resistance to interfacial sliding is unavoidable. This is apparent in the 
form of “barrelling” of the sample. In principle, this effect can be taken 
into account via inverse FEM modelling of the test, with both a coeffi-
cient of friction and the true stress-strain relationship being iteratively 
altered to give optimal agreement between measured and modelled 
nominal stress-strain curves [1]. In practice, however, this is rarely 
done. The upshot is that there is a tendency for true stress-strain curves 
derived from compression testing to lie slightly above corresponding 
curves obtained by tensile testing. This has probably been responsible 
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for some reported TCA, with the compressive yield stress being higher 
than the tensile counterpart, although the effect is often relatively small 
[2,3] – perhaps typically a rise due to friction of around 5–10%. 

A further caveat should be added concerning volume changes. If the 
plastic deformation does in fact involve a volume change, then some 
dependence on the hydrostatic stress, and hence some TCA, might be 
expected. One such case is when the metal is porous. There is clearly 
scope for the porosity level to change during deformation - to be 
increased by a tensile hydrostatic stress and reduced by a compressive 
one. This could affect the (true) stress-strain relationship, although there 
appears to have been little direct study of such effects. Another instance 
is when the plasticity involves a phase change, since in most cases this 
will be accompanied by a volume change. For example, in certain 
metastable austenitic stainless steels, it is common for plasticity to 
stimulate martensite formation, raising the hardness (and hence the 
work hardening rate) appreciably [4–7]. For a positive volume change – 
ie the new phase being less dense than the parent region, its formation 
should be promoted by a tensile hydrostatic stress and inhibited by a 
compressive one. Again, there has been relatively little direct study of 
TCA caused by this. 

However, there have certainly been many reports of TCA in pore-free 
metallic systems that undergo no phase changes during straining. 
Moreover, there is no overall consistency in terms of whether the ma-
terial is “harder” in tension or compression – both have been repeatedly 
reported in different metallic systems. Most of these reports have related 
to hexagonal metals, particularly Mg and Ti. A relevant characteristic of 
these, compared with cubic metals, is that (deformation) twins 
commonly form during plasticity – due to lower crystallographic sym-
metry and hence fewer independent slip systems for dislocation glide. It 
seems likely that this is relevant to the observed TCA in these metals. 
There are many other metals with hexagonal close-packed structures, 
including Be, Cd, Co, Y, Zn, Zr etc. Most of these have not been exten-
sively studied in terms of TCA, although it has been reported in Zn [8] 
and Zr [9]. In general, however, the focus has been on Mg and, to a 
slightly lesser extent, on Ti. Both strong texture and extensive defor-
mation twinning have frequently been reported in these systems. 

It is important to distinguish asymmetry from anisotropy – confusion 
between these terms can occur. Anisotropy (both elastic and plastic) is 
observed in metallic samples, such that stress-strain curves obtained 
from a particular material are different when it is tested in different 
directions – for example, parallel and transverse to the extrusion axis in 
a rod. This commonly arises from crystallographic texture, although 
other microstructural features, such as aligned hard inclusions, can also 
be responsible [1]. Its origins are in general well understood. There is 
not necessarily any link between anisotropy and asymmetry, but there 
have been many reports in which asymmetry has been observed in 
samples that also exhibit anisotropy, but not when the same type of 
material is isotropic – see below. 

The present investigation is focussed on a particular Mg alloy (AZ31B 
– ie Mg-3wt%Al-1wt%Zn), in the form of extruded rod. This material has 
frequently been reported to exhibit particularly strong TCA effects. (It 
may be noted here that there is very little difference between AZ31 and 
AZ31B – the latter is permitted a higher level of Cu as an impurity, but, 
while this may affect corrosion resistance, the mechanical properties are 
usually the same for the two designations.) In fact, many papers [10–19] 
have been focussed on this alloy and a large proportion of them report 
anomalies of various types – or at least effects that cannot be simply 
explained. Measurements on plate or sheet have consistently revealed 
[20–26] that, for loading along an in-plane direction, the yield stress in 
tension (~180–200 MPa) is about twice that in compression (~90–100 
MPa). It has also been commonly observed that the shapes of the two 
(true) stress-strain curves are different, with that in tension exhibiting 
conventional work hardening (gradient falling off with increasing 
strain), but the compressive one having a sigmoidal shape, such that it 
rises above the tensile curve as the strain exceeds about 10%. In several 
of these studies that show TCA, it was also noted that the material was 

highly textured, whereas the cast form of this alloy, with little or no 
texture, shows virtually no TCA [27,28]. 

There has also been work [25,29,30] on extruded rod of AZ31B, 
again showing higher yield stress in tension than in compression, when 
loaded along the extrusion axis. It’s also clear that these rods have 
analogous texture to that in a plate – ie the basal plane normals tend to 
lie transverse to the extrusion axis. This is consistent with the 
manufacturing process being dominated by slip on basal planes, such 
that they rotate until they lie approximately parallel to the direction in 
which the rod (or plate) is being extended. In most cases, this will be 
done at elevated temperature, when slip is in general favoured over 
twinning [1]. Some of the studies with extruded rods have also involved 
tensile testing in the radial direction, whereas none of the work with 
sheet or plate has involved tensile testing in the through-thickness di-
rection (and most have not involved compressive testing in that direc-
tion either). This type of tensile testing was included in recent work by Li 
et al. [31] on Mg-3%Gd plate, although that study is focussed on creep 
behaviour. Nevertheless, they do make some interesting observations 
regarding the twin and slip systems being activated during creep 
deformation. The work of Barnett [29] has included an attempt to 
explain some of the effects in mechanistic terms. He observed, for 
example, that there was more twinning when tensile tested radially, 
compared with axial tensile testing, and correlated this with the material 
being softer in the radial direction. 

In general, however, such attempts to explain observed effects in 
terms of the mechanisms of plasticity have been limited and unsatis-
factory. There has been repeated reference in a number of papers to 
certain types of twin being labelled as “tensile” or “extension”, and other 
types being termed “compressive” or “contraction”. This may cause is-
sues, since the expectation is that, as with dislocation glide, deformation 
twinning is promoted by deviatoric stresses only. If the hydrostatic stress 
plays no role, then there should be no difference between the effec-
tiveness of a uniaxial tensile stress in stimulating twinning and that of a 
uniaxial compressive stress of the same magnitude. This should apply 
irrespective of the presence of texture – ie of bias in the orientation of 
twinning planes (or indeed of slip planes). Noting that a particular type 
of twinning, with a certain type of texture, will contribute to an exten-
sion (or a contraction) in a particular direction should not imply that it 
will be promoted by a loading that is tending to produce such an 
extension (or a contraction). The twin formation should in principle still 
be determined only by the deviatoric (shear) component of the stress 
state, which will be the same for tensile and compressive loading. 

There are, however, at least a couple of points that should be noted in 
this context. One is that using the von Mises stress may be inappropriate 
when there is strong texture and a limited number of twinning systems 
(or slip systems) that can operate in any particular grain. Another is that, 
when a deformation twin forms, during the coordinated atomic shear 
that the structure must undergo, there is a transient state in which the 
volume has increased. The magnitude of this effect will depend on the 
crystallography of the twinning (including the c/a ratio for hexagonal 
metals): Cayron [32] showed that, for Mg, this increase is predicted to be 
about 3%. If this effect were to be significant, then it might be expected 
that deformation twinning would be promoted by a tensile hydrostatic 
stress, and inhibited by a compressive one. However, this is not an effect 
that has been widely investigated, or recognized as being potentially 
significant (and indeed it may not be). 

Another relevant issue is how readily different types of slip system 
become activated in Mg alloys, particularly AZ31B, and how this relates 
to the incidence of deformation twinning. However, the picture that 
emerges from the literature is not a simple one. There is a general 
expectation for Mg that non-basal slip is unlikely, confirmed by single 
crystal experiments [33] involving measurement of critical resolved 
shear stresses. Another study [34] confirmed that most of the disloca-
tions examined in deformed AZ31B were in the basal plane. This is often 
quoted as being the cause of the poor ductility of Mg alloys – for 
example, when compared with that of Ti alloys [35,36], in which 
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prismatic and pyramidal slip are common. However, there is evidence 
that this depends on grain size, with non-basal slip being favoured in Mg 
alloys by fine grains. There have thus been several reports [37] that 
deformation twinning, which is more likely when there are fewer 
operative slip systems, is more common in larger grains. It has also been 
reported that certain alloying additions, such as 0.5%Ca [38], can raise 
the ductility of Mg alloys, by promoting non-basal slip. 

A further point worth noting is that there have been reports [37] of 
dynamic recovery processes during uniaxial testing of the AZ31B alloy 
(at room temperature, with conventional strain rates). This can lead to 
changes in the appearance of twins, and even their apparent disap-
pearance, as the test progresses. There have also been reports [14,18,19] 
that the stress-strain curves of these alloys can show a marked depen-
dence on strain rate. Of course, this could simply reflect a switch from 
slip to twinning as the strain rate is increased, but the possibility of 
dynamic recovery during the test does introduce the potential for further 
complication. In general, however, it seems unlikely that this is signif-
icant in conventional tensile and compression testing, carried out at 
room temperature and with a strain rate in the typical range. 

A prominent part of the objectives of the current paper is to explore 
the outcome of applying the Profilometry-based Indentation Plas-
tometry (PIP) procedure (for obtaining stress-strain curves from inden-
tation testing) to material exhibiting strong TCA. Details of the PIP 
methodology are covered in a recent review paper [39]. Previous papers 
have covered application of the technique to material exhibiting 
anisotropy [40] and containing residual stresses [41], but there has been 
no previous treatment of the effects of TCA. Of course, there is no 
expectation of being able to capture TCA characteristics, since the 
outcome of a PIP operation is a single (true) stress-strain curve, and the 
associated modelling is based on von Mises stresses and strains. Never-
theless, the outcome of the standard procedure is potentially of interest – 
for example in checking whether it is closer to compressive or tensile 
uniaxial curves. 

2. Experimental procedures 

2.1. Material 

Extruded AZ31B rod, of diameter 20 mm, was supplied by Dynamic 
Metals (UK). The associated compositional specification (from the sup-
plier) is shown in Table 1. The rod was extruded at high temperature and 
annealed at 345 ◦C. The mechanical property specification from the 
supplier is shown in Table 2. These values were obtained by tensile 
testing (in the axial direction of the rod). Much more detail about me-
chanical characteristics measured in the current work is presented 
below. 

2.2. Sample preparation 

Three types of sample were prepared – for tensile, compressive and 
PIP testing. Tensile samples were in the form of flat plates, of thickness 1 
mm. Grip sections were 4 mm wide and 5 mm long, while the gauge 
length was 2 mm wide and 6 mm long. The shoulder sections between 
them had a radius of 1 mm, such that the overall length was 18 mm. 
These samples were produced by electro-discharge machining. With 
these dimensions, it was possible to obtain two radial samples from a 
single (1 mm thick) slice of the rod. For compressive testing, simple 
cylinders were produced, by conventional machining, with both 

diameter and length being 10 mm. These were again oriented for either 
axial or radial testing. Finally, samples for PIP testing were similar in 
dimensions to these compression samples, but they were hot mounted 
and polished to 6 μm. Several samples of each type were produced and 
tested. 

2.3. Uniaxial testing 

Tensile testing was carried out using an Instron electro-thermal 
mechanical testing (ETMT) system, with a 5 kN load cell. Strain was 
measured using an iMetrum video extensometry system. Speckle pat-
terns were applied on the surfaces to facilitate tracking. The focus was 
on the separation of sets of speckles at the ends of the gauge length - ie 
the (nominal) strain was being measured in the same way as with a clip 
gauge. Three samples at each direction (both radial and axial) were 
tested to fracture at the strain rate of 10− 3 s− 1. In other cases, the test 
was interrupted after pre-selected levels of plastic strain had been 
induced, to study the microstructure. 

Compression tests were carried out using an Instron 3369 loading 
frame. No lubricant was used. Displacement was measured using a 
Linear Variable Displacement Transducer (LVDT), attached to the upper 
platen and actuated against the lower one. In addition, Techni Measure 
1 mm linear strain gauges were attached to both sides of each sample. 
They have a range of up to about 2%. The average value from these two 
was used to apply a compliance correction to the LVDT data. This also 
removed the uncertainty associated with the “bedding down” effect. 
Tests were interrupted between 1 and 10% engineering strain at the 
strain rate of 10− 3 s− 1. 

2.4. Indentation Plastometry (PIP testing) 

Three basic steps are involved in obtaining a tensile (or compressive) 
nominal stress-strain curve from a PIP test. These are: (a) pushing a hard 
indenter into the sample with a known force, (b) measuring the (radi-
ally-symmetric) profile of the indent and (c) iterative FEM simulation of 
the test until the best fit set of (Voce) plasticity parameter values is 
obtained. This true stress – true strain relationship can then be used in 
various ways, the simplest of which is to convert it to a nominal stress – 
nominal strain relationship for tensile testing, using the standard 
analytical relationships. The ball used was Si3N4, with a radius of 1 mm. 
The loading took place over a period of about 30 s. The indent topog-
raphies were characterized with a stylus profilometer having a resolu-
tion of about 1 μm. The indents typically had a width of about 1 mm. 
Various details about the procedure, including the handling of samples 
that exhibit anisotropy, are provided in a recent review paper [39]. The 
Voce equation relates the von Mises stress to the von Mises plastic strain, 
so there is no possibility of taking any TCA into account. 

2.5. Microstructural examination 

A Zeiss Merlin field emission gun scanning electron microscope 
(FEG-SEM) was used to characterise the AZ31B microstructures in the 
as-received form and at various deformation stages. A Bruker eFlashHR 

high resolution electron backscattered diffraction (EBSD) detector was 
utilised for acquiring the evolution of crystal orientations with an 
emphasis on revealing the deformation twinning. EBSD specimens were 
first ground using abrasive media up to 4000 grit; this process was 

Table 1 
Compositional spec of the extruded AZ31B rod.  

Designation Composition (wt %) 

Al Zn Mn Other Mg 

AZ31B 2.5–3.5 0.6–1.2 0.2–1.0 <0.30 Balance  

Table 2 
Strength spec of the extruded AZ31B rod.  

Designation Yield stress 
σY (MPa) 

Ultimate Tensile Strength 
σUTS (MPa) 

Minimum Measured Minimum Measured 

AZ31B 152 233 241 250  
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completed in ethanol (>99.8%), instead of water, to avoid corrosion. 
This process was prolonged, using low contact pressure (to minimise 
microstructural changes – such as the creation of deformation twins – in 
near-surface regions). Samples were then fine polished using a Gatan 
PIPS II precision ion polishing system (Model 695). The broad ion 
milling system is equipped with two Ar-ion guns at the sample under 
vacuum, where the sample surface is positioned at 8◦ to the incident 
beams. The ion guns were operated at 8 keV for 16 min, while the 
sample was rotated at 6 rpm. The specimens were subsequently scanned 
in the SEM at 15 kV electron beam energy, with a probe current of 20 nA. 
The Kikuchi diffraction patterns were acquired at 160 × 120 resolution 
at two magnifications, with a step size of between 44 and 110 nm 
respectively. The low magnification (200×) map was used for texture 
interpretation and the high magnification (500X) map was aimed for 
revealing twinning evolution. The diffraction data were analysed using 
ESPRIT 2.3 and HKL Channel 5 software. 

3. Mechanical characteristics 

3.1. Uniaxial testing 

Outcomes of the uniaxial testing are shown in Fig. 1. In these plots, 
single (representative) curves are shown for each case. For each case, 
three samples were tested. In general, the reproducibility was high, with 
virtually all curves lying within ±1% of each other over the complete 
strain range. Fig. 1(a) and (b) show both nominal and true stress-strain 
curves, for loading in axial and radial directions, under tensile and 
compressive loading. The true curves have been obtained from the 
measured (nominal) data by using the standard analytical relationships 
[1]. For the tensile data, this conversion has been done only up to the 
onset of necking, which corresponds to the peak in the nominal plot – ie 
the UTS. Once necking starts, and the stress and strain fields become 
inhomogeneous in the gauge length, there is no simple analytical rela-
tionship between nominal and true values. For compression, on the 
other hand, the analytical conversion has been done over the complete 
strain range. This should be approximately correct, although the nom-
inal data are being affected by friction. A correction for this effect is 
likely to bring the true curve down (reduce the stress level for a given 
strain), typically [2] by a factor of the order of 10%. 

The main interest is in comparing true stress – strain curves for 
tension and compression (in particular directions), as shown in Fig. 1(c). 
Several points can be identified. Firstly, for radial loading, there is little 
or no TCA. Particularly when account is taken of the expected effect of 
friction, the curves for compression and tension are virtually coincident. 
In the axial direction, however, the tensile and compressive curves are 
very different, with the yield stress in tension being about twice that in 
compression. Moreover, the work hardening behaviour is different for 
the two. There is a conventional shape in tension, but a noticeably 
sigmoidal curve in compression, with the work hardening rate 
increasing sharply as the strain is raised. In fact, these two curves are 
very similar to those reported in several previous studies [20,22,23,42] 

of the same material, although in most of that work there was much less 
attention paid to the radial direction (or the through-thickness direction 
in plates). A key objective here is to explain these curves in terms of 
microstructure and deformation mechanisms, since those for the axial 
direction certainly look unusual. Nevertheless, it’s clear that this is how 
this material behaves. 

3.2. PIP testing 

The PIP technique has excellent sensitivity for detection, and partial 
characterisation, of anisotropy. It is apparent as a lack of radial sym-
metry in the indent profile. This material evidently shows strong 
anisotropy, in the form of a higher yield stress when loaded along the 
extrusion axis – ie in the axial direction (AD) – compared with that 
obtained when loaded in a radial direction. Two orthogonal radial di-
rections are here designated RD1 and RD2, although, from a micro-
structural and mechanical point of view, all radial directions are 
expected to be equivalent. 

Fig. 2(a) shows profiles from an indent made in the RD1-RD2 plane, 
while Fig. 2(b) shows two of those from an indent made into an AD-RD2 
plane (containing the central axis of the rod). The latter is not radially 
symmetric, with the axial direction being appreciably harder than the 
radial direction (in which there is much more pile-up). This is qualita-
tively consistent with the uniaxial curves. It’s not currently possible to 
obtain quantitative stress-strain curves in different directions from such 
indent profiles and the standard PIP procedure can only be applied to 
single (radially-symmetric) profiles – such as that in Fig. 2(a). The 
outcome of this is shown in Fig. 2(c), where the inferred (true) stress- 
strain plot is compared with the four uniaxial curves. 

In general, a PIP-inferred stress-strain curve is expected to represent 
a direction-averaged response, but it’s not entirely clear what would be 
expected in a situation like this, where the axial curves are substantially 
different in tension and compression. However, the hydrostatic 
component of the stress state induced during indentation is compressive, 
at least in most of the region being plastically deformed. This is illus-
trated by the data in Fig. 3, which shows that there is just a small region 
around the periphery of the indent in which the hydrostatic stress is 
tensile. (It can also be seen that the compressive hydrostatic stress can 
reach quite high values – around 600 MPa in this case.) It might thus be 
expected that the PIP-derived curve will be some sort of average of the 
two compressive plots. Recognising that the radial compressive curve 
should be a little lower than shown, since it has been moved up slightly 
by the effect of friction, this is quite close to what is observed. In addi-
tion, the axial compression curve has a slightly sigmoidal shape, which 
cannot be captured using a Voce expression, so very close agreement is 
not expected. It is in any event well below the tensile axial curve. 

Fig. 1. Uniaxial testing outcomes, shown as nominal and true stress-strain curves in (a) tension and (b) compression, while (c) shows the true curves for both. The 
configuration of the test-pieces, relative to the extrusion axis of the rod (AD), is shown in (b). 

Y.T. Tang et al.                                                                                                                                                                                                                                  



Materials Science & Engineering A 848 (2022) 143429

5

4. Grain structure and texture 

4.1. As-received material 

An indication of the grain structure, and of the broad nature of the 
texture, can be obtained from the EBSD images and set of pole figures 
shown in Fig. 4. The grains are approximately equiaxed in the radial 
plane, with an average size of the order of 50–100 μm, although with a 
suggestion of a duplex grain size distribution. There is strong texture, 
with a marked tendency for the basal plane normals to lie in radial di-
rections (transverse to the extrusion axis). This is as expected for a 
sample that has been extended axially at high temperature, with the 
deformation mechanism during processing being predominantly basal 
slip. It’s also consistent with many previous reports concerning this 
alloy. There is also a (weaker) tendency for {10-10} and {11–20} type 
planes to align with their normals parallel to the extrusion axis. No 
twinning was observed in the as-received condition. 

4.2. Schmid factors (SF) 

For a given texture (set of grain orientations) and direction of 
loading, a corresponding set of SF values (giving resolved shear stresses 
in the grain concerned) can be obtained for any slip or twinning system 
(combination of a crystallographic plane and a direction). The unidir-
ectionality was not incorporated for the twinning system here (hence no 
negative SF values). The sense of the loading (tensile or compressive) 

Fig. 2. (a) Residual profiles (measured in different directions) produced by indentation along the extrusion axis of the rod, (b) profiles from indentation along a 
radial direction and (c) comparison between true stress-strain curves obtained by uniaxial testing and by applying the PIP procedure to the indent profile in (a). 

Fig. 3. Map of the hydrostatic stress during PIP testing of this alloy, with an 
indenter of radius 1 mm and an applied load of 750 N. 

Fig. 4. EBSD images (at two magnifications) and set of pole figures, from a transverse section (RD1-RD2 plane) of the as-received rod.  
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has no effect on these calculations. The outcome of this operation, for a 
representative set of grains, is shown in Fig. 5 for four possible slip 
systems. 

The relative incidence of different SF values is shown on the right of 
this figure, for each slip system and for each of the three loading di-
rections. In the micrographs on the left, the shading of the individual 
grains reflects the magnitude of the SF for basal slip, for each of the three 
loading directions. Several features are apparent. First, the SF values for 
basal slip under axial loading (AD) are all low (0–0.2). This means that 
basal slip with this direction of loading requires higher applied stress for 
the shear stress acting on basal planes to reach the critical value (CRSS). 
For radial loading (RD1 or RD2), on the other hand, there is a good 
spread of values. The two upper micrographs illustrate which individual 
grains would be “hard” or “soft” under this kind of loading, if only basal 
slip were possible. Furthermore, for prismatic <a> slip, high SF values 
are generated under axial loading, in contrast to the radial directions. On 
the other hand, for pyramidal I <a> and pyramidal II <c+a> slips, high 
SF values (>0.4) are created for all three loading directions. Since CRSS 
values for these three systems are all much higher than that for basal 
slip, initial deformation is expected to involve basal slip under radial 
loading. These details are discussed in §5, taking into account 
previously-reported CRSS values for different slip and twinning systems. 

Corresponding information for the two main twinning systems ex-
pected to operate with this alloy is shown in Fig. 6. Relatively high SF 
values are produced for both systems, with all three loading directions. 
This is particularly so for axial loading, and for twinning on {10–12} 
type planes. A striking feature of this twinning system is that the 
resultant reorientation of the twinned region is large – an angle of almost 
90◦. Extensive activation of this system is expected to create large 
misorientation angles (MO) between parent and twin, and hence the 

potential for significant changes in texture. 

4.3. After plastic deformation – Axial loading 

EBSD images, and {0001} pole figures, are shown in Fig. 7 for 
samples that were compression tested in the axial (extrusion) direction. 
It’s clear that there is extensive twinning right from the start (1% strain), 
with apparent triggering in neighbouring grains. This twinning also 
causes a sharp change in the texture, with basal plane normals swinging 
round from mostly pointing in the radial direction to being largely ori-
ented along the axial direction. After 10% deformation, most of the 
grains are oriented in this way, implying that the twins have overtaken 
the parent in volume. This can be seen from the uniform red colour of the 
EBSD IPF-AD image. Mis-orientation line analysis across twin-parent 
boundaries shows a large reorientation of ~86◦, suggesting that twin-
ning is predominantly of {10–12} type, as shown pictorially in Fig. 7. 

However, the behaviour is different when loaded in tension along 
this axis. Fig. 8 shows that there is little twinning (and that it is largely 
confined to large grains). There is also very little change in texture. Most 
of the deformation has clearly taken place via slip – basal and/or non- 
basal, which will in both cases require higher applied stress levels, 
consistent with the higher yield stress observed in this case. Further-
more, by applying the same mis-orientation analysis between twinning 
and parent, a reorientation of ~56◦ commonly observed. The twinning 
in this case is mostly on {10–11} planes. Moreover, some small sec-
ondary twinning appears to be emerging from primary twins, the so- 
called “double twin” situation [43], giving rise to a misorientation at 
~38◦. Twin-twin intersections are frequently reported to favour void 
and crack formation, limiting the ductility [44]. This is consistent with 
the stress-strain curves obtained in the current study (Fig. 1), which 
show limited ductility when tensile loaded in the axial direction. 

4.4. After plastic deformation – Radial loading 

Corresponding images for the radially-loaded samples are shown in 
Fig. 9 and Fig. 10. It can be seen in Fig. 9 that, while there appears to be 
less twinning than under axial loading, there is still a notable change in 
the texture, although these are different for compression and tension. In 
compression (Fig. 9), there is a tendency for the basal plane normals to 
swing round towards the RD1 direction. Under tension, however, the 
basal plane normals rotate slightly towards RD2. In both cases, twinning 

Fig. 5. Schmid factor (SF) data for the four slip systems shown, created from 
the microstructure (set of grain orientations) on the left side. The relative 
incidence of different values is shown on the right side, for each slip system and 
each direction of loading. The shading of the grains in the micrographs reflects 
the SF values for basal slip, for each loading direction. 

Fig. 6. Corresponding SF data to that of Fig. 5, for two twinning systems.  
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is not homogeneous – some grains show extensive twins at 5% strain, 
whereas other grains are virtually free of twins. Only after 10% strain do 
virtually all grains exhibit at least some twinning. 

Further information about the changes in microstructure during the 
four types of uniaxial loading is provided in Fig. 11, which shows sta-
tistical data for samples before and after loading to two levels of plastic 
strain, in both directions and in both senses of loading. Firstly, it’s clear 
that this distribution is uniform (random) in the as-received material. 
This is consistent with the absence of twins, since these two types of twin 
have characteristic mis-orientation angles (of about 86◦ and 57◦). After 
compressive loading in the axial direction for 5%, however, there is 
clearly extensive twinning – initially almost exclusively of the {10–12} 
type, giving the 86◦ mis-orientation, although at higher strains (10%) 
the other type tends to form. It is striking that, after 5% strain, these 
{10–12} twin boundaries are so common that there are almost no other 
MO angles. Of course, this does mean that some “parent” material must 

Fig. 7. EBSD images, and corresponding (0001) pole figures, from transverse sections of samples compression tested in the axial direction, to the plastic strains 
shown. Pictorial representations of the texture, before and after straining, are also shown. 

Fig. 8. EBSD images, and corresponding (0001) pole figures, from transverse 
sections of samples tensile tested in the axial direction, to the plastic strains 
shown. Pictorial representations of the texture, before and after straining, are 
also shown. 

Fig. 9. EBSD images, and corresponding (0001) pole figures, from transverse 
sections of samples compression tested in the radial direction, to the plastic 
strains shown. Pictorial representations of the texture, before and after strain-
ing, are also shown. 

Fig. 10. EBSD images, and corresponding (0001) pole figures, from transverse 
sections of samples tensile tested in the radial direction, to the plastic strains 
shown. Pictorial representations of the texture, before and after straining, are 
also shown. 
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still be present. These data also confirm that, under axial tension, there is 
very little twinning – and that what does occur is of the {10–11} type. 
This gets a little more extensive at 10% strain. For the radial case, it is 
also clear that the initial twins are of the {10–12} type, while some 
{10–11} twinning becomes noticeable at higher strain (10%) as well as 
some double twinning. 

5. Deformation mechanisms 

Uniaxial mechanical testing, and corresponding observations of 
microstructural evolution, have unambiguously revealed that: (i) strong 
TCA occurs in the axial loading direction, but little or no TCA is observed 
under radial loading, (ii) multiple deformation mechanisms are active in 
each case, with twinning and slip contributing to varying extents, and 
(iii) under axial loading, there is strong twinning in compression, but 
little in tension, which is almost certainly responsible for the observed 
TCA. 

Table 3 is a compilation of published data for critical shear stresses 
required to activate the major slip and twinning systems in this alloy. 
While there are significant variations between values obtained by 
different workers, a consistent picture does emerge. These values can be 
used to interpret the observed behaviour. 

The ranking of CRSS values is: basal slip < {10–12} twin < prismatic 
slip < pyramidal slip < {10–11} twin, with that for the {10–12} twin 
being about 2–3 times higher than that for basal slip. Prismatic and 
pyramidal slips require significantly higher CRSS, although these values 
are still within the same order of magnitude, being about 4–6 times 
higher than that of the basal slip. Finally, the {10–11} twin has the 
largest CRSS, which is an order of magnitude higher than of basal slip. 
The fact that this type of twin can nevertheless be observed in some cases 
highlights the importance of the large variations in SF values that can be 
produced in strongly textured samples. 

The onset of yielding is controlled by the easiest slip and/or twinning 
systems, favoured by a combination of high SF and low CRSS. Fig. 12 
shows, for the three loading directions, which grains are well oriented 

for basal slip in blue or {10–12} twinning in red (without incorporating 
unidirectionality), or are poorly-oriented for both (black). For both RD1 
and RD2 loading, most grains are well-oriented for one or the other. This 
explains why radial loading gives the lowest yield stress. It may also be 
noted that grains well-oriented for basal slip and for {10–12} twinning 
form a complementary set – very few are oriented equally well for both. 
It is thus expected that about half of the grains will undergo basal slip 
and the other half {10–12} twinning, although it must be recognized 
that the shape changes experienced by individual grains must be 
compatible with those of their neighbours. This is a significant 
constraint, since both (basal) slip and twinning allow only one type of 
shape change: there is nothing analogous to the operation of multiple 
slip systems within a grain that occurs so readily in most cubic metals. 
Nevertheless, this is consistent with the observation in Figs. 9 and 10 
that some grains show extensive twinning, but others do not – those are 
presumably grains that are well-oriented for basal slip. 

Fig. 12(c) provides insights into the behaviour under axial loading. 
Virtually no basal slip is expected, whereas {10–12} twinning is likely. 
This is what is observed under compression, with (at least initially) the 
deformation being dominated by this twinning. It is also consistent with 
the somewhat higher yield stress compared with radial loading (Fig. 1), 
since basal slip is very difficult. During progressive deformation, the 
situation changes as the {10–12} twinning creates significant reor-
ientation (changes in texture), with some grains (twinned regions) 
becoming well-oriented for basal slip. This effect is highlighted by 
Fig. 13. This also explains the (sigmoidal) shape of the stress-strain 
curve. With extensive twinning, both further twinning and basal slip 
within twins will become difficult, so increases in applied (true) stress 
will be required to stimulate them. 

The TCA observed for axial loading is clearly due to {10–12} twin-
ning not occurring under tension. In the absence of this, a much higher 
applied stress is needed for yielding – sufficient to stimulate non-basal 
slip (with their high CRSS values). However, it is not entirely clear 
why {10–12} twinning does not occur under axial tension. In fact, rather 
ironically, this type of twin is sometimes referred to in the literature as 
an “extension” or “tensile” twin. The {10–12} twinning behaviour it is 
often regarded as the ‘polar mechanism’ or the source of ‘unidirection-
ality’, yet the nature of enabling twins in one direction, but not the 
other, is worth further debate, as the deviatoric stress state is exactly the 
same in both cases. The factors affecting the ease of twinning, particu-
larly in terms of an influence of the hydrostatic stress, must be quite 
subtle. Evidence for this includes the observation [8] that the trend is in 
the other direction for Zn – ie a greater incidence of twinning, and a 
lower yield stress, occur for tensile loading, despite the fact that the 
nature of the texture is much the same. 

Overall, most of the observed effects can thus be satisfactorily 

Fig. 11. Information about the distribution of misorientation angles across grain and twin boundaries, before and after tensile and compressive deformation, for axial 
and radial loading, to the strain levels shown. 

Table 3 
Published Critical Resolved Shear Stress (CRSS) values for the main slip and 
twinning systems in the AZ31B alloy.   

Ref 
CRSS (MPa) 

Basal 
slip 

Prismatic 
slip 

Pyramidal II 
slip 

{10–12} 
twin 

{10–11} 
twin 

[45] 18.0 75.0 90.0 33.0 – 
[46] 10 55 60 30 – 
[47] 14 82 90 27 148  
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explained via an understanding of the texture, and the ease with which 
slip and twinning systems can be stimulated, although certain details of 
an apparent role for the hydrostatic stress remain to be fully elucidated. 

6. Summary and conclusions 

The following conclusions can be drawn from this work, which has 
involved mechanical testing and microstructural characterisation of 
extruded rod of the AZ31B alloy.  

(a) As observed in several previous papers, the starting material is 
strongly textured, with a tendency for the basal plane normals to 
be oriented in radial directions. There is also a (much weaker) 
tendency for {10-10} and {11–20} type normals to lie along the 
axis of the rod. 

(b) Uniaxial tests have been carried out in both axial and radial di-
rections, under both compressive and tensile loading. The mate-
rial is harder under tensile loading for the axial case by a factor of 
two – ie there is a strong TCA effect in the axial direction. How-
ever, in the case of radial loading, virtually no TCA effect is 
observed; the (true) stress-strain curves in compression and ten-
sion are very similar.  

(c) The lower yield stress in axial compression is associated with 
extensive deformation twinning, predominantly on {10–12} type 
planes. These do not form under axial tension, during which 
yielding requires much higher applied stress - sufficient to stim-
ulate dislocation glide, probably on both basal and non-basal 
planes. It’s not entirely clear why the hydrostatic stress being 
tensile inhibits this twinning, whereas this does not happen when 
it is compressive. Strong TCA effects of this type apparently can 
arise in highly-textured samples when loaded in certain di-
rections, provided there is a limited number of slip systems that 
can readily be activated – such that twinning can become an 
important deformation mode.  

(d) The PIP (indentation) methodology has been applied to this 
material. This type of testing allows the anisotropy to be detected 
and characterized, at least in terms of identifying harder and 
softer directions. It also allows a stress-strain curve to be 

obtained, although it is not capable of detecting TCA. The infer-
red stress-strain curve is a direction-averaged version, strongly 
biased towards the uniaxial curves obtained under compressive 
loading. This is broadly as expected, since the average hydrostatic 
component of the stress state created during the test is strongly 
compressive. 
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