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Processed by Severe Plastic Deformation
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Abstract— Magnesium alloys are becoming increasingly
popular in industrial applications due to their low density and
high specific strength. The improvements sought in the
formability at ambient temperature and fracture resistance of
magnesium alloy AZ31B can be attained through the use of
Severe Plastic Deformation (SPD). In order to investigate the
deformation response of this material, in situ three-point
bending test was performed on a sample extracted from a plate
subjected to SPD by constrained groove pressing (CGP).
High-energy synchrotron X-ray diffraction was used to examine
the lattice strains across the sample. It revealed that significant
tension-compression asymmetry is observed for some grain
groups. Twinning deformation mode is observed under
compressive loading differs from other modes. Additionally, it
has been shown that plastic deformation proceeds more readily
within grains which experience loading parallel to the basal
plane. This is in contrast to the grains whose c-axis is aligned
with the loading direction. Stress-strain curves were obtained
from XRD and they agree well with results from mechanical
test.

Index Terms — Magnesium alloy AZ31B, Severe Plastic
Deformation, Groove Pressing, Crystal Lattice Strain,
Synchrotron X-ray Diffraction

I. INTRODUCTION

HANKS to their low density and high specific stiffness

and strength, magnesium alloys have great potential for
application in many industrial fields such as lightweight
automotive  design, electronics packaging, airplane
manufacturing etc., with the aim of reducing load and
emissions, and saving energy. Magnesium alloys shaped in
the form of thin sheet are particularly interesting in terms of
low mass design of components such as covers, seat frames
and body panels [1]. One of the drawbacks of manufacturing
with magnesium alloys is the low formability at ambient
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temperature caused by the limited crystal slip in certain
orientations that is common for crystalline materials with the
hexagonal close-packed (HCP) crystal structure. As a
consequence, one of the focal points of current research is the
improvement of alloy formability at relatively low
temperatures. Severe Plastic Deformation (SPD) is currently
one of the most popular ways to approach this problem
through the refinement of grain size and the modification of
its texture. Alongside several established SPD approaches,
e.g. Equal Channel Angular Extrusion and High Pressure
Torsion, one relatively new method known as Constrained
Groove Pressing (CGP) is particularly well-suited for
processing sheet materials [2], and is utilized in the present
study.

In order to elucidate the deformation response of Mg alloys
processed by SPD, it is important to understand the texture
and internal stress-strain states that arise following
constrained groove pressing. Internal stresses and strains at
the scale of material grains play a crucial role in determining
macroscopic deformation response. Understanding the nature
of mechanical response at the microscopic level requires
collecting data at the correct resolution before, during and
after deformation. Synchrotron X-rays with high energy and
high penetration depth are capable of meeting all those
requirements mentioned above, providing a powerful way of
deformation exploration [3].

The deformation response of a polycrystal can be
interrogated at different spatial resolution depending on the
sampling volume within the sample [4]. If the gauge volume
contains many grains of different orientation, the pattern
collected corresponds to the so-called powder approximation,
whereby each diffraction peak contains information about the
average lattice strain for a given family of grains. The distinct
rings in the 2D Debye-Scherrer diffraction pattern
correspond to the X-ray reflexes from different families of
crystal lattice planes, thus revealing information about the
way elastic strains are accommodated within grains of given
orientation. In bending, different regions of material
experience tensile and compressive loading at the same time,
so that the specific behaviour of different grain groups under
applied uniaxial tension and compression can also be
examined. In the present study the intention was to
investigate closely the grain-level deformation mechanisms
that reflect the tensile-compressive yield asymmetry in
magnesium alloy AZ31B processed by CGP, thus shedding
light on the crystal slip and twinning deformation response in
this alloy that belongs to the family of hexagonal
close-packed polycrystals [5].
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Il. OBJECTIVES AND METHODS

A. Objectives

In alloys with HCP crystal lattice structure, such as the Mg
alloy AZ31B studied here, Young’s modulus perpendicular
and parallel to c-axis (direction normal to the basal plane) can
differ by up to 30%, showing a significant anisotropy of
elastic properties. However, in Mg the elastic anisotropy
effect is somewhat limited, with the stiffness under uniaxial
stressing along the c-axis exceeding that parallel to the basal
plane by ~12%. Perhaps more importantly, the plastic
behaviour is strongly dependent on crystal orientation, due to
the dependence of crystal slip on the orientation of stress with
respect to the hcp unit cell orientation. Significantly, in hcp
metals the inhibition of prismatic slip is observed [5], that
amplifies the plastic anisotropy phenomenon. Consequently,
mechanical behavior under plastic deformation regime
differs with the loading direction, with the easiest yielding
and best ductility found when the loading direction is parallel
to the basal plane [3].

Perhaps the most studied of structural hcp metals is the
group of a-Ti alloys. The loading orientation-dependent
mechanical behaviour observed in the «-Ti alloy is likely to
be applicable to the other HCP polycrystals as well [3]. In
magnesium alloy, slip systems are limited, among which
basal <a> slip is the primary slip system with the lowest
critical resolved shear stress (CRSS), which represents the
value of stress required for crystal slip on a given
crystallographic plane [6]. Together with the other non-basal
<a> slip systems (1 prismatic slip system and 2 pyramidal
slip systems), there are only four independent slip systems
(Fig. 1). This is clearly insufficient to accommodate the
required five independent plastic strain components,
particularly since none of the slip systems can lead to plastic
deformation along the c-axis.

Pyramidal
(1101) (1102)
Prismatic y |
(1100)

Basal
(0002)

=

Figure 1. <a> slip systems

<a> slip

Furthermore, deformation twinning is an additional
deformation mode that can accommodate inelastic tensile
straining along the c-axis, with the (102) <101> tension
twinning mode being the most commonly observed twinning.
Owing to the polar nature of twinning that is not activated
under compression along the c-axis, different response is
expected  for  different  grain  groups  during
tensile-compressive loading [7][8]. The main purpose of this
paper is to probe the strain evolution in a bent bar of wrought
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Magnesium Alloy AZ31B-O after SPD (CGP) processing, to
analyze the difference in mechanical responses of grain
groups aligned with different orientations.

Grains with the hkl Miller index (0 0 2) are oriented so that
their common plane normal is parallel to the c-axis, and will
be referred to as the “c-group” in this paper. The grains with
the hkl Miller index (1 0 0) are oriented so that their common
plane normal is perpendicular to the c-axis and parallel to the
basal plane. These two grain groups will be studied here:
a-group and c-group, corresponding to the 1%t ring and the 2™
ring on the diffraction pattern with Miller indices (1 0 0) and
(0 0 2) respectively, as shown in Fig. 2. For a-group grains,
the loading is parallel to the basal plane while perpendicular
to the basal plane for c-group grains.

/ 72keV
Collimated Beam

Beamline Coordinate System

Figure 2. Schematic explanation of the orientation of a- and c- group grains

B. Severe Plastic Deformation

The Mg alloy used here was processed by a version of
Severe Plastic Deformation referred to as Constrained
Groove Pressing (CGP). The starting material was AZ31B
alloy plate in the “O” (fully annealed) condition.

A schematic explanation of constrained groove pressing
sequence is shown in Fig. 3. Referring to Fig. 3 (a), pitch is
the period length of the die that equals 4t, where t is the equal
unit horizontal length spacing, and all surfaces (inclined and
horizontal surfaces) have the same t. The lower die is fixed
while the upper die is movable. The sample is placed between
the dies and deformed to the shape of the dies at the first
pressing (Fig. 3 (b)). At this stage, regions of the sample
adjacent to the inclined parts of the dies are subjected to shear
deformation with the shear strain of 1 and the nominal
effective strain g of 0.58 when 0 is 45while the rest of the
sample remains approximately undeformed. During the
second pressing (Fig. 3 (c)), a pair of flat dies are used to
perform straightening, which leads to reverse plastic
deformation in the previously deformed regions,
accommodating cumulative effective strain e of 1.16 [2],
yet the remaining parts are still unaffected. The sample is
then rotated by 180%after the second pressing (Fig. 3 (d))
which effects a shift by t, so that the previously unaffected
parts are deformed in the following pressings, including
groove pressing and straightening pressing (Fig. 3 (e), (f)).
This results in the effective strain of 1.16 distributed
approximately uniformly over the entire sample. Therefore, a
complete cycle of CGP consists of 4 pressings and the initial
dimensions of the sample remain largely unaffected, while
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Figure 3. Schematic illustration of a constrained groove pressing circle: a. dimension of groove dies and setup of experiment. b. groove pressing. c. straightening
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pressing. d. 180<Fotated sample. e. groove pressing after rotation. f. straightening pressing after rotation.

accommodating the plastic strain and refining grain size. Dies
can be heated up to a certain temperature and then before
each pressing the sample is placed onto the dies and heating is
allowed to occur over a period of time [9].

To prepare the sample studied here, the dies were heated to
a set temperature at the beginning of each cycle and
maintained for 5 minutes to allow homogenization. Each
cycle involved constrained groove pressing and straightening
pressing, and before each subsequent pressing the sample
was placed between upper and lower dies to allow heating for
2 minutes, and removed immediately after the pressing
allowing cooling down in the air. During pressing the
crosshead speed was 5.2mm/s, corresponding to the initial
strain rate of 2.3s approximately. Die dimension of t=2mm
was used. Four cycles of CGP were applied with the

%

23mm

cross-section

@

temperature of 250°C for the 1% cycle, 200°C for the 2", and
150°C for the 3 and 4" cycles.

C. Bending Test

As shown in Fig. 4(a), the CGP processed sheet was cut
along the cross-section, and a small bar with dimension of
23%1.8>2.1mm was obtained.

The cross-section has a periodic wavy shape resulting from
incomplete straightening after CGP (referring to the right
image in Fig. 4 (a)), with the period length of 8mm. A 5kN
Deben (5kN Extended Tensile Tester, MT10223) was used to
carry out 3-point bending test on the small bar with the
loading force parallel to the normal direction and the centre
roller in 3-point bending aligned with the trough of the
periodic wave surface profile. The setup of 3-point bending is

(b)

Figure 4. (a) Relationship between the parent sample and the sample used for this paper and schematic explanation of the setup for bending test. (b)
Comparison of geometrical morphology of the sample, indicating a change of 86.75m™ in curvature.
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shown by the image on the right in Fig. 4(a). Blue circles
marked with numbers are pins for 3-point bending, and the
spacing of used is 3/3mm (the distance between pin 1 and pin
2, pin 1 and pin 3). Maximum force F=400N was reached.
Then the load was removed and the sample was examined
using X-ray diffraction scanning in the cross-sectional plane
seen in the images. Fig. 4(b) indicates the comparison of
geometrical morphology of the sample (Alicona
InfiniteFocus) before and after bending. A curvature change
of 86.75m* was observed.

D. X-ray Diffraction

High Energy X-ray diffraction experiment was carried out
at Beamline 115, Diamond Light Source, UK. The energy of
the X-ray beam was set to 72keV using monochromator, and
approximately square beam with the size of 0.02 mm was
used.

The sample was scanned across the monochromatic beam
along the line indicated in the image on the right in Fig. 4(a)
from B to A, with the step size of 0.01mm, corresponding to
half of the beam size. Note that bending load was already
removed during XRD experiment.

The d-spacing is related to the change of peak position on
the diffraction pattern through Bragg’s Law [10]:

nl=2dsing,
where n=1,2,3,..., and A is wavelength of the X-ray beam, d is
the lattice spacing and @ is half the angle between the incident
and reflected beam. This means that strain can be calculated
by examining the change of peak position, which can be
acquired by fitting the peak with a Gaussian or Lorentzian
profile.

Intensity

Radian

Figure 5. Caking of diffraction pattern

Fig. 5 illustrates how to perform ‘caking’ on a
Debye-Scherrer ring pattern during data analysis. Obtaining
intensity-radial plot needs the combination of radial binning
and azimuthal integration. For caking with specific
parameters, i.e. a caking angle and an orientation, it involves
performing azimuthal integral within a radial bin within a
sector defined by the caking parameters. An example where
the caking angle is 30°and the orientation is 09(parallel to
x-axis) is shown by the red sector in Fig. 5. The orientation of
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caking determines the direction of strain calculated from this
caking. With the help of different caking angles on the
diffraction patterns, strains with specific orientations can be
extracted, e.g. strains along x- and y- directions.

I1l. RESULTS

It was verified that the principal axes of strain are aligned
with laboratory x and y axes through plotting residual strains
obtained from a sequence of caking orientations (09459902
.., 270° 315°) and fitting the plot with the strain
transformation equation. Only the strains and stresses along
x- and y- direction are studied here in detail. In the following
discussion, for convenience, the sample (bent beam) is
divided into two parts according to the deformation status:
the left side refers to the side where tensile plastic
deformation took place, and compressive residual strain was
accommodated (the side where the load was applied using
two pins). The right hand side represents the other half of the
beam, which is subjected to compressive plastic deformation
during loading and is left with tensile residual strain after
loading (the side where the load was applied through one
pin).

Fig. 6(a) indicates the residual elastic strains of each grain
group along y-axis, obtained by comparing peak positions
from XRD patterns to the theoretical lattice parameter values.

Introducing strain along c-axis requires the activation of
twinning, while for a-axis strain, slip is the principal
deformation mode. On the tension side the two curves exhibit
a fairly good agreement, indicating that the grains in these
two groups experience little or no difference in plastic
deformation when the sample is subjected to tensile loading.
This means that slip and twinning demonstrate similar
deformation behavior under tension. On the compression side
however, noticeable asymmetry can be observed between the
a- and c- group grains. For c-group grain, the asymmetry is
due to the polar nature of twinning system that precludes
plastic deformation under compression. Therefore, the most
prominent difference in response is under compressive
loading. This is consistent with the fact that twinning is only
activated under tensile loading perpendicular to the basal
plan or compressive loading parallel to the basal plan [11].

According to the Kirchhoff assumption of plane sections
remaining plane, the total strain (ewi= e + &p ) should be
linear across the beam [3][12]. The linear variation of total
strain can be deduced from the central region of the sample
that remains elastic throughout the deformation, and can
therefore be found in the entire sample by extrapolation.
Subtraction of the residual elastic strain from the total strain
gives the plastic strain shown in Fig. 6(b). Noticeably, the
behaviour of the plastic strain in the a-group and c-group on
the tensile side differs, with larger amount of plastic strain
accommodated in the a-group grains compared to the
c-group. This is a consequence of the fact that the mechanism
of plastic deformation in the a-group grains is slip, especially
<a> basal slip, which is activated most easily. In contrast, in
the c-group plastic strain is accommodated readily under
tension through extension twinning, but inhibited in
compression. The fact that plastic strain nevertheless is not
zero for this region is associated with grain rotation during
deformation, which enables basal slip to cause plastic strain
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Figure 6. (a) Residual elastic strains after loading removal of a-group and c-group across the beam measured experimentally. (b) Plastic strains of a-group and

c-group along the central scanning line of the sample obtained through linear fitting of residual elastic strains and subtraction. (c)Elastic strains vs total strains of

a-group and c-group during loading. (d) Stress-strain profiles of a-group and c-group, together with the comparison to the experimental curve.

that has a projected component on the chosen direction, albeit
smaller than in the a-group.

When calculating the total elastic strain during loading, the
strains introduced by bending moment should be taken into
consideration, which is linear throughout the beam. Fig. 6(c)
demonstrates the plots of elastic strain vs total strain.
Asymmetry of response can also be seen here. It can be seen

that under compressive loading, these two groups are
characterised by different ease of yielding: a-group grains
exhibit easier yielding than c-group, which shows apparent
hardening. This can be explained considering the ease of
activation of slip and twinning in the system: slip is

activated more easily than twinning, therefore it is easier
for a-group grains to yield. In other words, grains that
experienced loading parallel to the basal plane are more
readily deformed plastically compared with those whose
c-axis is parallel to the loading direction.

In order to calculate the true stress along y-direction across
the beam using plane-strain assumption, total x-direction
strain should also be known. Residual strain for x-direction
was obtained from XRD data, and the stress was calculated
using the sum of residual strain and the strain introduced due
to Poisson effect. Comparison between XRD results and the
experimental stress-strain curve is given in Fig. 6(d). XRD
results show satisfactory agreement with macroscopic tensile
test results.
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IV. CONCLUSION

By studying the residual elastic lattice strains introduced in
a bending test, the asymmetry of tensile-compressive
behaviour of c-group grains was revealed in Mg AZ31B alloy
previously subjected to constrained groove pressing. It was
demonstrated that the asymmetry of twinning under loading
along the c results in efficient accommodation of tensile
plastic strain, whilst this mechanism is inhibited under
compression. This important distinction in the deformation
mode affects the course of yielding, and determines the
subsequent residual stresses. For each grain group, the ease of
yielding depends on the activity of specific deformation
modes due to slip or twinning, with grains deforming
plastically most readily if the loading direction is parallel to
the basal plane. The residual and ‘live’ stresses were
calculated using the plane-strain assumption and were
compared with the stress-strain curve from conventional
macroscopic mechanical test, showing good agreement.
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