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In situ synchrotron x-ray imaging and diffraction are used to investigate anisotropic deformation of an
extruded magnesium alloy AZ31 under uniaxial compression along two different directions, with the
loading axis (LA) either parallel or perpendicular to the extrusion direction (ED), referred to as LA||[ED and
LALED, respectively. Multiscale measurements including stress—strain curves (macroscale), x-ray digital
image correlation (mesoscale), and diffraction (microscale) are obtained simultaneously. Electron back-

scatter diffraction is performed on samples collected at various strains to characterize deformation twins.
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The rapid increase in strain hardening rate for the LA|ED loading is attributed to marked {1012}
extension twinning and subsequent homogenization of deformation, while dislocation motion leads to
inhomogeneous deformation and a decrease in strain hardening rate.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Magnesium alloys show a remarkable potential as structural
components for their low density, high specific stiffness and high
specific strength [1,2]. However, wide applications of magnesium
alloys are hindered by their poor formability at room temperature,
and overcoming such a deficiency requires a better understanding
of deformation mechanisms, and microstructural effects on me-
chanical properties of these alloys.

Magnesium has a hexagonal close-packed structure; possible
deformation modes include (0001){a) basal slip, {1010}(a) pris-
matic slip, {1011}(a) and {1122}(c + a) pyramidal slips [3—5], as
well as {1012} extension and {1011} contraction twinning [6—11].
Given the special deformation modes associated with dislocation
motion and deformation twinning, a strong anisotropy in
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deformation is characteristic of magnesium and its alloys [12,13].
Similar to magnesium, titanium with a hexagonal close-packed
structure also shows anisotropy in deformation [14,15]. The
stress—strain curves for different loading directions exhibit drastic
differences. For compression perpendicular to the c-axis, three
distinct regimes (I-III) are observed [16—21]. In regime II, strain
hardening rate shows a pronounced rise, while a decrease in strain
hardening rates occurs in regimes I and III. The variations of strain
hardening rates were explained with deformation twinning and
dislocation motion [17—29], but the exact nature is still under
debate.

Jiang et al. [26] suggested that intersections between primary
and secondary {1012} extension twins in regime II lead to signifi-
cant grain refinement and subsequently an increase in strain
hardening rate. By contrast, without resorting to the Hall-Petch
effect [30,31], Oppedal et al. [27] used a viscoplastic self-consistent
model [32,33] to show that rotation to a hard orientation via
twinning is sufficient to induce increasing hardening rate. More-
over, Barnett et al. [24] proposed that the formation of low angle
boundaries arising from the glissile-to-sessile transition of dislo-
cations can lead to such an increase. Wang et al. [20] attributed the
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Fig. 1. : (a) lllustration of the relative orientation of the loading axis (LA) with respect
to the extrusion direction (ED). (b) Schematic of the experimental setup for simulta-
neous x-ray diffraction and imaging under uniaxial compression, along with the co-
ordinate system (xyz). 1: loading device (miniature MTS); 2: sample; 3: diffraction
scintillator (with illustrative diffraction rings of magnesium); 4: microchannel plate; 5:
diffraction camera; 6: imaging scintillator; 7: imaging camera.

increase to texture hardening which leads to grain rotation toward
hard orientations by {1012} extension twinning. Knezevic et al.
[17] argued that extension twins in AZ31 are not effective in
increasing strain hardening rate, while contraction twins are
effective by restricting the slip length associated with pyramidal
(c + a) slip. However, most conclusions were based on the

(b) {0001}
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Fig. 2. : (a) Inverse pole figure map, and (b) pole figures of as-extruded magnesium
alloy AZ31, viewed along the extrusion direction. The c-axes of red grains in (a) are
perpendicular to ED.
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Fig. 3. : (a) True stress—strain curves, and (b) strain hardening rate versus true strain
curves for two different loading directions, LA||ED and LALED. The symbols (20 s apart)
denote the instants for simultaneous imaging and diffraction measurements. Numbers
0-9 in (a) represent to—ty. The curves are divided into three regimes, I-III

microstructure of postmortem samples deformed at various strains,
and real-time, in situ, measurements of mesoscopic strain fields and
structure evolution are rare.

In this work, uniaxial compression experiments are conducted

@ ()

200 pm

Fig. 4. : X-ray phase contrast images acquired before (a) and during (b) loading. Shear
fracture occurs in (b).
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Fig. 5. Strain field maps at representative instants (tp—to) obtained from XDIC (also
refer to Fig. 3) for the LAJ|ED loading. (a) Green-Lagrange normal strain Eyy, and (b)
shear strain Ey.

to investigate the effect of loading direction on strain hardening
rate of an extruded magnesium alloy AZ31, using in situ synchro-
tron x-ray diffraction and imaging. Simultaneous multiscale mea-
surements on macroscopic mechanical properties, mesoscopic
strain fields, and microstructure evolution are achieved in terms of
stress—strain curves, or with x-ray digital image correlation (XDIC)
[34] and x-ray diffraction. Stress—strain curves, and the evolutions
of strain fields and diffraction patterns show pronounced anisot-
ropy during uniaxial compression. Electron back-scatter diffraction
(EBSD) is conducted to characterize deformation twins. The {1012}
extension twinning tends to homogenize strain fields, and thus
effectively boosts strain hardening rate, while dislocation motion
leads to inhomogeneous deformation and a decrease in strain
hardening rate.

2. Materials and experiments

A commercial extruded AZ31 magnesium alloy, consisting of
3.1 wt% Al, 0.9 wt% Zn, 0.4 wt% Mn, and 95.6 wt% Mg, is used for
uniaxial compression tests. Cuboidal specimens as illustrated in
Fig. 1(a) are harvested from an as-received AZ31 bar using electrical

@ ,

Fig. 6. Strain field maps at representative instants (to—ts) obtained from XDIC (also
refer to Fig. 3) for the LALED loading. (a) Green-Lagrange normal strain Ey, and (b)
shear strain Ejy.

discharge machining, and used for simultaneous x-ray imaging and
diffraction measurements during compression. In order to produce
x-ray speckles for XDIC analysis, the specimens are etched with a
solution of 20% perchloric acid (by volume) and 80% ethanol for
30 s. The dimensions of the sample perpendicular to the x-ray beam
direction are 2.6 x 2.0 mm?, and the thickness along the x-ray beam
direction is 1.0 mm. Two kinds of compression tests are conducted:
the loading axis (LA) is either parallel or perpendicular to the
extrusion direction (ED), referred to as LA||[ED and LALED, respec-
tively (Fig. 1(a)).

Quasi-static compression tests are performed at room temper-
ature using a home-made miniature material test system (MTS) at
beamline 32-ID-B of the Advanced Photon Source. The wavelength
of the probe synchrotron x-rays is centered at 0.5 A. The experi-
mental setup is shown in Fig. 1(b) for simultaneous, multiframe,
transient x-ray diffraction and phase contrast imaging measure-
ments under uniaxial compression. The miniature MTS (1 in
Fig. 1(b)) loads a specimen (2) at a strain rate of 5 x 10~ s~ L. The x-
rays transmitted through the sample are incident on an imaging
scintillator LuzAls01, or LuAG:Ce (6), and the scattered x-rays, on a
diffraction scintillator Luy_2xY2xSiO5 or LYSO:Ce (3). Demagnifying
lenses are placed after the diffraction scintillator to increase the
effective g-range (q: momentum transfer) sampled by the detector.
A microchannel plate (4) is used to intensify the optical signals
converted from the scattered x-rays, and synchronized with the
diffraction camera (5). The recording cameras for both imaging (7)
and diffraction (5) are Photron Fastcam SA-Z. The exposure times
for both measurements are 1 ps, and the frame intervals are 10 s.
The HiSPoD program [35] is utilized to index the diffraction rings
and convert them into one-dimensional diffraction pattern
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Fig. 7. X-ray diffraction patterns as a function of true strain. (a) and (b) LA||ED. (c) and (d) LALED. Color bars refer to intensity.

(intensity versus 26) by azimuthal integration. Similar experi-
mental details were presented elsewhere [36]. Samples subjected
to different true strains (e = 0.055, 0.080, 0.117) are collected for ex
situ EBSD analysis of deformation features such as texture and
twins.

For EBSD analysis, the as-received and postmortem samples are
sectioned parallel to the loading direction, mechanically ground
and polished with 2 um and 0.5 um diamond particles, and then
electro-polished in 10% perchloric acid and 90% ethanol at 5 V, with
a copper rod and the sample as electrodes. EBSD characterization,
as well as scanning electron microscope (SEM) analysis, is per-
formed in a FEI Quanta 250 FEG-SEM equipped with an Oxford
EBSD detector and HKL Channel 5 software. EBSD scan is performed
on a section normal to ED with a 25 kV voltage, 15 mm working
distance, and 70° tilt. Fig. 2 shows the initial microstructure and
texture of the as-received AZ31 magnesium alloy obtained from
EBSD analysis. Its grain size ranges from 3 um to 50 um, and a small
amount of second phase ($-Mgq7Al;2) particles are “randomly”
distributed within the matrix. The crystallographic c-axes in most
grains are perpendicular to the extrusion direction.

3. Experimental results
3.1. Macroscale mechanical behavior

Representative true stress—strain (c—e) curves and corre-
sponding strain hardening rates for the two loading directions,
LA||ED and LA1ED, demonstrate strong anisotropy in deformation
(Fig. 3). The o—e curve for the LA||ED loading exhibits a sigmoidal
shape, while that for the LALED loading displays a convex shape
(Fig. 3(a)). Such features have long been observed
[17—21,24—27,37,38]. The yield stresses along both compression
directions are similar (~125 MPa).

The strain hardening rate versus true strain curves, do/de—e,
derived from the stress—strain curves, demonstrate three regimes
for both loading directions, which also show pronounced differ-
ences (Fig. 3(b)). In the elastic stage, strain hardening rate values
are the highest for both loading directions. Upon initial yield, the
rate decreases rapidly as expected for an elastic—plastic transition
(regime I). Then, the strain hardening rate for the LA||ED loading
experiences a distinct increase followed by a sharp decrease (re-
gimes Il and III, respectively), while the strain hardening rate for the
LALED loading decreases monotonically, and its curve undergoes
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Fig. 8. Inverse pole figure maps (left column), the corresponding image quality maps overlaid with twin boundaries (middle column), and pole figures (right column) showing
microstructure evolution for the LA||ED loading. The samples are collected at different true strain levels: (a) 0.055, (d) 0.080 and (g) 0.117. In the middle column, yellow curves refer
to extension twin boundaries (86.3°(1210)+5°), red curves to contraction twin boundaries (56.2° (1210)+5°), and blue curves to double twin boundaries (37.5° (1210)+5°). The
loading axis is horizontal. The c-axes of red grains in the left column are parallel to ED. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

two slope changes: a reduced slope in regime II and a slightly
steepened slope in regime III.

3.2. Mesoscale strain field mapping

Image sequences are acquired with synchrotron x-ray phase
contrast imaging [39—42| during uniaxial compression. The x-ray
beam size is about 2.8 x 2 mm?, slightly larger than the sample
cross-section perpendicular to the incident x-rays; the spatial res-
olution is approximately 4 um. Fig. 4(a) and (b) show representative
x-ray phase contrast images before and during deformation. The x-
ray speckles due to surface roughness or internal microstructure
distribute uniformly, and can be used for image correlation.

To understand the mesoscopic deformation and damage
mechanisms, XDIC is performed to map the strain fields. The XDIC
method was detailed elsewhere [34]. XDIC “traces” x-ray speckles
in x-ray images to resolve displacements by applying image cor-
relation between two adjacent frames. The Green-Lagrange normal
strain (Exx) and shear strain (Eyy) are calculated from displacement
(u) gradients as

1
Ej=5 (uij + U + uk,iuk,j)v (1)

where i, j, k = x, y. The strain fields, Exx(x,y) and Eyy(x.y), for the
LA|IED and LALED loading obtained at representative instants as
noted in Fig. 3, are shown in Figs. 5 and 6, respectively. The areas
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Fig. 9. Inverse pole figure maps (left column), the corresponding image quality maps overlaid with twin boundaries (middle column), and pole figures (right column) showing
microstructure evolution for the LALED loading. The samples are collected at different true strain levels: (a) 0.055, (d) 0.080 and (g) 0.117. In the middle column, yellow curves refer
to extension twin boundaries (86.3° (1210)+5°), red curves to contraction twin boundaries (56.2° (1210)+5°), and blue curves to double twin boundaries (37.5° (1210)+5°). The
loading axis is horizontal. The c-axes of red grains in the left column are perpendicular to the ED. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

with poor correlation are replaced with white pixels.

On the basis of mesoscale deformation, four stages can be
identified from the normal strain field maps (Exx) for the LA||ED
loading (Fig. 5(a)): elastic deformation (tp—t;; Fig. 3), inhomoge-
neous plastic deformation (t;—t,; regime I in Fig. 3), homogeniza-
tion of plastic deformation (t,—tg; regime II), and accumulation of
localized plastic strain (tg—to; regime III). The corresponding shear
strain fields (Eyy) show similar evolution. The deformation during
the initial elastic—plastic transition (t;—t;) displays slight strain
localization. During the homogenization stage (t,—tg, regime II),
compression strain dominates. Strain localization increases rapidly
during ts—tg as deformation proceeds into regime IIl. However, the
strain maps (Exx and Eyy) in the LALED case (Fig. 6) exhibit a

different deformation evolution. After the elastic stage (to—t1), the
LALED sample experiences continuous local deformation accu-
mulation (t;—tg; regimes I-III), without the homogenization pro-
cess observed for the LAJ|ED case.

Eventually, both LA||[ED and LALED samples undergo out-of-
plane shear fracture as identified from in situ x-ray phase
contrast images (Fig. 4(b)) and ex situ fractographs, consistent with
the large increase of shear strain during tg—t9 (LA|[ED) and ts5—tg
(LALED).

3.3. Microscale deformation

In order to investigate microscale deformation including
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Fig. 10. X-ray diffraction peak intensity as a function of true strain for the LA||ED (a)
and LALED (b) loading.

twinning and crystal reorientation, in situ, real time, synchrotron x-
ray diffraction measurement is performed, along with ex situ ex-
amination of the postmortem samples with EBSD.

3.3.1. In situ synchrotron x-ray diffraction measurement

Diffraction patterns (intensity versus 260) as a function of true
strain are shown in Fig. 7 for different loading directions: LA||ED
and LALED. As a result of the initial texture, the undeformed LA||ED
sample exhibits that the prismatic planes ({1010} and {1120})
reflections dominates the basal planes ({0002}) reflection, and the
LALED sample presents contrary results. As deformation proceeds,
the {0002} reflection for the LA|[ED sample undergoes rapid growth
at e > 0.04, and eventually dominates all the other diffraction peaks
due to extension twinning, while the {0002} peak of the LALED
sample experiences a slight increase and then decrease with
increasing strain.

3.3.2. Ex situ EBSD analysis

As a complement to in situ measurements, postmortem samples
are collected and sectioned along the loading direction, and EBSD is
utilized to analyze the cross-sections. EBSD inverse pole figure
maps, and the corresponding image quality maps and pole figures
of the LA||ED and LALED samples deformed at various strains, are
shown in Figs. 8 and 9, respectively. In the image quality maps (the
middle column), three primary types of deformation twins formed

during compression are depicted with different colors.

As shown in Fig. 8, with increasing true strain (0.055, 0.080 and
0.117), the {1012} extension twins thicken quickly, and occupy a
significant portion of a grain, or the whole grain, and their number
density and area fractions exhibit substantial increase for the
LA||ED sample. When the true strain reaches 0.117, the area fraction
of twins is about 56%, and the c-axes of most grains become
approximately parallel to LA (Fig. 8(i)). For the LALED samples, the
c-axes of major grains are approximately parallel to LA prior to
loading. Twinning is negligible at a true strain of £ = 0.055. With
further compression to 0.080 and 0.117, abundant {1012} extension
twins are activated in the grains with their c-axes initially oriented
nearly perpendicular to LA. Eventually, both LA||ED and LALED
samples show similar textures after uniaxial compression, consis-
tent with previous observations.

4. Discussions

In order to understand the effect of {1012} extension twinning
on strain hardening rate during plastic deformation, the intensities
of three strong diffraction peaks for the LA|[ED and LALED samples
are presented in Fig. 10(a) and (b), respectively. In regime II, the
strain hardening rate increases considerably for the LA||ED loading
(Fig. 3(b)), and the intensity of {0002} reflection undergoes a pro-
nounced rise in the meantime. Microstructure deformation shows
numerous grains alter their c-axis orientations to become parallel
to LA by {1012} extension twinning. This leads to the increase in
{0002} reflection intensity. In addition, mesoscale strain field
mapping indicates that the LA||[ED sample experiences homogeni-
zation in plastic deformation during t,—t4 (regime II). {1012}
extension twinning plays an important role in such scenarios. Once
twins nucleate within grains, they grow rapidly; twin boundaries
are planar and efficient in sweeping across a sample area. Thus, the
stress gradients can be released by twinning to achieve homoge-
neous deformation within a short period of time, and reducing
strain localizations effectively boosts the strain hardening rate. In
other words, homogenization of plastic deformation as manifested
in strain fields is due to abundant {1012} extension twins, and
consequently, gives rise to the pronounced increase in strain
hardening rate for the LA||ED loading.

Accompanying slight increase in the {0002} peak intensity in
regime III for the LA||ED loading (Fig. 10(a)), moderate activation of
{1012} extension twins also occurs. However, the newborn {1012}
extension twins are not sufficient to dominate plastic deformation
which is also achieved by dislocation motion. As a result, the
mesoscale strain fields show inhomogeneous plastic deformation
and the corresponding macroscopic mechanical behavior exhibits a
decrease in strain hardening rate.

In addition to twinning, plastic deformation can only be ach-
ieved via dislocation motion. With the same plastic deformation in
regime II, more twins are observed in the LA|[ED sample by
comparing to the LALED sample, and it can be concluded that more
dislocation motion occurs in the LALED sample. Combining
macroscopic mechanical behavior of both samples in regime II, it
can be found that massive {1012} extension twins and less dislo-
cation motion lead to the increase in strain hardening rate in the
LA|ED loading, while more dislocation motion and moderate
{1012} extension twins induce slight decrease in strain hardening
rate in the LALED loading. In regime II, the {1012} extension
twinning dominates plastic deformation for the LA||ED loading,
while dislocation motion is predominant for the LALED loading. In
addition, dislocations nucleated at defects such as grain boundaries
induce strain concentrations, which are localized owing to short
slide length and pileups. Consequently, mesoscopic strain fields are
inhomogeneous (Fig. 6(a)), and the strain hardening rate decreases



L. Lu et al. / Acta Materialia 120 (2016) 86—94 93

(Fig. 3(b)).

In regime III, both LA||ED and LALED samples exhibit inhomo-
geneous deformation as well as distinct reduction in strain hard-
ening rate, indicating the domination of dislocation motion. The
newborn twin boundaries also serve as nucleation sites for elevated
dislocation activities, so the strain hardening rate drops faster un-
der the LA||ED loading than the LALED loading. Therefore, inho-
mogeneous deformation caused by accumulation of dislocations
leads to the pronounced decrease in strain hardening rate, coun-
tering the effects of deformation twinning.

5. Conclusions

An extruded magnesium AZ31 alloy is compressed uniaxially
along the LA||ED or LALED direction in conjunction with in situ
synchrotron x-ray imaging and diffraction. Multiscale measure-
ments on macroscale stress—strain curves, mesoscale strain fields,
and microscale deformation are achieved simultaneously. EBSD is
performed on postmortem samples collected at various strains.

e True stress—strain curves and corresponding strain hardening
rates for LA||ED and LALED loading show strong anisotropy in
deformation.

e For the LA||ED samples, the formation of abundant {1012}
extension twins leads to distinct changes in x-ray diffraction
peak intensities compared to the LALED samples with minor
twinning.

e When the {1012} extension twinning dominates plastic defor-
mation, strain field is homogenized, and reducing strain locali-
zations effectively boosts strain hardening rate.

e When dislocation motion dominates plastic deformation, dis-
locations nucleated at defects induce strain concentrations
owing to short slide lengths and pileups. Mesoscopic inhomo-
geneous deformation induces reduced strain hardening rate.
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