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Highlights

Highly deformable Mg-1.8Zn-0.2Ca (wt.%) alloy with ultimate tensile
strength of ~265 MPa and tensile elongation of ~30% is synthesized via
permanent casting and one-step hot extrusion.

e Prismatic slip is promoted in the alloy due to significantly reduced ratio of slip
resistances between prismatic and basal slip systems as revealed by modeling.

e Zn and Ca solutes are found to strongly segregate at grain boundaries.

e (Co-segregation of Zn and Ca makes grain boundaries stronger allowing grains
to rotate without initiating cracks at grain boundaries during deformation.

e Co-segregation of Zn and Ca makes grain boundaries tougher by mediating
plasticity at grain boundaries during deformation.

Abstract

Low ductility and strength are major bottlenecks against Mg alloys’ wide applications.

In this work, we systematically design the composition and fabrication process for a



low-alloyed Mg-Zn-Ca alloy, showing that it can be extruded at low temperatures
(~250 °C) and high speeds (~2 mm/s). After the extrusion, this alloy exhibits a
substantially weakened basal texture, relatively small grain size, very high tensile
elongation (~30%), and good strength. The origin of the considerably improved
ductility was studied using a combination of three-dimensional atom probe tomography
(3D-APT), transmission electron microscopy (TEM), electron backscattered diffraction
(EBSD) in conjunction with surface slip trace analysis, in-situ synchrotron X-ray
diffraction, and elasto-plastic self-consistent (EPSC) modeling. Co-segregation of Zn
and Ca atoms at a grain boundary is observed and associated with texture weakening
and grain boundary mediated plasticity, both improving the ductility. While basal slip
and prismatic slip are identified as the dominant deformation systems in the alloy, the
ratio between their slip resistances is substantially reduced relative to pure Mg and most
other Mg alloys, significantly contributing to the improved ductility of the alloy. This
Mg-Zn-Ca alloy exhibiting excellent mechanical properties and low fabrication cost is

a promising candidate for industrial productions.

Keywords: Mg-Zn-Ca alloy; Ductility; Deformation mechanisms; Crystal plasticity

modeling; Grain boundary mediated plasticity



1. Introduction

As a lightweight metal, Mg has received extensive attention in the last two decades
because of its potential to replace Al alloys and steels for structural applications[1,2].
However, widespread usage of Mg and its alloys remains limited mainly due to their
poor room-temperature ductility and the resultant high cost of thermomechanical
processing at elevated temperatures [3—5]. The low ductility of Mg and alloys has been
associated with relatively strong texture formed during thermomechanical processing
and to the difficulty to activate other than the easy basal slip systems during plastic

deformation at room temperature [6—10].

The addition of rare earth (RE) elements, such as Y, Gd, and Ce, into Mg, has been
proved to be an effective solution to make ductile Mg alloys[11-17]. The improved
ductility of RE-containing Mg alloys is ascribed to the altered texture and the non-basal
slip system activities. It has been widely observed that Mg-RE alloys exhibit a
weakened texture due to the appearance of a new texture component, called “RE
texture”, during thermomechanical processing and subsequent annealing[18,19]. RE
textures normally reduce the anisotropy and asymmetry of Mg alloys, which
consequently allow these alloys to be deformed more homogeneously with improved
formability. Furthermore, first-principle computations indicate that RE elements can
reduce the critical resolved shears stress (CRSS) ratio between non-basal slip and basal

slip, thus allowing more non-basal slip to be activated[20-22]. The increased activity



of pyramidal <c+a> slip in Mg-RE alloys is believed to be the origin of its high

ductility[23].

For economic reasons, it is crucial to find alloying additions that are not strategic metals
that have similar beneficial properties as RE elements. Fortunately, researchers recently
found that the addition of Zn and Ca together to Mg results in a weakened texture after
recrystallization[24,25]. Furthermore, Mg-Zn-Ca ternary alloy sheets and extrusions
often show excellent ductility[26-32]. Mg-Zn and Mg-Ca binary alloys were studied
using a variety of methods to elucidate the effects of the solutes on deformation
behavior. Blake et al. reported that activated prismatic slip improves the ductility of
Mg-Zn solid solutions (single crystal) because of the softening effect of Zn solutes on
prismatic slip[33]. Using atomistic simulations, Jang and Lee found that Zn can activate
<cta> slip by reducing CRSS anisotropy among slip systems that improves
ductility[34]. Zhu et al. identified an increased activity of pyramidal <a> slip in Mg-Ca
alloy based on a statistical slip trace analysis, which was used to explain the improved
ductility induced by Ca addition[35]. Other researchers using molecular dynamics (MD)
or density functional theory (DFT) concluded that either Ca atoms have higher
dislocation binding energy and solid solution strengthening on basal <a> slip than on
<c+a> slip or Ca could promote basal-to-prismatic cross-slip in Mg-Ca alloy[36-38].
Note that the Mg-Zn and Mg-Ca binary alloys often show a strong basal texture, which
is not the case for Mg-Zn-Ca ternary alloys. The overall understanding of the role of

Zn and Ca solutes on the deformation mechanism of Mg alloys remains unclear.



The discrepancy of the interpretations from different researchers can be caused by
different investigating methods. Until now, most studies on identifying the deformation
mechanism of Mg alloys were conducted using post-deformation samples by
transmission electron microscope (TEM) in a few grains, from which it is difficult to
yield a full picture of deformation behavior. Electron backscattered diffraction (EBSD)-
assisted slip trace analysis[35,39], on the other hand, provides direct and statistically
sound evidence of the active deformation mechanisms and has recently been proven to
be key to solving several remaining controversies regarding the plasticity of Mg alloys.
Nevertheless, the EBSD-based analysis still has its limitation because slip lines can
only be observed on the surface of the sample; those subsurface slip activity cannot be
characterized. On top of that, the free surface leads to stress relaxation, which may

influence the accuracy of the statistical results.

The high-brilliance synchrotron source, enabling in-situ high-energy X-ray to penetrate
the bulk material, is a powerful tool for studying the deformation characteristics of
many metallic materials in situ[40—46]. Specifically, the lattice strain can be measured
from the shift in diffraction peak position during deformation. The texture change can
also be obtained from the evolution of diffraction peak intensity. The plastic flow
characteristics, such as the evolution of dislocation density, can also be investigated
through the line-broadening analysis. But still, some key material parameters, like

CRSS values, are difficult to obtain for polycrystalline materials purely from



experiments[47,48]; a modeling framework needs to be employed to deduce these

material parameters.

In this work, we designed and synthesized a highly ductile Mg alloy with a small
amount of Zn and Ca concentrations. Considering the low cost and relatively simple
manufacturing process, this new Mg-Zn-Ca alloy has great potential for mass
productions. The main objective of this work is to study the origins of high ductility
exhibited by the designed Mg-Zn-Ca alloy. To give a comprehensive understanding,
various experimental methods, including in-situ SEM/EBSD and in-situ synchrotron
X-ray diffraction, combined with crystal plasticity modeling were used to reveal the
deformation mechanisms. The alloying effects on the deformation behavior unveiled in

this study can be guidelines for the development of similar Mg alloys in future works.

2. Experimental methods

2.1 Material synthesis

The design of this wrought Mg-Zn-Ca alloy follows the following guidelines. First, the
concentration of Ca should be below its maximum solubility (0.71 wt.%) to avoid the
precipitation of MgxCa intermetallic compound that reduces the formability[49];
Second, the concentration of Zn is incrementally increased to provide more solute

strengthening (solubility limit of Zn in Mg is 6.2 wt.%); Third, the extrusion



temperature is kept relatively low to minimize grain growth and thus enhance the
strength; Eventually, an Mg-1.8Zn-0.2Ca (wt.%) alloy (denoted as ZX20) was
optimized and successfully extruded. Another Mg-0.9Zn-0.1Ca (wt.%) alloy (denoted
as ZX10) and pure Mg extruded bars were also fabricated for the comparison purpose.
The ZX10 and ZX20 alloys were made from pure Mg, pure Zn, and Mg-20 wt.% Ca
master alloy in an electric resistance furnace under the protective gas consisting of CO»
(99 vol.%) and SFs (1 vol.%). The melt was poured into a cylindrical steel mold
preheated to 200 °C and then naturally cooled in air. The actual chemical composition
of the cast billets was determined by an inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analyzer (Perkin-Elmer, Plasma 400). The cast billets were
machined to cylindrical samples with 60 mm in diameter and 70 mm in height, followed
by the homogenization at 400 °C for 12 h. One-step direct extrusion was carried out at
250 °C and 2 mm/s to produce round bars of 14 mm in diameter, which corresponds to

an extrusion ratio of ~18:1.

2.2 Microstructural characterization and mechanical tests

The initial and post-deformation microstructures of the alloys were characterized by

optical microscopy (OM, Zeiss Axio observer) and transmission electron microscopy

(TEM, JEOL-ARM200).



Dog-bone tensile specimens with a gauge dimension of 18.0 mm (Length) x 4.8 mm
(Width) x 1.4 mm (Thickness) were machined from the extruded alloys for standard
tension tests. Cylindrical specimens with a diameter of 5 mm and a height of 7.5 mm
were used for compression tests. The loading axes in tension tests are parallel to the
extrusion direction while the compression tests were conducted with loading axes of 0°,
45°, and 90° along extrusion direction. The tension and compression tests were
conducted with crosshead speeds of 0.5 and 0.2 mm/min, respectively, which result in

a nominal strain rate of ~5 x 10™* s in both tests.

The three-dimensional atom probe tomography (3D-APT) sample was prepared by
mechanically grinding a piece of the ZX20 alloy into a 0.5 mm x 0.5 mm x 10 mm rod.
This rod was further electro-polished into a needle by a two-stage electro-polishing
procedure. The first stage used a solution of 25% perchloric acid (70%) in glacial acetic
acid at 20 V-DC, and the second stage used an electrolyte of 2% perchloric acid in 2-
butoxyethanol and a potential of 20—30 V-DC. The 3D-APT experiment uses a Cameca
LEAP 3000 Atom Probe (USA). The measurement was conducted under a specimen
temperature of 20 K and an ultrahigh vacuum (-1.0 x 10! Torr). Field evaporation was
induced by voltage pulsing, with a voltage pulse fraction of 0.2 and a pulse rate of 200
kHz. A target evaporation rate of 2 ions per 1000 pulses was used. The raw data was

reconstructed using the IVAS 3.6.6 software and established reconstruction protocols.

2.3 In-situ SEM/EBSD



A dog-bone tensile specimen was machined from an extrusion bar with a gauge of 11.0
mm (Length) x 4.0 mm (Width) x 1.4 mm (Thickness). The length of the gauge is
parallel to the extrusion direction, which would also be the tensile loading direction.
One top surface of the specimen was prepared by mechanical polishing using an OPS
(oxide polishing suspension) lubricant for SEM and EBSD measurements, and then
mounted in a MICROTEST 200N (Deben, UK) module placed in a Zeiss Gemini SEM
equipped with an EBSD system (Oxford Instrument, UK). The tensile test was
conducted with a crosshead speed of 0.1 mm/min, which is equivalent to a strain rate
of 1.5 x 10* s!. The crosshead displacement and instantaneous load were recorded
during the test for estimating the instant strain and stress. The test was intermitted at
the tensile strains of 0%, 1%, 2%, 4%, 8%, 16%, 24%, and 32% to allow EBSD data
acquisition and secondary electron (SE) imaging for the same surface area. Since the
large lattice distortion and lots of dislocations were produced during plastic
deformation, EBSD acquisition became difficult after 16% strain, but SE images can
still be captured beyond this strain. EBSD scans were conducted at an accelerating
voltage of 20 kV with a step size of 0.4 um. The EBSD data was analyzed using TSL
OIM™ software (EDAX Inc., USA). EBSD-based slip trace analysis was performed to
explore the deformation mechanisms for those grains that generated surface slip lines.
The observed slip lines in a given grain are the intersection lines between the slip plane
and the sample surface. With the grain orientation information obtained by EBSD, one

could compute all theoretical possible slip lines associated with different slip systems.
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After comparing the computational result with the observed slip lines in SEM, we can

conclude the activated slip system in the given grain.

2.4 In-situ synchrotron X-ray diffraction

The in-situ high-energy X-ray diffraction (HEXRD) experiments were conducted at
beamline 1-ID-E of the Advanced Photon Source at Argonne National Laboratory in
the USA. The experiment setup is illustrated and described in detail in Ref. [41]. The
tensile tests were carried out on an MTS 858 servo-hydraulic load frame under uniaxial
tension up to failure with a strain rate of 1 x 10 s”!. While the specimen was under
continuous tensile deformation, a monochromatic X-ray illuminated the gauge center

in transmissive geometry, and HEXRD patterns were recorded by detectors.

The X-ray energy was 71.68 KeV (wavelength 0.01730 nm). The size of the incident
beam was 150 um x 150 um. The HYDRA detector array at the APS 1-ID-E endstation
was used for this work[50]. In the HYDRA array, GE3 and GE4 detectors are nominally
in the loading direction and transverse direction, respectively. The X-ray detector
calibration was performed with a CeO> NIST standard (SRM 674b). The sample to
detector distance was nominally 2635 mm, which led to a 28 coverage of 10° on the X-
ray detectors, and more than 9 Debye-Scherrer rings, denoted hereon as {hkil}s, were
recorded. The 1D profiles were obtained by integrating over £+ 7.5° azimuthal angle of

the diffraction patterns in GE3 (marked by the solid lines in Fig. A1(a)) in the direction
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nominally parallel to the tensile loading axis (marked by the dotted lines in Fig. A1(a)).
The same was done for the patterns recorded by GE4 for the direction nominally
perpendicular to the loading axis (transverse direction, TD). The 1D diffraction profiles
then fitted using pseudo-Voigt functions along the two directions to obtain the
integrated intensity, position, and width (represented by full-width at half maximum or

FWHM) of each peak of interest. During deformation, the lattice strain of each {hkil}

dnki1(0) —dpki1 (0)

where
dpki(0) 2

peak from a particular detector is calculated using &y (o) =
dnki1 (0) is the d-spacing of the {hkil} before the tensile test and dj (o) is the d-

spacing of the {hkil} when the specimen was under macroscopic stress o.

For peak broadening analysis, it was assumed that the broadening is homogeneous in
the entire azimuthal range (i.e. no directional preference) and the transverse direction
covered by GE4 was used. The instrument contribution to the peak broadening (B) was
quantified using a CeO; standard sample and was subtracted from the measured FWHM
to get the actual sample broadening using B2 = BZ - B?

sample measured instrument-

3. Material model

The deformation behavior of ZX10 and ZX20 Mg alloys fabricated in this work is
modeled using an elasto-plastic self-consistent (EPSC) material model. In EPSC, a
polycrystalline aggregate is represented by ellipsoidal grains with each grain

numerically imbedded as an elasto-plastic inclusion within a homogenous effective
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medium (HEM), which is the response of the polycrystal. Each grain has its crystal
lattice orientation and weight. In the modeling here, the texture is represented using
1000 weighted crystal orientations. The strength of the interaction between inclusion
and HEM can be adjusted by a parameter Mg [51,52]. The particular version of EPSC
adapted here for these alloys incorporates a dislocation density-based law for the
evolution of slip resistance and considers deformation twinning as an operating
deformation mechanism[53]. The present work uses these recent advances to interpret

the behavior of studied alloys. In what follows, the hardening law is briefly summarized.

The law was originally formulated for metals with the hexagonal structure in Ref. [54]
and advanced for various aspects in subsequent works[55—63]. The slip resistance per
slip mode a (basal, prismatic, pyramidal), t&, consists of a non-evolving term, t§,
which represents the friction stress embedding the Peierls stress and the initial
dislocation density population and the evolution terms, 7 yp, Which is the Hall-Petch-
like barrier term dependent on the initial grain size and twins, Ty, Which is the
forest term dependent on the stored dislocation density, and 7g,,, which is the debris

term dependent on the ordered dislocations. The relation is

Tg s Tg + T(S),HP + Tfsorest + Tgeb’ (1)
with
180 = p?HPe |2 (2a)
oHp — H g’

Thorest = BHHT) [Pl + T 1% Dl

(2b)
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1
Tgeb = 0.086ﬂaba‘/pdeb10g (m). (20)

In the above equations, y is a dislocation interaction constant taken as 0.9[64], pgo: 1S
the total density of forest dislocations per slip system, s, u is the shear modulus with
a value for Mg of 15.5 GPa, b® is magnitude of the Burgers vector, L5 is a matrix
representing latent hardening estimated to be 1 for coplanar and 0.5 for the latent slip
systems interactions and, finally, pqep 1S the population of debris density. The Hall—-
Petch-like barrier effect contributes to hardening by grain subdivision due to the
existence of twins in individual grains. With twins existing in grains, the barrier effect

term is modeled using[59]

fPTS _fPTS.O po
THp = oremm—ors UYHP®
HP ™ ¢PTSmax_ ¢PTS,0 K ds

: 3)

mfp

where df’nfp represents the mean-free-path of dislocations estimated using df‘nfp =

_ fPTS
Qs de S{n (a)) de Here, a is the angle between the predominant twin system (PTS) plane in
case multiple twins exist in a given grain and the slip plane, d, = ——=— is the

nlamellas

separation between lamellas as the ratio between the grain size, dg, and the number of

lamellas fFPTS_gPTS0

lamella per grain, n , which is taken to be 5. The barrier factor,

fPTS,max _fPTS,O

fPTS,maX fPTS,O

includes and representing the maximum and the minimum volume
fractions that twins can take. fPTS™3% jssetto 0.95, while fFT50 issetto 0.05. fFPTS

is the volume fraction of the PTS system.

To complete the theory, we now turn attention to defining the evolution of dislocation

densities. The total dislocation density is

+ —_—
ptsot = p1§or + prsev + prSeVe “4)
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where prsgv and pS., are the reversible dislocation populations for the s* and s
directions and pg . is the forward density. The split facilitates modeling of strain path
sensitive deformation, which is beyond the scope of the present paper. As a result, the

law governing the evolution with shear strain is[65—67]

(If dys" > 0)

a S , !

o= (1- DI Ze 0 Pl — Ko (52)

4 ?:v ! ' +

28— kg[S 9% Pl — RSPl (6a)
aP?e_v _ 18! .01§(:v mn

Uit 5 o i (82) 7w

If dys” > 0)
9 SOI‘ 12 !
o = (1= Pk Es 9% Piar = KE Por (5b)

aps+ - ps+ m

oo = Tk Zs 9% Pt ( ps ) ; (6b)
Oper o o -

o =Pk Te 9% Pror = kS plev- (7b)

The initial conditions are pf .(y5 = 0) = 2.5 x 1022 m™2, pS,(y*=0)=0 and
pSy(¥®=0)=0. In the above equations, k{ is a fitting material parameter
responsible for the rate of generation and k3 is responsible for removal (dynamic
recovery) of statistically stored dislocations[54]. p 1is a reversibility constant ranging
from O'to 1 but here setto 1. g% is an interaction matrix taken as the identity matrix.
m is a constant taken to be 0.5 and represents the rate of dislocation recombination
[68]. pg is the density at the reversal of the path for the system s. The k3 is calculated

using

k$ _ xb®( _ _keT £
kS g@ (1 1306(1306)3ln (@:0))' (8)
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where kg is the Boltzmann constant, &, is a reference strain rate of 107, g% is the
activation energy, and D% is the drag stress. The density of debris dislocations is

evolved using

9pdeb
Xs 6)/? =Xs qaba\/ Pdeb K2Pt0t> ©)
where g% is the dislocation recovery rate fitting constant. This constant separates the

portion of dislocations accumulated as debris from the annihilated population.

The twinning model available in EPSC is the composite-grain (CG) formulation[69].
Twinning shear is modeled by means of the pseudo-slip model[70-73]. As the
accumulated shear reaches a threshold of 0.05, the twinned domain is reoriented. The
twinned domain is further modeled as a separate ellipsoid, while the volume is
transmitted from the parent to the twinned domain with accommodated shear according
to

t

A
Aft ==, (10)

where Af! is the twin volume fraction increment, Ay is the twin system, #, shearing

in the grain, and S is the characteristic twin shear. The resistance to twin is

_ B B
TE =15+ Thp + Tolip> (11)
with, Tg as the initial value per mode, B, tfp is the barrier term, and Tfhp as the

hardening term due to slip-twin interactions. The barrier term is formulated per system

using

1
thy = HPF [, (12)
mfp
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where dfnfp is the mean-free-path. The hardening due to the interactions is defined
using
thip = 1P N CPbPb% pty, (13)

with bPas the Burgers vector and C%# is the fitting hardening matrix.

4. Results

4.1 Initial microstructures and mechanical properties

The starting microstructures of the two designed alloys were characterized. Fig. 1
shows the representative micrographs of both alloys. The as-cast alloys display a coarse
grain structure. There is a small amount of second phase, with black contrast in the
optical micrographs, in the as-cast alloys. After heat treatment and extrusion, both
alloys exhibit a fully recrystallized microstructure with equiaxed grains. Only the Mg
phase was identified from the synchrotron X-ray diffraction result, as shown in Fig. A1,
indicating that alloying elements mainly exist as the form of solid solution. The as-
extruded ZX20 alloy with an average grain size of 6.5 um shows a more uniform grain

size distribution, which is of interest, as will be discussed shortly.
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Chemical compositions and their distribution were further analyzed in an extruded
7X20 sample using 3D-APT. This technique provides a three-dimensional mapping of
the distributions of both Zn and Ca atoms in the sample, as shown in Fig. 2. The
presence of a grain boundary is confirmed by examining the crystallographic
information obtained by APT. Fig. 2(a) shows the Mg atom density maps for successive
slices of the sample volume along the analysis direction, demonstrating that two
different crystal pole information in this area separated by a grain boundary. Apparently,
co-segregation of Zn and Ca occurred at the grain boundary, as shown in Fig. 2(b). A
line profile crossing the grain boundary shows the concentration of Ca and Zn along
the red arrow (Fig. 2(c)). This line profile is obtained from a cylinder that is normal to
the grain boundary, the cylindrical volume with a height of 30 nm and a diameter of 20
nm is highlighted in pale blue as shown in Fig. 2(c). Along this line, the concentrations
of Zn and Ca atom are ~4.3 at% and ~3.5 at% at the grain boundary (Fig. 2(d)), which
are 5.5 times and 27.5 times of their nominal concentrations in the grain interior. The
co-segregation zone is about 9 nm around the grain boundary. This kind of solute
segregation could influence the plastic deformation of Mg alloy, which is further

analyzed in the discussion part.

The texture of the as-extruded alloys was measured by EBSD. Fig. 3 shows the EBSD
map of the ZX20 alloy (a), ZX10 alloy (b), and pure Mg (c). The pole figures show that
the ZX20 alloy possesses a profoundly weak texture with a strength of ~2.8 mrd

compared to ZX10 of 4.8 mrd and pure Mg of 7.5 mrd under the same extrusion

18



condition. The texture weakening phenomenon was not observed either in Mg-Zn or
Mg-Ca binary alloys, but only in Mg-Zn-Ca ternary alloys[27]. Thus, it can be
concluded that combined Zn and Ca addition have a texture weakening effect on Mg,

similar to RE elements.

Fig. 4(a) shows the stress-strain curves of those alloys from standard tension tests, with
the tensile axis being parallel to the extrusion direction (ED). The ZX20 alloy shows
much higher ductility (&~30%) than the ZX10 alloy (&~21%) as well as pure Mg
(&~6%). The tension curve obtained from in-situ SEM/EBSD test for ZX20 alloy was
also plotted in Fig. 4(a). A pronounced elastic limit is observed upon reloading after
each pause during the in-situ SEM/EBSD measurement. This behavior correlates with
a solid solution strengthening mechanism due to solute-dislocation interactions. The so-
called dynamic strain aging effect was first observed by Cottrell in iron[74]. Fig. 4(b)
compares the tensile properties of the ZX20 and ZX10 alloys with other Mg alloys in
the literature. The ZX20 alloy shows an outstanding balance of strength and ductility,

its elongation to failure is greater than most RE-containing Mg alloys.

4.2 Deformation microstructure by in-situ SEM/EBSD

EBSD-based slip trace analysis was performed to analyze the deformation mechanisms.

Fig. 5(a) shows an EBSD map of a deformed ZX20 alloy at 4% of tensile strain. It can

be seen that twinning is absent in the majority of grains. Fig. 5(b) shows the result of
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slip trace analysis from the same area as (a). At 4% strain, most of the slip lines belong
to basal slip. Non-basal slip, such as prismatic and pyramidal <a>, were also
occasionally identified in a few grains. A total of 211 out of 798 grains developed slip
lines on the surface of the sample after 4% strain, and basal slip accounts for more than
90% of those slip lines. From the grain orientations highlighted in the EBSD map (Fig.
5(a)), we can see that most grains have their c-axis away from both ED and TD,
indicating they are favored for activating basal slip. Given that basal slip has the lowest
slip resistance among all slip modes, most of the grains in this alloy would be deformed
by basal slip. Grain 1 shown in Fig. 5(c) did not develop surface slip lines until after 8%
strain. The slip lines developed afterward belong to prismatic slip. Statistical slip trace
analysis is useful to determine the slip activities at early deformation. However, it may
not be suitable to accurately analyze slip activities at higher strain levels because slip

lines formed at different strains may overlap.

Grain orientation rotation can provide additional insights into the deformation
mechanism in the absence of surface slip lines. The in-situ EBSD data gives us the grain
orientation information at each deformation step. The grain orientation rotation was
defined as the angular difference between the crystal orientations at smaller and larger
strains for each grain. The orientation rotation in 798 grains during the first loading step
(0%-1% strain), in 749 grains during the second loading step (1%-2% strain), and in
746 grains during the third loading step (2%-4% strain) were calculated from the in-

situ EBSD data and presented in Fig. 6(a-c) with respect to grain size measured by
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EBSD. Fig. 6(d) shows the average amount of grain orientation rotation during different
strain intervals. From the grain orientation rotation, we can also compute the c-axis tilt
value. According to the dislocation theory[76], when a crystal is deformed by
dislocation slip, the crystal orientation will gradually rotate around an axis that is
perpendicular to both the slip plane normal and the slip Burgers vector. For those grains
deformed by basal slip, their c-axis tilt would be the same as the overall grain
orientation rotation. At early strains, the average c-axis tilt is very close to the average
orientation rotation, indicating the dominance of basal slip. At higher strains, the
average orientation rotation became significantly larger than the average c-axis tilt,

suggesting that non-basal slip modes became more active in later deformation.

It is also found that the amount of grain orientation rotation is influenced by the grain
size. As indicated by the dotted lines in Fig. 6(a-c), grains with smaller sizes tend to
have larger orientation rotation. The dynamics of the grains are coupled because the
two sides of any grain boundary at all times must adjoin and be in stress equilibrium.
To facilitate this process, the grains have to change shapes in different ways, and their
crystallographic orientations must rotate with respect to each other[77]. Dislocation slip
induced grain rotation need to overcome the restraint from the adjacent grain
boundaries, the grains with smaller size have a larger specific surface area, which is
beneficial to accommodate the whole intragranular deformation. Likewise, the center
of larger grains is more difficult to rotate compared to the areas close to grain

boundaries, thus reducing the average orientation rotation for the whole grain.

21



4.3 In-situ X-ray diffraction

The EBSD-based analysis is confined to examine the deformation mechanisms in
surface grains, which may not fully represent the bulk material behavior. In-situ
synchrotron X-ray, capable of penetrating the whole bulk sample, is a desirable tool to

complement the study of deformation mechanism.

Fig. 7 depicts the peak intensity evolution for {10-10}, {10-11}, {10-12}, {11-20}, and
{10-13} as a function of applied engineering strain. For each peak, integrated intensity
along the tension direction (recorded by GE3) was used. While there have been works
by[78,79] show that crystal length scale stresses are not identical to the applied
macroscopic stress particularly for materials with a higher level of elastic anisotropy,
we take the traditional analysis approach as the sample could not be rotated with respect
to the incident x-rays. For ZX10 alloy, the intensity of {10-10} was continuously
increasing through the entire tension test, while the intensity of {11-20}, {10-12}, and
{10-13} show a decreasing trend. According to the experimental setup, {10-12} and
{10-13} diffraction peaks represent grains with a large Schmid factor for the basal slip.
When the basal slip is activated, the c-axes of those grains would move away from the
axial (tension) direction towards the transverse direction, decreasing the intensity of
{10-12} and {10-13} while increasing the intensity of both {10-10} and {11-20}. On

the contrary, the intensity of {11-20} shows a decreasing trend. This is likely due to the
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activation of prismatic slip which transforms the {11-20} oriented grains to {10-10}
oriented grains. In general, the peak intensity evolution of ZX20 alloy shows a similar
behavior as ZX10. Two subtle differences were observed between the two alloys. First,
the change in peak intensity for ZX20 was slower than ZX10. Second, after about 18%
strain, the peak intensity in ZX20 became stable. This implies a change in the

deformation mechanism, which will be discussed more later.

For peak broadening analysis, data obtained from the transverse direction (recorded in
GE4) was used. Fig. 8(a, b) shows the evolution of full-width half-maximum (FWHM)
values of six reflections, {10-10}, {0002}, {10-11}, {10-12}, {11-20} and {10-13} as
a function of engineering strain. In general, the FWHM values increase rapidly at the
beginning of deformation, but the increase became slower in later deformation. Two
factors are contributing to the peak broadening: the size broadening related to the
shrinkage of coherent scattering volume and the strain broadening related to lattice
distortions[42]. Williamson-Hall (W-H) analysis was performed to separate the size
and strain broadening contributions. The method is a multiple peak method that is used
to separate size and strain contributions. The method works by fitting straight lines to
plots of the integral breadth of different peaks, against the reciprocal of the lattice
spacing, the gradient and the intercept are used to represent the strain broadening and
the size broadening. More details about the Williamson-Hall analysis can be found in
references[80—82]. According to the diffraction theory, the strain broadening increases

with the diffraction vector length gnx (gnk = 1/dhki, dhui is the d-spacing of the {hkl}

23



plane) while the size broadening is independent of the gnii[83]. The slope of this linear
relationship is proportional to the square root of the mobile dislocation density (\/E),
and the intercept is inversely proportional to the coherent scattering domain size D by
the Scherrer equation (£ = 0'91/ p- Where s the intercept and A is the wavelength).
The W-H slope and y-intercept values obtained from the W-H analysis for ZX10 and
7X20 are plotted against engineering strains in Fig. 8(c, d). The W-H slopes
(dislocation density) of both alloys rapidly increased in the initial stage and then

plateaued at higher strain.

4.4 Modeling results

To determine the slip resistance and the relative activities of deformation modes, EPSC
modeling was performed. Multiple stress-strain curves were used to calibrate the model
parameters. Fig. 9 compares the simulated and measured flow curves under different
loading conditions, alongside with the deformation mode activity. All deformation
responses for each alloy were calculated using the same set of material parameters,
which is given in Table 1. The model captures these constitutive responses for both
alloys. The modeling results support the findings of in-situ EBSD and X-ray diffraction
analysis that basal and prismatic slip are two dominant deformation modes for the

investigated alloys in ED-tension.
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As another validation metric, texture evolution obtained from the model predictions
and the experiment measurements was compared. Fig. 10 presents side-by-side the
measured and predicted texture evolution for ZX20 alloy tested in tension along with
ED. Although the texture shows a less prominent change because of the inactivity of
twinning, it still can be seen that the calculated evolution trend is consistent with the
measured texture. First, the {0001} fiber texture intensified with increasing strain. This
change is derived from the activation of basal slip. Second, the maximum of {10-10}
and {11-20} poles re-aligned with increasing strain, which is particularly obvious from

inverse pole figure evolution as presented in Fig. A2. This is the result of prismatic slip.

We further compared the elastic lattice strains predicted by the model with the measured
values from in-situ X-ray diffraction. Fig. 11 shows the lattice strain evolution of the
{10-10}, {10-11}, {10-12}, {11-20}, {10-13}, {20-20}, {11-22}, and {20-21}
reflections. In general, lattice strains show a rapid increase upon yielding followed by
a slow increase rate with the increasing of the plastic strain. Overall, the simulated
results agree well with the experimental measurement. The discrepancy is most obvious
for {10-11}, {10-12}, {10-13}, and {11-22} reflections. The sudden drop of lattice
strain upon the yield point was caused by the strain aging phenomenon [84]. Because
the interaction between solutes and dislocations is not explicitly considered in EPSC,
the model is unable to reproduce the drop of lattice strain in those reflections. Note that
those reflections correspond to grains that are easy to activate basal slip. One

implication is that the solutes tend to segregate at <a> dislocations on basal planes. The
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simulated results, in terms of the lattice strain values and the texture intensity, are
slightly higher than the experimental ones. Since the model does not include any sub-
granular deformation, the grain boundary involved plastic deformation, as we revealed
in this alloy will be discussed more later, could also be responsible for the overall over-

prediction by the model.

In summary, the EPSC model and the associated material parameters achieved excellent
prediction of mechanical response, texture evolution, and lattice strain evolution for the
two alloys, especially in the early stage of deformation. The discrepancy between the
measurement and prediction is caused by the grain boundary involved plasticity, which

will be discussed more in the next section.

5. Discussion

The designed Mg-1.8Zn-0.2Ca (wt.%) extrusion alloy featured in low-alloyed non-RE

addition, simple manufacturing process, high work-hardening rate, and very high

elongation to failure. The following sections discuss the origin of the excellent

mechanical properties in this new alloy.

5.1 Solute effect on the slip behavior in Mg

26



While basal slip dominated the early deformation stage due to the weak texture of ZX20
alloy, prismatic slip became very active in later deformation according to both the
measured grain orientation rotation and EPSC simulation. Akhtar and Teghtsoonian[85]
have reported that the CRSS for the prismatic slip in Mg single crystals decreases with
an increase of Zn concentration. Stanford et al. [86]reported that 1 wt.% of Zn can
reduce the CRSS ratio between prismatic slip and basal slip (CRSS prismatic/CRSSpasat)
from 8.0 to 5.0 in polycrystalline Mg with a grain size of 110 um. Recent experimental
and computational studies suggest that dilute Ca is also favorable for the prismatic slip
to be activated in Mg. Therefore, the enhanced prismatic slip in this Mg-Zn-Ca alloy
can be attributed to the joint effects of Zn and Ca solutes. But still, this cannot fully
explain the excellent ductility in this alloy, since both twinning and <c+a> slip, which
are critical to accommodate the c-axis deformation[87], were identified as inactive in
this alloy. Grain boundary, therefore, was believed to play an important role in

governing the plastic deformation of this alloy.

5.2 Co-segregation of Zn and Ca at grain boundaries

Co-segregation of Zn and Ca atoms at grain boundary is a key feature in this alloy.

Somekawa et al. recently showed that Y or Ca atoms segregated to grain boundaries

can stimulate the nucleation of non-basal dislocations[88,89]. Note that either Ca or Zn

alone has a low tendency of grain boundary segregation compared with Mg-Zn-Ca
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alloys. The improved ductility of Mg-Zn-Ca relative to Mg-Zn or Mg-Ca binary

alloys[24,34] is attributed in part to the effects of the observed co-segregation.

The weak extrusion texture can reduce the anisotropy and asymmetry of Mg alloys,
which consequently promotes more homogeneous deformation with improved ductility.
Solute segregation at grain boundaries was reported as responsible for weak texture in
certain Mg alloys[24,25]. In general, the strong basal texture in Mg alloys forms due to
the preferential activities of basal slip and twinning during extrusion, and this strong
basal texture usually retains after extrusion due to the preferential growth of
recrystallized grains with specific orientations. In contrast, a hypothesis exists that
solute atoms segregated to grain boundaries reduce the grain boundary mobility during
recrystallization by reducing grain boundary energy and enhancing the solute drag
effect, from which uniform recrystallized grains with randomized orientations tended
to grow. This notion was used to explain the weak texture that occurred in RE-
containing Mg alloys as well as Mg-Zn-Ca alloy[18,24]. Here we found that grain
boundary facilitated some plastic deformation mediated behavior due to the strong
segregation of Zn and Ca atoms to grain boundaries. The grain boundary related plastic
deformation found in this work provides another explanation for the weak texture in

the extruded Mg-Zn-Ca alloy, as discussed in the next section.

5.3 Grain boundary mediated plasticity
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Since the model only considers intragranular deformation and grain-to-grain
interactions in an averaged sense (i.e. grain-HEM), the over-estimation of lattice strains
and texture evolution suggests that some intergranular plasticity may be occurring.
Another indicator for grain boundary mediated plasticity (GBMP) is the intensity of
diffraction peaks being stable after about a strain of 18%, which signifies that the
dislocation-induced texture change is on the wane. A possible explanation is that after
18% strain, GBMP is increasingly occurring. GBMP is more general than grain
boundary sliding (GBS) observed in nanocrystalline metals or at elevated temperatures.
To confirm GBMP, a ZX20 sample was polished and tested in a scanning electron
microscope to different strain levels, as shown in Fig. 12. Apart from the equiaxed
grains being elongated along the tensile axis, motion along the grain boundaries were
observed. Such GBMP becomes prevailing, particularly in the later stage of

deformation.

It is generally accepted that solute segregation makes grain boundaries stronger through
the dragging effect of solute atoms[90,91]. Besides, the co-segregated Zn and Ca atoms
could make grain boundary tougher. To this end, atomic radius of the Ca atom is larger
than Mg, whereas the atomic radius of Zn is smaller. The presence of a Zn atom at GBs
releases a compression strain, while the presence of a Ca atom at GB causes relaxation
of an extension strain. When the material under plastic deformation, dislocations pile

up at grain boundaries. Strain localizations at grain boundaries are relaxed with Zn and
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Ca atoms working together at defect sites. The smaller Zn and the larger Ca atoms have
more freedom to choose their appropriate sites of defects to coordinate the distortion at
grain boundaries, by which cracks are suppressed to initiate and propagate. The role of
Zn and Ca solutes in mediating the plasticity processes at grain boundaries was verified
by a TEM examination, as shown in Fig. 13. Elemental maps for a grain boundary in a
post-deformation sample show existence of only larger Ca atoms, while smaller Zn
atoms dissolved into the Mg matrix. Besides, the width of the grain boundary in this
post-deformation sample is about 16 nm compared with about 9 nm prior to
deformation. The width of grain boundary was estimated from the segregation zones
from APT result in Fig. 2 and TEM result in Fig. 13, respectively. The GBMP behavior
revealed in this work provides a novel insight into the rationalization of the improved

ductility and weak texture in Mg-Zn-Ca alloys.

GBMP and GBS have been observed in pure Mg when the grain size is ~1.3 um|[6].
While the ZX20 alloy has a grain size of 6.5 um, the co-segregation of Zn and Ca
enhances GBMP and makes the GBS less reliant on grain size. Atomistic simulations
can provide further understanding about the role of solute atoms on the mobility of

grain boundaries.

6. Conclusions
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In this work, we designed and fabricated a low-alloyed RE-free Mg-Ca-Zn alloy that
shows high elongation of ~30% and strength of 265 MPa. Detailed experiments and
simulations performed for the alloy reveal that cooperative action of Zn and Ca solutes
enhances activity of prismatic slip relative to other slip modes. It is also found that Ca
and Zn tend to co-segregate at grain boundaries, and this co-segregation leads to texture
weakening and grain boundary mediated plasticity (GBMP). Activation of non-basal
slip and weak texture facilitate more homogeneously deformation, and GBMP provides
an extra degree of freedom improving ductility in the late deformation stages. These
three effects together make this alloy highly ductile. Because this alloy has excellent
formability, it can be extruded at relatively low temperatures to obtain a fine-grain

microstructure (grain size ~6.5 um). As a result, the strength is also enhanced.
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Table la. Hardening parameters for slip systems.

Parameter Mg-0.9wt.%Zn-0.1wt.%Ca (ZX10) Mg-1.8wt.%Zn-0.2wt.%Ca  (ZX20)
(Mesr=0.2) (Mesr=0.4)
<g>prism <ag>basal <cta>pyrl <@>prism <a>basal <cta>pyrl
g (MPa) 36 9 85 35 15 230
ki (m_l) 3.5x 108 0.5x 108 5.5 %108 27x10%8  09x10% 55x10%
D*(MPa) 50 50 50 50 50 50
g% 25%x10°  25x10%  3.0x10? 27x10°  9.0x10° 3.5x1073
q“ 4.0 4.0 4.0 4.0 4.0 4.0
HP“ 0.15 0.09 0.02 0.16 0.1 0.03
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Table 1b. Hardening parameters for twinning.

Parameter Mg-0.9wt.%Zn-0.1wt.%Ca (ZX10)

Mg-1.8wt.%Zn-0.2wt.%Ca (ZX20)

tP(MPa) 18
HPP(MPa)vm 0.09

ch 50

21

0.09

50
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Fig. 1. Optical micrographs showing the initial microstructures of the two designed Mg-Zn-Ca

alloys: (a, b) as-cast, (c¢,d) as-extruded. (e,f) the grain size distribution of the extruded alloys.
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Fig. 2. Three-dimensional APT reconstruction of the extruded ZX20 local structure containing
a grain boundary. (a) Mg atom density maps for the APT analysis volume calculated for
different sections, showing two different poles, with grain boundary indicated by dotted lines.
(b) Distributions of Mg, Zn, and Ca atoms in the sample. (c,d) Solute concentration profiles

normal to the grain boundary from the APT analysis volume shown in (b).
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Fig. 3. Inverse pole figure (IPF) maps and pole figures (PF) of (a) ZX20, (b) ZX10, and (c)

pure Mg. The colors in the IPF maps represent the grain orientations with respect to the TD.
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Fig. 4. (a) Tensile stress-strain curves along ED of ZX20, ZX10, and pure Mg. (b) Comparison
of mechanical properties for the most commonly studied Mg alloys in Refs. [4,7-9,11,13—
15,27-29,35,46,75]. Mg-Zn-Ca ternary alloys are included in the Mg-Zn based alloys in Fig.

4(b).
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Fig. 5. (a) An EBSD map of ZX20 at 4% of tensile strain, showing absence of deformation

twinning activity for majority of the grains. The grain orientations are represented by hexagonal
unit cells. (b) Secondary electron image of the same area as in (a), showing the slip lines
developed on the surface of the sample after 4% of tensile strain. (c) A selected grain developing

prismatic slip lines after 8% of tensile strain.
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Fig. 6. Distribution of grain orientation rotation with respect to the grain size measured for: (a)

798 grains from 0% to 1% strain, (b) 749 grains from 1% to 2% strain, (¢) 746 grains from 2%

to 4% strain in ZX20 alloy during tension test. (d) Average amount of grain rotation and the c¢-

axis tilt associated with the grain rotation as a function of engineering strain for ZX20 alloy.
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Fig. 7. Evolution of peak intensity for selected diffraction peaks as a function of engineering

strain for ZX10 and ZX20.
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Fig. 8. Evolution of FWHM of different diffraction peaks as a function of engineering strain

during tensile deformation (a, b), W-H slope and y-intercept as a function of engineering strain

for ZX10 and ZX20 alloys (c, d).
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Fig. 9. Comparison of the experimental and simulated true stress-strain responses in simple
tension and compression along with the directions as indicated in the figures along with

predicted relative activities of each deformation mode.
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Fig. 10. Stereographic pole figures showing a comparison of the measured and predicted texture

evolution of ZX20 alloy deformed in simple tension along with ED to certain strain levels.
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Fig. 11. Comparison of the experimental and simulated lattice strains for selected diffraction

peaks.

53



(a)

8% strain

Tensile axis // ED
M

32% strain

Fig. 12. (a) Secondary electron images of a selected area of ZX20 tensile specimen at different
strains. (a) Image quality of ZX20 alloy showing the grain structure prior to deformation. (c) A
magnified secondary electron image of ZX20 alloy at 32% tensile of strain. Dashed rectangles

in both (b) and (¢) show a same area as in (a).
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Fig. 13. (a) A HAADF-STEM image showing the microstructure of ZX20 alloy after tensile

fracture, the fast Fourier transformation (FFT) patterns obtained from the grain interior and

grain boundary are presented (marked as red square and light blue square respectively). (b)

Elemental maps of Mg, Zn, and Ca obtained from the observation region containing the grain

boundary as showed in (a).
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