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In this work, the deformation response, texture evolution, and twinning development of a
magnesium (Mg) alloy, Mg-1.3Zn-0.4Ca-0.4Mn, for biocompatible applications are investi-
gated. Further, the alloy’s formability, by examining the instantaneous r-ratio and strain-rate
sensitivity (SRS) as a function of strain and loading direction, is investigated. It is found that
after rolling and peak aging, the alloy has a rolled texture of moderate intensity with the basal
planes contained in the rolling plane and with a bimodal, fine-grained microstructure. The alloy
shows both high room-temperature tensile strength (300 MPa) and ductility (25 pct) in the
rolling direction (RD) and, remarkably, r-ratios saturating close to unity in all three in-plane
testing directions. It is also found that the SRS is relatively high and uniform, with averages
ranging from 0.015 to 0.025, depending on the in-plane testing directions. These are outstanding
properties compared to pure Mg and most of its biocompatible alloys. Typical of Mg alloys, this
alloy has a propensity for twinning by multiple twin modes, which leads to rapid texture
evolution, anisotropy, and tension-compression (T-C) asymmetry in yield stress, with
compression having the weaker response. These mechanical characteristics along with their
microstructural origins are presented and discussed in this article.
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I. INTRODUCTION

IN the surgical practice of fracture treatment, tem-
porary implants made of titanium alloys or stainless
steel are widely used. Although of sufficient mechanical
strength, these materials can adversely affect bone tissue
integrity as well as introduce toxic elements. Recently,
with well-selected alloying elements, many magnesium
(Mg) alloys have been considered as viable candidates
for biomedical applications due to a balance of good
mechanical properties, light weight, and biocompatibil-
ity. Mg is a unique material for in-vivo use since it can be
gradually resorbed and, at the same time, provide
desirable mechanical support throughout the entire
period of recovery.[1,2] After their development, many
studies on the use of these Mg alloys in the biomedical
field initiated in the 1990s.[3–5]

To date, biomedical Mg alloys are used as screws,
pins, and bone implants and, therefore, must have a
sufficient level of mechanical properties.[6] High-purity
Mg, although it has a good biocompatibility, has poor
mechanical properties, which hinders its use in many
practical applications. Alloying Mg becomes an impor-
tant method for enhancing the mechanical properties.
The choice of alloying elements, however, is crucial as
they affect not only mechanical properties, but also
corrosion resistance and, as mentioned, overall human
health.
Because they are biodegradable andmoderately resistant

to corrosion, Mg-Zn-Ca-based alloys, as well as those
further microalloyed with Zr, Mn, or other nontoxic
elements, have received great interest as low-cost structural
biocompatible materials.[7–16] With grain-boundary
strengthening,[17,18] solid solution hardening,[14] and precip-
itation hardening,[9,19,20] they can be made with relatively
high strengths. In this work, we study a new biomedically
relevant Mg alloy, BIOMG 250,*[21,22] in which calcium

(Ca), zinc (Zn), andmanganese (Mn) are alloying elements.
The alloy design used both larger and smaller atoms than
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theMg atom to promote cosegregation of alloying elements
in the Mg matrix. Alloying with Zn, Ca, and Mn improves
the strength of Mg alloys and, thus, provides the necessary
support for damaged tissue/bone[7,21,23]; at the same time,
these elements are nontoxic to the human body.[21] Mn,
alongwithCa andZn, can increase formability according to
the density function theory calculations,[24] by modifying
pyramidal slip—thus substituting to attain the ‘‘rare earth’’
(RE) effect.

Zn is one of the most common nutritional compo-
nents and a cofactor for specific enzymes in bone tissue.
It is also an effective additive for improving the
mechanical properties of Mg alloys.[25] In particular,
Zn promotes both solid solution strengthening and
precipitation hardening.[11,14,26] However, while Zn has
a high solubility limit (6.2 wt pct) in Mg, a recent study
reported that excessive Zn additions can promote
corrosion rates, due to the formation of Zn-rich
intermetallic particles that act as cathodic sites.[10,27]

Ca is an essential element in the human body and the
main component in human bone.[28] Ca has been found
to weaken the basal texture, characteristic of rolled
Mg-based alloy, and thus improve uniformity in prop-
erties.[18] However, more than 1 wt pct Ca can deteri-
orate the corrosion resistance of Mg-Zn-Ca-based
alloys.[29] The effect of Ca on mechanical properties is
ambiguous. Although the yield strength increases from
about 30 to 35 MPa for pure Mg to about 95 MPa for
Mg-0.9Ca, the relative elongation decreases from 10 to
12 pct to 2 to 3 pct, respectively, which makes ternary or
greater component systems more promising compared
to binary systems. In addition, Ca forms Mg2Ca
intermetallics that improve creep strength.[9,30]

Mn can reduce grain size and increase the tensile
strength of Mg alloys,[31] as well as increase ductility.[32]

Additionally, in small amounts, further additions of Mn
have been shown to improve the strength of these
Mg-Zn-Ca-based alloys by the grain-boundary strength-
ening effect.[10,12,33] One of the most important functions
of Mn in Mg alloys is to improve the corrosion
resistance by converting metals (e.g., iron) that can
initiate corrosion into relatively harmless intermetallic
compounds such as Al6Mn(Fe) and Al3Mn(Fe). Mn is
an essential element for playing an important role in
metabolic cycles and activation of numerous enzyme
systems.[34,35] However, a high concentration of Mn can
cause toxicological damage to the nervous system.[36]

In addition to strength, one concern with Mg alloys is
formability, the ability to shape the material without
cracking.Due to the low symmetry of its hexagonal lattice,
Mg and its alloys have a limited number of easy slip
systems, which leads to low ductility at room temperature
and the need to activate alternative mechanisms such as
deformation twinning.[37–43] At room temperature, basal
slip in favorably oriented grains can be easily activated.
Other slip systems (prismatic and pyramidal) are also
activated, especially at elevated temperatures.

The formability of a material is conventionally deter-
mined by developing a forming limit diagram (FLD) for
the material. Building a FLD, however, requires a broad
suite of tests, and thus, other indicators of formability
have been devised that entail less material and testing. A

few of these measures are yield strength tension-com-
pression (T-C) asymmetry, strain-rate sensitivity (SRS),
and r-ratios. The SRSmeasures the changes in flow stress
with changes in strain rate. It is an important indicator of
the material resistance to localization during forming
operations, and higher values of SRS are more resilient to
necking. The r-ratio is the ratio between the in-plane
strain (or strain rate) and through-thickness strain (or
strain rate).[44–47] The strain level at which this ratio is
calculated is usually 5 or 10 pct. For Mg and Mg alloys,
the r-ratio range is broad, from 0 to ~10. The lower the
T-C asymmetry ratio, the higher the SRS, and the closer
the r-ratios are to unity, the more formable the material is
considered to be.
In this work, we study the microstructural evolution,

including the deformation twinning and underlying
effects on the mechanical behavior of
Mg-1.3Zn-0.4Ca-0.4Mn alloy, a biocompatible Mg
alloy with a dilute concentration of alloying elements.
To obtain insight into its formability, we analyze its T-C
asymmetry, SRS, and r-ratios, when deformed in
different sample directions and strain rates, at room
temperature. We find that the alloy has a propensity for
1012f g twinning under a suitably oriented loading

direction. The material exhibits a relatively high SRS
(~ 0.015 to 0.025), a saturation r-ratio of nearly unity,
and a low T-C asymmetry compared to pure Mg and
commercial Mg alloys.

II. MATERIAL AND EXPERIMENTAL
METHODS

A. Material

BIOMG 250 sheets were obtained by thermomechan-
ical processing the as-cast ingot of composition
Mg-1.3Zn-0.4Ca-0.4Mn. The final hot rolling pass was
a 50 pct reduction to thickness of 2 mm. Afterward, in
order to increase the strength, the sheets were subjected
to peak aging.
Aswill be seen shortly, the alloy exhibits a high strength

value, despite its low concentration of alloying elements
(approximately 2 wt pct) and no RE additions. As will be
presented in detail in a subsequent article,[48] the strength-
ening can be ascribed to grain refinement and the
formation of very fine nanometer-scale precipitates such
as Guinier–Preston (GP) zones and a-Mn precipitates.
These precipitates have been reported in other studies on
Mg-Zn-Mn-based alloys.[49–51] The sizes of these a-Mn
precipitates in our material range between 3 and 62 nm.
Additionally, it was shown that this alloy contains larger
precipitates of Ca2Mg6Zn type ranging between 170 and
350 nmandMg2Caparticles ranging between 165 and 285
nm lying at grain boundaries.

B. Microstructure

For microscopy, the samples were ground on abrasive
papers #400 to 4000 under running water and then
polished on cloths with oil-based diamond suspensions
of 3 and 1 lm and then with colloidal silica to obtain a
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mirror finish of the surface. After polishing, the samples
were cleaned in ethyl alcohol for 3 to 5 minutes in an
ultrasonic bath. The microstructure was analyzed using
an optical microscope and a Tescan-Lyra scanning
electron microscope.

As shown in Figure 1, the present
Mg-1.3Zn-0.4Ca-0.4Mn alloy, after rolling and peak
aging, has a typical rolling microstructure. The inverse
pole figure (IPF) shows that the microstructure has an
average grain size of 5 lm. However, the grain structure
is bimodal, with a small fraction of grains of size< 5 lm
and a large fraction of coarser grains, 5 to 10 lm. As
shown in other work,[48] such grain structure results
from a high density of pinning precipitates and Zn-Ca
solute clusters/segregation at grain boundaries. Solute
segregation at the grain boundary not only prevents the
preferential growth of the grain boundaries, it also
exerts a drag effect on the grain-boundary mobility and
pins the boundary. As a result, the extent of grain
growth is not high. The grain structure appears rela-
tively homogeneous, with nearly equiaxed grains. This
type of microstructure is typical of one that results from
dynamic recrystallization after rolling and peak aging.
Crystallographic texture measurements indicate that this
material has a moderate basal peak on the 0001f g pole
figure (PF) with a slight spread in the transverse
direction (TD). The moderate texture intensity as well
as the split in TD is unusual for most rolled Mg alloys.

C. Mechanical Behavior

To measure strength, both compression and tension
tests are performed along different sample directions. The
compression tests were carried out on an Instron model
1350 machine having a load cell capacity of 100 kN
equipped with the DAX software and controller at room
temperature under 0.001/s strain rate along the rolling
direction (RD), TD, and normal direction (ND). The
compression tests were carried out to failure. Multiple
samples for the same loading direction were tested to

ensure repeatability of the results (refer toAppendixA for
additional test results). Multiple samples slightly varying
in their dimensions considering the sheet thickness were
also tested, and again, similar results were obtained. The
ND specimens were 2-mm tall with either 2 or 3 mm
in-plane square cross sections, while RD and TD samples
were either 2- or 3-mm tall with either 2 9 2, 2 9 3, or
2 9 4 mm cross-sectional areas.
For tension testing, the tensile bars were machined per

ASTM E8[52–55] as dog-bones having a gage section of
50 mm in length and a 2 9 12.5 mm cross section. These
tests were performed using an MTS biaxial servohy-
draulic machine with Flextest software and controller.
The capacity of the machine is 250 kN, and the tension
tests were done in displacement control, with the use of an
MTS 623.12E-24 extensometer. These tension tests were
performed at room temperature under a range of strain
rates, 0.001/s, 0.01/s, and 0.1/s, and along the three
in-plane directions, RD, 45 deg, and TD. These tests also
went to fracture. As in compression testing, tension tests
were repeated to ensure the accuracy and reputability of
the data. Consistency in the stress-strain curves per
sample category and test conditions was excellent.
We measured the SRS in the three different directions.

Such measurements are commonly obtained from (a) a
number of uniaxial tensile tests at different strain rates
or (b) a single tensile jump test in which each jump
corresponds to an increase in the strain rate. Four
jumps, each with a doubling of the strain rate, starting
with a strain rate of 0.0025, were used. The particular
strain rates used in the jump test were 0.0025/s, 0.005/s,
0.01/s, 0.02/s, and 0.04/s, while for tensile tests, strain
rates of 0.001/s, 0.01/s, and 0.1/s were used. Based on
the data obtained, the SRS of the material can be

calculated using m ¼ lnr2=r1
ln_e2=_e1

, where _e and r correspond

to the particular strain rate and stress.
To measure the instantaneous r-ratios for the RD,

TD, and 45 deg samples, uniaxial tension tests were
performed at room temperature using the same MTS

Fig. 1—(a) An IPF map showing the grain structure. The frame pertains to the map meaning that the sample direction perpendicular to the map
is the ND. The colors in the maps represent the orientation of the ND sample axis with respect to the local crystal lattice frame according to the
IPF triangle. (b) PFs constructed from EBSD data show the dominance of the 0001f g basal plane for peak-aged nanoMAG (Color
figure online).
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testing machine as used for the tensile testing at a
constant, quasi-static strain rate of 0.01/s. Samples were
painted with a black and white speckled pattern, and a
camera was positioned to record speckle displacement
during loading. Using Vic-2D software, a digital image
correlation (DIC) was made possible whereby the in-situ
sample width (normal to the loading direction) and
length (parallel to the loading direction) could be
measured by observing the displacement of the speckled
pattern on the sample surface. The DIC and extensome-
ter strain measurements were cross-validated. The accu-
mulative r-ratio of a material describes the ability of that
material to resist thinning during tensile or compressive
loading. It is defined as r ¼ ew

et
, where ew and et are the

plastic strains along the width and thickness of the
sample.[56] Instantaneous r-ratio can be calculated for a

sample under load using ri ¼ deplw
deplt

¼
ln wo

wi

� �

ln
wili
woloð Þ, where the

instantaneous strains are calculated from initial and
instantaneous sample widths (wo, wi) and lengths (lo, li),
which are measured using DIC.[56] As mentioned, a
value of near unity suggests good formability.

III. RESULTS AND DISCUSSION

A. Mechanical Behavior

Figure 2 shows typical stress-strain curves at a
quasi-static strain rate of 0.001/s for the
Mg-1.3Zn-0.4Ca-0.4Mn alloy. Key quantities, such as
the yield strength and ultimate tensile strength (UTS),
are summarized in Table I. Comparing the tensile
response across the three loading directions, RD, TD,
and 45 deg, we observe that the material exhibits
plastically anisotropic response. The highest UTS was
achieved in the RD and 45 deg direction, with the
highest yield strength in the RD. For compression, the
strongest response is achieved in the ND. Both com-
pression and tensile responses exhibit inflection points in
the hardening rate, which is a typical outcome of
underlying twinning deformation; however, the twin-
ning signatures are most pronounced in the compression
response. In the RD and TD samples, for which both
tension and compression tests could be conducted, we
observe a T-C asymmetry, in which the compression
response is weaker, in the yield stress and in the flow
stress in the early stages of deformation. Overall, the
alloy exhibits a good combination of strength and
ductility with a UTS in the range of 275 to 310 MPa and
up to 25 pct of uniform elongation, which is better than
many other biocompatible Mg alloys.[57–59]

As discussed in detail in another work,[48] the material
contains a variety of precipitates. It can be expected that
these precipitates influence deformation mechanisms of
slip and twinning. For instance, basal GP zones can
harden the prismatic and pyramidal planes, while the
a-Mn precipitates, on the other hand, are spherical and
can harden all plane types. Furthermore, since precip-
itates contain Zn, the Mg matrix is relatively free of Zn,
which could increase lattice resistance to dislocation

glide compared to the one containing Zn. Atomistic
simulations have shown that the addition of Zn in Mg
lowers the Peierls barrier and broadens the equilibrium
core size of basal dislocations.[60]

B. r-Ratio

To calculate the instantaneous r-ratios, tensile testing
was performed along with DIC. Figure 2(c) presents the
instantaneous r-ratio as a function of global true strain
for each sample orientation. R-ratio increases most
rapidly in the RD sample, followed by the 45 deg test,
and finally the TD test. Remarkably, the r-ratios in the
RD and 45 deg cases achieve 1 to 1.1, whereas those in
the TD reach a maximum of approximately 0.85.
Formability is often associated with the lack of twin-
ning. Consistent with this notion, these stress-strain
responses from the tensile tests do not exhibit the signs
of deformation twinning, which are inflection points and
rapid hardening. EBSD of deformed samples will
confirm the slip-dominated response in these three cases.
For most of the response, the hardening rate decreases
with strain. Formability is known to be sensitive to
alloying content. The unity and even the near-unity
r-ratio in the TD direction suggest good formability,
which is uncommon in pure Mg and many of its alloys
such as AZ31.[61,62] Other Mg alloys that show similar
near-unity instantaneous r-ratios for all RD, TD, and
45 deg sample orientations when tested in uniaxial
tension at a constant strain rate of 10�2 s�1 are ZE10
and ZEK100 Mg alloys.[61]

C. Strain-Rate Sensitivity

Figure 3(b) shows the SRS estimates taken from the
strain-rate jump test, and the resulting values are
summarized in Tables II and III. We observe a slight
anisotropy in the SRS value, being the largest for the
RD. Notably, the SRS does not vary substantially with
loading direction, likely because the underlying defor-
mation modes are similar. Average values of SRS are
positive and estimated to be 0.025 for RD, 0.02 for
45 deg, and 0.015 for TD. Thus, we find that the SRS
values and anisotropy are similar to those of
fine-grained, pure Mg, which may be expected since
this alloy has little solute content and similar grain size.
In rolled pure Mg, the SRS values were found to vary
from 0.008 in the ND to 0.03 in the in-plane direc-
tions.[63] It is worth noting that compared to more
concentrated alloys, such as the commercially available
and widely used AZ31 Mg alloy (< 0.01), they are
relatively higher.[64] Furthermore, in AZ31, the SRS can
change drastically from a negative to positive value with
loading direction.[65,66]

D. Deformation Twinning

In Mg, at room temperature, basal slip is the most
easily activated, and then, at higher strain levels,
prismatic and pyramidal slip activate. Besides slip,
deformation twinning is an important strain accommo-
dation mechanism. Unlike slip, twinning is
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unidirectional, activated when the c-axis is either con-
tracted or extended. In Mg, the most common twinning
modes are extension twinning 10�12

� �
h10�1�1i, which

reorients the lattice by 86.3 deg, and contraction twin-
ning 10�11

� �
h10�1�2i, with reorientation by 56 deg.[67] In

addition, double and ternary twinning within these twin
types are likely.[68–70] The activation of these slip and
twin modes as well as their relative activity is largely
dependent on material and microstructural properties,
such as initial texture,[28] grain size, and the composition
of alloying components, but also on experimental
conditions, such as the rate of deformation and test

temperature.[71–74] Nonetheless, the simultaneous activ-
ity of slip and twinning, the polar nature of twinning,
the many possible twin-slip interactions, and the twin
reorientation of subgranular domains mean that the
mechanisms of plastic deformation in Mg can be quite
complicated.
It is known that some suggestion of the activation of

twinning in addition to slip can be reflected in the
hardening behavior of the uniaxial stress-strain
curve.[75,76] Specifically, a stress-strain response with
active twinning is normally associated with lower
hardening rates and a characteristic inflection point in

Fig. 2—(a) Comparison of true stress–true strain response in tension under 0.001/s strain rate along the three in-plane directions indicated in the
legend. (b) Comparison of true stress-true strain response in compression under 0.001/s strain rate along the three directions indicated in the
legend. (c) Instantaneous r ratio measured during tension under 0.01/s strain rate along the three in-plane directions.

Table I. Mechanical Properties of the Mg-1.3Zn-0.4Ca-0.4Mn Alloy

UTS (MPa)
0.2 Pct Offset Yield
Strength (MPa) Uniform Strain (Pct) True Strain at Fracture (Pct)

RD tension 0.001 s�1 300 219 16.6 17.1
RD tension 0.1 s�1 309 236 10.9 11.9
TD tension 0.001 s�1 278 154 17.3 17.4
TD tension 0.1 s�1 290 154 15.6 16.2
45 deg tension 0.001 s�1 297 164 23.4 24.8
45 deg tension 0.1 s�1 290 173 13 13.9
RD compression 0.001 s�1 365 99 13.0 13.2
TD compression 0.001 s�1 313 82 13.5 13.5
ND compression 0.001 s�1 311 143 13.8 14.3
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the stress-strain curve, whereas a slip-dominated
response is characterized by a uniformly decaying
hardening rate with increasing strain. Referring to the

mechanical tests shown in Figures 2(a) and (b), the
‘‘twinning signature’’ is clearly evident in compression
stress-strain curves in the TD, ND, and RD, while it is

Fig. 3—(a) True stress-true strain response under 0.001/s and 0.1/s strain rates for the three in-plane directions. (b) Jump test true stress-true
strain curve with jumps from 0.0025/s to 0.005/s to 0.01/s to 0.02/s to 0.04/s along with the reference curve for the RD sample. (c) True
stress-true strain response along the TD as a function of strain rate indicated in the legend. (d) True stress-true strain response along the 45 deg
relative to the RD as a function of strain rate indicated in the legend.

Table II. SRS Data from the Strain-Rate Jump Test in the RD Tension

Test

SRS

Measurement 1 Measurement 2 Measurement 3 Measurement 4 Average m

Strain-rate jumps 0.0025 to 0.005 0.005 to 0.01 0.01 to 0.02 0.02 to 0.04 —
m 0.029 0.029 0.024 0.021 0.026

Table III. SRS Data from the Flow Stress Curves for RD, 45 deg, and TD

Test

SRS

Measurement 1 at
e = 0.02

Measurement 2 at
e = 0.05

Measurement 3 at
e = 0.075

Measurement 4 at
e = 0.1

Average
m

RD: 0.001 vs. 0.1 0.027 0.026 0.022 0.019 0.024
TD: 0.001 vs. 0.1 0.013 0.016 0.017 0.012 0.015
TD: 0.001 vs 0.01 0.016 0.013 0.014 0.012 0.014
TD: 0.01 vs. 0.1 0.013 0.018 0.019 0.016 0.016
45 deg: 0.001 vs.
0.1

0.02 0.022 0.02 0.019 0.02

45 deg: 0.001 vs.
0.01

0.02 0.019 0.018 0.016 0.018

45 deg: 0.01 vs.
0.1

0.02 0.025 0.022 0.022 0.022
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not apparent in the TD and RD tension responses.
Furthermore, the TD and RD compression responses
have a much lower yield stress, followed by a rapid and
positive change in hardening rate, than in their tension
responses. Due to deformation twinning, the material
exhibits a tension-compression asymmetry in yield stress
in the TD and RD, with compression having the weaker
response. The analysis of twinning from the stress-strain
response alone is qualitative. Twinning may be

occurring, albeit in different amounts, in all tested
straining directions and strain rates. To quantify twin-
ning further, we employ EBSD analysis on the samples
deformed at two different amounts of strain. Figures 4
and 5 show the evolution of microstructure and texture
of peak-aged Mg-1.3Zn-0.4Ca-0.4Mn alloy after com-
pression along the RD, the response that suggested a
twin-dominated response. It is observed in the EBSD
microstructures that after the inflection point in the

Fig. 4—EBSD maps and blank grain-boundary maps with highlighted twin boundaries showing the evolution of microstructure of the peak-aged
Mg-1.3Zn-0.4Ca-0.4Mn alloy after compression along the RD to true strain levels: (a) 0.05, (b) 0.092, and (c) fracture. The estimated twin
volume fraction in (a) is 55 pct. The frame pertains to the maps, meaning that the sample direction perpendicular to the maps is the RD. The
colors in the maps represent the orientation of the ND sample axis with respect to the local crystal lattice frame according to the IPF triangle
(Color figure online).
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hardening rate, at approximately 0.05 true plastic strain,
profuse twinning is observed with most of the
10�12

� �
h10�1�1i twins. It should be noted that traces of

original basal plane peak on 0001f g PF can also be seen.
With further deformation, some grains became entirely
reoriented by 86.3 deg. This is also evident from the
texture at fracture. Many of the texture components
have drastically reoriented from the initial texture, as a
consequence of cooperative activity of 10�12

� �
h10�1�1i

extension twinning. A similar twin-dominated response
is seen in TD compression. Although not shown here,
activation of twinning by similar twin types can be
expected since the orientation of the texture with respect
to the loading direction is similar in TD as in RD.

The questionable test concerns the tension tests in TD
and RD, which do not show macroscopic twinning
signatures. To check if twinning occurred in one of the
tension tests, we elected to analyze the EBSD data after
RD tension. As shown in Figure 6, there are no
significant changes either in the microstructure or in
the texture from the initial state. With nonbasal slip
planes and some compression twinning active, the basal
planes slightly rotate toward the TD. This analysis
suggests that in tension testing of this alloy, the
deformation was slip dominated.
The stress-strain responses of this alloy are compara-

ble to those of rolled pure Mg or rolled lightly alloyed
Mg material, with a similar initial texture, although as

Fig. 5—PFs showing the evolution of texture corresponding to Fig. 4. Every texture is based on multiple EBSD scans of the size like those in
Fig. 4 (at least two).

Fig. 6—(a) EBSD map along with a blank grain-boundary map highlighting twins and (b) PFs showing the texture of peak-aged
Mg-1.3Zn-0.4Ca-0.4Mn alloy after tension to fracture along the RD. The frame pertains to the map, meaning that the sample direction
perpendicular to the maps is the TD. The colors in the maps represent the orientation of the ND sample axis with respect to the local crystal
lattice frame according to the IPF triangle (Color figure online).
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mentioned, the one here is substantially weaker twin-
ning.[37–43,71,72] In several prior works, companion
polycrystal modeling studies have suggested that the
deformation response is governed by basal slip and
twinning, with the relative amounts depending on the
orientation of the test. For the typical Mg rolling
texture, wherein the basal planes are parallel to the
rolling plane, applied tension along the RD and TD
usually activates a combination of basal slip and some
small amounts of contraction twinning, while compres-
sion applied along the RD and TD can promote profuse
10�12

� �
h10�1�1i twinning. The deformation twinning in

the latter tests contributes significantly to rapid harden-
ing after yield through the barrier effect and texture
hardening.[68] In ND compression with the c-axis being
contracted, deformation is dominated by pyramidal slip.

To gain insight on the differing RD and TD com-
pression cases, we carry out a Schmid factor (SF)
analysis for the basal slip contribution based on the
initial texture. The SF maps for the RD and TD
compression cases are shown in Figure 7. From the
analysis, it can be expected that the TD has higher
activity of basal slip. This would explain the slight
difference in the TD and RD responses. Yield stress in
TD tension is slightly lower than that in RD tension.
However, the hardening rate in TD tension is slightly
higher than that for RD tension because of the greater
activity of easy slip and underlying hardening due to
slip. In contrast, the hardening rate in TD compression
is slightly lower than that for RD compression because
of more twinning in RD causing a combination of
texture and barrier effect hardening. We can speculate
that the higher hardening rate is a result of basal
hardening with its profuse activity. The same proposi-
tion can be made for the difference in rate sensitivity
between the TD and RD responses. Since basal slip is
approximately rate insensitive,[77–79] the higher activity

of basal slip explains the decreased rate sensitivity in TD
compared to RD.

IV. CONCLUSIONS

In this work, the deformation behavior of a novel
Mg-1.3Zn-0.4Ca-0.4Mn alloy is studied and discussed.
The alloy possesses a moderately strong rolled texture
with an average intensity of 4.2 m.r.d. Significantly, the
material exhibits high tensile yield and high UTS in all
three in-plane directions tested, which is, on average,
about 300 MPa, and excellent ductility of up to 25 pct.
These values together demonstrate that this alloy per-
forms superior to most of the best biocompatible, dilute
alloys to date. Further, the r-ratios approaching near
unity signify relatively good formability of the alloy. As
another advantageous property, the SRS values, which
were measured for three in-plane directions, RD, 45 deg,
and TD, are shown to be high relative to AZ31, similar to
that of fine-grainedMg, andmore uniformwith respect to
direction than coarse-grained pure Mg. These outstand-
ing properties prevailed despite evidence of deformation
10�12

� �
h10�1�1i twinning via EBSD, especially for the

in-plane compression and some for the in-plane tension.
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Fig. 7—SF maps for basal slip for the initial peak-aged sheet for tension in the TD and RD. The average value along the RD is 0.24, while that
for the TD is 0.3.
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APPENDIX A

In this appendix, we demonstrate in Figure A1 that
multiple tests for the stress-strain responses in a fixed
rate and loading direction are repeatable.
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