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Abstract

The strong texture of Mg alloys can lead to strong tension—compression yield asymmetry and corrosion anisotropy, and this
will consequently affect the effectiveness of hard tissue implants. A biomedical Mg—6Zn—0.5Zr alloy containing a large num-
ber of {1012} primary twins and {1012}-{1012} secondary twins is successfully prepared by cross compression. The dual
twin structure not only removes the tension—compression yield asymmetry completely, but effectively reduces the corrosion
anisotropy without compromise of corrosion resistance. The difference between the largest corrosion rate and smallest one
is~1.2 times compared to ~ 1.6 times of the original materials. It is found that the reduced corrosion anisotropy is related to

re-distribution of crystallographic orientations by twins.
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1 Introduction

Magnesium (Mg) alloys are biodegradable implant materials
due to the favorable biocompatibility and absorbability [1].
In addition, Mg as an essential element in the human body
[2] is involved in many metabolic reactions and biological
mechanisms [3] which will promote the growth [4], pro-
liferation [5], as well as differentiation of osteoblasts [6].
However, Mg alloys are susceptible to fast corrosion espe-
cially in the presence of chloride ions in the physiological
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environment [7]. Thus the careful control of the degradation
rate is required to obviate the need for a second surgical
process [8] as well as to alleviate patient trauma and reduce
medical cost [9]. In fact, Mg alloys are more suitable for
load-bearing applications than many common ceramics,
biodegradable polymers, and metals because of the high
mechanical strength as well as fracture toughness [10]. Fur-
thermore, the elastic modulus of Mg alloys (41-45 GPa) is
closer to that of natural bones (3—20 GPa) [11] consequently
mitigating the stress shielding effect while accelerating bone
healing [12].
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Mechanical strength is one of the important properties
of biomaterials [13]. Generally, the mechanical proper-
ties can be improved by plastic deformation such as extru-
sion [14], rolling [15], forging [16], equal channel angu-
lar pressing (ECAP) [17], high pressure torsion [18], and
cyclic extrusion and compression [19]. However, the strong
tension—compression yield asymmetry, in which the ten-
sile yield strength is different from that of the compressive
one, has been frequently observed from textured Mg alloys
such as Mg—Zn—Ho alloys [20], Mg-2Zn-2Gd alloy [21],
AZ31 alloy [22], AZ80 alloy [23], and AZ91 alloy [24].
For example, Xin et al. [25] have reported that the tensile
yield strength along the rolling direction (RD) of a basal-
textured Mg AZ31 plate is 148 MPa in comparison with
a compressive yield strength of 67 MPa. The strong ten-
sion—compression yield asymmetry poses a strong challenge
for the design and application of Mg alloys as orthopedic
and dental implants.

The reason for the tension—compression yield asymmetry
has been investigated, and it is related to the activation of
{1012} twinning. If {1012} twinning is pre-dominated in
the compression process, and the tension process is usu-
ally pre-dominated by prismatic slip [26]. The lower critical
resolved shear stress (CRSS) of { 10T2} twinning compared
to prismatic slip will leads to the difference between the
tension and compression yield strength [27]. It has been
shown that the tension—compression yield asymmetry can be
reduced by texture tailoring [25], grain refinement [28], and
precipitation [29]. The main mechanism for the reduced ten-
sion—compression asymmetry involves balancing the activi-
ties of slips and {10T2} twinning [30]. However, there have
been few investigations focus on the tension—compression
yield asymmetry of biomedical Mg alloys. Human bones
such as the femur, tibia, and hip are subjected to tension
and compression during motion and so how to reduce the
tension—compression asymmetry of Mg alloys must be con-
sidered. Besides the tension—compression yield asymme-
try, a strong texture also can generate corrosion anisotropy
in the Mg alloys. For example, Song et al. [31] reported
that the corrosion rate of a cross-sectional surface of the
rolled AZ31 alloy with a large concentration of { IOTO} and
{ 10T2} prism planes was 8 times larger than that of a rolled
surface composed of the {0002} basal planes in the 5% NaCl
solution. Jiang et al. [[32]] also found that the corrosion
rates of the AZ80 alloy in 3.5% NaCl rose with decreased
{0002} plane intensity and increased {1010} and {2110}
planes intensities. But, till now, how to reduce the corrosion
anisotropy in Mg biomaterials with strong crystallographic
texture is rarely investigated. Therefore, a reduction of both
the mechanical and corrosion anisotropy is crucial to clinical
implementation of biomedical Mg alloys.

Mg-Zn-based alloys are promising biomedical implants
because they are not only the second strongest ductile alloy
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system [33], but possess greatly reduced corrosion rates
[34]. There are mainly two types of alloy elements in ZK60
alloy, Zn and Zr. Zn is an essential element in the human
body and plays important roles in many biological processes
[35]. Zr has been proven to be biologically compatible [36].
ZK60 alloy exhibited good in vitro and in vivo degrada-
tion rates, as well as excellent biocompatibility [37]. ZK60
alloy exhibits good mechanical properties with a uniform
elongation of 10%-30% and an ultimate tensile strength of
200—400 MPa after suitable plastic processing regimes, such
as hot rolling [33], ECAP [38], which make it a desirable
candidate as an bone implants. In the work described here,
a dual twin structure composed of the { 1012} primary twin
and {10T2}—{ 10T2} secondary twin is prepared by cross
compression along the transverse direction (TD) and rolling
direction (RD) of the hot-rolled Mg—6Zn—0.5Zr alloy for
biomedical implants. A nearly removed tension—compres-
sion yield asymmetry and significantly reduced corrosion
anisotropy is found in this study. The corresponding mecha-
nism for such reduced mechanical and corrosion anisotropy
is also systematically studied and discussed.

2 Experimental

2.1 Thermomechanical Processing and Mechanical
Tests

The hot-rolled Mg—6Zn—0.5Zr alloy (25 mm thick) was
annealed at 400 °C for 24 h and quenched in water at room
temperature. After the solid solution treatment, it was cut
into blocks with dimensions of 30 mm (transverse direc-
tion, TD) X 30 mm (rolling direction, RD) X 25 mm (normal
direction, ND) for the pre-deformation process illustrated
schematically in Fig. 1. The strain rate of pre-deforma-
tion is 0.001 s~!. The dual twin structure was prepared
by constant 2.5% pre-deformation along the RD and 2.5%

Fig.1 Schematic diagram of the pre-deformation process
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pre-deformation along the TD at room temperature. Graphite
was used to reduce the friction between the holder and sam-
ple. The samples subjected to the solid solution treatment
and pre-deformation were aged at 180 °C in a silicone oil
bath. The age hardening response as a function of time was
assessed on the Vickers hardness theater. The solid solution
treatment materials processed under peak-aged conditions
was designated as STA sample and pre-deformed materials
processed under peak-aged conditions was denoted as PDA
sample.

The mechanical properties of the STA and PDA samples
were determined under tension and compression along the
ND, RD, and TD at room temperature at a strain rate of
0.001 s~!. The samples with a size of 8§ mm x 7 mmx7 mm
for compression and a dog-bone-shaped samples with the
nominal gage dimensions of 25 mm X4 mm X 1.7 mm for
tension along the ND, RD, and TD. Each test was repeated
three times. The samples for the corrosion assessment of the
surface perpendicular to the ND, RD, and TD were also des-
ignated as plane RD-TD, plane ND-TD, and plane ND-RD,
respectively.

2.2 Microstructure examination

Electron backscattering diffraction (EBSD) was conducted
on a scanning electron microscope (SEM, TESCAN MIRA
3 and Zeiss Auriga SEM-FIB) equipped with the HKL-
electron backscattered diffraction system and quasi in situ
EBSD mapping was carried out to study the deformation
behavior of the PDA sample. The fractions of the primary
twins or secondary twins were calculated using the area frac-
tion via CHANNEL 5. In the measurement, the sample was
measured, reloaded outside the SEM, and then re-measured
at the same region using a step size of 0.5-0.8 um. The
samples for EBSD mapping were mechanically ground to
2000* and electrochemical polished in the AC2 electrolyte.
Studies have reported that upon severe annealing the process
of secondary recrystallization proceeds until a homogene-
ous texture is achieved throughout the thickness [39]. In this
study, the middle surface of the sample after annealed at
400 °C for 24 h was selected for the XRD test. The data
were analyzed by the CHANNEL 5 software and the pole
figures were determined by X-ray diffraction (XRD, Rigaku
D/max-2500PC).

The thin foil specimens for scanning transmission elec-
tron microscopy (STEM) were prepared by mechanical pol-
ishing from 500 to 60—80 um. They were punched into 3 mm
diameter disks and ion-milled using the Gatan PIPS 695 at
about —70 °C. The 5 keV ion beam impinged the specimen
at an angle of 6° to form a hole and then the angle and beam
energy were reduced gradually to 3° and 3 keV, 2° and 2 keV,
and 2° and 1 keV sequentially to flatten the surface. STEM
was carried out on the FEI Tecnai G* F20 at 200 kV.

2.3 Corrosion Tests

Hank’s solution containing the Hank’s balanced salt (com-
posed of 8.0 g/L NaCl, 0.4 g/L. KCI, 0.14 g/L CaCl,, 0.1 g/L.
MgCl,-6H,0, 0.15 g/L. Na,HPO,-12H,0, 0.06 g/L. KH,PO,,
0.1 g/L MgS0O,-7H,0) and distilled water was used and
NaOH and sodium bicarbonate were employed to adjust the
pH. The samples were ground with 40007 water proof dia-
mond paper, cleaned ultrasonically with alcohol, and dried
with air before the immersion test. The corrosion rate was
determined by the hydrogen evolution method schematically
illustrated in Fig. 2. In Fig. 2, the tested sample is marked in
blue color. When the samples were immersed in the Hank’s
solution, the following reaction occurred:

Mg + 2H,0 — Mg** + 20H™ + H, — Mg (OH), + H,.

In the reaction, the amount of dissolved magnesium was
calculated from the volume of hydrogen generated. The
hydrogen volume was collected through the drainage method
using measuring cylinder. To measure the corrosion anisot-
ropy, the corrosion rates of the plane RD-TD, plane ND-TD,
and plane ND-RD were measured in each test, four samples
were assessed by collecting the evolved hydrogen in 600 ml
of Hank’s solution at 25 °C. Each test was repeated two times
and the volume of emitted hydrogen was monitored as a
function of immersion time. The corrosion morphology of

Fig.2 Schematic illustration of the hydrogen evolution method
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samples after immersion for 6, 24 or 72 h was examined
by scanning electron microscopy (SEM, TESCAN VEGA
3 LMH).

The electrochemical tests were conducted using a three-
electrode cell with a Gamry reference 600 + Pt sheet as the
measuring electrode, calomel electrode as the reference elec-
trode, and the sample with an exposed area of 1 cm? as the
working electrode. The electrochemical experiments were
carried out at room temperature in glass cells containing
200 ml of the solution. 10 and 1 mV/s scanning rates were
used in the open circuit potential (OCP) and polarization
tests, respectively. The impedance data were recorded from
100 kHz to 10 mHz with a 10 mV sinusoidal perturbation

Fig.3 Age-hardening curves of the solid solution treatment sample
and pre-deformed sample

signal at the open circuit potential. The equivalent circuits
(EC) were constructed to analyze the EIS spectra which were
fitted with the ZSimpWin software.

3 Results
3.1 Hardness

Figure 3 shows the hardness curves of the solid solution
treatment sample and pre-deformed sample during isother-
mal ageing treatment at 180 °C. Before aging treatment, the
hardness values of the solid solution treatment sample and
pre-deformed sample are quite different, which are 56.7
and 71.8 HYV, respectively. The hardness of the solid solu-
tion treatment sample is enhanced rapidly to a value of 70.8
HV after 12 h and a maximum peak hardness value of 71
HV after 21 h. The hardness of the pre-deformed sample
decreased slowly at first and decreased significantly after
24 h. The hardness of the pre-deformed sample is enhanced
to a value of 71.1 HV after 21 h. Thus, seen in Fig. 3, the
peak-aged state was obtained when aging for 21 h.

3.2 Microstructure and Texture

Figure 4 presents the three-dimensional inverse pole figure
maps and pole figures of the STA and PDA samples. STA
has a fully recrystallized structure and a typical basal texture
with two peaks of the (0002) poles that are slightly inclined
from the ND towards TD, as shown in Fig. 4b. The prismatic
planes were randomly distributed. After cross compression,
a large number of twin lamellae are generated in the PDA
sample which shows three texture components with the
(0002) poles close to the ND, TD, and RD, respectively. The
types of twins are analyzed and shown in Fig. 5. The (0002)
poles of the red regions are close to the ND and similar

Fig.4 Three-dimensional inverse pole figure maps and pole figures by XRD: a, b STA, ¢, d PDA
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Fig.5 a Inverse pole figure map, b boundary misorientation map, ¢ (0002) pole figure of a selected grain in the PDA sample; d schematic dia-

gram of the {1012}—{ IOTZ} secondary twin

to the orientation of most grains in the original materials,
and therefore, they constitute the matrix. Twins 1-5 show
boundaries with a misorientation angle of 86° and spin axis
of <1210 > with respect to the matrix signifying the typical
{1012} twin boundary. That is, they are the primary {1012}
twins. Generally, there are six variants of the { 1OT2} twins.
The basal pole of twin 5 is different from those of twin 1-4
and Twin 5 is thus the different variant from twins 1 to 4.
Since twins 6-8 also have a {IOTZ} twin boundary with
the primary twins, they are the {10?2}—{ 10T2} secondary
twins. Figure 5d shows the orientation relationship of the
{10?2}—{ IOTZ} secondary twin, and obviously, the {IOT
2}-{ 10T2} secondary twinning rotates the basal plane poles
to the TD. A dual twin structure with the {1012} primary
twin and { 10?2}—{ 10T2} secondary twins exists in the PDA
sample. The {1012} primary twin accounts for approxi-
mately 24% and {1012}—{1012} twins account for 1.7%.

Figure 6a and b presents the distribution and morphol-
ogy of the precipitates in the STA and PDA samples under
the peak-aged condition. The precipitates in the ZK60 alloy
consist of mainly the B’ (Mg,Zn, or Mg,Zn;) phase and p"
(MgZn,) phase [40]. The rod-like p’ phase is perpendicular
to the (0001) basal plane and the orientation relationship
is [0001]4//[1 150]“ and (1 150)[3,//(0001)a between ' and
a-Mg. The disk-shape p” phase is parallel to the (0001) basal
plane and the orientation relationship is [1 150][5” // [IOTO]a
and (0001)[5”//(0001)0( between B” and a-Mg [41]. Similar
precipitate morphology is revealed in Fig. 6. The rod-like p'
phases (marked as “1” in Fig. 6a) and disk-shape " phases
(marked “2” in Fig. 6) are the major precipitates in the STA
sample. In the PDA sample, the rod-like ' phases (marked
as “1” in Fig. 6b) decrease dramatically, while a large num-
ber of disk-shape B” phases (marked as “2” in Fig. 6b) can be
observed from both the twins and matrix. In addition, many

Fig.6 STEM images showing the distribution and morphology of the precipitates: a STA sample, b PDA sample; ¢ high-magnification view of
the selected region denoted by the orange rectangles in b; d indexing of the selected-area diffraction pattern of the deformation twin in ¢
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Table 1 Mechanical properties of the STA samples and PDA samples (CYS and TYS are the compression yield strength and tension yield

strength, respectively)

Yield strength (MPa) Ultimate strength (MPa) Elongation (%) CYS/TYS
or TYS/
CYS
ND direction STA sample-T 114 363 259 0.81
STA sample-C 141 303 13.6
PDA sample-T 150 362 27.7 0.99
PDA sample-C 149 323 15.1
RD direction STA sample-T 206 339 222 0.62
STA sample-C 127 352 12.6
PDA sample-T 183 353 23.0 0.98
PDA sample-C 179 383 13.7
TD direction STA sample-T 143 340 26.8 0.83
STA sample-C 119 324 15.1
PDA sample-T 162 364 329 0.99
PDA sample-C 164 345 16.8

precipitates appear from the twin boundaries. The density
of the fine disk-shape " phases in the PDA sample is larger
than that in the STA sample. The results demonstrate that
the existence of twins is the result of an increase in the disk-
shape B” phases. Figure 6a and b shows that the density of
the finer disk-shape B” phases in the PDA samples is larger
than that in the STA samples on account of the twin bound-
ary created by pre-deformation.

3.3 Mechanical Properties

The stress—strain curves of the STA and PDA samples under
both tension and compression along the ND, RD, and TD
are displayed in Fig. 7. Under compression along the TD
and RD and tension along the ND, the plots of the STA
samples have a sigmoidal shape known to be the typical
feature of {10T2} twinning dominated deformation [[20]].
With regard to the PDA samples, the sigmoidal shape can

also be observed from the curves under compression along
the ND, RD, and TD.

The mechanical properties derived from the curves are
listed in Table 1. All the compressive yield strengths of the
PDA samples are higher than those of the STA samples
along the same direction. The tension yield strengths of the
PDA samples are also much higher than those of the STA
samples besides along the RD. The ultimate strength of the
PDA samples increases under both tension and compression
besides tension along the TD. Compared to the STA samples,
elongation of the PDA samples does not decrease. The ratio
of the compression yield strength to tension yield strength is
used to evaluate the tension—compression yield asymmetry.
A ratio closer to 1 means a weaker tension—compression
yield asymmetry. The STA samples have a tension—com-
pression yield asymmetry with 0.81 for ND, 0.83 for TD,
and 0.62 for RD, respectively. However, it is found that the
yield asymmetry is improved evidently in PDA samples. The

Fig. 7 Stress—strain curves under tension and compression: a ND, b RD, ¢ TD (C and T represent compression and tension, respectively)
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ratios of the PDA samples are close to 1 with 0.99 for ND,
0.99 for TD, and 0.98 for RD, respectively. Obviously, the
tension—compression yield asymmetry was removed com-
pletely by the dual twin structure; furthermore, the strength
was increased without undermining the ductility.

3.4 Corrosion Behavior
3.4.1 Corrosion Rates

The amount of emitted hydrogen in Hank’s solution is moni-
tored as a function of immersion time to evaluate the corro-
sion rate as shown in Fig. 8. For the STA samples, the plane
RD-TD yields the largest hydrogen volume, whereas the
smallest is observed from the plane ND-TD. After immersion
for 76 h, the volume of hydrogen from the STA plane RD-TD
is approximately 1.6 times that from the STA plane ND-TD
thus revealing a strong corrosion anisotropy. Similarly, for the
PDA samples, the plane RD-TD shows the highest corrosion
rate and that of the plane ND-TD is the smallest. Compared
to the STA samples, the corrosion rate of the plane RD-TD
of PDA samples drops slightly and those of the plane ND-TD
and surface plane ND-RD increase slightly. After immer-
sion for 76 h, the corrosion rate of the PDA plane RD-TD
is approximately 1.2 times of that of the PDA plane ND-TD
suggesting that the dual twin structure reduces the corrosion
anisotropy without increasing the corrosion rate significantly.

Fig. 8 Hydrogen evolution as a function of immersion time in Hank’s
solution

3.4.2 Corrosion Morphology

The corrosion morphology of the STA and PDA samples
after immersion in Hank’s solution for 6, 24, and 72 h
is depicted in Figs. 9, 10 and 11. No pitting corrosion is
observed from the STA samples and PDA samples after
6 h. Many cracks appear as shown in Fig. 9e and 1, Fig. 10e
and 1, and Fig. 11e and 1 due to water loss from the corro-
sion products during electron beam bombardment [42]. As
shown in Fig. 9d and k, Fig. 10d and k, as well as Fig. 11d
and k, the surface is covered partially by protective corro-
sion products. After 24 h, corrosion pits are observed from
all the STA and PDA samples (Fig. 9b and i, Fig. 10b and
i, as well as Fig. 11b and i). After 72 h, many large and
deep pits emerge. All in all, the corrosion morphology varies
only slightly between the STA and PDA samples as well as
among the plane RD-TD, plane ND-TD, and plane ND-RD.

3.4.3 Electrochemical Corrosion Behavior

Figure 12 shows the OCP of the STA and PDA samples
during immersion in Hank’s solution for 72 h and the OCP
curves exhibit a similar tendency. The OCP rises initially in
the beginning 12 h and stabilizes at approximately -1.51 V
vs. SCE despite some fluctuations. Figure 13 presents the
potentiodynamic polarization curves of the STA and PDA
samples in Hank’s solution. Branches from both the anodic
dissolution reaction and cathodic reaction are observed to
avoid the effects of surface modification [43]. The measured
cathodic and anodic curves exhibit no significant variations
between the STA and PDA samples as well as among plane
RD-TD, plane ND-TD, and plane ND-RD. The corrosion
potentials (E.,, referenced to the saturated calomel elec-
trode SCE) and corrosion current densities (i) obtained
from the potentiodynamic polarization curves are listed in
Table 2. E_,,, varies within —1.605 to —1.568 V vs. SCE and
Ioore Within 18.08-26.75 pA/cm?. Similarly, there is only a
small difference for both E,, and i, among the samples.
Owing to the nondestructive nature and continuous moni-
toring, EIS is a powerful tool to analyze the sub-processes
[44]. The Nyquist spectra of the STA and PDA samples
are acquired from the Hank’s solution after immersion for
different time as shown in Fig. 14. For an immersion time
of 5 min, two time constants are observed as revealed by
a high-frequency capacitance loop and the other low-fre-
quency capacitance loop. However, the samples after expo-
sure for 24 and 72 h exhibit one high-frequency capacitive
and one low-frequency inductive loop. When the low-fre-
quency inductance loop appears, the difference of frequency
values is small in Fig. 14b and c. The high-frequency capaci-
tance loop is attributed to charge transfer and film effects
[[7]], and the diameter is estimated to be equal to the charge
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Fig.9 SEM micrographs of the plane RD-TD of the STA samples after immersion in Hank’s solution for: a, d, e 6 h, b, f 24 h, ¢, g 72 h; PDA
sample for h, k, 16 h, i, m 24 h, j, n 72 h. d, e are the high-magnification views of the selected regions shown by the red rectangle and yellow
rectangle in a, K, 1 are the high-magnification images of the selected regions denoted by the red rectangle and yellow rectangle in h

transfer resistance in the electrochemical reaction [45]. The
low-frequency capacitance loop arises from mass transport
relaxation in the solid phase [46]. With regard to the low-
frequency inductive loop, it is associated with dissolution
of the partially protective film [47] or chemical reaction
between absorbed Mg2+ and H,O [48].

Fitting of the electrochemical impedance response is shown
in Fig. 14. Owing to the inductive behavior after immersion for
24 h (Fig. 14b) and 72 h (Fig. 14¢) and its absence after 5 min
(Fig. 14a), the model in Fig. 15a is employed to fit the data in
Fig. 14a and that in Fig. 15b is used to fit data in Fig. 14b and
Fig. 14c. The fitted EIS results of the STA and PDA samples
after different immersion time are listed in Tables 3, 4 and
5. R, represents the solution resistance between the working
electrode and reference electrode. R, shows the charge-transfer
resistance and Qy, is the capacitance to describe the electri-
cal double layer at the interface. R, and Qg describe the first
high-frequency capacitance loop and Qy is the constant-phase

@ Springer

element associated with the non-ideal capacitance to verify
the inhomogeneous surface reactions determined by Y and
ng. A larger R, signifies a better corrosion resistance due to
the smaller dissolution rate of the Mg matrix [49], whereas
a smaller Y indicates that the surface film is compact. R of
the STA plane RD-TD is the smallest for the different immer-
sion time. The results are consistent with the data obtained
by hydrogen evolution. R; and Q; are the film resistance and
capacity and describe the second low-frequency capacitance
loop. Oy is the constant-phase element representing the corro-
sion product layer on the surface [50], and R; and L stand for
the resistance and inductance, respectively, and describe the
inductance loop arising from initiation of localized corrosion
at low frequencies[51]. The induction loops of the STA and
PDA samples after immersion for 24 and 72 h demonstrate
the occurrence of corrosion. With regard to the STA samples
and PDA samples after immersion for 5 min, the absence of
induction loops may stem from corrosion attack during the
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Fig.10 SEM micrographs of the plane ND-TD of the STA samples after immersion in Hank’s solution for: a, d, e 6 h, b and f 24 h, and ¢ and
g 72 h; PDA samples for h, k and 16 h, i, m 24 h, j and n 72 h. d, e are the high-magnification images of the selected regions shown by the red
rectangle and yellow rectangle in a, k and 1 are the high-magnification views of the selected regions denoted by the red rectangle and yellow rec-

tangle in h

short immersion time. In general, the fitted EIS spectra agree
with the results obtained by hydrogen evolution.

4 Discussion

4.1 Effects of Twins on the Tension-Compression
Yield Asymmetry

At room temperature, { 1012} twinning in the Mg alloy has
a low CRSS and is activated by compressive stress perpen-
dicular to the c-axis or tensile stress parallel to the c-axis.
Therefore, for the Mg alloy with the (0002) poles largely
parallel to the ND, compression along the TD or RD often
leads to the predominant {10T2} twinning deformation
[25]. Under compression, { IOTZ} twinning rotates the basal
poles by approximately 86° towards the compression axis.

Hence, pre-compression along the RD generates primary
{ 10T2} twins with the (0002) poles close to the RD. Under
recompression along the TD, both the orientations of the
untwined matrix and primary { 1012} twins are favorable to
{1012} twinning. That is, {1012} twinning occurs in both
the untwined matrix and {1012} primary twins under rec-
ompression along the TD forming {1012} primary twins
in the matrix and {1012}—{1012} secondary twins in the
primary twins. The (0002) poles of the new twins are close
to the TD and so in the PDA samples, there are four types
of microstructures, the untwined matrix, {1012} primary
twins with the (0002) poles close to the RD, { 10T2} primary
twins with the (0002) poles close to the TD, as well as { 101
2}-{ IOTZ} secondary twins with the (0002) poles close to
the TD. The discussion is confirmed by the results in Fig. 5.

Compression along the TD/RD of the basal-textured Mg
alloy plate constitutes the predominant {1012} twinning
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Fig. 11 SEM micrographs of the plane ND-RD of the STA samples after exposure to Hank’s solution for: a, d, e 6 h, b, f 24 h, ¢, g 72 h; PDA
samples for h, k, 16 h, i, m 24 h, j, n 72 h. d, e are the high-magnification images of the selected regions shown by the red rectangle and yellow
rectangle in a, k, 1 are the high-magnification views of the selected regions denoted by the red rectangle and yellow rectangle in h

Fig. 12 OCP variations as a function of immersion time in Hank’s
solution up to 72 h

deformation, while tension along the TD/RD is a pris-
matic slip predominant one. Tension along the ND is often

@ Springer

a { IOTZ} twinning predominant deformation [52] and
compression along the ND is a basal slip predominant one
[53]. It is well known that the CRSS for prismatic slip is
3-5 times that for {1012} twinning [54] thereby resulting
in lower yield strength of compression along the TD/RD
compared to the tensile yield strength along the RD/TD as
confirmed by the results in Table 1. Although the CRSS of
basal slip is close to that of {10T2} twinning, compression
along the ND often has a smaller Schmid factor which leads
to a lower tension yield strength along the ND than that of
compression along the ND [55]. Hence, the reasons for the
strong tension—compression yield asymmetry are: (1) micro-
scopic yield during tension and the compression dominated
by the single but different deformation modes (either slips or
{1012} twinning) and (2) lower CRSS for {1012} twinning
than that for slips.
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Fig. 13 Potentiodynamic polarization curves of the STA and PDA
samples in Hank’s solution

Table2 E_ . and i, derived from the potentiodynamic polarization
curves
E ... (V vs. SCE) fcorr (HA
cm™?)
STA plane RD-TD —1.605 26.75
STA plane ND-TD —1.568 18.84
STA plane ND-RD —1.583 19.27
PDA plane RD-TD -1.594 21.46
PDA plane ND-TD —1.591 20.53
PDA plane ND-RD -1.597 18.08

Fig. 15 EIS models of the STA and PDA samples after immersion in
Hank’s solution: a 5 min, b24 hand 72 h

The PDA samples are composed of an untwined matrix,
{10T2} primary twins with the (0002) poles toward to the
RD (named as primary twin 1), { 1012} primary twins with
the (0002) poles toward the TD (named as primary twin 2),
and {1012}—{1012} secondary twins with the (0002) poles
close to the TD (named as secondary twin). The deformation
mechanism of twins is related to both the type and orienta-
tion of twins as well as loading paths. The theoretical analy-
sis of the deformation mode of twins in the PDA samples is
listed in Table 6. To corroborate the analysis, quasi in situ
EBSD is performed on the PDA samples under compression
along the RD and ND as shown in Figs. 16 and 17, respec-
tively. In quasi in situ EBSD mapping, the sample is meas-
ured first, reloaded outside the SEM, and then re-measured
at the same region.

As shown in Fig. 16, after compression, a large portion
of the residual untwined matrix is transformed into the
{10T2} primary twins (area of the {10T2} twin increas-
ing from 27.6% in Fig. 16a to 54% in Fig. 16b). Figure 16¢
and d depicts the micrographs of the selected grains before
and after compression (denoted by the black rectangles
in Fig. 16a and b). Regions 3 ({ 1072} primary twin) and
2 ({ IOTZ} twin variants) swallow the red regions 1 (the
matrix, Fig. 16¢) after compression in the typical twin
growth process and region 4 ({10T2}—{10T2} second-
ary twin) remains. Figure 16d shows the {1012}-{1012}

Fig. 14 Nyquist plots of the STA and PDA samples after immersion in Hank’s solution: a 5 min, b 24 h, ¢ 72 h
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secondary twin (region 6) and {IOTZ}—{ 10T2} secondary
twin variants (region 7 and region 8) disappear and it cor-
responds to detwinning from the { 10T2}—{ 10T2} secondary
twin to the {IOTZ} primary twin. Some matrix (region 1)
also disappears due to the growth of the {IOTZ} primary
twin (region 2). Some new {1012} twins in the {1012}
primary twins are observed (for example, the twin denoted
by the black arrow in Fig. 16b) corresponding to the {101
2}-{1012} secondary twins. That is, growth of {1012}
twins, detwinning of the {10T2}—{ 10T2} secondary twins,
and {1012} secondary twinning in the primary twins occur
under re-compression along the RD of the PDA samples.
Under the tension along RD, the { 1012} primary twins and
the { IOTZ}—{ 10T2} secondary twins are both beneficial to
the prismatic slip. However, some the { 1OT2} primary twins
with (0002) poles near RD are prone to detwin. Under the
compression along TD, in general the {1012} twins appear
in both the {1012} primary twins and the untwined matrix.
Under the tension along TD, the { 10?2} primary twins are
favorable for prismatic slip, but the {1012} primary twins

with (0002) poles toward RD and the {1012}—{1012} sec-
ondary twins tend to detwin.

After compression of 3% along the ND (Fig. 17), many
{10T2} twins are converted into the matrix (area of the
{ IOTZ} twin resulting in the decrease from 30.5% in Fig. 17a
to 15.9% in Fig. 17b). Figure 17c and d shows the micro-
structure evolution of the selected grains (denoted by the
black rectangles in Fig. 17a and b). The {1012} primary
twins (region 2), {IOTZ} primary twin (region 2), and {1OT
21— 10T2} secondary twins (region 3) in Fig. 17¢ narrow
or disappear after compression corresponding to detwinning
of the {10T2} twin. Meanwhile, tertiary twins (regions 5
and 6) are generated from the {10T2}—{ 10T2} secondary
twins (region 3). As shown in Fig. 17d, the {1012} primary
twins (region 2) and {IOTZ} primary twin variants (region
3) before compression turn into the matrix after compres-
sion. However, most of the { 10T2}—{ 1072} secondary twins
(regions 4 and 5) are preserved after compression. Under
the tension along ND, the { 1012} primary twins frequently
occur in the untwined matrix; meanwhile, the orientation of

Table 3 Fitted EIS results using EC in Fig. 15a for the STA and PDA samples after immersion for 5 min

Sample R, (Q cm?) Yy uQtem™2s™)  ny R, (Q cm?) Y, (uQ lem™2s™) R; (Q cm?)
STA plane RD-TD 54.15 16.86 0.9292 574.8 3423 0.6748 316.6
STA plane ND-TD 66.42 11.34 0.9344 1206 1742 0.6661 561
STA plane ND-RD 58.88 11.82 0.9235 1241 1668 0.7417 553.6
PDA plane RD-TD 52.78 16.49 0.9279 652.5 2673 0.6696 3722
PDA plane ND-TD 54.85 14.16 0.9292 916.2 2091 0.7298 499
PDA plane ND-RD 57.44 13.7 0.9203 994.1 1817 0.7212 492.2
Tabl.e4 .Fitted EIS results using Sample R (Qemd) Y, Ny R(Qem®) LMHcem™ R (Qcm?)
EC in Fig. 15b for t.he STA.and Q' em™2 5
PDA samples after immersion
for 24 h STA plane RD-TD  76.14 127.3 0.8165 698.2 5991 1317

STA plane ND-TD  77.74 125.8 0.8633 812.6 6811 809.7

STA plane ND-RD  66.19 133.3 0.8398  805.8 8584 1245

PDA plane RD-TD  67.33 116.6 0.8496 719 6505 1104

PDA plane ND-TD  68.54 154.8 0.7859 898 12,220 2010

PDA plane ND-RD  66.04 137 0.8368  856.6 8264 1240
e oo s Sampe R@e) T T K@) LG K@
PDA samples after immersion
for 72 h STA plane RD-TD ~ 94.2 143.8 0.6636 9443 5816 1691

STA plane ND-TD  82.62 108.8 0.7698 1423 8255 1572

STA plane ND-RD  83.71 124.9 0.702 1397 7661 2236

PDA plane RD-TD  81.4 102.4 0.724 1017 8425 1515

PDA plane ND-TD  70.4 117.1 0.7808 1149 9071 1265

PDA plane ND-RD ~ 70.1 132.7 0.7402 1043 8800 1500

@ Springer
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Table 6 Deformation modes of different types of twins under com-
pression or tension along the ND, RD, and TD

Type of twin Deformation mode
Compression // ND  Primary twin 1 ~ Detwinning
Primary twin 2 Detwinning

Secondary twin

Tertiary twinning

Tension // ND Primary twin 1 {1012} twin growth
Primary twin 2 {1012} twin growth
Secondary twin  Prismatic slip
Compression /RD ~ Primary twin 1 ¢ 10T2} twin growth
Primary twin 2 {1012}—{1012} secondary
twinning
Secondary twin ~ Detwinning
Tension // RD Primary twin I~ Detwinning
Primary twin 2 Prismatic slip
Secondary twin  Prismatic slip
Compression / TD ~ Primary twin I~ {1012}—{1012} secondary
twinning
Primary twin 2 {1012} twin growth
Secondary twin  {1012}-{1012} twin growth
Tension // TD Primary twin 1~ Prismatic slip
Primary twin2  Detwinning
Secondary twin  Detwinning

the {IOTZ} primary twins and the {10?2}—{ 10T2} second-
ary twins are conducive to the prismatic slip. Under the com-
pression along RD, the {1012} primary twins with (0002)
poles near RD prefer to grow up in the untwined matrix. The
{1012}—{1012} secondary twins with (0002) poles close to

TD tend to detwin in the {1012} primary twins. All above
discussion show that two or three deformation modes, e.g.,
the slips, the {10T2} twinning and the detwinning, can be
initiated simultaneously during the tension and compression,
which is an important reason for reducing tension—com-
pression yield asymmetry in the PDA samples. Hence, both
detwinning of the {1012} primary twins and {1012} twin-
ning in the { 1012}-{1012} twins appear under compression
along the ND of the PDA samples and the experimental
results are in line with the analysis listed in Table 6.

Table 6 shows that the microstructure of the PDA sam-
ples favors two or three deformation modes under tension
or compression along the same direction, i.e., detwinning
and {1012} twinning for compression along the ND or twin
growth and prismatic slip for tension along the ND. Detwin-
ning and twin growth are twin boundary migration processes
with lower activation stress than twinning nucleation [56].
Wu et al. [57] have reported that the activation stress of
detwinning is only half that of twinning. Although {10?2}
twinning has a lower CRSS than prismatic slip, grain refine-
ment is more effective in hardening twinning. According to
Yu et al. [58], the { 10T2} twin boundaries are effective bar-
riers against twinning and poor barriers against slip, thus
rendering the twin boundary more effective in hardening
twinning than slips compared to grain boundaries. For exam-
ple, the yield strength of the {1012} twinning predominant
deformation (126 MPa) is similar to that of the prismatic slip
predominant one (127 MPa) [58]. The activation stress for
twinning nucleation here is expected to be close to that of
prismatic slip [58], and therefore, both {IOTZ} twinning and
prismatic slip are hard deformation modes in the pre-twinned

Fig. 16 Microstructure and crystallographic orientation evolution a before and b after 3% compression along the RD of the PDA samples, ¢, d

crystallographic orientations of the selected grains in a, b
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Fig. 17 Microstructure and crystallographic orientation evolution a before and b after 3% compression along the ND of the PDA samples, ¢, d

crystallographic orientations of the selected grains in a, b

Mg alloy, whereas those for twin growth and detwinning are
easy deformation modes. There are thus different deforma-
tion modes including both hard and easy ones under ten-
sion and compression and this contributes to the lower ten-
sion—compression yield asymmetry in the PDA samples.

Previous investigations have shown that grain refinement
by twin lamellae can improve the CRSS for twinning and
slip, which will enhance yield strength [59]. A CYS/TYS
of 0.4-0.5 often exists in coarse-grained Mg alloys, while
increases to 0.9 with refining grain size to 1.9 pm via twin
lamellas [25]. In this work, the hybrid twin structure can
greatly refine grain size from 10.9 to 5.7 pm. In addition, the
existence of precipitates also can also hinder the propaga-
tion of the {1012} twinning resulting in a lower yield asym-
metry [40]. Therefore, the activation stresses for all types of
{1012} twinning in PDA samples should be higher than that
of { 10T2} twinning in STA samples without pre-deformation.
Similarly, the CRSSs for the basal slips and the prismatic slips
in the PDA samples are also higher than that in the STA sam-
ples. For ZK60 alloy, the yield asymmetry is improved by the
presence of disk-like precipitates while becomes worse by
the appearance of rod-like precipitates, but the predominant
deformation mode does not change after precipitation [60]. In
Fig. 6, the rod-like p’ phases and disk-shape " phases are the
major precipitates in the STA sample. However, in the PDA
sample, the rod-like B’ phases decrease dramatically, while a
large number of disk-shape B” phases can be observed from
both the twins and matrix. Therefore, the presence of precipi-
tates disk-shape " phases improve the tension—compression
yield asymmetry in the PDA samples, but do not change the
dominated deformation mode [60].

@ Springer

4.2 Effects of Twins on Corrosion Anisotropy

A strong basal texture forms easily after thermomechanical
processing of Mg alloys and often generates a strong corrosion
anisotropy. For example, the cross-sectional surface of the
hot-rolled AZ31 plate with high concentrations of { IOTO} and
{1050} planes shows a larger corrosion rate (about 2 times)
than the rolled surface, which mainly contains the (0001)
planes [61]. The corrosion rate of the surface parallel to the
extrusion direction of the {0002}, { 1OT0}, and {1 150} planes
is 3.5 times bigger than that of the surface perpendicular to
the extrusion direction with the { lOTO} and { 1050} planes of
the AZ31 bar [62]. The effects of the crystallographic orienta-
tion on the corrosion resistance is related to the closely and
loosely packed atomic plane, namely the atom density [31].
Because of to higher atomic coordination and stronger bond-
ing, the order of corrosion resistance is almost the same as
that of the atomic densities, i.e., the closely packed plane (i.e.,
{0002} basal plane) showing a smaller corrosion rate [63].
Moreover, the {0002} basal plane with larger atom packing
densities results in higher stability of the oxidized film than
the non-basal plane [64]. Hagihara et al. have found that the
corrosion rates increase in the order (0001) < (1 150) < (IOT
0)<( 153) < (IOTZ) and the galvanic current densities fol-
low the order of (1120)/(1010) < (0001)/(1010) < (1123)/
(1012) < (0001)/(1123) < (0001)/(1012) in single-crystal Mg
and a similar corrosion tendency has been observed from the
Mg-Al and Mg—Cu systems [63].

In this study, there are strong basal texture in the STA
samples and corrosion anisotropy between the plane
RD-TD and plane ND-TD/ND-RD. In contrast, there are
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three texture components of the basal poles, one compo-
nent with <0002>//RD, one with <0002>//TD, and one
with <0002>/ND. Obviously, the crystallographic orien-
tation is more uniform in the three dimensions of the TD,
RD, and ND thereby reducing the corrosion anisotropy
induced by the preferred distribution of the crystallographic
orientations.

Generally, grain refinement often reduces the corrosion rate
of magnesium alloys [65] because it acts as a physical barrier
against corrosion, accelerates formation of the protective layer,
and mitigates oxide cracking [66]. The coherent twin boundary
is quite effective with respect to grain refinement but the effects
of the twin boundary on the corrosion rate is different from that
of the grain boundary. Grain refinement in Mg alloys by grain
boundaries often hardly vary the grain orientations, whereas
that by the {IOTZ} twin boundary rotates the (0002) poles
by approximately 86°. Because the different crystallographic
planes are corroded at different rates, the corrosion rate may
increase or decrease depending on the surface as demonstrated
by the present study. Compared to the corrosion rate of the
STA samples, the corrosion rate of the plane RD-TD of the
PDA samples decreases, whereas those of the plane ND-TD
and plane ND-RD of the PDA samples increase. In the STA
samples, the plane ND-TD and plane ND-RD exhibit smaller
corrosion rates than the plane RD-TD. With regard to the PDA
samples, rotation of the crystallographic planes by the { 10?2}
twins lead to the inclusion a portion of the plane ND-TD or
plane ND-RD in the plane RD-TD and inclusion a part of the
plane RD-TD in the plane ND-TD or plane ND-RD. It pro-
duces a smaller corrosion rate for the surface ND in the PDA
samples than STA samples, but a bigger corrosion rate for the
plane ND-TD and plane ND-RD of the PDA samples than
the STA samples. Wang et al. [62] have mentioned that the
different crystallographic orientations between the matrix and
twins promote galvanic corrosion between the twinned and
untwined zones.

Moreover, grain boundaries could act as physical barriers
for corrosion of Mg alloys, the corrosion rate of fine-grains is
often lower than that of the coarse-grains [67]. Similar to grain
boundaries, twin boundaries (TBs) are also effective barriers
to corrosion attack. However, the influence of twins on cor-
rosion resistance of Mg alloys is still in debate. For example,
some studies reported that twins could accelerate the corro-
sion rate by intra-granular corrosion [68], while other stud-
ies reported that the extension twins could enhance corrosion
resistance, because it could contribute to the formation of
homogeneous oxide film in twinned regions [69]. Wang et al.
[70] have reported that the dense twins could be considered as
an effective way for improving corrosion resistance and enable
re-distribution of crystallographic orientations for weakening
corrosion anisotropy. In this work, the dual twin structures
are prepared and generate more uniform crystallographic ori-
entations, which could reduce the corrosion anisotropy and

improve corrosion resistance. Li et al. [71] have reported that
the uniform distribution and morphology of fine precipitations
can improve the corrosion resistance of ZK60 alloy. Compared
to STA samples, the uniform distribution of the finer disk-
shape " phases could improve the corrosion resistance of the
PDA samples. Based on the description mentioned above, the
main mechanism for the lower corrosion anisotropy of the
PDA samples is ascribed to the uniform crystallographic ori-
entations generated by the dual twin structure.

5 Conclusion

A new biomedical Mg—6Zn—0.5Zr alloy containing a large
number of twins is prepared by cross compression to reduce
the strong mechanical and corrosion anisotropy, which make
it a desirable candidate as biodegradable implants. The micro-
structure, mechanical properties, and corrosion behavior are
assessed systematically. The dual twin structure not only
improves the strength without compromising the ductility, but
also removes the tension—compression yield asymmetry along
the RD, TD, and ND completely. The CYS/TYS or TYS/CYS
ratios of the PDA samples are 0.98 along the RD, 0.99 along
the ND, and 0.99 along the TD in comparison with 0.62 along
the RD, 0.81 along the ND, and 0.83 along the TD for the STA
samples. The mechanism for the reduced tension—compression
yield asymmetry is understand as that multiple deformation
modes (two or three types) were pre-dominated during both
tension and compression attributed to the coexist of different
types of twins. The corrosion anisotropy of the plane RD-TD,
plane ND-TD, and plane ND-RD is reduced, for example, 1.6
times between the largest corrosion rate (plane RD-TD) and
smallest one (plane ND-TD) for the STA samples compared
to 1.2 times for the PDA samples. The twins rearrange the
crystallographic planes along the RD, TD, and ND and gener-
ate more uniform crystallographic orientations in three dimen-
sions consequently reducing the effects of different crystal-
lographic planes on the corrosion anisotropy of the textured
samples.
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