Cyclic Deformation Behavior of a Rare-Earth Containing
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The present study was aimed at evaluating strain-controlled cyclic deformation behavior of a rare-
earth (RE) element containing Mg-10Gd-3Y-0.5Zr (GW103K) alloy in different states (as-ex-
truded, peak-aged (TS5), and solution-treated and peak-aged (T6)). The addition of RE elements
led to an effective grain refinement and weak texture in the as-extruded alloy. While heat treatment
resulted in a grain growth modestly in the TS state and significantly in the T6 state, a high density of
nano-sized and bamboo-leaf/plate-shaped ’ (Mg-(Gd,Y)) precipitates was observed to distribute
uniformly in the «-Mg matrix. The yield strength and ultimate tensile strength, as well as the
maximum and minimum peak stresses during cyclic deformation in the T5 and T6 states were
significantly higher than those in the as-extruded state. Unlike RE-free extruded Mg alloys,
symmetrical hysteresis loops in tension and compression and cyclic stabilization were present in
the GW103K alloy in different states. The fatigue life of this alloy in the three conditions, which
could be well described by the Coffin—Manson law and Basquin’s equation, was equivalent within
the experimental scatter and was longer than that of RE-free extruded Mg alloys. This was
predominantly attributed to the presence of the relatively weak texture and the suppression of
twinning activities stemming from the fine grain sizes and especially RE-containing 8’ precipitates.
Fatigue crack was observed to initiate from the specimen surface in all the three alloy states and the
initiation site contained some cleavage-like facets after T6 heat treatment. Crack propagation was

characterized mainly by the characteristic fatigue striations.
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I. INTRODUCTION

DUE to the tremendous environmental concerns and
escalating global energy demand encountered by the
transportation industry in recent years, lightweighting of
vehicles is being deemed as a prime design tool for
improving the fuel economy and reducing anthropogenic
climate- changlng, env1ronment damagmg, costly, and hu-
man death-causing* emissions.!' ® It is today even referred

*According to Science News entitled “Air pollution kills 7 million
people a year”” on March 25, 2014 at http://news.sciencemag.org/signal-
noise/2014/03/air-pollution-kills-7-million-people-year: “Air pollution
is not just harming Earth; it is hurting us, too. Startling new numbers
released by the World Health Organization today reveal that one in eight
deaths are a result of exposure to air pollution. The data reveal a strong
link between the tiny particles that we breathe into our lungs and the
illnesses they can lead to, including stroke, heart attack, lung cancer, and
chronic obstructive pulmonary disease.”
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to as the “storm” of lightweighting—a revolution in
materials, processes, and business models, which is brewing
on the horizon of the automotive and aerospace industry.
To fabricate lighterweight vehicles, advanced high-strength
steels, aluminum alloys, magnesium (Mg) alloys, and
polymers are being used in the aerospace and automotive
sectors, but substantial reductions could be further
achieved by employing ultra-lightweight Mg alloys due to
their low density, high strength to-weight ratio, and
supenor damping capacity.!'*” There are currently inten-
sive studies in the development of wrought Mg alloys with
high strength, high corrosion re51stance and superior
formability for structural applications.®” Despite the
potential of substantial reductions in weight, most wrought
Mg alloys exhibited unusual mechanical properties, e.g.,
tension—compression yield asymmetry, limited ductility,
and pronounced directional anisotropy arising from the
presence of strong crystallographic texture related to their
hexagonal close-packed (HCP) structure with a limited
number of Slllil) systems activated during extrusion or rolling
processes.l'> ' Indeed, for the vehicle components sub-
jected to dynamic cyclic loading, such mechanical anisot-
ropy and tension—compression yield asymmetry could lead
to irreversibility of cyclic deformation which may have an
unfavorable influence on the material performance.!"”
These problems could be tackled through texture
modification. One appealing approach of achieving this
goal is via alloy composition adjustment, e.éf., addition
of rare-earth (RE) elements into Mg alloys.!"> " These
RE-Mg alloys possess quite random initial crystallo-
graphic texture which leads to improved ductility and
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strength at both room and eclevated temperatures via
solid solution strengthening and precipitation strength-
ening.®'3? It was reported that an RE element alter-
nates the bonding energy between the Mg atom and the
RE atom, thus increasing the possibility of non-basal
slip and inhibiting the basal slip and {1012} twinning.*?
In other words, RE elements such as Gd, Nd, Ce, and
La can work as effective texture modifiers for Mg alloys,
and they are able to produce the so-called “RE texture
component” even at low alloying levels.!!820-23:26:27.33]
Recent studies reported that due to certain RE concen-
trations and extrusion parameters there was a shift in
the orientation peak of the extrusion textures in the RE-
containing alloys from (10—10) to new positions of
(I1-21), (11-22) or (20—21) parallel to extrusion
direction, which were termed as “RE texture compo-
nent”.[1?2%33 The components were well oriented for
basal slip when tested in the appropriate orientation
(where it is difficult to deform, resulting in high flow
stresses, and modest work hardening?®*), which results
in a considerable gain of ductility and a reduction of the
tension—compression asymmetry present in the conven-
tional wrought Mg alloys.

Although these alterations in the tension—compression
yield asymmetry due to the RE elements additions are
being gradually enlightened, the potential advantage of
such extruded RE-Mg alloys as structural components
under dynamic cyclic loading condition has not yet been
well appreciated. Most of the earlier studies were con-
ducted mainly on the high cyclic fatigue properties of the
RE-Mg alloys.!'>¥*! Studies on the strain-controlled
low-cycle fatigue behavior of RE-containing Mg alloys
remain quite scarce to date.'?*3%4047 Eor example,
Wang er al®? studied the low-cycle fatigue behavior of
extruded Mg-8.0Gd-3.0Y-0.5Zr (GW83) alloy under fully
reversed strain-controlled tension—compression loading
along the extrusion direction. Wu er al*? investigated
the strain-controlled low-cycle fatigue properties of a
Mg-10Gd-2.0Y-0.46Zr alloy at 573 K (300 °C). To the
authors’ knowledge, no systematic studies have
been conducted to understand the effect of heat treatment
conditions on the low cyclic fatigue behavior of
RE-containing Mg alloys in the open literature. It has
not been clearly illuminated how the cyclic deformation
and low-cycle fatigue resistance change due to heat
treatment, whether the heat-treated RE-Mg alloy exhibits
cyclic hardening or softening, and what is the effect of the
heat treatment on the tensile-compressive yield symmetry.
Thus, an understanding about the effect of heat treatment
on the cyclic deformation characteristics of RE-containing
Mg alloys is necessary. The present study was aimed at
exploring the cyclic deformation behavior of an extruded
Mg-10Gd-3Y-0.5Zr (GW103K) alloy subjected to varying
heat treatment procedures.

II. MATERIAL AND EXPERIMENTAL
PROCEDURE

The material selected in the present study was a recently
developed extruded Mg-10Gd-3Y-0.5Zr alloy, with an
actual composition of 10.0 Gd, 2.7 Y, and 0.4 Zr (in
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wt pct). The extrusion was performed at a temperature of
673 K (400 °C) with an extrusion ratio of 9:1 at an
extrusion ram speed of 3 mm/s and a die angle of 60 deg.
The entire process of heating and extrusion was completed
within about 10 minutes, and the extruded bars were then
water quenched. After extrusion, the extruded bars were
subjected to two types of heat treatment: (1) direct peak-
aging at 498 K (225 °C) for 16 hours (TS5 heat treatment),
and (2) solution at 773 K (500 °C) for 2 hours, then water
cooling, followed by isothermally aging at 498 K (225 °C)
for 16 hours in an oil bath furnace (T6 heat treatment).
Microstructural examinations were performed using an
optical microscope (OM) equipped with Clemex quanti-
tative image analysis software, scanning electron micro-
scope (SEM) JSM-6380LV equipped with Oxford energy
dispersive X-ray spectroscopy (EDS) system and three-
dimensional (3D) surface/fractographic analysis capacity,
and transmission electron microscope (TEM, JEM-2100)
operated at 200 kV. Standard metallographic sample
preparation techniques were used with an etchant based
on an acetic picral solution containing 4.2 g picric acid,
10 mL acetic acid, 10 mL H,O, and 70 mL ethanol. The
average grain size was measured via a linear intercept
method. The texture was determined by measuring
incomplete pole figures between ¥ = 0 to 75 deg in the
back reflection mode using a PANalytical X’Pert PRO X-
ray diffractometer (XRD) with Cu K, radiation at 45 kV
and 40 mA and analyzed using MTEX software. Defo-
cusing due to the rotation of XRD sample holder was
corrected using experimentally determined data obtained
from the diffraction of Mg powders received from
Magnesium Elektron. Sub-sized fatigue samples were
machined with the loading axis parallel to the extrusion
direction (ED). The samples had a gage length of 25 mm
(or a parallel length of 32 mm) and a width of 6 mm. The
thickness of the samples was 6 mm as well. The gage
section of fatigue samples was ground progressively along
the loading direction with emery papers up to a grit
number of 600 to remove the machining marks and to
achieve a consistent surface.

Strain-controlled, pull-push type fatigue tests were
conducted using a computerized Instron 8801 fatigue
testing system via a fast track low cycle fatigue (LCF)
program at a constant strain rate of 1 x 10 2s~' and
room temperature of 298 K (25 °C). The tests were carried
out in a strain control mode according to ASTM E606
standard. Triangular strain waveform was applied during
the tests. Low-cycle fatigue tests were performed at total
strain amplitudes of 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 pct, and
at least two samples were tested at each level of the strain
amplitudes. The strain-controlled tests at lower strain
amplitude levels were continued up to 10,000 cycles, then
the tests were changed to load control at a frequency of
50 Hz using sine waveform. For the sake of comparison,
some samples of RE-free extruded AM30 Mg alloy (with a
composition of 3.4 wt pct Al, 0.33 wt pct Mn, 0.16 wt pct
Zn, 0.0026 wt pct Fe, 0.0006 wt pct Ni, 0.0008 wt pct Cu,
and balance Mg) were also tested. The fracture surfaces of
fatigued specimens were examined vie SEM to identify
fatigue crack initiation sites and propagation characteris-
tics. The residual twins in the region near the fracture
surface were observed as well.
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III. RESULTS

A. Microstructure and Crystallographic Texture

Figure 1 shows typical optical micrographs and SEM
back-scattered electron images of GW103K alloy in
different states (as-extruded, TS5, and T6). It is seen from
Figure 1(a) that uniform equiaxed grains with an
average grain size of about 12 um were obtained in as-
extruded sample due to the occurrence of dynamic
recrystallization (DRX) in the hot extrusion process at
673 K (400 °C).*" The grain size of as-extruded sample

was fairly small in comparison with the common
extruded Mg alloys, such as AZ31 and AM30,° ¥
and the smaller grain size was due to the role of added
RE elements and zirconium where Zr mainly restricted
the grain growth.¥ Figure 1(b) shows a typical SEM
back-scattered electron image of as-extruded sample
where several RE containing particles can be seen. By
means of EDS point analysis, the content at points A, B,
and C of Figure 1(b) was estimated to be 57.8 pct
Mg-17.5 pct  Y-22.5 pct Gd-2.2 pct Zr, 79.3 pct
Mg-5.2 pct Y-15.0 pct Gd-0.5 pct Zr, and 84.9 pct

Fig. 1—Microstructures (left optical micrographs and right SEM back-scattered electron images) of the GW103K alloy in the («)?* and (b) as-

extruded, (¢) and (d) TS, and (e) and (f) T6 states.
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Fig. 2—SEM back-scattered electron images indicating EDS line scan positions and the corresponding EDS line scan results of GW103K alloy

the (a) and (b) as-extruded, (¢) and (d) TS, and (¢) and (f) T6 conditions.

Mg-3.1 pct Y-11.7 pct Gd-0.3 pct Zr (in wt pct), respec-
tively. A similar type of microstructures was also
reported in the RE containing extruded Mg alloys in
the literature, e.g., Mg-11.90Gd-0.81Y-0.44Zr allo]y by
Zhang et al.*' Mg-10Gd-3Y-0.5Zr by Liu ez al.,*” and
Mg-10Gd-3Y-0.5Zr and Mg-10Gd-3Y-1.0Zn-0.5Zr al-
loys by Liu et al™ In addition, EDS line scan was
performed as shown in Figures 2(a) and (b) which also
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confirmed the presence of RE-rich particles in the as-
extruded alloy, where all the regular (squared, rectan-
gular, etc.) shaped particles contained all three major
alloying elements of Gd, Y, and Zr.

The optical and SEM back-scattered electron images
of T5 alloy are shown in Figures 1(c) and (d). The
average grain size of the T5 alloy was about 25 um
which was almost doubled in comparison with the
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as-extruded alloy, which indicates grain growth in the
aging process at 498 K (225 °C) for 16 hours. Similar to
the as-extruded alloy, RE-rich particles can also be seen
from Figure 1(d). By means of EDS point analysis, the
contents at points A and B of Figure 1(d) were
estimated to be 69.2 pct Mg-17.3 pct Gd-13.2 pct Y,
and 88.0 pct Mg-1.2 pct Y-9.7 pct Gd-1.2 pct Zr (in
wt pct), respectively. It is clear from the point analysis
that the particles in the TS5 alloy had more or less the
same composition as those in the as-extruded alloy. The
EDS line scan was also conducted to confirm the
presence of RE-rich particles as shown in Figures 2(c)
and (d). However, as seen from Figure 2(d) the intensity
of Zr-rich particles (irregular shaped particles as shown
in Figure 2(c)) seemed to be higher as compared to the
regular RE-rich particles in the as-extruded alloy due to
the aging process. Wang er al.°" also reported that the
square-shaped second particles were mostly rich with
Gd and Y and round-shaped second particles were rich
with Zr, which actually concurred the results of the
GWI103K alloy in both as-extruded and TS states.
Figures 1(e) and (f) show the microstructures of T6
alloy. As shown in Figure 1(e), the average grain size
became about 92 ym which was over three times larger
than that in the TS alloy, which indicates a marked grain
growth due to the solution treatment at 773 K (500 °C)
for 2 hours. Similar grain growth has been reported for
Mg-10Gd-3Y alloy in the T4 and T6 conditions by
Dong e al.®¥ and Liu er al.®? It can also be seen from
Figure 1(f) that relatively fewer particles were present in
the T6 state as compared with the as-extruded and T5
states. The contents at points A and B of Figure 1(f)
were estimated to be 12.8 pct Mg-45.8 pct Gd-40.5 pct
Y-1 pct Zr, and 67.7 pct Mg-12.3 pct Y-18.7 pct Gd-
1.3 pct Zr (in wt pct), respectively. The EDS line scan
results (Figures 2(e) and (f)) show that mainly round-
shaped particles containing more Zr appeared in the T6
state. Similar observations were also reported by Wang
et al"" Based on the Mg-Gd phase diagram!>* and Mg-
Y phase diagram,”* only one single phase solid solution
should appear in the Mg-10Gd-3Y-0.5Zr (GW103K)
alloy during solution treatment at 773 K (500 °C). It
was reported that the solubility of Gd and Y in Mg at
773 K (500 °C) was about 20 and 10 wt pct, respec-
tively,’*>* whereas the solubility of Zr in Mg was very
limited.®> This suggests that most of the Gd and Y
particles could be dissolved into the matrix during the
solution treatment at 773 K (500 °C) for 2 hours as seen
from Figure 2(f), leaving a relatively high Zr-rich
particles (round-shaped particles in Figure 2(e)) and
more discernible Zr peaks (Figure 2(f)). In addition,
RE-enrichment particles were also identified by three
zone-axis electron microdiffraction patterns via TEM in
the T6 alloy, as shown in Figure 3. Electron microdif-
fraction pattern in Figure 3(b) indicates the structure of
particle A in Figure 3(a) which was identified as a
cuboid-shaped (RE-rich) particle (face-centered cubic,
fcc with @ = 0.56 nm). Similar results were reported in
the cast-T6 samples of Mg-10Gd-2Y-0.5Zr alloy by He
et al.P" Mg-Gd-Nd-based alloy during solution treat-
ment by Khawaled et al.,”® cast T6 samples of Mg-4Y-
2Nd-1Gd-0.4Zr alloy by Liu ez al.,®™ and Mg-9Gd-2Er-
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0.4Zr alloy after solution treatment by Wang et al.P¥

Figures 3(c) and (d) show the TEM micrographs
recorded from the sample after peak-aging at 498 K
(225 °C) for 16 hours, with the incident electron beam
approximately parallel to [0001],. A large number or
high density of bamboo-leaf/plate-shaped precipitates
with a diameter less than 15 nm formed and distributed
uniformly in the matrix, as shown in Figure 3(c). Such
precipitates were identified by selected area electron
diffraction (SAED) analysis to be a 8" phase which had a
c-based centered orthorhombic structure (cbco) (a = 2x
aymg = 0.64nm, b = 8xd  (1010),n, = 2.22 nm,
¢ = Cume = 0.52 nm).B"%% The composition of f’
phase was determined to be approximately Mg/,(Gd,Y)
as reported by Gao et al!® and Nishijima et al* A
similar type of precipitates has also been reported in the
cast T6 samples of Mg-10Gd-2Y-0.5Zr alloy by He
et al.B" solution-treated and aged Mg-10Gd-3Y-0.4Zr
alloy by He er al.,**! and solution-treated and aged Mg-
15Gd-0.5Zr alloy by Gao et al.[®"

Figure 4 shows the crystallographic textures (basal
(0001), prismatic (1010), and pyramidal (1011) pole
figures) of the GW103K alloy in different states (as-
extruded, TS, and T6 conditions) evaluated using MTEX
software, where ED stands for the ED and RD denotes
the radial direction. As seen from Figure 4, relatively
weaker textures (with a maximum intensity of 2.1
multiples of random distribution (MRD) for the as-
extruded, 3.3 MRD for the T5, and 4.5 MRD for the T6
samples were observed after the defocusing correction, in
comparison with the extruded AM30!"¥ and rolled
AZ31.1% This was basically in agreement with the study
by Liu et al.,®” where the intensity of the T5 and T6
textures was stronger than that of the extruded alloy. The
presence of such weaker textures in the RE-Mgalloy was a
major benefit of adding RE elements into Mg alloys, as
also reported by Stanford and Barnett'®* who observed
that microalloying with RE elements could weaken
texture in the forming process. It was also reported that
an addition of small amount of Gd!** and CeP* to Mg
alloys could significantly reduce the texture of the
extruded alloy and the addition of Y element had a
similar effect on the texture of Mg alloys.[® Furthermore,
Bohlen er al.** reported that the overall texture intensity
and the basal pole intensity aligned with the sheet normal
direction were lower in the RE-containing alloys than in
the conventional alloys. Similar weaker texture in the M g-
based alloys with the addition of RE elements was also
reported in References 15, 18 through 20, 33, 34.

In the as-extruded sample (Figure 4(a)!'”), it can be
seen that the c-axes of hep unit cells in most grains were
oriented towards the radial direction (RD), as indicated
by the basal (0001) pole distribution, along with the
prismatic (1010) and pyramidal (1011) poles towards
the ED. In the T5 sample (Figure 4(b)), while the c-axes
of most grains were oriented towards the RD, a slight
change of the basal (0001) pole has been observed, i.e.,
the basal (0001) pole intensity at the center was became
higher. It is also seen from the Figure 4(b) that similar
to the as-extruded sample (Figure 4(a)'"), the prismatic
(1010) and pyramidal(1011) poles towards the ED,
which indicates that the textures of TS5 samples basically
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Fig. 3—Transmission electron micrographs recorded from a sample of T6 alloy: (@) bright-field image taken along [001] zone axis of particle A,
(b) [001] zone axis microdiffraction pattern recorded from particle A, (¢) bright-field images taken along [0001], zone axis, and (d) the corre-

sponding SAED patterns shown in B//[0001],.

tried to retain during the aging process and the
components seemed elongated in the RD. This elonga-
tion was more expected in the RE containing alloy
rather than in the standard alloy AZ31.”% Similar
tendency of retaining textures has been reported for Mg-
10Gd-3Y Mg alloy after T5 aging treatment at 498 K
(225 °C) for 4, 10, and 150 hours by Liu et al.,*? for
cast Mg-1Zn-0.3Ce (ZE10) alloy after annealing treat-
ment at 673 K (400 °C) for 15 minutes by Machenzie
and Pekguleryuz,”! and for as-extruded AZ31 alloy
after annealing treatment at 723 K and 793 K (450 °C
and 520 °C) for 30 minutes, 3, and 17 hours by Perez-
Prado and Ruano.®® The textures in the T6 sample
(Figure 4(c)) exhibited a greater spread of basal (0001)
pole around the RD as compared with other two alloys
(as-extruded and T5). However, the intensity variation
of this T5 alloy was in contrast to that of Liu er al.,”
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where the variation of intensity was in a reversed order.
Hirsch and Al-Samman®?! also reported that the texture
weakening occurred during recrystallization annealing.
This difference was mainly due to the combined effects
of RE elements and the precipitates formed during the
heat treatment.

B. Tensile Properties

Typical tensile stress—strain curves of the GW103K
alloy in different states tested at a strain rate of
1 x 10*s™" is shown in Figure 5 and the tensile
properties obtained are listed in Table I. As seen from
Table I, the present GW103K alloy (as-extruded, T3,
and T6) exhibited a higher tensile yield strength (YS)
than the RE-free extruded AM30 alloy, i.e., ~232, 332,
and 342 vs ~189 MPa as reported in Reference 11. This
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Fig. 4—Pole figures of basal (0001) plane, prismatic (1010) plane, and pyramidal (1011) plane of GW103K alloy in the (@) as-extruded,'” (b)
TS5, and (¢) T6 states, where ED indicates the extrusion direction and RD denotes the radial direction.

indicated an obvious beneficial role of RE element
addition in the Mg alloy, which was in agreement with
those in an extruded Mg-8Al-xRE alloy,'®” where the
improved tensile properties due to the addition of RE
elements were reported as well. As seen from Figure 5
and Table I, in comparison with the as-extruded alloy,
significant improvements in the yield strength (YS) and
ultimate tensile strength (UTS) were attained in the TS
alloy, by approximately 100 and 108 MPa, respectively.
Similar results were reported in the TS samples of Mg-
10Gd-2Y-0.5Zr alloy by He et al.,*") T5 samples of Mg-
10Gd-3Y alloy by Liu et al.,*” T5 samples of Mg-10Gd-
3Y-0.5Zr alloy by Liu et al.,®® and extruded samples of
Mg-10Gd-3Y-0.5Zr alloy by Yang er al.!"> where a
significant improvement in the YS and UTS was seen
after the TS aging treatment as well. However, the
percent elongation of the TS5 alloy (6.6 pct) decreased by
about 20 pct as compared with that of the as-extruded
alloy (8.3 pct). These results were due to the precipita-
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tion hardening as seen in Figure 3 and also reported in
References 31, 57. As seen from Table I, a further
improvement in the YS (about 110 MPa) and UTS
(about 112 MPa) was achieved via the T6 heat treatment
as compared with the as-extruded alloy. Similar
improvements in the YS and UTS in the T6 alloy have
been reported by Liu er al.°” The percent elongation of
the T6 alloy decreased more as compared with that of
the as-extruded alloy. The relatively small difference
between the TS5 and T6 states, as seen from Figure 5 and
Table I, was a consequence of a combined role of grain
size and precipitates. While the T6 heat treatment would
lead to a more complete precipitation hardening due to
the formation of the supersaturated solid solution in the
solution treatment phase prior to aging, the much larger
grain size (Figures 1(e) and (f)) due to the same solution
treatment caused a certain extent of sacrifice or cutback
in the strength based on the well-known Hall-Petch
relationship!’” and in the ductility as well.
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Fig. 5—Typical tensile stress—strain curves of the GW103K alloy in
different conditions tested at a strain rate of 1 x 1074 s~ ",

Table I. Tensile Properties of GW103K Alloy in Different
States Obtained at a Strain Rate of 1 X 10™* s~

Materials agys (MPa) ayrs (MPa) Elongation (pct) n

As-extruded 232 318 8.3 0.15
TS 332 426 6.6 0.19
T6 342 430 3.2 0.17

C. Hysteresis Loops

Figure 6 shows typical stress—strain hysteresis loops
of the first, second, and mid-life cycles at a total strain
amplitude of 1.2 pct and strain ratio of R, = —1 for the
GWI103K alloy in different states. It is seen from
Figure 6(a) that, like the tensile stress—strain curves
(Figure 5), the initial slope in the ascending phase of the
first cycle was the same in all the three alloy states,
indicating that the T5 and T6 heat treatment did not
affect the Young’s modulus of the alloy. As normally
anticipated, heat treatment would alter the strength of a
material, but had little influence on the Young’s
modulus, since the magnitude of Young’s modulus is a
measure of the resistance to separation of adjacent
atoms, i.e., interatomic bonding forces on an atomic
scale. The present GW103K alloy was observed to
exhibit nearly symmetrical hysteresis loops in all the
three alloy conditions, which were somewhat similar to
those of face-centered cubic (fcc) metals (e.g., Al, Cu,
Ni) as a result of the dislocation slip-dominated defor-
mation in most materials.”!! This was, however, in
contrast to the hysteresis loops in the rare earth-free
extruded or rolled Mg alloys, where the hysteresis loops
were very asymmetrical due to the presence of strong
crystallographic texture.'®!*! The maximum and min-
imum peak stresses in the T5 and T6 conditions showed
a significant enhancement in different loops as compared
with those in the as-extruded GW103K alloy, due to the
presence of a large number of precipitates after the TS
and T6 heat treatment (Figure 3). Similar to the tensile
properties shown in Figure 5 and Table I, the T6 alloy
exhibited only a slightly higher maximum and minimum
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peak stresses than the TS alloy (Figure 6). Unlike the fcc
metals where the slope of hysteresis loops after the strain
reversal either at the maximum or minimum stress was
basically equal to the value of Young’s modulus, the
pseudoelastic or nonlinear elastic behavior in both
descending and ascending phases in the RE containing
GWI103K alloy was still in existence, in spite of the
symmetrical hysteresis loops. It seemed reasonable to
consider that the pseudoelastic behavior would be an
inherent characteristic of Mg alloys, as it originated
from reversible movement of dislocations, twinning, and
stress-induced phase transformation,’? which was
related to the superior damping capacity. Further
studies in this aspect are needed. However, in compar-
ison with the as-extruded Mg alloy,!"® '*!"! the pseudo-
elastic behavior reduced to a certain extent in the
GWI103K alloy, especially in the TS and T6 conditions.

D. Cyclic Deformation Response

Figure 7 shows the evolution of cyclic stress amplitude
as a function of the number of cycles at different strain
amplitudes on a semi-log scale for the GW103K alloy in
the (a) as-extruded,!'”! (b) TS5, and (c) T6 states, respec-
tively. It is seen that as the applied total strain amplitude
increased, the cyclic stress amplitude increased and the
fatigue life decreased for the GW103K alloy in all states.
Unlike the RE-free extruded alloys, e.g., AM30"'" and
AZ31111213] where cyclic stabilization occurred only at
lower strain amplitudes of about 0.1 and 0.2 pct, the as-
extruded GW103K alloy exhibited cyclic stabilization
until failure up to a strain amplitude of 1.0 pct. Even at a
strain amplitude of 1.2 pct for the as-extruded alloy, only
slight change, i.e., an initial slight cyclic hardening within
the first three cycles and then minor cyclic softening,
could be seen from Figure 7(a), which corresponded well
to the variation of the plastic strain amplitude (Aée,/2)
during cyclic deformation as shown in Figure 8(a) for
different total strain amplitudes.'” This was due to the
addition of RE elements which significantly changed the
microstructure (Figures 1 and 3) and weakened the
texture (Figure 4). For the heat-treated T5 and T6 states,
cyclic stabilization occurred up to a strain amplitude of
0.6 pct (Figures 7(b) and (c)), which was followed by the
slight cyclic hardening at the higher strain amplitudes
(0.8 to 1.2 pct). These also corresponded well to the
decreasing plastic strain amplitude (Figures 8(b) and
(c)). However, while the initial cyclic deformation
characteristics were similar for the alloy in different
states, the cyclic stress amplitudes and also plastic strain
amplitudes at a given total strain amplitude applied were
different, except at the lower strain amplitudes (0.2 and
0.4 pct). For example, at a given total strain amplitude of
0.8 pct, the stress amplitudes were ~240, ~290, and
~300 MPa for the as-extruded, TS5, and T6 samples,
respectively (Figure 7). The difference in the stress
amplitudes also increased at higher strain amplitudes.
For the plastic strain amplitudes, at a given total strain
amplitude of 0.8 pct, the values were ~0.2, ~0.165, and
~0.11 pct for the as-extruded, T5, and T6 samples,
respectively (Figures 8(a) through (c)!'™).
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Fig. 6—Typical stress—strain hysteresis loops of GWI103K alloy in
different states tested at a given total strain amplitude of 1.2 pct and
strain ratio of R, = —1 of (@) first cycle, (b) second cycle, and (c)
mid-life cycle.

E. Fatigue Life and Fatigue Parameters

The fatigue life (i.e., the number of cycles to failure,
Ny) as a function of the applied total strain amplitudes
(Ae/2) of the GW103K alloy in the as-extruded, TS5,
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Fig. 7—Stress amplitude vs the number of cycles at different total
strain amplitudes applied for the GW103K alloy in the (a) as-ex-
truded,"'”" (b) T5, and (¢) T6 states.

and T6 states is shown in Figure 9, along with the
experimental data reported in the literature for various
extruded Mg alloys!'!217:6373773] for comparison. The
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run-out data points were_ indicated by arrows pointing
horizontally at or over 107 cycles The present GW103K
alloy showed a trend of increasing fatigue life with
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Fig. 9—Total strain amplitude vs the number of cycles to failure for
the GW103K alloy in the as-extruded, TS, and T6 states, in compar-

ison with the data reported in the literature for various extruded Mg
alloys.[11112:17:63.73-75]

decreasing strain amplitude in all conditions and there
was no significant difference in the fatigue lives among
the different alloy states. Overall, the alloy basically
showed an improved fati igue life than the RE-free
extruded Mg alloys.[''12:¢373"73] Based on the Basquin’s
equation and Coffin-Manson relation and as described
in References 10, 12, 13, 70, 76, 77, the total strain
amplitude could be expressed as two parts of elastic
strain amplitude and plastic strain amplitude, i.e.,

Age  Age  Agy O',f(sz)b

2 2 2 E
where E is the Young’s modulus (for the present alloy,
the average value obtained during fatigue testing was
~44.5 GPa), Ny is the fatigue life or the number of cy-
cles to failure, o, is the fatigue strength coefficient, b is
the fatigue strength exponent, sf is the fatigue ductility
coefficient, and c¢ is the fatigue ductility exponent. In
addition, cyclic deformation behavior is normally con-
sidered to be related to the portion of the plastic strain
amplitude and is independent of the elastic strain
amplitude, which could be expressed by the following
equation,!'”

+e(2Np)", 1]

Ac (A"
‘Z—KC7>’ 2

where 4 57 is the mid-life stress amphtude 2 is the mid-
life plastic strain amplitude, n” is the cycllc strain-
hardening exponent, and K’ is the cyclic strength
coefficient. The Coffin—Manson plot, together with the
Basquin’s relationship and the total strain amplitude as
a function of the number of reversals to failure (2Ny) in
the as-extruded, T5, and T6 states, are shown in
Figure 10. As seen from Figure 10, when the strain
amplitude (elastic, or plastic, or total value) was lower,
the fatigue lifetime was longer; the experimental data
obtained over a wide range of strain amplitudes fol-
lowed both the Coffin—-Manson and Basquin’s relation-
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(¢) T6 states.

ships well. In addition, the fatigue life parameters
evaluated on the basis of Egs. [1] and [2] are summa-
rized in Table II. It is seen that while the obtained
fatigue parameters were well within the ranﬁe in other
fatigued Mg alloys reported in the literature, 81 the
cyclic strain-hardening exponent n’° of the GW103K
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alloy was lower than that of RE-free Mg alloys.!'% %78

This corresponded well to the higher yield strength
(Table I) and cyclic stabilization characteristics of these
alloys (Figures 7 and 8). While the cyclic strain-harden-
ing exponent (n") of T5 alloy was slightly lower than that
of the as-extruded alloy, the cyclic strength coefficient
(K’) and fatigue strength coefficient (o—/f) of the T5 alloy
were higher than those of the as-extruded alloy, which
corresponded well to their monotonic yield strength
(i.e., 332 MPa for the T5 sample vs 232 MPa for the as-
extruded sample). Further improvements in the cyclic
strength coefficient (K’) and fatigue strength coefficient
(af) were seen in the T6 alloy as compared to those of
the as-extruded alloy (Table IT). The values of fatigue
strength exponent (b) and fatigue ductility exponent (c)
decreased in both T5 and T6 samples as compared to the
as-extruded sample. In general, a smaller absolute value
of fatigue strength exponent (b) and fatigue ductility
exponent (c) and a larger value of fatigue strength
coefficient (af) and fat%ue ductility coefficient (ef) reflect
a longer fatigue life.l ! This indeed implies that a
longer fatigue life of a material in the strain-controlled
fatigue tests requires a good combination of both higher
strength and superior ductility. In spite of such a
seemingly conflicting effect of the exponent pair (b and
¢) and the coefficient pair (a/f and slf) on the fatigue life,
the exponent pair would be expected to play a more
31gn1ﬁeant role in the sense of exponential functions
(Eq. [1)).7" In comparison with the as-extruded alloy,
the absolute values of b and ¢ in both TS5 and T6 states
were higher, but the values of o, and o, were higher as
well. As a result, a coupled role of these fatigue-life
prediction parameters listed in Table II would give an
equivalent lifetime of the GW103K alloy in different
states wrthln the experrmental scatter, as shown in
Figure 9,' which was in general longer than that of
RE-free extruded Mg alloys. It should be noted that in
evaluating the above fatigue life parameters, the run-out
data for the fatigue samples without failure at or above
107 cycles were not included. Furthermore, the obtained
cyclic stress—strain curves corresponding to the mid-lives
of the GW103K alloy in different conditions are shown
in Figure 11 along with the monotonic stress—strain
curves. It is seen that cyclic stress—strain curves were
generally consistent with the monotonic ones for the
GWI103K alloy in different conditions within the exper-
imental scatter. The obtained cyclic yield strength (¢’y)
and cyclic strain-hardening exponent (n’) of the
GWI103K alloy in different states were also equivalent
to their respective monotonic yield strength and strain-
hardening exponent, as seen from Tables I and II.

F. Fractography

Figure 12 shows an overall view of fracture surfaces
of the GW103K alloy in different conditions at a total
strain amplitude of 0.4 pct, containing fatigue crack
initiation, propagation, and final fast fracture regions. It
is seen from the low magnification images (Figure 12)
that fatigue crack initiated basically from the specimen
surface. Compared with the as-extruded and T5 sam-
ples, the fracture surfaces of the T6 sample were
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Table II. Low-Cycle Fatigue Parameters Obtained for the GW103K Alloy in the As-Extruded, TS, and T6 Conditions

Low-Cycle Fatigue Parameters

Cyclic yield strength, ¢’y (MPa)
Cyclic strain-hardening exponent (n”)
Cyclic strength coefficient, K* (MPa)
Fatigue strength coefficient, ¢’y (MPa)
Fatigue strength exponent (b)
Fatigue ductility coefficient, (¢'r)
Fatigue ductility exponent (c)
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Fig. 11—Cyclic stress—strain curves for the GW103K alloy in the (a)
as-extruded, (b) TS5, and (¢) T6 states, where the corresponding
monotonic stress—strain curves are also plotted for comparison.

obviously rougher because of the larger grain size
(Figures 1(e) and (f)). Figure 13 shows the fractographs
near the crack initiation site and in the crack propaga-
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tion area of the fatigued samples at higher magnifica-
tions. In the near-initiation area (as indicated by the red-
dashed box in Figure 12), typical flow lines or tearing
ridges indicating fatigue crack growth direction could be
seen in both as-extruded and TS5 samples as shown in
Figures 13(a) and (c), respectively. Fatigue crack prop-
agation region was basically characterized by the fatigue
striations which were perpendicular to the crack prop-
agation direction as shown in Figures 13(b) and (d) for
the as-extruded and T5 samples, respectively. However,
a mix of cleavage-like features and tearing ridges in the
near-initiation area on the fracture surface of the T6
sample fatigued at a strain amplitude of 0.4 pct can be
seen from Figure 13(e). A three-dimensional image
taken in the propagation area is shown in Figure 13(f),
with a main feature of fatigue striations as well. Similar
fracture surface features consisting of a mix of cleavage-
like features, tearing ridges, and fatigue striations were
reported in the T6 GW103 alloy by Dong et al.*> It was
also observed that the spacing of fatigue striations
became progressively larger with increasing distance
from the crack initiation site. Since each fatigue striation
could be assumed to roughly represent a single loading
cycle, the spacing of fatigue striations could reflect the
fatigue crack propagation rate and the associated
fatigue life.”” It is known that the occurrence of fatigue
striations was due to a repeated plastic blunting-sharp-
ening process in face-centered cubic (fcc) materials
arising from the slip of dislocations in the plastic zone
in front of the fatigue crack tip.!®¥ The formation of the
fatigue striations in the HCP Mg alloy was anticipated
to be related to both dislocation slip and twinning in the
plastic zone during fatigue crack propagation.!'® '
Unlike the as-extruded and TS5 samples, crack propaga-
tion near initiation in the T6 sample shown in Fig-
ures 12(c) and 13(e) appeared fairly different. To make
sure where the crack initiation was, two different regions
as indicated by the yellow-dashed boxes in Figure 12(c)
were examined in more detail and shown in Figure 14.
The region close to the upper left corner had fatigue
striations coupled with the cleavage-like facets (Fig-
ures 14(a) and (b)), while no sign of fatigue striations
could be identified in the region near the lower right
corner (Figures 14(c) and (d)). Thus, fatigue crack
initiation in the T6 sample was confirmed to be from
the upper left corner (as indicated by the red-dashed box
in Figure 12(c)) rather than from the seemingly flatter
surface at the lower right corner. The occurrence of the
cleavage-like features was likely to be associated with
the much larger grain size (Figures 1(e) and (f)) stem-
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Fig. 12—An overall view of fracture surfaces fatigued at a strain amplitude of 0.4 pct of the GW103K alloy in the (@) as-extruded,'” (b) T3,

and (c¢) T6 states (Color figure online).

ming from the relatively high solution temperature at
773 K (500 °C) for 2 hours.

IV. DISCUSSION

A. Effect of Heat Treatment on Tensile Properties

The mechanical properties of alloys are known to be
dependent on the alloying elements and the resulting
microstructures including fine precipitates that appear
after proper heat treatment. The process of adding other
elements to a metal to increase its strength is commonly
referred to as solid solution (or solute) strengthening.
The effect of these solutes (or impurity atoms) is to
obstruct the movement of dislocations. Edge disloca-
tions for example can result in internal pressures in a
crystal through the distortion of the periodic lattice. In
the presence of impurity atoms with a larger atomic
radius, dilatational stresses are lowered and the energy
of the system is decreased if the solute atoms are
positioned below the edge dislocations. Therefore, extra
stress is required to move dislocations awa%/ from the
solute atom, which impedes their movement.®” As seen
from the periodic table, all RE elements including both
series of lanthanides and actinides have an atomic radius
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larger than that of Mg. Also, the solid solution of the
RE elements in Mg is relatively high, e.g., Gd could
dissolve up to 3.8 wt pct at about 473 K (200 °C) to
replace the Mg atoms and form a substitutional solid
solution.® Since the RE element (Gd and Y) atoms as
well as Zr atoms in the present GW103K alloy are all
larger than Mg atoms, squeezing them into the Mg
lattice would not only generate compressive stresses
imposed on the nearby host atoms but also roughen the
slip plane, thus make it more difficult for dislocations to
move. It follows that the addition of RE elements to Mg
even in the form of solid solution alone would improve
the resistance to the motion of dislocations, and thereby
increasing the yield strength. This would be the main
reason why a fairly high strength of GW103K in the as-
extruded state is observed (Table I).

Regarding the precipitation strengthening, an alloy
containing an adequate volume fraction of fine particles
of an impurity phase through heat treatment will have a
higher strength, due to the impediment of particles to
the movement of dislocations. In the RE-Mg alloys fine
and evenly oriented (the planes parallel to the prismatic
or basal planes of Mg matrix) and uniformly distributed
particles can improve the tensile properties.*® On the
other hand, Yin er al®” reported that relatively large
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Fig. 13—SEM micrographs of fracture surfaces near crack initiation area (left) and in the propagation zone (right) of the GW103K alloy in the
(a) and (b) as-extruded, (c) and (d) T5, and (e) and (f) T6 states fatigued at a strain amplitude of 0.4 pct.

size and small volume fraction of particles might have
only small strengthening contributions. Thus, small
sized particles or precipitates with an adequate volume
fraction would have a significant contribution to the
strengthening in RE-Mg alloys, as also reported in
Reference 31. As seen from Figure 3(c), a large number
of nano-sized dense and uniformly dispersed 8 precip-
itates are obviously the primary strengthening phase of
the GW103K alloy in the present T6 condition. It has
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also been reported that the f” precipitates, which form
on the prismatic planes of z-Mg matrix in a dense
triangular arrangement,*'>! are perpendicular to the
basal plane of a-Mg and very thermally stable at 523 K
(250 °C).®7 Such p’ precipitates are particularly effec-
tive to impede the movement of dislocations on the
basal planes,>” thus significantly increase the strength
of the Mg alloy in the T6 state as seen from Figure 5 and
Table I. It was also reported that the enhanced tensile
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Fig. 14—SEM micrographs of the fracture surface of the T6 sample fatigued at a strain amplitude of 0.4 pct in the region near the upper left
corner (a, b), and region near the lower right corner (c, d) as indicated by the yellow-dashed boxes in Fig. 12(c).

strength in the Mg-6Gd-1Zn-0.6Zr alloy resulted from a
uniform and dense distribution of basal precipitate
plates.*"" As mentioned earlier, while the T5 heat
treatment may not result in the same level of precipitates
in the T6 state due to the lack of solution treatment
stage to form a supersaturated solid solution, the
smaller grain size shown Figure 1(c) would greatly
enhance the strength according to the Hall-Petch
relationship,’” in comparison with the much larger
grain size in the T6 state (Figure 1(e)). As the result, the
tensile properties in the TS5 state are nearly the same as
those in the T6 (Figure 5 and Table I).

B. Effect of Heat Treatment on Cyclic Deformation
Characteristics

As compared to the as-extruded GW103K alloy, some
obvious improvements in the cyclic deformation resis-
tance have been observed in the TS5 and T6 conditions.
For example, the maximum and minimum peak stresses
in the TS and T6 conditions were much higher than
those in the as-extruded condition in different hysteresis
loops as seen from Figure 6. At a given total strain
amplitude, the cyclic stress amplitude increased and
plastic strain amplitude decreased after the T5 and T6
heat treatment, with a big change from the as-extruded
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state to TS state and a relatively small change from T5
to T6 state (Figures 7 and 8). All of these changes
during cyclic deformation corresponded well to those in
the monotonic tensile properties (Figure 5 and Table I).
To further identify the difference from the RE-free Mg
alloys, the stress—strain hysteresis loop of the mid-life
cycle for an AM30 extruded alloy is plotted in Fig-
ure 15,"7 along with that of the present RE-containing
GWI103K alloy in various states. It is seen from
Figure 15 that the hysteresis loops of AM30 alloy
showed a strong Bauschinger-like effect associated with
a skewed asymmetrical shape. While the maximum peak
stress of extruded AM30 alloy was close to that of the
GW103K alloy in the as-extruded state, the compressive
yielding of the AM30 alloy in the descending phase
occurred much earlier, giving rise to a much smaller
minimum peak stress (absolute value). Similar results
were also reported by other investigators.''"'*!”1 The
ratio of the compressive-to-tensile peak stress at a total
strain amplitude of 1.2 pct was ~0.55 for AM30 alloy,
and almost 1 for the GW103K alloy in different states,
indicating that the tension—compression asymmetry was
no longer existent in the present GW103K, irrespective
of alloy states. Typically, the tension—compression yield
asymmetry in polycrystalline alloys is directly related to
the presence of strong crystallographic texture which
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dominates the orientation of slip or twinning planes and
directions relative to the externally applied stress.*®! Yin
et al ¥ reported that randomly textured casting samples
exhibited almost no yielding asymmetry. Likewise, Patel
et al’®*% also observed no yielding asymmetry in the
super-vacuum die cast or semi-solid processed AM60B
and AZ91D Mg alloys, which was in agreement with the
results of GWI103K alloy. As mentioned earlier in
Section III-A, the present GWI103K alloy showed
relatively weak textures (Figure 4) due to the presence
of RE-rich particles and smaller grain sizes (which
resulted from the Zener-pinning effect) as compared to
the RE-free Mg alloys (Figures 1 and 2). As seen from
Figure 16 which shows the distribution of deformation
features in the area near the fracture surface in the
fatigued samples of AM30 alloy and GW103K alloy in
different states, it can clearly seen that the grain sizes of
the RE-Mg alloy were smaller than the RE-free AM30
alloy even after the T6 heat treatment (Figures 16(d) vs
(a)), which were partially responsible for the nearly
symmetrical hysteresis loops (Figures 6 and 15) via
reduced twinning activities. It was reported that grain
size had a significant effect on the tendency of twinning
because the energy required to form twin interfaces was
particularly high in the fine-grained Mg alloy,”" and the
difference between the tensile and compressive yield
stren;ths generally decreased with decreasing grain
size.’?! More obvious and dense residual twins appeared
near the fracture surface area of RE-free AM30 alloy as
shown in Figure 16(a),l'”! while twins could barely be
visible in the near fracture surface area of the as-
extruded GW103K alloy (Figure 16(b)!'”)). Although a
few twins could be seen to occur in the grains oriented
favorably as the grain sizes increased considerably due
to the T6 heat treatment (as indicated by arrows in
Figure 16(d)), the number of twins was limited, which
was mostly replaced by the fine and uniformly distrib-
uted slip lines/bands in the RE-containing GW103K

400 —
Mid-life cycle )
R
300 2
200
S 100
=
g 07
()
S
» -100
/’ .
2007 £ 7 GW103K-As-extruded
o - = = GW103K-T5
-300 j(..',‘.-' ......... GW103K-T6
Lo — — AM30-extruded
_400 1 I 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5
Strain, %

Fig. 15—Typical stress—strain hysteresis loops of the mid-life cycle at
a given total strain amplitude of 1.2 pct and strain ratio of R, = —1
for the extruded AM30 and GWI103K alloy in different states,
respectively.['”!
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alloy in all the states (Figures 16(b) through (d)). Such
an important change in the deformation mode from
predominantly twinning in the RE-free AM30 Mg alloy
to mainly dislocation slip in the RE-containing
GWI103K alloy obviously resulted from (i) the grain
refinement (Figure 1), (ii) the uniformly distributed
large number density of bamboo-leaf-shaped 8’ precip-
itates (Figure 3), and (iii) the texture weakening (Fig-
ure 4) in the GW103K alloy, in comparison with AM30
Mg alloy. The combined role of these factors is
responsible for the reduction or absence of the hysteresis
loop asymmetry (Figures 6 and 14), the increase in the
stress amplitude (Figure 7) and the decrease in the
plastic strain amplitude at a given total strain amplitude
(Figure 8?, and eventually the increase in the fatigue life
(Figure 9" via suppressing the twinning activities in
the present GW103K alloy, as compared to the RE-free
AM30 Mg alloy. The vital role of the RE elements in
this regard will be discussed further in the following
section.

C. Interaction Between Twins and Precipitates

An important factor that influences the formation of
twins in tension—compression cyclic deformation is
precipitates. It has been reported that the presence of
precipitates in the path of a migrating twin boundary
can significantly influence the twinning behavior of an
alloy."7#8931 1 the present GW103K alloy, the presence
of f” precipitates has been confirmed (Figure 3) and it
was also reported by Jain er al®® that this kind of
precipitates can act as the barricade or obstacles which
can bring about strengthening by pinning the twinning
dislocations and restricting boundary motion. The
interaction between twinning and precipitates has been
considered to arise primarily from the difficulty experi-
enced by the migrating twin boundaries during the
propagation of the twin through densely distributed
precipitates.® To better understand the interaction
between a twin and plate-shaped precipitates (f” precip-
itates), which form on the prismatic planes of the matrix
in a dense triangular arrangement, a schematic illustra-
tion showing the barricade of a precipitate/particle to
twinning is plotted in Figure 17. Let us first establish a
coordinate system of the hcp unit cell in the Mg matrix
with three axes, i.e., a; [2110], a [1210], and a3[1120]
which are positioned on the basal {0001} plane as
indicated by solid red arrows in Figure 17 and all the
three axes are oriented at 120 deg angels to one another,
with the c-axis [0001] being perpendicular to the basal
{0001} plane. As reported by He et al.,°* the stacking
type of atoms in [’ precipitates observed in the
GWI103K alloy (Figure 3(c)) is the same as that of the
hep a-Mg matrix. As mentioned earlier in Section IT1-A,
the orientation of 5" precipitates has been verified as c-
base-centered orthorhombic system.*'%®) Then the
precipitates could be plotted in the basal plane of the o-
Mg matrix in such a way that the orientation relation-
ship between the f’ precipitate and matrix patterns is
[001][}///[0001]a, and [100],//[2110], as reported in
Reference 31, 59, 60. In the Mg alloys, (1102) extension
twinning is normally activated when a compressive

VOLUME 46A, MARCH 2015—1183



Fig. 16—Optical micrographs in the area near the fracture surface at a strain amplitude of 1.2 pct, showing the distribution of deformation fea-
tures in the fatigued samples of (a) AM30 alloy,'”! (b) as-extruded,['”! (¢) T5, and (d) T6 states of the GW103K alloy, respectively.

c [poo1]
_ twinning direction
(1102) [T101]
twinning plane 4
/
.
|:a> é
[ precipitage
— 4
Tl 20]\
-2 [1210] < - - - - & 0 > 2, [1270]
43.15°
a,[2T70] "7 [1120] 9001y basal plane

Fig. 17—A schematic illustration of the interaction between (1102)
twin and f" precipitate with an orientation relationship of
[100],;//[2110}01 and [OOI]ﬂr //[0001], in the GW103K alloy.

stress is applied perpendicular to the [0001] c-axis or
parallel to the basal {0001} plane.’®** The (1102)
extension twinning plane is shown as a shaded color
plate and the twinning direction [1101] is pointed using a
dashed red arrow. Using the Mg lattice parameters of

a =032 nm and ¢ = 0.52 nm,”” one can readily
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calculate the angle between the basal {0001} plane and
the (1102) twinning plane to be 43.15 deg, as indicated
in Figure 17. If the particle/precipitate cannot be
sheared during twinning, as the twinning ledge ap-
proaches the precipitate there exists a back stress arising
from the harder and more rigid precipitate, which would
hinder the free shear of the moving twin ledge and must
be overcome by the increasing stress applied.['”-7¢3 In
Figure 17, the untwinned portion of the matrix in the
absence of twinning due to the blockage of the trian-
gular 8 precipitates is indicated by the transparent cyan
color in the twinning plane. Furthermore, when the
twinning shear reaches the interface between the matrix
and the ' precipitate, the movement of atoms towards
the precipitate should be accommodated by the basal
slip of the matrix near the precipitate/matrix inter-
face.l'”?3 It should also be noted that, the basal slip in
the matrix would also be impeded by the 8 precipitate,
thereby providing an opportunity for the shear to be
accommodated by basal slip inside the (1102) twin
instead of the parent matrix. Then the need for the
additional basal slip on a local scale around the
precipitate is likelg/ to increase the stress required to
form the twin."”*¥ It should be pointed out that the
schematic diagram in Figure 17, which was not drawn
to scale since the precipitates were larger than the hcp
unit cell of o-Mg matrix, illustrates only a trio of

METALLURGICAL AND MATERIALS TRANSACTIONS A



precipitates in a given grain, so that partial twinning in
the grain would be possible. As seen from Figure 3(c)
with a magnification of 30,000x, a large number of
uniformly dispersed triangular groups of plate-shaped f’
precipitates are present in a given grain in the present
GWI103K alloy, thus, the resistance to the formation of
twins in the GW103K alloy would be expected to be so
huge that almost no twinning would be possible and the
dislocation slip became a predominant deformation
mode as corroborated from the slip lines shown in
Figure 16. The occasionally appeared twins in a very
limited number of favorably oriented grains as indicated
in Figure 16(d) was attributed to the considerably (~4
times) larger grain size stemming from the solution
treatment at 773 K (500 °C) for 2 hours.

The above results and analyses indicate that both the
grain refinement and the presence of RE-rich precipi-
tates in the present GW103K alloy play a decisive role in
suppressing the occurrence of deformation twins, which
led to the reduction or elimination of the tension—
compression asymmetry (Figures 6 and 15) and the
resulting increase of fatigue life (Figure 9!'™). In short,
the addition of RE elements was able to influence
substantially the overall cyclic deformation behavior of
the GWI103K alloy (no matter in which states: as-
extruded condition or heat-treated conditions) via the
refinement of grains, the presence of RE-containing
precipitates, the relatively weaker crystallographic tex-
ture, and the suppression of twinning activities.

V. CONCLUSIONS

Strain-controlled low-cycle fatigue tests were con-
ducted on a RE containing GW103K alloy in the as-
extruded, T5 and T6 conditions under varying strain
amplitudes. The following conclusions can be drawn
from this investigation:

1. The grain size of the as-extruded GW103K alloy
was fairly small (about 12 ym) in comparison with
the RE-free extruded Mg alloys. The average grain
size increased to about 25 um after TS5 peak-aging
at 498 K (225 °C) for 16 hours. More obvious grain
growth (about 92 um, being almost four times lar-
ger than that after TS5 treatment) was observed in
the T6 state mainly due to the solution treatment at
773 K (500 °C) for 2 hours followed by the peak-
aging at 498 K (225 °C) for 16 hours.

2. RE-containing particles were present in the
GWI103K alloy in all the three conditions. After T6
heat treatment, the RE-containing particles con-
tained more Zr and had a more rounded shape. In
particular, a high density of nano-sized and bamboo-
leaf/plate-shaped " (Mg;(Gd,Y)) precipitates were
observed to distribute uniformly in the «-Mg matrix.

3. Unlike the RE-free extruded Mg alloys, the present
GWI03K alloy in different conditions exhibited
basically symmetrical hysteresis loops in tension
and compression, suggesting the lack of the tensile-
compressive yield asymmetry. This was predomi-
nantly attributed to (i) the grain refinement, (ii) the
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uniformly distributed large number of bamboo-leaf-
shaped f’ precipitates, and (iii) the weaker texture.

4. The as-extruded GW103K alloy exhibited cyclic sta-
bilization until failure up to a strain amplitude of
1.0 pct. In the TS5 and T6 states, cyclic stabilization
occurred up to a strain amplitude of 0.6 pct fol-
lowed by the slightly cyclic hardening from the
strain amplitude of 0.8 to 1.2 pct. Similar to the
yield strength and ultimate tensile strength, the
maximum and minimum peak stresses in the T35
and T6 conditions were much higher than that in
the as-extruded condition.

5. The fatigue life of the GW103K alloy in different
states was equivalent within the experimental scat-
ter, which was longer than that of the RE-free
extruded Mg alloys, and could be well described by
the Coffin—Manson law and Basquin’s equation.

6. SEM examinations revealed that fatigue cracks
initiated from the specimen surface or near-surface
defects in all the three alloy states, and the initia-
tion site contained some cleavage-like facets after
T6 heat treatment. Crack propagation was charac-
terized mainly by the typical fatigue striations.
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