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Abstract

The microstructural evolution of Mg—2.0Gd-1.2Y-1.0Zn-0.2Zr (GWZK) alloy during homogenization and subsequent
aging heat-treatment and the tensile properties of the peak-aged sample at various temperatures have been investigated. The
phase transformation during homogenization, static precipitation during aging, and deformation mechanisms at 250 °C are
systematically analyzed through XRD, TEM and EBSD measurements. The peak-aged GWZK alloy has good combination
of strength and ductility at elevated temperatures owing to its high thermal stability by the LPSO phases distributed along
the grain boundaries. The change (19 MPa) in the yield strength of peak-aged samples between RT and 250 °C is mainly
related to easy gliding of dislocations on the non-basal planes due to the decrease in critical resolved shear stress of slip.
Two strengthening models are applied to quantitatively describe the effect of { 112 0} precipitate plates on Orowan
strengthening corresponding to RT and 250 °C. Ignoring changes in solid solution strengthenixng and grain boundary strength-

ening of the peak-aged sample caused by increasing temperature, the calculated reduction value (16.5 MPa) in macroscopic
yield strength from RT (based on the basal < a > slip mode) to 250 °C (based on the pyramidal < c+a> slip mode) is in good

agreement with the measured reduction value (19 MPa).
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1 Introduction

Owing to the imperious demand for energy conservation and
emission reduction, magnesium and its alloys, which pos-
sess competitive features such as low density, high specific
strength, good damping capacity and excellent cast-ability
[1], have received strong research interest for applications to
various structural components of automobiles and aircrafts.
It is reported that the addition of rare earth (RE) elements to
magnesium can achieve high strength at room temperature.
Since the solubility of the RE elements drastically decreases
with decreasing temperature, these alloys show precipitation
hardening by aging treatment. However, the thermal stability
in terms of previously developed magnesium alloys is still
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inferior due to the fact that grain growth tends to occur at
elevated temperature.

Recently, the Mg—RE—Z7n alloys containing long period
stacking ordered (LPSO) phases have been considered as the
promising materials [2—4]. Among these LPSO phases, the
“bulk” interdendritic LPSO phases exhibit higher thermal
stability [5], elastic modulus [6, 7], and microhardness [8,
9] compared with the a-Mg matrix. In addition, the plas-
tic anisotropy of the block-shaped LPSO phases [10, 11],
which shows similarity to texture, plays an enhanced role
on strength, and deformation kinks of LPSO phase [11-13]
also contribute to the ductility to some extent. In contrast,
the strengthening effect of the thin-platelet LPSO phases
is much less than that of the “bulk” interdendritic LPSO
phases, since the building blocks of LPSO are aligned paral-
lel to the (0002), basal plane and provide poor barriers for
basal dislocations [14—16]. Therefore, LPSO phases with
different morphologies have significantly different effects
on mechanical properties. Hereafter, considerable reports
[17-23] have systematically studied the effects of LPSO
phases with different morphologies and distributions on
the mechanical properties in the room temperature, and
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general conclusions are as follows: (i) “bulk” interden-
dritic LPSO phases improve both strength and ductility;
(i) intragranular thin-platelet LPSO phases hardly improve
the strength; (iii) alternate distribution of lamellar-shaped
LPSO phase and a-Mg matrix increases the yield strength
but decreases the ductility. To sum up, the combination of
the a-Mg matrix and harder “bulk” interdendritic LPSO
phases may contribute to obtain good mechanical proper-
ties of Mg/LPSO alloys at both ambient and elevated tem-
peratures. Therefore, it is expected to develop a new type
of high-strength Mg—RE based alloy containing bulk LPSO
phase with a proper volume fraction. Yamada et al. [24]
investigated the effect of Zn addition on the mechanical
properties of the Mg—2.0Gd-1.2Y-0.2Zr alloy, and found
that 0.2% proof stress and tensile strength slightly decreases
while elongation remarkably increases with an addition
of Zn up to 1.0 at%. Honma et al. [25] reported that the
Mg—2.0Gd-1.2Y-1.0Zn-0.2Zr (at%) alloy with LPSO struc-
ture has both high strength and excellent ductility at room
temperature.

In the past, most studies on the mechanical properties of
magnesium alloys containing LPSO phases with different
morphologies focused on room temperature, but little atten-
tions have been paid to thermal stability of them at elevated
temperature. In this study, Mg-2.0Gd-1.2Y-1.0Zn-0.2Zr
alloy (at%) was subjected to solution and aging treatment
to obtain the combination microstructure of nanoscale pre-
cipitates and interdendritic LPSO phases. The mechani-
cal properties and thermal stability of peak-aged GWZK
alloy deformed in the range of RT to 250 °C were exam-
ined. The change in the yield strength of peak-aged
Mg—2.0Gd-1.2Y-1.0Zn-0.2Zr alloy was quantified by
model formula.

2 Experimental Procedures
2.1 Materials and Sample Preparation

An alloy ingot of composition
Mg-2.0Gd-1.2Y-1.0Zn-0.2Zr (at%) (denoted as GWZK
hereinafter) was prepared using semi-continuous cast by
melting high pure Mg (>99.9 wt%), Zn (>99.9 wt%),
Mg-20RE (RE=Gd, Y, wt%) and Mg-30Zr (wt%) master
alloys in an electric-resistant furnace under the protection
of mixture of CO, and SF¢ with the volume ratio of 99:1.
During the semi-continuous casting process, the ingot was
pulled down with a speed of 25 mm/min and the water
pressure working on the crystallizer was ~0.02 MPa. The
size of the obtained cast ingot was ® 250 mm X 600 mm
(diameter X length). Samples segmented from the ingot
were immersed into MgO powder and solution treated at
500 °C for 12 h, followed by quenching into warm water
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at~70 °C (denoted as T4 hereinafter), and then aged at
200 °C for different holding time ranging from 0 to 450 h.
Hardness values were obtained using a Vickers hardness
tester with a load of 5 kg. An average of ten measurements
was used to evaluate the hardness values and ensure the
accuracy and reliability of the acquired data.

2.2 Mechanical Testing

The mechanical properties of the GWZK alloy were evalu-
ated by performing tensile tests on cylindrical samples
with diameter 5 mm and gauge length 25 mm referenced
to standard GB/T 228.2-2015. The tensile tests were per-
formed using an Instron-type tester equipped with a heating
chamber at a constant strain rate of 5x 10~ 57!,

2.3 Microstructure and Deformation Mechanism
Analyses

The microstructure of the samples was observed by an opti-
cal microscope (Zeiss, Neophot-32), a scanning electron
microscope (Zeiss, Gemini500) equipped with an X-ray
energy-dispersive spectrometer (EDS) and a transmission
electron microscope (JEOL, JEM-2100Plus). The constitu-
ent phases in the alloy were examined by X-ray diffractom-
eter (XRD: X’Pert PRO with Cu K, radiation) operated at
40 kV and 40 mA, a relatively low scanning speed (4°/min)
was selected to scan from 20°to 90° in order to clearly dis-
tinguish tiny peaks via increased signal/noise ratio. The vol-
ume fraction of secondary phase was measured by Image-J
software based on gray contrast, and the grain size in the
alloys was measured by the liner intercept method in OM
observation. As-cast and solution-treated samples were pol-
ished mechanically and then etched for 4-10 s in 4% nitric
acid and in a solution of 5 g picric acid, 5 ml acetic acid,
10 ml water, 100 ml ethyl alcohol for microstructure obser-
vation, respectively. All samples for transmission electron
microscopy (TEM) were cut into 0.8 mm thick slices using
an electric-discharge machine. Discs 3 mm in diameter
were punched from these slices, ground to a thickness of
80-100 pm, and then twin-jet electro-polished in a solution
of 5.3 g lithium chloride, 11.2 g magnesium perchlorate,
500 ml methanol and 100 ml 2-butoxyethanol at~50 °C and
20-30 mA. Lastly, low energy beam ion thinning was car-
ried out in order to eliminate the fine oxide film formed on
the surface during electrolytic polishing. Microstructural
data were collected using EBSD, which was performed in
beam-control mode using SU3500 scanning electron micro-
scope equipped with an Oxford Instruments-HKL Channel
5 EBSD system. Representative regions were mapped using
a step size of 0.25 pm.
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3 Results and Discussion

3.1 Microstructure and Composition in the As-cast
and Solution-treated Conditions

Figure 1a, b show the SEM-BSE micrograph and EDS
mapping of the as-cast GWZK alloy, respectively. The
microstructure of as-cast alloy consists of the primary
a-Mg phase and eutectics formed in the interdendritic
region. By analysis of EDS in the SEM mode (Fig. le), the

composition of a-Mg matrix in as-cast condition is deter-
mined to be Mg—0.53Gd (at%). Figure 1b shows the con-
centration distribution of eutectic, which illustrates that
the eutectic is composed of a-Mg phase and § phase [26]
displaying a fishbone-like shape. The f phase in eutectic is
rich in Gd, Y, and Zn elements. EDS in SEM mode analy-
sis (Fig. le) reveals that the composition of fishbone-like f§
phase is Mg—18.44Gd-7.39Y-6.79Zn (at%) whose atomic
ratio is close to (Mg, Zn);RE phase. Figure 2 shows the
XRD pattern of the GWZK alloy. Only two phases desig-
nated as a-Mg and (Mg, Zn);RE can be recognized from
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Fig.1 a SEM-BSE image and b EDS mapping of the as-cast GWZK
alloy; ¢ optical micrograph SEM-BSE image of the solution-treated
GWZK alloy; d enlarged SEM-BSE image of red rectangular region

T4

in ¢; e EDS analysis on solute concenteation in the interdendritic
region and a-Mg matrix before and after solution treatment

@ Springer



1972 Metals and Materials International (2021) 27:1969-1979
120
—0— Mg-2.0Gd-1.2Y-1.0Zn-0.2Zr
+ a-Mg 110
| v LPSO ] { ,i*:}\i_%\ {
- # (Mg, Zn),RE %—
3 ’ - ((:ugoid )3hase . }/ \%\
% ' P Solution-treated S }/}/ (}\
= v 3 o ] %
[ A I ¢ ¢ . § % ,i N
H L " 'y * * 0 e ] )
2 F Tensile properties of GWZK alloy at RT
£ £ 804
TN Temper TYS (MPa) UTS (MPa) EL (%)
bR As-cast T4 (0 h) 149 283 20.6
70 - T6 (100 h) 244 330 7.1
T * * * s ol o ¢ ¢ &
T T T T T T T T T T T T T 60 1 . r - 1 1 1 T 1T ° 1T
20 30 40 50 60 70 80 90 0 50 100 150 200 250 300 350 400

20 (Degree)

Fig.2 XRD patterns of GWZK alloy in the as-cast and solution-
treated conditions

the as-cast results. Combining the EDS with XRD results,
the fishbone-like B phase may be regarded as (Mg, Zn);RE.
This finding is also in agreement with the investigation of
Yin et al. [27]. The average grain size is 51.6 pm.

Figure Ic, d show the SEM-BSE micrographs of the
solution-treated GWZK alloy. The SEM-BSE micrographs
show that a solid phase transformation occurs in the inter-
dendritic region from as-cast to solution-treated condition,
i.e., (Mg, Zn);RE can be transformed into LPSO phase when
both the composition and stacking orders are satisfied. The
solid phase transformation can also be inferred from the
disappearance of diffraction peaks of (Mg, Zn);RE and the
emergence of diffraction peaks of LPSO phase [28] in the
Fig. 2. Moreover, chemical analysis by EDS reveals that the
composition of a-Mg matrix in solution-treated condition
is Mg—1.64Gd-0.1Y (at%) whose Gd atomic concentration
is greater than that of as-cast matrix. It can be speculated
that the increase of Gd atomic concentration is derived from
the diffusion of solute atoms of p phase. Therefore, it can
be concluded that a part of the § phase is dissolved into
the a-Mg matrix to form supersaturated solid solution, and
the remaining part is transformed into the interdendritic
LPSO phase. The volume fraction (Vf) of interdendritic
LPSO phase is approximately 20.9%. In addition, profuse
of cuboid-shaped phases embedded within interdendritic
LPSO phases (marked by white arrowheads) can also be
observed from Fig. 2d. The average grain size of solution-
treated sample is 52.3 pm.

3.2 Age-Hardening Behavior and Precipitation in T6
Sample

The aging behavior of the GWZK alloy at 200 °C was
investigated by a hardness measurement. And the
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Fig.3 Age-hardening curve of the GWZK alloy at 200 °C

age-hardening curve for the GWZK alloy is shown in
Fig. 3. The age-hardening curve displays a trend that with
the increasing holding time, the hardness increases rapidly
and then reachs the peak hardness after aging at 200 °C
for 100 h (denoted as T6 hereinafter). Further aging led
to a slow decrease in the hardness. The Vickers hardness
of GWZK alloy in T6 condition (102.6 HV) is 31.3 HV
higher than that of GWZK alloy in T4 condition (71.3
HYV). Hence, 100 h is regarded as the optimal aging time.
The tensile properties of GWZK alloy at room tempera-
ture are embedded in Fig. 3. Signficant improvement of
ultimate tensile strength (UTS) and tensile yield strength
(TYS) are observed from T4 to T6 condition, by 47 and
95 MPa, respectively, but the elongation is greatly reduced
from 20.6% in T4 condition to 7.1% in T6 condition. In
order to correlate the aging response with the microstruc-
tures, the structures of peak-aged GWZK alloy are inves-
tigated by TEM.

Figure 4 shows the TEM bright-field micrographs and
corresponding selected area electron diffraction (SAED)
patterns of peak-aged GWZK alloy with the incident elec-
tron beam parallel to [0001], [OliO]a and [ZHO]a zone
axis. Being observed along [0001], zone axis, the cross-
sectional shape of the precipitates (marked by black arrow-
head) shown in Fig. 4a looks like bamboo leaf. In the cor-
responding SAED pattern, there are extra diffraction spots
at1/4[0110] ,1/2[0110] ,and 3/4[0110] , which is con-
sistent with the precipitate with the cbco structure.
Accordingly, precipitates are identified to be ' phase [29,
30] by SAED patterns. The orientation relationship
implied by SAED is such that [001],//[0001],, (100),
//(2110)(1, and the unit cell parameters are a =2 X
ay, =0.64 nm, b=8xd (1010), = 2.28 nm, c=cy,=
0.52 nm [31]. Being viewed along [0110] _and [2110] _axis
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Fig.4 TEM bright-field/
HRTEM images and cor-
responding SAED patterns
of precipitates within the
a-Mg matrix observed along
a,b[0001],, ¢[0110] and d
[21 10] respectively

zone, the precipitates show black strain contrast whose
long axes point to [0002],. From the observations on the
[0001], and [21 10] , Zone axes, the three-dimensional mor-
phology and distribution of B’ phase resembles a convex

lens formed on{ 11 2 0 ; prismatic plane in a dense tri-

angular arrangement, and lateral spreading along (0110),
directions in [0001], projection and vertical spreading
along (0001), in [OIIO]a projection. In addition, rhombic-
shaped precipitate marked by red arrowhead in Fig. 4a is
also confirmed in the necking of the B’ phase. Local
enlarged HRTEM image is shown in Fig. 4b. This phase
is denoted as f; phase following Honma’s work [25]. The
formation of the f; phase may be attributed to strain relax-
ation around the p' phase. Hence, it is concluded that the
high hardness is mainly achieved through simultaneous
precipitation of the B’ and P, phases during aging treat-
ment. The structural parameters of the combination of f’
and B, phases measured from multiple TEM bright-field
images are 45.2 nm in diameter (D) and 6.3 nm in thick-
ness (T). The volume fraction of precipitates (f,) is calcu-
lated [32] to be 0.97%. The average grain size of peak-aged
sample is 52.6 pm. It can be found that the change in grain
size is negligible during the entire heat treatment process,

which suggests that the interdendritic LPSO phase can
provide a strong pinning effect on grain growth at elevated
temperature to keep grain boundary strengthening fixed.

3.3 Thermal Stability in Terms of Mechanical
Properties for Peak-aged Samples

Figure 5 shows the stress—strain curves and mechanical
properties of peak-aged samples subjected to tensile load-
ing in the range of RT to 250 °C. At RT, the ultimate tensile
strength, tensile yield strength and elongation of the peak-
aged sample are 330 MPa, 244 MPa and 7.1%, respectively.
When enhancing the temperature from RT to 250 °C, the
ultimate tensile strength and tensile yield strength of the
peak-aged samples decline gradually. Contrarily, the elonga-
tion improves remarkably, particularly at 250 °C. The peak-
aged sample still shows a good combination of strength and
elongation at 250 °C, its ultimate tensile strength, tensile
yield strength and elongation are 293 MPa, 225 MPa and
16.8%, respectively. Even enhancing the test temperature
to 250 °C, the reduction in tensile yield strength is also as
low as 19 MPa, which indicates that the peak-aged GWZK
alloy possesses extremely high thermal stability in terms of
mechanical properties.

@ Springer



Metals and Materials International (2021) 27:1969-1979

1974
(a) 400
350
£ 200 — -
- M
2 250
e
»
= 200 +4
3
£ 1504
=4 — RT
w —100C
100 150 C
200 C
50 < 250 C
o T T T T T T T LJ T
0 2 4 6 8 10 12 14 16 18 20
Engineering strain (%)
(b) s00 20
LTYs
V4 Elongation 168 b
a00d EXJuts %
. 115
©
& i"i‘l 318 326 201128 ~
E 300 i ,_47 2;9_1! .%
4 244) 23 V77 ﬂ g
» 8 235 227 224 10 a
2 8.1 e
& 200 74 77 o
G % w
-
N% -5
100 - // %
o T T / L} / T T o
RT 100°C 150 °C 200°C 250 °C

Fig.5 a Stress—strain curves and b mechanical properties of peak-
aged sample subjected to tensile loading in the range of RT to 250 °C

3.4 Deformation Mechanism in a-Mg Matrix

Figure 6a shows bright-field micrograph of the disloca-
tion structure in peak-aged sample after uniaxial tension
at 250 °C to 3%-strain observed along [2110]  zone axis.
The main feature is that there are two sets of dislocation
pile-up groups (marked by white arrowheads) at the inter-
face between the interdendritic LPSO phase and a-Mg
matrix. Figure 6b shows two-beam dark-field micrograph
of a local enlargement in Fig. 6a viewed [2110]  zone axis
using g = 0002, diffracting vector. From the visibility
criterion analysis, the two sets of dislocations are deter-
mined to be < ¢+ a> dislocation. The interface between the
interdendritic LPSO phase and a-Mg grain can effectively
pinning dislocation since there are structural and chemi-
cal differences between the LPSO phase and a-Mg solid
solution [12]. Figure 6¢ and d show two-beam bright-field
and dark-field micrographs of the dislocation structure in
peak-aged GWZK alloy after uniaxial tension at 250 °C
to 16.8%-strain viewed using g = 0002, diffracting vector
along [ZHO]a zone axis, the field of vision is the interior
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of a-Mg matrix. In Fig. 6¢ to Fig. 6d, dislocations visible
under g = 0002, diffraction vector are < ¢+ a > dislocations
based on two-beam g « b = 0 visibility analysis, the insets
show the corresponding crystallographic plane traces iden-
tified using diffraction analysis, enabling determination of
the crystal planes of the observed < ¢+ a> dislocations. The
dashed lines indicate that < ¢ +a > dislocation segments are
lying on basal and pyramidal planes, and < ¢ +a > disloca-
tions change from pyramidal plane to basal planes.

Figure 7a and b show the band contrast picture and IPF
map of peak-aged sample from the longitudinal section
along the tensile direction after uniaxial tension to 3%-strain
at 250 °C. The deformation twinning [33—35], which is the
predominant deformation mechanism to accommodate the
strain along < ¢ > direction, is hardly observed. Figure 7c
shows IPF map of the longitudinal section near the tensile
fracture surface of peak-aged sample after uniaxial tension
to 16.8%-strain at 250 °C. The section is divided into a-Mg
matrix and white region subsections. The regions with white
contrasts in the IPF correspond to the interdendritic LPSO
phase that cannot be identified. Color graduation represent-
ing the accumulation of dislocations is observed within indi-
vidual a-Mg grain. In addition, deformation twins can also
be seen in several grains. Figure 7e shows the frequency
distribution of misorientation angle in 16.8%-strain sample.
Rotation axis distribution corresponding to misorientation
angle in the range of 80° and 90° is inserted in the Fig. 7e.
According to previous results [36], it can be confirmed
that the rotation axis concentrating around the (1210) is
caused by the {1012} (86° (1210)) tension twinning. Mul-
tiple {1012} twin variants and their mutual intersections
are observed. Consequently, < ¢ +a> pyramidal slip is the
dominant deformation mechanism in the a-Mg matrix when
deformation is at 250 °C. The activation of non-basal slip
systems at 250 °C facilitates the grain deformability, result-
ing in high elongation. And the tendency of tension twinning
increases with increasing plastic deformation. The tension
twinning can act a supplementary mechanism to accommo-
date strain along < ¢ > direction and re-orientate the crystals
to further promote the slip of dislocations. Figure 7d shows
kernel average misorientation map of the same area. The
green contrast characterizing the degree of plastic deforma-
tion is mostly observed at the interface between interden-
dritic LPSO phase and a-Mg matrix, which means that the
dislocation density here is higher than that of the interior of
o-Mg. This is consistent with dislocation pile-up in Fig. 6a.

3.5 Analysis of the Variation in Yield Strength

Given the distribution of interdendritic LPSO phases along
grain boundaries, it can be assumed that the three-dimensional
structure formed by the harder LPSO phase can be consid-
ered a strong skeleton, which can improve the ability to resist
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Fig.6 a Two-beam bright-field
micrograph and b local enlarged
dark-field micrograph in a of
the dislocation structure in
peak-aged sample after uniaxial
tension at 250 °C to 3%-strain
observed along [2110]  zone
axis, the field of vision is the
interface between the interden-
dritic LPSO phase and a-Mg
matrix; ¢ two-beam bright-field
micrograph and d dark-
micrograph of the dislocation
structure in peak-aged GWZK
alloy after uniaxial tension at
250 °C to 3%-strain observed
along [2110] _ zone axis, the
field of vision is the interior of
a-Mg matrix

tensile stress. Therefore, the interdendritic LPSO phases act as
a strong reinforcing component in peak-aged Mg/LPSO alloy.
The yield strength of interdendritic LPSO reinforced compos-
ites is estimated by the following equations:

0, = GpsoVy +0,(1 = Vy) (1)

!
O-M = Ogs + 0GB + O Orowan (2)

Here o, is macroscopic yield strength of this compos-
ite-like Mg/LPSO alloy, o, ¢, is an equivalent stress that
the reinforcing phase bears upon yielding in the compos-
ite, V(= 20.9%) is the volume fraction of the interdendritic
LPSO phase, O'z/w is a gross stress including o4 (solid solu-
tion strengthening), o (grain boundary strengthening) and
O orowan (OrOWan strengthening). The Orowan equation gives
the strength contribution produced by the need for disloca-

tions to by-pass obstacles:

MGb d,

In — 3
274, "o )

=M-At =

O 0rowan
1—-v

where M is the average Taylor factor; Az is the increment in
the critical resolved shear stress (CRSS) due to dispersion

strengthening; G(=17.2 GPa) the shear modulus of the
matrix; b the magnitude of the Burgers vector of the slip
dislocations; ﬂp is the effective inter-particle; v (=0.35) the
Poisson’s ratio; r, is the dislocation core radius. In this work,
precipitates in the peak-aged GWZK alloy are formed on

{ 112 0} prismatic plane, so it can prevent both <a > dis-

location gliding on basal plane at RT and < c+a> disloca-
tion gliding on non-basal plane at 250 °C. Nie et al. [15] and
Wang et al. [36] build strengthening model:

Gb 0.886/DT
At = -In
,
271 — v(0.825, /% —0.393D — 0.886T) 0
B
“4)
and
Gb 1.0384/DT
AT = -In
’
271 — v(0.935‘ /%T —0.386D — 1.991T) 0
o
)]

to predict the increment in the CRSS of < a> dislocation
gliding on basal plane {0001} (corresponding to the defor-
mation mechanism at RT) [36] and < ¢+ a> dislocation
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Fig.7 a EBSD-Kikuchi band contrast and b IPF maps of the longitu-
dinal sections of peak-aged sample after uniaxial tension to 3%-strain
at 250 °C; ¢ IPF and d kernel average misorientation maps of the lon-
gitudinal sections near the fracture surface of peak-aged sample after

gliding on pyramidal plane {11 2 2}, respectively. Kim
et al. [37] reported that the basal < a> slip is dominant defor-
mation mechanism in a-Mg matrix with random orientation
at RT, hence, b the magnitude of the Burgers vector
of <a> dislocation is 0.32 nm, and 1, is equal to the value of
b [38]. Taylor factor M is~4.5 [39, 40] with a domi-
nant < a > slip. For activated < c+a > slip at 250 °C, b the
magnitude of the Burgers vector of the < c+a> dislocation
is 0.61 nm and r;, is 0.83 nm [41], Taylor factor M with a
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uniaxial tension to 16.8%-strain at 250 °C; e misorientation angle dis-
tribution in ¢; The insert in e indicate the distribution of misorienta-
tion rotation axis for 80-90°

dominant <c+a>slip is~2.85. Owing to the short test time,
the change in diameter D, thickness T and volume fraction
J, of B’ phase can be negligible. Substitute the structural
parameters of the peak aging GWZK alloy (summarized in
Table 1) into Egs. (4) and (5) and then multiply by the cor-
responding Taylor factor M to calculate the precipitation
strengthening values of basal and pyramidal slip modes,
respectively. The calculated precipitation strengthening val-
ues of peak-aged samples deformed at RT and 250 °C are
159.3 and 138.5 MPa, respectively.
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Table 1 Structural parameters of GWZK alloy in the peak-aged condition (D, T, and f, represents the average diameter, thickness and volume

fraction of the combination of ' and f; phases)

Dislocaton type D (nm) T (nm) S (%) b (nm) T (nm) M G orowan MMPa)
<a> 45.2 6.3 0.97 0.32 0.32 4.5 159.3
<c+a> 0.61 0.83 2.85 138.5

Assuming that the changes in oy and osp are zero
between RT and 250 °C, the change in macroscopic yield
strength with temperature change can be simplified as:

AO'y = [ELPSOVf + (GGB tog5 + O-Orowan) (1 - Vf)]R -

[ELPSOVf + (GGB + o055+ UOrowan) (1 - Vf)]E

3.6 Fracture Behavior of Peak-aged Sample

Figure 8a shows the fractography of peak-aged GWZK alloy

(6)

= I:ELPSOVf]R - I:ELPSOVf]E + 16.5MPa

where R and E represents room and elevated temperature,
respectively. According to Hagihara et al. [10], the tem-
perature dependence of the yield stress of interdendritic
LPSO phase is negligible, so that not interdendritic LPSO
phase but precipitates formed during peak aging influence
the yield strength change with temperature change, i.e.,
[ELPSOVf] R [ELPSOVf] 5 is equal to zero. Accordingly, the
calculated change in macroscopic yield strength between
RT and 250 °C (Ag,) for peak-aged GWZK alloy is approxi-
mately equal to 16.5 MPa, which is in good agreement with
the measured change (19 MPa).

Fig.8 a, bTypical fracture
surfaces and ¢, d correspond-
ing longitudinal cross sections
near the fracture surface of
peak-aged GWZK alloy tested
at 250 °C

Secondary crack

\ Cuboid-shaped phase

LPSO phase

tested at 250 °C. The peak-aged sample exhibits the ductile
fracture features of dimples and tear ridges together with the
brittle fracture features of some cleavage planes and steps,
as shown in Fig. 8a, which is in accordance with its high
elongation of 16.8%. Consequently, the fracture mechanism
of peak-aged GWZK alloy tested at 250 °C should be a mix-
ture of ductile and brittle fracture. In addition, some large
dimples containing cracked particles shown in Fig. 8b are
also observed. The EDS analyses on the cracked particles
confirm that they are cuboid-shaped phases containing RE
element. The cracked cuboid-shaped phases surrounded
by large and deep dimples suggests that they are actively
involved in damage initiation and fracture process.

»Micro-crack
/ ? -
Cracked cuboid-shaped phase
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Figure 8c and d show the longitudinal cross sections
near the tensile fracture surface of peak-aged GWZK alloy
tested at 250 °C. It can be seen that the secondary crack
occurs within the interdendritic LPSO phase (Fig. 8c).
Meanwhile, several cracked cuboid-shaped phases are
observed in the interior of secondary crack. Figure 8d
shows that a microcrack initiates in the cuboid-shaped
phase, and the crack tip has propagated into the inter-
dendritic LPSO phase. Therefore, it can been concluded
that the brittle cuboid-shaped phase is the main cracking
source during deformation at 250 °C.

4 Conclusions

In this study, we comprehensively analyze the microstruc-
ture evolution, mechanical properties, deformation mecha-
nism, thermal stability and fracture behavior of peak-aged
GWZK alloy. The results can be summarized as follows:

1. After solution treatment, part of (Mg, Zn);RE phases is
dissolved into the matrix to form supersaturated solid
solution, and the remaining part of them is transformed
into interdendritic LPSO phase with a volume fraction
of 20.9% and cuboid-shaped phases. The high hardness
of the peak-aged sample is mainly attributed to the con-
current irecipitation of p’ and B, phases formed on the
{1120

2. The peak-aged sample exhibits a tensile yield strength
of 244 MPa and elongation of 7.1% at RT, while a ten-
sile yield strength of 225 MPa and elongation of 16.8%
at 250 °C. The yield strength loss caused by increas-
ing temperature is only 19 MPa. The excellent thermal
stability in terms of mechanical properties is related to
interdendritic LPSO phase (restricting grain growth and
acting as a stable reinforcement phase), intragranular '
and f, phases.

3. For peak-aged sample tensile tested at 250 °C, the defor-
mation mechanism of a-Mg matrix is < ¢ +a> pyramidal
slip during initial plastic deformation. In the subsequent
plastic deformation, tension twinning acting another
deformation mechanism gradually appears and re-ori-
ents the crystals.

4. The precipitation strengthening value of peak-aged sam-
ples tested at RT and 250 °C is calculated to be 159.3
(based on the basal < a>slip mode) and 138.5 MPa
(based on the pyramidal < c+a> slip mode), respec-
tively. The calculated reduction value in macroscopic
yield strength (16.5 MPa) is in good agreement with the
measured reduction value (19 MPa).

prismatic plane during aging treatment.
a
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