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This work investigates the compressive deformation behavior of as-extruded Mg-6Gd-1.6Y
—1Zn-0.4Zr (VZ61) and Mg-6Gd-4.8Y—3Zn-0.4Zr (VZ63) alloys via uniaxial compressive tests
at various deformation temperatures. At room temperature, compared with the VZ61 alloy,
the compressive yield strength of the VZ63 alloy were obviously enhanced due to its
increased amount of LPSO phase. Both alloys exhibited a three-stage strain hardening
feature. The strain hardening rate first sharply decreases (stage I), then continues to in-
crease at a slower rate (stage II) and finally decreases (stage III). At stage III, a larger number
of dislocation accumulation around the kinked LPSO phase resulted in a higher strain
hardening rate for VZ63 alloy than that for VZ61 alloy. During high temperature
compression, the true stress—strain curves showed that the flow stress gradually reduced
with increasing temperature and also the reducing of strain rate, and the VZ63 alloy dis-
played a higher peak stress than VZ61 alloy. Constitutive equations were constructed
based on the true stress—strain to better understand the relation among flow tress (o),

strain rate (¢) and deformation temperature (T) in VZ alloys during hot deformation. The
results showed that the VZ63 alloy had a lower deformation activation energy (Q = 255.6 kJ/
mol) than VZ61 alloy (Q = 395.5 kJ/mol). The DRX kinetic models of the VZ61 and VZ63
alloys were also established, indicating that the VZ63 alloy was more prone to DRX with a
higher volume fraction of dynamically recrystallized grains (XDRX) at the same deforma-
tion conditions.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Magnesium (Mg) alloys are widely used due to their low den-
sity and excellent specific properties, which are regarded as
ideal engineering materials [1,2]. Nevertheless, application
fields of Mg alloys are enormously limited due to their poor
strength, ductility and formability at room and high temper-
ature [3,4]. Some important efforts were devoted to overcome
these limitations by such processing techniques as plastic
deformation and alloying [5—7]. For example, extrusion or hot
rolling can effectively eliminate casting defects and refine
microstructure, and enhance the strength of Mg alloys [8,9].
These plastic deformation technologies can also control the
texture of Mg alloys to improve the ductility and the stretch
formability [9]. In addition, the addition of alloy elements,
especially rare-earth (RE) elements, was a promising way to
improve the mechanical properties of Mg alloys by precipitate
strengthening, changing the basal texture [10,11]. Among all
kinds of Mg-RE alloys, Mg—Gd/Y—Zn alloys have drawn
extensive attention due to their good mechanical properties at
room temperature [12—15]. Generally, the phases formed in
the Mg—Gd/Y—Zn alloys can be classified into three types
based on their structures [16,17]:

¢ long-period stacking ordered (LPSO) phase,
e cubic phase (W phase, MgzZn3Y,), and
e icosahedral quasi-crystal phase (I phase, Mgs;ZngY5).

Among them, LPSO phase can strengthen Mg alloys more
effectively, since it exhibits greater hardness, elastic modulus
and thermal stability [18—20]. Moreover, it can improve critical
resolved shear stress (CRSS) of basal slip, produce
deformation-kinking and influence DRX process. All of these
play a major role in enhancing the mechanical properties of
LPSO-containing Mg alloys [21—25]. Wang et al. [26] prepared
Mg-8.8Gd-3.4Y—-1Zn-0.8Mn (wt. %) alloy sheets with a yield
strength of 318 MPa and ultimate strength of 434 MPa using a
large-strain high-efficiency rolling process. Yamasaki et al.
[27] developed an extruded MgqssZn,;Gd, s (at.%) alloy with
highly dispersed LPSO phase possessing excellent yield
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Fig. 1 — XRD patterns of VZ61 and VZ63 alloy.

strength of 345 MPa and elongation of 6.9%. The Mgy;Zn, Y, (at.
%) alloy with a yield strength (TYS) of 610 MPa and elongation
(EL) of 5% at room temperature was prepared by a rapidly
solidified powder metallurgy process. Its high yield strength
was related to the lamellar LPSO phase and nano grains [28].
Although the production of LPSO phase is beneficial for the
enhanced mechanical properties of Mg alloys [29], to the best
of our knowledge, there is still lack of a systematical study on
the influence of LPSO fraction on compressive deformation at
room temperature.

In addition to good room temperature mechanical prop-
erties, modern industrial applications also require high tem-
perature mechanical properties of materials. Unfortunately,
Mg alloys are prone to softening at elevated temperatures due
to their DRX propensity, activation of non-basal slip and un-
stable microstructure [30—32]. AZ91D, AM50A and AM60B al-
loys do not have sufficient strength above 125 °C for certain
industrial applications [33]. The second phases in such alloys
have a low thermal stability [31,34]. In contrast, the strength of
LPSO-containing Mg alloys at high temperatures is much
higher than that of commercial Mg alloys [35,36]. Moreover,
Mg alloys containing LPSO phase displayed an outstanding
deformability up to 60% of maximum compression strain at
high temperatures, which was attributed to the combinative
effects of kinked LPSO phase and other deformation mecha-
nisms [25,37]. Considering these advantages, further investi-
gation on the effects of LPSO phase on the hot deformation of
magnesium alloys was performed. Li et al. [24] developed the
Mg-Gd-Zn alloys with LPSO phase and investigated their hot
deformation and DRX behavior, indicating that the flow stress
reduced with increasing the deformation temperature and
decreasing strain rate due to DRX softening. Furthermore,
they also found that large angle kink band boundaries induced
DRX, while the LPSO phase impeded the occurrence of DRX.
Chen et al. [38] investigated the microstructural evolution of
Mg—Y—Zn alloy by focusing on DRX under different defor-
mation conditions. The results showed that kinked areas
could act as the nucleation sites for initial DRX. The boundary
migration of DRX grains could be pinned by the LPSO phase.
However, until now, it is not clear how the fraction of LPSO
phase affects the DRX and flow stress of Mg alloys. Further
identification of the relationship between the flow behavior of
LPSO-containing Mg alloys and deformation parameters such
as temperature and stain rate is required. In this work, the
effects of the LPSO phase fraction on the compressive defor-
mation behavior for Mg-6Gd-1.6Y—Zn-0.4Zr and Mg-6Gd-
4.8Y—3Zn-0.4Zr alloys at various temperatures is investigated
using uniaxial compressive tests. A constitutive equation and
the DRX kinetic model is established according to the data
analysis of hot deformation.

2. Experimental

Commercially pure Mg (99.8 wt%), Mg-30Gd (wt. %), Mg—30Y
(wt. %), pure Zn and pure Zr were used to prepare the ingots of
Mg-6Gd-1.6Y—Zn-0.4Zr (VZ61 alloy) and Mg-6Gd-4.8Y—3Zn-
0.4Zr (VZ63 alloy). These master alloys were put into a crucible
(2 90 x 270 mm) and melted using a vacuum induction furnace
under the protection of Ar gas. The as-cast ingots were cut
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Fig. 2 — SEM micrographs of VZ61 alloy (a) and VZ63 alloy (b). Bright-field TEM micrographs with corresponding SAED
patterns of thin-platelet LPSO phase (c) and block LPSO phase (d).
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Fig. 3 — EBSD inverse pole figures and texture of as-extruded VZ series alloys: (a) and (c) VZ61 alloy, (b) and (d) VZ63 alloy, (c)
unrecrystallized regions in VZ61 alloy, (d) unrecrystallized regions in VZ63 alloy.
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Fig. 4 — True compressive stress—strain (a) and strain-hardening (b) curves for the as-extruded samples.

into cylindrical specimens (e 80 x 60 mm), and then homog-
enized at 540 °C for 4 h for subsequent extrusion. The extru-
sion process was carried out at 430 °C on a XJ-500 Horizontal
Extrusion Machine with an extrusion ratio of 10:1. Compres-
sive samples cut from extrusion bars were machined into a
diameter of 8 mm and a gauge length of 12 mm. Room-
temperature compressive tests were carried out on a
CMT5105 material testing machine with a strain rate of 1073
s~ 1. Hot compressive tests were carried out at 250 °C, 300 °C,
and 350 °C on Gleeble-3500D thermal simulation testing ma-
chine. The strain rates were set as 0.001 s~ %, 0.01 s * and 0.1
s, respectively. A Rigaku D/MAX-2500PC X-ray diffractom-
eter (XRD) was used to identify secondary phases and analyze
macro texture. The microstructures of alloys were character-
ized by a scanning electron microcopy (SEM, JEOL JSM-7800F
FEG) and a transmission electron microscopy (TEM, JEM-
2100). Specimens for SEM were etched in a mixture of a 5 ml
acetic acid, 10 ml water and 50 ml ethanol with picric acid
added to saturation for about 30 s. Electron back-scatter
diffraction (EBSD) data were also obtained by SEM equipped
with the HKL EBSD system. The step size for the specimens
before and after deformation were 1 um and 0.6 pm, respec-
tively. The samples for EBSD were polished by a Gatan II
ion + II 697 argon ion instrument. Thin foil samples for TEM
were ion-beam thinned using a Gatan 695 Ion Polishing Sys-
tem at —70°C for 1.5-2 h. The ion beam energy and angle were
first 6 keV and 6°, respectively, and then adjusted to 2 keV and
2° after producing a small hole.

3. Results and discussion
3.1. Compression behavior at room temperature
3.1.1. Microstructure characterizations

Figure 1 displays the XRD patterns of extruded VZ series al-
loys. Both of the extruded VZ61 and VZ63 alloys include the o-
Mg and LPSO phase. Figure 2 exhibits the microstructures of
extruded VZ alloys. In Fig. 2a and b, the grayish white phases
are distributed along ED in the «-Mg matrix. With the increase
of Zn content, the volume fraction of these phases increases.
Combined with XRD results, these particles were identified as
LPSO phases including two kinds of microscopic morphology:

thin-platelet LPSO phase and block LPSO phase. The volume
fraction of block LPSO phases is much higher than that of thin-
platelet ones, especially for the VZ63 alloy. The TEM images
with the corresponding SAED patterns in Fig. 2c-e indicate
that the thin-platelet LPSO phase has 18R structure (Fig. 2c)
and the block LPSO phase has 14H structure (Fig. 2d). Addi-
tionally, few cuboidal particles were observed in the alloys.

Based on the EBSD results (Fig. 3), both of the extruded
VZ61 (Fig. 3a and c) and VZ63 alloys (Fig. 3b and d) exhibit a
classic bimodal grain structure with fine dynamic recrystal-
lized (DRXed) grains and large deformed grains elongated
along the extrusion direction (ED). The size of DRXed grains is
nearly 5 pm and hardly changes with increasing Zn content.
However, the volume fraction of un-DRX area increases from
5.6% for the VZ61 alloy to 27.2% for the VZ63 alloy. In addition,
both of the extruded VZ61 and VZ63 alloys show a typical fiber
texture with c-axis perpendicular to ED. They have the similar
maximum pole intensity. Compared with the VZ63 alloy, the
extruded VZ61 alloy has fewer deformed grains, as showni in
Fig. 3c and d. Thus, the extruded VZ61 alloy displays more
random grain orientation than the extruded VZ63 alloy, which
is related to its high DRX fraction.

3.1.2. Compressive stress—strain behavior

Figure 4a presents the true compressive stress—strain curves
of extruded VZ series alloys at room temperature. Their
corresponding compressive properties consisting of ultimate
compressive strength (oycs), compressive yield strength
(00.2), elongation-to-failure (¢f) and uniform strain (e;) are
listed in Table 1. With increasing Zn content, the compres-
sive strength and yield strength are improved from ~ 548 to ~
648 MPa and from ~ 219 to ~ 348 MPa, respectively, while their
elongation-to-fracture remains similar. As is known, the

Table 1 — Ultimate compressive strength (cycs),
compressive yield strength (o ,), elongation-to-failure (g)

and uniform strain (g;) of the as-extruded VZ series
alloys.

Alloy aucs (MPa) g0.2 (MPa) ef (%) €p (%)
Vz61l 548 219 18.7 14.0
VZe63 648 348 18.5 13.2
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Fig. 5 — SEM-BSE micrographs of as-extruded VZ alloys after compressive deformation at room temperature: ¢ = 7%, (a)

VZ61, (c) VZ63; ¢ = 14%, (b) VZ61, (d) VZ63.

strength of alloys can be improved if the dislocation move-
ment is hindered. Figure 5 shows the SEM-BSE (Backscat-
tering) of extruded VZ alloys subjected to the deformation
with compressive strains of 7% and 14% at room tempera-
ture. With the increase of deformation, the LPSO phase
began to have a clear kink deformation form, marked by cyan
ellipses. As shown in Fig. 6, numerous dislocations (marked
by blue line frame) are accumulated around the kinked LPSO
phases, demonstrating that the kink boundaries can hinder
dislocation movement, thereby leading to the significant
increase in the strength of VZ63 alloy with more LPSO phase.

The strain hardening behaviors of extruded VZ alloys are
described by the strain hardening rate 6 [39,40]:

0=do/de (1)

Where o and ¢ are the true stress and plastic strain,
respectively.

Figure 4b shows the strain-hardening curves of extruded
VZ alloys during compression at room temperature. The
whole compression process mainly includes three different
stages that are referred to as I, II and IIl. Stage I, at the
beginning of compression, displays a sharp decrease in the
strain hardening rate, which is owing to a short elastoplastic
transition. Then, at stage II, the strain hardening rate reaches
a peak value of 3134 MPa at (o-09,) = 195 MPa for the VZ61
alloy and 3249 MPa at (o-00,) = 276 MPa for the VZ63 alloy. As
the (0-0p,) increases from ~ 113 to ~ 223 MPa, the strain
hardening rate of extruded VZ61 alloy is larger than that of
extruded VZ63 alloy, which is related to twinning. Previous

investigations reported that the appearance of stage II is
ascribed to the twin-dislocation interactions, since twin
boundaries can act as strong obstructions to prevent disloca-
tion movement, leading to dislocations pileup, thereby
improving the strain hardening rate [41—43].

After compressive deformation, in both of the extruded
VZ61 and VZ63 alloys, the {10 1 2} ension twinning (red line) is
dominant as shown in Fig. 7. With the increase of the defor-
mation strain from 7% (Fig. 7a and c) to 14% (Fig. 7b and d), the
volume fraction of twins increases from ~ 7.91 to ~ 8.26% in
the extruded VZ61 alloy (Fig. 7a and b) and from ~ 3.93 to ~
5.15% in the extruded VZ63 alloy (Fig. 7c and d), respectively.
Moreover, the volume fraction of twins in the extruded VZ61
alloy is obviously higher than that in the extruded VZ63 alloy.
Therefore, at stage II, with the (c-00,) increased from ~ 113
to ~ 223 MPa, the strain hardening rate of extruded VZ61 alloy
is larger than that of extruded VZ63 alloy owing to the exis-
tence of more twins.

With further compression, the strain hardening rate
sharply decreases at stage III until failure, which is attributed
to the lack of twins impeding dislocation slip [44]. The
decrease of the strain hardening rate in VZ63 alloy is less than
that of in VZ61 alloy, that is, the VZ63 alloy exhibits a higher
strain hardening rate than VZ61 alloy at stage III. Generally,
stage III is associated with the annihilation of dislocations.
More kinked LPSO phase in VZ63 alloy can effectively hinder
the dislocation movement and increase the dislocation den-
sity (Fig. 6), which results in VZ63 alloy bearing greater
external stress and improving the deformation resistance.
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Fig. 6 — TEM micrographs and selected area diffraction patterns of LPSO phase in the as-extruded VZ63 alloy after
compressive deformation with a strain of 14%: (a, b) block LPSO phase, (c, d) thin-platelet LPSO phase. “Basal p”, “Pri p” and
“Pyr p” represent basal plane, prismatic plane and pyramidal plane, respectively.

Consequently, at stage III, VZ63 alloy exhibits a higher strain
hardening rate than VZ61 alloy.

3.2.  Compression behavior at elevated temperatures

3.2.1. Microstructural characterizations
Figures 8 and 9 display the SEM micrographs of extruded VZ
alloys subjected to compression at various temperatures and
strain rates. At low temperatures and low strain rates, both of
the extruded VZ61 and VZ63 alloys mainly include large
deformed grains. Only a few of the DRXed grains are present at
grain boundaries. When rising the deformation temperature
and reducing the strain rate, the volume fraction of DRXed
grains gradually increases, accompanied with a “necklace
structure” along the deformed grain boundaries (yellow circle
in Fig. 8). In the VZ63 alloy after compression, the LPSO par-
ticles exhibit obvious kink deformation (yellow circles in
Fig. 9). In addition to the deformed grain boundary, fewer
DRXed grains are also distributed along kink boundaries (KBs)
of LPSO phase. They gradually increase with the increase of
temperature and the reduction of stain rate.

Figure 10 displays the microstructural characteristics and
texture of VZ alloys after compression under different defor-
mation conditions. The tensile twin almost disappears during

high temperature compression, indicating that dislocation slip
is the main deformation mode. At 250 °C (Fig. 10a and c), the
(0001) plane of most grains in VZ alloys is perpendicular to the
compression direction. The texture intensity of VZ61 and VZ63
alloys is 9.58 and 6.01, respectively. When the temperature rises
to 350 °C (Fig. 10b and d), the grains are obviously refined. The
dynamic recrystallization occurred in VZ61 and VZ63 alloys
accompanied with the weaker texture. Compared with the
VZ61 alloy, the VZ63 alloy exhibits a smaller grain size, since
the migration of DRXed grain boundaries can be pinned by
LPSO phase [21].

3.2.2.  Flow behavior

The true compressive strain—stress curves of as-extruded VZ
alloys under various strain rates and deformation tempera-
tures are shown in Fig. 11. They display similar deformation
characteristics at various conditions, i.e. three stages: hard-
ening stage, transition stage and softening stage [45]. At the
early stage of deformation, the flow stress rapidly increases
with increasing the strain owing to the strain hardening
introduced by the increase of dislocation density [38]. At the
transition stage, with the compressive deformation
increasing to the critical strain, DRX occurred. Since the
enhancement of dynamic softening partially offsets the
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Fig. 7 — Grain boundary maps of as-extruded VZ alloys after compression at room temperature: ¢ = 7%, (a) VZ61, (c) VZ63;
e = 14%, (b) VZ61, (d) VZ63. {10 1 2} tension twin and {10 1 1} compression twin are represented by red and green line.
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Fig. 8 — SEM micrographsof VZ61 alloy after compressive deformations at various temperatures and strain rates.
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250 °C — ED 300 °C — ED 350 °C

Fig. 9 — SEM microstructural images of VZ 63 alloy after compressive deformations at various temperatures and strain rates.

Fig. 10 — EBSD maps of VZ alloys tested at different temperatures with strain rates of 0.001s~': VZ61 (a) 250 °C, (b) 350 °C, and
VZ63: (c) 250 °C, (d) 350 °C.


https://doi.org/10.1016/j.jmrt.2021.12.053
https://doi.org/10.1016/j.jmrt.2021.12.053

952

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;16:944-959

350 — . E . -1
| £=0.0018" £€=0.01s" £€=0.1s ——250°C
300 |- Peak stresg_ ' —300 °C
— ——350°C
=250} .
& o
E - - -] mrmmmmes g d
~ Hardening stage
2 200
% I / Peak stress E ;
) ' i i
= i i
; _________________ Pl =P
E Steady-state ;
eslage ... o VZ61
T 1 L 1 1 1
400
350 Peak stress !
L N ;
~ 300 |- i ]
“ ' '
=
E 250 |- Mardeningstage '  Softening stage
N’
2 . Peak stress
o 200 Vs '
- \ i
N ' '
7 ' '
g 1o T —250°C
= < PR | o
= 100 Steady-state 300 °C
—350°C
50 o — -1 - -1
_________________________ €=0.01S €=0.18 VZ63
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

True Strain
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strain hardening, with the increased strain, the gap between
the strain hardening and the softening becomes narrower
and narrower continuously until it disappears, and then the
peak stress is reached. The final softening stage is also
classified into two stages:

(1) With further deformation following the peak compres-
sive stress, the deformation tends to be steady owing to
the balance between work hardening and recrystalli-
zation softening;

(2) The flow stress reduces after peak stress.

The stable stage could not be further observed due to the
occurrence of sufficient DRX [46]. In addition, the curves show
tiny zigzag characteristics, which is attributed to the dynamic
competitive process between strain hardening introduced by
dislocation accumulation and recrystallization softening
caused by DRX [47]. The compressive peak stress (¢,) and peak
strain (¢p) under each deformation condition is given in Table 2
and Table 3. The extruded VZ63 alloy has a higher compres-
sive peak stress than VZ61 alloy, regardless of deformation
conditions, because the kinked LPSO phase can bear greater
external stress. Furthermore, the flow stress gradually

Table 2 — Peak stress (o,) and peak strain (g,) of as-
extruded VZ61 alloy deformed at various deformation.

Table 3 — Peak stress (o,) and peak strain (g,) of as-
extruded VZ63 alloy deformed at various deformation.

Alloy /s 1 250°C 300 °C 350 °C Alloy ¢/st  250°C 300 °C 350 °C
op (MPa) &, op(MPa) & op(MPa) ¢ op (MPa) &, op(MPa) g op(MPa) &
Vz61l 0.001 284 0.416 147 0.117 65 0.029 Vz63 0.001 314 0.420 192 0.119 90 0.024
0.01 304 0.342 216 0.430 106 0.135 0.01 367 0.378 258 0.226 157 0.201
0.1 322 0.349 275 0.417 175 0.442 0.1 388 0.266 331 0.390 216 0.203
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reduces with the raising of the temperature or reducing strain
rate. The strain hardening plays a dominant role in VZ alloys
at low temperature, while the dynamic softening gradually
becomes obvious with raising the temperature. Meanwhile,
the low strain rate can offer enough time for the accumulation
of deformation energy, then promoting the dynamic recovery
or the nucleation and growth of DRXed grains [48,49].

3.2.3. Establishment of constitutive equation
The hot compressive deformation of alloys is closely related to
a thermal activation process. In order to better understand the

relation among flow tress (o), strain rate (¢) and deformation
temperature (T) in VZ alloys during hot deformation, the
constitutive equation of flow stress is established based on the
Arrhenius equations, as follows [50,51]:

Under low stress levels (xc < 0.8):

e=A0Mexp (;—E}) 2

Under high stress levels (oo > 1.2) :

¢ =A, exp(Bo)exp <%) 3)

As for all stress states it can be expressed according to the
hyperbolic line law:

. : n -Q
¢ =A[sinh(ao)]"exp (ﬁ) 4)
Where o is a stress multiplier, o is the flow stress (MPa), o = 8/
ny, A1, Ao, A, 8, nq, n are material constants independent of T. R
is the gas constant, R = 8.314 J/mol-K. T is the absolute tem-
perature (K); Q is the deformation activation energy (kJ/mol).
To simplify the equations, natural logarithms were taken
of Egs. (2)—(4), they can then be transformed as:

Iné=1InA; + mylne — % (5)

Ine=1InA, + B0 — % (6)

Based on Egs. (5) and (6),n; =dIn ¢/d Inc, 8 = In ¢ /d o. The
relationships of (In e-Inc) and (In ¢-0) at different temperatures
are linearly fitted and presented in Fig. 12. The average values
of slopes were n; and g, respectively. The n,; values obtained
for VZ61 and VZ63 alloys are 16.224 and 11.826, respectively.
The 8 values for VZ61 and VZ63 alloys are 0.066 and 0.044,
respectively. The o value of VZ61 and VZ63 alloys obtained by
formula o = f/n; are 0.00407 MPa~! and 0.00372 MPa
respectively.

Natural logarithms were taken of Eq. (4), it can then be
transformed as:
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. . Q
Iné =nln[sinh(as)] + InA — 7T

)
If ¢ is assumed to be a fixed value, and Equation (7) was
taken with a partial derivative, the deformation activation

energy Q can then be obtained:
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Fig. 14 — Relationship of InZ —In[sinh(ac)] for VZ61 and
VZ63 alloys.

dlné
Q= R{aln[sinh(aa)]

}T {6ln[sinh(aa)]}é RS @

a(1/T)

The relationships of (In é— In[sinh(as)]) and (In[sinh(ao)]
— 1/T) at various strain rates are fitted and presented in
Fig. 13. According to Eq. (8), the values of S and n’ are the

average value of slopes in (In &— In[sinh(ao)]) and (In
[sinh(ac)] — 1/T) figures. Thus, the average n’ of VZ61 and
VZ63 alloys were calculated as 11.809 and 8.215, respec-
tively. The average S of VZ61 and VZ63 alloys is 4.029 and
3.731, respectively. The average activation energy Q of VZ61
and VZ63 alloys could be calculated as 395.5 kJ/mol and
255.6 kJ/mol, respectively. They are not only obviously
larger than that for the self-diffusion of pure Mg (135 kJ/mol)
[52], but also higher than that for other Mg alloys, such as
AZ31 alloy with 161.6 kJ/mol [53,54], extruded Mg-2Gd alloy
with about 191 kJ/mol and Mg—Ca alloy with 100—200 kJ/mol
[55,56]. The large Q value for VZ alloys is due to the for-
mation of kinked LPSO phase, which can act as a major
obstacle to dislocation movement. Although VZ63 alloy has
a higher volume fraction of LPSO phase, its Q value is lower
than VZ61 alloy, indicating that it is easier to deform ther-
mally. As shown in Fig. 10, compared with VZ61 alloy, VZ63
alloy exhibits finer DRXed grains, because a large number of
LPSO particles in VZ63 alloy impede the growth of DRX
grains. Thus, finer gains in VZ63 alloy are beneficial for
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Table 4 — Values of ¢. and o, for the VZ61 alloy.

Alloy Temperature Parameter 0.001s ' 0.01s* 0.1s°!

VZ61 300 °C £c 0.068 0232  0.290
oc (MPa) 144 208 265

350 °C £c 0.014 0.065  0.160
6. (MPa) 65 103 164

Table 5 — Values of ¢. and o, for the VZ63 alloy.

Alloy Temperature Parameter 0.001s™' 0.01s ' 0.1s!

VZz63 300 °C £ 0.023 0.036  0.289
¢ (MPa) 161 204 324

350 °C £ 0.014 0014  0.024
e (MPa) 84 149 185

grain boundary sliding during high temperature deforma-
tion, which would decrease the calculated Q value.

The effect of deformation temperature and strain rate on
the flow stress is presented based on the Zener-Hollomon
parameter, as follows [49,57]:
Z—iexp (;Q> — Afsinh(ao)]" ©)

RT

Natural logarithms were taken of Eq. (9), which can be
transformed as:

InZ=1Ine + % = nln[sinh(as)] + InA (10)

Based on Eq. (10), n = dInZ /dIn[sinh(ao)], i.e. the slope of
InZ — In[sinh(wao)] (Fig. 14). It was calculated as 9.807 and 7.403
for VZ61 and VZ63 alloys, respectively. The intercept of the
fitted straight line in Fig. 14 is the value of InA. Thus, A was
determined to be 6.316 x 10** and 8.409 x 10?° for VZ61 and
VZ63 alloys, respectively.

By substituting the calculated parameters A, Q, n and « into
Eq. (4), the constitutive equation of flow stress for VZ61 and
VZ63 alloys during hot compressive deformation at the tem-
peratures of 250—350 °C and strain rates of 0.001-0.1s™* can
then be expressed as follows:

£=6.316

—395.567 x 103

o 9.807
x 10**[sinh(0.004070)] eXP< 8.314T

) (VZe61 alloy)

1)

£€=28.409

—255.622 x 103

2073 7.403
x 10%[sinh(0.003720)] exp< 3314T

> (VZ63 alloy)
(12)

3.2.4. DRX kinetic model

Grain refinement caused by DRX greatly affects the micro-
structure and properties of Mg alloys. Thus, it is essential to
research the effects of various deformation conditions on DRX
behavior during the thermal compressive process. According
to the constitutive expression, the DRX kinetic models are
used for the VZ61 and VZ63 alloys. The recrystallized fraction
can be described by the modified Avrami equation, as follows

[58,59]:
)=o)

Where Xprx is the volume fraction of DRX grains, . is the
critical strain for the initiation of DRX, e* the strain for
maximum softening rate (replaced by the strain g s, the strain
at which the DRX volume fraction is 0.5), n and k are material
constants.

The Xprx can be estimated as [60]:

n
=0 4 exp{k(ﬂ) }
Op — Oss €05

Where oy, is the peak stress, oy is the steady-state stress of
DRX. They are achieved by evaluating the strain hardening
rate 6 - ¢ curve [60,61], then substituting the values of o}, oss, €c
and &g s under various deformation conditions into Eq. (14), the
average value of k and n can be obtained, k (VZ61) = - 0.876, n
(VZ61) = 1.419; k (VZ63) = - 0.819, n (VZ63) = 1.775. Thus, the
Xprx of VZ alloys can be presented as:

Xprx =1 — exp [k( (13)

(14)

(a)ro (b)e =
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Fig. 15 — Xprx of the VZ alloy at various deformation parameters.
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Fig. 16 — Schematic illustrations to show the LPSO phase evolution during compression at elevated temperature.
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Tables 4 and 5 show the ¢, and ¢, values of the VZ alloys at
various deformation conditions. The . value of VZ alloys de-
creases with the raising of the deformation temperature and
the decreasing of the strain rate. As for VZ63 alloy, such evo-
lutions are much more obvious, indicating that DRX behavior
occurs more easily in VZ63 alloy than that in VZ61 alloy.

The Xprx of VZ61 and VZ63 alloys under different defor-
mation parameters calculated by Egs. (15) and (16) is shown in
Fig. 15. At 300 °C (Fig. 15a), the Xprx of VZ61 and VZ63 alloys
decreases with the increase of strain rate. Since recrystalli-
zation was a slow continuous process, it could not respond
quickly to coordinated deformation with increasing the strain
rate. Low strain rate could offer enough time for accumulation
deformation energy, which is conducive to nucleation and
growth of DRXed grains. In addition, the VZ63 alloy possess
higher Xprx than VZ61 alloy at the same strain rate, indicating
that the increase of LPSO phase in VZ63 alloy is beneficial for
the occurrence of dynamic recrystallization. In section 3.1.2, it
was discussed that the accumulation of dislocation is easier to
occur around the kinked LPSO phase (as shown in Fig. 6),
which can accelerate DRX nucleation in VZ63 alloy during
high temperature deformation. This is also the reason why
the average activation energy Q of VZ63 is lower than that of
VZ61 alloy during hot deformation. When the deformation
temperature rises to 350 °C (Fig. 15b), the Xprx of VZ61 and
VZ63 alloys further increases, which is in good agreement
with the results shown in Figs. 8 and 9. Higher dislocation
mobility and more activated non-basal slip occurred as raising
temperature, promoting the nucleation and growth of DRXed
grains [62].

For better illustration, the simplified models (Fig. 16) were
established to describe the LPSO phase evolution during

compression at elevated temperature. During the compres-
sion process, the LPSO phases first kinked (Fig. 16b), which
easily result in stress concentrations at grain and kink
boundaries, thus, it can be expected that recrystallization
nucleates near these interfaces. As DRX expands at the kink
bands (Fig. 16c), the initial coarse deformed grains are divided
into several parts and formation of kink bands can change the
grain orientation, and promote the activation of the basal slip
during the continuous loading process. With the compressive
strain further increasing (Fig. 16d), the kinking and DRX con-
tinues to occur in the separated deformed grains, leading to
the increase of recrystallization volume fraction, and the
microstructural homogenization.

4, Conclusions

Compressive deformation of as-extruded LPSO-containing Mg
alloys were investigated by uniaxial compressive experiments
at various temperatures and strain rates. The Arrhenius
equation was developed on the basis of the true stress—strain
curves. The DRX kinetic model was developed and verified.
The following conclusions were drawn:

(1) Block LPSO phase and thin-platelet LPSO phase existed
in VZ alloys. The former had 14H structure and the
latter 18R structure. Both the morphologies of these two
LPSO phases exhibited obvious kink deformations dur-
ing compressive deformation.

During room temperature compression, since
numerous dislocations were accumulated around the
kinked LPSO phases, which can hinder dislocation
movement, the compressive yield strength of VZ63 alloy
with more LPSO phase was obviously improved. In
addition, the VZ63 alloy also exhibited a higher strain
hardening rate than VZ61 alloy at stage III, which was
related to the fact that more LPSO phase inVZ63 alloy
can bear greater external stress and improve the
deformation resistance. However, the activation of

=
»
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more twining was beneficial for improving the hard-
ening strain rate at stage II for VZ61 alloy.

During high temperature compression, the true
stress—strain curves showed that the flow stress grad-
ually reduced with increasing temperature and also the
reducing of strain rate, due to the occurrence of dy-
namic recrystallization (DRX). The VZ63 alloy displayed
a higher peak stress than VZ61 alloy due to the exis-
tence of more LPSO phase. In addition, compared with
the VZ61 alloy, the VZ63 alloy exhibited a lower Q value,
since a large number of LPSO particles in VZ63 alloy
impeded the growth of DRX grains, which were benefi-
cial for grain boundary sliding during high temperature
deformation and decreased the calculated Q value. The
DRX kinetic models also indicated that the VZ63 alloy
was more prone to DRX with a higher volume fraction of
dynamically recrystallized grains (Xprx) at the same
deformation conditions. The reason was that more
dislocation accumulation around the kinked LPSO
phase can accelerate DRX nucleation in VZ63 alloy at
high temperatures.
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