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Room temperature strengthening and quasi-superplasticity behavior in
superlight Mg—3.11L1—2.31A1-1.95Sn—0.94Y—0.45Er alloy
processed by multidirectional forging and asymmetric rolling
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Abstract: To explore ambient strengthening and high temperature ductility, a combined forming approach of
multidirectional forging and asymmetric rolling was proposed. A novel multicomponent ultralight Mg—3.11Li—
2.31A1-1.95Sn—0.94Y—0.45Er alloy was fabricated. The microstructural evolution and mechanical properties were
investigated by microstructural characterization and tensile test. The combined forming results in remarkable grain
refinement. The ultimate tensile strength and elongation of (255+7) MPa and 24.9%, respectively, were obtained at
room temperature. The contribution of various strengthening mechanisms of the rolled alloy was obtained.
Microstructural examination revealed the occurrence of dynamic recrystallization at 473—573 K and dynamic grain
growth at 573—623 K. The maximum elongation of 293.9% was demonstrated at 623 K and 5x10*s™!. The dominate
deformation mechanism at elevated temperatures is dislocation viscous glide.
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1 Introduction

Due to the extremely low density, high specific
stiffness, high specific strength, and good damping
and electromagnetic shielding properties, Mg—Li
alloys have the potential to gain applications in the
aerospace, military, 3C electronic and automotive
fields. Recent studies on Mg—Li alloys have
attracted widespread attention [1]. The micro-
structures and properties of Mg—Li alloys were
investigated extensively [2—7]. PENG et al [2,3]
and LIANG et al [4] investigated the microstructure
and mechanical properties of multicomponent
Mg-Li alloys under different processing states.
GAN et al [5] studied the dynamic recrystallization
behavior of hot-compressed Mg—Li alloy. XU et al [6]

and MA et al [7] investigated and reviewed the
Mg—Li—Al composite and corrosion performance of
Mg-Li alloys, respectively. According to the
Mg—Li phase diagram [8], there are three phases: a
(Li content <5.7 wt.%), o-+3 (Li content 5.7-10.3 wt.%)
and f (Li content >10.3 wt.%). To reinforce the
binary alloy, Al and Zn elements are usually added.
Multiple (o+f)-based [9] and p-based [10] alloys
were thoroughly studied in the past, while the
reports on the microstructures and properties of
a-based Mg—Li alloy are still limited, especially in
Mg-Li—Al series alloys. Therefore in this work, a
new o-based multicomponent Mg—3Li—2Al-2Sn—
1Y-0.5Er (in wt.%, hereinafter called LATY3221)
alloy was designed. The addition of 3 wt.% Li was
chosen to obtain a-based solid solution. 2 wt.% Al
was added to achieve solid solution strengthening
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and secondary phase strengthening. 2 wt.% Sn was
added to achieve solid solution strengthening
and secondary phase strengthening. 1 wt.% Y was
added to achieve grain refinement and secondary
phase strengthening. 0.5 wt.% Er was added to
achieve grain refinement and secondary phase
strengthening. These are the reasons for choosing
the Mg—3Li—2A1-2Sn—1Y—0.5Er alloy composition.
It is necessary to study its microstructure and
mechanical properties and improve the strength of
the alloy to solve the problem of low strength of
Mg-Li alloy. On the other hand, in recent years,
Mg-Li alloy has been applied in the aerospace
satellite manufacturing field in China. Because the
temperature difference between day and night
reaches 423 K in the lunar environment, it is
necessary to study the high temperature properties
of the alloy. At the same time, in order to make
complex shape parts, it is essential to study
superplasticity to solve the forming problem of
complex parts. To this end, it is necessary to
propose new forming method, study the micro-
structural evolution and mechanical properties, and
investigate the room temperature strengthening
mechanism and high temperature superplastic
deformation mechanism.

Single severe plastic deformation method,
such as ECAP (equal channel angular pressing) [11]
and HPT (high-pressure torsion) [12], which refines
the structure to improve the mechanical properties,
has been extensively studied over the past thirty
years. In recent years, a new combination forming
has been developed into a new forming mode due to
the limitations of single severe plastic deformation
method. The multiple mode deformation or
combined forming, such as rolling + ECAP [13],
extrusion + HPT [14], extrusion + MDF (multi-
directional forging) [15], rolling + CGP (constrained
groove pressing) [16], extrusion + rolling [17], and
so forth, is often seen in high quality reports.
However, except that CAO’s group used
MDF + rolling (MDFR) combination forming to
study superplasticity of (a+f)-based and pf-based
Mg-Li alloys [18,19] and investigated room
temperature microstructure and properties [20], so
far, there has been no report on the new a-based
LATY3221 alloys fabricated by MDF + asymmetric
rolling (AR). Therefore, the MDF + AR combination
forming method was proposed to prepare LATY3221

alloy and study the microstructural evolution and
mechanical properties of this alloy.

The mechanism of room temperature
strengthening is an interesting topic, and the
strengthening mechanism of Mg—Li alloy develops
from qualitative research to quantitative research.
Recently, the study on the strengthening mechanism
has been increasing [21,22]. The purpose is, on the
one hand, to clarify the contribution of various
strengthening mechanisms [23], and on the other
hand, to elucidate the strengthening mechanism
from the microstructural characterization. However,
according to our survey, there is no quantitative
report on the strengthening mechanism in the
present LATY3221 alloy. Thus, it is essential to fill
this gap in such an alloy, gain an insight into the
research of Mg—Li—Al-Sn—Y—Er alloy, and provide
a fundamental understanding of the strengthening
mechanism.

The high temperature superplasticity study is
expected to improve the plasticity of LATY3221
alloy and create conditions for the forming of
complex parts. Superplasticity is the ability of
alloys to obtain large elongation at certain
temperatures and strain rates with a grain size
below 10 um [24], usually typical superplasticity
elongation greater than 400% and quasi-super-
plasticity elongation between 200% and 300%.
KIM et al [25], FURUI et al [26], CHEN et al [27],
and EDALATI et al [28] used differential speed
rolling, ECAP and HPT in simple system Mg—Li
alloys and obtained typical superplasticity. To the
best of authors’ knowledge, there are few reports
on the superplasticity in multicomponent complex
system Mg-Li alloy. Hence, the
microstructural evolution and superplasticity of
LATY3221 alloy prepared by MDF + AR combination
forming method need to be studied.

This paper includes four aspects. Firstly, the
new LATY3221 alloy is prepared by MDF + AR
combination forming method. Secondly, the
microstructure and mechanical properties of
LATY3221 alloy at room temperature and high
temperature are studied. Thirdly, the physical
strengthening models are used to study the room-
temperature strengthening mechanisms. Fourthly,
a power-law constitutive model is established to
reveal the mechanism of high-temperature super-
plastic deformation.

hot tensile
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2 Experimental

2.1 Alloy preparation

The raw materials used for the experiments
were Mg, Al and Sn with purity greater than 99.9%,
while Li, Y and Er elements were added with
master alloys of Mg—20Li, Mg—20Y and Mg—30Er
(in wt.%), respectively. All raw materials were put
into a vacuum melting furnace according to the
designed composition ratio and melted at 1053 K.
Then, the molten metal was poured in a stainless
steel mold and cooled under vacuum, and the ingot
was obtained. The composition of the alloy was
Mg—3.11Li—2.31A1-1.955n—0.94Y—0.45Er in wt.%.
The prepared ingot was homogenized at 523 K for
16 h, and the ingot surface defects were milled and
processed into a rectangular test block of 40 mm x
30 mm x 25 mm. The heating temperature of

forging was 623 K and the holding time was 30 min.

A hydraulic press was used for MDF along the three
orthogonal directions of the test block. The
schematic diagram of the MDF was shown in
Ref. [20]. After each pass forging, the test block or
cuboid was rotated 90° to continue forging.
Forging three passes was a cycle. The forging cycle
was repeated until all the set processes were
completed. The reduction of each pass during
forging was 37.5%, and the forged cuboid was
water-quenched to room temperature to retain the
hot forging microstructure. The LATY3221 alloy
billet, forged for six passes, was heated to 673 K in
the box type resistance furnace for 30 min, and was
hot-rolled on the two-high AR mill. The differential
speed ratio was 1:1.2, and the thickness change was

(2)

20 mm

i |
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15 mm
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25—>17—11—7—4—2 mm. The total reduction of
AR was 23 mm, the total reduction was 92%, and
the cumulative true strain was 2.527. After each
rolling, the alloy plate should be intermediately
heated at 673 K for 15 min.

2.2 Tensile tests

The sampling position of the tensile samples
was in the bottom of the ingot and the central plane
of the MDF cuboid. The rolled sample for tensile
testing was machined along the rolling direction.
The dog-bone shaped sample dimension for room
temperature tensile testing was 10 mm in gauge
length, 6 mm in width and 2 mm in thickness, as
shown in Fig. 1(a). The tensile strain rate was
1x1073s7". Due to the small size of the test block,
the tensile sample kept the gauge length unchanged
after multidirectional forging, and the length of the
holding part was correspondingly reduced to ensure
enough clamping. The dog-bone shaped sample
dimension for high temperature tensile testing was
6 mm in gauge length, 4 mm in width and 2 mm in
thickness, as shown in Fig. 1(b). The samples
shown in Fig. 1 were not standard samples. Each
high temperature tensile test was done once. Due to
the large number of tensile samples, two rolled
sheets were selected for high temperature tensile
experiments. The tensile tests at elevated temperatures
were performed at a constant crosshead velocity in
the temperature range of 473—623 K over strain
rates of 1.67x1072=5x10*s ' on a Shimidazu AG-
XPLUS 100 kN tensile tester. After tensile tests, the
samples for high temperature tests were quenched
into water to reserve the microstructures at elevated
temperatures.

2 mm

Fig. 1 Tensile sample dimensions: (a) Room temperature tension; (b) High temperature tension
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2.3 Microstructural characterization

The optical examination sample of LATY3221
alloy was processed by mechanical polishing,
coarse polishing and fine polishing. The sample
surface was polished as bright as the mirror surface.
The polished sample was then etched in a solution
of 5g picric acid + 5mL acetic acid + 10 mL
distilled water + 100 mL ethanol. The corrosion
time was 25 s. Finally, an OLYMPUS microscope
was used to obtain the required metallographic
images. The average grain size and cavity radius
were measured by Image Pro-Plus (IPP) software.

The qualitative and quantitative analysis of
material phase composition was conducted on
a Smartlab (9) X-ray diffractometer (XRD). The
XRD phase test was performed for casting, MDF
six-pass and asymmetrically rolled LATY3221
alloy samples. The phase composition of the alloy
was analyzed using Jade 6 software.

The scanning electron microscope (SEM) for
sample examination was a JSM-7001F field
emission scanning electron microscope, with a
resolution of 1.2 nm and a magnification of up to

500000 times. The types and contents of the
microregion intermetallic compounds of the as-cast
LATY3221 alloy were analyzed by an energy
dispersive spectrometer (EDS).

3 Results

3.1 Microstructure and mechanical properties at
room temperature

3.1.1 Microstructures at room temperature

Figure 2 shows the optical microstructures of
LATY3221 alloy under different states. As can be
seen from Fig. 2(a), there are several secondary
phase particles in different shapes in the as-cast
alloy. The optical microscope can identify the
particle whose size is more than 1 um. The matrix
of the alloy is a-Mg solid solution phase with
dense hexagonal close-packed (HCP) structure, the
secondary phase agglomerates and grows at the
grain boundary, and the size of the secondary phase
particle is about 15 pum. The average grain size of
the as-cast alloy is 271 um. Figure 2(b) shows the
metallographic structure of LATY3221 alloy after

623 K (MDF-6); (d) Asymmetrically rolled at 673 K
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homogenization at 523 K for 16 h. The grain size
increases slightly, the average grain size is about
296 pm, and the number of secondary phase
particles is significantly reduced due to the
dissolution of particles in the matrix. As can be seen
from Fig. 2(c), due to six-pass MDF deformation,
fine secondary phase particles are broken and
precipitated in the alloy, and the volume fraction of
the secondary phase in the sixth pass is 9.76%. The
secondary phase particles hinder the growth of
grains during the hot deformation process and
effectively refine the grains. Due to the MDF
deformation, the average grain size is significantly
reduced, and the grain distribution is more uniform.
A greater degree of dynamic recrystallization occurs
inside the alloy, the larger grains continue to be
refined, and a large number of small dynamically
recrystallized grains are evenly distributed around
the large-size grains. As can be seen from Fig. 2(d),
at the temperature of 673 K, along the rolling
direction, the alloy is composed of fine grains,
indicating that the grains are deformed and broken
during the AR deformation. At the same time, a
large number of small dynamically recrystallized
grains are produced, and the grain distribution is
more uniform. The grain microstructure of rolled
alloy is obviously refined. The average grain size of
the rolled alloy surface is (12.442.2) um.

Figure 3 presents the X-ray diffraction patterns

Fu-rong CAOQ, et al/Trans. Nonferrous Met. Soc. China 35(2025) 800—818

of LATY3221 alloy. It can be seen that after the
alloy is treated by different processing processes,
the phase type basically does not change, and the
most important phase is the a-Mg matrix, while
Mg,Sn, AlLi and ALY compounds and a small
amount of ALLEr intermetallic compound exist. The
phase position and content of the samples at the
MDF and AR states are basically the same, but
the diffraction peak intensity of each phase is
different. The microscopic morphology and phase
composition of the LATY3221 alloy can be further
observed and analyzed by using SEM and EDS.
Figure 4 presents the phase analysis results
of LATY3221 alloy by means of SEM and EDS. It
can be seen that in the as-cast LATY3221 alloy, the

- * a-Mg ~ ALY
*
- ¢+ Mg,Sn * ALEr
*| |4 v AlLi
LANAS
. M
* ~
M ° * - £ r Rolled
L l A A YN MDF-6
1 l N " ) As-cast
. JCPDS No. 00-001-1141
[l | eMg BT
| | | MgSn, JCPDS No.00-001-0470
| ALY JCPDS No. 00-012-0307
, | ALEr JCPDS No. 01-074-6834
| | AlLi EPDSNo. 00-003-1215
20 30 40 50 60 70 80
20/(°)

Fig. 3 XRD patterns of LATY3221 alloy
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Fig. 4 Phase analysis results of as-cast LATY3221 alloy: (a) SEM image; (b) EDS results of Mg>Sn; (¢) EDS results of

ALY; (d) EDS results of ALEr
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matrix is a-Mg, the rod phase is mainly distributed
at the grain boundary, and the filament and gray
block phases are distributed inside the grain.
PENG et al [29] found that in the as-cast Mg—
5Li—3Al-2Zn alloy, the AlLi phase formed a
discontinuous network at the grain boundary. After
the addition of Sn and Y elements, the irregular
Mg,Sn and the massive Al,Y phase appeared.
ZHOU et al [30] studied the microstructure and
strengthening mechanism of extruded Mg—7Li—
2A1-1.5Sn alloy and found that many short rod
secondary phase precipitates of Mg,Sn and
Li;MgSn were precipitated during the extrusion
process, which effectively refined the dynamically
recrystallized grains. These reports are consistent
with the present EDS and XRD analysis of the
LATY3221 alloy. Thus, based on Refs. [31,32], the
rod phase at the grain boundary is identified as
Mg,Sn, the filament is identified as AILi, and the
bulk phase is identified as AlY; the tiny black

250 H®) Rolled
6th pass MDFed
[+
E 200 - 9th pass MDFed
3 3rd pass MDFed
g 150 - As-cast
:I) Ist pass MDFed
R
b5} 100 Homogenized
o]
.g
2
m 50 [
0 0.05 0.10 0.15 0.20 0.25
Engineering strain
300
()
UTS
250 B YS %57

f
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granular secondary phase is confirmed as the ALEr
phase. Thus, based on above-mentioned evidence
and experimental results in Fig.4, the phase
composition in the present alloy is composed
of a-Mg solid solution phase and Mg,Sn, AlLi,
ALY, and AlLEr intermetallic compounds. This is
consistent with the results of XRD analysis in Fig. 3.
It is noted that EDS cannot detect Li elements, but
the AILi phase appears under the nonequilibrium
solidification condition.
3.1.2 Mechanical properties at room temperature
Figure 5 shows the room temperature tensile
curves and histograms of LATY3221 alloy under
casting, homogenization, MDF, and AR conditions.
Figure 5(a) shows the engineering stress—strain
curves. It can be demonstrated from Figs. 5(a,c,d)
that, the ultimate tensile strength (UTS), yield
strength (YS), and elongation of the homogenized
alloy all decreased relative to those of the as-cast
alloy, and were (167+3) MPa, (106+2) MPa, and

300 _(b) Rolled
6th pass MDFed
250+ 9th pass MDFed
] 3rd pass MDFed
& 200
Z As-cast|
% 150 - Ist pass MDFed
=]
- Homogenized
2 100f *
=
50
0 0.05 0.10 0.15 0.20 0.25
True strain
30
(d)

Elongation/%
— [\®} N
W (e (4]

—_
(=}

Fig. 5 Room temperature tensile curves and histograms of LATY3221 alloys: (a) Engineering stress—strain curves;

(b) True stress—strain curves; (c) UTS and YS, and (d) Elongation under different treatment states
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14.1%, respectively, mainly due to the slight
increase of the grain size of the homogenized alloy,
which caused the mechanical properties of the alloy
to decrease. The UTS and elongation of the alloy
increased significantly after MDF. At the first-pass
MDF, the UTS, YS, and elongation of the alloy
were (190+£3) MPa, (11544) MPa, and 16.9%,
respectively, and the UTS increased by 13.8%. At
the third-pass MDF, the UTS, YS, and elongation of
this alloy were (197.144) MPa, (128+6) MPa, and
17.9%, respectively. As the cumulative strain
increased, the UTS became larger. As a result, the
UTS, YS, and elongation were (221+7) MPa,
(160+6) MPa, and 23.6%, respectively, at the
six-pass MDF. This indicated that the dynamic
recrystallization and resulting grain refinement
occurred during the MDF process, resulting in
improved alloy properties. The UTS, YS, and
elongation of the alloy after the ninth-pass forging
were slightly reduced, and were (213£7) MPa,
(149+6) MPa, and 22.8%, respectively. Perhaps, the
repeated heating during the forging interval
increased the atomic diffusion and resulted in the
grain coarsening, which reduced the mechanical
properties of the alloy. After the alloy undergoing
six-pass MDF was subjected to the AR process, the
UTS, YS, and elongation increased to (255+7) MPa,
(220+6) MPa, and 24.9%, respectively, indicating
that the MDF+AR process can significantly
improve the strength of the alloy. This is due to the
intense and severe shear strain accumulated by AR,
which s conducive to the dynamic
recrystallization process and the generation of
uniformly refined grains. Compared with Fig. 5(a)
(engineering stress—strain curves), Fig. 5(b) shows
the true stress—strain curves. The former is suitable
for engineering design and analysis while the latter
is suitable for theoretical analysis of strain-
hardening or strain-softening. As can be seen from
Fig. 5(b), the alloy has undergone the strain
hardening process at room temperature, i.e., the
flow stress curve shows an upward trend. True
stress increases with the increase in true strain.

more

3.2 Microstructure and mechanical properties at
elevated temperatures
3.2.1 Microstructures at elevated temperatures
Figure 6 shows the microstructures of the
gauge section of LATY3221 alloy at different
deformation temperatures of 473—623 K and initial

strain rates of 1.67x1072=5x10"*s!. Figure 7 shows
the histograms of grain sizes of LATY3221 alloy
pulled to failure at different temperatures and initial
strain rates. As shown in Fig. 7, the grain sizes are
in the range of 8.21-20.48 um.

Figures 6(a;—as) show the microstructures of
the LATY3221 alloy at different strain rates at
473 K. As can be seen from Fig. 6(a;), the strain
rate is high and the temperature is low, the black
secondary phase particles and grains are elongated
along the tensile direction, and the average grain
size is slightly reduced to 11.79 pm compared with
the rolling state, indicating that the complete or full
dynamic recrystallization (DRX) does not occur
in the elongated grains, and the microstructure
exhibits incomplete DRX. Compared with Fig. 6(a1),
the degree of the tensile deformation increases in
Fig. 6(az), the number of fine DRX grains increases,
and the average grain size decreases to 10.33 pum.
With the continuous decrease of strain rate, the
deformation time of the tensile sample is gradually
extended. As can be seen from Fig. 6(as), the DRX
degree further increases at this time, and a large
number of small equiaxed grains appear, but some
original rolled grains still exist, so the grains are
refined to 8.48 um. It can be seen from Fig. 6(a4)
that under the tensile strain rate of 5x107*s™!, the
tensile microstructure has undergone complete
DRX, the grain distribution is relatively uniform,
the grain refinement is obvious, and the average
grain size decreases to 8.21 um.

Figures 6(bi—bs) show the microstructures
of the LATY3221 alloy at 523 K and different
strain rates. Compared with Fig. 6(a;), under the
deformation temperature of 523 K and strain rate of
1.67x102s7! in Fig. 6(by), the degree of DRX at the
tensile deformation site increases, the elongated
deformed grains are changed into equiaxed grains,
and the average grain size is slightly increased. As
can be seen from Fig. 6(b,), under the deformation
conditions of 523 K and 5x107° s!, the DRX is
basically completed, and a large number of
equiaxed grains formed in the DRX process are
evenly distributed in the tensile deformation site. As
can be seen from Figs. 6(bs, bs), it is clear that the
microstructure at the tensile deformation site of the
alloy is mostly composed of DRX grains. Under the
condition of long time holding, the growth
phenomenon of some grains also appears, and most
of the grains tend to be equiaxed.
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Fig. 6 Optical microphotographs of LATY3221 alloy on gauge section after deformation at different temperatures and

initial strain rates
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Fig. 7 Histograms of grain sizes in LATY3221 alloy
pulled to failure at elevated temperatures

Figures 6(ci—c4) show the microstructures of
the LATY3221 alloy at 573 K and different strain

rates. Compared with Fig. 6(b:), under the tensile
deformation conditions of 573 K and 1.67x1072s™!
in Fig. 6(c1), due to the high temperature and a short
time deformation, the tensile site undergoes more
DRX, producing a large number of equiaxed grains,
accompanied by the growth of some fine grains. As
can be seen from Fig. 6(ci), near the white second
phase particles, the cavity is more likely to produce
around the secondary phase particles when the grain
grows further. Figures 6(c», c3) show that the grain
size increases as the strain rate decreases. As can be
seen from Fig. 6(c4), with the decrease of strain rate,
the cavity formed during the tensile process also
expands with the grain growth.

Figures 6(di—ds) show the microstructures of
the LATY3221 alloy at 623 K and different strain
rates. As can be seen from Figs. 6(di, d), at the
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high strain rate, the alloy has completed the DRX
process. Most of the microstructures at the tensile
site are equiaxed grains, and the average grain size
is significantly larger than that of the original
grains in the rolling microstructure. As can be seen
from Fig. 6(ds), as the tensile deformation process
proceeds, the equiaxed grains and cavities grow
further. As can be seen from Fig. 6(ds), due to the
long time tensile deformation, the average grain
size in the alloy grows to more than 20 um,
resulting in the decrease of deformation ability or
thermal stability. Since dynamic grain growth
results in strain hardening, the alloy elongation
under this tensile condition finally reaches 293.9%.
In a word, in the process of high temperature
tensile deformation, the DRX occurs in the tensile
site during the tensile process. With the increase of
temperature and the decrease of strain rate, the
degree of DRX becomes larger, and the degree of
grain growth in the tensile site becomes further
larger after DRX. As shown in Figs. 6 and 7, DRX
occurs in the temperature range of 473—573 K in
most cases, whereas dynamic grain growth occurs
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in the temperature range of 573—623 K. Combined
with the true stress—strain curve of Fig. 8, it can
be determined that the microstructural evolution
mechanism of the high-temperature tensile
deformation in this alloy is mainly the DRX and the
grain growth. In addition, the judging method of
DRX or dynamic grain growth is presented here.
Let Ad =d'—d", where d' is initial grain size before
tension, and d"” is the grain size after tension. The
criterion is that if Ad >0, DRX will occur, whereas
if Ad<0, dynamic grain growth will occur. For the
judgement of DRX, an average grain size of
d=12.4 um ((12.4+2.2) um) is obtained from the
rolled microstructure in Fig. 2(d). An average
grain size of d'"=8.21 ym is obtained from hot
tensile microstructure in Fig. 6(as). Ad=d'—d"=
(12.4-8.21) um =4.19 um >0, indicating the occurrence
of DRX. The same can be deduced by analogy.
3.2.2 Mechanical properties at elevated temperatures
Figure 8 shows the true stress—strain curves of
the LATY3221 alloy at different temperatures and
initial strain rates. The true stress of the alloy shows
a decreasing trend with the decreasing strain rate.

90
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40 +
30F
20
10
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0.4 0.6 0.8
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Fig. 8 True stress—strain curves of LATY3221 alloy at different temperatures and initial strain rates: (a) 473 K;

(b) 523 K; (c) 573 K; (d) 623 K
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The length of the flow platform becomes longer
with increasing temperature and decreasing strain
rate. As can be seen from Figs. 8(a—c), the flow
stress increases with increasing the strain rate,
because the strain hardening effect increases, and
the deformation resistance increases when the strain
rate increases. At low strain rate, heating time
increases, DRX softens, and flow stress decreases.
As can be seen from Fig. 8(d), in high temperature
tension at the temperature of 623 K and initial strain
rate of 5x107*s™!, strain hardening stage occupies
the most part, and strain softening stage is only a
small part. This is because under a long time
of high temperature holding, grain growing
phenomenon that weakens the DRX softening effect
leads to longer hardening stage and shorter
softening stage, and reduces the high temperature
plasticity of the alloy. The fact that the stress value
of the high temperature stress—strain curve does not
start from zero in Fig. 8 is related to the zero-point
drift phenomenon of tensile tester and is caused by
the overuse of tensile tester without enough
maintenance. The fact that the slope of the elastic
deformation stage of the same alloy does not
coincide approximately in Fig. 8 is because the
atomic vibration frequency is different at different
tensile temperatures and strain rates under applied
tensile load. Hence, different temperatures and
strain rates correspond to different elastic
deformation slopes. The elastic deformation stage
of the curve at the temperature of 623 K and strain
rate of 1.67x1073s™! has two turns, which may be
related to higher atomic vibration frequency and
zero-point drift.

Figure 9 presents the histograms of elongation
in LATY3221 alloy after tensile deformation at
elevated temperatures. Most elongations are in the
range of 109.3%—-293.9% with two exceptions of
61.3% and 67.2%. The elongations of 109.3%—
293.9% indicate the enhanced ductility or quasi-
superplasticity due to sufficient thermal activation.
Two exceptions occur at lower temperature of
473 K, indicating that insufficient thermal activation
occurs at this temperature and does not lead to
the quasi-superplasticity. The maximum elongation
of 293.9% is obtained at 623 K and 5x10*s™! and
indicates superplasticity-like or quasi-superplasticity
behavior in this coarse- grained alloy with a grain
size of 20.48 pum, as shown in Fig. 6(ds).
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Fig. 9 Histograms of elongation of LATY3221 alloy
pulled to failure at elevated temperatures

3.3 Modeling of power-law constitutive equation
at elevated temperatures

To clarify the deformation mechanism at
elevated temperatures, a power-law constitutive
equation is established and is suitable for the
application in hot deformation process and
superplastic forming process. Power-law constitutive
equation at elevated temperature is generally given
as follows [33]:

» n
(s (ol €] o
kT \d G RT

where ¢ is the steady-state deformation rate, s ';
A is a dimensionless constant; Dy is the frequency
factor for diffusion, m?/s; G is the shear modulus (a
function of temperature), MPa; b is the magnitude
of Burgers vector of dislocation, m; k is Boltzmann
constant, J/K; T is the thermodynamic temperature,
K; d is the grain size, m; p is the grain size
exponent; ¢ is the applied stress, MPa; oo is the
threshold stress, MPa; n (=1/m, m is strain rate
sensitivity index) is the stress exponent; Q is the
deformation activation energy, kJ/mol; R is the
molar gas constant, J/(mol-K). Here, the n-, p-, and
O-values will be determined.
3.3.1 Stress exponent

Stress exponent, #, is related to threshold stress,
on. Threshold stress caused by the secondary phase
particle is the onset stress to initiate the plastic flow.
True stress at a true strain of 0.2 is chosen from the
flow stress curves. Then, o —¢&"%, 0 —¢&"3, 6 —&"*,
and o-¢" curves are fitted linearly. The
intercepts of the linear curves are the threshold
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stresses, respectively. When oy, value is positive and
the fitting quality or correlation coefficient is the
best, the corresponding » value is the optimal value.

Figure 10 presents the fitting curves of
o—&", 06—, 0—¢", and o —&"°, respectively.
The threshold stress is negative when n values are
equal to 4 and 5. Thus, n=4 and 5 are excluded.
When n values are equal to 2 and 3, it is found that
fitting coefficient (R?) value is the best at n=3.
Hence, n=3 is the best true stress exponent or stress
exponent.
3.3.2 Deformation activation energy

The true deformation activation energy, Q, at
constant strain rate is expressed as the following
relationship as per Eq. (1):

o[in(c"G""T'd )]
o™

Q=R 2

As n=3 quasi-superplasticity or dislocation
viscous glide is dominant in this alloy, there exists
p=0[34].

The shear modulus, G, of pure Mg is given by
the following relationship [35]:
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where Poisson ratio v is equal to 0.35 [36].

Figure 11 shows the fitting curves of
In(¢"G*"T)~T! at different strain rates. The
deformation activation energy for LATY3221 alloy
is in the range of 108.13—125.89 kJ/mol. The
average activation energy is 116.8 kJ/mol. The
diffusion coefficient can be expressed as

D=10"*exp[—116800/(RT)] 4)

3.3.3 Normalized curve
Equation (1) is turned into the following form
by taking logarithm:

h{ KT ) _ 1y 4+ nln| 2220 (5)
DGb G

Figure 12 shows fitting curve of In[¢kT/(DGb)]—
In[(6—00)/G]. The slope of the fitting line is 3.30
(=3). The intercept of the fitting line is In 4 (=15.09).
Hence, 4 =3.57x10°. The determination coefficient,
R?,1is 0.91119, indicative of good correlation. Thus,
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Fig. 10 Fitting curves of ¢ against &"" for LATY3221 alloy: (a) n=2; (b) n=3; (c) n=4; (d) n=5



Fu-rong CAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 800—818 811

-6
sl " 5=1.67x102 57!
o i=5x1073g"! o
4 6=1.67x107 57!
-10F v é=5x1074 ¢! i
£t
o
=
5 -14f
=
_16 L
-18}

1.6 1.7 1.8 1.9 2.0 2.1 2.2
T71/103K™!

Fig. 11 Fitting curves of In(¢"G' T 1)~T ! for LATY3221
alloy at different strain rates

2

R*=0.91119

In[kT/(DGb)]
A

L
=S
:

=75 -70 -6.5 -6.0 -55 -5.0 -4.5 -4.0
In[(c—0,)/G]
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the power-law constitutive equation for LATY3221
alloy is obtained as follows:
¢ Gb

3
§=357x100 2| 2% | p (6)
i\ G

4 Discussion

4.1 Room-temperature strengthening in LATY3221

alloy

A qualitative analysis of the strengthening
mechanisms is made for LATY3221 alloy. As
shown in Section 3, LATY3221 alloy undergoes
different processing stages of casting, homogenization,
MDF, and AR. During alloying process, solutes like
Li, Al, Sn, Y, and Er existing in the Mg matrix
interact with dislocations, cause lattice distortion or
strain, increase the resistance of dislocation
movement in the lattice, and lead to solid solution
strengthening. During MDF + AR processes, since

grains are fragmented and refined and secondary
phase particles are broken under applied stress,
grain boundary strengthening and secondary phase
strengthening occur. Meanwhile, due to severe
plastic deformation, MDF + AR forming causes
lattice misfit strain, increases dislocation activity
such as dislocation multiplication and pile-up,
increases the deformation resistance, and leads to
strain hardening or dislocation strengthening. In a
word, the interaction between dislocations and
solutes, grain boundary, and secondary phase results
in the alloy strengthening.

An estimation of the strengthening mechanisms
using models and experimental data is made in this
work. The strengthening yield strength of the
alloy, oy, includes intrinsic stress, oo, dislocation
strengthening stress, o4, grain boundary strengthening
stress, o, solid solution strengthening stress, o,
and secondary phase strengthening stress, cor, as
shown in Eq. (7):

O'y:O'0+O'd+O'gb+0'ss+0'Oro (7)

According to Fig. 5(a), the experimental yield
strength of LATY3221 alloy is 220 MPa.
4.1.1 Contribution of intrinsic stress to yield

strength

Intrinsic stress is the Peierls—Nabarro stress to
impede dislocation movement on the slip plane.
Intrinsic stress ov=11 MPa according to the stress
range of 8—14 MPa [37]. Thus, the contribution of
intrinsic stress to the yield strength is 5.00%.
4.1.2 Contribution of dislocation strengthening to

yield strength

MDF + AR deformation induces a large number
of dislocations, increases dislocation density, and
leads to dislocation strengthening. The dislocation
strengthening stress is given by [38]

oy =adGb\/; ®)

where aq (=1.04) is a constant [38], p is the
dislocation density of hot-rolled alloy, and shear
modulus G is 16600 MPa at room temperature.

The dislocation density, p, is given by [39]

2\/§<62>1/2
bd'

where d’ is the coherent diffraction domain size,
and e is the lattice strain.

As per our previous method to determine the
dislocation density in flat hot-rolled plate of
LAZY3330 alloy using XRD peak broadening [40]

)
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and Fig.3, d4'=1.856nm and e=0.0136 were
obtained. Hence, p=1.08x10"¥m™ according to
Eq. (9). The substitution of above-mentioned data
into Eq.(8) gives 0¢=57.59 MPa. Thus, the
contribution of dislocation strengthening to the
yield strength is 26.18%.
4.1.3 Contribution of grain boundary strengthening

to yield strength

MDF + AR deformation results in grain
refinement. The grain refinement increases the
number of grain boundary, leads to the pile-up and
stress concentration of dislocations at the head
of grain boundary, and increases the resistance
to dislocation motion. Thus, grain boundary
strengthening (Hall-Petch strengthening) occurs.

Grain boundary strengthening stress is given
by [38]
0y, =GN b/d (10)

where aup(=0.413) is a constant [38], and the grain
size is 12.4 um (Fig. 2(d)). Hence, 0,=34.88 MPa.
Thus, the contribution of the grain boundary
strengthening to the yield strength is 15.85%.
4.1.4 Contribution of solid solution strengthening to
yield strength

In this alloy, solid solution strengthening
results from the interaction between dislocations
and solutes of Li, Al, Sn, Y, and Er elements inside
the grain. This is because lattice misfit strain and
associated distortion stress in the grain interior
caused by the processing history hinder the
dislocation motion and lead to the increment of
yield strength. oy is given by [41]

0, =0y, H(3.16Gc"?)/700 (11)

where owmg (=21 MPa) is the yield stress of Mg
single crystal [41], ¢ is the lattice distortion strain,
e=(rs—rmg)/rve (75 18 the atomic radius of solute, and
rvg 18 the atomic radius of solvent), and ¢ is the
molar concentration of element. The substitution of
the above-mentioned parameters into Eq. (11) gives
0s=24.72 MPa. Thus, the contribution of solid
solution strengthening to the yield strength is
11.24%.
4.1.5 Contribution of secondary phase strengthening

to yield strength

After MDF and AR deformation, the secondary
phase particles are crushed into smaller particles,

hinder the dislocation motion, and raise the strength.

Secondary phase bypassing mechanism often

prevails. Thus, secondary phase strengthening stress
is obtained as per Eq. (7) as follows:

O'Oro:Uy_(0'0+0'd+0'gb+0'ss) (12)

After above-mentioned data are substituted
into Eq.(12), o00=91.81 MPa was obtained.
Therefore, the contribution of secondary phase
strengthening to the yield strength is 41.73%. This
indicates that secondary phase strengthening makes
a significant contribution to the yield strength.
This reflects pronounced strengthening role of
intermetallic compounds in this alloy.

A quantitative analysis of the contribution of
various strengthening mechanisms is presented for
this alloy. In terms of above-mentioned calculation,
the following contribution of various strengthening
mechanisms of the rolled alloy was obtained:
secondary phase strengthening (41.73%), dislocation
strengthening (26.18%), grain boundary strengthening
(15.85%), solid solution strengthening (11.24%),
and intrinsic lattice strengthening (5.00%). Firstly,
the dislocation strengthening and grain boundary
strengthening account for 42.03%, which indicates
the significant role of MDF + AR deformation in
enhancing the yield strength. Secondly, in this a-Mg
phase based alloy, secondary phases such as Mg,Sn,
AlLi, AlY, and ALEr exist. Secondary phase
strengthening accounts for 41.73%, indicating the
remarkable role of secondary phases in contribution
to the yield strength. Thirdly, the contribution of the
secondary phase particle strengthening, dislocation
strengthening, and grain boundary strengthening
accounts for 83.76% of the yield strength. This
indicates that the dominant strengthening
mechanism of LATY3221 alloy is the secondary
phase strengthening, dislocation strengthening, and
grain refinement strengthening. Fourthly, as per the
available experimental yield strength of 111 MPa in
as-cast state and 220 MPa in MDF + AR state, it is
found that the yield strength in MDF + AR state is
double that of as-cast state due to the imposed
MDF + AR deformation. With the progress of
processing process, the grain size changes from 271
to 12.4 um while the secondary phase particles
are significantly fragmented. Meanwhile, strain
hardening or dislocation strengthening occurs.
These evidences deepen our understanding of
various strengthening mechanisms and demonstrate
the scientific meaning and potential commercial
significance of the present work.
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4.2 Comparison of mechanical properties of

available Mg—Li—Al alloys

The mechanical properties of available
Mg—Li—Al alloys are compared. Figure 13 shows
the comparison of the mechanical properties of
available Mg—Li—Al alloys and depicts the recent
research status of the mechanical properties of
Mg—-Li—Al series alloys [42—51]. It can be seen that
the most common processing method of Mg—Li—Al
alloy is extrusion, ternary Mg—Li—Al alloy accounts
for a minority, and usually other alloy elements are
added to further improve its mechanical properties.
The elongation of Mg—Li—Al alloy is mostly
concentrated in 10%—25%, and the UTS and YS are
usually above 200 MPa. The past three years of
research mainly focused on o+f duplex Mg—Li
alloy made by extrusion [42—46,48,49] and other
processing approaches [47,50,51]. Due to extrusion,
the mechanical properties of Mg—Li—Al alloys
are greatly improved, which provides a reference
for the subsequent alloy composition design. The
difference in the mechanical properties of
Mg—Li—Al alloys studied by CAO et al [51] and the
present work results from the difference in
processing history. Higher UTS of 299.48 MPa in
LAY720 alloy fabricated by flat rolling or
symmetric rolling is due to strong cooling intensity
during casting by water (as-cast grain size of
87 um), heavy flat rolling reduction, and secondary
phase, dislocation, and grain refinement
strengthening, while intermediate UTS of 255 MPa
in LATY3221 alloy fabricated by MDF + AR is due
to lower cooling intensity during casting in air
(as-cast grain size of 271 um), heavy MDF +
asymmetric rolling reduction, and secondary phase,
dislocation, and grain refinement strengthening.
This indicates that casting cooling mode and initial
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Fig. 13 Comparison of mechanical properties of available

Mg-Li—Al alloys

microstructures, including plastic forming history,
have an important influence on the final mechanical
properties. Compared with other Mg—Li—Al alloys,
the advantage of ductility enhancement without
deteriorating strength reflects the influence of grain
refinement in the present alloy fabricated by
MDF + AR. This indicates the impact of Hall-Petch
grain refinement.

The principle of combined forming of MDF +
AR is proposed. This combined forming mode
allows to cause large accumulative strain which is
larger than the single strain of MDF or the single
strain of AR. Also, compared with flat rolling or
symmetric rolling, AR exerts more shear strain than
flat rolling. Thus, the degree of AR grain refinement
is larger than flat rolling grain refinement. As a
result, the degree of grain refinement and secondary
phase fragmentation is enhanced, and the mechanical
properties are improved.

4.3 Quasi-superplasticity behavior and micro-

structure of LATY3221 alloy

According to Section 3.2, the hot tensile
microstructural evolution and mechanical properties
indicate DRX, dynamic grain growth, and cavity
phenomena, which are quasi-superplastic behavior.

Firstly, DRX occurs in the LATY3221 alloy
during hot tensile process at 473—573 K. Since the
stacking fault energy of Mg is lower than that of
Al, Mg alloy is prone to DRX. It is generally
recognized that continuous DRX usually occurs
during the hot tensile process, as demonstrated
by MOHRI et al [52] in the superplastic AZ91
magnesium alloy. The continuous DRX process
absorbs the dislocations and undergoes transition of
the low-angle grain boundary to the high-angle
grain boundary. Whether discontinuous DRX
occurs in this alloy can be predicted or determined
by using DERBY’s formula [53]. DERBY [53]

believes that discontinuous DRX obeys the
following relationship:

2/3
o(d
212 =K 13
2[4 (13)

where K is a constant, at 573 K and 5x107%s™!,
0=25 MPa (Fig. 8(c)), G=13842.78 MPa (Eq. (3)),
d=19.08 um (Fig.7), and b=3.21x10"""m [54].
Substituting the above data into Eq.(13) gives
K=2.85. This value falls into the range of
normalized K values of 1-10 [53], indicating that
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discontinuous DRX occurs under this condition.
Thus, it is suggested that continuous DRX and
discontinuous DRX occur in the present alloy.
Therefore, DRX occurrence in this alloy at tensile
temperatures of 473—573 K is consistent with the
literature [53] and model predictions.

Secondly, dynamic grain growth appears in the
LATY3221 alloy at tensile temperatures of
573-623 K. Previous studies [55—57] showed that
ternary Mg—Zn—Zr (ZK 60) alloy and Mg—Li alloy
had dynamic grain growth at 573—623 K. Mg,Sn,
AlLi, AlY, and ALEr in complex LATY3221 alloy
increase the DRX temperature of this alloy, prevent
grain boundary migration to some extent, inhibit the
dynamic grain growth at a temperature of 573 K
(Fig. 8(c)), but due to the lattice diffusion and
thermal activation acceleration at 623 K, the strain
hardening in the flow stress curve is caused by the
dynamic grain growth in Fig. 8(d). In this case, the
maximum elongation is obtained at 623 K and
5x10~*s™!, which indicates superplasticity-like or
quasi-superplasticity behavior in this
grained alloy.

Thirdly, cavity appears in the LATY3221 alloy
during the hot tensile process. The tensile fracture
experiences cavity nucleation, growth, interlinkage,
and fracture stage. The nucleation and growth of
the cavity in Fig. 6 can absorb a large amount of
strain energy during the tensile process, which is
conducive to the further improvement of the
elongation. The alloy yields 293.9% quasi-super-
plasticity at 623 K and 5x107*s™'. According to
Fig. 6(ds4), the percentage of the cavity nucleation
and growth of the alloy is calculated to understand
the mechanism of cavity evolution. CHOKSHI
and MUKHERJEE [58] and CAO et al [59,60]
proposed the following cavity nucleation models,
respectively:

coarse-

1/2
. (Chokshi) = (QD 1”,) (14)
kT &

. (Cao)=5.2(£j(§j(gj (15)

where y is the interface energy, £ is the atomic
volume, and D, is the lattice diffusion coefficient.
Substituting y=1 J/m? [61], 2==2.33x10"2m? [54],
Di=1.0x10"*exp[~135000/(RT)] [54], G=13251.82 MPa
(Eq. (3)), T=623K, £=5x10"*s"", =12 MPa
(Fig. 8(d)), and d=12.4 um (Fig.2(d)) into the

models in Egs. (14) and (15) gives r.(Chokshi)=
0.31 um and r(Ca0)=0.02 um. Thus, r.=0.165 pm.
The experimental cavity radius in Fig. 6(d4) is equal
to r=2.78 um. Therefore, the percentage of the
cavity nucleation contribution is 5.93%; the
percentage of the net cavity growth contribution
is 94.07%. This suggests that cavity growth
contributes the most to the cavity development.

4.4 Deformation mechanism of LATY3221 alloy
at elevated temperatures

The theoretical grain boundary diffusion
activation energy is 92 kJ/mol, and the lattice
diffusion activation energy is 135 kJ/mol [54]. As
per Section 3.3, the average experimental activation
energy is 116.8kJ/mol and is close to the
theoretical activation energy of lattice diffusion,
135 kJ/mol. Thus, the diffusion mechanism is lattice
diffusion. In the meantime, as per Section 3.3, the
stress exponent is determined to be 3, indicating
that dislocation viscous glide governs the rate-
controlling process. The segregation of solutes
around the dislocation creates a drag force that
impedes dislocation motion [62]. Hence, solute-
drag creep or dislocation viscous glide occurs. The
stress exponent, n, in this case is 3 (m=0.33). The
solute-drag creep or dislocation viscous glide
mostly occurred in binary solid solution alloys at an
early time and later extended to multicomponent
solid solution based alloys. Available reports
revealed the occurrence of dislocation viscous glide
or solute drag creep resulting from the interaction
of solutes and dislocations in solid solution based
aluminum alloys and quasi-single phase magnesium
alloys [63—65]. In the present alloy, the interaction
of solutes like Li, Al, Sn, Y and Zr and dislocations
leads to solute-drag creep or dislocation viscous
glide. Thus, the deformation mechanism at elevated
temperatures is dislocation viscous glide controlled
by lattice diffusion.

To provide the theoretical evidence of dislocation
activity, an estimation was made to calculate the
number of dislocations inside a grain at 623 K and
5x107* s7!. The number of dislocations inside a grain
(N) is given by the following relationship [66]:

N=1.81(1-v)[do/(Gb)] (16)
According to the data in Sections 3.3 and 4.3,

N was estimated to be 41.15 (=42). There are 42
pieces of dislocations inside a grain under this
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condition. In addition, Eq. (16) was validated in our
previous report [67] on hot-compressed Al-Mg—
Er—Zr alloy and is convincing. Equation (16) stems
from the modification of the model on dislocation
balance in Ref. [68], not on solute-dislocation
interaction. The dislocation distribution and number
of dislocations in typical binary solid solution alloy
in which solute-drag creep or dislocation viscous
glide occurs are usually uniform and sparse and not
many, but the number of dislocations is increased
due to the obstruction of solute—dislocation
interaction, and 42 pieces of dislocations exist
inside a grain in this alloy. N=42 indicates the
dislocation glide activity in the grain. So, the
scientific significance of this calculation is to
demonstrate the existence of positive dislocation
activity. In consideration of aforementioned
evidence, the deformation mechanism at elevated
temperatures is found to be dislocation viscous
glide controlled by lattice diffusion.

5 Conclusions

(1) A combined forming approach of MDF +
asymmetric rolling was proposed. A novel a-Mg
based multicomponent Mg—3.11Li—2.31A1-1.95Sn—
0.94Y-0.45Er alloy was fabricated by this
combined forming approach. The UTS, YS, and
elongation of (255+7) MPa, (220+6) MPa, and
24.9%, respectively, were obtained at room
temperature. The average grain size was changed
from 217 pm in as-cast state to 12.4 um in MDF +
asymmetric rolling state, indicative of remarkable
grain refinement. XRD and SEM—EDS examination
revealed that the phase composition is composed of
a-Mg solid solution phase and Mg,Sn, AlLi, ALY,
and Al,Er intermetallic compounds.

(2) As per the estimation by physical model,
the following contribution of various strengthening
mechanisms of the rolled alloy was obtained:
secondary phase strengthening (41.73%), dislocation
strengthening (26.18%), grain boundary strengthening
(15.85%), solid solution strengthening (11.24%),
and intrinsic lattice strengthening (5.00%). The
dominant strengthening mechanism of LATY3221
alloy is the secondary phase strengthening,
dislocation strengthening, and grain refinement
strengthening.

(3) Microstructural examination revealed that
the present alloy exhibits DRX at temperatures of

473-573 K, but dynamic grain growth at 573—
623 K. Cavity phenomenon was observed, and
cavity nucleation and net growth percentages
were studied using models and experimental
evidence. The maximum elongation of 293.9%
was obtained at 623 K and 5x10*s’!, which
indicates  superplasticity-like or  quasi-super-
plasticity behavior in this coarse-grained alloy.

(4) A power-law constitutive equation was
established. The stress exponent of 3 and
deformation activation energy of 116.8 klJ/mol
confirmed that the dominate deformation
mechanism at elevated temperatures is dislocation
viscous glide controlled by lattice diffusion.
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