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Abstract To improve the strength at room temperature and ductility at high temperature, a novel a-Mg phase
based multicomponent Mg-2.65Li-7.05A1-2.08Zn-0.15Y alloy difficult to roll has been successfully fabricated by
decreasing-temperature multidirectional forging and hot rolling. The optical microstructural examination
revealed that the average grain size of the processed alloy plate is 13.94 + 1.0 um. The ultimate tensile strength,
0.2% proof stress, and elongation of 295 MPa, 200 MPa, and 17.79%, respectively, were obtained at room
temperature. The maximum quasi-superplasticity of 310% was demonstrated in this alloy at a temperature of
573 K and a strain rate of 1.67x10* s™*. Flow stress curves showed that discontinuous dynamic recrystallization
and continuous dynamic recrystallization occurred in this alloy at elevated temperatures and different strain
rates in most cases, but the flow hardening phenomenon was discovered at a temperature of 633 K and strain
rates of 5x10™ -1.67x10™ s, resulting from the occurrence of grain coarsening. The established modified
Zerilli-Armstrong constitutive model was incorporated into dislocation models to realize the estimation of the
dislocation density and number of dislocations inside a grain under specific conditions. It was discovered that
dozens of dislocations inside a fine grain formed by dynamic recrystallization favored intragranular dislocation
glide and disfavored grain boundary sliding. A power-law constitutive equation was established, and the
relationship between average grain size and Zener-Hollomon parameter was established in this alloy. It was
found that at 573 K and 1.67x10™ s™ | the stress exponent was 3, and the experimental activation energy for
deformation was 150.8 kJ/mol; the dislocation density was 1.08x10" m?, and the number of dislocations inside
a grain was 27. These results confirm that the rate-controlling deformation mechanism of this alloy under this
condition is dislocation viscous glide creep controlled by lattice diffusion.
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I Introduction

Mg-Li alloys, the lightest alloy with a density of 1.3-1.65 g cm™, have the potential for applications in
spaceflight, military weapons, communication and electronic devices, and automobile sectors due to their
extremely low density, high specific stiffness, high specific strength, good damping properties, and excellent
electromagnetic shielding properties [1]. Thus, Mg-Li alloys recently have drawn much attention of researchers
[2-11]. There are some reports available on single phase B-Li alloys [2, 3] and dual phase a-Mg+p-Li alloys
[4-9]. Only a few reports have been reported in a-Mg based alloys [10-11]. Therefore, a novel a-Mg based
Mg-3Li-7Al-2Zn-0.5Y alloy (designated as LAZY3720) is designed. The purpose of addition of 3 wt.% Li is to
obtain a-Mg matrix according to binary Mg-Li phase diagram. The purpose of addition of 7 wt.% Al is to
achieve solid solution strengthening and the second phase strengthening. The purpose of addition of 2 wt.% Zn
is to achieve solid solution strengthening. The purpose of addition of 0.5 wt.% Y is to achieve grain refinement
and the second phase strengthening. Due to insufficient slip systems of Mg and a-Mg based alloys, such alloys
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are difficult to deform at room temperature. Since high temperature deformation can activate non-basal slip
systems of Mg and o-Mg based alloys, the deformability or ductility can be enhanced greatly. Hence, it is
necessary to study on the high temperature deformation behavior and microstructure evolution in the
LAZY3720 alloy. In addition, the room temperature properties are investigated.

Grain refinement through thermomechanical processing improves both strength and ductility.
Multidirectional forging (MDF), one of the severe plastic deformation approaches, of magnesium alloys recently
has captured the attention of extensive researchers [12, 13]. The microstructures and mechanical properties have
been concentratedly investigated in LA143[12] and AZ80-F[13] alloys. However, except for our previous works
on superplasticity of dual-phase Mg-10.2Li-2.1AI-2.23Zn-0.2Sr alloy [14] and microstructure and ambient
mechanical properties in dual-phase Mg-6.4Li-3.6Zn-0.37Al-0.36Y alloy [15] processed by MDFR
(multidirectional forging and rolling), no information is available about the study on the novel o-Mg based
LAZY3720 alloy processed by MDF and hot rolling (HR). Thus, it is necessary to fabricate this alloy via
MDF+HR to overcome the difficult-to-roll problem and investigate its high temperature microstructures and
mechanical properties.

Superplasticity means the capability of materials in exhibiting larger elongation or excellent ductility,
typically several hundred and occasionally several thousand. Langdon proposed [16] that superplasticity exhibits
more than 400% elongation and strain rate sensitivity of 0.5, but quasi-superplasticity exhibits 200-300% (below
400%) elongation and strain rate sensitivity of 0.33. Some recent works on superplasticity of simple binary and
trinary fine-grained or ultrafine-grained Mg-Li alloys are available reporting the experimental results of
superplasticity in the range of 621.1-1400% [17-21]. However, the superplasticity of complex multicomponent
Mg-Li alloy is rarely reported. Therefore, it is necessary to investigate the superplasticity behavior in complex
multicomponent LAZY 3720 alloy processed by MDF+HR.

Constitutive equation or model reflects the relationship of deformation temperature, strain rate, and
strain of materials, and is a prerequisite for determination of the forming load and implementation of finite
element simulation. The study on the constitutive model has a significant meaning and scientific value on the
practical engineering process. The constitutive models include physically based constitutive equation,
phenomenological equation, and artificial neural network model [22]. Recently, Arrhenius phenomenological
equation [23-25], modified Johnson-Cook (mJC) equation [26], modified Zerili-Armstrong (mZA) equation [27],
and physically based equation [28] have been reported in different magnesium alloys. According to our
literature survey, the quantification of internal state variables such as grain size, dislocation density, and the
number of dislocations has been neglected in recent years during the study of hot deformation behavior.
Moreover, the establishment of constitutive equation relies on the flow stress curves obtained from different
forming paths such as hot compression, hot tension, and hot torsion. In Mg-L.i alloys, a majority of reports are
available on the Arrhenius equation via hot compression [29-33], but the hot tension behavior is rarely reported
[14, 15, 34]. Hot tensile deformation behavior in multicomponent LAZY3720 alloy remains unknown.
Therefore, it is necessary to establish mZA constitutive equation and combine the mZA equation with internal
state variables in LAZY3720 alloy. On the other hand, power-law constitutive equation has been used in
superplasticity and creep and has its scientific value in elucidating the deformation mechanism at elevated
temperature. However, aforementioned recent reports on superplasticity of binary and trinary Mg-L.i alloys are
concentrated on the experimental results [17-21] and are in lack of quantification of the power-law constitutive
model and elucidation of the deformation mechanism at elevated temperature. Hence, it is essential to
establish the power-law equation and reveal the high temperature deformation mechanism in multicomponent
LAZY3720 alloy.

In this work, the investigated contents include several aspects. Firstly, a novel LAZY3720 alloy was
fabricated by novel MDF+HR. Secondly, the microstructural evolution and flow stress at room and elevated
temperatures were investigated. Thirdly, mZA constitutive equation considering dislocation variables was newly
established, and a power-law equation was established in this alloy. Fourthly, the high temperature deformation
mechanism and the significance of established equations were elucidated.

. Experimental Material And Method
2.1. Material processing

Mg, Al, Zn, and Li blocks (purity more than 99.9%) and Mg-30Y master alloy were used as the raw
materials to prepare the LAZY3720 alloy ingot. Raw materials were melted in an electric resistance furnace and
cast in a water-circulated copper mold, as detailed in reference [35]. The analyzed chemical composition was
2.65 Li, 7.05 Al, 208 Zn, 0.15 Y, and balanced Mg (wt. %), and the actual alloy ingot of
Mg-2.65Li-7.05Al-2.08Zn-0.15Y was obtained. The ingot size was 200 x 100 x 30 mm®. The ingot was
homogenized at 553 K for 20 h. After milling of the ingot surface, the milled ingot was cut into billets with
dimensions of 40 (length) x 22 (width) x30 (height) mm?. Then the billets were formed by MDF on a hydraulic
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press of 3 KN maximum load. The schematic diagram of MDF process is shown in Fig. 1. The billet was
compressed in A plane for the first pass, then the formed billet was turned 90 degrees and compressed in C plane
for the second pass, then the compressed billet was turned 90 degrees and compressed in B plane for the third
pass. This process was repeated until the required accumulative strain was attained. The MDF adopted the mode
of decreased-temperature forging: 673 K for the 1% to 3" pass, 623 K for the 4™ to 6™ pass, and 573 K for the 7"
to 9" pass. The pass strain was 0.6. The MDF billets were hot rolled at 588 K to 12 mm on a two-high rolling
mill. The HR reduction was 50%. Detailed rolling process was as follows: After holding at 588 K for 1 hour, the
MDF billets were rolled from 24 mm to 20 mm for two passes with a pass reduction of 8.3%. The rolled plate
after heating at 588 K for 15 min was rolled to 17 mm for three passes with a pass reduction of 4.3%. Then the
rolling process was repeated for the latter six passes with a pass reduction of 4.3%, that is to say, the plate was
rolled to 14 mm for three passes and to 12 mm for another three passes. After MDF and HR, the workpieces
were water quenched to ambient temperature to reserve the microstructures at high temperatures.

$F
Turn 90"(" -

§ F @F > Turn 90°

N |
Turn 90&/

Fig. 1. Schematic diagram of multi-direction forging process. F denotes the forging pressing force and indicates
the forging direction.

2.2. Tensile tests at ambient and elevated temperatures

Dog-bone shaped samples were machined on the rolled plate. The dimensions of the dog-bone shaped
sample were 2 mm (thickness) x10 mm (gauge length) x 6 mm (gauge width).The gauge direction was parallel
to the rolling direction or longitudinal direction. Tensile tests were conducted on Shimidazu AG-X Plus
universal tensile tester. The ambient tensile velocity is 3 mm per minute. After holding at 573 K for 15 min,
high-temperature tensile tests were performed in a temperature range of 543-633 K over a strain rate range of
1.67x10%-1.67x10" s,

2.3. Microstructural characterization

Samples for optical microscopy (OM) observation were prepared by conventional metallographic
method. The samples were ground, polished, and etched in a 6 g picric acid +10 mL water + 50 mL absolute
ethyl alcohol + 5 mL glacial acetic acid. The etching time was 30 s. The OM observation was performed on
Olympus DSX500 optical microscope. The grain size was measured by Image-Pro Plus (IPP) software. A
sample for EBSD (Electronic Backscattered Diffraction) characterization was prepared as follows: The gauge
sample in a length of 8 mm was ground by 1000#. 2000#. 3000#and 5000# abrasive papers, mechanically
polished, and further polished by 697 Ilion I Argon lon Polishing Instrument equipped with liquid nitrogen
cooling station produced by Gatan Company in the United States, and the ion beam energy is 0.1-8 KV. EBSD
was detected by FIB-SEM of crossbeam 550 with resolution of 3 nm and acceleration voltage of 30 KV
manufactured by Carl Zeiss management Co., Ltd. The misorientation angles between 0° and 2° were not
considered in order to prevent noise in the EBSD maps.
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1. Results

3.1. Initial microstructures and ambient mechanical properties of this alloy before high temperature tensile
deformation

Average grain size =6.27 £ 1.5 pm

Frequency (%)

Grain size (um)

Fig. 2. OM microstructures of LAZY3720 alloy: (a) As-cast, (b) MDF, 6" pass, 623 K, (c) MDF+HR at a
temperature of 588 K and a reduction of 50%, (d) annealed at 623 K for 1 h,(e) EBSD analysis of different types
of grains in the alloy; blue and red color represent recrystallized and deformed grains, and (f) grain size
distribution.

Fig. 2 presents the OM microstructures of LAZY 3720 alloy after MDF+HR at a temperature of 588 K
and a reduction of 50%. As shown in Fig. 2(a), grains in irregular shapes exist due to the rapid cooling of
water-cooled copper mold. As shown in Fig. 2(b), after 6-pass MDF at a temperature of 623 K, the mechanically
sheared grains and dynamically recrystallized (DRXed) grains appear because of the action of internal shear
stress transformed from the compression stress in the vertical direction. The average grain size is 6.41 + 1.0 um.
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The microstructure is a heterogeneous or non-uniform microstructure. As shown in Fig. 2(c), grains are in the
elongated state. Grain aspect ratio (GAR) is defined as the ratio of horizontal grain size to vertical grain size.
GAR value is only 1.65. The average grain size is 13.94 + 1.0 um. Compared to other Mg-Li alloys such as
single phase B-Li and dual-phase a-Mg +-Li alloys, the present alloy is difficult to be rolled because of high Al
content (7.05 wt.%) and a-Mg hexagonal close-packed (HCP) structure. Intermediate annealing heated at 588 K
for 15 min has to be added between rolling passes. Thus, grain coarsening following dynamic recrystallization
(DRX) occurs in the MDF+HR microstructures. Even so, the MDF+HR microstructure still is a bimodal
microstructure in which coarse grains account for a majority and fine grains account for a minority.  As shown
in Fig. 2(d), equiaxed grains exist due to static recrystallization. The average grain size is 16.5 + 1.3 um. This
annealed microstructure provides a prerequisite for study on the high-temperature behavior. As shown in Fig.
2(e), EBSD analysis of 6-pass MDF sample in Fig 2(b) reveals that red deformed grains account for a majority,
but blue recrystallized grains account for a minority. A small number of black grains cannot be identified by
available EBSD technique. Hence, 6-pass MDF is a non-uniform deformed microstructure. As shown in Fig.
2(f), the average grain size is 6.27 + 1.5 pm.
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Fig. 3. Engineering stress-strain curves of MDF+HR and as-annealed specimens of LAZY 3720 alloy.

Fig. 3 shows the stress-strain curves of MDF+HR and as-annealed specimens of LAZY 3720 alloy. The
ultimate tensile strength and 0.2% proof stress of MDF+HR alloy are 295 and 200 MPa, respectively, while the
ultimate tensile strength of the as-annealed alloy is 271 MPa. The elongation of MDF+HR alloy is 17.79% while
the elongation of the as-annealed alloy is 26.83%. High Al content (7.05%) and a-Mg phase matrix are
favorable for the excellent mechanical properties. Annealing leads to the decrease in ultimate tensile strength
and increase in elongation in the present alloy. Serrated flow or Portevin-Le Chatelier (PLC) effect can be seen
in Fig. 3. PLC effect is observed in this alloy and is caused by the pinning and depinning of Cottrell’s
atmosphere or the interaction between dislocations and solute Li, Al, and Zn.
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Fig. 4. XRD patterns of LAZY3720 alloy in different states.

Fig. 4 shows the XRD patterns of LAZY3720 alloy in different states. The present alloy consists of
a-Mg solid solution and Mg;;Al,, ALY intermetallic compounds. Zn is dissolved in the matrix. These
compounds and solutionized Zn contribute to the enhancement of mechanical properties.
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3.2. Microstructures of this alloy after high temperature tensile deformation

Fig. 5. Microstructures of gaue section in LAZY3720 alloy at a deformation temperature of 573 K with
different strain rates, grain sizes, and elongations: (a)1.67x10? s™, d=15.5 + 1.5 pm, 6=75%; (b)1.67x10% s,
d =3.3 + 0.8 um, 6=130%; (c)5x10™ s, d=4.2 + 1.1 pm, 6=170%; (d)1.67x10™* s, d=6.2 + 1.2 um, 6=310%.

Fig. 5 presents the microstructures of gauge section in LAZY3720 alloy at a deformation temperature
of 573 K with different strain rates. As shown in Fig. 5(a), at a strain rate of 1.67x107 s, coarse grains exist
with an average grain size of 15.5 £ 1.5 um. Compared to the average grain size of 16.5 + 1.3 pm in Fig. 2(d),
DRX is slightly initiated according to the difference between the average grain sizes because the deformation
time is very short at high strain rate though pre-heating lasts 15 min before tension. As shown in Fig. 5(b) and
(c), compared to the average grain size of 15.5 + 1.5 um in Fig. 5(a), the average grain sizes were 3.3 + 0.8 and
4.2 + 1.1 pm , respectively, at strain rates of 1.67x10° and 5x10™* s Thus, grains are well refined to
fine-grained scale due to the occurrence of DRX, but the fine grains align along the rolling direction, indicative
of the occurrence of incomplete DRX. As shown in Fig. 5(d), at a strain rate of 1.67x10* s™, the deformation
time is prolonged, and sufficient DRX takes place. As a result, the maximum elongation of 310% is achieved at
a fine grain size of 6.2 £ 1.2 pum.
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Fig. 6. Microstructures of gauge section in LAZY3720 alloy at a deformation temperature of 603 K with
different strain rates, grain sizes, and elongations:(a)1.67x10% s, d=12.6 + 1.8 um, 6=100%; (b)1.67x10° s*,
d=6.3 + 0.9 um, 5=280%; (c)5x10* s, d=7.6 + 1.4 pm, 5=170%; (d)1.67x10* s, d=7.9 + 1.7 pm, 5=250%.

Fig. 6 presents the microstructures of gauge section in LAZY3720 alloy at a deformation temperature
of 603 K with different strain rates. As shown in Fig. 6(a), at a strain rate of 1.67x10? s™, partial DRX or
incomplete DRX occurs due to short deformation time. Coarse grains are surrounded by fine grains. As shown
in Fig. 6(b), at a strain rate of 1.67x10° s, partial DRX proceeds further, and fine-grained microstructure with
horizontal rolling trace is formed. Thus, 280% elongation is obtained in this case. As shown in Fig. 6(c), at a
strain rate of 5x10 s, DRX develops further, and connected equiaxed fine grains with horizontal rolling traces
are clearly visible. Some of extremely small grains are around the big grains, which proves the occurrence of
discontinuous DRX. Also, in individual banded grain, separate grains are formed by continuous DRX due to
tensile deformation. As shown in Fig. 6(d), at a strain rate of 1.67x10™ s, nearly full DRX occurs, equiaxed
fine grains with high angle grain boundaries are visible, and the distribution of equiaxed fine grains is
homogeneous. In a word, with the decrease in strain rate, the microstructure develops from incomplete DRX to
nearly fu‘I1I I?RX. Nearly full DRX or complete DRX predominates at the temperature of 603 K and strain rate of
1.67x10™ s™.
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Fig. 7. Microstructures of gauge section in LAZY3720 alloy at a deformation temperature of 633 K with
different strain rates, grain sizes, and elongations: (a)1.67x107 s, d=16.8 + 2.1 um, 9=125%; (b)1.67x10° s?,
d=17.3 £ 1.4 um, 6=220%; (c)5%10™ s, d=17.8 + 2.7 um, 6=210%; (d)1.67x10* s, d=23.4 + 2.4 um, 9=140%.

Fig. 7 presents the microstructures of gauge section in LAZY3720 alloy at a deformation temperature
of 633 K with different strain rates. DRX and grain coarsening occur simultaneously at this temperature. As
shown in Fig.7 (a) and (b), DRX occurs in the microstructures, but the connected equiaxed grains aligning along
the rolling direction are visible. The degree of DRX is still partial or incomplete, and the distribution of grains is
not homogeneous. Slight grain coarsening occurs. However, as shown in Fig.7 (c) and (d), full DRX and grain
coarsening occur due to long-time deformation at elevated temperature. Fully equiaxed grains are clearly visible.
Grain distribution becomes more homogeneous.
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3.3. Stress-strain curves of this alloy at tensile temperatures
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Fig. 8. True stress versus strain curves of LAZY3720 alloy at the same deformation temperatures with different
strain rates: (a) 543 K; (b) 573 K; (¢) 603 K; (d) 633 K.

Fig. 8 shows the true stress versus strain curves of LAZY3720 alloy at the same deformation
temperatures with different strain rates. For a single stress-strain curve, the flow stress rises with increasing the
strain, a short transitional stage of decreasing strain hardening rate appears until the peak stress. At the peak
stress, the softening and hardening achieve a balance. After the peak stress, the flow stress decreases with
increasing the strain, and usually flow softening occurs. For different stress-strain curves, the flow stress
decreases with the increase in temperature and/or decrease in strain rate. Due to rapid atomic diffusion and
decrease in dislocation density, the thermal activation process promotes the reduction of flow stress with the
increase in temperature and/or decrease in strain rate. As shown in Fig. 8(a)(b)(c), after the peak stress, the flow
stress decreases with increasing strain, indicative of the occurrence of DRX and flow softening. As shown in
Fig. 8(d), the flow stress decreases with increasing strain at strain rates of 1.67x10% -1.67x10° s, indicative of
the occurrence of DRX and flow softening, but the flow stress increases with increasing the strain at strain rates
of 5x10™ -1.67x10™ s, indicative of the occurrence of grain coarsening and flow hardening. This reveals that
DRX and grain coarsening occur at 633 K with different strain rates.
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Fig.9. Engineering stress versus strain curves of LAZY3720 alloy at the same deformation temperatures with
different strain rates: (a) 543 K; (b) 573 K; (c) 603 K; (d) 633 K.

Fig. 9 presents the engineering stress versus strain curves of LAZY3720 alloy at the same deformation
temperatures with different strain rates. The elongations are in the range of 70-310%. As shown in Fig. 9(b), the
maximum elongation to failure of 310% was obtained at 573 K and 1.67x10™* s™. As shown in Fig. 9(c), the
secondary elongation to failure of 280% was obtained at 603 K and 1.67x10%s™.

3.4. Constitutive modeling
3.4.1. Modified Zerilli-Armstrong constitutive equation

Modified Zerilli-Armstrong (mZA) constitutive equation is given by the following form [36]:
0 = (€1 + Ce™)exp [—(C5 + Co&)(T — Trep) + (Cs + Co(T — Trer)) In(€/£p)] (1)
where C,, C,, C3, C,, Cs, Cq, and n are material constants. These material constants need to be solved by
means of experimental flow stress data. C, is the yield stress (50.07 MPa) of flow stress curves under referred
strain rate and referred deformation temperature. Let referred strain rate ¢, be 1.67x10™s™, and let referred
deformation temperature T..¢ be 543 K. ¢ isthe true stress, ¢ is the true strain, and ¢ is the strain rate.

When the strain rate is equal to the referred strain rate, Eq. (1) is converted to the following form:

0 = (C; + Coe™)exp [—(Cs + C&) (T — Trer)] @)
Take logarithm, Eq. (2) becomes
Ino =In(C; + C,e™) — (C3 + C1&)(T — Trer) (3)

Substitution of the flow stresses at referred strain rate into Eq. (3) and fitting linearly, Ino — (T — Tyef)
curves can be obtained, as shown in Fig. 10. —(C; + C,&) and In(C; + C,&™) can be obtained according to
the slope S; and intercept I,.
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Fig. 10. Linear fitting curve of In o versus T — T

Thus, the following relation can be obtained:
In(expl; —C;) =InC, +nlne (@)
In like manner, In(expl/; — C;) and Ine are fitted linearly, one gets Fig. 11. In the same way, n
(=6.05476) and C, (=2.20034 MPa) are obtained according to the slope and intercept of this curve.
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Fig. 11. Linear fitting curve of In(expl; — C;) versus Ine.
Based on what has been described above, the following relation exists.
S =—(C+Che) ®)
S, and ¢ are fitted linearly, as shown in Fig. 12. In the same way, C; (=0.01758) and C, (=0.00635) are
obtained according to the intercept and slope of this curve.
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Fig. 12. Linear fitting curve of S; versus e.

Take logarithm on both sides of Eq. (1), one gets
Ino =1In(C, + Ce™) = (C3 + Cu&)(T — Trep) + [Cs + Co(T — Trep)] In(€/€,) (6)
According to Eq. (6), Ino and In(é/&,) are fitted linearly, as shown in Fig. 13.
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Fig. 13. Linear fitting curve of Ino versus In(g/&,).

Let the slope of Fig. 13 be S,, one gets

S, =Cs+Cs (T - Tref)

@)

Then S, and (T —T,.;) are fitted linearly, one gets Fig. 14. In the same way, Cs (=0.1903)
and Cg (=0.00139) are obtained according to the intercept and slope of this curve.
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Fig. 14. Linear fitting curve of S, versus T — Tpef.

Substitution of aforementioned C;, C,,C5,C,, Cs, Cq, and n values into Eqg. (1), the mZA constitutive

equation is obtained as follows:

o = (50.07 + 2.20034£505476)¢
=f(T,&e)  (8)

—(0.01758+0.006358) (T—Tyef)+[0.1903+0.00139(T~Tref)] 1n(%>

Eqg. (8) reflects quantitatively the relationship between flow stress and deformation condition such as
temperature, strain rate, and strain in hot tensile LAZY 3720 alloy.
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Fig. 15. Comparison between experimental and predicted flow stress values by the modified Zerilli-Armstrong
model at different temperatures and different strain rates: (a) 1.67x102s *; (0)1.67x103s %; (c)5%10™s %;
(d)1.67x10™s . Here, exp denotes experiment stress and pre denotes prediction stress.

Fig. 15 shows the comparison between experimental and predicted flow stresses by the mZA model at
different temperatures and different strain rates. As shown in Fig. 15(b) and (c), the error between experimental
stress and predicted stress is relatively large, and the predictive effect is non-ideal. The absolute average relative
error is 13.2%. However, as shown in Fig. 15(a) and (d), the predictive effect is ideal, especially, the predictive
effect is the best at the temperatures of 603-633 K and a strain rate of 1.67x10™s *. More accurate mZA model
needs to be established in the future.

The dislocation density and the number of dislocations inside a grain can be expressed as the following

[37]
p=C(Gb)?c? (10)
N=1.81(1- v)[d/(Gb)] & (11)

where p is the dislocation density, C is the dimensionless constant, G is the shear modulus, b is the magnitude of
Burges vector, N is the number of dislocations inside a grain, v is Poisson’s ratio, and d is the linear intercept
grain size.

Substitution of Eq. (8) into Eqgs. (10) and (11) gives
p=C(Gb)* f(T, ¢ ¢)* (12)

N=1.81(1-v)[d/(Gb)] f(T,¢,¢) (13)

Egs. (12) and (13) are the constitutive equations containing dislocation density and number of dislocations,
respectively. This indicates that dislocation variables under different deformation conditions, such as T,é, and &,
can be characterized based on the established mZA constitutive equation.

G for Mg is given by [38]

G (MPa) = 1.66 x 10*[1 — 0.49(T — 300)/943] (14)

Estimation is made for a specific deformation condition of true strain of 0.14 (elongation of 15%). T=573 K,
£=1.67X10™s™, C=10[39], G=14245.19 MPa, b=3.21X 10" m [40], v=0.28 [40], d=1.65X10"° m (Fig. 2(d)),
and £ (T, ¢, £)=28.66 MPa. Substitution of these data into Eqgs. (12) and (13) give p=3.90X 10" m? and N=135.
This result reveals that significant dislocation activity occurs in this alloy, and dislocation glide occurs under this
condition. Moreover, estimation is extended to a specific deformation condition of 310% elongation (true strain
of 1.41). T=573 K, ¢=1.67X10*s? d=6.2xX10° m (Fig. 5(d)), and =15 MPa (Fig. 8(b)). Substitution of these
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data into Egs. (10) and (11) give p=1.08X10* m? and N=27. This result reveals that remarkable dislocation
activity occurs in this alloy, and dislocation glide creep governs the rate-controlling mechanism under this
condition. The estimated results also reveal that the dislocation density and number of dislocations decrease
sharply with increasing the strain, and hence flow softening occurs due to the occurrence of DRX under this
condition.

3.4.2. Power-law constitutive equation

This section will establish high temperature power-law constitutive equation of LAZY3720 alloy via
determination of several key characteristic exponents such as stress exponent, grain size exponent, and
activation energy for deformation.

High temperature power-law constitutive equation is generally given by [41]

. ADyGb (b\P (o-0p\"

e=222 Q) (%) en () (15)

where £ is the steady-state deformation rate, A is a dimensionless constant, G is the shear modulus, b is the
magnitude of Burgers vector, p is the grain size exponent, o is the applied stress, n is the stress exponent (1/m,
m-strain rate sensitivity exponent or m-value), Dy is the frequency factor for diffusion, Q is the activation energy

for deformation, k is Boltzmann’s constant, T is the absolute temperature, d is the grain size, and R is the
universal gas constant.

(1) Threshold stress a, and stress exponent n

Stress exponent, n, is related to threshold stress, o,. Threshold stress 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, ¢ — /2,0 —
§1/3, 6 — ¢1/% and o — /5 curves are fitted linearly. The intercepts of the linear curve are the threshold
stresses, respectively, when n are 2, 3, 4, and 5. When ¢, value is positive and the fitting quality or correlation
coefficient is the best, corresponding n value is the optimal value. Fig. 16 presents the linear fitting curves of
o — €125 — 13 g — ¢4 and o — £1/5, respectively.
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Fig. 16. Fitting curves of o versus £/™ of LAZY3720 alloy: (a)n=2; (b)n=3; (c)n=4; (d)n=5.
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The correlation coefficients corresponding to n value of 2, 3, 4, and 5 are 0.65, 0.9758, 0.9843, and
0.9886, respectively. As shown in Fig. 16, the threshold stress is positive when n values are 2 and 3, but the
threshold stress is negative when n values are 4 and 5. Thus, n=4 and 5 are ruled out or excluded. Thus, n=3 is
the best stress exponent or true stress exponent.

(2) Activation energy for deformation Q

True activation energy for deformation at constant strain rate is given by the following relation based on Eq.

(15):
_ S 0lln(c"cI "r1aP)]
Q - R a(T_l) : (16)
Since dislocation creep is predominant in the present alloy, p is equal to zero [42].
Fig. 17 shows the fitting curves of In(¢™G1™"T~1) — 1/T at different strain rates.
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Fig. 17. Fitting curves of In(¢™G*™"T~1) — 1/T at different strain rates.

The activation energy for high temperature deformation of LAZY3720 alloy is in the range of
102.19-150.8 kJ/mol.

(3) Normalized curve

Eqg. (15) is converted into the following form by taking logarithm:

EkT -
In (ﬁ) =InA + nlnZ GUO )

where D = Dyexp [-Q/RT], Dg=1X10* m? s* [43] ,Q is the average activation energy for deformation,

0=125.343 kJ/mol.
Fig. 18 shows the fitting curve of In(¢kT/DGb) — In[(c — a,)/G]. The slope of the linear fitting line is 2.5

(7=3),. The intercept of the fitting line isln A ( = -3.91). Thus, A =0.02. Correlation coefficient, R, is 0.84647,
and absolute error is less than 16%.
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Fig. 18. Fitting curve of In(é¢kT/DGb) — In[(c — 0,,)/G].
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Hence, the power-law constitutive equation of LAZY3720 alloy is obtained:

£ =2x1072D, = (=23 exp(—n) (18)
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Fig. 19. The plot of Ind as a function of InZ.

Finally, the relationship between average grain size and Zener-Hollomon parameter (Z parameter) needs to be
established. Z parameter is given by [44]

. Q
Z=¢ exp [ (] (19)
Presuming that d = aZ™, where a and n’ are constants. Taking logarithm on both sides, one gets
Ind = lna + n'InZ (20)

Fig. 19 shows the plot of Ind against InZ. a=166.863, and n’=-0.16679. Hence, the relationship of d and Z
can be obtained.
d = 166.863770:16679 (21)

Iv. Discussion

4.1. Analysis of microstructural evolution and mechanical properties at tensile temperatures

As depicted in Sections 3.2 and 3.3, the temperature and strain rate have a significant influence on the
flow stress level. The flow stress level decreases with increasing the temperature and/or decreasing the strain
rate. The reason is that due to thermal activation process at elevated temperature, atomic diffusion accelerates,
and dislocation density decreases. As a result, the flow stress level decreases with increasing the temperature
and/or decreasing the strain rate. As shown in Figs. 5, 6, 7 and 8, DRX occurs to a great extent in the
microstructures, and flow softening occurs in most cases. As such, the flow stress curve exhibits a slow
decreasing stress curve after the peak stress, i.e., flow softening phenomenon. That is because Mg has a lower
stacking fault energy than Al, DRX instead of dynamic recovery (DRV) easily occurs in the present ultralight
alloy. Since serrated grain boundary does not appear in the microstructures, geometrical DRX is excluded. As
shown in Fig. 6 (c) and Fig. 7(a)(b), some of extremely small grains are around the big grains, which reveals the
nucleation and growth in some sites. This demonstrates the occurrence of discontinuous DRX. Furthermore,
according to Mohri et al. work [45] and superplasticity theory, hot tensile process involves the transformation of
low angle grain boundary to high angle grain boundary due to the reduction of grain size from coarse grain to
fine grain with increasing the true strain. This transformation indicates the occurrence of continuous DRX [45,
46]. The cause of occurrence of continuous DRX is as follows: under applied tensile stress or strain at elevated
temperature, subgrains with low angle grain boundary in coarse grain rotate and undergo the increase in
misorientation angle by absorption of dislocations and turn into equiaxed grains with high angle grain boundary.
Grain refinement due to continuous DRX results in flow softening. According to above-mentioned analysis, we
come to the conclusion that discontinuous DRX and continuous DRX occur in this alloy during the hot tensile
process. However, as shown in Figs. 7(c)(d) and 8(d), the flow stress increases with increasing the strain at a
temperature of 633 K and strain rates of 5x10“ -1.67x10™ s, indicative of the occurrence of grain coarsening
and flow hardening phenomenon. Under applied stress or imposed strain at 633 K, thermal activation accelerates
atomic diffusion and promotes grain boundary migration. Grain boundary migration induces dynamic grain
coarsening, called strain-enhanced grain coarsening. The flow hardening phenomenon has been found in
superplastic CoCrFeNiMn high entropy alloy [47] and superplastic ZK30 magnesium alloy [48]. Due to grain
coarsening, the number of dislocations in Eqgs. (11) and (13) increases, stress exponent increases, and strain
hardening appears at the flow stress curves. In a word, dynamic grain coarsening results in strain hardening. The
increase in stress exponent at elevated temperature is a recent discovery and advancement in some of alloys
subjected to high temperature deformation. An inconsistency exists between the microstructures in Fig. 7(a)(b)
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and the flow stress curves in Fig. 8(d) at 633 K and 1.67x10?% -1.67x10 s* and remains to be investigated in the
future.

4.2. Comparative analysis of two established constitutive equations

mZA constitutive equation and power-law constitutive equation possess different characteristics. mZA
constitutive equation has its phenomenological nature while power-law constitutive equation has its physical
nature. As shown in Sections 3.4.1 and 3.4.2, the result demonstrates that the established mZA model is relevant
to temperature, strain rate, and strain and suitable for describing the hot forming process at higher temperatures
of 573-633 K and strain rates of 1.67 X107 and 1.67 X 10 s™, whereas the established power-law constitutive
equation is relevant to temperature and strain rate and appropriate for tensile process of superplasticity and
creep.

On one hand, if mZA constitutive equation were embedded into the control system of forging press and
rolling mill, the control panel would display much useful information such as deformation temperature, strain
rate or velocity, strain, stress, grain size, dislocation density, and the number of dislocations inside a grain. As a
result, the macroscopic deformation conditions and microscopic parameters can be monitored. In this way can
the manufacturer monitor and manage the technological process. Thus, mZA constitutive modeling has both
scientific value and practical meaning.

On the other hand, power-law constitutive modeling involves characteristic values such as n, p, and Q
and helps to deepen the understanding of the high temperature deformation mechanism. As shown in Section
3.4, in consideration of the stress exponent, 2.5 (=3), dislocation density, 1.08x10** m? and a number of
dislocations, 27, it is evidenced that dislocation glide creep is the dominant deformation mechanism of this alloy
at a deformation temperature of 573 K and a strain rate of 1.67x10™ s™. Moreover, the experimental activation
energy for deformation is in the range of 102.19~150.8 kJ/mol at strain rates of 1.67x10?% ~1.67x10* s
According to reference [49], the theoretical activation energy of Mg grain boundary diffusion is 92 kJ/mol while
the theoretical activation energy of Mg lattice diffusion is 135 kJ/mol. The experimental activation energy for
deformation of 102.19 kJ/mol at a strain rate of 1.67x10% s is slightly higher than the theoretical activation
energy of Mg grain boundary diffusion of 92 kJ/mol. The experimental activation energy for deformation of
150.8 kJ/mol at a strain rate of 1.67x10™* s is more than the theoretical activation energy of Mg lattice diffusion
of 135 kJ/mol. This is because the second phase obstructs the movement of dislocations, raises the energy
barrier, and increases the deformation activation energy. This result reveals that the experimental diffusion
process experiences a transition from grain boundary diffusion to lattice diffusion at strain rates of 1.67x107?
~1.67x10* s, In view of the abovementioned discussions, it is concluded that the rate-controlling mechanism
of this alloy at 573 K and 1.67x10™* s is dislocation glide creep controlled by lattice diffusion.

4.3. Distinguishing feature of dislocations in complex multicomponent LAZY3720 alloy

The number of dislocations inside a grain has a significant influence on the deformation mechanism in
this alloy. As shown in Figs. 2(b) and 5(d), since the grain size undergoes a transition from 16.5 + 1.3 um coarse
grain in the annealed state to 6.2 + 1.2 um fine grain in the deformed state, this indicates the occurrence of DRX.
Meanwhile, the calculated number of dislocations inside a grain decreases from 135 to 27 at a temperature of
573 K and a strain rate of 1.67x10™s™. A large number of dislocations inside a grain obstruct the occurrence of
GBS. This is quite different from the deduction in B-Li phase based coarse grained Mg-Li-Al alloy in reference
[50], probably because the present alloy is a a-Mg phase based coarse grained alloy in its initial state, and the
interaction between dislocations and solutes Li, Al, and Zn may hinder the appearance of GBS even if the
occurrence of DRX grain refinement during the tensile process. So many dislocations, number of dislocations of
27-135, exist inside a grain and promote intragranular dislocation glide under applied uniaxial tensile stress.
Although the grain size in the gauge section is in a fine grain scale, so many dislocations obstruct the occurrence
of the GBS because typical superplastic alloys usually contain only a few dislocations, say, 1-12, in reference
[51] rather than dozens of dislocations in the present alloy. This finding means that too many dislocations inside
a fine grain formed by DRX favor intragranular dislocation glide and disfavor GBS, which is our contribution to
superplasticity and creep theory. That is a distinguishing feature of complex system LAZY3720 alloy compared
to simple system Mg-Li alloy. In addition, the maximum elongation of 310% is below 400% which is a typical
value of classical superplasticity [16]. This elongation indicates that the high temperature deformation nature
belongs to superplasticity-like behavior or quasi-superplasticity with an elongation of 200-300%. Also,
aforementioned n-value is adjacent to 3, and the strain rate sensitivity exponent m-value is adjacent to 0.33
(m=1/n). Thus, the role of dislocation glide is the predominant. Thus, dislocation glide creep mechanism seems
to be reasonable under this condition.

Furthermore, the rationality of the number of dislocations inside a grain and dislocation density (27 and
1.08x10" m? m?) at 573 K and 1.67x10” s* is analyzed. According to our previous report on
Al-1.88Mg—0.18Sc—0.084Er alloy during uniaxial hot compression at 773 K and 10°s™ [52], the estimation of
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the number of dislocations and dislocation density (18 and 2.99x10™ m®) and experimental evidence (21 and
1.16x10™ m™) demonstrated that corresponding dislocation variable models were validated and convincing.
That is to say, Egs. (11, 13) and (10, 12) are convincing. As such, the estimated number of dislocations and
dislocation density in the present alloy are convincing.

4.4. Comparison of the present results with current research about high temperature deformation

Recently, Xiao et al. [53] proposed a dislocation density-based constitutive equation in hot compressed
Ti-55111 based alloy based on Kocks” work. In Section 3.4.1, mZA constitutive equation considering
dislocation density and the number of dislocations are based on our previous work on dislocation variables. The
common characteristic is that both reports reflect the relationship between dislocation density and thermal
deformation condition (deformation temperature, strain rate, and strain). Recently, Kim et al. [54] connected
Prasad’s hot processing map based on dynamic material model to Ruano-Sherby’s deformation mechanism map
based on creep constitutive equation. In Section 3.4.1, the embedment of mZA constitutive equation into our
work on dislocation variables can realize the connection between the number of dislocations and thermal
deformation condition, which is a further development of the deformation mechanism map containing the
number of dislocations in microduplex magnesium-lithium alloy [55] and further development of the
establishment of our Arrhenius constitutive equations incorporating dislocation variables in hot compressive
Al-1.88Mg-0.18Sc-0.084Er alloy [52] and hot tensile Mg-4.4Li-2.5Zn-0.46Al-0.74Y alloy [56]. In terms of this
analysis, it is found that abovementioned high temperature deformation study is bridging the gap between hot
deformation process and high temperature superplasticity and creep. Ashby’s prophecy on internal state
variables in reference [57] has been realized in references [52-56] and the present work.

4.5. Novelty statement and important findings in this work

The following innovations and important findings have been reported as per above-mentioned
experimental results and theoretical analysis. Firstly a novel a-Mg based multicomponent
Mg-2.65Li-7.05Al-2.08Zn-0.15Y alloy with an emphasis on high Al content (7.05%) has been successfully
fabricated by decreasing-temperature multidirectional forging and hot rolling. The ultimate tensile strength, 0.2%
proof stress, and elongation of 295 MPa, 200 MPa, and 17.79%, respectively, were obtained at room
temperature in this alloy. Secondly, the maximum quasi-superplasticity of 310% was demonstrated in this
alloy with an average grain size of 13.94 + 1.0 um at a temperature of 573 K and a strain rate of 1.67x10* s™.
Thirdly, flow stress curves and microstructural examination showed that discontinuous DRX and continuous
DRX occurred in this alloy at elevated temperatures and different strain rates in most cases, but the flow
hardening phenomenon resulting from the occurrence of dynamic grain coarsening was discovered in a few
cases. Fourthly, the result demonstrated that the established mZA model was suitable for describing the hot
forming process at higher temperatures of 573-633 K and strain rates of 1.67x10? and 1.67x10™ s™ in this alloy.
The established mZA constitutive model was incorporated into dislocation models to realize the estimation of
the dislocation density and number of dislocations inside a grain under specific conditions. It was discovered
that dozens of dislocations inside a fine grain formed by DRX favored intragranular dislocation glide and
disfavored grain boundary sliding, which is our contribution to superplasticity and creep theory. Fifthly, it was
found that in this alloy (average grain size of 13.94 + 1.0 um at 573 K and 1.67x10™ s, the stress exponent was
3, and the experimental activation energy for deformation was 150.8 kJ/mol; the dislocation density was
1.08x10™ m? and the number of dislocations inside a grain was 27. These results confirmed that the
rate-controlling deformation mechanism of this alloy under this condition is dislocation viscous glide creep
controlled by lattice diffusion.

V. Conclusions

(1) A novel multicomponent Mg-2.65Li-7.05Al-2.08Zn-0.15Y alloy has been successfully fabricated
by decreasing-temperature multidirectional forging and hot rolling. The optical microstructural examination
revealed that the average grain size of the processed alloy plate was 13.94 + 1.0 um while the average grain size
of as-annealed alloy was 16.5 + 1.3 um. The ultimate tensile strength, 0.2% proof stress, and elongation of 295
MPa, 200 MPa, and 17.79%, respectively, were obtained at room temperature. The maximum superplasticity of
310% was demonstrated in this alloy at a temperature of 573 K and a strain rate of 1.67x10*s™.

(2) Flow stress curves and microstructural examination showed that discontinuous dynamic
recrystallization and continuous dynamic recrystallization occurred in this alloy at elevated temperatures and
different strain rates in most cases, but the flow hardening phenomenon was discovered that the flow stress
increases with increasing the strain at a temperature of 633 K and strain rates of 5x10™ -1.67x10* s?, resulting
from the occurrence of dynamic grain coarsening.

(3) The result demonstrated that the established mZA model was suitable for describing the hot forming
process at higher temperatures of 573-633 K and strain rates of 1.67x102 and 1.67x10™ s™in this alloy. The
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established mZA constitutive model was incorporated into dislocation models to realize the estimation of the
dislocation density and number of dislocations inside a grain under specific conditions. It was discovered that
dozens of dislocations inside a fine grain formed by dynamic recrystallization favored intragranular dislocation
glide and disfavored grain boundary sliding. A power-law constitutive equation was established, and the
relationship between average grain size and Zener-Hollomon parameter was established in this alloy.

(4) It was found that at 573 K and 1.67x10™ s™, the stress exponent was 3, and the experimental
activation energy for deformation was 150.8 kJ/mol; the dislocation density was 1.08x10™ m?, and the number
of dislocations inside a grain was 27. These results confirmed that the predominant deformation mechanism of
this alloy under this condition is dislocation viscous glide creep controlled by lattice diffusion.
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