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Abstract: To control the superplastic flow and fracture and examine the variation in deformation energy, the stress and grain size of
Mg—7.28Li—2.19A1-0.091Y alloy were obtained using tensile testing and microstructure quantification, and new high temperature
deformation energy models were established. Results show that the grain interior deformation energy increases with increasing the
strain rate and decreases with increasing the temperature. The variation in the grain boundary deformation energy is opposite to that
in the grain interior deformation energy. At a given temperature, critical cavity nucleation energy decreases with increasing strain rate
and cavity nucleation becomes easy, whereas at a given strain rate, critical cavity nucleation energy increases with increasing
temperature and cavity nucleation becomes difficult. The newly established models of the critical cavity nucleation radius and energy
provide a way for predicting the initiation of microcrack and improving the service life of the forming parts.
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1 Introduction

High  temperature  deformations such as
superplasticity and creep have attracted the attention of
researchers in the past [1,2], and limited energy analyses
have been recorded. GITTUS [3] obtained the theoretical
free energy for superplasticity and creep and applied
them in zircaloy. He believed that high ductility of
superplastic materials is due to the low free energy.
VALIEV et al [4] and GERTSMAN et al [5] proposed
the models of energy of non-equilibrium grain boundary
and provided a basis for elucidating grain boundary
behavior during deformation. Recently, GALINDO-
NAVA et al [6] employed thermodynamics to investigate
the cavitation effects and obtained the cavity growth
equation. They also obtained the optimal conditions for
superplastic behaviour. However, the parameters K and
K' in the constitutive equation in Gittus’s energy model

cannot be determined in other materials and owing to the
restriction of research history, the estimation of the
number of dislocations at grain boundary in some
models [4,5] was treated as number instead of a model.
Therefore, it is necessary to connect available model of
number of dislocations at grain boundary to their models
of non-equilibrium grain boundary energy. In the
meantime, efforts are made to establish new high
temperature deformation energy models. Except that the
model of grain boundary deformation energy is modified
on Russian researchers’ work, other models such as
macroscopic  deformation energy, grain interior
deformation energy and cavity nucleation (microcrack
initiation) deformation energy are all newly established
for superplastic flow and fracture process. The scientific
value of the cavity nucleation energy model is to control
microcrack initiation, avoid the premature fracture of
forming part and improve the service life of forming
part.
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Because of the extremely low density, high specific
strength and high specific stiffness, good damping
properties and electromagnetic shielding property,
Mg-Li alloys have the potential for use in areas such as
spaceflight, weapons, 3C products and automobile
manufacturing and have received extensive attention in
recent years [7—9]. JIANG et al [10] reported the effect
of Sn addition on the microstructures of Mg—5Li alloys
and found that Sn addition has a strong grain refinement
effect on Mg—5Li alloy. YAN et al [11] investigated the
microstructures and mechanical properties of cold-rolled
Mg—8Li and Mg—8Li—2AIl-2RE alloys and found that
Mg—8Li—2AIl-2RE alloy had the yield strength of
187 MPa with an elongation of 21%. KONG et al [12]
investigated the microstructure and mechanical
properties of two-phase Mg—10.73Li—4.49A1-0.52Y
alloy processed by ECAP and obtained the tensile
strength of 166.4 MPa. However, to the best of our
knowledge, little information is available on the high
temperature energy model in Mg—Li alloy. It is
necessary, therefore, to investigate the variation in
deformation energy and to obtain the distribution of
deformation energy at elevated temperatures under
different deformation conditions in Mg—Li alloy. We
hope that this first report on deformation energy at
elevated temperatures in Mg—Li alloy stimulates interests
in extensive researchers.

In this work, new high temperature energy models
are established. The sheets of a novel Mg—Li—Al-Y
alloy are fabricated by casting, rolling and annealing.
The stress and grain size at elevated temperatures are
determined. The energy models newly derived are
calculated in such an alloy.

2 Modeling

2.1 Macroscopic deformation energy

High temperature deformation energy includes
macroscopic deformation energy and microscopic
deformation energy. The macroscopic deformation
energy (macroscopic deformation energy per unit
volume) E obeys the following relation:

1 AL()
E=— FdS (1)
VL
where V is the volume of deformation body, L, is the
initial gauge length, AL, is the length increment, F is the
external force and S is the displacement of tensile
crosshead.

2.2 Grain interior deformation energy

During mechanism research of superplasticity and
creep, LANGDON [13] proposed that the grain size is
less than the subgrain size in superplasticity and the grain

size is greater than the subgrain size in dislocation creep.

For superplasticity, the microscopic deformation
energy is dissipated into grain interior deformation
energy, grain boundary deformation energy, cavity
nucleation energy and so forth. Presuming that
dislocations move across a grain in length L under
applied stress and the grain size L is less than the
subgrain size A [13] and that the dislocation slip distance
is equal to the grain size L and the dislocation line length
is equal to the grain size L, the grain interior deformation
energy (deformation energy per unit area of a grain
interior) Ejs obeys the following relation:

o
Nig—=bLL
o ) 8
ZLZ s 3

where b is the magnitude of Burgers vector of dislocation,
L is the linear intercept grain size and Nig is the number
of dislocations inside a grain [14].
N = (1-v)Lno 3)
IS \/g Gb
where v is the Poisson ratio and G is the shear modulus.
Substituting Eq. (3) into Eq. (2) gives

o 20-0f

For dislocation creep, subgrains may exist in a
grain. The microscopic deformation energy is dissipated
into grain or subgrain interior deformation energy, grain
or subgrain boundary deformation energy, cavity
nucleation energy and so forth. Presuming that
dislocations move across a subgrain in length 4 under
applied stress and the dislocation slip distance is roughly
equal to the subgrain size A(=20Gb/o) [15] and that the
dislocation line length is roughly equal to the subgrain
size A(=20Gb/o) [13], the subgrain interior deformation
energy (deformation energy per unit area of a subgrain
interior) Ejs obeys the following relation:

o
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where N is the number of dislocations inside a subgrain.
Similar to the treatment in Eq. (3), one gets

(1-v)inoc

- (6)
IS Nete

Substituting Eq. (6) into Eq. (5) gives

4 o 80
Eg=—(1-v)| = |oA=—(1-V)ob 7
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In addition, for dislocation creep, the grain interior
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deformation energy Ejs abides by Eq. (4).

2.3 Grain boundary deformation energy

The grain  boundary energy
(deformation energy per unit area of a grain boundary,
Eg —y) abides by the following relation [5]:

deformation

Gb*
E, —y=
@ (v L
mEy L 4 2l i) s
H Ny b Ny H H b

where Eg, is the non-equilibrium grain boundary energy,
L' is the grain boundary length in the direction normal to
trapped lattice dislocation (TLD) line, 10°s, H is the
width of the complex of TLD dissociation products, Ny,
is the number of dislocations at grain boundary and y is
the grain boundary surface energy.

The number of dislocations at grain boundary Ng, is
given by [16]

d\( F'

Ny, =(1- v)[g) (Ej )

where d is the spatial grain size, F'= bosin a-cos a, here
0=30°. Substituting Eq. (9) into Eq. (8) gives the
modified model of grain boundary deformation energy,
as

By G “‘E*ﬂ(éJ(gJ‘nE*
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In addition, owing to the complexity of subgrain
boundary, no approach is found to obtain the number of
dislocations and the subgrain boundary deformation
energy.

2.4 Cavity nucleation energy

Cavity or cavitation is a common experimental
phenomenon in high temperature deformation, especially
in superplasticity and dislocation creep. Based on the
solid state thermodynamics, the following relation of
cavity nucleation energy AG in Al-Si—Mg alloy was
proposed [17]:

2
AG=-253 29 9 |3,
31.74b G

2
31.74b G
[9.31y —0.5x2.93y ] —3.79Tr3 (11)

where d is the spatial grain size, d=1.74L, E is elastic
modulus, £=2G(1+v), and r is the cavity radius .
Here, critical cavity nucleation radius (r.) is as

follows:

o GIENEIRNE)

As o/E=0 is rather small at elevated temperature,
Eq. (12) is reduced to Eq. (13):

{29

Substituting Eq. (13) into Eq. (11) gives critical
cavity nucleation energy, usually y=1 J/m’.

2 2 2
AG, :76[2j (Ej (lj (14)
d)\o) \o
Shear modulus G for magnesium can be written
as [18]

G =1.66x10" {1—0.49[%23400]} (15)

For high temperature deformation of Mg—7.28Li—
2.19A1-0.091Y alloy investigated here, the grain size d
and the true stress o can be expressed as follows based
on the Zener—Hollomon parameter (Z)[19-23]:

d=cZ™=57342700% (16)
o =23.256sinh™' [Z/expl 7.111]**" (17)
Z = éexp[Q/(RT)] = é exp[111290/(8.134T)] (18)

where Q is the activation energy for deformation and R is
the mole gas constant.
Substituting Egs. (15)—(18) into Eq. (13) gives

r.=8.93x107"° 1—0.49[wj -
924

[£exp(111290/8.314T)]"*" -

Ty 0.517) 2
{smh [£exp(111290/8.314T)/expl7.111] }
19)
Substituting Egs. (15)—(18) into Eq. (14) gives

AG, =2.24x107"® [exp(111290/8.3147)]"** -

T—300j g
924
sinh™! [4exp(111290/8.314T)/el7.111

1—0.49(

]0.517

Ty 0.517) 72
{smh [6exp(111290/8.314T)/expl 7.111] }
(20)
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Equations (19) and (20) reveal that critical cavity
nucleation radius 7. and energy AG. can be calculated
according to the deformation conditions such as
temperature and strain rate.

3 Experimental

A Mg—7.28Li-2.19A1-0.091Y alloy was prepared
by melting pure Mg, pure Li and Al-30%Y master alloy
covered with 75%LiClI+25%LiF flux under the
protection of argon in an electric resistance furnace. The
melt was cast at the temperature of 983 K into
rectangular ingots in a copper mould cooled by
circulating water. When being homogenized at the
temperature of 473 K for 20 h, the ingots were hot rolled
with a reduction of 77.3% and cold rolled into sheets of
2 mm in thickness with a reduction of 60%. Dogbone
samples whose direction is parallel to the longitudinal
rolling direction were made on a stamping machine. The
dimensions of the dogbone samples were 10 mm in
gauge length, 6 mm in width and 2 mm in thickness. The
samples were annealed at the temperature of 623 K for
2 h. Tensile tests were conducted at temperatures ranging
from 473 to 623 K over strain rates ranging from
1.67x107 to 1.67x10* s on SANS CMT5105
universal tensile machine. The samples for optical

1200
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microscope (OM) observation were ground, polished and
etched in a solution of 10% HCI + 90% EtOH. OM
microstructures were observed by OLYMPUS 500
microscope. The linear intercept grain sizes were
measured by Image Pro Plus software.

To calculate the deformation energy, physical
parameters are presented in Table 1 [24,25].

Table 1 Physical parameters of Mg [24, 25]

V/mm® b/10"°m v ydm?  LY10'm
120 3.21 0.28 1.0 3.21
4 Results and discussion
4.1 Macroscopic deformation energy
The load—displacement curves at different

temperatures ranging from 473 to 623 K with strain rates
ranging from 1.67x107* to 1.67x107* s
Fig. 1. The deformation temperature and strain rate have
a considerable effect on the deformation load. The load
decreases as the temperature increases and/or the strain
rate decreases. The maximum elongation to failure of
265.8% (S/Ly=26.58/10) appears at 623 K with an initial
strain rate of 5x10™* s', manifesting that the present
alloy exhibits quasi-superplasticity or superplasticity-like
behavior.

are shown in
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Fig. 1 Load—displacement curves at different strain rates and temperatures: (a) 473 K; (b) 523 K; (¢) 573 K; (d) 623 K
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As shown in Eq. (1), at a given displacement, the
higher the stress or the strength of the alloy, the higher
the macroscopic deformation energy. In this case,
macroscopic energy reflects the magnitude of the stress
or the strength to a certain extent. Because total
deformation energy is composed of strain energy and
interfacial energy in the alloy, macroscopic deformation
energy is dissipated into such energy and is a measure of
the capability of the alloy in resisting deformation.

Macroscopic deformation energy as a function of
temperature and strain rate is shown in Fig. 2. The
deformation temperature and strain rate have remarkable
effects on the macroscopic deformation energy. The
higher the temperature and/or the lower the strain rate,
the lower the macroscopic deformation energy. When the
temperature is constant, the macroscopic deformation
energy decreases with decreasing the strain rate. When
the strain rate is constant, the macroscopic deformation
energy decreases with increasing the temperature. The
reason is that lower strain rate and/or higher temperature
accelerates the thermal activation process, speeds up
atomic diffusion and causes the dislocations in the
deformation body to slide easily.

E/(J-m™)
40
. 35
30
25
20

15
10

(b)

1.67X1072
1.67X1073

A
5.0X107* s

623 1.67X10™

Fig. 2 Macroscopic deformation energy as function of
temperature and strain rate: (a) E-7— & diagram; (b) E-T— &
histogram

4.2 Grain interior deformation energy

The fracture stresses of fracture samples are shown
in Table 2. The stress means true stress. The linear
intercept grain sizes of fracture samples are shown in
Table 3. Because it is difficult to determine the subgrain
size A in the present alloy by transmission electron
microscope, the determination of the subgrain interior
deformation energy using Eq. (7) is omitted. Substituting
the Poisson ratio in Table 1, the fracture stresses in Table
2 and the linear intercept grain sizes in Table 3 into
Eq. (4) gives the grain interior deformation energy at
fracture strain. Figure 3 shows the grain interior
deformation energy as a function of strain rate and
temperature.

Table 2 Fracture stress of Mg—7.28Li—2.19A1-0.091Y fracture

sample

o/MPa
K 1.67x102s™" 1.67x107° s 5x107*s™" 1.67x10*s™
473 95.57 52.34 34.02 20.07
523 34.98 18.43 8.84 2.65
573 19.90 9.92 5.30 2.40
623 10.66 5.55 2.01 1.36

Table 3 Linear intercept grain size of Mg—7.28Li—2.19Al-
0.091Y fracture sample

L/pm
TK
1.67x1072s! 1.67x107%st 5x107*s™' 1.67x1074s!
473 15.92 16.75 17.2 17.84
523 13.74 14.2 14.95 15.31
573 23.19 19.8 18.22 19.2
623 21.53 25.36 20.56 22.46

It is found in Fig. 3(a) that at the temperature of
473 K, the grain interior deformation energy increases
sharply with increasing the strain rate and is higher,
whereas at temperatures ranging from 523 to 623 K, the
grain interior deformation energy increases slightly with
increasing the strain rate and is lower, much lower than
that at the temperature of 473 K.

It is found in Fig. 3(b) that at the given strain rate of
1.67x10% 57!, the grain interior deformation energy
decreases sharply with increasing the temperature and is
higher, whereas at the constant strain rates ranging from
1.67x107 to 1.67x10*s™", the grain interior deformation
energy decreases slightly with increasing the temperature,
much lower than that at the strain rate of 1.67x10 s ™.

Compared with the effect of strain rate on the grain
interior deformation energy, the effect of temperature on
the grain interior deformation energy is more significant.
The reason is that as the temperature increases and the
strain rate decreases, the degree of strain hardening
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decreases, vacancy concentration inside the grain
increases and lattice diffusion accelerates. All of these
lead to easier dislocation slip and climb, and decrease in
number of dislocations inside the grain. Therefore, the
grain interior deformation energy decreases much
obviously with the increase in the deformation
temperature.

4.3 Grain boundary deformation energy
Substituting the data in Tables 1-3 into Eq. (10)
gives the grain boundary deformation energy at fracture

10 @

1072

1073

107
&/s7!
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strain. Figure 4 shows the grain boundary deformation
energy as a function of H/L' ratio at different strain rates
at different temperatures. At a constant temperature, the
lower the strain rate, the higher the grain boundary
deformation energy, while at a constant strain rate, the
higher the temperature, the higher the grain boundary
deformation energy. Abnormal situation appears at the
temperature of 573 K.

Variation in the grain interior deformation energy is
opposite to the variation in the grain boundary
deformation energy. It is suggested that dislocations
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Fig. 3 Grain interior deformation energy versus strain rate (a) and temperature (b)
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Fig. 4 Grain boundary deformation energy as function of H/L ratio at different strain rates and different deformation temperatures:

(a) 473 K; (b) 523 K; (¢) 573 K; (d) 623 K
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inside the grain are trapped by the grain boundary via
dislocation slip and climb, which results in the reduction
of lattice defects and the increase in grain boundary
defects. For this reason, the grain interior deformation
energy decreases and the grain boundary deformation
energy increases as the temperature increases and the
strain rate decreases.

4.4 Critical cavity nucleation energy

Because cavity nucleation often takes place in the
early stage of deformation at elevated temperatures,
researchers usually choose the strain ranging from 0.1 to
0.3. Here, the strain of 0.2 is used. The stresses of
Mg—7.28Li—2.19A1-0.091Y alloy at a true strain of 0.2
are shown in Table 4. The stress values were substituted
into Eq. (14) and the critical cavity nucleation free
energy was calculated. The critical cavity nucleation
energy as a function of strain rate and temperature is
shown in Fig. 5. At a constant temperature, with the
increase in strain rate, the stress increases, the critical
cavity nucleation radius decreases, and the critical cavity
nucleation energy decreases, which indicate that cavity
nucleation becomes easy. At a constant strain rate, with
the increase in temperature, the stress decreases, the
critical cavity nucleation radius increases, and the critical
cavity nucleation energy increases, which indicate that
cavity nucleation becomes difficult.

Equation (20) shows that critical cavity nucleation
energy is a function of strain rate and deformation
temperature, which is proved by Fig. 5. In Fig. 5, the
effects of strain rate and deformation temperature on the
critical cavity nucleation energy show that as the strain
rate decreases and the deformation temperature increases,
the critical cavity nucleation energy increases. This
means that it is difficult for cavity to overcome the
energy barrier or energy peak to nucleate. This is
because the material has sufficient time to relax stress
concentration at lower strain rate and its rapid atomic
diffusion easily takes place at higher temperature. For
this reason, the cavity nucleation is hindered. This result
is corroborated by the experimental facts [26] in
superplastic 7475 aluminum alloy and Supral 220 that
reducing the strain rate and/or increasing the deformation
temperature would reduce cavitation or cavity.

Table 4 Stress of Mg—7.28Li—2.19A1-0.091Y alloy at true
strain of 0.2

o/MPa
1.67x10%s" 1.67x107°s™"  5x107*s™"  1.67x10*s™"
473 110.1 73.17 63.17 39.36
523 58.76 41.06 31.50 17.02
573 41.06 20.13 12.58 6.24
623 22.19 13.01 5.84 1.81
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AG/10720]

10°

480 520 560 600 640
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Fig. 5 Critical cavity nucleation energy as function of strain
rate (a) and temperature (b)

5 Conclusions

1) The deformation temperature and strain rate have
a remarkable effect on the macroscopic deformation
energy. The higher the temperature and/or the lower the
strain rate, the lower the macroscopic deformation
energy.

2) The grain interior deformation energy increases
with increasing the strain rate and decreases with
increasing the temperature. Compared with the effect of
strain rate on the grain interior deformation energy, the
effect of temperature on the grain interior deformation
energy is more significant.

3) The variation in the grain boundary deformation
energy is opposite to the variation in the grain interior
deformation energy. At a given temperature, the lower
the strain rate, the higher the grain boundary deformation
energy, whereas at a given strain rate, the higher the
temperature, the higher the grain boundary deformation
energy.

4) At a given temperature, critical cavity nucleation
energy decreases with increasing strain rate and cavity
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nucleation becomes easy, whereas at a given strain rate,

critical

cavity nucleation energy increases with

increasing temperature and cavity nucleation becomes
difficult. Critical cavity nucleation radius and energy can
be calculated according to the deformation conditions
such as temperature and strain rate based on the newly
established models.
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