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Abstract: The effect of the addition of bismuth on the dynamic recrystallization (DRX) behavior of the
matrix has been investigated by comparing coarse grain pure Mg with the addition of 3 wt.% Bi, using
a uniaxial compression test in the temperature range of 473–623 K and the strain rate of 0.01–10 s−1.
The constitutive equation, processing map, microstructure, and texture evolution of the Mg-3Bi alloy
were systematically investigated. The results showed that the Bi addition could refine the grain size
and accelerate the DRX process. The DRX kinetics is discussed in detail, accompanied by extensive
characterization employing EBSD analysis. The DRX of the Mg-3Bi alloy depended on the deformation
temperature rather than the strain rate. The {10–12} tensile twin appeared at 573 K/0.01–0.1 s−1, and dis-
continuous DRX (DDRX), continuous DRX (CDRX) as the main mechanism in the case of 573 K/0.01 s−1,
while the dominant mechanism was DDRX when deformation temperature and strain rate increased.
Particle-stimulated nucleation (PSN) was also involved in the DRX of this new RE-free Mg alloy.

Keywords: Mg alloy; Bi addition; dynamic recrystallization; microstructure

1. Introduction

Magnesium and its alloys, as one kind of the lightest structural metal materials,
can meet the demand of the weight-saving content requirement in the fields of aerospace,
automotive, and 3C electronics, because of their inherent high specific strength and stiffness,
productive impact resistance, green energy consumption, and recyclability. Thus, they have
become one of the fastest-growing materials in industrial applications worldwide [1,2].
However, the poor mechanical properties and severe anisotropy hinder the utilization
of wrought Mg alloys. In particular, the plastic deformation of magnesium at room
temperature is confined to basal slip and twinning below 498 K, owing to a few slip
systems. So, how to improve the performance of wrought magnesium alloys has become a
critical issue to be solved [3,4].

It is well known that alloying and grain refinement are impressive strategies to over-
come such drawbacks [5]. Generally, the addition of rare earth elements (RE) into the
magnesium matrix can effectively weaken the basal texture and activate non-basal texture
to promote the plastic deformation of the matrix [6], but the strategy would increase the
industrial costs. Thus, it is essential to find a novel way to exploit new magnesium alloys
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containing cheaper elements instead of RE [7]. Nowadays, bismuth (Bi) added into the
magnesium alloys could precipitate a Mg3Bi2 phase on the prismatic surface of the matrix
with outstanding thermal stability, similar to the Mg−RE intermetallic phase, suggesting
the Bi takes a superior aging response to improve strength [8–10]. Besides, our previous
results have shown that Mg−Bi-based alloys represented enhanced ductility and improved
high strength with extraordinary extrudability [11,12]. Especially, the stacking faults, par-
tial dislocations, and interface segregation also associated with Bi addition in pure Mg are
revealed by HRTEM [13,14].

Moreover, in the subsequent simple thermal−mechanical processes, such as extrusion,
the mechanical properties of Mg−Bi alloys could be promoted further, under the collective
effect of precipitate strengthening and fine grain strengthening to meet the demand of
low-cost industrial products. However, magnesium alloy is prone to DRX, due to low stack-
ing fault energy, which is the main softening mechanism governing the microstructural
evolution [15,16]. As we all know, the DRX mechanism can be divided into continuous
DRX (CDRX), discontinuous DRX (DDRX), and twinning-induced DRX (TDRX). Further-
more, the different DRX mechanisms would have an influential effect on the mechanical
properties of the matrix. Hence, it is essential to investigate the impact of Bi on the DRX
behavior of the matrix to obtain excellent mechanical properties from the Mg−Bi alloys.
Although some attempts have been carried out to better understand the DRX mechanism
in Mg−Bi-based alloys, most of them were focused on complex ternary or quaternary alloy
systems with a high content of Bi addition and fine grain size. Based on our experience, the
low content or dilute composition of Mg−Bi based alloys have also given attractive results
for high performance. However, very few studies have paid attention to the effect of the
thermal deformation behavior of the Mg−Bi binary alloy with coarse-grained structure.

Therefore, this work has mainly elucidated the hot deformation behaviors of pure and
3 wt.% Bi-doped Mg alloys through constitutive analysis, map-processing establishment
and the microstructural evolution under various temperatures and strain rates. Especially,
the effect of Bi on the DRX mechanism was investigated. We hope the present research can
not only provide a crucial development basis and theoretical support for the application of
a wrought Mg−Bi-based alloy, but also want to figure out the DRX story behind it.

2. Materials and Methods

The raw materials selected in our experiment were industrial pure magnesium
(99.9 wt.%) and commercial pure Bi ingots (99.9 wt.%), which were smelted and stirred
in an electrical furnace at 1023 K with SF6 and CO2 as protective gas and poured into the
stainless-steel mold preheated to 473 K. The as-cast Mg-3Bi (wt.%) ingot with a diameter
of 60 mm and the height of 150 mm was homogenized at 753 K for 12 h, followed by
water-quenching.

The cylindrical hot deformation samples with the dimension of Φ8 mm × 12 mm
were cut from the core of the specimen via electrical discharge machining. The isothermal
compression experiment was carried out on the thermomechanical simulator (Gleeble-3180,
DSI, New York, NY, USA) at the temperature range of 473–623 K with an interval of 50 K
and in the strain rate range of 0.01–10 s−1 under vacuum conditions. All samples were
compressed to a true strain of 0.7–0.8, followed by water-quenching in order to preserve
the deformed microstructure. High-temperature lubricating oil and graphite sheets were
used to reduce friction.

The cross-sectional samples were cut and polished parallel to the compression direc-
tion (CD), followed by etching using the mixed solution of 4.2 g picric acid,10 mL acetic
acid, 70 mL ethanol, and 10 mL distilled water. The microstructure characterization was
observed using optical microscopy (OM, OLYCIA M3, DQZH Ltd., Beijing, China), scan-
ning electron microscopy (SEM, Nova Nano SEM450, FEI Company, Hillsboro, OR, USA)
equipped with energy-dispersive X-ray spectroscopy (EDS). In addition, the texture and
grain size were characterized used an SEM (Quanta 650, FEI Company, Hillsboro, OR, USA)
equipped with Aztec EBSD acquisition system. These samples were prepared by grinding
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and polishing by electro-polishing in a solution of 85 mL ethanol and 15 perchloric at liquid
nitrogen. The EBSD analysis was performed with a step size of 0.5 µm and accelerating
voltage setting of 20 kV. The data were detected and analyzed by Channel 5 software (3.1,
Oxford Instruments, Hobro, Denmark). The preparation parameters of EBSD were basically
consistent with previous research [17].

3. Results and Discussion
3.1. The Initial Microstructure of Pure Mg and Mg-3Bi Alloy

Figure 1 shows the initial microstructure of as-cast pure Mg and Mg-3Bi alloy. As
can be seen from Figure 1a,b, the addition of Bi can apparently refine the grain compared
with the pure magnesium. The average grain size changed from ~500 µm to ~133 µm after
3 wt.% Bi was added into pure Mg, which can be explained by the growth restriction factor
(GRF) theory [18]. Moreover, there were many precipitated phases at the grain boundary
or the grain interior. The EDS analysis and XRD pattern have shown that these dispersed
particles in the Mg matrix were Mg3Bi2 phase, as such kinds of second particles remain
undissolved after homogenization (see Figure 1c,d). Our previous analysis also confirmed
these particles by utilization of transmission electron microscope [19].
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Figure 1. OM micrographs of as-cast (a) pure Mg, (b) Mg-3Bi alloy, (c) SEM and corresponding EDS
and (d) XRD pattern analysis of T4-treated Mg-3Bi alloy.

3.2. Flow Stress−Strain Behavior

Figure 2 shows the typical flow curves of the pure Mg (legend with dash lines) and
Mg-3Bi (legend with solid lines) alloy at different temperatures with strain rates of 0.01,
0.1, 1 and 10 s−1. Obviously, as shown in Figure 2, both deformation temperature and
strain rate can affect the flow stress. Especially, all the curves had the characteristics of
a unimodal dynamic recrystallization (DRX) behavior and peak stress in both materials,
which indicated the occurrence of DRX during hot compression [20]. The mechanism is the
dislocation accumulation that cannot be relieved by dynamic recovery (DRV) with further
deformation due to the low stacking fault energy, which leads to an increase in dislocation
density and promotes the occurrence of DRX. In addition, it is worth mentioning that
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the true stress of pure Mg is lower than that of Mg-3Bi alloy under the same conditions.
Meanwhile, the time to reach peak stress was also faster with the Bi addition, indicating
that the recrystallization phenomenon also occurred in the very early stages.
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Figure 2. True stress−strain curves of pure Mg and Mg-3Bi alloy at various strain rates with
temperature: (a) 473 K, (b) 523 K, (c) 573 K, and (d) 623 K.

Figure 3 shows the flow stress variation, which can be simply divided into four stages
by using the 473 K with 10 s−1 of Mg-3Bi alloy as an example. The flow stress rose sharply
with the increasing strain because of work hardening caused by dislocation plugging and
multiplication dominating during the first stage. Then the flow stress growth rate slowed
down as the strain continued to increase. This was mainly due to the softening effect
of DRV and the effect of the dynamic softening consecutive increase. The peak stress
was reached when the balance between working hardening and softening was attained.
Eventually, as a result of the gradually enhanced DRX offsetting the work hardening, the
flow curve showed a downward trend and then attained the steady-state.

In addition, the variation of peak stress with temperature and strain rate is shown in
Figure 4. As can be seen, the peak stress constantly changed between 31 MPa to 112 MPa
under the different deformation circumstances. For instance, the peak stress of the Mg-3Bi
alloy increased from 74 MPa to 112 MPa when the strain rate increased from 0.01 s−1 to
10 s−1 at 473 K. Because there was not enough time for DRX or DRV at a higher strain rate,
this led to the enhanced dislocation density and the strain hardening [21,22]. Besides, as the
temperature increased from 473 K to 623 K, while the peak stress decreased from 112 MPa
to 70 MPa at 10 s−1, which attributed to the annihilation and rearrangement of dislocations
via the mobility of the grain boundaries [23]. Moreover, the peak strain corresponding to
each peak stress was between 0.2 and 0.5 under the various conditions. The formation
of subgrains related to nonbasal slipping was more easily activated and the peak stress
appeared earlier as the temperature increased. Similarly, the lower strain rate provided
sufficient time for dynamic recrystallization (DRX) to release the stored stress, and the
peak value shifted to a smaller strain direction [24]. In contrast, the peak stress increased



Metals 2021, 11, 838 5 of 21

when the strain was over 0.8 at 623 K, regardless of strain rates. This may be due to the
overlapped upper and lower deformation zones. However, this is not a rigorous definition
of the stress−strain behavior because of the complexity of the hot deformation mechanism
of Bi-bearing Mg alloy. Further analysis of the constitutive equation is indispensable.

Metals 2021, 11, x FOR PEER REVIEW 5 of 22 
 

 

 
Figure 3. The shape of the true stress−strain curve and the relationship between different defor-
mation. 

In addition, the variation of peak stress with temperature and strain rate is shown in 
Figure 4. As can be seen, the peak stress constantly changed between 31 MPa to 112 MPa 
under the different deformation circumstances. For instance, the peak stress of the Mg-3Bi 
alloy increased from 74 MPa to 112 MPa when the strain rate increased from 0.01 s−1 to 10 
s−1 at 473 K. Because there was not enough time for DRX or DRV at a higher strain rate, 
this led to the enhanced dislocation density and the strain hardening [21,22]. Besides, as 
the temperature increased from 473 K to 623 K, while the peak stress decreased from 112 
MPa to 70 MPa at 10 s−1, which attributed to the annihilation and rearrangement of dislo-
cations via the mobility of the grain boundaries [23]. Moreover, the peak strain corre-
sponding to each peak stress was between 0.2 and 0.5 under the various conditions. The 
formation of subgrains related to nonbasal slipping was more easily activated and the 
peak stress appeared earlier as the temperature increased. Similarly, the lower strain rate 
provided sufficient time for dynamic recrystallization (DRX) to release the stored stress, 
and the peak value shifted to a smaller strain direction [24]. In contrast, the peak stress 
increased when the strain was over 0.8 at 623 K, regardless of strain rates. This may be 
due to the overlapped upper and lower deformation zones. However, this is not a rigorous 
definition of the stress−strain behavior because of the complexity of the hot deformation 
mechanism of Bi-bearing Mg alloy. Further analysis of the constitutive equation is indis-
pensable. 

 
Figure 4. Peak stress of Mg-3Bi alloy under different deformation conditions. 

  

Figure 3. The shape of the true stress−strain curve and the relationship between different deformation.

Metals 2021, 11, x FOR PEER REVIEW 5 of 22 
 

 

 
Figure 3. The shape of the true stress−strain curve and the relationship between different defor-
mation. 

In addition, the variation of peak stress with temperature and strain rate is shown in 
Figure 4. As can be seen, the peak stress constantly changed between 31 MPa to 112 MPa 
under the different deformation circumstances. For instance, the peak stress of the Mg-3Bi 
alloy increased from 74 MPa to 112 MPa when the strain rate increased from 0.01 s−1 to 10 
s−1 at 473 K. Because there was not enough time for DRX or DRV at a higher strain rate, 
this led to the enhanced dislocation density and the strain hardening [21,22]. Besides, as 
the temperature increased from 473 K to 623 K, while the peak stress decreased from 112 
MPa to 70 MPa at 10 s−1, which attributed to the annihilation and rearrangement of dislo-
cations via the mobility of the grain boundaries [23]. Moreover, the peak strain corre-
sponding to each peak stress was between 0.2 and 0.5 under the various conditions. The 
formation of subgrains related to nonbasal slipping was more easily activated and the 
peak stress appeared earlier as the temperature increased. Similarly, the lower strain rate 
provided sufficient time for dynamic recrystallization (DRX) to release the stored stress, 
and the peak value shifted to a smaller strain direction [24]. In contrast, the peak stress 
increased when the strain was over 0.8 at 623 K, regardless of strain rates. This may be 
due to the overlapped upper and lower deformation zones. However, this is not a rigorous 
definition of the stress−strain behavior because of the complexity of the hot deformation 
mechanism of Bi-bearing Mg alloy. Further analysis of the constitutive equation is indis-
pensable. 

 
Figure 4. Peak stress of Mg-3Bi alloy under different deformation conditions. 

  

Figure 4. Peak stress of Mg-3Bi alloy under different deformation conditions.

3.3. The Constitutive Equation of Mg-3Bi Alloy

In order to show the quantitative relationship among the thermal parameters, in other
words, the dependence of flow stress on the strain, strain rate, and temperature can be
expressed via the constitutive equation. At present, most scholars use the Arrhenius-type
constitutive equation to express the relationship between flow stress (σ), strain rate (

.
ε)

and temperature (T) during the hot deformation of magnesium alloys, as expressed by
Equation (1) [25–27].

.
ε = A1

σn1 exp
(
− Q

RT

)
(1)
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.
ε = A2 exp (βσ) exp

(
− Q

RT

)
(2)

.
ε = A[sinh(ασ)]n exp

(
− Q

RT

)
(3)

In the above formula, Q is the deformation activation energy (kJ mol−1), which implies
the deformation difficulty of the material. T is the absolute temperature(K),

.
ε is the strain

rate (s−1), σ is the flow stress (MPa), A1 and A are the temperature-independent material
constants, n1 and n are the stress exponents, α and β are the fitting parameters of the
equation. R is the molar gas constant. (8.314 J/(K*mol)). Furthermore, α, β and n have the
following relationship, which is expressed as follows [28]:

α = β/n1 (4)

Generally, the lower stress levels (ασ < 0.8), higher stress levels (ασ > 1.2) and all stress
levels adapt to Equations (1)–(3), respectively [29].

The process of hot plastic deformation is caused via the combination of work harden-
ing and dynamic softening inside, and the constitutive relation is highly nonlinear. The
power function and exponential function equations cannot be suitable for high stress and
low-stress cases due to the consideration of thermal deformation as a thermal activation
process. Therefore, the constitutive equation in the form of hyperbolic sine function seems
more suitable for general cases [28]. In addition, the characteristic stress in the constitutive
equation can be divided into steady stress and peak stress. In general, the peak stress can
be calculated as the characteristic stress of Mg alloys [28,30]. In this study, the peak stress
is used to construct the constitutive equation.

The natural logarithms on both sides of Equations (1) and (2) can be transformed into
Equations (5) and (6), respectively.

ln
.
ε = ln A1 + n1 ln σ(− Q

RT
) (5)

ln
.
ε = ln A2 + βσ (− Q

RT
) (6)

According to Equations (5) and (6). The relationship between ln
.
ε-lnσ and ln

.
ε-σ is

obtained as shown in Figure 5a,b, respectively. In particular, the value of n1 and β can
be calculated by the average slope of the straight line in ln

.
ε-lnσ plots and ln

.
ε-σ plots,

respectively. Finally, the value of n1 and β is 12.24 and 0.182. Thus, the value of α can be
obtained as 0.0149 according to α = β/n1.

In order to obtain the value of thermal deformation activation energy Q, the partial
differential of T and

.
ε in Equation (3) can be obtained according to the following equation [31]:

Q = R
{

∂ ln
.
ε

∂ ln[sinh(ασ)]

}
T

{
∂{ln[sinh(ασ)]}

∂(1/T)

}
.
ε

(7)

Similarly, the linear fitting graph of ln
.
ε-ln[sinh(ασ)] and ln[sinh(ασ)]-1/T can be

obtained by taking the natural logarithm on both sides of Equation (3). Equation (8) as
shown below:

ln
.
ε = ln A + n ln [sinh(ασ)](− Q

RT
) (8)

As shown in Figure 5c,d, it can be seen that the linear relationship between the above
parameters is maintained well. Based on the results of the linear fitting, the average slope
of
{

∂ ln
.
ε

∂ ln[sinh(ασ)]

}
T

and
{

∂{ln[sinh(ασ)]}
∂(1/T)

}
.
ε

is 9.11 and 1.723, respectively. Therefore, it can be
calculated that the value of deformation activation energy Q is 130.501 kJ/mol.
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The combined effect of temperature and strain rate on flow stress can be simplified
by the Zener−Hollomon parameter (Z parameter for short), which can be calculated
using Equation (8).

Z =
.
ε exp

(
Q
RT

)
= A[sinh(ασ)]n (9)

ln Z = ln A + n ln [sin h(ασ)] (10)

Equation (10) can be obtained by taking the natural logarithm on both sides of
Equation (9). The relationship diagram is drawn according to the data and the linear
fitting is carried out by the least square method (see Figure 6), the calculated n value is
8.926 and the intercept corresponding lnA is 26.2989, in which the value of A is obtained
as 2.64 × 1011.

Metals 2021, 11, x FOR PEER REVIEW 8 of 22 
 

 

the intercept corresponding lnA is 26.2989, in which the value of A is obtained as 2.64 × 
1011. 

 
Figure 6. Relationship between peak stress and Zener−Hollomon parameter. 

Finally, the constitutive equation of Mg-3Bi alloy can be obtained by substituting the 
parameters calculated above and expressed as follows: 

𝜀ሶ = 2.64 × 10ଵଵ[sinh(0.0147𝜎)]ଽ.ଵଵ exp ൬− 130500.95𝑅𝑇 ൰ (11)

3.4. Construction of the Hot Processing Map for Mg Containing Bi 

For the sake of the hot deformation explanation, the processing map (power dissipa-
tion map + instability map [32]) of Mg-3Bi alloy is constructed on the basis of the dynamic 
materials model (DMM) theory, which can reflect the relationship between the heat and 
energy dissipation rate of plastic deformation, as well as the development of microstruc-
ture [33,34]. Based on the DMM, the total power P absorbed by the specimen in unit time 
during hot deformation is dissipated by two parts. The G is the energy consumed by the 
material due to plastic deformation, most of which is converted into thermal energy, and 
a small part is stored in the material in the form of crystal defect energy. The J is related 
to the transformation of microstructure such as DRV and DRX, which is the energy con-
sumed by the microstructure evolution of the material in the process of hot deformation 
[35]. The expression is as follows: 

𝑃 = 𝜎 ∙ 𝜀ሶ = 𝐺 + 𝐽 = න 𝜎𝑑𝜀ሶఌሶ
଴ + න 𝜀ሶ𝑑𝜎 ఙ

଴  (12)

The strain rate sensitivity factor m is formed by the change rate of the parameters G 
and J. 𝑚 = 𝑑𝐽𝑑𝐺 = 𝜀ሶ𝑑𝜎𝜎𝑑𝜀ሶ = 𝜕ln𝜎𝜕ln𝜀ሶ (13)

During steady-state deformation, the energy will be stored, and the material will not 
be dissipated (m = 0 or m < 0), which corresponds to high strain rate deformation, and the 
internal structure usually consisting of adiabatic shear band, twinning, and micro-crack, 
and even producing deformation instability (m > 1). However, the material is in the ideal 
dissipation, and the dissipative covariance J reaches the maximum (m = 1) if materials are 
considered as ideal dissipation, but it is nigh on impossible to achieve. 

In the analysis of the multifactor quantitative processing test, the relationship be-
tween test index and multiple test factors can be analyzed by the response surface method. 
According to Equation (13), the m values at different strain rates and temperatures under 

Figure 6. Relationship between peak stress and Zener−Hollomon parameter.



Metals 2021, 11, 838 8 of 21

Finally, the constitutive equation of Mg-3Bi alloy can be obtained by substituting the
parameters calculated above and expressed as follows:

.
ε = 2.64× 1011[sinh(0.0147σ)]9.11 exp

(
−130500.95

RT

)
(11)

3.4. Construction of the Hot Processing Map for Mg Containing Bi

For the sake of the hot deformation explanation, the processing map (power dissipa-
tion map + instability map [32]) of Mg-3Bi alloy is constructed on the basis of the dynamic
materials model (DMM) theory, which can reflect the relationship between the heat and
energy dissipation rate of plastic deformation, as well as the development of microstruc-
ture [33,34]. Based on the DMM, the total power P absorbed by the specimen in unit time
during hot deformation is dissipated by two parts. The G is the energy consumed by the
material due to plastic deformation, most of which is converted into thermal energy, and a
small part is stored in the material in the form of crystal defect energy. The J is related to
the transformation of microstructure such as DRV and DRX, which is the energy consumed
by the microstructure evolution of the material in the process of hot deformation [35]. The
expression is as follows:

P = σ· .ε = G + J =
∫ .

ε

0
σd

.
ε +

∫ σ

0

.
εdσ (12)

The strain rate sensitivity factor m is formed by the change rate of the parameters
G and J.

m =
dJ
dG

=

.
εdσ

σd
.
ε
=

∂ ln σ

∂ ln
.
ε

(13)

During steady-state deformation, the energy will be stored, and the material will not
be dissipated (m = 0 or m < 0), which corresponds to high strain rate deformation, and the
internal structure usually consisting of adiabatic shear band, twinning, and micro-crack,
and even producing deformation instability (m > 1). However, the material is in the ideal
dissipation, and the dissipative covariance J reaches the maximum (m = 1) if materials are
considered as ideal dissipation, but it is nigh on impossible to achieve.

In the analysis of the multifactor quantitative processing test, the relationship between
test index and multiple test factors can be analyzed by the response surface method.
According to Equation (13), the m values at different strain rates and temperatures under
a given strain (0.1, 0.3, 0.5, and 0.8) were calculated, respectively, and the 3D-response
surfaces were plotted, as shown in Figure 7. It can be seen that the 3D-surface shapes under
various strains were roughly similar, namely, the strain showed no effect on the value of
m. However, the fluctuation surface in Figure 7 showed that the deformation mechanism
involved altered significantly and needed to be further identified.

In order to reflect the dissipation characteristics of the material during hot deformation,
the power dissipation factor is proposed and conforms to the following relationship:

η =
2m

m + 1
(14)

Generally, the higher the hot working efficiency of the material showing, the higher
the value of m and η. The domain with the high value of η can be marked as a safe domain
and the mechanisms of DRV and DRX are activated to attain the best performance [36]. An
instability criterion was proposed that there would be a few defects, such as the adiabatic
shear band, localized flow instability, and cracks, which would affect the properties of the
material. The criterion equation of flow instability can be calculated as follows [32,33]:

ξ(
.
ε) =

∂ ln ( m
m+1 )

∂ ln
.
ε

+ m < 0 (15)
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Especially, the material instability occurs when the rheological instability parameter (ξ)
is negative. Taking the deformation temperature as the abscissa and the shared logarithm of
the strain rate as the ordinate, the power dissipation map and the corresponding rheological
instability map are drawn respectively. Finally, the hot processing map of Mg-3Bi alloy
under certain strains is plotted by overprinting these maps.
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The processing maps of Mg-3Bi alloy under different strains (0.1, 0.3, 0.5, 0.8) are
shown in Figure 8. The numerical value in the figure represents the percentage of power
dissipation factor under different deformation conditions, and the same value is repre-
sented by contours. The yellow shadow area represents the rheological instability areas,
where the ξ value is negative. It can be seen that the value of η basically increased with the
increase of deformation temperature and the decrease of strain rate. As shown in Figure 8,
the instability region was remarkably different under specific strain, indicating that the
strain was more sensitive to the instability region. When the strain was 0.1, the instability
domain was concentrated in the medium temperature−low strain rate domain and the
high temperature−medium strain rate domain. With the strain increased to 0.2, the insta-
bility region was located in the low temperature-low strain rate region and the medium
temperature−low strain rate domain. With the further increase of strain, as shown in
Figure 8c,d, the instability region was transformed from a low temperature−low strain rate
zone and high temperature−high strain rate domain to a part (i.e., high temperature−high
strain rate domain).
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The optimum processing performance depends on the high-power efficiency and
positive ξ values (see domain I in Figure 8). In addition, the materials have intense
DRX and DRV with few internal defects in the safety region. However, the occurrence
mechanism of DRX needs to be further discussed.

3.5. DRX Kinetics in Case of Mg-3Bi Alloy

In this section, the kinetics of DRX are discussed, to achieve this goal, the work
hardening rate Θ (Θ = ∂σ

∂ε ) is calculated in order to determine the peak stress accurately [37].
Figure 9 shows the relationship between the work hardening rate (Θ) and the flow stress
(σ) at 523 K and 1 s−1 as a simple display, and every parameter is used to calculate the
volume fraction of DRX. Positive Θ indicates that work hardening is dominant. On the
other hand, dynamic softening plays a major role when Θ is negative. σp and σc are peak
stress and critical stress, respectively. The σp is defined as the stress at Θ = 0, and σsat is
named the saturation stress and the value is calculated through the intersection point of
the tangent σc and Θ = 0. σss is called steady-state stress, which means the work hardening
and dynamic softening achieve balance when Θ = 0 again. The stress σ∗ corresponding to
the maximum softening rate is obtained when Θ reaches the minimum. The different state
of σ corresponds to ε, respectively.

The curve of working hardening rate (Θ) against flow stress (σ) under different condi-
tions is summarized in Figure 10. Apparently, the peak stress increased with decreasing
deformation temperature and increasing strain rate as expected. In addition, the softening
effect intensified with increasing temperature, and the low strain rate provided more exten-
sive time for DRX. Therefore, the peak stress can be reduced under the conditions of higher
deformation temperature and lower deformation strain rate [34].
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Figure 11 exhibits the derivate of Θ as a function of σ, in which the lowest point
of the curve (i.e., inflection point) is, namely, critical stress (σc). Furthermore, the linear
relationships of both σp-σc and εp-εc are given in Figure 12. Based on all these parameters,
we can develop DRX kinetics for better understanding during the deformation.
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It is well known that DRX will be activated when the degree of dislocation accumu-
lation reaches the critical value. In order to study the DRX evolution of the Mg-3Bi alloy
during thermal−mechanical processing, the establishment of the DRX dynamic model can
well predict the volume fraction of DRX according to Equation (16) [38].

XDRX = 1− exp [k(
ε− εc

ε∗
)

n
] (16)

where XDRX is volume fraction (Vf) of DRX, k and n are material constants, ε is the true
strain, εc is critical strain and ε∗ is the strain for the maximum softening rate.

Moreover, the Vf of DRX can be expressed as the softening fraction as follows:

XDRX =
σsat

2 − σ2

σsat2 − σss2 (17)

Equation (18) can be derived from taking the natural logarithms on both sides of
Equation (16) twice, as seen below:

lnln(
1

1− XDRX
) = ln K + n ln (

ε− εc

ε∗
) (18)

Combining all the Equations (16)–(18), to establish the linear relationship between
ln ( ε−εc

ε∗ ) and ln ln ( 1
1−XDRX

), where the slope and intercept of the fitting line correspond to
n = 1.35 and k = 1.2, respectively. Hence the final expression of the Vf of DRX is given by:

XDRX = 1− exp [−1.2(
ε− εc

ε∗
)

1.35
] (19)



Metals 2021, 11, 838 13 of 21

Taking all the above experimental results into consideration, the predicted Vf of DRX
varies with the deformation temperature and the strain rate, as revealed in Figure 13.
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ε = 0.1 s−1;
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ε = 1 s−1; (d)

.
ε = 10 s−1.

It can be clearly observed that Vf of DRX shows an upward trend with increasing
strain. In addition, for a given temperature, the DRX volume fraction gradually decreased
with the increasing of the strain rate. Similarly, when the strain rate was fixed, the Vf of DRX
decreased to varying degrees as the temperature dropped. Moreover, the threshold of strain
at high temperature was smaller than that of its counterpart at low temperature, indicating
that DRX could occur more easily and earlier at elevated temperature. Oppositely, high
strain rate and low temperature delayed the activation of DRX. Owing to the low diffusion
rate at a lower temperature, a large number of twins and dislocations were arduous to move,
which inhibited the DRX nucleation rate. The number density of dislocations accumulated
rapidly and the stress concentration did not have enough time to be released at high strain
rates, resulting in the postponed occurrence of DRX to be imaged.

3.6. Microstructure Evolution and Interpretation of the DRX Mechanism

To verify the above results, the Mg-3Bi alloys with different strain rates and tempera-
tures under certain characteristics were selected for EBSD observation. Figure 14 describes
the inverse pole figures (IPF) and the misorientation angle distribution maps according
to Figure 8. For the EBSD images, the black boundaries represented high angle grain
boundaries (HAGBs) with a higher misorientation range larger than 15◦ and the white
boundaries corresponded to low angle grain boundaries (LAGBs) with low misorientation
range from 2◦ to 15◦, respectively.
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As can be seen from Figure 14a, the microstructure showed a typical bimodal structure
with coarse deformed grains and fine DRX grains under the conditions of 573 K and 0.01 s−1.
In particular, the DRX grains attached to the coarse grains are necklace-like, which is one
of the characteristics of CDRX. The corresponding misorientation angle distribution is
shown in Figure 14b, showing the largest proportion of LAGBs with a color gradient, which
implies more subgrains containing a large number of dislocations in the specimen and store
rich distortion energy. Compared with the sample of 623 K and 0.01 s−1 (see Figure 14c),
the grain size increased a great deal, compared with the increase of temperature, which was
mainly due to the further acceleration of the migration rate of grain boundaries (GBs) at
high temperature. The accelerated expansion of GBs and the fusion of DRX grains resulted
in the increase of grains [39]. It should be emphasized that the DRX is a thermal activation
process, the structure will be homogenized and reconstructed as temperature increases,
which in turn, can enhance the hot working performance [40]. As shown in Figure 14d, the
fraction of LAGBs increased further, which means that the dislocation density continued
to increase. Figure 14e represents the IPF and the misorientation angle distribution map
at 573 K and 0.1 s−1. Compared with Figure 14a, with the lower strain rate applied, a
more uniform microstructure was obtained, due to sufficient DRX with plenty of time to
consume the internally stored stress. On the other hand, a decrease of LAGBs is related to
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more DRV of deformed grains [41]. Although both deformation temperature and strain
rate play a very important role in the DRX behavior of Mg-3Bi alloy, the former seems
more sensitive.

Figure 15 demonstrates the evolution of the texture of the Mg-3Bi alloy under different
thermal deformation conditions in view of Figure 14. It can be seen that the texture
characteristics are similar, which agrees well with the observations in Figure 14, in other
words. The maximum pole density of {0001} was widely distributed at both ends of CD
and the pole density {10–11} and {11–20} were preferentially along with the TD. In addition,
the increase in deformation temperature (623 K) and strain rate (0.1 s−1) led to a stronger
texture intensity, when taking Figure 15a as a benchmark. However, this texture evolution
in coarse grain Mg alloy seemed little different to the fine grain one [23], indicating that the
initial microstructure has a great influence on the final properties of wrought Mg alloys,
and more attention should also be paid to the twinning behavior because it is prone to
generate coarse grains without profuse precipitates [42].
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Moreover, due to the limited-slip system that magnesium alloys can start at room
temperature, to a certain extent twinning must play the characteristics of a coordinated
slip system [43]. In order to analyze the existence or distribution of twins during thermal
deformation, Figure 16a,b shows the distribution of grain boundaries in black as well as
twin boundaries highlighted by the red line under various deformation conditions. It is
obvious no twins were found in the state of 623 K and 0.01 s−1 as shown in Figure 14c.
In contrast, the peaks in Figure 14b,f around 86◦ corresponded to the {10–12} tensile
twin, which implies that twins are favorable to formation at low temperatures or high
strain rates. The presence of tensile twins is effective for the rotation of the crystal grains
during the compression tests. The twins reorientate the basal plane perpendicular to the
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loading direction and eventually form 86◦ lattice reorientation [44]. In order to understand
the evolution in the orientation of twins and parent crystals. Figure 16c,d shows two
regions with typical characteristics. According to the orientation distribution of the c-axis
represented by Euler angle in {0001} pole figure (PF) and inverse pole figure (IPF), it can
be found that the c-axis of the parent grains is mainly concentrated near-CD, and the
c-axis of twins is close to the range of ND and TD. In addition, the c-axis of twins is more
concentrated near ND as the strain rate increases.
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To further analyze the texture modification between the recrystallized fine grains and
the undeformed coarse grains, a part of the typical area (white rectangular domain in
Figure 14a) of 573 K and 0.01 s−1 was extracted, as shown in Figure 17. Figure 17a shows
the projections of recrystallized grains (G1–G4) with different orientations on the (0001)
pole figure, presenting an almost randomized distribution (see Figure 17b). The orientation
deviation from point A to point B at both ends of the recrystallized region fluctuated greatly
due to the different orientations of recrystallization with weakened texture. The projections
of coarsely deformed grains (G5–G7) on the (0001) pole figure were mainly concentrated
on the two ends of CD. At the same time, the volatility from point C to point D was gentle
and had a similar crystal orientation, which indicates that the coarsely deformed grains
strengthen the <0001>//CD texture. (see Figure 17c,d).
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In addition, the grains marked by arrow B were bulged, as shown in Figure 18a. The
localization of dislocation slip makes the stress imbalance in the high-density dislocation
region eventually lead to the local migration of the original grain boundary to form a
“bulge”, which is evidence of DDRX [45]. Moreover, the black particles shown by arrow
C, were undissolved Mg−Bi second phases, which could not be indexed in the EBSD, but
were confirmed in Figure 1c,d. Meanwhile, there were LAGBs associated with the particles,
which might indicate that particles stimulate nucleation (PSN) [46]. Moreover, there were
LAGBs accumulating and expanding outward at the parent grain boundary (see arrow
D), which would continue to transform into HAGBs with the development of strain, and
eventually, new recrystallized grains would be formed.

One of the most obvious characteristics for the judging of CDRX behavior is the grad-
ual increase of misorientation from the center to the edge of the parent grains. Figure 18b
shows the cumulative misorientation distribution from the parent grain center to the grain
boundary, as shown by line A, which indicates the misorientation increases obviously.
Generally, the dislocations near the grain boundary are rearranged and the movable dislo-
cations enter the subgrain boundary in the subsequent deformation, and then the trapping
of lattice dislocations on the LAGBs leads to the emergence of stronger misorientation, the
growing DRX nuclei can accumulate adequate misorientations to form HAGBs [47]. Thus,
it can be concluded that the CDRX and DDRX mechanisms occurred simultaneously at
573 K/0.01 s−1.

Meanwhile, two other typical domains (623 K/0.01 s−1 and 573 K/0.1 s−1) are also
given in Figure 18c,e. The serrated and bulging phenomena were found at GBs, which
proved that the DDRX mechanism was activated. This type of grains usually introduces a
strong strain gradient near GBs. Meanwhile, the misorientation gradient from point E and
point F to the edge of the GBs was relatively lower and stable (see Figure 18d,f). Therefore,
it can be concluded that the predominant mechanism is DDRX in the case of 623 K/0.01
s−1 and 573 K/0.1 s−1. In short, the migration ability of GBs is enhanced and DDRX is
more likely to occur with the increase of deformation temperature and strain rate.
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Finally, Figure 19 summarized the Schmid Factor (SF) maps classified with various
deformation mechanisms (i.e., basal/prismatic/pyramidal slip and extension/contraction
twinning) under the different conditions of the Mg-3Bi alloy. It can be seen that the
characteristics of each deformation mechanism were almost unanimous for three typical
deformation conditions. Most of the grains were in soft orientation, because of two types
of slip systems with high SF value. Although it is easy to activate, due to the minimum
critical resolved shear stress (CRSS) of the tension twins, it can convert the grain orientation,
which is more conducive to the start-up of the slip system. Meanwhile, the basal slip and
pyramidal slip (c+a) have higher SF value and can make both basal and pyramidal slip
easier to occur. However, the prismatic slip is hard to activate as a result of hard orientation,
the trend of SF is generally distributed at low values leading to the prismatic slip, which is
obviously suppressed during compression.
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4. Conclusions

In summary, the effect of Bi on the DRX behavior of the matrix was investigated
systematically, using constitutive analysis, processing map evaluation, and EBSD exami-
nation. Based on all the results and discussion above, the main conclusions can be drawn
as follows:

1. The true stress–strain curves of coarse grain Mg alloy showed typical DRX features.
The addition of 3 wt.% Bi in pure Mg results in higher flow stress and a faster
recrystallization under lower strain.

2. The constitutive equation of Mg-3Bi alloy was established, with average Q and n
being 130.501 kJ/mol and 8.92. The constitutive equation for the hot deformation of
the as-cast Mg-3Bi alloy is:

.
ε = 2.64× 1011[sinh(0.0147σ)]9.11 exp (− 130500.95

RT ).
3. The optimum hot deformation domains were also given, based on the processing maps.

The range of the better stability domain was concentrated in 573 K/0.01 s−1–0.1 s−1 and
623 K/0.01 s−1. The DRX, more dependent on deformation temperature, and the kinetics
were discussed.

4. According to extensive EBSD analysis, CDRX and DDRX mechanisms occurred
simultaneously at 573 K/0.01 s−1. The dominant mechanism changed to DDRX when
the deformation temperature and strain rate increased in the Mg-3Bi alloy. The PSN
effect also partially contributed to DRX of this RE-free Mg alloy.
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