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Abstract

Due to their hexagonal crystal structure, magnesium alloys have relatively low workability at room temperature. In this study, the hot
workability behavior of cast-extruded AZ31B magnesium alloy is studied through hot compression testing, numerical modeling and microstruc-
tural analyses. Hot deformation tests are performed at temperatures of 250 °C to 400 °C under strain rates of 0.01 to 1.0 s−1. Transmission electron
microscopy is used to reveal the presence of dynamic recrystallization (DRX), dynamic recovery (DRY), cracks and shear bands. To predict plastic
instabilities during hot compression tests of AZ31B magnesium alloy, the authors use Johnson–Cook damage model in a 3D finite element
simulation. The optimal hot workability of magnesium alloy is found at a temperature (T) of 400 °C and strain rate ( �ε) of 0.01 s−1. Stability is found
at a lower strain rate, and instability is found at a higher strain rate.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Magnesium based alloys are now the best candidate materi-
als for structural applications owing to their light weight. This
property renders magnesium alloys a good candidate for use in
transportation industry applications such as spur bevel gears [1]
and digital camera barrels [2] (Fig. 1). The superior workability
of AZ31B magnesium alloy achieved at higher temperatures
relative to that achieved at ambient temperatures has attracted
the interest of researchers. Hot deformation involves the plastic
deformation of materials formed at elevated temperatures
without plastic instability. Deformation is affected by tempera-
ture, strain and strain rates. Hot deformation is dependent on
extrinsic properties namely strain (ε), strain rates ( �ε), work
piece temperature and inherent material flow characteristics [3].
Hot workability analyses of various materials such as steel,
aluminum and magnesium have been carried out using consti-
tutive models and processing maps developed by Hu et al. [4]

and Suresh et al. [5]. The hot workability of magnesium AZ31B
alloy was established by Srinivasan et al. [6] using processing
maps. Their study revealed DRX in the stability domain at
temperature and strain rates of 350 to 400 °C and 0.1 to 0.01 s−1,
respectively.

In the present study, Johnson–Cook (J–C) model was used to
predict the behavior of AZ31B during hot deformation. This
model assumes thermal softening, strain rate hardening and
strain hardening. The J–C model is used in a finite elements
model of compression test of cast-extruded AZ31B samples
while taking account the deterioration of mechanical character-
istics through the application of a damage model. Transmission
electron microscopy and macroscopic observations were per-
formed to identify the occurrence of dynamic recrystallization
dynamic recovery and plastic instability (cracks and shear
bands).

2. Materials and processing

The material used in the present work was AZ31B, and its
chemical composition is presented in Table 1 [7]. Ingots of
AZ31B magnesium alloy (MGAL) were processed by disinte-
grated melt deposition at an alternative casting route. Ingots
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were extruded at a temperature and extrusion ratio of 350 °C
and 20:1, respectively. Extruded billets were formed into pieces
of 15 mm in diameter and 15 mm in height with 0.8 mm diam-
eter hole at mid-height for thermocouple insertion. Hole was
provided to insert thermocouple that came into contact with the
inner core of the extruded billets for measuring adiabatic tem-
perature increases during hot deformation. Hot workability
tests were conducted through uni-axial compression tests using
a universal testing machine (make: FIE; model: UTES-10
servo-controlled) with a maximum load capacity of 100 kN and
equipped with an environmental chamber. Specimen and die
surface lubrications were carried out by spraying dry graphite
before conducting the experiments. Very little barreling was
observed as a result of the friction free lubricated surfaces
prepared. All of the billets were water quenched after they were
deformed up to true strain level of 0.5. Hot deformation tests
were conducted at temperatures and strain rates of 250–400 °C
and 0.01–1.0 s−1, respectively.

The deformed billets were sliced at the center parallel to the
compression axis. A transmission electron microscopy (TEM)
metallographic examination was carried out on the polished

cut-surface of the deformed specimens. The samples were ion-
milled to perforation at an ion accelerating voltage of 3 kV on
mechanically ground cut disks of less than 100 µm in thickness
followed dimple grinding to less than 20 µm in thickness.

3. Experimental results and discussion

Several experimental investigations were conducted to study
the fracture mechanism of magnesium alloys [8,9] and behav-
iors during hot forming [10,11]. Fig. 2a shows the results of the
test. Fig. 2b shows the macrostructure of the compressed test
samples studied at three different temperatures (250, 300, and
400 °C) and at three strain rates (0.01, 0.1 and 1 s−1) of mag-
nesium alloy AZ31B. The figure shows characteristics of metal
flow during hot compression. Surface cracking was sensitive to
strain rates and occurred in the flow instability region within the
temperature range. It is evident that no cracking occurred
after the compression test, as the deformation temperature was
higher than 400 °C at each strain rate. Cracking was observed
in all of the test samples when the deformation temperature was
lower than 250 °C. These results also denote that the appropri-
ate forging temperature of AZ31B alloy should exceed 400 °C.

3.1. Hot deformation behavior

The true stress–strain curves presented in Fig. 3 were con-
verted from load–displacement curves using the constant

Fig. 1. Photos of magnesium alloy AZ31B applications: (a) spur bevel gear [1], (b) digital camera barrel [2].

Table 1
Chemical composition (wt.%) of AZ31B magnesium alloy.

Al Zn Mn Fe Si Cu Ni Mg
2.94 0.87 0.57 0.0027 0.0112 0.0008 0.0005 Bal.

(a) (b)

Fig. 2. (a) Principal of compression test; (b) the specimens were deformed to a strain of about 0.5.
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volume assumption during axial compression tests [12]. In this
stress–strain curve of magnesium alloys, four stages are com-
monly observed (Fig. 3d). These stages include (i) the work
hardening stage, (ii) transition stage, (iii) softening stage and
(iv) steady stage as reported by Shaha et al. [13], Qin et al. [14]
and Jia et al. [15]. During stage (i), stress increases steeply with
strain, stage (ii) represents competition between work harden-
ing and softening phenomena. During stage (iii), according to
dynamic recovery (DRY) and dynamic recrystallization (DRX)
processes, stress levels drop steeply and localization phenom-
ena cause instability viz. heating adiabatically and cracking.
Finally, during stage (iv), at higher strain levels, stress
levels stabilize. According to the flow curve, once the peak was
reached, it exhibited flow softening at a lower strain rate
(0.01 s−1) and at strain levels of 0.1 to 0.25 followed by the onset
of a steady state at 0.5. It is evident and in agreement with
previous studies [16], at elevated temperatures and low strain
rates the strain value of the peak is lower. According to these

curves, we found that stress levels decrease with increasing
deformation temperatures and decreasing strain rates.

3.2. Microstructural evolution

The magnesium alloy dynamic restoration method is highly
susceptible to the chosen parameters and is strongly dependent
on non-basal slippage throughout the hot working process.
During hot compression, the dynamic restoration system viz.
dynamic recrystallization (DRX) and dynamic recovery (DRY)
occurs at a lower strain rate. Generally, power dissipation effi-
ciency values of 35–45% and 20–30% correspond to DRX and
DRY, respectively, based on dynamic material modeling [17]
results. It is now evident from FE modeling based on the JC
model that the domain may be related to DRX at an elevated
temperature (400 °C) and at strain rates of 0.01–0.1 s−1. The
transmission electron microscopy image shown in Fig. 4 reveals
the microstructure of the deformed specimen.

Fig. 3. The stress–strain curves of magnesium alloy AZ31B: (a) T = 200 °C, (b) T = 300 °C, (c) T = 400 °C, (d) typical true stress–strain behavior of the studied
alloys under uniaxial compression.
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The new recrystallized grain is found at higher workability
temperatures and bulk recrystallization driving forces. At tem-
peratures and strain rates of approximately 400 °C and 0.01 s−1,
respectively, DRX is observed. The TEM in Fig. 4 also shows
refined grain and wavy grain boundaries. These denote the
existence of DRX due to grain refinement in agreement with
previous research [18]. Interface nucleation and interface grain
growth rates are considered related to the occurrence of DRX as
is shown in Fig. 4 in agreement with Raghunath et al. [19].
DRX is considered to be most favorable during hot working
periods due to steady flows and safe effects on specimens as a
result of concurrent softening and the presence of refined
microstructures. Thus, hot workability is enhanced in this
region.

The TEM image shown in Fig. 5 depicts the occurrence of
dynamic recovery in AZ31B and the development of elongated
grain in agreement with previous research [20,21]. This is
clearly attributable to the development of elongated grain at a
temperature range and lower strain rate of 250–300 °C and
0.1 s−1, respectively.

It is evident from Fig. 6 and Fig. 7 that instabilities occurred
at a strain rate range of 0.1–1.0 s−1. Adiabatic shear bands,
localized plastic flows and carking are probable causes of
plastic instability. At a temperature and strain rate of 400 °C and
1.0 s−1, respectively, the TEM image in Fig. 6 reveals the occur-
rence of dislocation bands and deformation twins. These insta-
bilities are attributable to flow localization in the unstable
region. This is in agreement with the available literature [22]. At
a contained volume, deformation twins are immobile and
cannot transmit the entire strain load. Here, deformation twins
are susceptible to instigating cracks and contribute little to

plasticity. At lower temperatures and as a result of shock
loading, twins form in hexagonal close packing metals [23]. At
higher strain rates or at lower temperatures, the formation of
deformation twins and their orientation do not favor basal slip-
page in hcp metals. At low temperatures and high strain rates,
flow localization is also observed as reported by Sivakesavam
and Prasad [24].

Fig. 4. Deformation at 400 °C/0.01 s−1 (insert selected area diffraction (SAD)
confirms the absence of precipitates).

Fig. 5. Deformation at 300 °C/0.01 s−1 (insert selected area diffraction (SAD)
confirms the presence of precipitates Mg17Al12).

Fig. 6. Deformation at 400 °C and 1.0 s−1.
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Deformation due to shearing is observed in the shear band as
shown in Fig. 7. Localized plastic flows occurred at a tempera-
ture and strain rate of 300 °C and 1.0 s−1, respectively, in the
deformed specimen as shown in Fig. 7. At high strain rates, the
presence of cracking causes plastic instability. Similar observa-
tions are reported by Sivakesavam and Prasad [24] and Li et al.
[25]. Severe adiabatic shear bands observed in the microstruc-
ture reveal cracking in the shear stress plane. Similar findings
are reported by Anbuselvan and Ramanathan [26]. During hot
deformation, heat produced as a result of localized tempera-
tures may not be transferred to cooler specimens regions, as
limited time is available at high strain rates as noted by
Ramanathan et al. [27]. Deformation flow stress thus enhanced
and nearly suited the adiabatic condition. Cracking patterns
referred to as adiabatic shear bands were identified.

4. Numerical modeling

In recent years, several scholars have used processing maps
to analyze the workability of materials, and especially for tita-
nium and magnesium alloys. As such investigations of process-
ing maps have only emphasized material properties, it is
important to apply the finite elements method to simulate defor-
mation and to predict the same phenomena [28], which appear
during forming processes (e.g., damage and forming localiza-
tion) as stated in Dong et al. [29].

4.1. Johnson–Cook models

The Johnson–Cook model (J–C) is one of many semi-
empirical constitutive models that describe plastic material
behaviors at high strain levels, strain rates and temperatures.
The phenomenological constitutive relation proposed by

Johnson–Cook to describe the flow stress can be expressed as
[30]:
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where σ is material flow stress, ε is plastic strain, �ε is the
strain rate and �ε0 is the reference strain rate. T is the
temperature of the material, Tmelt is the material melting point
and Troom is the room temperature. The empirical constants are
as follows: A is the yield stress, B is the increase in strength due
to work hardening, C is the strain rate factor, n is the work-
hardening exponent and m is the thermal softening exponent.
Suppose that values of T0 (20 °C) and ε0 (0.01) are selected as
quasi-static test conditions.

In addition to their basic model, Johnson and Cook pre-
sented a model for fracture prediction based on cumulative
damage. The Johnson–Cook damage model is defined as [31]:
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where ε f is the equivalent plastic fracture strain, σ* is stress
triaxiality which is the ratio of the pressure to the effective
stress

σ
σ

* = Pressure (4)

d1, d2, d3, d4 and d5 are fracture model constants obtained
from experimentation.

As is shown by Dong et al. [29] and Jung et al. [32], damages
to magnesium alloy during forming processes are sensitive to
temperatures and strain rates, thus justifying the use of the
Johnson–Cook damage model.

4.2. FE modeling of compression tests

Fig. 8 shows the FEM model of the hot compression process.
The work piece is a ϕ12 × 12 mm cylinder that is considered a
deformable solid, and top and bottom dies were considered as
rigid plates. In his FE model, the Johnson–Cook model was
used to describe the flow stress as a function of plastic strain,
plastic strain rates and temperature. Table 2 shows the J–C
parameters of AZ31B magnesium alloy [33]. Specimens were
compressed to 50% of their original heights.

The numerical model results show that the deformation of
the specimen was inhomogeneous, and the maximum degree of
effective strain was found at the center of the specimen. Fig. 9
shows that the degree of the deformation inhomogeneity varies
with forming temperature (T = 250 °C and 400 °C), stress and
strain as is shown in Fig. 9 wherein the damage value reaches a
value of 1 [34]. Fig. 10 shows the stress distribution on the
compressed cylinder after 6 mm of displacement for different
strain rate values.

Fig. 7. Deformation at 300 °C and 1.0 s−1.
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The hot workability of AZ31B magnesium alloy exhibits
strong workability at a moderately higher temperature than
room temperature, like other alloys with hexagonal close-
packed structures. Thus, warm or hot forming is more favorable
than cold forming.

5. Conclusions

The magnesium alloy AZ31B is sensitive to strain rates and
temperatures, with grains coarsening under higher temperatures
and over longer time periods. Plasticity levels rapidly decline
with increasing strain rates.

• Our hot workability results for AZ31B alloy reveal
that instability occurs when temperatures fall below
300 °C at all tested strain rates ranging from 0.01 to
1.0 s−1.

• At elevated temperatures, the hot forming of this magnesium
alloy shows instability viz. shear bands and deformation
twins at a strain rate of 1.0 s−1.

• We found high levels of AZ31B workability at a temperature
of 400 °C and at a strain rate of 0.01 s−1.

• DRX occurred at 400 °C and at a strain rate of 0.01 s−1

due to nucleation and grain growth according to TEM
observations.

Fig. 8. Model of compression test, specimen before (a) and after (b) deformation.

Fig. 9. Effect of forming temperature on workability and damage of formed parts (when the D = 1).

Table 2
Material constant of the AZ31B magnesium alloy sheet [22].

AZ31B magnesium alloy parameters

ρ (kg/m3) E (GPa) ν Yield stress (MPa)

1780 45 0.34 172

Constructive model parameters

A (MPa) B (MPa) n C m

172 360.73 0.45592 0.092 0.95

Fracture model parameters

d1 d2 d3 d4 d5

−0.35 0.6025 −0.4537 0.206 7.2
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• A numerical model that considers elastoplastic materials
while taking into account damaging phenomena based on
the Johnson–Cook extended model was developed.

• Our compression test simulation reveals estimations of
specimen stress, strain, and damage evolution that comple-
ment our experimental findings.
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