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Abstract
An isothermal closed-die forming process, including two forging procedures in which the female die of the final forging
procedure is split into two parts, was developed, and a very complex component of magnesium alloy called the upper receiver
was successfully produced. The obtained forged piece has higher mechanical properties and meets the standard of being safely
used in special machines. Based on the FORGE software platform, finite element (FE) simulation was used to determine the
preform shape, processing parameters, and forging procedure. A closed-die cavity was formed during the final forging procedure,
which can effectively enhance the workability of magnesium alloy, refine the grain sizes, and increase the strength of the
component. Importantly, the forged piece has homogeneous microstructures, and the ultimate tensile strength located at the
lateral and bottom positions of the upper receiver is greater than 396 MPa and the minimum of the elongation ratio at fracture is
15%.
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1 Introduction

There has been increasing application of magnesium alloys
for lightweight structural components in the automotive and
aerospace industries because of their high specific strength,
outstanding machinability, good damping capacity, and low
density [1, 2]. At present, a great number of magnesium alloy
parts are produced by the casting process. However, magne-
sium alloy products treated by die casting exhibit low

mechanical properties due to casting defects, such as gas po-
rosity, needle holes, and cold shut.

The hot forging process can improve the poor workability
of magnesium alloys caused by their close-packed hexagonal
(HCP) crystal structure, and enhance the mechanical proper-
ties of the products as well. Therefore, some researchers fo-
cused on investigating the forging technology of magnesium
alloys. Lim et al. [3] investigated the plane-strain forging of
AZ31wrought magnesium alloy. Skubisz et al. [4] studied the
forgeability of AZ31/AZ61 magnesium alloys in hot and
warm closed-die forging. Li et al. [5–7] researched the micro-
structure characteristics and deformation behavior of AZ31
magnesium alloy by means of different methods, including
alternate forward extrusion and continuous variable cross-
section direct extrusion (CVCDE). Ogawa et al. [8] assessed
the forming limit of magnesium alloy at elevated temperatures
for precision forging and drew the conclusions that Mg alloy
shows an excellent workability at temperatures from 250 to
400 °C, and temperatures higher than 400 °C are not suitable
for the forming of Mg alloy because of heavy oxidation.
Hsiang et al. [9] predicted the mechanical properties and
forming loads in terms of AZ31 and AZ61 magnesium alloys
during hot extrusion by applying the artificial neural networks
(ANN) analysis method, and the optimal processing parame-
ters with a determined extrusion ratio were accurately
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obtained. Li et al. [10] investigated the effects of the newly
proposed multidirectional forging (MDF) process with an in-
creased strain rate on the microstructure and mechanical prop-
erties of AZ61 magnesium alloy. Kuo et al. [11] reported the
springback of L-bending for AZ31 magnesium alloy sheets at
different temperatures by means of the Taguchi method. Li
et al. [12] designed a one-pass hot spinning process of AZ31
magnesium alloy sheet and investigated the effects of the pro-
cess parameters on the quality of the formed workpiece.Wang
et al. [13] proposed a new concept of the hollow billet to
decrease the forming load for the hot precision forging of an
AZ80 magnesium alloy wheel. Karparvarfard et al. [14] con-
ducted the microstructure, texture, and mechanical behavior
characterization of hot forged cast ZK60 magnesium alloy.
Liu et al. [15] proposed the two-stage hot forming process of
an AZ31B spur bevel gear by combining experiments with the
finite element method (FEM). Based on the finite element
simulation and experimental methods, Hwang et al. [16] re-
vealed the mechanical properties of the extruded seamless
AZ61 magnesium alloy tube products with and without rein-
forced silicon carbide particulates (SiCp). Xia et al. [17] in-
vestigated the isothermal forging of a cast Mg–Zn–Y–Zr mag-
nesium alloy tank cover by using finite element simulations
and experiments and found that the mechanical properties of
the tank cover when utilizing the optimum isothermal forging
process show a significant improvement over those of original
materials. Shan et al. [18] studied the isothermal precision
forging process of Mg-10Gd-2Y-0.5Zn-0.3Zr alloy, and they
developed a combined female die composed of five parts to
successfully produce a bracket with a height to width ratio of
9.5. Cai et al. [19] developed a multi-stage variable speed
(MSV) isothermal forming process based on strain rate

sensitivity (SRS) analysis and made a conclusion that grain
refinement can be obtained by utilizing the developed isother-
mal forming process with severe plastic deformation to im-
prove the mechanical properties of Mg products. Yuan et al.
[20] reported on the isothermal forging process of a large-
sized AZ80 magnesium alloy forging by means of finite ele-
ment simulation combined with experiments. Lin et al. [21]
studied the influence of plastic anisotropy on the deep drawing
formability of a ZK60 magnesium alloy sheet with experi-
mental and simulative methods. Shan et al. [22] studied the
precision forging technology for a complex-shaped magne-
sium alloy forging by adopting a scheme of isothermal
forming and the use of a female die. He et al. [23] studied
the isothermal forging of a large AZ80 magnesium alloy sup-
port beam with a projective area of 0.22 m2.

From the literature review mentioned above, we can find
that only limited work has been reported on the hot closed-die
precision forging of magnesium alloys. In the present work,
the workability of AZ80 magnesium alloy was first investi-
gated and the constitutive model of the alloy was established.
Then, the two-stage hot precision forming process with a
closed-die cavity was developed. Moreover, the processing
parameters were optimized by an FE simulation. According
to the numerical simulation results, the hot precision die forg-
ing experiments of an AZ80 magnesium alloy upper receiver
were successfully conducted.

2 Forging process design of the upper
receiver component

The upper receiver component’s outline dimensions are
287.5 mm× 45 mm× 72 mm. Its characteristic shape is that
the dimension in the long direction is greater than those in the
breadth and height directions, and there are ribs, grooves, and
convexes in the top, down, left, and right faces (Fig. 1). The
material of the upper receiver is extruded AZ80 magnesium
alloy, which is a hard forming material.

No matter which forging process is used to form the
upper receiver, the female die in the final forging procedure
should be split into two parts in order to form the ribs,
convexes, and grooves, as drawn in Fig. 2. Due to the com-
plexity of the structure, it was very difficult to ensure full-
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(b)(a)Fig. 1 The shape and typical
dimensions of the upper receiver:
a left face and b right face

Fig. 2 Schematic model for the final forging operation
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(b)(a)

(d)(c)

Fig. 3 Comparison between the calculation and experimental results under different strain rates: a 0.001 s−1. b 0.01 s−1, c 0.1 s−1, and d 1 s−1

Table 1 Summarized extended Sellars-Tegart-Garofalo models

Types Equations and values of parameters

Flow stress σ < σcritical σ ¼ μ
A ⋅ε

Here, μ ¼ 16440⋅ 1−0:29⋅ T
405þ273:15

� �2:51
; A = 66.2578 ⋅ Z−0.0486

Flow stress σ ≥ σcritical
dσ
dε ¼ dσε

dε −Δσ⋅ ln 2ð Þ
ε˙ ⋅tnAv50

⋅nAv⋅ 1−X vð Þ⋅ −tnAv50 ⋅ln 1−X vð Þ
ln 2ð Þ

h i1− 1
nAv ;

dσε
dε ¼ E

μ ⋅ 1− σε−σyieldþX v ⋅Δσ
σsaturation−σyield

� �2
� �

⋅ σsaturation−σyieldσε−σyield ;

Xv = (σε − σ) ⋅Δσ−1;Δσ = σsaturation − σsteady
Here, t50 ¼ 0:011⋅Z−0:877⋅exp Q

R⋅T;nAv = 2.891;

σyield ¼ 73:52⋅asinh Z
2:187�109

� � 1
5:657 þ 5:66; σcritical ¼ 66:86⋅asinh Z

1:659�109

� � 1
4:468

;

σsteady ¼ 109:10⋅asinh Z
3:136�109

� � 1
4:305

; σsaturation ¼ 128:45⋅asinh Z
3:091�109

� � 1
4:029 þ 3:98

Zener–Hollomon parameters
Z ¼ ε˙

ε˙ 0
⋅exp Q

R⋅T; ε̇0 ¼ 1s−1;Q = 127077J ⋅mol−1;R = 8.314J ⋅mol−1 ⋅K−1
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filling in the forging procedure when using conventional
measures. Therefore, the isothermal forging process is suit-
able to form such a complex component. Moreover, since
the product works under complex impact loading, it needs
to have a fine-grained microstructure to obtain enough
strength to guarantee pressure resistance. As seen from
Fig. 2, the final forging process is a closed-die forming
one which improves the filling ability and grain refinement
because the die structure would form one state of triaxial
compressive stress.

3 FE simulation model

It is costly in finance and time to use the classical “Trial and
Error” method to design the shape of the billet or to preform
and optimize the processing parameters. The FE method is
employed to assist in the design of the forming process of
the upper receiver forging. The FORGE software is employed
for the simulation of the isothermal forging conducted in the
present study.

To build an accurate simulation model, the true stress-strain
relations of extruded AZ80 magnesium alloy were obtained
by an isothermal compression test at the temperatures ranging
from 250 to 400 °C with strain rates ranging from 0.001 to
1 s−1 by using a 3500-Gleeble thermal simulator. Based on
extended Sellars-Tegart-Garofalo relationships [24, 25], the
constitutive model of AZ80 has been established (Table 1).

Figure 3 presents the comparison between the calculation and
experimental results under different strain rates, in which the
solid line represents the experimental result and the dotted line
stands for the calculation one. As a result, the error between
the experimental and calculation curves is less than 5%. The
constitutive model has been embedded in the software of
FORGE through secondary development using the Fortran
language. Other thermo-physical parameters of the AZ80 used
in the simulation model are given in Table 2.

Since the split female dies would be passively moved into
the round die during the forming procedure (Fig. 2), both split
dies should be defined as elastic material in the simulation
model according to the requirement. H13 hot die steel would
be used as the punch and split dies material. The Young’s
modulus of the female dies, the coefficient of Poisson, the
density, the thermal conductivity, and the specific heat are
200 GPa, 0.30, 7850 kg/m3, 35.5 W/(m°C), and 7.78 kJ/
(kg°C), respectively. All other dies, including the punch,
would be set as rigid material in the simulation model.

In this study, a hydraulic pressure machine with a capacity
of 8000 kNwas employed, allowing for the maximum loading
force of 7200 kN due to safety consideration. The velocity of
the upper beam of the machine is set as 16 mm/s.

(b)(a)

(d)(c) (e)

Fig. 4 Schematic of two forming
processes of the upper receiver: a
cylindrical bar for the first
forming process, b final forged
piece for the first forming process,
c cylindrical bar for the second
forming process, d preform for
the second forming process, and e
final forged piece for the second
forming process

Table 2 Thermo-physical parameters of AZ80 magnesium alloy

Properties Values

Thermal conductivity (W/(m°C)) 58.5 (20 °C), 69.3 (200 °C),
75.2 (350 °C)

Specific heat (kJ/(kg°C)) 1.129 (20 °C), 1.255 (200 °C),
1.297 (350 °C)

Linear expansion coefficient (1/°C) 2.9 × 10−5

Density(g/cm3) 1.94

Fig. 5 Schematic of the die system for the final forging forming process
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The heat exchange coefficient between the workpiece and
the environment is 18 W/m2/°C, and the one between the
workpiece and dies is 10 KW/m2/°C. The friction model
was assumed to follow the shear friction mode:

f f¼
μ⋅σn if σn < σ0=

ffiffiffi
3

p� �

μ⋅ σ0=
ffiffiffi
3

p� �
if σn≥ σ0=

ffiffiffi
3

p� �
8<
: ð1Þ

where μ is the friction factor, σn is the normal stress, and σ0 is
the flow or yield stress. The constant friction coefficient be-
tween the workpiece and split female dies is determined to be
0.08 [26], and the coefficient between split female dies and the
round die is 0.15 [27].

The isothermal forging process is determined to be
employed in this paper due to the material characteristics of
magnesium alloy. In the processing experiments, the work-
piece temperature is nearly equal to the temperature of female
dies, but the punch one is often 30 °C lower than that of the
female die. For example, if the workpiece temperature was
350 °C, the punch temperature is only 320 °C, but the tem-
peratures of the other dies are 350 °C. Therefore, these should
be taken into account in the simulation models.

In this study, two different isothermal precision forming
processes for the AZ80 upper receiver forging were designed.
The first forming process uses a cylindrical bar as the billet
which is directly forged into the final forged piece (Fig. 4a, b).

(a) (b)

(c) (d)

Fig. 6 Experimental set-up for
the upper receiver component: a
punch, b female dies, c final
forging die system, and d
experimental work

(a) (b)

(c)

Fig. 7 Temperature distributions of the final forged piece obtained by simulation: a initial temperature of 320 °C, b initial temperature of 350 °C, and c
initial temperture of 380 °C
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The second forming process is based on the principle that the
cross-sectional area of the preform is almost equal to that of
the final forged piece, and the ratio of the cross-sectional area
of the preform and the final forged piece ranges from 0.90 to
1.10. Therefore, the second forming process includes two
forging stages and the evolution of the workpiece is shown
in Fig. 4c–e.

4 Experimental procedures

The billet used in the first forging forming process is an AZ80
magnesium alloy cylinder bar with a diameter of 40.5 mm and
a length of 287 mm, and the dimension of the billet used in the
second forging forming process is Φ39.5 mm× 299 mm.

A detailed description of the final die structure is drawn in
Fig. 5. The punch and female dies used in the experimental

work are shown in Fig. 6a, b, respectively. The photograph of
the final dies and the experimental work are shown in
Fig. 6c, d, respectively. The forming speed of the upper re-
ceiver is set as 16 mm/s, which is equal to the punch speed
used in the FE model.

After forging, the forged pieces were cooled to room tem-
perature in the air. Samples for the optical microscope (OM)
were cut from the different regions of the forged piece. After
mechanically polishing and etching with picric acid, the sam-
ples were examined using an Olympus OM. After an aging
treatment (180 °C × 8 h), the tensile samples, which were cut
from the forged piece, were machined and the tensile test was
carried out under room temperature with an initial strain rate
of 0.01 s−1 using an Instron-5500 electronic testing machine
and was repeated three times.

5 Results and discussion

5.1 Effect of initial temperature on the forming
procedure

Taking the second forging forming process as the research
object, three temperature parameters of 320, 350, and
380 °C for the workpiece were designed, which were used
in the simulation experiment. The temperature distributions
of the final forged piece, as calculated by the FE simulation
software, are shown in Fig. 7. When the temperature of the
workpiece was set as 380 °C, the temperature of the final
forging is greater than 400 °C (Fig. 7c). For magnesium alloy,
however, a higher temperature remarkably decreases the me-
chanical properties of the final forgings, and thus, the initial
temperatures should be lower than 380 °C. The forming loads

Fig. 8 Forming loads of different initial temperatures

Fig. 9 Evolution of different workpiece shapes at many typical punch displacement values: a first forging process and b second forging process
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calculated by the FE simulation are drawn in Fig. 8. Taking the
allowable load force of the machine into account, the initial
temperature of the workpiece would be set as 350 °C in the
following studies.

5.2 Effect of workpiece shape on the final forging
procedure

To analyze the material flow of the workpiece in the final
forging procedure, two designed processes (Fig. 4) were
employed with the same parameters, and here the workpiece
temperature was 350 °C. Figure 9 shows the shape evolutions
of the two forging processes at different stroke distances.
When the punch moved downwards from 0 to 20 mm, there
was no obvious difference between the two processes. The
billets were only subjected to bending deformation and the
metals were forced to flow into the cavity of the head part.
When the stroke increased to 47 mm, the metal flow in the
second forging forming process became much easier com-
pared to the first forming process, but in the first forming

process, the end part almost had been overflowed. With the
punch displacement increasing to 54 mm, the filling effect of
the first forming process was far worse because the flow re-
sistance was increased far more, and excess flash was formed
at the end part. Therefore, it was easy to generate several
defections, such as under-filling and folds (Fig. 10a).
Nevertheless, these defections can be avoided successfully
by using the second forming process (Fig. 10b).

Figure 11a shows the experimental photographs of the up-
per receiver forging treated by the first forging process after
removing the flash. Under-filling located at the head end can
be found in the first forging process, which is in good agree-
ment with the simulation results. Figure 11b, c shows the
photographs of the preform and final forgings of the upper
receiver treated by the second forging process after removing
the flash. The preform and final forging of the upper receiver
are shown to be good, and no problems can be discovered by
the second forging process.Moreover, the surfaces are smooth
without any defects in the metal filling and fold. The first
reason is that hot forging can effectively eliminate the die-

(a)

(b)

Fig. 10 Forming defects of the
two forging processes (red zones
stand for forming defects): a first
forging process and b second
forging process

(a)

(c)(b)

Fig. 11 Photographs of the upper
receiver obtained by different
processes after removing flash: a
forged piece obtained by the first
forging process, b preform
workpiece obtained by the second
forging process, and c forged
piece obtained by the second
forging process
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chilling effect and improve the workability and die filling of
magnesium alloys. In general, the formability of magnesium
alloys is relatively poor compared to aluminum alloys due to
their limited number of slip systems that originated from their
HCP crystal structure. The second reason is that the preform
design based on the constant cross-sectional area plays a sig-
nificant part in the improvement of the quality of finished
forgings. The gathering materials of the preform design, to

some extent, effectively reduce the uneven deformation, de-
crease the resistance of the deformation and promote sufficient
filling in the stage of the final forging operation. The third
reason is that the billet is under triaxial compressive stress,
which affords the billet outstanding plasticity and prevents
the cracking phenomena from happening, although the
forming speed is relatively high. Therefore, the second
forming process was employed in the following study.

(a) (b)

(c) (d)

(e)

(f)

1 2 3

45

Fig. 12 Microstructures of upper receiver forging located at different positions: a position 1, b position 2, c position 3, d position 4, e position 5, and f
sketch of sample locations
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5.3 Microstructure analysis andmechanical properties

Figure 12 shows the microstructures of the upper receiver forg-
ing located at different positions. As shown in Fig. 12, the mean
grain sizes located at positions 1, 2, 3, 4, and 5 are 13, 14, 13,
18, and 17 μm, respectively. It is generally accepted that dy-
namic recrystallization occurs during hot deformation for mag-
nesium alloys. The main reason can be attributed to limited slip
systems, relatively low stacking fault energy, and a high rate of
grain boundary diffusion for magnesium alloys. Note that the
mean grain sizes located at positions 4 and 5 are slightly greater
than those located at positions 1, 2, and 3.There are two main
reasons. First, metals located at position 4 are subjected to
enough deformation in the perform stage. However, rapid grain

coarsening at position 4 cannot be avoided due to finer grains
and higher interfacial energy during heat preservation for final
forging. Moreover, the metals located at position 4 cannot ob-
tain enough deformation in the stage of final forging.

Second, the microstructures coincide with the equivalent
strain distribution obtained by the simulation results which
are shown in Fig. 13. The effective strains of 1.5–2.5 located
in position 5 are lower than those of 3–3.5 located in position
2. As expected, the mean grain size located in position 2 is
finer than that located in position 5. The greater the effective
strain, the finer the mean grain size.

The stress-strain curves of the upper receiver forgings are
drawn in Fig. 14, in which three groups of samples of AZ80
magnesium alloy forgings treated by the second forging pro-
cess have been measured in experiments. The values of the
ultimate mechanical property are the average of the samples
measured. Table 3 shows the tensile mechanical properties of
the upper receiver forgings. The lateral and bottom ultimate
tensile strengths are 406 and 396 MPa, respectively, and their
elongations to fracture are 15 and 16%, respectively. The ex-
cellent mechanical properties in the final forgings are attribut-
ed to fine and equiaxed grains (Fig. 12). The main reason is

(a)

(c)

(b)

Fig. 13 Distribution of equivalent strain after the final forging process: a global distribution, b distribution on the axial-direction cut plane, and c
distributions on the cut planes of the typical points

Fig. 14 Stress-strain curves of upper receiver forgings

Table 3 Tensile mechanical properties of upper receiver forgings
treated by the second forging process

Locations Ultimate tensile
strength (MPa)

Yield strength
(MPa)

Elongation to
fracture (%)

Lateral position 406 294 15

Bottom position 396 289 16
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that grain boundaries are effective obstacles to dislocation
motion, and small-grained materials will have a higher density
of grain boundaries per unit volume. Moreover, a relatively
low final forging temperature is helpful for reducing the soft-
ening effect caused by reheating. The slight differences of the
mechanical properties between the lateral position and bottom
position can also be attributed to the degree of deformation.

6 Conclusions

An isothermal closed-die forming process of a magnesium
alloy upper receiver was conducted using the methods of nu-
merical simulation and experiments, and the microstructure
and mechanical properties of the upper receiver were analyzed
comprehensively. The main conclusions are drawn as follows:

1. The two-stage hot precision forging process of the upper
receiver, which was characterized by heading and final
forging operations, has been developed according to the
die filling status of extruded AZ80 magnesium alloy by
adopting a 3D FE simulation.

2. The upper receiver forgings produced by the two-stage
hot precision forging exhibit good qualities without any
defects, such as under-filling and folds.

3. The forged piece has homogeneous microstructures, and
the ultimate tensile strengths located in the lateral and
bottom positions of forgings treated by two-stage forging
are 406 and 396 MPa, respectively, and their elongations
to fracture are 15 and 16%, respectively.
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