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Abstract

The present study was aimed to determine the extrudability of a newly developed
Mg-Al-Zn-RE magnesium alloy with large amounts of alloying elements. The
experimental and numerical investigation clearly showed that the extrudate
temperature was a crucial factor deciding if a critical temperature between 754 K and
768 K (481 °C and 495 °C) was reached during extrusion, above which hot shortness
occurred. Under the extrusion conditions applied, dynamic recrystallization (DRX)
occurred, leading to grain refinement from a mean grain size of 165 pm in the
as-solid-solution-treated billet to 8.0-10.9 pm in the extruded rods. Second-phase
particles, such as Mgi7Al12 and Ali1Las, were found to distribute on grain boundaries
and aid in grain refinement. The mechanical properties of the extrudate were greatly

influenced by the as-extruded microstructure and extrusion condition. As the initial
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billet temperature decreased, the ultimate tensile strength (UTS) and elongation of the
alloy increased, while yield strength (YS) remained almost unchanged. At an initial

billet temperature of 523 K (250 °C), a stem speed of 3.93 mm/s and a reduction ratio
of 29.8, the extruded magnesium alloy had a mean grain size of 8.0 pum. Its YS, UTS

and elongation reached 217 %3 MPa, 397 =7 MPa and 20+ 1.3%, respectively.

Keywords: magnesium; extrusion; microstructure; mechanical property; hot shortness

1. Introduction

Since the beginning of this century, magnesium alloys, the lightest structural metallic
materials, have attracted great attention for applications in 3-C (computers,
communications and consumer electronics) products, automobiles and aerospace in
order to realize weight reduction [1-6]. Cast magnesium alloy parts made by using a
variety of casting techniques have been widely accepted for these applications [7].
However, the applications of wrought magnesium alloys have been rather limited,
although in general wrought magnesium alloys possess better mechanical properties
than the cast counterpart and are thus more suitable for structural applications [8-9].
Extruded magnesium alloy products, for example, accounted for less than 3% of the
annual output of magnesium production in 2013 [10]. The limited applications of
extruded products are mainly due to the low extrudability of magnesium alloys,

compared to aluminum alloys, leading to low productivity and low cost-effectiveness.
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The limited use of extruded magnesium alloy products is also due to the achievable
mechanical properties that are not substantially better than those of the cast
counterpart. In recent years, a lot of research efforts have been made to improve the

mechanical properties and extrudability of magnesium alloys.

Basically, there are two ways to improve the mechanical properties of extruded
magnesium alloys. Alloying is effective in enhancing the mechanical properties of
magnesium, but at the same time imposes limitations to applicable extrusion speed, as
a result of raised resistance to hot deformation, increased temperature rise during the
process and lowered incipient melting point. Microstructure control throughout
materials processing from casting to extrusion is also effective, especially the control
of grain structure within an applicable extrusion process window by applying an
optimum combination of extrusion process parameters. Obviously, it is the best if
alloying and microstructure control are combined to achieve optimum mechanical
properties from a refined grain structure and from the distribution of fine precipitates

at a minimum loss in extrusion speed.

The effect of alloying on the microstructure, extrudability and mechanical properties
of extruded magnesium alloy products depends on the amount of a chosen element
and its solubility in the magnesium matrix. When its content is low, it stays dissolved

in the magnesium matrix even at room temperature, creating a solid solution
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strengthening effect. However, when the content exceeds its solubility in the
magnesium matrix, second-phase particles precipitate as temperature decreases,
creating a precipitation strengthening effect and possibly contributing to a refined
grain structure as well by pinning grain boundaries, which in turn strengthens the
alloy further. These strengthening mechanisms may operate individually or in
combination. The mechanical properties of extruded magnesium were, for example,
shown to be improved through the addition of Al and Zn by a combination of
strengthening mechanisms, depending on the contents of these elements [11]. Yin et al.
[12] found that the addition of Zn refined the grain structure of an extruded
Mg-Zn-Mn alloy and led to an improved yield strength. In Mg-5Sn-xZn alloys (x=1,
2, 4), the amounts of MgxSn and MgZn particles increased with increasing Zn content,
which contributed to the mechanical properties of the extruded magnesium alloys
through precipitation strengthening [13]. Small amounts of Ca were found to be able
to refine the grain structure and improve both the tensile strength and elongation of
Mg-Al-Zn and Mg-Zn alloys [14, 15]. Rare earth (RE) elements, such as Gd, Y and
Ce, were added to different extruded magnesium alloys to enhance their mechanical
properties [16-21]. For example, Y improved the mechanical properties of Mg-Zn-Zr
alloys through grain refinement and the formation of the I-phase (Mg3ZnsY).
However, an excessive addition of Y to the alloys led to the formation of the W-phase
(Mg3Zn3Y2), which decreased the strengths. Actually, it is the ratio of Y to Zn (wt. %)

that determines the volume fraction of the I-phase and its strengthening effect [ 18].
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Zeng et al. [22] also demonstrated that the polygon-shaped Mg3ZnsY phase played an
important role in strengthening the extruded magnesium alloy Mg-6Zn-1.5Y-0.5Zr.
Stanford et al. [23] found that the strength of magnesium was greatly improved by
adding 0.22-4.65% Gd, owing to the mechanisms of recrystallized grain refinement
and solution strengthening. Zhang et al. [24] revealed that the synthetic additions of
Ca, Ce and La to the Mg-6.0Zn alloy resulted in the refinement of secondary phases
and precipitates, promoting the pining effect to restrict grain growth and the
dispersion strengthening effect. Homma et al. [25] developed a high-strength
magnesium alloy Mg-1.8Gd-1.8Y-0.7Zn-0.2Zr with an ultimate tensile strength (UTS)
of 542 MPa and a 0.2% proof stress of 473 MPa. The high strengths were achieved
thanks to fine precipitates formed during aging subsequent to hot extrusion. Yamasaki
et al. [26] found that the yield strength of the warm-extruded magnesium alloy
Mg-Zn-2.5Gd reached a high level of 345 MPa, because of the refinement of grains
and the dispersion of a precipitate with a long period ordered (LPO) structure. Chen et
al. [27] investigated the effect of Nd addition on the microstructures and mechanical
properties of the Mg-6Al1-2Ca-xNd (x=0, 1, 2, 3, 4 and 5 wt.%) alloys. With
increasing content of Nd, the amounts of Al2Nd and AI3Nd phases increased, while
the amount of Mgi7Al > decreased. The presence of the AI-Nd compounds contributed
to the refinement of the recrystallized grain structure formed during hot extrusion,

leading to an enhanced yield strength. Therefore, it is critically important to
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understand the strengthening phase formed in RE-containing magnesium alloys and

its sizes, volume fraction and distribution.

On the other hand, as mentioned earlier, with the addition of alloying elements to
magnesium, the extrudability usually decreases [11]. Luo et al. [28], for example,
found that the incipient melting point of the magnesium alloy AZ31 was 371 K (98 °C)
lower than that of AM30 due to the presence of Zn in the former. It means that AZ31
is more susceptible to hot shortness. To prevent hot shortness from occurring, a lower
initial billet temperature must be considered, if extrusion speed and reduction ratio are
desired to be fixed. As a result, the extrusion pressure required for the process will be
higher. If the force capacity of the available extrusion press is not enough, extrusion
speed or reduction ratio must be reduced in order to lower the pressure requirement,
leading to sacrifice in extrusion productivity. In the case of high-strength magnesium
alloys with large amounts of alloying elements, more severe limitations are imposed
on the applicable extrusion conditions. For each alloy, its extrusion window must be
specifically defined in order to avoid hot shortness and achieve the highest possible
extrusion productivity in combination with the consideration on the microstructure

and mechanical properties desired to achieve.

During hot extrusion, the main process parameters, i.e., initial billet temperature,

extrusion speed and reduction ratio, may all influence the microstructure of an
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extruded magnesium alloy. The mechanical properties of the alloy depend on its
microstructural characteristics, such as grain size, the intensity of texture and the
distribution of second-phase particles [29-33]. Murai et al. [29] found that fine grains
in the extruded magnesium alloy AZ31 were obtained at a low initial billet
temperature and a low extrusion speed, resulting in high mechanical properties of the
extrudate. Ishihara et al. [30] reported that at a given initial billet temperature of 693
K (420 °C) and extrusion speed of 5 m/min, the mean grain size of the extruded
magnesium alloy AZ31 increased from 30 to 170 um, when reduction ratio was
increased from 10 to 100. Zhang et al. [31] investigated the effect of the initial billet
temperature on the microstructure and mechanical properties of the extruded
Mg-1.0Zn-0.5Ca alloy. They found that with decreasing initial billet temperature from
673 K to 603 K (400 °C to 330 °C), the mean grain size decreased from 25 to 2.5 um
and the ultimate tensile strength (UTS) increased from 201 to 300 MPa. Tong et al.
[32] found that the basal texture of the Mg-5.3Zn-0.6Ca alloy was weakened at a
higher extrusion speed, which resulted in a lower tensile yield strength. Park et al. [33]
demonstrated that the temperature rise occurring during extrusion increased the
solubility of Sn in the magnesium matrix and thereby reduced the volume fraction of
Mg>Sn precipitates in the Mg-Sn-Al-Zn extrudate, resulting in a low strength.
Therefore, the choice of extrusion parameters is of critical importance for the

achievable mechanical properties of an extruded magnesium alloy.



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

Indeed, many of recent research efforts have aimed at achieving the highest possible
strength through optimizing extrusion condition, often in combination with
modification of alloy composition. By performing extrusion at an extrusion ratio of 44,
a ram speed of 60 mm/min and billet temperature of 623 K (350 °C), for example,
Shahzad et al. [34] obtained the ultimate tensile strength (UTS) of 328 MPa for the
magnesium alloy AZ80. Chen et al. [35] found that the UTS of the extruded
magnesium alloy Mg-5.3Zn-1.13Nd-0.51La-0.28Pr-0.79Zr could reach 325-350 MPa,
when the billet temperature applied was 523 K (250 °C). Singh et al. [36] developed
the extruded magnesium alloys Mg-6xZn-xY (x=0.2, 0.35 and 0.5 at. %) with UTS
varying from 397.8 to 418.6 MPa and elongation values over 12%. Park et al. [37]
reported that the UTS of the Mg-9A1-0.6Zn alloy reached 375 MPa after extrusion at a
billet temperature of 523 K (250 °C), extrusion speed of 1 mm/s and a reduction ratio of
7.35. Bu et al. [38] developed a new magnesium alloy containing large amounts of
alloying elements, including La and Gd (Mg-Al-Zn-RE). The effects of La and Gd on
the microstructure and mechanical properties of the extruded alloy were extensively
investigated. The results showed that, as a result of La and Gd additions, the Al;iLas,
AlsMnsGd and Al3Gd phases were present in the extruded alloy in addition to the
Mgi7Al2 phase. During extrusion, particle stimulated nucleation (PSN) occurred due to
the presence of abundant second-phase particles, leading to the formation of fine,
recrystallized grains. The alloy had a UTS of 397 MPa, being higher than that of the

traditional magnesium alloy AZ80, owing to a combination of grain refinement
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strengthening, precipitation strengthening, solid-solution strengthening, dislocation
strengthening and subgrain strengthening. Therefore, the alloy was considered to be
highly promising for aircraft applications. However, the effects of extrusion process
parameters on the microstructure and mechanical properties of the alloy were not
investigated. As microstructural changes, such as dynamic recrystallization and
precipitation, are largely governed by the local thermomechanical conditions during
hot extrusion, it was hypothesized that the as-extruded microstructure and resultant
mechanical properties, especially elongation (10%) [38], would be optimized through

optimizing the extrusion condition.

The present work concerned a case study on the extrudability, microstructure evolution
during extrusion and the resulting mechanical properties of the newly developed
magnesium alloy Mg-Al-Zn-RE. It was intended to serve as an example to show how to
determine the extrudability of a new magnesium alloy and understand the effect of
extrusion condition on its microstructure and mechanical properties through a
combination of experimental research and numerical simulation using the finite
element (FE) method. The extrusion experiments were performed by using a
tailor-designed die setup. Different combinations of extrusion parameters, namely
initial billet temperature, extrusion speed and reduction ratio, were employed. FE
simulations of hot extrusion were carried out to predict the extrudate temperature that

was hard to measure accurately in real extrusion operation. In addition, the effects of
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extrusion parameters on the microstructure evolution and mechanical properties of the
alloy were investigated through microstructure observation and tensile tests of the

extrudate.

2. Material, extrusion experiments and numerical simulations

2.1 Material

The nominal chemical composition of the newly developed Mg-Al-Zn-RE alloy is
given in Table 1. The alloy was designed on the basis of AZ81 [38], which is known
for having a very narrow range of applicable deformation conditions [39]. The
addition of the rare earth elements (i.e., La and Gd) tended to lower its workability
further. Hot compression tests indeed showed that this alloy was extraordinarily prone
to hot shortness; hot cracking occurred at temperatures higher than 693 K (420 °C).
To push the temperature limit upwards, the as-cast alloy was solid-solution-treated at
693 K (420 °C) for 24 h, following by water quenching, in order to dissolve
second-phase particles, such as Mgi7Al2 that has an incipient melting point of 710 K
(437 °C) [40]. The solution treatment was also intended to homogenize the as-cast
microstructure and improve its extrudability. Cylindrical billets with a diameter of 29

mm and lengths of 23 and 15 mm were prepared for extrusion experiments.

Table 1. Chemical composition (wt. %) of the Mg-Al-Zn-RE alloy.

Element Al Zn Mn La Gd Mg

10
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Chemical composition (wt. %) 8.0~8.8  0.3~0.8

0.15~0.3 0.7~1.3 0.3~0.7 Bal

2.2 Hot compression tests

A constitutive model of the magnesium alloy is needed for the FE simulations of

extrusion. To determine the constitutive constants, uniaxial compression tests of

cylindrical specimens with sizes of ¢ 8 x 12 mm were performed by using a Gleeble

1500 thermomechanical simulator. Test temperatures from 573 K to 693 K (300 °C to

420 °C) and with an interval of 30 K (30 °C) were chosen. Strain rates selected were

0.001,0.01, 0.1, 1 and 10 s™'. The flow stress-strain curves obtained at different

temperatures and strain rates are shown in Fig. 1. The hyperbolic sine-type equation

(Eq. 1), proposed by Sellars and McTegart [41], was adopted to describe the

deformation behavior of the material.
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Fig. 1. Flow stress-strain curves of the magnesium alloy at temperatures from 573 K to
693 K (300 °C to 420 °C) and strain rates (a) 0.001 s, (b) 0.01 s, (¢) 0.1 s}, (d) I s™!
and (e) 10 s

£=Asinh(ao)]" exp[%) (1)

where, 4, a and n are material constants, Q is the activation energy for hot
deformation, and R is the gas constant. The constitutive constants obtained were used

as material constants in the model for the FE simulations of extrusion (Table 2).

Table 2. Constitutive constants of the magnesium alloy (Mg-Al-Zn-RE).

Constitutive constant A o n 0 (kJ/mol)

Value 2.3188e+10 1.721e-2 4.5164  141.329

2.3 Extrusion tooling setup

The tooling setup, specially designed for this research, consisted of a structural
supporting framework, a heating system, a die with a round opening, a container, a
stem and a stem holder (Fig. 2). The supporting framework included a fastening plate,
supporting rods and a supporting plate, which were used to fix the die setup on the

platform of a press driven by a hydraulic system. The stem holder was connected to

12
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the crosshead of the hydraulic press. Four resistance-heating elements with a total

power of 2000 W were employed to heat the container, extrusion die and billet.

Heating was controlled by a PID (Proportion Integration Differentiation) controller

based on the feedback temperature measured by Thermocouple 1. Thermocouple 2

was inserted into the die to measure the temperature near the die orifice during

extrusion. The measuring point was 2 mm away from the die bearing (Fig. 2b).

Two extrusion dies with orifice diameters of 5.5 and 4.2 mm were employed for

extrusion at reduction ratios of 29.8 and 51.0, respectively, while the diameter of the

container liner stayed unchanged (30 mm). For each die, the inlet angle was 60° and

the length of straight die bearing was 1 mm.

10-Cross head of press/Z Z

9-Stem holder ——— |
8-Extrusion stem ————

7-Container
6-Thermocouple hole 1

805

5-Thermocouple hole 2

s

4-Supporting plate

600

3-Supporting rod ——_

2-Fastening plate ——
1-Platform of press /

V7222

(@)

Fig. 2. Tooling set-up to extrude rods: (a) schematic and (b) dimensions of one of the extrusion dies.

13

Thermocouple

hole 2
230

(b)



251 2.4 Extrusion experiments

252  Extrusion experiments were performed by using the tooling setup mounted on a

253  hydraulic press with a force capacity of 2 MN. Before extrusion, the billet was heated
254  to a preset temperature at a rate of 8 K/min (8 °C/min) and socked for 15 min. The

255  container and die were heated to the same temperature as the billet. During extrusion,
256  the temperature near the die orifice was measured by Thermocouple 2. After extrusion,
257  the extruded rod was cut off from the discard and air-cooled. Initial billet temperature,
258  extrusion speed and reduction ratio were taken as the main process variables. Initial
259  Dbillet temperature was set at 523, 573, 623, 673 and 713 K (250, 300, 350, 400 and
260 440 °C). Stem speed increased from 0.48 mm/s to 8.24 mm/s. Reduction ratios were

261 29.8 and 51.0, as mentioned in Subsection 2.3.

262 2.5 Microstructure observation

263  Samples were cut from the extruded rods along the longitudinal extrusion direction
264  (Fig. 3). The exposed surfaces were ground and mechanically polished. An etchant
265  composed of 5 g picric acid, 10 ml acetic acid, 10 ml deionized water and 100 ml
266  absolute ethyl alcohol was used to etch the samples. The microstructures of the

267  samples were observed using an optical microscope (Zeiss Axio Scope.Al) and a
268  scanning electron microscope (SEM, FEI Quanta 200 FEG) equipped with an energy
269  dispersive x-ray spectroscope (EDS). The grain sizes of the extrudate were

270  determined by using the linear intercept method. The sizes and volume fractions of

14
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second-phase particles were measured by using the commercial software Image-Pro

Plus on the basis of SEM micrographs.

Microstructure observation surface

Fig. 3. Schematic of the longitudinal section of an extruded rod for microstructure observation.

2.6 Tensile tests

Tensile specimens were prepared by machining from the extruded rods. They had a
total length of 90 mm, a gauge length of 25 mm and a gauge diameter of 4 mm,
conforming to the standard GB/T 228.1-2010. Tensile tests were conducted using a
universal material testing machine (AG-X, Shimadzu) at a crosshead speed of 1
mm/min. Tensile force was applied in the direction being the same as the extrusion
direction. The test of the specimen processed under each condition was repeated at

least twice to ensure the reproducibility of the data.

2.7 Finite element simulations

FE simulations were performed to predict the temperature of the extrudate at the die
orifice, as affected by the extrusion variables. An axisymmetric FE model (Fig. 4) was

15
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296

297

298

299

300

301

built by using the commercial software package DEFORM. The billet, extrusion die,
stem and container were all meshed to be composed of quadrilateral elements. The
billet was defined as a thermo-rigid-plastic material, and the thermomechanical effect
occurring during extrusion was taken into account. The extrusion tools were
considered to be rigid objects and heat transfer was allowed. The constitutive equation
(Eq. 1) was applied in the FE simulations. The initial temperatures of the container
and die were set to be the same as those used in the extrusion experiments, while the
stem was set at an initial temperature of 293 K (20 °C). Heat exchanges between the
billet, extrusion tooling and surrounding environment were taken into consideration. A
shear friction model was adopted at the interfaces between the billet and extrusion
tooling and the friction coefficient was set at 1.0 [42]. The physical properties of the

magnesium alloy and tooling material (H13 tool steel) are listed in Table 3 [43].

T
. . 275t
Extrusion stem [/ ;

T Container

Billet  |[FHH

Extrusion die

Fig. 4. Axisymmetric FE model to simulate the extrusion process to produce rods.

Table 3. Physical properties of the billet and extrusion tooling.

Physical property Magnesium alloy H13 tool steel

16
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309

310

311

312

313

314

315

Thermal conductivity (W/(m °C)) 96 28.4

Heat capacity (N/(mm? °C)) 2.097at 600 K (327°C) 5.6
2.275 at 800 K (527°C)

Heat transfer coefficient between tooling and 11 11

workpiece (N/(°C s mm?))

Heat transfer coefficient between 0.02 0.02

tooling/workpiece and air (N/(°C s mm?))

Emissivity 0.7 0.7

3. Results and discussion

3.1 Extrudate temperature

The extrudate temperature at the die exit, the most important process parameter that
strongly influences the surface quality and microstructure of the extrudate, depends on
the initial billet temperature, extrusion speed and reduction ratio. It is however
difficult to measure directly and accurately. To verify the extrudate temperature
predicted from FE simulations, comparisons with the temperatures near the die
bearing, measured by inserted Thermocouple 2, were made. Fig. 5a shows an example
of the predicted temperature distribution inside the extruded billet, rod, and extrusion
tooling, when the initial billet temperature was 573 K (300 °C), reduction ratio 51.0
and stem speed 1.92 mm/s. The temperature predicted at point P1 inside the die
reached a peak value of 600 K (327 °C) at a stem displacement of 15 mm. It was very
close to the value of 598 K (325 °C) measured by Thermocouple 2. In addition, the

calculated and measured temperature evolutions at point P1 during extrusion were

17
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compared. The results (Fig. 5b) showed that the simulated temperatures were in
agreement with the experimentally measured values. The differences between
simulated and measured temperatures were negligible. It indicated that the present FE
model of extrusion was reliable in temperature calculation. Based on this fact, we
considered the calculated temperature at point P2 to be the exact temperature of the
extrudate surface. In addition, a large difference in temperature between the extrudate
surface (678 K, i.e., 405 °C at point P2) and measuring point (600 K, i.e., 327 °C at
point P1) was found, even though there was a distance of only 2 mm between these
two points. It confirmed that the measured die temperature could not be used as the

temperature of the extrudate directly.

400

—— Measured
Temperature (°C) 350k FE simulated
Container 405 o
i <
357 o
Extrusion stem 308 5 Extrusion die
: = 20}
260 ® “ ﬁ_é:’:; Thermocouple
p=l
- g 5
Billet 212 é- 200 L b
P2 164 s Reduction ratio=51.0
Extruded rod : : : 150 |- Billet temperature=300 °C
Extrusion die 116 Extrusion speed=1.92 mm/s
68.1 100 L 1 1 1 I | |
l 0 2 4 6 8 10 12 14
20.0 Extrusion stroke (mm)
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Fig. 5. Predicted temperature distribution inside the billet, extrudate and extrusion tooling (a) and

comparison between the measured and predicted temperatures at P1 along with stem displacement

(b).
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Fig. 6 shows the FE simulated temperature evolutions at point P2 under different
extrusion conditions. At the initial stage of extrusion, the temperature at point P2 rose
significantly, which was attributed to heat generation from both plastic deformation
and severe friction between the billet and tooling. The temperature rise due to
deformation heating can be described by using Eq. 2, where 7 is the adiabatic factor
with a value between 0.9 and 0.95, and p is the specific density and Cp, is the specific
heat [44].

77J. ode
PCe

AT = (2)
Eq. 3 gives the shear-type friction model employed during the simulations, where 7is
the shear stress, and m is the friction factor [45]. The friction factor was set to be 1,
considering the severe friction between the tooling and billet [42]. The frictional
heating contributed to temperature rise during the extrusion process. In the meantime,
heat was transferred between the billet and tooling and dissipated into the atmosphere.
With rising extrudate temperature, more heat was transferred from the extrudate to the
tooling. Heat generation and dissipation to the die competed with each other, and then

the extrudate temperature reached a steady state.

_mo

T=—= 3
Ne 3)
Fig. 7 shows the simulated temperatures at point P2, when two different friction factor

values of 0 and 1 were applied. The same reduction ratio of 29.8, extrusion speed of
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FE simulated temperature (°C)

3.93 mm/s and initial billet temperature 523 K (250 °C) were employed in these

simulations. When the fraction factor values were 0 and 1, the temperature increments

of extrudate were 124 K and 179 K (124 °C and 179 °C), respectively. The result was

consistent with the above statement that the temperature increment during extrusion

was partially attributed to the heat generation from severe friction between the billet

and tooling.

700
—o— Thillet=250°C  Thillet=initial temperature of the billet
—0— Thillet=300°C
—4A— Thillet=350°C
600 —v— Thillet=400°C
—O— Thillet=440°C
500

e e st o
100 W
Reduction ratio=29.8

Stem speed=3.93 mm/s
300

FE simulated temperature (°C)

200 1 1 1 1
0 5 10 15 20 25
Stroke of extrusion stem (mm)
(a)

700
—o—V=0.96 mm/s V- Velocity of the extrusion stem
—0—V=1.92 mm/s

600 L —2— V=3.07 mm/s
—v—V=3.93 mm/s
—o—V=5.39 mm/s

500

400

Reduction ratio=51.0
300 L Initial billet temperature=350 °C

200 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Stroke of extrusion stem (mm)

(©

700

[=2]
o
o

500

400

FE simulated temperature (°C)

300

200

20

—o— V=0.96 mm/s
—0—V=1.92 mm/s
—4—V=3.93 mm/s
—v— V=6.48 mm/s
—o—V=8.24 mm/s

V- velocity of extrusion stem

Reduction ratio=29.8
Initial billet temperature=350 °C

5 10 15 20
Stroke of extrusion stem (mm)

(b)

25



366

367

368

369

370

371

372
373

374

375

376

377

378

379

380

381

382

Fig. 6. FE simulated temperature evolutions at point P2 during extrusion: (a) at a reduction ratio of

29.8, stem speed of 3.93 mm/s and different initial billet temperatures, (b) at a reduction ratio of

29.8, initial billet temperature of 623 K (350 °C) and different stem speeds, and (c) at a reduction

ratio of 51.0, initial billet temperature of 623 K (350 °C) and different stem speeds.
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Fig. 7. Simulated temperatures at point P2 with friction factor values of 0 and 1.

When reduction ratio was 29.8 and stem speed 3.93 mm/s, the maximum extrudate
temperatures reached 702, 723, 749 769 and 793 K (429, 450, 476, 496 and 520 °C)
during extrusion at initial temperatures of 523, 573, 623, 673 and 713 K (250, 300,
350, 400 and 440 °C), respectively (Fig. 6a), meaning temperature increments of 179,
150, 126, 96 and 80 K (179, 150, 126, 96 and 80 °C), respectively. As the initial billet
temperature increased, the temperature increment during extrusion decreased. This
can be explained by the fact that the lower the initial billet temperature, the more heat

generation from the higher flow stress of the magnesium alloy.
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383

384  Fig. 6b shows the temperature evolutions at a reduction ratio of 29.8, initial billet
385  temperature of 623 K (350 °C) and stem speeds of 0.96, 1.92, 3.93, 6.48 and 8.24
386  mm/s. The maximum temperature increments were 61, 89, 126, 145 and 154 K (61,
387 89, 126, 145 and 154 °C), respectively. With increasing extrusion speed, the

388  maximum temperature of the extrudate grew. There are two factors that lead to the
389 increases in extrudate temperature. On the one hand, the enhanced flow stress of the
390  billet material at a higher extrusion speed leads to more heat generation than that at a
391 lower extrusion speed. On the other hand, heat generation at a higher extrusion speed
392 s less dissipated to the die.

393

394  When reduction ratio increased to 51.0 and the initial billet temperature remained
395  unchanged (623 K, i.e., 350 °C), the maximum temperature increments were 67, 110,
396 131,206 and 213 K (67, 110, 131, 206 and 213 °C), at stem speeds of 0.96, 1.92, 3.07,
397  3.93 and 5.39 mm/s, respectively (Fig. 6¢). Comparison between the extrudate

398  temperatures at these two reduction ratios (Fig. 6b and ¢) showed that a larger

399 temperature increment appeared at a higher reduction ratio, but at the same initial
400  billet temperature and extrusion speed. It can be explained by the fact that a higher
401  strain rate at a larger reduction ratio contributes to the temperature increase of the
402  extrudate.

403
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3.2 Surface quality

The surface quality of an extruded magnesium alloy rod is negatively influenced by
the defect of hot shortness. In general, the tendency for hot shortness to occur
increases with increasing initial billet temperature, reduction ratio and extrusion speed.
It is caused by an excessively high temperature due to heat generation inside the
magnesium alloy undergoing large plastic deformation during extrusion. Figs. 8-10
show three groups of extruded magnesium alloy rods, which are arranged in a
convenient way to demonstrate the influences of the initial billet temperature,

extrusion speed and reduction ratio on the surface quality of the extruded rods.

Fig. 8 shows the magnesium alloy rods extruded at a reduction ratio of 29.8, stem
speed of 3.93 mm/s and different initial billet temperatures. Defect-free surfaces of
the extruded rods were obtained, when the initial billet temperatures were lower than
673 K (400 °C) (Fig. 8a-c). When the initial billet temperature increased to 673 K
(400 °C), however, hot shortness occurred on the surface of the extruded rod (Fig. 8d).
With a further increase in initial billet temperature to 713 K (440 °C), large and deep
cracks on the surface of the extruded rod became visible to the naked eye (Fig. 8e).
For the rods extruded under these conditions, FE simulation predicted the maximum
extrudate temperatures 7. of 769 K and 793 K (496 °C and 520 °C). It could be
inferred that the critical temperature for hot shortness to occur lay from 749 K to 769

K (476 °C to 496 °C). It was thus the initial billet temperature that influenced the
23
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surface quality of the extrudate [46, 47]. At the die bearing, tensile stresses due to
severe friction exceeded the tensile strength of the material at the surface and
consequently tearing occurred (Fig. 8d). If the heat generated from friction and hot
deformation led to further temperature increases at the die bearing to the incipient
melting point, localized melting took place, which would cause severe cracking on the

surface (Fig. 8e).

T=250 °C Te=429 °C
e — . o (1)
T=300 °C Te=450 °C
——————— )
T-350°C_ Te=476 °C
e e ( )

T=400 °C Te=496 °C

T—44() oE Hol shortness Te —\7() C

Db AL gl

bbbt ‘.u.wum-uwms g ' - (e)

Fig. 8. Magnesium alloy rods extruded at a reduction ratio of 29.8, stem speed of 3.93 mm/s and
different billet temperatures. 7. is the maximum extrudate temperature. (a) T=523 K (250 °C) and
Te=702 K (429 °C); (b) T=573 K (300 °C) and Tc=723 K (450 °C); (c) T=623 K (350 °C) and
Te=749 K (476 °C); (d) T=673 K (400 °C) and T=769 K (496 °C); (e) T=713 K (440 °C) and

Te=793 K (520 °C).

Extrusion speed is another factor influencing the surface quality of the extrudate,
which embodies heat generation and dissipation during extrusion. It is obvious that
heat generation increases with increasing extrusion speed, because a higher strain rate

corresponds to more dynamic plastic deformation, and less heat is dissipated to the
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surrounding as a result of shortened process time, as shown in Fig. 6b. It is the raised
extrudate temperature that limits the applicable extrusion speed. In the present
research, at the same initial billet temperature of 623 K (350 °C) and reduction ratio
of 29.8, the rods extruded at different stem speeds had different surface features (Fig.
9). When stem speeds were lower than 3.93 mm/s, the extruded magnesium alloy rods
had smooth surface finish (Fig. 9a-c). When stem speed increased to 6.48 mm/s,
however, minor cracks appeared on the surface of the extruded rod (Fig. 9d). Severe
hot shortness occurred at the stem speed of 8.24 mm/s (Fig. 9¢). FE simulations
indicated the extrudate surface temperatures of 749, 768 and 787 K (476, 495 and
514 °C), at stem speeds of 3.93, 6.48 and 8.24 mm/s, respectively (Fig. 6b). In
combination with the results shown earlier in Fig. 8d, the critical temperature for hot

shortness to occur would be in the range of 749 K and 768 K (476 °C and 495 °C).

v=0.96 mm/s Te=401 °C
—

v=1.92 mm/s =439 °C
“ (b)

v=3.93 mm/s Te=476 °C
e (6)

v=0. 48 mm/s Te=495 °C
g ————— ( ()

v=8.24 mm/s__ Hot shortness  Te=514 °C

e '-.¢-~a_~—‘i-':x-a—)~ DT S o o el et 4 e it

" (e)

Fig. 9. Magnesium alloy rods extruded at a reduction ratio of 29.8, initial billet temperature of 623

K (350 °C) and different stem speeds. (a) v=0.96 mm/s and Te=674 K (401 °C); (b) v=1.92 mm/s
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and Te=712 K (439 °C); (c) v=3.93 mm/s and T=749 K (476 °C); (d) v=6.48 mm/s and T=768 K

(495 °C); (e) v=8.24 mm/s and T=787 K (514 °C). T. is the maximum extrudate temperature.

As mentioned earlier, heat generated from the plastic deformation of the billet
material leads to the temperature rise of the extrudate. Reduction ratio is a process
parameter that is directly related to the amount of plastic deformation. The extrusion
experiments performed at a higher reduction ratio of 51.0 clearly depicted the effect
of reduction ratio on extrudate surface quality (compare Fig. 10 and Fig. 9). When
reduction ratio was 51.0, initial billet temperature 623 K (350 °C) and stem speed
3.93 mm/s, the maximum extrudate temperature reached 779 K (506 °C) and hot
shortness occurred. At the lower reduction ratio of 29.8, however, the extrudate
exhibited sound surface (Fig. 9c) and under this extrusion condition the maximum
extrudate temperature was only 749 K (476 °C). It clearly indicated that the high
reduction ratio increased the tendency of hot shortness. Fig. 10c shows the good
surface of the extrudate at a stem speed of 3.07 mm/s and under this extrusion
condition the extrudate temperature was 754 K (481 °C). By combining the results
shown in Figs. 8, 9 and 10, one may infer the critical temperature for hot shortness to
occur to be in the range of 754 K and 768 K (481 °C to 495 °C). The extrudate
temperature of 754 K (481 °C) can be taken as a conservative critical temperature to

avoid hot shortness.
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Fig. 10. Magnesium alloy rods extruded at a reduction ratio of 51.0, initial billet temperature of
623 K (350 °C) and different stem speeds. (a) v=0.96 mm/s and Te=987 K (417 °C); (b) v=1.92
mm/s and Te=733 K (460 °C); (c) v=3.07 mm/s and T=754 K (481 °C); (d) v=3.93 mm/s and
Te=779 K (506 °C); (e) v=5.39 mm/s and Te=786 K (513 °C). T, is the maximum extrudate

temperature.

3.3 Microstructures

Fig. 11 shows the microstructures of the as-cast and the as-solid-solution-treated
Mg-Al-Zn-RE alloy. The as-cast alloy had a dendritic magnesium matrix and
interdendritic second-phase particles (Fig. 11a). Morphology and composition
analyses indicated the presence of four kinds of second-phase particles in the as-cast
alloy, namely reticulate phase Mgi7Al12, needle-like or lamellar phase Alji1Las, and
block-shaped phases AlsMns and Al>Gd (Figs. 11c, e-h and Table 4). Mgi7Al2 and

AlgMns were the common intermetallic compounds in commercial Mg-Al-Zn alloys

27



491

492

493

494

495

496

497

498

499

500

501

502

with a high Al content [48, 49]. Ali1Las and Al.Gd were the compounds whose
formation was due to the addition of rare earth elements of La and Ga [38, 50-51] to
the Mg-Al-Zn base alloy. The volume fraction of second-phase particles in the SEM
micrograph of the as-cast alloy was 7.3% (Fig. 11c¢). After the solid-solution treatment
at 693 K (420 °C) for 24 h, the Mgi7Ali2 phase with a melting point of 701 K (437 °C)
[40] disappeared due to its dissolution into the Mg matrix. The volume fraction of
second-phase particles decreased significantly to 2.1% (Fig. 11d). During the heat
treatment, the as-cast dendritic structure changed to an equiaxed grain structure; the
mean grain size determined by using the linear intercept method [52] was 165 (£ 5)

pum (Fig. 11b).
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504

505  Fig. 11. Microstructures of the Mg-Al-Zn-RE alloy: (a) dendritic structure of the as-cast alloy; (b)
506 equiaxed grain structure of the solid-solution-treated alloy; (c) SEM micrograph of the as-cast

507 alloy; (d) SEM micrograph of the solid-solution treated alloy; (e-h) EDS element maps of Al>Gd,

508 AlyiLas, Mg7Ali2 and AlsMns phases.
509 Table 4. EDS analysis of second-phase particles in the as-cast alloy.
Phases AlLGd AlyiLa;3 Mgi7Al2 AlsMns

Mg (at. %) 49.84 69.06 1.99
Al (at. %) 68.08 37.25 29.24 64.92
Zn (at. %) 0.78 1.70
Mn (at. %) 0.41 25.70
La (at. %) 2.90 9.58
Gd (at. %) 29.03 2.14 6.62

510
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The optical microstructures of the magnesium alloy rods extruded at temperatures of
523-713 K (250-440 °C), a reduction ratio of 29.8 and stem speed of 3.93 mm/s are
shown in Fig. 12. Apparently, dynamic recrystallization (DRX) occurred during
extrusion under these conditions, and the mean grain sizes of the extruded magnesium
alloy rods reduced significantly from the mean value of the as-solid-solution-treated
alloy. The mean grain sizes of the rods extruded at 523, 573, 623, 673, 673 and 713 K
(250, 300, 350, 400 and 440 °C) were 8.0 (*0.3), 8.5 (£0.5), 9.5 (£0.3), 10.9 (=
0.3) and 12.4 (£0.4) um, respectively, showing an increasing trend with rising initial

billet temperature.
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520

521 Fig. 12. Optical micrographs of the magnesium alloy rods extruded at a reduction ratio of 29.8,
522  stem speed of 3.93 mm/s and initial billet temperatures of (a) 523, (b) 573, (c) 623, (d) 673 and (¢)

523 713 K) [(a) 250, (b) 300, (c) 350, (d) 400 and (e) 440 °C].

524
525  The second phase Mgi7Ali2 reappeared due to dynamic precipitation from the

526  supersaturated magnesium solid solution during extrusion and became distributed

31



527  along the extrusion direction (Fig. 13). The needle-like or lamellar phase Alji1Laz in
528 the as-solid-solution-treated alloy was broken up and became block-shaped particles
529  during extrusion. The sizes of second-phase particles increased, but their volume

530 fraction decreased with increasing initial billet temperature. At the initial billet

531  temperature of 523 K (250 °C), the maximum temperature of the extrudate reached
532 702 K (429 °C) and a lot of fine second-phase particles with sizes smaller than 1,000
533 nm were distributed on recrystallized grain boundaries (Figs.13a and c). The mean
534  size of second-phase particles was 397 nm, and the volume fraction was 5.4%. At an
535 increased initial billet temperature of 623 K (350 °C), the maximum temperature of
536  the extrudate increased to 749 K (476 °C), the volume fraction of second-phase

537  particles with sizes of 1,000 nm and larger increased and the mean size of

538  second-phase particles increased to 492 nm. However, the overall volume fraction of
539  second-phase particles decreased to 2.8% (Figs. 13b and d) as a result of higher

540  solubility of the alloying elements in the magnesium matrix at a higher temperature.
541  This phenomenon also was found in other magnesium alloys with high Al contents
542  during extrusion [53, 54]. In addition to the dissolution of small particles, the alloying
543  elements diffused and became accumulated at existing, larger particles, which resulted
544 in particle growth.

545
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Fig. 13. SEM micrographs and distributions of the sizes of second-phases particles in the rods
extruded at a reduction ratio of 29.8, stem speed of 3.93 mm/s and initial billet temperatures of (a)

(¢) 523 K (250 °C) and (b) (d) 623 K (350 °C).

Fig. 14 shows the optical micrographs of the magnesium alloy rods extruded at a

billet temperature of 623 K (350 °C), reduction ratio of 29.8 and different stem speeds.
With increases in stem speed from 0.96 to 1.92, 3.93, 6.48 and 8.24 mm/s, the mean
grain sizes of the extruded magnesium rods rose marginally from 8.6 (+0.5) to 8.9
(£0.4),9.5(%0.3),9.8 (£0.6) and 10.1 (0.5) um, respectively. On the one hand, the

extrudate temperature increased with increasing extrusion speed; the maximum
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extrudate temperature reached 674-787 K (401-514 °C) when stem speed increased
from 0.96 to 8.24 mm/s (Fig. 6b). A high extrudate temperature would normally
promote the growth of DRX grains. But on the other hand, the equivalent strain rate
increased with increasing extrusion speed and a high strain rate would contribute to
grain refinement during the hot deformation of magnesium alloys [55]. In addition,
with increasing extrusion speed, the sizes and volume fraction of second-phase
particles changed, which would affect grain sizes. Fig. 15 presents an SEM
micrograph and a size distribution of second-phase particles in the magnesium alloy
rod extruded at a reduction ratio of 29.8, initial billet temperature of 623 K (350 °C)
and stem speed of 0.96 mm/s. The data could be compared with those obtained from
the magnesium rod extruded at a higher stem speed of 3.93 mm/s, but at the same
reduction ratio and initial billet temperature (Figs. 13b and d). With an increase in
stem speed from 0.96 to 3.93 mm/s, the volume fraction of second-phase particles
decreased from 3.6% to 2.8%, and the mean size decreased from 577 to 492 nm. The
maximum extrudate temperature at stem speeds of 0.96 mm/s and 3.93 mm/s rose to
674 K to 745 K (401 °C and 472 °C), respectively. Clearly, it was the lower extrudate
temperature at a lower extrusion speed that resulted in more and larger dynamically
precipitated second-phase particles, as a result of longer time given for particle
precipitation and growth. Comparison between Fig. 13d and Fig. 15b showed large

volume fractions of second-phase particles smaller than 400 nm in the rods extruded
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at a higher extrusion speed, which would be highly effective to pin grain boundaries

to retard grain growth.
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Fig. 14. Optical micrographs of the magnesium alloy rods extruded at a reduction ratio of 29.8,

initial billet temperature of 623 K (350 °C) and stem speeds of (a) 0.96, (b) 1.92, (c) 3.93, (d) 6.48

and (e) 8.24 mm/s.

35



586

587

588

589

590

591

592

593

594

595

596

597

598

w
o
!

N
ul
1

N
o
L

Fraction of second phase (%)

154 7
7
10 %%V 7
7 7
7
a
%éé%gé%%é/ %t % 0 Dy

o+
N

00

N

00 600 800 1000 1200 1400 1600 1800 2000
Size of second-phase particles (nm)

Fig. 15 SEM micrograph (a) and distribution of the size of second-phase particles (b) in the rods
extruded at a reduction ratio of 29.8, stem speed of 0.96 mm/s and initial billet temperature of 623

K (350 °C).

The micrographs of the alloy extruded at the high reduction ratio of 51.0, presented in
Fig. 16, were used to analyze the effect of reduction ratio on the microstructure of the
extruded alloy. The initial billet temperature was 623 K (350 °C) and the stem speed
was 0.96 mm/s. Comparison of the mean grain size obtained from Fig. 16a with that
from Fig. 14a indicated a mild effect of reduction ratio from 29.8 to 51.0 on the mean
grain size (from 8.6 to 9.4 pm). In addition, after extrusion at reduction ratios of 29.8
and 51.0, the volume fractions of second-phase particles were 3.6% and 2.9%,

respectively, as a result of an increase in extrudate temperature.
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601 Fig. 16. Microstructures of the magnesium alloy rods extruded at an initial billet temperature of
602 623 K (350 °C), stem speed of 0.96 mm/s and reduction ratio of 51.0: (a) optical micrograph; (b)

603 SEM micrograph; (c) distribution of the sizes of second-phase particles.

604  The size distributions and volume fractions of second-phase particles in Figs. 13, 15
605 and 16 were determined by using the software Image-Pro Plus on the basis of SEM
606  micrographs at 2,000X magnification. With this method, nanoscale particles in the
607  range of 1 and 100 nm were ignored, due to too low resolution. Fig. 17 presents a
608  SEM micrograph at 20,000X magnification. The observed sample was extruded at an
609 initial billet temperature of 623 K (250 °C), extrusion speed of 3.93 mm/s and a

610  reduction ratio of 29.8. Nanoscale particles between 1 and 100 nm marked with
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arrows are clearly discernible. These tiny particles must have contributed to the
improved strength of the extruded magnesium alloy as well, owing to precipitation

strengthening.

Fig. 17 SEM micrograph (20,000X) of the magnesium alloy rod extruded at an initial billet

temperature of 523 K (250 °C), extrusion speed of 3.93 mm/s and a reduction ratio of 29.8.

In the present research, the mean grain sizes of the magnesium rods extruded under all
the conditions ranged from 7 to 14 pum. The extrusion condition could influence the
mean grain size of the magnesium alloy Mg-Al-Zn-RE to a certain extent, but the
influence was quite moderate, in comparison with other magnesium alloys with low
alloying contents. Zhang et al. [31], for example, reported that at a reduction ratio of
16 and extrusion speed of 4 mm/s, with an increase in billet temperature from 603 K
to 673 K (330 °C to 400 °C), the mean grain size of the extruded Mg-1.0Zn-0.5Ca
alloy increased from 2.5 pum to 25 pm. The main mechanism governing grain
refinement during the hot deformation of a magnesium alloy is dynamic

recrystallization (DRX), including the continuous DRX (CDRX) and discontinuous

38



628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

DRX (DDRX) [55, 56]. DDRX, involving the nucleation and growth of new grains,
was found to be the predominant mechanism in the magnesium alloy AZ31 [57].
Wang et al. [58] demonstrated that a larger value of the Zener-Hollomon parameter
resulted in a higher ratio of nucleation rate to growth rate of new grains in the
magnesium alloy ZM21, which was helpful for grain refinement. For these
magnesium alloys with relatively low alloying contents, extrusion condition was

found to influence the grain size of the extrudate strongly.

For the present magnesium alloy, abundant precipitates were present due to high
contents of alloying elements added to magnesium. In addition to extrusion condition,
precipitates would influence the DRX behavior of the alloy during extrusion. The
precipitated Mgi7Al12 phase and crushed Alii1Las phase would promote
particle-stimulated nucleation (PSN) for DRX. These phases were mostly distributed
on grain boundaries to exert the Smith-Zener pinning effect and restrict the growth of
DRX grains [38]. Robson et al. [59] demonstrated that coarse, hard second-phase
particles in Mg-Mn alloys, which promoted rapid sub-boundary migration during
deformation, were necessary for the subsequent occurrence of PSN. Deng et al. [60]
found that SiC particles of larger sizes (in the micrometer range) were more effective
in promoting PSN of AZ91-SiC composites and refining grains than SiC particles of
smaller sizes (in the sub-micrometer range). In the present investigation, second-phase

particle sizes increased with increasing initial billet temperature and DRX via PSN
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would be more important. However, a higher temperature would weaken the
nucleation via DDRX. The competition between these two effects made the mean
grain size of the present alloy appear to be less sensitive to the initial billet
temperature than that of the magnesium alloy Mg-1.0Zn-0.5Ca with low alloying

contents [31].

As reported earlier, extrusion speed appeared to have a mild influence on the mean
grain size of the present magnesium alloy. With increasing extrusion speed, the strain
rate of the deforming billet and the extrudate temperature increased. A higher
extrudate temperature would promote DRX grain growth, while a high strain rate
would restrain DRX grain growth by increasing nucleation rates. As a net result, the

direct influence of extrusion speed on the mean grain size became nearly invisible.

3.4 Mechanical properties

Fig. 18 shows the tensile stress-strain curves of the magnesium alloy rods extruded at
different initial billet temperatures and extrusion speeds. Table 5 lists the tensile
properties of the magnesium rods extruded at a reduction ratio of 29.8, together with
mean grain sizes. After extrusion at initial billet temperatures of 523, 573, 623 and
673 K (250, 300, 350 and 400 °C) and a given stem speed of 3.93 mm/s, the extruded
rods had ultimate tensile strengths (UTSs) of 39747, 387+£1, 38443 and 36717

MPa, 0.2% offset yield strengths (YSs) of 21743, 220+5,221+1 and 221 =6 MPa,
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and elongation values of 20.8 =1.3%, 18.210.4%, 15.8 0.4% and 13.6 +0.4%,
respectively. Clearly, both the UTS and the elongation decreased with rising initial
billet temperature, which could be attributed to finer DRX grains at a lower initial
billet temperature (Fig. 12 and Table 5). Precipitation strengthening, solid-solution
strengthening, dislocation strengthening and subgrain strengthening might have
contributed to the strength of the material extruded at a low temperature in addition to

fine grain strengthening [38].

YS, UTS and elongation were only slightly improved by extrusion at a lower
extrusion speed. At a given initial billet temperature of 623 K (350 °C), the material
extruded at stem speeds of 0.96, 1.92 and 3.93 mm/s had the UTS values of 387 %1,
38614 and 38413 MPa, the YS values of 226 +4, 225+ 8 and 221+ 1 MPa, and
elongation values of 17.0%1.4%, 16.6 =0.5% and 15.8 ==0.4%, respectively (Table 5).
The trends were consistent with the trend of the mean grain size varying with
extrusion speed. It means that the scope to control the mean grain size and mechanical
properties by varying extrusion speed appeared to be quite limited, which would give
freedom to choosing extrusion speed for a higher production rate with only a little

effect on the mechanical properties.

41



689
690

691
692

693

694

695

696

697

698

699

700

a b
400-() oot 400-( )
?-5\350 3 = 350
a o
=300 - g 300
@250 8 250 —o— V=096 mm/s
5 & o T o5 Z —o— V=192 mm/s
©200 | Toie 25000 2 200 —a—V/=3.93 mmis
ez % 7 Toine=300°C z ) V - Extrusion speed
& 150 —o— Tyine=350°C 2 150 Initial billet temperature=350 °C
100 & —— T1e=400°C 100 U Extrusion ratio=29.8
Tyinic - Initial billet temperature 50
50 Extrusion speed=3.93 mm/s, Extrusion ratio=29.8
0 I I I I 0 5 L L L Il
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Strain Strain

Fig. 18. Tensile stress-strain curves of the magnesium alloy rods extruded (a) at different billet

temperatures and (b) at different extrusion speeds.

Table 5. Mechanical properties of the rods extruded at a reduction ratio of 29.8.

Stem Billet UTS YS Elongation = Mean grain
speed temperature (MPa) (MPa) (%) size
(mm/s) °C) (nm)
250 3977 2173 20.8x1.3 8.0%£0.3
300 387x1 220+5 182x+0.4 8.5+0.5
2 350 384+3 221+1 15.8x0.4 9.5+0.3
400 3677 2216 13.6x04 10.9+0.3
1.92 350 3864  225+8 16.6x0.5 8.9+04
0.96 350 387x1 226+4 17.0x1.4 8.610.5

The ultimate tensile strengths (UTS), yield strengths (Y Ss) and mean grain sizes of
selected Mg alloys are listed in Table 6 for comparison. It can be seen that the present
alloy has a mean grain size similar to the mean grain sizes of the magnesium alloys
AZ80 [34] and AZ80-1.52La-1.10Gd [61]. However, the present alloy has a higher
UTS value than the other magnesium alloys of similar compositions. First of all, an

optimized extrusion condition (reduction ratio: 29.8, initial billet temperature: 523 K
42
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(250 °C) and ram speed: 3.93 mm/s) was employed to extrude the present alloy.
Moreover, the addition of the rare earth elements raises the strengths of magnesium
alloys. For example, Jiang et al. [50] found that over a Gd content range of 0.3% to
4%, the magnesium alloy AZ80 added with 0.9% Gd exhibited optimum mechanical
properties. This was because coarse second phase particles were formed when
excessive Gd was added to the magnesium alloy, thereby becoming detrimental to the
mechanical properties. Over all, the magnesium alloy with high mechanical properties,
both in UTS, YS and elongation, were obtained through adding rare earth elements to

AZ80 and extrusion at the optimized condition.

Magnesium alloys with even finer grains and higher mechanical properties can be
prepared through severe plastic deformation (SPD) [62, 63]. For example, Razavi et al.
[63] demonstrated that via the multi-temperature (398 K to 473 K, i.e., 125 °C to

200 °C) equal-channel angular processing (ECAP) the magnesium alloy AZ31
exhibited extraordinarily high mechanical properties (YS =385+ 6 MPa, UTS=455+
4 MPa, elongation=12.7%), owing to the ultra-fine grains (mean grain size=0.35+
0.10 um) formed during SPD. While the SPD process can significantly improve the
mechanical properties of magnesium alloys, this process is only suitable for
small-scale material preparation. With the industrial application taken into
consideration, the commercial extrusion process may be more advantageous than the

SPD process.
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Table 6. Yield strengths, ultimate tensile strengths and mean grain sizes of selected

Mg alloys for comparison.

Alloy (wt%) UTS YS Mean Extrusion condition
(MPa)  (MPa) grain size  Reduction Initial billet Ram
(um) ratio temperature  speed
(°O) (mm/s)

AZ80 [34] 317-328 200-225 6-8 44 250-350 1
AZ80-1.52La-1.10Gd [61] 304-311 180-225 8.2-13.1 33.6 240-380 2
Mg-3Al-1Zn [63] * 455+4 385+6 0.35+0.10 - - -
AZ80-0.2Y-0.2Gd-0.1La [64] 306 264 12 £2 10 380 -
AZ80-1.2Gd-0.8Nd [65] 325 262 - 10 - -
AZ91-1Ca-0.5Si-0.1La-0.1Ce 318 278 3 30 360 1.45

[66]
AZ91-0.3La [67] 330 180 - 17.4 350 1.7
Mg [68] 165 71 33 16.4 350 1.83
Mg-0.2Ce [68] 200-210 - 8 16.4 350 1.83
Mg-3A1 [68] 226 105 23 16.4 350 1.83
AZ31[69] 247 203 23 - 370 -
AM-EX1 [69] 259 184 7 - 370 -
Mg-(0.88-0.96) Mn-(0.32-2.11)  220-250 140-210 35-45 7 350 8

Sr [70]
Present alloy (AZ80-1La-0.5Gd) 397+7 2173  8.0+0.3 29.8 250 3.93

* The values were achieved through severe plastic deformation.

4. Conclusions

The extrudability and the effects of extrusion process parameters on the

microstructure and mechanical properties of a new Mg-Al-Zn-RE alloy with large

amounts of alloying elements were investigated by means of extrusion experiments

and FE simulations. The following conclusions could be drawn.
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(1) Hot shortness was the main defect negatively affecting the surface quality
of the extruded magnesium alloy. The tendency for hot shortness to occur increased
with increasing initial billet temperature, extrusion speed and reduction ratio. The
critical temperature for hot shortness to occur was found to be between 754 K and 768
K (481 °C and 495 °C).

(2) DRX occurred during hot extrusion and grains were significantly refined.
The mean grain size of the extruded alloy decreased with decreasing initial billet
temperature. An increase in extrusion speed and reduction ratio only slightly
promoted DRX grain growth. Fine grains with a mean size of 8.0 (0.3) pum were
present in the alloy extruded at an initial billet temperature of 523 K (250 °C), stem
speed of 3.93 mm/s and reduction ratio of 29.8.

(3) The Mgi7Al12 phase dynamically precipitated during extrusion from the
supersaturated magnesium matrix after the solid solution treatment. The AliiLaz phase
was crushed during extrusion. A large number of second-phase particles with sizes
smaller than 1.0 pm were distributed on grain boundaries. The volume fraction of
second-phase particles decreased with rising extrudate temperature. These particles
aided in DRX grain refinement through particle-stimulated nucleation and grain
boundary pinning.

(4) The UTS and elongation of the extruded rod increased with decreasing initial
billet temperature and extrusion speed. The extruded rod with an optimum

combination of mechanical properties (YS=217 &3 MPa, UTS=397 =7 MPa and
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754  elongation=20.8% (+1.3%)) was obtained at an initial billet temperature of 523 K
755 (250 °C), stem speed of 3.93 mm/s and reduction ratio of 29.8 mainly as a result of a

756  refined grain structure.
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880 Table and figure captions

881  Table 1. Nominal chemical composition (wt.%) of the Mg-Al-Zn-RE alloy.

882  Table 2. Constitutive constants of the magnesium alloy (Mg-Al-Zn-RE).

883  Table 3. Physical properties of the billet and extrusion tooling.

884  Table 4. EDS analysis of second-phase particles in the as-cast alloy.

885  Table 5. Mechanical properties of the rods extruded at a reduction ratio of 29.8.

886  Table 6. Yield strengths, ultimate tensile strengths and mean grain sizes of selected

887 Mg alloys for comparison.

888

889  Fig. 1. Flow stress curves of the magnesium alloy at temperatures from 773 K to 693
890 K (300 °C to 420 °C) and strain rates (a) 0.001 s, (b) 0.01 s, (¢) 0.1 s, (d) 1 s! and

891 (e)10s™.
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Fig. 2. Tooling set-up to extrude rods: (a) schematic and (b) dimensions of one of the

extrusion dies.

Fig. 3. Schematic of the longitudinal section of an extruded rod for microstructure

observation.

Fig. 4. Axisymmetric FE model to simulate the extrusion process to produce rods.

Fig. 5. Predicted temperature distribution inside the billet, extrudate and extrusion
tooling (a) and comparison between the measured and predicted temperatures at P1

along with stem displacement (b).

Fig. 6. FE simulated temperature evolutions at point P2 during extrusion: (a) at a
reduction ratio of 29.8, stem speed of 3.93 mm/s and different initial billet
temperatures, (b) at a reduction ratio of 29.8, initial billet temperature of 623 K
(350 °C) and different stem speeds, and (c) at a reduction ratio of 51.0, initial billet

temperature of 623 K (350 °C) and difterent stem speeds.

Fig. 7. Simulated temperatures at point P2 with friction factor values of 0 and 1.

Fig. 8. Magnesium alloy rods extruded at a reduction ratio of 29.8, stem speed of 3.93
mm/s and different billet temperatures. (a) T=523 K (250 °C) and T.=702 K (429 °C);
(b) T=573 K (300 °C) and T.=723 K (450 °C); (c) T=623 K (350 °C) and T.=749 K
(476 °C); (d) T=673 K (400 °C) and T.=769 K (496 °C); (e) T=713 K (440 °C) and

Te=793 K (520 °C). Te is the maximum extrudate temperature.
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911  Fig. 9. Magnesium alloy rods extruded at a reduction ratio of 29.8, initial billet
912  temperature of 623 K (350 °C) and different stem speeds. (a) v=0.96 mm/s and
913 Te=674 K (401°C); (b) v=1.92 mm/s and Te=712 K (439 °C); (¢) v=3.93 mm/s and
914  T=749 K (476 °C); (d) v=6.48 mm/s and T=768 K (495 °C); (e) v=8.24 mm/s and

915 T=787 K (514°C). T. is the maximum extrudate temperature.

916  Fig. 10. Magnesium alloy rods extruded at a reduction ratio of 51.0, initial billet
917  temperature of 623 K (350 °C) and different stem speeds. (a) v=0.96 mm/s and
918 Te=690K (417 °C); (b) v=1.92 mm/s and T.=733 K (460 °C); (c) v=3.07 mm/s and
919 Te=754 K (481°C); (d) v=3.93 mm/s and Te=779 K (506 °C); (e) v=5.39 mm/s and

920 Te=786 K (513 °C). Te is the maximum extrudate temperature.

921  Fig. 11. Microstructures of the Mg-Al-Zn-RE alloy: (a) dendritic structure of the
922  as-cast alloy; (b) equiaxed grain structure of the solid-solution-treated alloy; (c) SEM
923  micrograph of the as-cast alloy; (d) SEM micrograph of the solid-solution treated

924  alloy; (e-h) EDS element maps of Al,Gd, Ali1Laz, Mgi7Al12 and AlsMns phases.

925  Fig. 12. Optical micrographs of the magnesium alloy rods extruded at a reduction
926  ratio of 29.8, stem speed of 3.93 mm/s and initial billet temperatures of (a) 523, (b)

927 573, (c) 623, (d) 673 and () 713 K [(a) 250, (b) 300, (c) 350, (d) 400 and (¢) 440 °C].

928  Fig. 13. SEM micrographs and distributions of the sizes of second-phases particles in
929  the rods extruded at a reduction ratio of 29.8, stem speed of 3.93 mm/s and initial

930 billet temperatures of (a) (c) 523 K (250 °C) and (b) (d) 623 K (350 °C).
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Fig. 14. Optical micrographs of the magnesium alloy rods extruded at a reduction
ratio of 29.8, initial billet temperature of 623 K (350 °C) and stem speeds of (a) 0.96,

(b) 1.92, (¢) 3.93, (d) 6.48 and (e) 8.24 mm/s.

Fig. 15. SEM micrograph (a) and distribution of the size of second-phase particles (b)
in the rods extruded at a reduction ratio of 29.8, stem speed of 0.96 mm/s and initial

billet temperature of 623 K (350 °C).

Fig. 16. Microstructures of the magnesium alloy rods extruded at an initial billet
temperature of 623 K (350 °C), stem speed of 0.96 mm/s and reduction ratio of 51.0:
(a) optical micrograph; (b) SEM micrograph; (c) distribution of the sizes of

second-phase particles.

Fig. 17. SEM micrograph (20,000X) of the magnesium alloy rod extruded at an initial
billet temperature of 523 K (250 °C), extrusion speed of 3.93 mm/s and a reduction

ratio of 29.8.

Fig. 18. Tensile stress-strain curves of the magnesium alloy rods extruded (a) at

different billet temperatures and (b) at different extrusion speeds.
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