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Abstract: The influence of Mn content on the microstructure, tensile properties and strain-hardening behaviors of
extruded Mg—1Gd—0.5Zn—xMn (x=0, 0.3 and 1, wt.%) alloy sheets was investigated by X-ray diffraction (XRD),
scanning electron microscope (SEM), and electron backscatter diffraction (EBSD). The results show that the completely
recrystallized grain structure and the extrusion direction (ED)-titling texture are observed in all the extruded sheets. The
mean grain size and weakened ED-titling texture of the extruded sheets are gradually reduced with increasing Mn
content. This is primarily associated with the formation of new fine a-Mn particles by Mn addition. Tensile properties
show that the addition of Mn also leads to the improvement of yield strengths, ultimate tensile strengths and elongations
of the extruded Mg—1Gd—0.5Zn—xMn sheets, which is mainly due to the fine grains and a-Mn particles. In addition, the
Mg—1Gd—0.5Zn—1Mn sheet has the lowest strain-hardening exponent and the best hardening capacity among all

prepared Mg—1Gd—0.5Zn—xMn sheets.
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1 Introduction

Magnesium alloys are potentially lightweight
structures due to their brilliant characters, such as
high specific strength and satisfactory electro-
magnetic shielding property. They are applied
in the transportation and aerospace fields [1-3].
Achieving high-performance Mg alloys is an
imperious demand for their broad application.
Thermomechanical processing such as extrusion [4]
and rolling [5,6] has been widely used as a practical
approach to enhance the mechanical properties of
Mg alloys. Unfortunately, the intense basal texture

of Mg alloys through extrusion or rolling is a
primary factor to deteriorate the room temperature
(RT) ductility and formability [7,8].

Recently, wrought Mg—Al-Zn and Mg—Sn—Zn
based systems exhibit higher strength and ductility
at RT [9-12]. For example, SHI et al [9] reported
that a rolled Mg—2.5Zn—2Al (wt.%) sheet with
2wt% and 4 wt.% Sn additions exhibited good
strength and ductility. Some studies have pointed
out that Cu [10], Al [11] and Ca [12] additions
effectively weakened the texture and reduced the
grain size of the Mg—Sn—Zn based alloys, leading
to the improved mechanical properties. Indeed,
the ductility and strength of the Mg—7Sn—1Zn—4Al
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alloy are ~17.7% and ~221 MPa, respectively [11].
In addition, Mg—Gd—Zn based alloys have recently
drawn considerable attention because of their
excellent strength and stretch formability. It has
been proposed that Gd element has superior
influence on the solid solution and ageing
strengthening [13,14]. Furthermore, previous
studies have reported that the additions of Ca, Zr,
Ce and AI-Sr alloy increased the strengths of
Mg—Gd—Zn based alloys [15—18]. FU et al [15]
investigated a new cast Mg—3Gd—1Zn—0.3Zr (at.%)
(GZ31-0.3Zr) alloy with a yield strength of
262 MPa after ageing. BIAN et al [16] pointed out
that an Mg—14.02Gd-2.33Zn alloy with 0.6 wt.%
Al-Sr master alloy exhibited high strength
and ductility. WEN et al [17] revealed that the
addition of Ca was helpful to the improvement of
mechanical properties for the Mg—2Gd—4Zn alloys.
Also, Mn is added to Mg alloys to discuss the
effect of Mn on the microstructures and tensile
properties [19—22]. Mn could purify iron and
inclusion impurity during casting and act as a
refiner (Mn particles) to hinder the grain growth
during recrystallization [20]. KHAN et al [21]
reported that Mn addition effectively reduced the
grain size of the extruded AZ61 alloy, contributing
to the improvement of tensile strength and fatigue
life. LI et al [22] certified that Mn addition had no
grain refining effect for the cast Mg—5.5A1-3Ca
(wt.%) alloy, but it could expressively enhance the
yield strength of the extruded alloy. Besides,
WANG et al [23] explored the effect of Mn content
on the microstructure and tensile properties of
Mg—15Gd—1Zn (wt.%) alloy. Mn addition can lead
to the formation of many small a-Mn particles and
then improve the RT tensile properties of solution-
treated Mg—15Gd—1Zn—-0.8 (wt.%) alloy. A yield
strength of 154 MPa and an elongation of 7.4%
were obtained for a solution-treated Mg—15Gd—
1Zn—0.8Mn alloy. However, as mentioned above,
many studies concentrate on the microstructure and
tensile properties of Mg—Gd—Zn based alloys
having high Gd addition. There is less report about
the effect of Mn on the microstructure and tensile
properties of Mg—Gd—Zn alloys having low Gd
addition.

Thus, three Mg—1Gd—0.5Zn—xMn alloy sheets
are obtained in the current work. It is hoped to
investigate the effect of Mn contents on the
microstructures and tensile properties of the

extruded Mg—1Gd—0.5Zn—xMn alloys. The
presented results and discussion will provide an
important basis to develop low-content high-
performance Mg—RE alloys.

2 Experimental

Three alloys (Mg—1Gd—0.5Zn, Mg—1Gd-
0.5Zn—0.3Mn and Mg—1Gd—0.5Zn—1Mn) using
Mg (99.9%), Zn (99.6%), Mg—30Gd and Mg—
15Mn master alloy (wt.%) were prepared in an
induction furnace under protection CO; (99%) +
SFe (1%) atmosphere followed by cast into a
cylindrical iron mold. Chemical composition of cast
alloys was determined by an X-ray fluorescence
analyzer, as given in Table 1. Three Mg—Gd—Zn—
Mn alloys are hereafter named as the GZ10,
GZM100 and GZM101 alloys, respectively. The
cast ingot was homogenized at 520 °C for 15 h and
machined into the round rods with 80 mm in
diameter and 60 mm in height. The homogenized
ingot was extruded using a horizontal extrusion
machine (XJ—500, China) at 400 °C. The extrusion
speed and ratio were 1.5m/min and 33:1,
respectively. The extruded sheet with 56 mm in
width and 3 mm in thickness was obtained.

Table 1 Chemical composition of studied alloys (wt.%)

Alloy Mg Gd Zn Mn
GZ10 Bal. 1.06 0.41 -
GZM100 Bal. 1.12 0.52 0.26
GZM101 Bal. 1.18 0.48 0.81

Tensile specimens with a gauge length of
12 mm, width of 6 mm and thickness of 3 mm were
cut from the extruded sheets along the extrusion
direction (ED) and transverse direction (TD). The
tensile properties were tested by a CMT5105
machine at a constant speed of 1.5 mm/min.
Identifying different phases in the extruded sheets
were carried out using an X-ray diffraction (XRD)
analysis. All specimens for the microstructural
observation were taken from the normal direction
(ND)—ED plane of the extruded sheets. Scanning
electron microscopy (Tescan Vega 2 LMH) with an
energy-dispersive spectrometer (EDS), electron
back-scattered diffraction (JEOL JSM—7800F,
EBSD) and transmission electron microscopy
(Tecnai G2 F20), were utilized to characterize the
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microstructure characterization. The step size,
working distance and voltage for EBSD
measurement were 0.8 um, 15mm and 25KkV,
respectively. The accelerating voltages for SEM
and TEM measurements were 15 and 200 kV,
respectively. EBSD data were examined using
Channel five Thin foils for TEM
observations are prepared by polishing (less than
40 um) followed by an ion polishing system
(GATANG691) operated at an accelerating voltage
of 5.5 kV and incident angle of 6°.

software.

3 Results

3.1 Microstructure

Figure 1 shows the XRD patterns of extruded
GZ10—xMn alloy sheets. The GZ10 sheet presents
two phases: a-Mg and MgsGd. Mn-containing
sheets are composed of three phases: a-Mg, a-Mn
and MgsGd. The peak intensities of Mn phases
increase with the increase of Mn content. Figure 2
shows the BSE micrographs of the extruded
GZ10—xMn sheets and the EDS results of phase
particles are listed in Table 2. Apparently, there
exist some white particles randomly dispersed in
the three samples. According to the EDS results,
these particles are identified as the MgsGd phase.
However, due to the limited SEM detection,
Mn-containing particles are not observed in the
GZM100 and GZM101 sheets.

I—(x—Mg
! e —MgsGd
¥ — q-Mn
GZM101 [
o mblv = AT H
GZM100 | - i
GZ10 JJL LA ]

1 1

20 30 40 50 60 70 80
20/(°)

Fig. 1 XRD patterns of extruded sheets

further information about the
distribution of phase particles, TEM images of the
GZ10 and GZMI101 sheets are demonstrated in
Fig. 3. Only a few particles are observed in the
GZ10 sheet and they are determined as MgsGd

To reveal

Fig. 2 SEM images of extruded GZ10 (a), GZM100 (b)
and GZM101 (c) sheets

Table 2 EDS results of corresponding particles indicated
in Fig. 2 (at.%)

Alloy Position Mg Gd Zn
GZ10 A 86.5 13.5 -
GZM100 B 82.8 17.2 -
GZM101 C 84.3 15.7 -

phase according to the selected area electron
diffraction (SAED) pattern (Fig. 3(a)). In contrast,
except for a few MgsGd particles, large amounts of
tiny spherical-shaped particles with the size ~20 nm
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Fig. 3 TEM image and corresponding SAED pattern of particle for extruded GZ10 sheet (a), TEM images (b, ¢) and
EDS results of particles indicated by arrow for GZM101 sheets (d)

also uniformly distribute in the GZMI101 sheet
(Figs. 3(b, c)). The corresponding EDS results
indicate that the spherical-shaped particle is a-Mn
particle (Fig. 3(d)).

The inverse pole figure (IPF) mapping, the
distribution mapping of grain size and {0001}
pole figure of the GZ10—xMn sheets are shown in
Fig. 4. These extruded sheets exhibit a completely
recrystallized structure. The grain sizes of the
extruded GZ10—xMn sheets are decreased with an
increment in Mn addition. The mean grain sizes of
the GZ10, GZ100 and GZ101 sheets are (18.6£2.1),
(16.3£1.6) and (8.6£1.2) um, respectively. This
implies that Mn addition refines the grain size of
the Mg alloys [28,29].

The extruded GZ10 sheet shows an ED-split
texture, indicated by c-axis of most grains tilting
about #42° away from the ND towards ED
(Fig. 4(a)). With the increase of Mn content, the
type of ED-split texture is unchanged, but its

maximum intensity accordingly decreases. The
maximum texture intensities of the GZ10, GZ100
and GZ101 sheets are 13.30, 11.84 and 10.47,
respectively.

Figure 5 presents the EBSD results of the
extruded GZ10—xMn sheets stretched along ED and
TD at a tensile strain of 0.1. Some {1012} tension
twins (red lines in Fig.5) are observed in the
extruded GZ10—xMn sheets stretched along ED,
whereas the amount of tension twins along the TD
is less than that along the ED. There are no other
twins presented, such as contraction and double
twins. It is reported that {012} tension twinning
is considered as one of the main plastic deformation
modes due to the low critical resolved shear stress
(CRSS) and high accommodate deformation ability
in Mg alloys [24]. The fraction of {1012} tension
twins of the extruded GZ10—xMn sheets along TD
is less compared to that along ED, which is
attributed to an ED-split texture.
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Fig. 5 EBSD results of extruded sheets stretched at tensile strain of 0.1 along ED (a, ¢, €) and TD (b, d, f): (a, b) GZ10;
(c, d) GZM100; (e, f) GZM101
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3.2 Mechanical properties

Figures 6(a, b) present the true stress—strain
curves of extruded GZ10—xMn sheets stretched
along ED and TD, respectively. The main tensile
properties are given in Table 2. The yield strength
(YS), ultimate tensile strength (UTS) and
elongation to failure (EF) of the sheets increase
with increasing Mn content, both along ED and TD.
The GZM101 sheet exhibits the highest YS, UTS
and EF of ~135 MPa, ~352 MPa and ~33.3% along
ED, and ~188 MPa, ~333 MPa and ~24.7% along
TD, respectively. It is clear that the Mn addition
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Fig. 6 True stress—strain curves of ED (a) and TD (b)
tension of extruded sheets

Table 3 RT tensile properties of extruded sheets
Sheet Tensile direction EF/% YS/MPa UTS/MPa

ED 26.5+1.3 83+1.9 254+3.2
GZ10

TD 17.6+1.6 141+£3.2 256+3.6

ED 26.8+2.1 104+3.6 308+3.1
GZM100

TD 22.3+1.4 161+2.9 288+3.7

ED 33.3+1.5 135+4.1 352429
GZM101

TD 24.7+0.8 188+2.8 333£2.7

considerably enhances the tensile properties of the
extruded GZ10 sheets.

3.3 Strain hardening behaviour

The strain hardening rate () is employed to
study the strain hardening (SH) behaviour of the
materials [25]. The 6 (do/de) with (6—002) curve is
derived from the true stress—strain curve and is
shown in Fig. 7, where o, op2and ¢ are true stress,
true YS and true strain, respectively. The 6 value
drops rapidly at the early deformation stage and
then almost linearly decreases, regardless of
tensile direction. The hardening capacities (H.) of
the GZ10, GZM100 and GZMI101 sheets (H~=
(outs—00.2)/002 [26]) are 2.06, 1.96 and 1.61 along
ED, and 0.82, 0.78 and 0.77 along TD, respectively
(Fig. 8). Further, the Hollomon equation (o=ke",
where n is SH exponent and K is strength
coefficient) is used to analyze the SH behaviour.
The n value is a key parameter used to assess the
strain coordination capacity of Mg alloys [27]. The
n value decreases with the increase of Mn content.
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Fig. 7 Strain-hardening rate curves of ED (a) and TD (b)
tension of extruded sheets
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The n values of the GZ10, GZM100 and GZM101
sheets are calculated to be 0.36, 0.35 and 0.33 along
ED, and 0.24, 0.23 and 0.21 along TD, respectively

(Fig. 8).
4 Discussion

4.1 Microstructure evolution

Some researchers have reported that the
addition of Mn can decrease the grain size of Mg
alloys due to the higher number density of a-Mn
particles [28,29]. From Fig. 4, the grains of the
extruded GZ10 sheet is significantly refined from
18.6 to 8.6 um after 1 wt.% Mn addition. It can be
inferred that this grain refining mainly results from
large amounts of fine a-Mn particles caused by the
addition of Mn (Fig. 3(b)) which efficiently impede
the movement of grain boundary and hinder the
growth of recrystallized grains during extrusion.
The relationships of the movement rate of grain
boundary and the phase particles are explained by
the following equation [30]:

V=My-exp[~Q/(RT)] (P**~PP.) (D
P=3F,y/(2r) 2

where V, My, O, R, T, P**, P,, P., y, Fy and r are the
movement rate of grain boundary, the boundary
movement constant, the activation energy, the gas
constant, the temperature, the recrystallization
driving force, the Zener pressure, the boundary
curvature, the shear strain, the fraction and the
average radius of the phase particles, respectively.
Increasing the fraction of the phase particles leads
to the increase in the pinning stress, which can
decrease the movement rate of grain boundary.

According to TEM observations (Fig. 3), except for
a few MgsGd particles, plentiful and uniform
distribution of fine a-Mn particles can be observed
in the GZM101 sheet, whereas only a few MgsGd
particles present in the GZ10 sheet. Therefore,
compared with GZ10 sheet, the grain refinement
observed in the GZM101 sheet is closely related to
the fine a-Mn particles.

As illustrated in Fig. 4, the addition of Mn
weakens the recrystallized texture of the GZ10 alloy.
It is well known that the solubility of Mn in the Mg
matrix is very low, and the effect of Mn solution
can be neglected. Additionally, many researchers
suggested that the weakening texture is associated
with the phase particles, and these phase particles
play a key role in the nucleation and growth of
grains [31]. The phase particles can effectively
affect the grain size of Mg alloys and contribute to
the determination of the recrystallized texture.
CHALI et al [3] have also reported that Ce addition
results in the formation of many fine second phases,
and then significantly restricts the growth of
DRXed grains during extrusion, leading to the
weakening of texture. In this study, the grain size of
the extruded GZ10-xMn decreases with the
increase in the amount of of a-Mn particles caused
by Mn addition. Figure 9 presents the EBSD results
showing grain type images and different grain size
images of the extruded GZ10—xMn sheets. Almost
fully dynamic recrystallization occurs in all the
extruded sheets, which indicates that the DRXed
grain fractions of the extruded GZ10—xMn sheets
are independent of Mn content. Moreover, it can be
seen that the fraction of grains with size <10 um
(with relatively low texture intensity) increases
considerably with an increase in Mn content, while
the fraction of grains with size >10 um (with
relatively high texture intensity) decreases. It is
believed that the weakening of texture after Mn
addition can be resulted from the suppression of
grain growth by fine a-Mn particles.

4.2 Mechanical properties

As we all known, the grain size, texture, phase
particle and solute atom are the primary factors
that impact on the mechanical properties of Mg
alloys [32]. However, in this study, the effect of the
solute atom on the mechanical properties can be
ignored due to the low solubility of Mn. The grain
size effectively affects the mechanical properties
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Grain size >10 pm

Fig. 9 Different grain types, IPF and {0001} PF maps of extruded sheets with different grain sizes: (a) GZ10;

(b) GZM100; (c) GZM101

and grain refinement increases the yield
strength [33]. As shown in Fig. 4, the grain sizes of
the GZ10—xMn sheets decrease from ~18.6 to
~8.6 um with increasing Mn addition from 0 to
1 wt.%. According to the Hall—Petch equation:

Ao-grain: d -2 (3)

where d and k are the average grain size and HP
slope (k=290 MPa-um'? [34]), respectively. The
enhancements of the strength for the extruded
sheets contributed by the grain size refinement are
67.2, 71.8 and 98.9 MPa for GZ10, GZM100 and
GZM101 alloys, respectively. This indicates that
grain refining leads to the enhancement of YS.
Additionally, the texture can influence the basal (a)
slip Schmid factor (SFyasa) and the YS related to
SFpasal [35]. The SFuasal distributions of the extruded
GZ10—xMn sheets stretched along ED and TD are

summarized in Fig. 10. The average SFpasa of the
extruded sheets slightly increases with Mn addition
amount, along both ED and TD. Higher average
SFpasat  exhibits basal slip activity,
contributing to a reduction for the YS. Further,
phase particles play a profound effect on the yield
stress of alloys. According to the Orowan equation
(YSo<f"2.p""“In D [36], where f and D are the
volume fraction and size of phase particles,
increasing volume fraction and

easier

respectively),
decreasing size of phase particles can effectively
enhance the YS of the alloys. There are a larger
number of fine a-Mn particles formed in the
GZM101 sheet, which can significantly restrict the
dislocation movement, leading to the increase of
YS. Therefore, increasing Mn addition results in
the improvement of YS, mainly related to the grain
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refining and abundant fine a-Mn particles. In
addition, the YS of the sheets in tension along ED is
lower than that along TD due to the higher average
SFuasal and higher activity of tension twins caused
by ED-tilted texture (Figs. 5 and 10).

As shown in Fig. 6, the ductility of the
extruded GZ10—xMn sheets increases with
increasing Mn addition, along both ED and TD.
This increase is mainly associated with the grain
refining and texture weakening. The grain
boundaries play an important role in the coordinate
deformation of Mg alloy during the deformation
process. Grain refining can increase the grain
boundary coordinate ability, which efficiently
enhances the ductility of the alloys. In addition,
grain refining caused by Mn addition can facilitate
the activity of non-basal slip, and thus can improve
the ductility of the extruded GZ10 sheet. Also, the
addition of Mn results in a slight increase in the
average SFpasa of extruded GZ10—xMn sheets along
ED and TD. Higher average SFpasa contribute to
easier basal slip activity, and is a way to increase
the ductility.

4.3 Strain hardening behaviour
In general, SH behaviour of the metals is
controlled by the dislocation migration at the stage

of plastic deformation. Consequently, factors
influencing dislocation migration play an essential
role in SH behaviour. In Mg alloys, the factors,
such as the solute atom, texture and grain size, can
effectively affect the SH behaviour [32]. WANG
et al [37] reported that solute atoms have a
significant effect on SH ability. More solute atoms
lead to reducing the dynamic recovery and
increasing the dislocation density, which contributes
to the enhancement of SH ability. However, the
effect of solute atom can be neglected due to the
low solubility of Mn in matrix. Besides, texture also
affects the slip system activity [33]. During tensile
deformation, the angle between the tensile direction
and basal pole of grains is 0°—45°, and {1012}
tensile twin and basal slip are easily activated. In
contrast, when the angle reaches 90°, {1012}
tensile twins and basal slips are hardly activated
and prismatic {a) slip becomes the primary
deformation mode. In this study, basal slip is the
primary deformation mode in tension along ED,
while prismatic (@) slip becomes the primary
deformation mode in tension along TD due to the
ED-split texture. As given in Table 3, the SFyaa
increases with increasing Mn addition, both along
ED and TD, indicating an increase in basal slip with
increasing Mn addition. Previous studies [38]
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revealed that increasing basal slip activity results in
the decrease in dynamic recovery, leading to the
high SH capacity. Therefore, the weakening of
texture and the reduction of dynamic recovery can
lead to the increase of hardening rate.

However, hardening rates of the extruded
GZ10—xMn alloys show a gradual decrease with the
increase of Mn content. The dynamic recovery of
Stage III is analyzed using 6 determined by
extrapolation to (6—0o2)=0. From Fig. 7, it can be
calculated that the value of 6 in extruded sheets
reduces from 1510 to 1269 MPa along ED, and
from 1675 to 1526 MPa along TD. This decrease is
mainly due to the grain refinement. DELVALLE
et al [33] have reported that grain size effectively
influences the SH behaviour and the grain
refinement increases the dynamic recovery (the
alloys with lower grain size exhibits lower SH
capacity). Therefore, a decrease in SH rate with the
increase of Mn addition is mainly associated with
the grain refinement, which counteracts the
enhanced effect from the weakened texture.
Moreover, with an increase in Mn content, a
reduction in the SH rate results in an increment of
EF from 26.5% to 33.3% along ED and from 17.6%
to 24.7% along TD. LIAO et al [20] have also
revealed that an increase in EF with increment in
Mn content results in a decrease of SH.

5 Conclusions

(1) The grain size of the extruded GZ10—xMn
sheets is gradually reduced with increasing Mn
addition. This decrease is due to the inhibition of
grain growth by fine o-Mn particles. A larger
number of fine o-Mn particles are formed and
uniformly distribute in the extruded GZM101 sheet
to restrain the grain growth. A weak ED-titling
texture is formed in all the extruded sheets. There
are weak ED-titling textures with Mn addition.

(2) The strength and ductility of extruded
GZ10—xMn sheets increase gradually with an
increase in Mn content, mainly associated with fine
grain structure caused by fine Mn particles.

(3) The strain-hardening ability of extruded
GZ10—xMn sheet is decreased with increase of
Mn addition. The strain-hardening exponent and
capacity are gradually reduced with an increment in
Mn content. Grain refinement plays an important
role in the reduction of strain-hardening ability.
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Mn BRI EHEFHFEZS Mg-Gd—Zn & &38R 5881
BT, R, R R RAERE, B, AT A2, FORMY, KT, HRA’

1. IR T 240 LS R TRE2ABE, #FH 4130025
2. BERKEE MEFRES TSR Vs E R E S, HIK 400044;
3. IR RS MERES TR, #E 411201

W OE: RA X HEATHUXRD). S LT S (SEM) RIS BIUS LT S (EBSD) W 78 Mn &7 & X 5%
Mg-1Gd-0.5Zn—xMn (x=0. 0.3 1 1, FREDE, %) E&ERA B, fffikGER R AR LAT AR . 451
T, BUA BFEAOM 3 R 54 4 R U B R 7 G I E0 . BEAE Mn S8, B5EMRA 1)
A8 S R ST RN ARSI EY, X EEE H T Mn RIS IO G RO/ a-Mn BURIAR . R pe gt R
B, Mn IR IN3E SR Mg—1Gd—0.5Zn—~xMn & A0 108 IRGREE . Prhis AR A, X 388 T 40/
FiFl o-Mn kL. B4, Mg-1Gd—-0.5Zn—xMn & &AM+, Mg-1Gd—0.5Zn—1Mn & AR HA HAR K RN AR AL
TR B AT L RE ST
SEH2IR: Mg-Gd—Zn &4 Mn VSN S, Jiserkas

(Edited by Bing YANG)



