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Abstract: An ultrafine-grained (UFGed) Mg—0.9Mn—0.5Ce (wt.%) alloy with high compressive ductility and energy
absorption was developed using a low-temperature deformation method of coupling extrusion and forging. Specifically,
the alloy was extruded at 150 °C with an extrusion ratio of 12:1, followed by forging at 200 °C to a true strain of 1.2
along the extrusion direction. The microstructure and plastic mechanism were uncovered using optical microscopy,
scanning electron microscopy, electron backscatter diffraction and transmission electron microscopy. The
microstructure was found to consist of ultrafine dynamically recrystallized (DRXed) grains and fragmented unDRXed
grains, exhibiting an average grain size of 1.9 pm after low-temperature extrusion. After forging, new UFGs were
gradually generated, a uniform UFGed microstructure with an average grain size of 2.7 um was obtained, and the
texture intensity was decreased as well. The homogenous UFGs and basal slip collaboratively contributed to better
comprehensive performance of the UFGed alloy, such as a high compressive ductility of 45.0% and a high energy

absorption of 122.72 MJ/m?.
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1 Introduction

The demand for lightweight materials in the
automobile industry has led to the utilization of
magnesium (Mg) alloys because of their advantages
of low density and high specific strength [1-3].
However, the dilemma of low absolute strength and
ductility severely restricts the practical applications
of Mg alloys. Especially under compressive loading,
as encountered in a minor collision, the low energy
absorption cannot ensure structural stability and
security, which is closely related to the combination
of strength and ductility [4,5]. To achieve high
energy absorption, the priority is to simultaneously
improve ductility and ensure adequate strength.

In terms of improving the mechanical
properties, it has been frequently reported that the

addition of rare earth (RE) elements into Mg alloys
can lead to unexpected achievements because RE
elements exhibit outstanding solution strengthening,
precipitation strengthening and texture weakening
effects [3,6—10]. However, a considerably high
content of RE elements is usually needed for
realizing the desired mechanical properties. In
consideration of the high price of RE elements, the
price of associated products is definitely increased.
In addition, although highly concentrated Mg—RE
alloys show impressive strength they usually
exhibit limited ductility [10—12]. An alternative
method for increasing the mechanical properties of
Mg alloys is to considerably diminish the grain size
and modify the texture by using severe plastic
deformation (SPD) processes, equal-
channel angular pressing (ECAP), differential
speed rolling (DSR) and multi-directional forging

such as
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(MDF) [13—15]. Nevertheless, fine-grained Mg
alloys obtained by SPD usually show high strength
but limited ductility because enormous defects,
including high density dislocations, twins, stacking
faults or even micro-crack, can lead to strong work
hardening and hinder further deformation [15,16].
Thus, a valid and practical process technology is
urgently needed to develop Mg alloys with high
ductility and energy absorption.

Recently, some researchers have explored
the method of low-temperature extrusion to
develop high-performance Mg alloys [17—19]. In
comparison to SPD methods, low-temperature
extrusion is an inexpensive and prolific method for
industrial production. However, such a method
inevitably leads to a decreased volume fraction of
dynamic recrystallized (DRXed) grains due to the
extremely low temperature, which is contrary to
the acquisition of a homogenous ultrafine-grained
(UFGed) microstructure and the improvement of
ductility [20]. Although the volume fraction of
DRXed grains can be enhanced by increasing the
extrusion temperature and extrusion ratio or
decreasing the extrusion speed, such a method has
been proven to be less reliable for the improvement
of the ductility [20—22]. Subsequent annealing
treatment can also be used to homogenize the
extruded microstructure but at the expense of
decreased strength, and the ductility is limitedly
improved because grains can easily grow, especially
for low-alloyed Mg alloys [23]. For the above
reasons, for low-temperature extruded Mg alloys, a
deeper and more reasonable process is needed to
increase the volume fraction of UFGs and improve
the ductility.

In this work, a two-step deformation method
was scrupulously designed and
employed for a dilute Mg—Mn—Ce alloy to obtain
high compressive ductility and energy absorption.
Specifically, the alloy was first subjected to
extrusion at 150 °C, followed by forging at 200 °C.
It has been reported that Mn exhibits extraordinary
potential to improve the formability of Mg alloys,
and Ce has an outstanding inhibited effect on
the growth of DRXed grains due to pinning
of grain boundaries [9,24]. Combined with the
low-temperature deformation method, a low-
alloyed UFGed Mg—Mn—Ce alloy with excellent
compressive ductility and energy absorption
was successfully fabricated. The corresponding

successfully

microstructure and plastic mechanism were
uncovered. Studies on the low-alloyed Mg alloys
show promising potential for resource savings and
environmental protection. It is believed that such
an investigation on the development of dilute
Mg—Mn—Ce alloys with high ductility and energy
absorption can expand the practical applications of
Mg alloys.

2 Experimental

An alloy ingot with the nominal composition
of Mg—0.9Mn—0.5Ce (wt.%) was prepared from
high purity magnesium (99.9 wt.%), Mg—6.4Mn
(wt.%) and Mg—30Ce (wt.%) master alloys at
720 °C under a SFs and CO, protective atmosphere.
The cast ingot was subjected to homogeneous
treatment at 500 °C for 24 h, followed by hot
extrusion. An extruded rod with a diameter of
15 mm was obtained at 150 °C with an extrusion
ratio of 12:1 and an extrusion speed of 0.1 mm/s.
Forging samples with a height of 18 mm along the
extrusion direction (ED) and a diameter of 12 mm
along the transverse direction (TD) were machined
from the extruded rod. Forging was conducted at
200 °C with a strain rate of 3.0x107%s™! to a true
strain of 1.2 along the ED. Graphite powder was
used to reduce the friction between the samples and
compression molds. To ensure uniform heating,
the samples and molds were preserved at the
forging temperature for 30 min. The samples were
immediately quenched in water after forging to
reserve the microstructure. Compressive samples
with a height of 5 mm and a diameter of 4 mm were
machined with the loading direction parallel to the
ED. Compressive tests were conducted at room
temperature with a strain rate of 3.0x107°s™! using
an Instron-type mechanical testing machine.
For brevity, the as-homogenized sample was
abbreviated as the AH sample, the as-extruded
sample was abbreviated as the AE sample and the
as-forged sample was abbreviated as the AF sample.

The microstructures were observed using optical
microscopy (OM), scanning electron microscopy
(SEM), electron backscatter diffraction (EBSD) and
transmission electron microscopy (TEM) apparatus,
respectively. For OM observation, the samples were
mechanically ground and then etched in acetic
picral (2.1 g picric acid + 5 mL water + 5 mL acetic
acid + 35mL ethanol). For SEM and EBSD
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observations, the samples were mechanically
ground and then electropolished in a mixed solution
of nitric acid and ethanol with a volume ratio of
1:10. For TEM observation, the samples were
punched into disks with a diameter of 3 mm,
mechanically ground to a thickness of ~80 pum, and
finally perforated by the ion-beam thinning method.

3 Results and discussion

3.1 Compressive properties

Figure 1 presents the engineering stress—strain
curves measured for all samples during
compressive tests, and the mechanical properties
are summarized in Table 1. As observed, the
mechanical properties of the AH sample are greatly
improved after low-temperature extrusion. The
yield strength (YS), ultimate compressive strength
(UCS) and fracture elongation (FE) are 113 MPa,
128 MPa and 13.3% for the AH sample and
205 MPa, 289 MPa and 20.4% for the AE sample,
respectively. After forging, the UCS and FE are
further improved, although the YS is slightly
decreased, leading to a good balance of strength and
ductility. Specifically, the AF sample shows a YS,
UCS and FE of 180 MPa, 356 MPa and 45.0%,
respectively, indicating that the UCS and FE are
improved by ~23% and ~127%, respectively,
compared with that for the AE sample. Moreover,
the energy absorption for all samples is also listed
in Table 1. In general, the energy absorption per
unit volume is calculated as the area enclosed by
the stress—strain curve against fracture, meaning
that a good balance of strength and ductility always
leads to high energy absorption before fracture. The
energy absorption values of the AH and AE samples
are determined to be 15.05 and 45.38 MJ/m’,
respectively. After forging, a pronounced energy
absorption of 122.72 MJ/m? is obtained because of
the excellent ductility, which is improved by 170.4%
compared with that for the AE sample.
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Fig. 1 Engineering stress—strain curves of AH, AE and
AF samples

Table 1 YS, UCS, FE and energy absorption of AH, AE
and AF samples measured by compressive tests

YS/ UCS/ FE/ Energy absorption/
Sample ~
MPa  MPa % (MJ-m™)
AH 113 128 133 15.05
AE 205 289 204 45.38
AF 180 356 45.0 122.72

3.2 Microstructures before compressive tests
Figure 2 shows the typical OM images
obtained for all samples before the compressive
tests. For the AH sample, the grain size is
considerably decreased after the low-temperature
The ultrafine DRXed grains and
fragmentized unDRXed grains are simultaneously
obtained in the AE sample (see Figs. 2(a) and (b)).
Although low-temperature extrusion is able to
inhibit the growth of DRXed grains, the number of
DRX nucleation sites is definitely decreased, which
leads to an incomplete recrystallization micro-
structure. After subsequent forging, newly DRXed
grains evolve, which originate from the original

extrusion.

Fig. 2 Typical OM images of AH (a), AE (b) and AF (c) samples
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unDRXed grains, and a fully DRXed microstructure
with uniform UFGs is formed in the AF sample (see
Fig. 2(c)).

As shown in Fig. 3, the microstructures of the
AE and AF samples can be further explored by
EBSD. According to the inverse pole figure (IPF),
the AE sample clearly shows the combination of
ultrafine DRXed grains and fragmented unDRXed
grains (see Fig. 3(a)), while the AF sample exhibits
an extremely homogeneous UFGed microstructure
(see Fig. 3(b)). The corresponding {0001} pole
figure shows that a typical extruded texture with
basal planes oriented parallel to the ED is formed in
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the AE sample (see Fig. 3(c)). Unlikely, a relatively
weak basal texture with basal planes tilted towards
the ED is formed after subsequent forging because
the volume fraction of UFGs is increased (see
Fig. 3(d)) [10]. The grain size distribution is shown
in Figs. 3(e) and (f), and the average grain sizes in
AE and AF samples are calculated to be 1.9 and
2.7 um, respectively, based on EBSD measurements.
Namely, the subsequent forging can acquire a
homogenous microstructure at the expense of a
slight increment in the average grain size, which is
a critical consideration for realizing enhanced
ductility and energy absorption.
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Fig. 3 Typical IPFs (a, b), corresponding {0001} pole figures (c, d), and grain size distribution (e, f) before compressive
tests: (a, ¢, ¢) AE sample; (b, d, f) AF sample
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It is well known that basal slip commonly
plays an important role in deformability and is
usually regarded as the primary consideration for
the ductility in Mg alloys at room temperature
because of the extremely low critical resolved
shear stress (CRSS) [25]. The Schmid factor (SF)
distribution maps for the basal slip in AE and AF
samples are presented in Fig. 4. Because of the
weak basal texture, a majority of grains are found to
show a strong tendency for basal slip in the AF
sample, and the average SF value (0.35) is much
higher than that in the AE sample (0.19). Apparently,
basal slip can be frequently activated and
expectedly leads to excellent ductility in the AF
sample.

During forging at 200 °C, dislocation recovery
and dynamic recrystallization are promoted. The
density of residual dislocations in the AF sample is
speculated to be lower than that in the AE sample.
Figures 5(a) and (b) present the kernel average
misorientation (KAM) maps obtained before
compressive tests to compare the densities of
residual dislocations in the AE and AF samples,
respectively [26]. Obviously, the dislocation density
in the AE sample is higher, and the stress
accumulation derived from the residual dislocations
is mainly concentrated in the unDRXed grains. This
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is probably caused by the high-density dislocations
that accommodate the local lattice strains in the
unDRXed grains [27-29]. In contrast, low density
dislocations and homogenous stress distributions
are observed in the AF sample, resulting from the
energy consumption by dynamic recrystallization
and dynamic recovery during forging. In addition,
TEM bright field measurements are used to
intuitively observe residual dislocations. As shown
in Fig. 5(c), high-density dislocations are precisely
observed in the unDRXed grains of the AE sample,
while the dislocation traces are barely found in the
DRXed grains (see Fig.5(e)). Nevertheless, the
homogenous contrast means that the AF sample is
composed of deformed UFGs (marked by the red
lines), and the newly formed DRXed grains
(marked by the blue lines) have low-density
dislocations (see Fig. 5(d)).

In general, most residual dislocations are
considered geometrically necessary dislocations
(GNDs) for accommodating local strain, which can
be estimated from the following approach [26,30,31]:

pcnp=20/(ub) (D

where panp 1s the residual dislocation density; 6 is
the misorientation angle; u is the unit length of a
circuit around a specific point of interest, which is
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Fig. 4 Schmid factor dlStI’lbuthIl for basal shp before compressive tests: (a, b) AE sample; (c, d) AF sample
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Fig. 5 Typical KAM maps (a, b) and TEM bright field images (c, d, e) before compressive tests: (a, ¢, ) AE sample;

(b, d) AF sample

equal to twice the step size (0.2 pm) used in EBSD
acquisition; b is the magnitude of the Burgers
vector (0.32 nm). According to the & values
quantified using KAM maps (0.42° and 0.35°),
the densities of residual dislocations in AE and
AF samples are estimated to be ~6.56x10'
and ~5.47x10"m™2, respectively. High-density
dislocations inevitably induce a strong work

hardening effect, leading to a higher YS in the AE
sample than that in the AF sample. Meanwhile,
dislocations are known to have a higher strain
energy than defect-free matrix regions because they
lead to local distortion of the crystal lattice from the
ideal regularity [27—29]; thus, the strain energy
induced by high-density dislocations can drive
dynamic recrystallization and ensure successful
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forging at low temperatures (200 °C). Consequently,
a homogenous UFGed microstructure is perfectly
achieved in the AF sample.

3.3 Plastic mechanisms
Figure 6 presents the microstructures in the AE
and AF samples after compression to a plastic

50
(d)
40 == Before compressive test
= 10% plastic strain for

. AF sample
X
B 30
=i
Q
=
g
hs 20

10

0 20 60 80

40

Misorientation angle/(°)

.+Basal
i) e
dislocations

\ ) e L T, ¥
0 - B 200 nm §

3667

strain of 10% to uncover the plastic mechanisms
during compressive tests. For the AE sample,
deformation twins are observed in the unDRXed
grains (marked by the black arrows in Fig. 6(a)),
while deformation twins are barely observed in the
ultrafine DRXed grains. These deformation twins
are formed during the compressive test because the
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Fig. 6 Typical IPFs (a, b), misorientation angle distribution (c, d), and TEM bright field images (e, f, g) of samples after
being compressed to plastic strain of 10%: (a, ¢, e, f) AE sample; (b, d, g) AF sample (The incident beam directions in

(e) and (f) are both B=[2110])
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frequency of the misorientation angle around 86° is
clearly increased compared with that before the
compressive test (see Fig. 6(c)). The compressive
curve exhibits a concave-up shape in the early stage,
which also proves the formation of {1012} twins
during the compressive test [32]. In addition, the
frequency of low-angle grain boundaries is also
increased after deformation, resulting from the
increased dislocations. Furthermore, the TEM bright
field image shows that deformation twins are
oriented parallel to each other in the unDRXed
grains. High-density dislocations are concentrated
in the twins, which can give rise to work hardening
and hinder further deformation (see Fig. 6(¢)). The
suitable grain orientation and heavy back stress
induced by high-density dislocations easily trigger
these deformation twins in the unDRXed grains.
However, the energy of twin interfaces is known to
be significantly high in Mg alloys, which can lead
to increased difficulty for twin nucleation with
decreasing grain size [33]. In addition, the CRSS
for twinning also increases with decreasing grain
size [34]. Therefore, the plastic deformation mainly
occurs via dislocation slip rather than twinning in
the UFGs (see Fig. 6(f)). Under the incident beam
direction B=[2110], the basal plane can be
viewed as an edge or a line because it is oriented
parallel to the incident beam direction. For this
reason, the dislocations are determined to be basal
dislocations when they are oriented parallel
to the basal plane trace. Otherwise, they are
identified as non-basal dislocations [3]. Therefore,
basal dislocations and non-basal dislocations are
simultaneously determined by identifying the
geometric relationship between the dislocation lines
and the trace of the basal plane (the red line).

For the AF sample, deformation twins are
barely observed in all grains, indicating that
twinning is also ruthlessly restricted by homogeneous
UFGs and inappropriate grain orientation (see
Fig. 6(b)). The misorientation angle distribution
map further verifies that twinning is restricted
because the frequency of the ~86° misorientation
angle is barely observed to change after the
compressive test (see Fig. 6(d)). Instead, many
short dislocation lines with parallel arrangements
are expressly observed in every individual grain,
indicating that basal dislocations are massively
activated during deformation because the SF for the

basal slip is very high (see the enlarged image in
Fig. 6(g)). As a result, the deformation mechanisms
are selectively activated in the AE sample,
including twinning in the unDRXed grains and
dislocation slip in the ultrafine DRXed grains. In
contrast, basal slip invariably dominates the plastic
deformation of all UFGs in the AF sample.

Figure 7(a) shows the entity images for
visually observing the difference in deformability
between the AE and AF samples, in which A
represents the sample before the compressive test,
while B and C represent the AE and AF samples
after compression for the fracture, respectively.
Compared with the AE sample, a more prominent
deformability is realized in the AF sample. The
wrinkled and uneven surface shows that high
energy absorption is explicitly tangible in the AF
sample. In addition, it simultaneously indicates that
homogeneous UFGs can accommodate plastic
strain via grain boundary sliding (GBS), which
contributes to high ductility in the AF sample.
Room-temperature GBS  behavior in fine-
grained Mg alloys has been reported in many
studies [24,35-38]. SOMEKAWA et al [35]
reported that GBS contributed to the high room-
temperature tensile ductility of ~100% in an UFGed
Mg—Mn—Zr alloy due to the segregation of Mn
at grain boundaries, promoting GBS during
deformation. Thus, GBS can work to highlight
the ductility and energy absorption of dilute
Mg—-Mn—Ce alloys with homogeneous UFGed
microstructures in this work. Moreover, the fracture
morphologies of the AE and AF samples after
rupture are shown in Figs. 7(b) and (c), respectively.
For the AE sample, an obvious brittle fracture
mode is determined because the fracture surface
is extremely smooth and only a few plastic
deformation traces are shown in Fig. 7(b). In other
words, the crack can propagate rapidly during
deformation, resulting in low ductility. For the AF
sample, striations and dimples are evidently
observed, which belong to the traces of dislocation
slip, indicating a ductile fracture mode [39] (see
Fig. 7(c)). These striations and dimples strongly
contribute to the high ductility of the AF sample.
UFGs are able to absorb considerable strain energy
and ensure weak strain incompatibility, leading to a
uniform strain distribution between different grains.
In such cases, the possibility for crack nucleation
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Fig. 7 Entity images before and after compressive tests (a) and typical SEM images showing fracture morphology after

rupture of AE (b) and AF (c) samples

induced by stress concentration is low. Thus, the AF
sample is expected to show high ductility and
energy absorption before fracture. Although the
average grain size of the AE sample is smaller than
that of the AF sample, the heterogeneous
microstructure is strongly against continuous plastic
deformation. Different deformation mechanisms
(twinning in the unDRXed grains and dislocation
slip in the ultrafine DRXed grains) tend to induce
heavy strain incompatibility between ultrafine
DRXed grains and fragmented unDRXed grains
during deformation, which ruthlessly restricts the
comfortable deformation in the AE sample. A
uniform UFGed microstructure is pragmatically
understood to be the key for the fulfillment of
high ductility and energy absorption, which is
successfully obtained in the AF sample.

Using a low-temperature deformation method,
a homogenous UFGed Mg—0.9Mn—-0.5Ce alloy
with excellent ductility and energy absorption is
developed, as expected. It is necessary to compare
the ductility and energy absorption of this alloy with
those of the reported UFGed Mg alloys [40—47].
As shown in Fig. 8, under the condition of an
adequate compressive strength ranging from 300 to

150
AF in
this work
~ 120}
£
S
=~ 90r o
§ ol 08
& >
S €0 (o) ) 02 09
s V hiewer A3 010
& Oy «—— v4 oll
8 Q
G 30 W, o5 012
3 46 DI3
‘ . . D7 vi4
0 10 20 30 40 50 60

Fracture elongation/%

Fig. 8 Energy absorption of some UFGed Mg alloys with
ultimate compressive strength ranging from 300 to
400 MPa in references in comparison to AE and
AF samples in this work (1-Mg—6.63Zn—0.56Zr [40];
2—-Mg—5.25Zn-0.6Ca [41]; 3—Mg—5.1Zn—0.18Zr [42];
4-Mg—5.1Zn—0.18Zr [42]; 5-Mg—8.8A1-0.47Zn [43];
6—Mg—3Zn—1Al [44]; 7-Mg—5.3Zn—0.6Ca [45]; 8—Mg—
2.1Mn—0.7Ce [46]; 9—-Mg—2.1Mn—0.7Ce [46]; 10—-Mg—
2.1Mn—0.7Ce [46]; 11-Mg—2.1Mn—0.7Ce [46]; 12-Mg—
2Gd—0.5Mn [47]; 13—Mg—2Gd-1.0Mn [47]; 14—Mg—
2Gd—1.5Mn [47])
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400 MPa, the ductility of the AF sample is greatly
enhanced. In such cases, the energy absorption is
profoundly higher than that of the highly alloyed
Mg alloys despite low alloying. By virtue of a
reasonable proceeding method, low-alloyed Mg
alloys with excellent energy absorption can also be
developed, which is beneficial to maintaining the
advantage of lightweight and low cost products.
Such an investigation can positively enrich the
design process for Mg alloys with high ductility and
energy absorption and expand the pragmatic
applications of Mg alloys in passive safety regions.

4 Conclusions

(1) The microstructure of the as-extruded
sample consists of ultrafine DRXed grains and
fragmented unDRXed grains, exhibiting an average
grain size of 1.9 um. After forging, new UFGs are
formed, a uniform UFG microstructure with an
average grain size of 2.7 um is obtained, and the
texture intensity is also decreased.

(2) The mechanical properties of the
Mg—0.9Mn—0.5Ce alloy are greatly improved after
low-temperature deformation. The YS, UCS and FE
are 205 MPa, 289 MPa and 20.4% for the AE
sample and 180 MPa, 356 MPa and 45.0% for the
AF sample, respectively.

(3) The homogenous UFGs and basal slip
contribute to the good balance of strength and
ductility after two-step deformation, resulting in an
impressive energy absorption of 122.72 MJ/m’.
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