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Mg-9Li-3Al-xSr (LA93-xSr, x = 0, 1.5, 2.5, and 3.5 wt pct) alloys were cast and extruded at
533 K (260 °C) with an extrusion ratio of 28. The microstructure and mechanical response are
reported and discussed paying particular attention to the influence of extrusion and Sr content
on phase composition, strength, and ductility. The results of the current study show that LA93-
xSr alloys contain both a-Mg (hcp) and f-Li (bcc) matrix phases. Moreover, the addition of Sr
refines the grain size in the as-cast alloys and leads to the formation of the intermetallic com-
pound (Al4Sr). Our results show significant grain refinement during extrusion and almost no
influence of Sr content on the grain size of the extruded alloys. The microstructure evolution
during extrusion is governed by continuous dynamic recrystallization (CDRX) in the a-Mg
phase, whereas discontinuous dynamic recrystallization (DDRX) occurs in the 5-Li phase. The
mechanical behavior of the extruded LA93-xSr alloy is discussed in terms of grain refinement
and dislocation strengthening. The tensile strength of the extruded alloys first increases and then
decreases, whereas the elongation decreases monotonically with increasing Sr; in contrast,
hardness increases for all Sr compositions studied herein. Specifically, when Sr content is 2.5 wt
pct, the extruded Mg-9Li-3A1-2.5Sr (LAJ932) alloy exhibits a favorable combination of strength
and ductility with an ultimate tensile strength of 235 MPa, yield strength of 221 MPa, and an

elongation of 19.4 pct.
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I. INTRODUCTION

THE demand for lightweight metallic materials is
fueled in part by the strategic need to reduce energy
consumption while minimizing environmental impact.
Under these constraints, Mg emerges as an attractive
metal system, given its low density and attractive combi-
nation of physical and mechanical attributes. However,
most of the commercially available Mg alloys possess an
hcp crystalline structure and a high axial ratio (¢/a) of
1.6236. Therefore, their capacity for plastic deformation
is poor at room temperature, which consequently hinders
the application of Mg alloys in many fields.["* Interest-
ingly, Li additions to Mg have been reported to not only
decrease their density, but also enhance their ductility. On
the one hand, alloyin% Mg with Li having extremely low
density of 0.534 g/cm” can further reduce the density of
Mg alloys. On the other hand, Li additions lead to a
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reduction of ¢/a axial ratio of the hcp lattice and even
changes the crystalline structure of Mg alloys, which is
beneficial in terms of ductility.** The Li content in Mg
alloys is a key factor that influences both microstructure
and mechanical response. The Mg-Li phase diagram!™ (as
shown in the Appendix) indicates that when Li content is
<5.5 wtpct, the Mg-Li alloy is composed of a single a-Mg
phase with hep structure which is Mg solid solution
formed by Li dissolving in Mg. Alternatively, when 5.5 <
wt pct Li< 11.5, a duplex alloy is formed containing both
hep-structured a-Mg phase and bee-structured f-Li phase
which is a Li solid solution formed by Mg dissolving in Li.
When wt pct Li > 11.5 pct, the corresponding alloy
consists exclusively of the bee f-Li phase.[”) In the case of
the hep a-Mg phase, the Li addition leads to the reduction
of c¢/a axial ratio of the hcp lattice such that the sliding
systems are easy to activate.l’) The bee f-Li phase has
more active slip systems as compared to those in the hep
lattice. Therefore, the ductility of Mg-Li alloy is better
than that of traditional Mg alloys.

In fact, Mg-Li alloys with low density, high specific
stiffness, and good ductility are the lightest known metallic
structural materials.® ' Not surprisingly, Mg-Li alloys
have been used in the electrical, defense, and aerospace
industries.'"'? However, extensive application of Mg-Li
alloys as structural materials has been hindered by their
low strength, poor corrosion resistance, and limited
thermal stability.l'>!'¥ Strengthening of Mg-Li alloys via
the introduction of alloying element represents an effective
approach actively being studied and implemented. The
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frequently used alloym§ elements include Al, Zn, rare
earths (REs), and Si."> ' Al is a commonly studied
alloying element because of its strengthening effect. Al in
Mg-Li based alloys usually serves to improve the strength
by means of precipitation and solid solution strengthen-
ing'"®"1 However, the strength of Mg-Li-Al alloys
remains limited. For instance, the ultimate tensile strength
(UTS) of Mg-8Li-1Al is only 150 MPa at room temper-
ature, while that of Mg-14Li-1Al is only 135 MPa.l'?
Therefore, it is necessary to introduce other strengthening
elements. To thisend, it has been reported that the addition
of Sr into Mg-3Al-1Zn (AZ31), Mg-9Al-1Zn (AZ91),
Mg-Sn, Mg-Al-Sn, and Mg-Ce-Mn-Zn alloys can improve
their mechanical propertles especially at elevated temper-
atures.”* >*! However, review of the published literature
shows that there is very limited information on the
additions of Sr into Mg-Li or Mg-Li-Al alloys and their
influence on microstructure and mechanical behavior. In
addition to alloying, grain refinement via plastic deforma-
tion methods represents another recently studied approach
to achieve improved strength in Mg-Li alloys. Deforma-
tion methods such as extrusion, rolling, and for%mg, have
been used to further strengthen Mg-Li alloys.!

In view of the above discussion, the current study was
motivated by two objectives. The first objective is to
study the influence of hot extrusion on the microstruc-
tural evolution and mechanical behavior of Mg-Li-Al-Sr
alloys. The second objective is to provide insight into the
influence of Sr on the phase composition and mechan-
ical behavior of Mg-Li alloys. To accomplish these
objectives, the following approach was formulated and
implemented. First, Mg-9Li-3Al-xSr (LA93-xSr) alloys
with different compositions were cast under argon
atmosphere, followed by extrusion at 533 K (260 °C)
with an extrusion ratio of 28. The selection of these
particular chemistries was based on the following
factors. First, it has been reported that Mg-Li alloys
possess a good combination of strength and ductility in
the eutectic composition (5.5 < wt pct Li < 11.5).2% A
preV10us study indicated that ~3 wt pct Al content not
only 1mproves the strength but also helps retain its
ductility in Mg-Li alloys.”) Hence, on the basis of prior
published studies, the Mg-9Li-3Al alloy was selected for
our studies. Moreover, different amounts of Sr were
added into Mg-9Li-3Al alloys in an effort to systemat-
ically study the influence of Sr additions. Microstruc-
tural studies were performed using scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), scanning transmission electron microscopy
(STEM), and X-ray diffraction (XRD). The tensile
behavior of the hot extruded samples was then investi-
gated on the basis of standard ASTM E8M testing
methods, and the microhardness was also measured.
The microstructural evolution during the hot extrusion
is discussed with an effort to elucidate the underlying
mechanisms governing mechanical behavior.

II. EXPERIMENTAL PROCEDURES

The starting materials used in this study are pure Mg
(99.9 wt pct), pure Li (99.9 wt pct), and a Mg-8Sr
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Table I. Chemical Composition of the Experiment Alloy
(Wt pct)

Alloy Nominal Actual
Code Composition Composition
LA93 Mg-9Li-3Al Mg-8.51Li-3.02A1
LAJ931 Mg-9Li-3Al-1.5Sr Mg-8.62Li-3.21Al-1.53Sr
LAJ932 Mg-9Li-3Al-2.5Sr Mg-8.56Li-3.12A1-2.47Sr
LAJ933 Mg-9Li-3Al-3.5Sr Mg-9.05Li-3.16A1-3.52Sr

master alloy (Mg 92 wt pct, Sr 8 wt pct). Target alloys
were melted in vacuum melting furnace under the
protection of argon atmosphere. The materials were
first loaded in a graphite crucible which was mounted in
a vacuum induction furnace. Then, the dtmosphere in
the furnace chamber was evacuated to 1 x 10~" Pa, and
the pressure in the furnace chamber was maintained at
1 x 107" Pa. Argon gas was introduced into the cham-
ber to ensure a protective atmosphere prior to melting,
and the Ar pressure was maintained at standard
atmospheric pressure during melting. The melt was
maintained at 953 K (680 °C) for 30 minutes, and no
stirring was used. Then, the melt was cast in a
permanent mold ®90 x 300 mm, which was preheated
at 523 K (250 °C) to obtain the as-cast specimens
(Mg-9Li-3Al-xSr). The as-cast specimens were ma-
chined from ®90 to ®80 mm. A homogenization treat-
ment was carried out at 533 K (260 °C) for 12 hours in a
vacuum furnace. The atmosphere in the heat-treatment
furnace chamber was evacuated to 1 x 107! Pa, and
then the argon gas was introduced and maintained at
atmospheric pressure during homogenization. The spec-
imens were extruded at 533 K (260 °C) from ®80 to
®15 mm with an extrusion ratio of 28. Chemical
composition of the alloys was measured by atomic
absorption spectrometry (aas) using a Hitachi Z-8000
atomic absorption spectrophotometer, and measured
compositions are shown in Table I. Sample designations
corresponding to alloys with 9 wt pct Li and 3 wt pct Al
are LA93, LAJ931, LAJ932, and LAJ933 based on the
different Sr amounts (0, 1.5, 2.5 and 3.5 wt pct),
respectively.

The microstructure of the as-cast and extruded sam-
ples was studied using JEOL JSM 6460LV SEM. The
SEM samples were prepared using standard mechanical
grinding and polishing procedures followed by etching
using 2 vol. pct HNOj alcohol solution etchant. The
SEM images were acquired using secondary electrons
(SE) detector. Local chemical analysis was performed
using a Genesis 7000 energy dispersive spectroscopy unit.
Phase analyses of the materials were conducted using
X-ray diffraction a D/MAX-2500pc diffractometer, using
CuKo radiation at 45 kV, 40 mA with an initial angle of
10 deg, a final angle of 90 deg and a step size of 0.02 with
~1 seconds per step. The XRD data was analyzed using
the ICDD database. The microstructure of the extruded
LAJ932 alloy was investigated in detail using transmis-
sion electron microscopy, based on its favorable combi-
nation of strength and ductility. The TEM specimens
were prepared by mechanically grinding and dimpling the
thin foils to a thickness of 20 um, followed by additional
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thinning to electron transparency using a Gatan PIPS 691
ion milling system. The TEM and STEM observations
were carried out on a JEOL 2500SE TEM/STEM
microscope operating at 200 kV. Selected area electron
diffraction (SAED) patterns were recorded using aper-
tures with a diameter of 100 or 200 nm. Grain size
measurements were conducted using an Olympus anal-
ySIS FIVE software using the following procedure.
First, a contour was drawn along the boundary of the
grain, and the software automatically provided the mean
diameter of the grain by measuring and averaging 180
diameters for angles in the range 0 through 179 deg with
a step width of 1 deg for each grain size measurement.
The coarse grains were measured from SEM images,
whereas the ultrafine grains were measured from TEM
images. High resolution TEM (HRTEM) images of
lattice fringes were taken by JEOL 2500SE to determine
the dislocation density in ¢-Mg phase. Three a-Mg grains
in extruded LAJ932 alloy were imaged to obtain the
dislocation density. Inverse Fourier transformation was
performed on an HRTEM image to obtain the (1101)
crystallographic planes, and the number of dislocations
in the image was counted. The same procedure was
carried out for all the 60 HRTEM images, and the
dislocation density was determined by dividing the
average number of dislocations per image by the area
of an image.

Tensile specimens with gauge dimensions of
30 x @6 mm were machined from the central regions
of the extruded rods with the gauge axes parallel to the
extrusion direction following ASTM E8M. Tensile tests
of extruded LA93-xSr alloy were performed on a CMT-
5105 (SANS Materials Analysis Inc., Shenzhen, China)
tensile tester with a displacement speed of 1 mm/min.
The stress—strain curves were recorded for each speci-
men, and these curves were used to determine the 0.2 pct
proof strength (yield strength, YS), UTS, and elonga-
tion to failure (elongation, d). The reported strength and
elongation for each sample are based on the averages of
three parallel tests. The Vickers hardness values were
measured using a test load of 100 g, and ten indenta-
tions per sample were made for each hardness measure-
ment reported. The fracture morphology was observed
by JEOL JSM 6460LV SEM.

III. RESULTS

A. Microstructure

1. Microstructure of As-cast LA93-xSr alloys

The microstructure of the as-cast ®90 mm alloys
ingots is shown in Figure 1. The micrographs show that
LA93-xSr alloys contain both hcp «-Mg phase and bce
p-Li phase. The «-Mg phase includes primary «-Mg and
eutectic «-Mg. The dark areas in Figure 1 are primary
a-Mg, while the gray areas are eutectic structure
containing both eutectic «-Mg and f-Li phase. The
bright phase in the eutectic area is the -Li phase, which
has both equiaxed and rod-like grains. The primary
a-Mg grains of LA93 alloy are ~140 um, whereas the
grain size of eutectic a-Mg is ~3 pum. In the case of the
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p-Li phase, the equiaxed grains are ~1 um in diameter,
while the rod-like grains are ~1 ym in diameter and ~5
to 10 yum in length. With the addition of Sr, new
intermetallic compound, with fishbone-like morphology,
is found in the alloys and the amount of the compound
increases with the increase of Sr content. It can also be
observed that with the addition of Sr, the grain sizes of
o-Mg and f-Li phases are reduced. When containing
1.5 wt pct Sr, the primary a-Mg grains of the as-cast
alloys are ~100 um which are much finer than those in
the LA93 alloy. However, the primary o-Mg grains
increase to 130 um when Sr content is increased to
2.5 wt pct. The rod-like grains of the p-Li phase
disappear and only equiaxed grains are present in alloys
with the addition of Sr. There is no significant change in
the grain size of eutectic «-Mg with the Sr additions. The
distribution of the new intermetallic compound in the
as-cast alloys with Sr additions is heterogeneous and
continuous. The grains of the as-cast alloys are generally
coarse.

2. Microstructure of the extruded LA93-xSr alloys

Hot extrusion at 533 K (260 °C) using an extrusion
ratio of 28 is used to refine the microstructure of the
as-cast LA93-xSr alloys. Figure 2 shows the microstruc-
ture of extruded alloys vertical to the extrusion direc-
tion. It can be seen that the grains in the extruded alloys
are much finer than those in the corresponding as-cast
alloys. The grains of the primary a-Mg were refined
from ~100-140 yum to ~5-20 um, the grain size of
eutectic a-Mg is from ~0.2 to 2 um, and the f-Li phase
only has equiaxed grains with size from ~0.2 to 0.4 um.
Note that the small grain sizes of the eutectic «-Mg and
the p-Li phase are confirmed by following TEM
investigations. The intermetallic compound contains
approximately equiaxed particles with size from ~2 to
15 um, which are nearly homogeneously distributed, the
original fishbone-like morphology in the as-cast alloys
being fractured and dispersed. With different Sr addi-
tions, there is no significant change in the grain size of
the primary ¢-Mg, eutectic a-Mg and f-Li phase in the
extruded alloys. With increasing Sr content, the volume
fraction of the intermetallic compound and the particle
size of the compound in the extruded alloys both
increase. The microstructure parallel to the extrusion
direction is shown in Figure 3. The micrographs indicate
that the «-Mg phase is elongated along the extrusion
direction. The particles of the intermetallic compound
phase are mainly distributed on the o/f phase interface
and in eutectic areas. Figure 4 shows the TEM images of
LAJ932 alloy. The boundaries of the a-Mg grains in
extruded LAJ932 alloy are irregular, and the dislocation
density in the grains is apparently high, as shown in
Figures 4(a) and (b). In contrast, the grain boundaries
of fp-Li grains are sharp and straight, and the grain
interiors are very clean, indicating very few dislocations
as shown in Figures 4(d) and (e). Note that Figures 4(c)
and (f) show diffraction patterns which confirm that the
structure is hcp and bec, respectively. In order to
confirm the high dislocation density in «-Mg phase,
HRTEM was used to study dislocation densities. During
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Fig. 2—SEM morphology of extruded LA93-xSr alloys (perpendicu-
lar to the extrusion axis): (a) LA93, () LAJ931, (¢) LAJ932, and (d)
LAJ933.

this investigation, HRTEM images of three a-Mg grains
were recorded for the extruded LAJ932 alloy. Figure 5
presents HRTEM images of the extruded LAJ932 alloy
to show the steps undertaken to obtain the dislocation
density. Figure 5(a) shows a typical CDRX «-Mg grain
and its diffraction pattern on the [1213] zone axis,
Figure 5(b) depicts a representative lattice-fringe image,
and Figure 5(c) presents the (1101) planes obtained by
inverse Fourier transformation of Figure 5(b) with six
dislocations marked by ““T”* at the dislocation cores. The
dislocation density was determined by dividing the
average number of dislocations per image by the area
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Fig. 3—SEM morphology of extruded LA93-xSr alloys (parallel to
the extrusion axis): (a) LA93, (b) LAJ931, (¢) LAJ932, and (d)
LAJ933.

of an image. The dislocation density in (1101) planes of
o-Mg phase in the extruded LAJ932 alloy is 1.38 x
10'® m~2 which is relatively high.

Figure 6 shows the SEM morphology and EDS point
analysis of the extruded LAJ932 alloy. The a-Mg phase
and the f-Li phase are identified. EDS was performed at
a specific location which was labeled as A in the
compound area. The results show that Mg, Al, and Sr
elements exist in this region. Because the particle size of
the compound is only ~2.5 um and the spot size and the
interaction volume of the electron beam of the JEOL
JSM 6460LV SEM at 20 kV with tungsten filament are
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Fig. 4—TEM images of extruded LAJ932 alloy: (a, b)) TEM images showing o-Mg phase, (¢) Diffraction pattern of a-Mg phase, (d, ¢) TEM

images showing f5-Li phase, and (f) Diffraction pattern of f-Li phase.

Fig. 5—(a) A typical CDRX a-Mg grain in the extruded LAJ932 alloy and its SAED pattern on the H2T3] zone axis; (b) a lattice-fringe image
of the grain in (a); and (¢) the (1101) crystallographic planes obtained by inverse Fourier transformation of (b), with dislocation marked by “T”

at the dislocation cores.

on the same order as the particle size, Mg is also detected.
Figure 7 shows the SEM and EDS clemental mapping
analyses of the extruded LAJ932 alloy. Al and Sr maps
show a high concentration of Al and Sr in the interme-
tallic compound area. From the Mg map, it can be seen
that the Mg amount in the compound areas is less than
that corresponding to other regions. It is also observed
that the brightness of the ff-Li phase areas exceeds that of
the areas of the a-Mg phase, suggesting that the amount
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of Mg in the f-Li phase is less than that in the a-Mg
phase. Note that complete bright contrast indicates
absence of the element, and vice versa. A Li map was not
established given that Li cannot be detected by EDS.
XRD patterns of extruded LA93 and LAJ932 alloys
are presented in Figure 8. The results indicate that the
LA93 alloy is composed of o-Mg, f-Li, and Mg;Al;,
phases, whereas the LAJ932 alloy consists of o«-Mg,
p-Li, Mg;;Al;», and Al4Sr phases. Based on the EDS
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Fig. 7—SEM and EDS map analysis of extruded LAJ932 alloy: (¢) SEM image, (b) Mg, (¢) Al, and (d) Sr.
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Fig. 8 —XRD patterns of extruded LA93-xSr alloys: (¢) LA93 and
(h) LAJ932.

Fig. 9—STEM image showing Al-Sr phase.

and XRD results, it can be concluded that the white
intermetallic compound in the SEM images is the Al,Sr
phase. Most of the Al4Sr phase is distributed at the
interfaces between primary o and f§ phases as well as in
the eutectic areas, as shown in Figures 2 and 3.

Figure 9 is a STEM image showing the intermetallic
compound from the LAJ932 alloy. The bright area in
the image is an Al,Sr particle. Note that the presence of
bright contrast in a STEM image indicates a higher
atomic number and/or a larger thickness of the area.

B. Mechanical Properties

The tensile properties of the extruded alloys with
different Sr content are presented in Table II. As three
tensile tests were performed for each material, represen-
tative engineering stress—strain curves are presented for
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Table II. Mechanical Properties of Extruded LA93-xSr

Alloys
Yield Strength Ultimate Strength Elongation
Alloy Code (MPa) (MPa) (Pct)
LA93 192 +£3 200 £ 5 345+ 1.1
LAJ931 201 £5 215+ 6 24.7 £ 0.8
LAJ932 221+ 6 235+ 7 194+ 1
LAJ933 190 + 4 206 + 3 121+ 1.3

250

200

LAJ932 .

150 o i+

i ' LAJ931
: i LAJ933
100 -{ f LA93

Engineering Stress (MPa)

50

Engincering strain (%)

Fig. 10—Tensile stress—strain curves of extruded LA93-xSr alloys.

each extruded alloy as shown in Figure 10, and the
mean values and the associated errors are summarized in
Table II. A general trend is that both the UTS and yield
strength of alloys increase first and then decrease with
increasing Sr content. The extruded LAJ932 alloy
containing 2.5 wt pct Sr has the maximum tensile
strength of 235 + 7 MPa, which is 21.2 pct higher than
that of LA93 alloy, and yield strength of 221 £ 6 MPa
which is 18.3 pct higher than that of LA93 alloy. The
LA93 alloy possesses the largest elongation measured in
this study (34.5 £ 1.1 pct), and that of LAJ932 alloy is
19.4 £ 1 pct. Comparatively, LAJ932 alloy possesses
a favorable combination of strength and ductility.
Figure 11 shows the microhardness of the extruded
LA93-xSr alloys. The hardness of the alloys increases
with the increase of Sr content. LAJ933 alloy containing
the highest Sr content possesses the highest hardness.
Figure 12 shows the HV microhardness of a-Mg, f-Li,
and Al4Sr phases in LAJ932 alloy which are 94.2 + 3,
74.1 £ 3 and 122.5 &+ 6, respectively. Thus, the Al;Sr
compound, having the highest hardness value, can be
considered as a strengthening phase in the alloys.

C. Fracture Morphology

Figure 13 shows the fracture morphology of the
extruded alloys. The fracture surface of LA93 alloy
consists of uniformly sized dimples (as shown in
Figure 13(a)), typical of a ductile fracture, which is
consistent with the good ductility of the alloy. With the
addition of Sr, although dimples still exist on the
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Fig. 11—Microhardness of extruded LA93-xSr alloys.
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Fig. 12—Microhardness of a-Mg, f-Li, and Al,Sr phases in extruded
LAJ932 (Mg-9Li-3Al1-2.5Sr) alloy.

fracture surfaces, some tear ridges caused by Al4Sr are
present. Overall, the fracture mechanism of LA93-xSr
alloys is mostly that of ductile fracture which is
consistent with the relatively high ductility that was
documented in tension.

IV. DISCUSSION

A. Phase Composition in LA93-xSr Alloy

The LA93 alloy contains both primary a-Mg and a
eutectic structure as shown in Figures 1(a), (b), and 2(a).
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The Li content of LA93 alloy is around 9 wt pct which
falls in the eutectic region (see the Mg-Li binary phase
diagram). Therefore, the presence of primary o-Mg,
eutectic a-Mg, and eutectic f-Li phases in the LA93
alloy is consistent with the Mg-Li phase diagram (see
phase diagram in Appendix).

The EDS and XRD results confirm that the addition
of Sr will lead to the precipitation of the Al4Sr phase,
consistent with observations. The solid solubility of Sr in
Mg is only about 0.11 wt pct!® which is quite low, and
therefore, most of the Sr will be present in the form of
intermetallics. On the basis of the electronegativity
difference between elements, the trends for compound
formation can be estimated. The electronegativity dif-
ference between Sr and Al is 0.66, while that between Sr
and Mg is 0.36." Therefore, it is easier for Al than for
Mg to react with Sr. The formation of Al4Sr phase is
further confirmed on the basis of the Al-Sr binary phase
diagram! and also consistent with a study related to the
addition of 0.8 wt pct Sr into an AZ31 alloy.*®

B. Microstructure Evolution During Hot Extrusion and
Influence of Sr

1. Microstructure evolution during hot extrusion

The grains in the extruded alloys are significantly
refined during hot extrusion. The LA93-xSr alloys
contain both a-Mg and f-Li matrix phases. The different
microstructural characteristics associated with the «-Mg
and the f-Li phases, as shown in Figures 2 through 4,
indicate that the mechanisms for microstructural refine-
ment during the hot extrusion process are different. The
a-Mg and f-Li phases exhibit significant differences in
physical properties, such as melting point, ductility, and
crystal structure; therefore, their behavior during extru-
sion is anticipated to be different, consistent with the
microstructures shown in Figures 2 through 4. The
characteristics of these two phases are discussed next.

a. a-Mg phase. The a-Mg phase is elongated along the
extrusion direction as shown in Figure 3. The TEM
images of extruded LAJ932 alloy in Figure 4 show that
the grain boundaries of a-Mg grains are irregular and that
the dislocation density in the grain interiors is high, which
indicates that deformation-induced grain refinement has
occurred in the o-Mg phase. The microstructure evolu-
tion during extrusion starts with the subdivision of grains
into dislocation cells which are formed through defor-
mation-induced dislocation accumulation and recombi-
nation.””? As deformation proceeds, the dislocation cell
boundaries are transformed into low-angle subgrain
boundaries, followed by transformation of low-angle
boundaries into hlgh -angle boundaries with the further
increase of strain.?” % This series of strain-induced grain
refinement processes are sometimes referred to as con-
tinuous dynamic recrystallization (CDRX).P! Typically,
the CDRX mechanism is favored at lower temperature,
and an increase in the deformation temperature will slow
down CDRX, because dlslocatlon recovery is enhanced
with increasing temperature.?” Pure Mg has a medium
stacking fault energy which is ~60-78 mJ/m?** There-
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Fig. 13—Fracture morphology of extruded LA93-xSr alloys: (a) LA93, (b) LAJ931, (¢) LAJ932, and (d) LAJ933.

fore, discontinuous dynamic recrystallization (DDRX)
may occur during deformation at sufficiently high tem-
peratures. However, strain is also an important factor
that affects CDRX allowing it to occur, even at relatively
high temperatures in Mg alloys. In related studies, Miura
et alP¥ argued that CDRX occurs in Mg-6Al-1Zn alloy
during hot compression at 623 K (350 °C) under high
strain conditions. Similarly, a study by X. Yang et al.*¥
shows that CDRX occurs in AZ31 Mg alloFs during hot
deformation. Yi er al® and Yang et al’® proposed
that CDRX is one of the most important DRX mecha-
nisms in Mg and Mg alloys. Hence, on the basis of our
results, and those from the published literature, we
propose that CDRX is the dominant mechanism for
microstructural refinement in «-Mg phase at the extru-
sion temperature of 533 K (260 °C) with an extrusion
ratio of 28. Strain-induced grain refinement or CDRX
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usually leads to high dislocation density in the grain
interiors and irregular grain boundaries with excessive
dislocations which are known as non-equilibrium grain
boundaries.”*” In addition, during the early stages of
CDRX, grains may be elongated along the deformation
direction. This phenomenon is common during some
(severe) plastic deformation techniques which involve
CDRX such as equal-channel angular pressing and
extrusion.’” Therefore, the microstructural features
observed from SEM and TEM for a-Mg phase are
consistent with the microstructural characteristics widely
reported for CDRX.

b. p-Liphase. TEM images of the f-Li phase show that
the grain boundaries are sharp and that there are few
dislocations inside the grains, which are typical attri-
butes of grains generated by DDRX, characteristic of
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dynamic recrystallization.*® The processes of nucle-
ation and grain growth are involved in DDRX %40
Formation of nuclei predominantly occurs at pre-
existing grain boundaries, twin boundaries, and deforma-
tion bands that have sufficient stored strain energy.!**
The DDRX then proceeds through the growth of new
nucleated grains by migration of their grain boundaries,
thereby leading to the consumption of the deformed
matrix. The recrystallized grains have sharp and straight
equilibrium grain boundaries and are relatively depleted
of dislocations in the grain interiors. The f-Li grains in
the extruded alloys have these microstructural charac-
teristics as shown in the TEM images. Hot plastic
deformation with DDRX can lead to significant grain
refinement.*** In order to initiate DDRX, some
critical strain is necessary. The smaller the degree of
deformation, the higher the temperature is required to
initiate the recrystallization.*>*” In general, DDRX is
favored at higher temperatures, which accelerates the
diffusion-controlled processes and facilitates the migra-
tion of grain boundaries over large distances.

Usually, the metals with bcc structure have higher
stacking fault energy:*® hence, dynamic recovery of
dislocations by climb or cross-slip will readily occur,
thereby inhibiting DDRX. However, in the case of the
LA93-xSr alloys, the «-Mg phase and the compound
distributed along the o/f phase interfaces anchor the
movement of dislocations in the f-Li phase, thereby
hindering dynamic recovery in the  phase and facili-
tating DDRX. In addition, the f-Li phase with bcc
structure is softer and has better ductility than that of
the a-Mg phase. Therefore, plastic deformation occurs
first in the p-Li phase during extrusion thus making it
easy for the f-Li phase to reach a critical strain for
DDRX. In essence, the a-Mg phase and the compound
Al,Sr phase facilitate DDRX of the f-Li phase. Fur-
thermore, the melting point of the f(-Li phase is
relatively low [861 K (588 °C) in eutectic region],, and
the extrusion temperature of 533 K (260 °C) is high
enough to meet the temperature requirement of DDRX.
In summary, DDRX is proposed to be responsible for
the formation of f-Li grains with sharp grain bound-
aries in the extruded alloys that are significantly finer
than those in the as-cast alloys.

c. AL,Sr. The Al4Sr phase will experience only limited
plasticity during deformation. Its hardness and inherent
brittleness!*”! will lead to fracture and dispersion of the
starting fishbone-like network into particles, as shown in
Figures 2 and 3. The size and distribution of the Al-Sr
phase in the extruded material are thought to contribute
positively to mechanical behavior; details are discussed
in a subsequent section.

2. Effect of Sr content on the microstructure
of extruded LA93-xSr alloys

The effect of Sr on the microstructures of the «-Mg
and the f-Li phases in the extruded LA93-xSr alloys is
not significant, as shown in Figures 2 and 3. The CDRX
occurs in the a-Mg phase, whereas DDRX operates in
the p-Li phase during hot extrusion. Therefore, the
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extruded alloys have much finer grains than those of the
as-cast alloys. Moreover, the influences of the Al;Sr
phase on the extent of grain refinement by CDRX in the
o-Mg phase and DDRX in the f-Li phase are not
significant. Although it facilitates the DDRX process in
the fp-Li phase, the Al4Sr phase does not influence the
ultimate grain size of the recrystallized f(-Li grains.
Therefore, with different Sr contents (or different
amounts of Al4Sr), there is no significant change in the
grain size of a-Mg or f-Li phases in the extruded
LA93-xSr alloys.

C. Strengthening Mechanisms in Extruded
LA93-xSr Alloys

In general, strengthening strategies used for Mg-Li
alloys, such as alloying and severe plastic deformation
processing, reportedly fail to attain UTS values that are
higher than 200 MPa.’” However, the results of the
current study show that the yield strength of extruded
LAJ932 alloy reaches 221 + 6 MPa, with elongation
values that are significantly higher than that of most
conventional Mg alloys. The strengthening mechanisms
that are active in the extruded LA93-xSr alloys are
discussed as follows.

1. Effect of Extrusion on the Mechanical Properties
of Extruded LA93-xSr Alloys

The mechanical properties of the as-cast LA93-xSr
alloy were reported in a previous published article.°"
The as-cast LA93 alloys possess a tensile strength of
125 MPa, a yield strength of 92 MPa, and an elongation
of 14.6 pct, whereas the as-cast LAJ932 alloy exhibits a
tensile strength of 186 MPa, a yield strength of
149 MPa, and an elongation of 8.4 pct. Compared with
the as-cast alloys, the yield strength of extruded LA93
and LAJ932 alloys increases by 108.8 4+ 3.2, and
48.3 + 4.0 pct, respectively because of the extrusion,
which means that extrusion plays an important role in
the improvement of mechanical behavior in the LA93-
xSr alloys. The influences of extrusion on the mechan-
ical properties include several aspects.

a. Grain boundary strengthening. Dynamic recrystalli-
zation leads to grain refinement during extrusion, and
hence, the grains in the extruded alloys are much finer
than those in the corresponding as-cast alloys. On the
basis of the Hall-Petch relationship,

Acys = kd™'/? 1]

where k is a constant (=0.28 MN m >/ for Mg®?), and
d is the mean grain size, one can estimate the contribu-
tions from grain boundary strengthening mechanism.
According to Eq. [1], the grain size has a noticeable
influence on yield strength. Take the primary o-Mg
phase as an example; the grains of the primary o-Mg
were refined from ~100-140 pum to ~5-20 um because of
extrusion as mentioned in Section III-A. The calculated
strength of «-Mg in the as-cast alloy due to grain
boundaries strengthening ranges from ~23.7 to 28 MPa,
while that in the extruded alloy from ~62.6 to 120 MPa.
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Thus, the strength of the primary a-Mg phase increases
at least by 34.6 MPa because of grain refinement. Thus,
it is inferred that the grain refinement plays an impor-
tant role in the measured tensile properties.

b. Dislocation strengthening. Despite dynamic recrys-
tallization being operative during extrusion, TEM
results revealed a relatively high dislocation density at
a-Mg grain interiors in the extruded alloys because of
CDRX. It then follows that one may implement the
Taylor equation,

o4s = MaGhp'/? 2]

where M is Taylor factor, o is a constant, G is the shear
modulus, b is the Burgers vector, and p is the dislocation
density to estimate the contributions to strength that are
derived from dislocations. If one considers the disloca-
tion density in (1101) planes of «-Mg phase as an
example, then the dislocation density in (1101) planes of
o-Mg in  the extruded LAJ932 alloy is
~ 1.3871% x 10'*m~2 estimated according the HRTEM
images, 5113)er the procedure described above. In related
studies,™ the dislocation densrty in (1101) plane of
o-Mg in the as-cast Mg alloy is ~ 2. 8*07 10 m
Therefore, it is inferred that the drslocatlon density in
(1101) plane of a-Mg is high because of extrusion which
means the dislocation density in «-Mg of the extruded
alloy is higher than that in the as-cast alloy. Based on
Eq. [2], once can anticipate that the measured high
dislocation density will indeed contribute to the ob-
served increase in yield strength; however, we are only
able to affirm so qualitatively. As a result of the hcp
structure of the o-Mg phase, the Burgers vector in
different crystallographic planes varies leading to uncer-
tainty in the magnitude of « in Eq. [2], and hence, we are
unable to report on a precise value for dislocation
strengthening in the extruded alloy.

In addition, during the extrusion process, defects such
as gas-pore and inclusions that may have been present in
the as-cast material are generally reduced, leading to an
overall enhancement in mechanical behavior.

2. Effect of Sr content on mechanical properties of
extruded LA93-xSr alloys

The strength of extruded LA93-xSr alloys first
increases and then decreases with increasing Sr content.
The LAJ932 alloy containing 2.5 wt pct Sr exhibited the
maximum strength value for the alloys studied herein.
The elongation of LA93-xSr alloys decreases, whereas
the hardness increases with increasing Sr content as
shown in Figures 10, 11 and Table II.

With the addition of Sr, the Al;Sr phase was formed
as discussed in a previous section. The Al4Sr phase, with
the highest hardness measured among all phases (see
Figure 12) can be considered as a strengthening phase in
the alloys. The Al4Sr particles exhibit a size from ~2 to
15 um, and hence one can discuss mechanical behavior
by considering LA93-xSr as a particulate-reinforced
metal matrix composite (MMC) system. On the basis of
the theory of particulate strengthening,®¥ the strength
can be estimated from the following equatron[ 3,
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g :fmam +fh0'h [3]

where o, 0, and gy, are the strengths of LA93-xSr alloy,
LA93 matrix alloy, and Al4Sr phase, respectively; f,, and
Jfn are the volume fractions of matrix alloy and AlsSr
particulates, respectively. As, volume fraction of Al,Sr
(fn) increases with increasing Sr content, it then follows
that strength and hardness also increase with increasing
amount of Sr. The increases in strength and hardness are
accompanied by a decrease in ductility, as the hard and
rigid AlSr phase severely restricts deformation of the
adjacent softer «-Mg and f-Li phases. However, too
much Sr in LA93-xSr alloys is likely to cause aggrega-
tion of the Al4Sr phase which will lead to stress
concentration and ultimately fracture initiation at the
interfaces between Al4Sr and matrices during tensile
deformation, and hence, decrease in tensile strength.l*®
However, the microhardness is less influenced by the size
and dispersion of Al,Sr for two reasons. First, as
indentation is performed on localized regions of the
materials, this renders the measurements less sensitive to
particle dispersion. Second, the Al;Sr phase possesses
a relatively high hardness, and therefore, hardness
increases monotonically with increasing Sr content
(see Figure 11).

The reinforcement particle-matrix interface critically
influences the tensile strength of MMCs, and a high
volume fraction, or a large particle can lead to interfa-
cial debonding with an accompanying decrease in tensile
strength. In related studies, Wang et al.l’” show that the
yield strength and tensile strength of a SiC-reinforced
Al-Cu composite decrease, while the hardness values of
the composites increase with the increasing volume
fractions of particles, and attribute this behavior to
interfacial debonding. Thus, not only volume fraction,
but also the size and morphology of reinforcin& ])arti-
cles, exerts influence on mechanical behavior.”® For
example, the strength of particle-reinforced MMCs
containing coarse-reinforcing particulates is lower than
that of those contalnln% fine particles.”® ®? A related
study by Wang er all'l shows that the yield strength
and UTS of a SiC reinforced Al-Cu composite rein-
forced with 4.7 um particles are higher than those of
composites reinforced with 77 um particles. Moreover,
the strength of AZ91D Mg alloy composrtes r ]portedly
increases as reinforcement size is decreased.’®” On the
basis of Enhanced Dislocation Density (EDD) models, the
strengthening mainly depends on the reinforcin [% partrcles
size and only mildly on the volume fraction. 3 The
strength of the co gosrtes can be estimated using the
following equation!

o =om(1+/a)(1+/1) [4]

where o is the enhanced strength of the composite; oy, is
the strength of the unreinforced matrix; f4 and f; are
improvement factors associated, respectively, with the
dislocation strengthening of the matrix and the load-
bearing effect of the reinforcement. fy < /p and p OHLJ
where d is a characteristic distance such as the particle
diameter.!®” Therefore, particle size critically influences
strength, and a smaller particle size generally leads to
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higher strength. In addition, the load-bearing capacity
of the reinforcement particles is related to their spatial
distribution as load transfer from the matrix to the
particles occurs more readily when the particles are
homogeneously distributed in the matrix, a homogenous
distribution of particles is likely to induce more signif-
icant strengthening. Hence, the particle size and spatial
distribution of Al,Sr will influence the mechanical
behavior of LA93-xSr alloys. In the case of a constant
Sr content, and accordingly unchanged Al4Sr volume
fraction, if the Al4Sr particles are finer and the distri-
bution of the particles is more homogeneous, then the
strengthening effect is more pronounced. However, in
the extruded LA93-xSr alloys, when the content of Sr
exceeds 2.5 wt pct, the volume fraction and particle size
of reinforcement particle Al4Sr phase increase, and the
distribution of Al;Sr becomes inhomogeneous which
leads to the decrease of tensile strength.

3. A comparison of mechanical properties
between as-cast and extruded LA93-xSr alloys

The yield strength of extruded LA93 increases by
108.8 £ 3.2 pct, whereas that of LAJ932 alloys increases
by 48.3 £+ 4.0 pct as a result of extrusion. In a previous
study,”" we showed that the yield strength increases by
62.3 4+ 2.6 pct in the as-cast LA93 alloys with 2.5 wt pct
Sr. However, the yield strength of the extruded LAJ932
alloy containing 2.5 wt pct Sr only increases by
18.3 £ 4.7 pct compared to that of extruded LA93
alloy. The reasons for these difference are discussed as
follows. For the as-cast alloys, the addition of Sr will
lead to, not only grain refinement, but also the forma-
tion of Al4Sr particles which effectively behave as
strengthening particles. Thus, the influence of Sr on
the mechanical behavior of the as-cast alloys can be
considered by taking into account two factors. One is
grain refinement, and the other is the formation of the
strengthening Al,Sr phase. However, the grains of
LA93-xSr alloys are refined during extrusion, although
the amount of Sr does not affect the grain size of a-Mg
or f-Li phases in the extruded LA93-xSr alloys. Thus,
the influence of Sr on the mechanical behavior of the
extruded alloy can be rationalized solely on the
strengthening characteristics of Al,Sr, that is its size,
volume fraction, and spatial distribution.

V. SUMMARY

1. LA93-xSr alloys contain both «-Mg (hep) and f-Li
(bee) matrix phases. The a-Mg phase consists of pri-
mary o¢-Mg and eutectic «-Mg phase. In the as-cast
LA93-xSr alloys, the primary «-Mg grains are from
~100 to 140 um in size, while the eutectic o-Mg
grains are ~3 um in size. f-Li phase has both equi-
axed grain with a diameter of ~1 ym and rod-like
grains ~1 pum in diameter and ~5 to 10 um in length.

2. Extruded LA93 alloy is composed of «-Mg, f-Li,
and Mg;,Al, phases. The Al4Sr phase is formed
with the addition of Sr and is mainly distributed at
the «/f phase interfaces and in eutectic regions. The
grains in the extruded alloys are much finer than
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those in the as-cast alloys. The effect of Sr on the
grain size in the extruded alloys is not significant.
CDRX occurs in a-Mg phase, while DDRX oper-
ates in f-Li phase during the hot extrusion process.
o-Mg phase and Al,Sr phase promote the DDRX
of f-Li phase.

3. Dynamic recrystallization leads to refinement of the
LA93-xSr grains during extrusion, and mechanical
behavior is significantly improved by extrusion
because of grain refinement and dislocation strength-
ening.

4. With increasing Sr, the strength of extruded LA93-
xSr alloys first increases and then decreases, and
the elongation decreases, whereas the hardness
increases. LAJ932 alloy has a favorable combina-
tion of strength and ductility with tensile strength
of 235 MPa, yield strength of 221 MPa, and the
elongation of 19.4 pct.

5. The fracture surfaces of extruded LA93-xSr alloys
contain evenly sized dimples, indicating ductile
fracture.
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APPENDIX
See Appendix Figure 14.
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