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MAGNESIUM ALLOY

TECHNICAL FIELD

[0001] The present invention relates to a magnesium alloy,
particularly a magnesium alloy having high strength and high
heat resistance, which can be worked into a wrought material
such as an extruded or forged material.

BACKGROUND ART

[0002] It is known that magnesium is the lightest and has
the highest specific strength among practical metals. In order
to realize reduction in carbon dioxide emission amount due to
weight reduction of vehicles, and extension in travelable dis-
tance on one charge of electric cars, as measures to cope with
global warming, use of a magnesium alloy is expanded in
various applications, for example, application of parts which
underwent weight reduction using a magnesium alloy.
[0003] Usually, parts of the magnesium alloy are formed by
a casting or die-casting method.

[0004] The reasonis as follows. That is, conventional vari-
ous magnesium alloys can achieve comparatively high room-
temperature strength by grain size refinement through plastic
working including extrusion, rolling and forging. Meanwhile,
since grain boundary precipitates formed into a network
undergo fracture, tensile characteristics at high temperature
deteriorate, thus leading to limitation of use of a wrought
material obtained by plastic working as parts to be used at
particularly high temperature.

[0005] Patent Document 1 discloses that a magnesium
alloy containing 0.1 to 15% by weight of calcium and option-
ally containing aluminum or zinc in the amount which does
not exceed two times the amount of calcium is subjected to
plastic working including extrusion and rolling, thereby
homogeneously dispersing a crushed intermetallic com-
pound in crystal grains, thus leading to an enhancement in
mechanical strength.

[0006] Patent Document 2 discloses that refining of crystal
grains is suppressed by performing hot rolling or forging at a
predetermined processing temperature and rolling reduction
ratio using a Mg—Al—Ca—Sr—Mn based alloy, and heat
resistance is improved by controlling an aspect ratio of crystal
grains (length of a major axis of crystal grains/length of a
minor axis of crystal grains) without causing drastic fracture
of'a network intermetallic compound precipitated in the grain
boundary.

CONVENTIONAL ART DOCUMENTS

Patent Documents

[0007] Patent Document 1: JP 2000-109963 A

[0008] Patent Document 2: JP 2007-70688 A
DISCLOSURE OF THE INVENTION
Problems to be Solved by the invention

[0009] However, the magnesium alloy according to Patent

Document 1 had a problem that it is still insufficient in heat
resistance, i.e. strength at high temperature.

[0010] Meanwhile, the magnesium alloy according to
Patent Document 2 had a problem that it is necessary to
suppress the working degree (rolling reduction ratio) of hot
rolling and forging to a low value so as to obtain a defined
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aspect ratio of crystal grains, so that the strength at room
temperature may be sometimes insufficient.

[0011] Thus, the magnesium alloys of Patent Documents 1
and 2 may be sometimes insufficient in high-temperature
strength or room-temperature strength.

[0012] Even in the case of a magnesium alloy used at high
temperature, the environmental temperature necessarily
includes a range from room temperature to high temperature.
Therefore, it is necessary that tensile characteristics of the
magnesium alloy are excellent in both environments at room
temperature and high temperature in practical use. Accord-
ingly, a magnesium alloy having sufficient strength at room
temperature and high temperature has been required.

[0013] The present invention has been made so as to meet
the requirements, and thus an object thereof is to provide a
magnesium alloy which has sufficiently high strength at room
temperature and high temperature.

Means for Solving the Problems

[0014] A first aspect of the present invention is directed to
a magnesium alloy including: aluminum (Al): 14.0 to 23.0%
by mass, calcium (Ca): 11.0% by mass or less (not including
0% by mass), strontium (Sr): 12.0% by mass or less (not
including 0% by mass), and zinc (Zn): 0.2 to 1.0% by mass.
[0015] A second aspect of the present invention is directed
to the magnesium alloy according to the first aspect, further
including at least one selected from the group consisting of
silicon (Si): 0.1 to 1.5% by mass, rare earth (RE): 0.1 to 1.2%
by mass, zirconium (Zr): 0.2 to 0.8% by mass, scandium (Sc):
0.2 to 3.0% by mass, yttrium (Y): 0.2 to 3.0% by mass, tin
(Sn): 0.2 to 3.0% by mass, barium (Ba): 0.2 to 3.0% by mass,
and antimony (Sb): 0.1 to 1.5% by mass.

[0016] A third aspect of the present invention is the mag-
nesium alloy according to the first or second aspect, in which
a ratio of the content of strontium (Sr) to the content of
calcium (Ca) is from 1:0.3 to 1:1.5 in terms of a mass ratio.
[0017] A fourth aspect of the present invention is directed
to the magnesium alloy according to any one of the first to
third aspects, in which the content of aluminum (Al), the
content of calcium (Ca), and the content of strontium (Sr)
satisfy a relation shown in the following equation (1):

0.8x<Al>=<1.35x<Ca>+1.23x<Sr>+8.5=1.2x<Al> (D

where <Al> is the content of aluminum (Al) expressed on %
by mass basis, <Ca> is the content of calcium (Ca) expressed
on % by mass basis, and <Sr> is the content of strontium (Sr)
expressed on % by mass basis.

[0018] A fifth aspect of the present invention is directed to
the magnesium alloy according to any one of the first to fourth
aspects, in which precipitates containing Al,Ca and Al,Sr are
formed in the grain boundary with an interval from each other.

Effects of the Invention

[0019] According to the present invention, it is made pos-
sible to provide a magnesium alloy having sufficient room-
temperature strength and sufficient high-temperature
strength.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIGS. 1A to 1C show metallographic structures
observed by a confocal laser scanning microscope, in which
FIG. 1A shows a metallographic structure of an as-extruded
material, FIG. 1B shows a metallographic structure of a mate-
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rial subjected to a homogenization heat treatment at 400° C.
for 48 hours, and FI1G. 1C shows a metallographic structure of
a material subjected to a homogenization heat treatment at
420° C. for 48 hours.

[0021] FIG. 2 shows the results of a high-temperature ten-
sile test at 150° C. (true stress-strain diagram) of an as-
extruded material, a material subjected to a homogenization
heat treatment at 400° C. for 48 hours, and a material sub-
jected to a homogenization heat treatment at 420° C. for 48
hours.

[0022] FIG. 3 shows the measurement results of a tensile
strength at room temperature.

[0023] FIG. 4 shows the measurement results of a tensile
strength at high temperature.

EMBODIMENTS FOR CARRYING OUT THE
INVENTION

[0024] The present inventors have made a study on simul-
taneous utilization of both solid solution strengthening and
precipitation strengthening known as strengthening mecha-
nisms of a magnesium alloy.

[0025] That is, they have made a study on effective actua-
tion of both solid solution strengthening mechanism and pre-
cipitation strengthening mechanism by appropriate control of
the contents of aluminum, strontium and calcium.

[0026] Subsequently, the present inventors have deter-
mined solid solubility limit of aluminum in a magnesium
alloy matrix and found appropriate amounts of aluminum,
calcium and strontium on the basis of the solid solubility
limit, and thus completing a magnesium alloy according to
the present invention, having sufficient strength at both room
temperature and high temperature in which a matrix forms a
solid solution with a sufficient amount of aluminum, and also
an appropriate amount of intermetallic compounds Al,Caand
Al,Sr are precipitated.

[0027] Detailed description will be made below.

[0028] The magnesium alloy according to the present
invention includes aluminum (Al): 14.0 to 23.0% by mass,
calcium (Ca): 11% by mass or less (not including 0% by
mass), strontium (Sr): 12% by mass or less (not including 0%
by mass), and zinc (Zn): 0.2 to 1.0% by mass.

(1) Aluminum

[0029] In the deformation at high temperature of the mag-
nesium alloy, low stacking fault energy suppresses the move-
ment of dislocations, resulting in the difficulty in deforma-
tion. Thus, if stacking fault energy can be lowered, heat
resistance (high-temperature strength and creep) can be
improved.

[0030] Examples of the element capable of being solid-
soluted in a magnesium alloy to lower stacking fault energy
include In, TI1, Sc, Pb, Al, Y, Sn and Bi. Of these elements,
aluminum (Al) is preferable from the viewpoint of safety and
economy.

[0031] As a result of the present inventors’ study, it has
been found the addition of calcium (Ca) and strontium (Sr),
together with aluminum, enables refining of the grain size,
leading to an enhancement in room-temperature strength, and
also intermetallic compounds Al,Ca and Al,Sr to be precipi-
tated (crystallized) exist in the grain boundary, together with
other second phases (precipitates), thereby improving room
temperature and high temperature characteristics.
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[0032] If the magnesium alloy is worked into a wrought
material by performing plastic working including rolling,
extrusion and drawing after casting so as to obtain desired
shape, toughness, strength and the like, second phases con-
taining Al,Ca and Al,Sr precipitating in the grain boundary
are fractured (fragmented) and arranged in the deformation
direction.

[0033] The precipitates containing Al,Ca and Al,Sr thus
arranged in the deformation direction contribute to an
enhancement in high-temperature strength.

[0034] However, the present inventors have intensively
studied and found that second phase particles containing
Al,Ca and Al,Sr can be reprecipitated and dispersed by per-
forming a homogenization heat treatment at 350 to 450° C.,
leading to more enhancement in strength. It has also been
found that, more preferably, second phases containing Al,Ca
and Al,Sr can be homogeneously dispersed in the grain
boundary by performing a homogenization heat treatment at
385° C. t0 415° C., and thus enabling an increase in strength
more certainly.

[0035] As aresult of the continued study, the present inven-
tors have found that maximum solubility (solid solubility
limit) of aluminum in matrix of the sample subjected to a
homogenization heat treatment at 400° C. for 48 hours after
plastic working such as extrusion is 8.3% by mass (7.5 atomic
%). The measurement was performed by point analysis using
an electron probe microanalyzer (EPMA).

[0036] Using this solid solubility limit, the present inven-
tors have found that the amount of aluminum of the magne-
sium alloy according to the present invention is appropriately
from 14.0 to 23.0% by mass.

[0037] The reason is that, if the amount of aluminum is
14.0% by mass or more, a sufficient amount of aluminum can
form intermetallic compounds Al,Ca and Al,Sr with calcium
and strontium even if about 8.5% by mass of aluminum is
solid-soluted in the matrix. If the amount of aluminum is
23.0% by mass or less, it is possible to ensure ductility such as
elongation.

[0038] More preferably, the amount of aluminum is from
15.0% by mass to 20.0% by mass.

[0039] This is because it is possible to form intermetallic
compounds Al,Ca and Al,Sr more certainly and to ensure
ductility if the amount of aluminum is within the above range.

(2) Calcium

[0040] Thecontent of calcium is 11.0% by mass or less (not
including 0% by mass).

[0041] The maximum content (11.0% by mass) of calcium
is almost equal to the amount of calcium required for almost
all aluminum, which was not solid-soluted, to form Al,Ca
((upper limit of aluminum-maximum solubility)/atomic
weight of Alxatomic ratio of Ca to Al of Al,Caxatomic
weight of Ca=10.9). Thus, it is made possible to certainly
precipitate aluminum, which is not solid-soluted, as a desired
intermetallic compound.

[0042] Inorder to ensure inclusion of calcium, 0% by mass
is excluded.
[0043] More preferably, the content of calcium is from 1.0

to 8.0% by mass. This is because it is possible to form Al,Ca
more certainly and to suppress excessiveness.
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(3) Strontium

[0044] The content of strontium is 12.0% by mass or less
(not including 0% by mass).

[0045] The maximum content (12.0% by mass) of stron-
tium is almost equal to the amount of calcium required for
almost all aluminum, which was not solid-soluted, to form
ALSr ((upper limit of aluminum-maximum solubility)/
atomic weight of Alxatomic ratio of Sr to Al of Al,Srxatomic
weight of Sr=11.9). Thus, it is made possible to certainly
precipitate aluminum, which is not solid-soluted, as a desired
intermetallic compound.

[0046] In order to ensure inclusion of strontium, 0% by
mass is excluded.

[0047] Preferably, the content of strontium is from 0.5 to
8.0% by mass. This is because it is possible to form Al,Sr
more certainly and to suppress excessiveness. More prefer-
ably, the content is from 1.0 to 6.0% by mass. This is because
it is possible to maximally exert the effect of strontium.

(4) Zinc

[0048] The magnesium alloy according to the present
invention contains 0.2 to 1.0% by mass of zinc (Zn).

[0049] This is because zinc has the effect of enhancing the
strength and the effect of improving castability.

(5) Relation Among Aluminum, Calcium and Strontium

[0050] —Ratio of Calcium to Strontium

[0051] In order to form both intermetallic compounds
Al,Ca and Al,Sr in a more suitable ratio (ratio of formation
amount of Al,Ca and Al,Sr), a ratio of (content of calcium):
(content of strontium) (content of strontium assumed that the
content of calcium is 1) is preferably from 1:0.3 to 1:1.5 in
terms of a mass ratio, and more preferably 1:0.5 to 1:1.1 in
terms of a mass ratio.

—Relation Among Aluminum Content, Calcium Content and
Strontium Content

[0052] In the magnesium alloy according to the present
invention, in order to enable entire strontium and calcium to
precipitate as Al,Ca and Al,Sr, respectively, the amount of
aluminum (% by mass) indicated by the symbol y in the
equation (2) is required.
y=<Ca>/40.08 (atomic weight of Ca)x2 (atomic ratio

of Alto Ca of Al,Ca)x26.98 (atomic weight of

Al+<Sr>/87.62 (atomic weight of Sr)x4 (atomic

ratio of Al to Sr of Al;Sr)x26.98 (atomic weight

of Al)+8.3 (maximum solubility of Al)=1.35%
<Ca>+1.23x<Sr>+8.5 2)

[0053] In this equation, <Ca> is the content of calcium
expressed on % by mass basis and <Sr> is the content of
strontium expressed on % by mass basis.

[0054] Physical meaning of a numerical value in the equa-
tion is shown in parentheses behind the numerical value.
[0055] In the magnesium alloy according to the present
invention, it is preferred to satisfy the following equation (1).
[0056] That is, aluminum is preferably contained such that
the amount of aluminum (y) represented by the equation (2),
which is required for entire strontium and calcium to precipi-
tate as Al,Ca and Al,Sr, respectively, is within a range of the
amount which is 0.8 to 1.2 times the content of aluminum.
[0057] This is because, when the content of aluminum is
within a range represented by the equation (1), Al,Ca and
Al,Sr, which are almost equal to the stoichiometric compo-
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sition, are precipitated and also aluminum is sufficiently
solid-soluted in the matrix in just proportion of all elements of
aluminum, calcium and strontium.

0.8x<Al>=<1.35x<Ca>+1.23x<Sr>+8.5=1.2x<Al> (D

where <Al> is the content of aluminum expressed on % by
mass basis.

(6) Other Components

[0058] The alloy of the present invention may contain the
above-mentioned aluminum, calcium, strontium and zinc,
with the balance being magnesium (Mg) and inevitable impu-
rities.

[0059] However, the magnesium alloy may contain any
element capable of improving characteristics of the alloy. In
this case, the alloy preferably contains 40% by mass or more
of magnesium, and more preferably 50% by mass or more of
magnesium, so as not to lose characteristics such as high
specific strength possessed by the magnesium alloy.

[0060] Even when containing any other elements, the mag-
nesium alloy containing 40% or more of magnesium and also
containing aluminum, calcium, strontium and zinc in each
amount defined above can exert the above-mentioned effect
of the present invention in most cases without depending on
the type of elements.

[0061] Examples of any element, which can be added as
mentioned above, include the followings. It is possible to
contain at least one selected from the group consisting of:

[0062] silicon (Si): 0.1 to 1.5% by mass,

[0063] rare earth (RE): 0.1 to 1.2% by mass,

[0064] zirconium (Zr): 0.2 to 0.8% by mass,

[0065] scandium (Sc): 0.2 to 3.0% by mass,

[0066] yttrium (Y): 0.2 to 3.0% by mass,

[0067] tin (Sn); 0.2 to 3.0% by mass,

[0068] barium (Ba): 0.2 to 3.0% by mass, and

[0069] antimony (Sb): 0.1 to 1.5% by mass.

[0070] The effects of the respective elements exemplified

above will be mentioned below.

[0071] Since silicon forms an intermetallic compound with
magnesium and the obtained intermetallic compound is
stable at high temperature, heat resistance can be improved by
effectively suppressing grain boundary sliding in deforma-
tion at high temperature. If the content of silicon is from 0.1
to 1.5% by mass, it is possible to sufficiently exert the effect.
[0072] Since rare earth forms an intermetallic compound
with magnesium and the obtained intermetallic compound is
stable at high temperature, heat resistance can be improved by
effectively suppressing grain boundary sliding in the defor-
mation at high temperature. If the content of rare earth is from
0.1 to 1.2% by mass, it is possible to sufficiently exert the
effect.

[0073] Since zirconium forms an intermetallic compound
with magnesium and the obtained intermetallic compound is
stable at high temperature, heat resistance can be improved by
effectively suppressing grain boundary sliding in the defor-
mation at high temperature. If the content of zirconium is
from 0.2 to 0.8% by mass, it is possible to sufficiently exert
the effect.

[0074] Scandium exerts the effect of lowering stacking
fault energy to decrease a deformation rate at high tempera-
ture when added to magnesium. If the content of scandium is
from 0.2 to 3.0% by mass, it is possible to sufficiently exert
the effect.
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[0075] Yttrium has the effect of lowering stacking fault
energy to decrease a deformation rate at high temperature
when added to magnesium. If the content of yttrium is from
0.2 to 3.0% by mass, it is possible to sufficiently exert the
effect.

[0076] Tin exerts the effect of lowering stacking fault
energy to decrease a deformation rate at high temperature
when added to magnesium. If the content of tin is from 0.2 to
3.0% by mass, it is possible to sufficiently exert the effect.
[0077] Barium exerts the effect of lowering stacking fault
energy to decrease a deformation rate at high temperature
when added to magnesium. If the content of barium is from
0.2 to 3.0% by mass, it is possible to sufficiently exert the
effect.

[0078] Antimony exerts the effect of lowering stacking
fault energy to decrease a deformation rate at high tempera-
ture when added to magnesium. If the content of scandium is
from 0.1 to 1.5% by mass, it is possible to sufficiently exert
the effect.

(7) Heat Treatment

[0079] Al,Ca and Al,Sr are often precipitated in the grain
boundary, as second phases containing Al,Ca and Al,Sr, in
the form of a network. As mentioned above, when subjected
to plastic working, the second phases containing network
Al,Ca and Al,Sr (precipitates) tend to be fractured (frag-
mented) and arranged in the deformation direction.

[0080] Since the thus fragmented precipitates containing
Al,Ca and Al,Sr contribute to an improvement in high-tem-
perature strength, a magnesium alloy article (magnesium
alloy wrought material) obtained by plastic working (plastic
deformation) also has high-temperature strength.
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treatment is performed at 385° C. to 415° C. after plastic
working, second phase particles containing Al,Ca and Al,Sr
(precipitates) are precipitated in the form of particles, instead
of a network, with an interval from each other (i.e. discon-
tinuously) along the grain boundary. The thus obtained pre-
cipitates in this form remarkably contribute to an improve-
ment in high-temperature strength. Therefore, the
magnesium alloy according to the present invention (magne-
sium alloy article (wrought material)) is preferably subjected
to a homogenization heat treatment at 385 to 415° C. after
plastic working. In the homogenization heat treatment at 385
t0 415° C., it is preferred to maintain within such temperature
range for 24 to 72 hours. This is because this treatment
enables redissolution of precipitates and homogenization of
the structure, leading to homogenization and stabilization of
an intermetallic compound structure with high heat stability
of the grain boundary.

[0083] Asusedherein, plastic working includes various hot
and cold plastic workings. Examples of the plastic working
include extrusion, rolling, forging, drawing, swaging, and
combinations thereof.

EXAMPLES

[0084] Alloy samples, each containing components shown
in Table 1, were prepared.

[0085] The value y in the equation (2) of samples of
Examples (Example 1 and Example 2) shown in Table 1 is
15.5 in Example 1 and is 20.9 in Example, and therefore alloy
samples satisfy the equation (1). In both Example 1 and
Example 2, a ratio of (content of calcium):(content of stron-
tium) is 1:1 in terms of a mass ratio.

TABLE 1

Comparative
Example 1

Example 1

Comparative
Example 2

Comparative

Example 2 Example 3

Mass % Atomic % Mass %

Atomic % Mass % Atomic % Mass % Atomic % Mass% Atomic %

Mg  88.1 90.0 79.1 80.8 69.9 714 60.9 62.2 51.9 53.0

Al 100 9.2 15.0 13.8 20.0 18.4 25.0 23.0 30.0 27.6

Ca 0.7 04 27 17 4.8 3.0 6.8 4.2 8.8 5.5

Sr 0.7 0.2 27 0.8 4.8 14 6.8 1.9 8.8 2.5

Zn 0.5 0.2 0.5 0.2 0.5 0.2 0.5 0.2 0.5 0.2
[0081] However, second phase particles containing Al,Ca [0086] Each alloy sample was melted at 700° C. and then

and Al,Sr can be reprecipitated and dispersed by performing
a homogenization heat treatment at 350 to 450° C. after
plastic working, thereby finding that high-temperature
strength can be more enhanced. Therefore, the magnesium
alloy according to the present invention (magnesium alloy
article (wrought material)) is preferably subjected to a
homogenization heat treatment at 350 to 450° C. after plastic
working. In the homogenization heat treatment at 350 to 450°
C., it is preferred to maintain within such temperature range
for 24 to 72 hours. This is because this treatment enables
redissolution (reprecipitation) of precipitates, leading to an
improvement in heat stability.

[0082] The presentinventors have also found that a homog-
enization heat treatment at 385° C. to 415° C. enables repre-
cipitation of second phase particles containing Al,Ca and
Al,Sr and homogeneous dispersion of the second phase par-
ticles along the grain boundary, leading to further improve-
ment in high-temperature strength. In case a homogenization

cast into a billet using a cylindrical die. The casted billet was
heated to 400° C. at a heating rate of 0.5° C./minute, main-
tained for 48 hours and then water-cooled. After removing a
surface oxide layer by machining, the billet was extruded at
an extrusion temperature of 350° C., an extrusion rate of 0.2
mny/'second and an extrusion ratio of 16 to obtain a round bar
(10 mm in diameter).

1) Homogenization Heat Treatment

[0087] In order to examine an influence of a homogeniza-
tion heat treatment, regarding the above-mentioned sample of
Example 1 (extruded round bar), an as-extruded material, a
material subjected to ahomogenization heat treatment at 400°
C. for 48 hours, and a material subjected to a homogenization
heat treatment at 420° C. for 48 hours were produced.

[0088] FIGS. 1A to 1C show metallographic structures
observed by a confocal laser scanning microscope, in which
FIG. 1A shows a metallographic structure of an as-extruded
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material, FIG. 1B shows a metallographic structure of a mate-
rial subjected to a homogenization heat treatment at 400° C.
for 48 hours, and FI1G. 1C shows a metallographic structure of
a material subjected to a homogenization heat treatment at
420° C. for 48 hours.

[0089] In the as-extruded material, precipitates containing
Al,Ca and Al,Sr (second phases) are fragmented and
arranged in the extrusion direction (up/down direction in the
drawing). In contrast, in the material subjected to a homog-
enization heat treatment at 400° C. for 48 hours and the
material subjected to a homogenization heat treatment at 420°
C. for 48 hours, precipitates containing Al,Ca and Al,Sr
(second phases) are dispersed. Particularly in the material
subjected to a homogenization heat treatment at 400° C. for
48 hours, granular precipitates containing comparatively fine
Al,Ca and Al,Sr are homogeneously distributed with an
interval from each other along the grain boundary.

[0090] FIG. 2 shows the results of a high-temperature ten-
sile test at 150° C. (true stress-strain diagram) of an as-
extruded material, a material subjected to a homogenization
heat treatment at 400° C. for 48 hours, and a material sub-
jected to a homogenization heat treatment at 420° C. for 48
hours. The tensile test was carried out at a temperature of 150°
C. and a tension speed of 1x107>/second.

[0091] All samples exhibit excellent high-temperature
strength (heat resistance), that is, tensile strength at 150° C. of
250 MPa. Of these, the material subjected to a homogeniza-
tion heat treatment at 400° C. for 48 hours and the material
subjected to a homogenization heat treatment at 420° C. for
48 hours exhibit high-temperature strength which is higher
than that of the as-extruded material. Particularly, the material
subjected to a homogenization heat treatment at 400° C. for
48 hours has high-temperature strength which is remarkably
high strength of more than 300 MPa.

[0092] Considering the above results, subsequent evalua-
tion was carried out after homogenizing the extruded round
bars of Examples 1 and 2 as well as Comparative Examples 1
to 3 at 400° C. for 48 hours and processing them into tensile
test specimens.

2) Measurement Results of Grain Size

[0093] The grain size of each alloy sample is shown in
Table 2.
[0094] The grain size was measured by the electron back

scattered diffraction patterns (EBSD) method. Crystal grains
were defined by regarding deviation of orientation of 15° or
more as the grain boundary.

[0095] The average grain size was determined by simply
dividing the total area by the number of crystal grains.
TABLE 2
Alloy Grain size (um)
Comparative Example 1 20.1
Example 1 9.2
Example 2 4.9
Comparative Example 2 4.2

Comparative Example 3 —

[0096] In Comparative Example 3, the grain size could not
be measured since precipitates underwent coarsening. Except
for Comparative Example 3, the grain size (both peak-top
grain size and area average particle size) decreases as addition
amounts of aluminum, calcium and strontium increases.
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3) Room-Temperature Tensile Characteristics

[0097] FIG. 3 shows the measurement results of the tensile
strength at room temperature. The drawing shows the mea-
surement results of the tensile strength, 0.2% proof stress, and
elongation of each alloy sample. In Comparative Examples 2
and 3, 0.2% proof stress could not be measured since the
material is brittle.

[0098] In Comparative Example 1, Example 1 and
Example 2, the tensile strength exhibited excellent value such
as 300 MPa or more. However, it is apparent that, in Com-
parative Example 1, the 0.2% proof stress is less than 250
MPa, and the samples of Example 1 and Example 2 having the
0.2% proof stress of 250 MPa or more are excellent in room-
temperature strength as compared with the samples of Com-
parative Examples. It is also apparent that the samples of
Example 1 and Example 2 exhibit the elongation of 2% or
more and have sufficient ductility.

[0099] It is also known that the sample, which is produced
by extruding an AZ91 alloy known as a high strength mag-
nesium alloy at an extrusion temperature of 360° C. and an
extrusion ratio of 22, each being the same level as that of the
samples of Examples 1 and 2, exhibits the tensile strength of
295 MPa (Hanlin Ding et al., Journal of alloys and com-
pounds, 456 (2008) 400-406). As is apparent from these
results, the samples of Examples 1 and 2 have high room-
temperature strength.

4) High-Temperature Strength

[0100] FIG. 4 shows the measurement results of high-tem-
perature tensile strength. The high-temperature tensile test
was carried out at a measuring temperature of 175° C. and a
strain rate of 1x10~*second.
[0101] Since the sample of Comparative Example 3 was
fractured soon after applying tensile stress, high-temperature
strength could not be measured.
[0102] The samples of Example 1 and Example 2 exhibited
high-temperature strength which is higher than that in Com-
parative Examples, that is, high-temperature strength at 175°
C. is 210 MPa or more.
[0103] Asis apparent from the above results, the samples of
Examples exhibit high strength at both room temperature and
high temperature.
[0104] This application claims priority on Japanese Patent
Application No. 2011-72505, the disclosure of which is
incorporated by reference herein.

1. A magnesium alloy comprising:

aluminum (Al): 14.0 to 23.0% by mass,

calcium (Ca): 11.0% by mass or less (not including 0% by

mass),
strontium (Sr): 12.0% by mass or less (not including 0% by
mass), and

zine (Zn): 0.2 to 1.0% by mass.

2. The magnesium alloy according to claim 1, further com-
prising at least one selected from the group consisting of:

silicon (Si): 0.1 to 1.5% by mass,

rare earth (RE): 0.1 to 1.2% by mass,

zirconium (Zr): 0.2 to 0.8% by mass.

scandium (Sc): 0.2 to 3.0% by mass,

yttrium (Y): 0.2 to 3.0% by mass,

tin (Sn): 0.2 to 3.0% by mass,

barium (Ba): 0.2 to 3.0% by mass, and

antimony (Sb): 0.1 to 1.5% by mass.
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3. The magnesium alloy according to claim 1, wherein a
ratio of the content of strontium (Sr) to the content of calcium
(Ca) is from 1:0.3 to 1:1.5 in terms of a mass ratio.

4. The magnesium alloy according to claim 1, wherein the
content of aluminum (Al), the content of calcium (Ca), and
the content of strontium (Sr) satisfy a relation shown in the
following equation (1):

0.8x<Al>=<1.35x<Ca>+1.23x<Sr>+<Sr>+8.551.2x
<Al> (1)

where <Al> is the content of aluminum (Al) expressed on
% by mass basis, <Ca> is the content of calcium (Ca)
expressed on % by mass basis, and <Sr>is the content of
strontium (Sr) expressed on % by mass basis.
5. The magnesium alloy according to claim 1, wherein
precipitates containing Al,Ca and Al,Sr are formed in the
grain boundary with an interval from each other.

#* #* #* #* #*
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