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Continuously-casted Mg-9Al-1Zn-1Ca (in mass%) alloy (Mg-Ca alloy) and Mg-9Al-1Zn alloys (Ca-free Mg alloy) were forged at 573K
and their mechanical properties were investigated by tension tests at ambient temperature and 573K. The forged Mg-Ca alloy showed higher
0.2% proof stress than the forged Ca-free Mg alloy. The high strength for the Mg-Ca alloy was attributed not only to grain refinement by hot
forging, but also to the strengthening mechanisms arising from the difference in thermal expansion and geometrical incompatibility between Mg
matrix and second phase. The Ca addition decreased the elongation to failure; however, the decrease was reduced for the forged specimens,
compared to the unforged specimen. This results from segmentation of the second phases by the hot forging. Also, the forged Mg-Ca alloy
showed a large elongation of 284% at 573K. [doi:10.2320/matertrans.MRA2007261]
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1. Introduction

Mg alloys are currently the lightest alloys used as
structural metals. Mg products have been applied for
structural uses such as automobile parts and electric
appliance cases.1) For more extensive application of Mg
alloys, it is desirable to develop high performance Mg alloys
showing high strength, high workability and so on. It has
been reported that Mg alloys containing Ca show high creep
resistance and elevated temperature strength.2–6) Besides, Ca
is effective as fire retardant.7) For commercial applications,
Ca is desirable as an additional element to Mg because of its
lower cost, compared with rare earth elements.

In Mg-Al-Ca alloys, insoluble second phases such as
Al2Ca and Mg2Ca are formed. Such second phases serve as
nucleation sites for dynamic recrystallization during hot
deformation, and fine-grained microstructure is anticipated in
the Mg-Al-Ca alloys. Therefore, Ca addition may improve
mechanical properties of the Mg alloys at not only elevated
temperature, but also ambient temperature, due to the grain
refinement. On the other hand, Ca addition may be harmful
because crack or void formation is enhanced by the second
phases.8) Until now, there are few studies on grain refinement
mechanical properties of the Mg-Al-Ca alloys after the grain
refinement.9–12) In the present paper, Mg-Al-Zn-Ca and Mg-
Al-Zn alloy are forged at 573K and the mechanical proper-
ties of the forged and unforged alloys are investigated by
tension tests at ambient temperature and 573K. Based on the
results, effects of Ca addition on the mechanical properties
are discussed.

2. Experimental Procedure

The Mg-9Al-1Zn-1Ca (in mass%) alloy (denoted as ‘Mg-
Ca alloy’) billet with the diameter of 155mm, prepared by
continuous casting method, was purchased from Sankyo
Tateyama Aluminium, Inc. (Toyama, Japan). For compar-
ison, the 155-mm-diameter billet of a Mg-9Al-1Zn alloy
(denoted as ‘Ca-free Mg alloy’) prepared by the similar
casting method was also purchased from the supplier. The

chemical compositions of the alloys are listed in Table 1.
These Mg alloys were pre-annealed at 683K for 24 hours at
the supplier. The cylindrical specimens (10mm in diameter
and 12mm in height) for the forging were machined from the
center of the billets. Upset forging was carried out by
compressing the specimens to " ¼ 1:6 at 573K with the true
strain rate of 1:0� 10�1 s�1.

The tensile specimens with 6mm in gauge length and
1:6� 1:6mm2 in gauge width were cut from the unforged
and forged Mg alloys. Tension tests were carried out at
ambient temperature and 573K with 1� 10�3 s�1. As for the
forged specimens, the tensile direction was perpendicular to
the forging direction. Microstructure of the specimens before
and after tensile tests was investigated using an optical
microscope. The grain size were measured by the line
intercept method (d ¼ 1:74L, where d and L are the grain size
and the line intercept length, respectively).

3. Results

Microstructures of the unforged Mg-Ca alloy and Ca-free
Mg alloy are shown in Fig. 1. Second phases were connected
continuously for the Mg-Ca alloy. Preliminary elemental
analyses suggested that the second phases were mainly
Al2Ca. The average grain size was 280 mm for the unforged
Mg-Ca alloy and 150 mm for the unforged Ca-free Mg alloy.

Microstructures of the forged Mg-Ca alloy and Ca-free Mg
alloy are shown in Fig. 2. The average grain size was 4.9 mm
for the forged Mg-Ca alloy and 3.5 mm for the forged Ca-free
Mg alloy. Grain refinement by the forging was obtained for
both the Mg-Ca alloy and the Ca-free Mg alloy. In the forged
Mg-Ca alloy, the second phases tended to be distributed

Table 1 Chemical compositions of Mg-Ca and Ca-free Mg alloys (in

mass%).

Al Zn Mn Si Fe Cu Ni Ca Mg

Mg-Ca 8.9 0.84 0.18 0.005 0.003 <0:002 <0:002 0.94 Balance

Ca-free 8.7 0.81 0.21 0.007 0.004 <0:002 0.002 0.002 Balance
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perpendicularly to the compressive direction. The volume
fraction of the second phases was approximately 2.5% in the
Mg-Ca alloy, which was measured by the image analyses.

Enlargement of microstructure in the forged Mg-Ca and
Ca-free Mg alloy is shown in Fig. 3. The second phases were
not connected continuously, but were distributed as particles
with an average diameter of 1.2 mm. Thus, the continuously-
connected second phases were segmented during the upset
forging. The second phase particles were located at grain
boundaries.

The nominal tensile stress-strain curves of the unforged
and forged specimen are shown in Fig. 4 for the Mg-Ca alloy
and in Fig. 5 for the Ca-free Mg alloy, respectively. The
testing temperature was ambient. Note that the tensile
strength and elongation to failure were enhanced by hot
forging for both the Mg-Ca alloy and the Ca-free Mg alloy.
The enhancement of strength for the forged Mg alloys is
mainly attributed to grain refinement by hot forging. The
strengthening related to the second phases will be discussed
later.

Summary of the tension tests at ambient temperature on
the unforged and forged Mg alloys is shown in Table 2. It is
found from the results of the unforged specimens that the Ca

addition increased the 0.2% proof stress, but significantly
reduced the elongation to failure. On the other hand, the 0.2%
proof stress and ultimate tensile strength were increased by
the forging, and furthermore, the decrease in elongation to
failure caused by the Ca addition was reduced for the forged
specimens, compared to the unforged specimens. This is
likely to be attributed to segmentation of the second phases
by the forging.

The nominal tensile stress-strain curves at 573K for the
unforged and forged Mg-Ca alloy are shown in Fig. 6. A
large elongation to failure of 284% was obtained for the
forged specimen, while that for the annealed specimen was
50%.

The forged Mg-Ca alloy specimen deformed to failure at
573K is shown in Fig. 7. Broad necking, which is one of
features in superplastic deformation, was observed. The
superplastic-like deformation in the forged specimen is
attributed to a small grain size of 4.9 mm. Occurrence of a
large elongation of 284% in the Mg-Ca alloy indicates that
good workability can be obtained in the forged Mg-Ca alloy
due to grain refinement.

4. Discussion

The forged specimen showed much higher strength than
the unforged specimen for both the Mg-Ca alloy and the Ca-
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Fig. 1 Microstructures of unforged Mg alloys. (a) Mg-Ca and (b) Ca-free

Mg alloys.
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Fig. 2 Microstructure of forged Mg alloys. (a) Mg-Ca and (b) Ca-free Mg

alloys.
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free Mg alloy. This is attributed to grain refinement by the
forging. Another important result is that the Mg-Ca alloy
showed higher 0.2% proof stress than the Ca-free Mg alloy.
This cannot be explained by grain refinement because the
grain size of the Mg-Ca alloy was larger than that of the Ca-
free Mg alloy.

A difference in 0.2% proof stress due to the grain
refinement strengthening mechanism, ��GS, can be estimat-
ed using the Hall-Petch equation of the form13)
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Fig. 3 Enlargement of Microstructures of forged Mg alloys. (a) Mg-Ca and

(b) Ca-free Mg alloys.
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Fig. 4 Nominal stress-strain curves at ambient temperature for unforged

and forged Mg-Ca alloy specimens.
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Fig. 5 Nominal stress-strain curves at ambient temperature for unforged

and forged Ca-free Mg alloy specimens.

Table 2 Results of tension tests at ambient temperature on unforged and

forged Mg-Ca and Ca-free Mg alloys.

0.2% Proof

stress (MPa)

Ultimate tensile

strength (MPa)

Elongation

(%)

Unforged

Mg-Ca alloy 93 195 7.4

Ca-free Mg alloy 77 226 14.5

Forged

Mg-Ca alloy 174 313 10.7

Ca-free Mg alloy 159 330 16.1
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Fig. 6 Nominal stress-strain curves at 573K for unforged and forged Mg-

Ca alloy specimens.
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Fig. 7 Forged Mg-Ca alloy specimens (a) before and (b) after tension test

at 573K, showing a large elongation of 284%.
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��GS ¼ Kðd1�1=2 � d2
�1=2Þ; ð1Þ

where K is a constant (¼ 210 MN mm�1=2 for Mg),14) d1 and
d2 are the grain size of materials 1 and 2. From eq. (1),��GS
between the forged Mg-Ca and Ca-free Mg alloys is
calculated to be 17MPa. Hence, an increase in 0.2% proof
stress due the Ca addition is 32MPa for the forged speci-
mens, considering the difference in 0.2% proof stress
between the forged Mg-Ca and Ca-free Mg alloys.

The interface between the Mg matrix and second phase in
the Mg-Ca alloy is unlikely to be at a coherent state since
lattice constants and crystal structures are different from each
other. Therefore, strengthening mechanisms for metal matrix
composites can be applied to the Mg-Ca alloy.15) The Orowan
mechanism is one of the strengthening mechanisms for metal
matrix composites.16) An increase in yield stress due to the
Orowan mechanism, ��Orowan, may be given by16)

��Orowan ¼
0:81MGb lnðdp=bÞ

2�ð1� �Þ1=2ð� � dpÞ
; ð2Þ

whereM is the Taylor factor (¼ 6:5 for Mg),13) G is the shear
modulus of a matrix (¼ 1:66� 104 MPa for Mg),17) b is
the Burgers vector of a matrix (¼ 3:21� 10�10 m for Mg),17)

dp is the mean particle size, � is the Poisson’s ratio and
� is the mean center-to-center spacing between particles
(¼ 1=2dpð3�=2 fvÞ1=2, where fv is the volume fraction of the
second phase). From eq. (2), ��Orowan due to the Ca addition
is estimated to be about 6MPa for the forged Mg-Ca alloy.
Therefore, effect of the Orowan mechanism is minor in the
Mg-Ca alloy.

The load transfer mechanism is also one of important
strengthening mechanisms. From a shear lag mode, an
increase in yield stress due to the load transfer mechanism,
��LT, may be given by16,18)

��LT ¼ fv�m=2 ð3Þ

where �m is the yield stress of a matrix. From eq. (3), ��LT
due to the Ca addition is estimated to be 1MPa for the forged
Mg-Ca alloy. Therefore, the load transfer mechanism is not
important in the Mg-Ca alloy.

Third strengthening mechanism is related to a difference in
thermal expansion, namely, high dislocation density gener-
ated by a difference in thermal expansion between two
components causes an increase in yield stress. An increase in
yield stress due to a difference in thermal expansion, ��CTE,
may be given by18,19)

��CTE ¼ �Gb
12�T�C fv

bdp

� �1=2

; ð4Þ

where � is a constant (¼ 1:25),18) �T is the temperature
change and �C is a difference in thermal expansion
coefficients between a matrix (¼ 2:61� 10�5 K�1 for
Mg)20) and a second phase particle. Unfortunately, a thermal
expansion coefficient of Al2Ca is unknown. Benci et al.21)

reported that that the thermal expansion coefficient of Al2Ti
is 1:2� 10�5 K�1 at 473K. Hence, assuming that a thermal
expansion coefficient of Al2Ca is the same as that of Al2Ti,
��CTE due to the Ca addition is estimated to be 12MPa for
the forged Mg-Ca alloy.

Another possible strengthening mechanism is related to

geometrical incompatibility between a matrix and a second
phase. In this case, incompatibility between a matrix and a
second phase particle causes generation of geometrically
necessary dislocations during deformation, resulting in an
increased strain hardening rate of a particle-reinforced metal,
compared with a particle-free metal. An increase in yield
stress due to the geometrical incompatibility, ��geo, may be
given by18)

��geo ¼ �Gb
fv8�

bdp

� �1=2

ð5Þ

where � is the shear strain calculated using the Taylor factor.
From eq. (4), ��geo due to the Ca addition is estimated to be
17MPa for the forged Mg-Ca alloy. Note that ��Orowan þ
��LT þ��CTE þ��geo ¼ 36MPa is in agreement with an
increase in 0.2% proof stress due the Ca addition for the
forged Mg-Ca alloy (¼ 32MPa), although the calculations
contain considerable degree of assumption. Therefore, it is
conclusively demonstrated that an increase in yield stress by
the Ca addition is mainly due to the strengthening mecha-
nisms related to a difference in thermal expansion and to
geometrical incompatibility. As shown in eqs. (4) and (5), an
increase in yield stress due to the strengthening mechanisms
related to a difference in thermal expansion and to geo-
metrical incompatibility is inversely proportional to the
square root of the particle size. Therefore, it is required to
obtain finer second phases for higher strength in the Mg-Ca
alloy.

Usually, second phases are harmful to ductility and
workability.8) However, the forged Mg-Ca alloy showed a
large elongation of 284% at 573K, as shown in Fig. 5. At
elevated temperatures, when stress concentration at a second
particle is relaxed by diffusion, cavity formation is not
enhanced by a second phase. Occurrence of stress concen-
tration at the second phase can be estimated using the critical
diffusion length parameter:15,22,23) when the particle diameter
is less than the critical diffusion length, the stress concen-
tration due to the particle can be relaxed by diffusion and no
cavities are formed. Because the second phases in the Mg-Ca
alloy are located at grain boundaries, the critical diffusion
length, �GB, can be given by22,23)

�GB ¼
2:9��DGB�

	dkT _""

� �1=2

ð6Þ

where � is the atomic volume, � is the grain boundary
thickness, DGB is the grain boundary diffusion coefficient, �
is the stress, 	 is the function of the total tensile strain
accommodated by grain boundary sliding (¼ 0:6),22) d is the
grain size, k is the Boltzmann constant, T is the absolute
temperature and _"" is the strain rate. From eq. (6), �GB under
the test condition at 573K is calculated to be 4 mm, which is
larger than the average second phase particle diameter
(¼ 1:2 mm) in the forged Mg-Ca alloy. Therefore, it is
suggested that most second phases induce no stress concen-
tration in the forged Mg-Ca alloy, resulting in a large
elongation of 284%.

5. Conclusions

Mechanical properties of Mg-Al-Zn-Ca alloy (Mg-Ca
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alloy) and Mg-Al-Zn alloy (Ca-free Mg alloy) were inves-
tigated by tension tests at ambient temperature and 573K.
The results are summarized as follows.
(1) The Mg-Ca alloy forged at 573K showed the high 0.2%

proof stress of 174MPa. The high 0.2% proof stress is
attributed not only to grain refinement by hot forging,
but also to the strengthening mechanisms related to the
thermal expansion coefficient difference and geomet-
rical incompatibility between the Mg matrix and the
second phases.

(2) The Ca addition decreased the elongation to failure,
forming insoluble second phase particles. However, the
decrease in elongation to failure by the Ca addition was
reduced for the forged specimens, compared with the
unforged specimens. This results from segmentation of
the second phases by the forging.

(3) The forged Mg-Ca alloy showed a large elongation of
284% at 573K because stress concentration at second
phase particles could be relaxed by diffusion.
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