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Abstract: The effect of calcium (Ca) additions on microstructure, texture and mechanical properties of Mg-4Zn alloy was

investigated. The as-cast alloys consisted of a-Mg dendrites and MgZn phase, and Ca addition also caused the formation of

ternary Ca,MgeZn; phase. Results show that Ca element significantly refines the grain size of extruded sheet and weakens the

strong basal textures. Along the transverse direction (TD) of the sheet, Mg-4Zn-0.3Ca alloy exhibits an ultimate tensile
strength (UTS) of 260 MPa and a tensile yield strength (TYS) of 163 MPa. Moreover, the elongation to failure of Ca

containing alloy increases up to 24% compared to that of 19% for Mg-4Zn alloy. The recrystallization mechanism and texture

evolution of the alloy were analyzed. In addition, the strengthening and toughening mechanism, including the anisotropy of

mechanical characteristics, both were studied.
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Mg-Zn series alloy is one of the most widely used
wrought magnesium alloys because of its combination of
lightweight with high specific strength and low cost. How-
ever, currently the application of Mg-Zn binary alloy is
limited by the large crystallization temperature interval and
the bad liquidity. What’s more, zinc easily leads to micro-
porosity and hot cracking tendency!'!. Therefore, it is nec-
essary to add other elements into the Mg-Zn alloy to im-
prove the microstructure and properties!”’.

Among the various ways that has been tried to improve
the formability of magnesium alloys by modifying their
structure, the addition of rare-earth (RE) alloy elements,
such as Y, Ce, La, Nd was investigated[3'7]. Although the
effect of rare-earth (RE) elements on improving the micro-
structure and properties of magnesium alloy is quite re-
markable, the distinct disadvantage of RE elements is the
high cost. Therefore, it is necessary to research other re-
placeable alloying elements which have similar effects on
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microstructure and mechanical properties compared to RE
elements®'’!. Ca belongs to alkali earth metals, whose den-
sity (about 1550 kg/m’) is close to that of magnesium and
whose price is low. In addition, many studies show that, Ca
has many similar characteristics to rare earth elements, such
as effectively refining the grain size, modifying the corro-
sion resistance of Mg alloys due to the formation of an ox-
ide layer, weakening the basal texture, enhancing high
temperature stability!'' "', Besides, both Ca and Zn can be
well metabolized by the human body. Therefore, the
Mg-Zn-Ca series alloy has great potential in biomedical
applications!'”!
motivated increasing interest. But, Zn content exceeding 4.0
wt% causes coarsening of the microstructure of Mg-Zn-Ca

. Recently, Ca containing series alloy has

series alloy, which is unbeneficial to the comprehensive
mechanical properties'''. And addition of even a small
amount of Ca 0.3 wt%~0.4 wt% to Mg-Zn alloys results in
significant grain refinement'"”’. Although the addition of Ca
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element is quite remarkable to improve the comprehensive
mechanical properties of Mg-Zn alloys, many aspects, such
as texture modification, the strengthening and toughening
mechanism, and the anisotropy of Mg-Zn-Ca alloys, were
not studied systematically!"® '").

Based on the existing researches, this work studied the
influence of Ca element on the microstructure, mechanical
properties and anisotropy of Mg-4Zn alloys. The recrystal-
lization mechanism and texture evolution were discussed.

1 Experiment

Two alloys with nominal chemical composition of
Mg-4Zn and Mg-4Zn-0.3Ca (wt%) were studied in this
work. Alloys were melted in an induction heated iron cru-
cible and protected by a gas mixture consisting of CO,
(99.99 vol%) and SF¢ (1 vol%). Mg-20Ca (wt%) master al-
loy, pure Mg (99.85 wt%), Zn (99.90 wt%) were used in the
present work. Melted alloys were kept for about 15 min at
720 °C to ensure that all alloying elements dissolved in the
melt. Subsequently melted alloys were poured into a
stainless steel mold.

Afterwards, the as-cast ingots were homogenized at 300
°C for 5 h and 400 °C for 16 h followed by water quenching
(25 °C). The extrusion process was carried out XJ-500
Horizontal Extrusion Machine with 500 t, and these ho-
mogenized ingots were extruded at 400 °C under an extru-
sion ratio of 25:1 and a die-exit speed of 1.7 X107 m/s.
Samples machined from the cast ingot and extrusion plate
were etched in a picric acid solution containing 1.0 g picri-
cacid, 20 mL ethanol, 2 mL acetic acid, and 2 mL distilled
water. Then, the microstructures of the as-cast and
as-extruded alloys were examined in a ZEISS NEOPHOT
30 optical microscope (OM). Preliminary examination of
phases in the as-cast alloys was done by a Rigaku
D/MAX-2500PC X-ray diffractometer (XRD). The detailed
studies of distribution and types of phases were done by a
TESCAN VEGAIILMH scanning electron microscope
(SEM) an INCA Energy 350 en-
ergy-dispersive X-ray spectrometry system (EDS). Texture

equipped with

measurement of the extrusion plate was performed by XRD.
The tensile tests were carried out at room temperature by a
SANSIU CMT-5105 instrument at a strain rate of 1.0x10° s~
The tensile yield strength (YS), ultimate tensile strength
(UTS) and elongation to fracture (FE) are the average val-
ues of three individual repeated tests at least. Thus, bone
like tensile specimens having a gage length of 45 mm and
gage width of 10 mm were taken from three orientations:
0=0°,45°,90° as shown in Fig.1.

2 Results and Discussion

2.1 Microstructure
The XRD patterns of as-cast Mg-4Zn and Mg-4Zn-0.3Ca
alloys, as shown in Fig.2, indicate that two samples are
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Fig.1 Schematic diagram of Mg-Zn-Ca alloy sheets sampling
sites for stretched specimen (ND: normal direction, ED:

extruded direction, TD: transverse direction)

mainly composed of a-Mg matrix and a few second phases
MgZn, while the second phase Ca,Mg¢Zn; is only detected
in Mg-4Zn-0.3Ca alloy. Optical micrographs and SEM im-
ages of as-cast Mg-4Zn and Mg-4Zn-0.3Ca alloys are illus-
trated in Fig.3. It can be observed that two as-cast alloys
both exhibit a large grain size, and many irregular granular
second phases are located in grains or grain boundaries.
After the addition of Ca element, the number of the second
phase increases and the second phases located at the grain
boundaries gradually become a continuous network struc-
ture. Magnified SEM images of as-cast Mg-4Zn and
Mg-47Zn-0.3Ca alloys are shown in the right corner (Fig.3c
and 3d). It can be seen that the second phases in both alloys
exhibit two morphologies: spherical and irregular bulk.
EDS and XRD analyses reveal that these second phases in
Mg-4Zn alloy are MgZn, but in Mg-4Zn-0.3Ca alloy, they
are Ca,Mg¢Zn; and MgZn.

As shown in Fig.4, after homogenization, the second
phase in Mg-4Zn alloy mainly dissolves into magnesium
matrix, leaving only a few second phase particles with a
size of 5~20 um. But in Ca-containing alloy, only part of
the second phase dissolves into the magnesium matrix after
the homogenization treatment, and some second phase with
a mean particle size of 6~44 um remains.

The microstructures of as-extruded Mg-4Zn and
Mg-4Zn-0.3Ca alloys are shown in Fig.5. It can be observed
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Fig.2 XRD patterns of as-cast Mg-4Zn and Mg-4Zn-0.3Ca alloys
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Fig.3 OM (a, b) and SEM (c, d) images of as-cast Mg-4Zn (a, ¢) and Mg-4Zn-0.3Ca (b, d) alloys
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Fig.4 SEM images of as-homogenized Mg-4Zn (a) and Mg-4Zn-0.3Ca (b) alloys

Fig.5 OM images of as-extruded Mg-4Zn (a) and Mg-4Zn-0.3Ca (b) alloy sheets
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that the grain size of two alloys decreases significantly after
extrusion, and the grains are relatively homogeneous. This
shows that fully dynamic recrystallization occurs during the
hot extrusion process. However, some large grains still exist
in both alloys, which is probably due to the higher extrusion
temperature (400 °C) resulting in the growth of partially
recrystallized grains. Meanwhile, it is also found that in the
as-extruded sheets, there are some little precipitate particles
which can prevent dynamic recovery and dynamic recrys-
tallization'”. These small amounts of fine precipitates act
as pinning points to the grain boundaries, effectively pre-
venting the boundaries migration and the growth of recrys-
tallized grains, and finally refining the grains. Table 1
summarizes the grain size of as-extruded of two alloys. The
average grain size of as-extruded Mg-4Zn-0.3Ca alloy is
obviously smaller than that of Mg-4Zn alloy, which show
that the grain size of extruded alloy is obviously refined af-
ter adding Ca.

Dynamic recrystallization (DRX) always occurs during
the thermal deformation. The typical mechanisms of dy-
namic recrystallization of magnesium alloys includes: (a)
strain-induced boundary migration (SIBM); (b) continuous
dynamic recrystallization (CDRX); (c¢) discontinuous dy-
namic recrystallization (DDRX) and so on. Parti-
cle-stimulated nucleation (PSN) is one of important nuclea-
tion mechanism of magnesium alloy in DRX process. The
influence of large particles on increasing recrystallization
fraction via the mechanism of PSN is well known. During
the hot-extrusion deformation, deformation zones are
formed around the large (>1 um diameter) and brittle sec-
ond-phase particles. Dynamic response occurs in these de-
formation zones, resulting in the formation of a large num-
ber of sub-boundaries. As the deformation proceeds, the
thermal activation energy increases continuously, and the
sub-boundaries expand continuously, and then transform
into high angle grain boundaries (HAGBs) when the dif-
ference in orientation accumulates to a sufficient degree!*".
Afterwards, a new grain nucleus is produced, which grows
into a recrystallized grain. An important feature of
PSN-nucleated grains is that their orientations are different
from those formed by other recrystallization mechanisms.
Because of this, PSN can also improve the texture of the
alloy””’. As shown in Fig.4, part of the second phase of the
Mg-47Zn-0.3Ca alloy is dissolved into the magnesium ma-
trix after the homogenization treatment, but with a mean
particle size larger than the critical particle size (1 um) of
PSN remains. The Ca-containing alloy used in this study

Table 1 Grain size of as-extruded Mg-Zn-Ca alloys

Alloy Grain size/pum

Mg-4Zn 24
Mg-4Zn-0.3Ca 12

contains coarse particles which can provide the PSN sites to
produce more grain nucleus, so the PSN mechanism effect
in Mg-4Zn-0.3Ca alloy is remarkable. After homogeniza-
tion, the second phase of Mg-4Zn alloy is mainly dissolved
into the magnesium matrix, leaving only few second phase
particles with a size of 5~20 um. However, the conditions
of PSN mechanism include not only the critical particle size,
but also the critical strain levels. During hot extrusion, the
second phase MgZn which owns a low melting point and
poor thermal stability, precipitates in Mg-4Zn alloy. It can-
not accumulate enough strain around the second phase dur-
ing deformation, so the PSN mechanism effect in Mg-4Zn
alloy is not as significant as that in Mg-4Zn-0.3Ca alloy.

2.2 Texture

The texture data are examined in the form of pole figures,
and the typical textures of two alloys are shown in Fig.6. In
two cases, the pole density is tilted away from the sheet
normal direction (ND) toward to the ED by a certain angle,
and with the addition of 0.3 wt% Ca element, the basal
texture of Mg-4Zn alloy effectively weakens from 15.9 to 6.7.
But the orientation of prismatic plane (1010) in two alloys is
relatively random. The main feature of the texture with the
Ca addition seems like the splitting of basal poles. As shown
in Fig.6b, Mg-4Zn-0.3Ca alloy has lower basal pole intensity
parallel to the sheet ND. The highest intensity pole is sepa-
rated into three points distributing along the ED direction.
Fig.7 shows the effect of Ca element on the grain orientation
in the extruded sheet. The basal plane (0001) of most grains
is parallel to the extruded surface which forms a strong basal
texture. The c-axis of few grains is offset by an angle a along
the ED direction in Mg-4Zn alloy. With the addition of Ca,
the c-axis of grains deflects more obviously along the ED di-
rection, > a, which make the grain orientation more random
and weaken the intensity of basal texture. This morphology is
similar to that of the wrought magnesium alloys containing
rare earths, such as Gd and Cel? !,

The previous results show that the texture improve-
ment caused by Ca seems to be the influence of Ca addi-
tion on dynamic recrystallization. Therefore, this para-
graph would like to discuss the mechanism of the texture
modification. From the foregoing analysis of the dy-
namic recrystallization of the extruded alloy, PSN is an
important nucleation mechanism of Mg-4Zn-0.3Ca alloy.
In addition, as shown in Fig.5, some submicron precipi-
tates are dispersed within the grains and boundaries,
which could effectively refine the recrystallized grains.
What's more, the random grain orientation is beneficial to
weakening the basal texture in the alloy, and then improving

24231 1t can be

the plastic deformation capacity of the alloy
seen that the effect of the PSN mechanism and precipita-
tion phase is an important reason for weakening of the

basal texture in these alloys.
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Fig.6 Pole figures of as-extruded Mg-4Zn (a) and Mg-4Zn-0.3Ca (b)
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Fig.7 Comparison of grain orientation between Mg-4Zn and
Mg-4Zn-0.3Ca

Except the PSN mechanism effect, from the above
experimental results of alloy microstructure, it can be
seen that a large amount of Zn and Ca elements in
Mg-4Zn-0.3Ca alloy are solid dissolved in the magne-
sium matrix after extrusion. It has been confirmed that
the solid solution alloy element may change the stacking
fault energy (SFE) which can influence the dynamical
recrystallization process and further influence the texture
of alloy®” ** %! However, the maximum solubility of Ca
in magnesium at room temperature is 0.2 wt%. In this
work, the content of Ca is only within 0.3 wt%. It can be
seen that the solid solubility of two alloying for texture
modification is not significant. Except the stacking fault
energy, the axial ratio (c/a) value also affects the dislo-

(27281 As shown in

cation slip and the texture evolution
Table 2, the c¢/a values of pure magnesium, Mg-4Zn and
Mg-4Zn-0.3Ca alloys are 1.6236, 1.6240 and 1.6218. It
is found that Ca could slightly reduce the axial ratio, so
the effect of c/a values on texture modification is not
remarkable. According to above analysis, the stacking
fault energy and c/a value are very essential physical
properties of magnesium alloy, which not only affect the
start of the basal plane slip but also influence the texture
indirectly, then improving the plastic deformation capac-
ity of magnesium alloy.

Table 2 c/a ratio of magnesium, Mg-4Zn and Mg-4Zn-0.3Ca

alloys
Material Mg Mg-4Zn Mg-4Zn-0.3Ca
¢/a ratio 1.6236 1.6240 1.6218

2.3 Mechanical properties

From Fig.8, it can be clearly observed that the highest
tensile yield strength (TYS) of two alloys is measured
along TD and the lowest along ED. Overall, the TYS of
Mg-4Zn-0.3Ca alloy in all directions is slightly higher
than that of Mg-4Zn alloy. It can be seen from Table 3
that with the addition of Ca, the ultimate tensile stress
(UTS) of Mg-4Zn alloy increases from 245 MPa to 260
MPa along TD direction and the rest direction also in-
creases to some extent. It is worth mentioning that the
addition of Ca results in a significant improvement in the
elongation of the alloy. The elongation to failure along
the ED of Mg-4Zn-0.3Ca alloy reaches to 27%, which is
5% higher than that of Mg-4Zn alloy. The elongation in
each direction is not much different, which indicates that
the anisotropy of alloy is not significant.

The anisotropy of magnesium alloy sheet has an im-
portant influence on secondary plastic forming. The
thickness anisotropic index of the plate r is different in
three directions, and the anisotropy of the plate could be

represented by Ar*%):

,o 8 _Inblby (1)
g Int/t,
1
AVZEVO—VQO—V“ @

where b, is the width of the sheet before stretching, b is
the width of the sheet after stretching, #, is the thickness
of the sheet before stretching, ¢ is the thickness of the
sheet after stretching. Larger r value shows that the
strain in the width direction is larger than thickness di-
rection when the material undergoes tensile deformation,
which means that the thickness of the material is difficult
to change. Larger Ar value indicates the anisotropy of the
sheet is more serious, the second deformation would
form lugs, which directly affect the quality of secondary
forming parts and the material utilization. Typical
stress-strain curves from tensile tests are shown in Fig.8
for ED, 45°, and TD. The curve intervals between three
directions both exist in two alloys, but the interval in the
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Fig.8 Anisotropy engineering stress-strain curves of as-extruded
Mg-47Zn (a) and Mg-4Zn-0.3Ca (b) alloy

Ca-containing alloy is smaller than that of Mg-4Zn alloy.
The anisotropy indices Ar-values of the two alloys in
Table 3 are 0.54 and 0.39, respectively, which shows that
the addition of Ca decreases the anisotropy of the Mg-Zn
alloy to some extent.

The mechanisms of strengthening in two alloys are
discussed in these paragraphs. Typical mechanisms of
strengthening in magnesium alloy include: grain refine-
ment reinforcing, dispersal reinforcing, solid-solution
strengthening, and texture strengthening etc. According
to Hall-Petch®" relationship:

o=aytkyd'"” (3)
Where oy is the yield strength (N/m?), o, is the friction
stress when dislocation glides on the slip plane (N/m?),
oy is the locking parameter representing grain boundaries
as an obstacle to slip (N/m*?), d is the average grain size.
Grain refinement could be an effective way for enhanc-
ing the strength of magnesium alloy. Moreover, the acti-
vation of twinning and slips is affected by microstructure,
temperature and strain rate. Compared with fcc and bece
metals, magnesium alloys has a complex deformation
behavior due to the hep structure®'!. Actually, the opera-
tion of twinning or dislocation slip is closely linked to
the value of critical resolved shear stresses (CRSS). The
basal <a> slip has the lowest CRSS at room temperature.

As long as the resolved shear stress reaches the CRSS,
the dislocation can be activated. But grain boundaries
(GBs) can block the movement of dislocation, and then
lead to the stress concentration at grain boundaries due to
the GBs effect™”>*!. The propagation of dislocation slip
from one grain to a neighbor grain relies on both the
stress concentration created by GBs effect and the ex-
ternally applied stress. The stress concentration aroused
by GBs in coarse grain is bigger than in small one, so
that the larger external stress is required in small grains
to activate the dislocation source in adjacent grains,
which improves the plastic deformation resistance. As
shown in Fig.5, the grain size is significantly refined af-
ter the addition of Ca element, corresponding mechanical
properties are improved, so the grain refining effect pro-
duced by Mg-4Zn-0.3Ca is more pronounced than that of
the Mg-4Zn alloy.

The solubility of Zn in magnesium is 6.2 wt%. It can
be seen from Fig.5 that less second phase precipitates in
the extruded sheet, so it is presumed that a mass of Zn
element is dissolved in the magnesium matrix resulting
in solid solution strengthening. In particular, Mg-4Zn
alloy has the strongest effect of solid solution strength-
ening. Because Mg-4Zn-0.3Ca alloy consumes part of Zn
involved in the formation of Ca,MgsZn; phase, the solid
solution strengthening effect is relatively weak. The solu-
bility of Ca in magnesium is only 0.82 wt% at 516.5 °C"’,
so the solid solution strengthening effect is not obvious
and is not considered here. It can be observed from Fig.5
that submicron precipitates are precipitated in both al-
loys dispersedly, but the amount of them is not enough to
arouse the dispersion strengthening, so the dispersion
strengthening effect is also limited.

Fig.6 shows that the basal texture of the Mg-4Zn alloy
is strong. Intense basal texture is beneficial to tensile
strength but harmful to ductility of the alloy, and the
crystalline orientation controls the difficulty degree of
plastic deformation. As observed from Fig.7, the basal
plan of most grain is parallel to extruded surface, which
shows a typical hard-orientation, only a few grains are
offset by an angle along the ED direction. With the addi-
tion of Ca, the spilt angle in Mg-4Zn-0.3Ca alloy is more
obvious than in Mg-4Zn, which makes the grain orienta-
tion more random and transfrom hard-orientation to
soft-orientation which is attributed to plastic deformation.
At room temperature, the main deformation mechanism
in magnesium alloy is (0001)<1120> which has two

B3 The more random grain

independent slip systems
orientation is beneficial to activation of the basal slip
(0001)<1120 >, so the plasticity of Mg-4Zn-0.3Ca alloy
is improved. Although the weakened texture is harmful to
tensile strength, the strengthening effect aroused by fine

crystal reinforcing is dominant. Thus, the Mg-4Zn-0.3Ca
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Table 3 Mechanical properties and anisotropy factor of Mg-Zn-Ca alloy sheets

Alloy Angle/(°) TYS/MPa UTS/MPa Elongation/% r Ar
0 117 240 22.8 1.52
Mg-4Zn 45 130 242 24 2.28 0.54
90 158 245 19 4.13
0 121 252 27 1.93
Mg-4Zn-0.3Ca 45 135 250 24.7 2.56 0.39
90 163 260 24 3.96
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Fig.9 SEM images of the fracture surfaces of as-extruded Mg-4Zn (a) and Mg-4Zn-0.3Ca (b) alloy

alloy exhibits favorable comprehensive mechanical
properties in the end.

The fracture surfaces of tensile specimens are shown
in Fig.9. There are some dimples and tear ridges in the
fracture surface of Mg-4Zn alloy (seen Fig.9a), which
shows the characteristics of plastic fracture. The number
of dimples in Mg-4Zn-0.3Ca alloy is more intensive with
fewer tear ridges (seen Fig.9b). So, the alloy exhibits
better tensile plasticity than Mg-4Zn. From the above
experimental results, the strengthening mechanism of
Mg-4Zn alloy mainly includes fine crystal reinforcing,
solid solution strengthening and texture strengthening.
Fine crystal reinforcing could be the main mechanism in
Mg-4Zn-0.3Ca alloy.

3 Conclusions

1) Two investigated alloys have revealed a-Mg matrix
with the second phases distributed in grains or grain
boundaries. The MgZn phase is identified as the main
intermetallic phase in Mg-4Zn and Mg-4Zn-0.3Ca alloys.
Apart from MgZn phase, Ca addition causes the forma-
tion of ternary Ca,MgeZn; phase.

2) The Ca-containing alloy contains coarse particles
Ca,Mg¢Zn; which can provide the PSN sites to produce
more grain nucleus and cause the grain refinement and tex-
ture improvement.

3) The addition of low content of Ca element strongly
weakens the texture intensity of Mg-4Zn alloy from 15.9
to 6.7. The as-extruded Mg-4Zn-0.3Ca sheet shows a
typical texture structure having a splitting of basal poles

toward the extruded direction.

4) With the addition of Ca element, tensile yield
strength increases from 158 to 163 MPa, ultimate tensile
strength increased from 245 to 260 MPa, and elongation
increases from 19% to 24% in transverse direction.
What’s more, the anisotropy of the plate defined by Ar
decreases from 0.54 to 0.39. The comprehensive me-
chanical properties of Mg-4Zn alloy are improved to
some extent.
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W OE. IR TN Mg-4Zn HEAR . SR IIETERI R . %3 Mg-4Zn & B a-Mg HIF1 MgZn A, Ca HIMAE LR T
CaMgeZn; —JGAH. SPRERW], Ca WFAMUH MM I SRR, S9HRM P . AT BOM BT 1, Mg-4Zn-0.3Ca & G0 i i i A2
163 MPa, I 2G4 FLIA R 260 MPa. J FL, INES )5 5 G M4 Mg-4Zn £ 8210 19%4¢ F 2] 24%. 7001 T 45 G (K5 45 mBLH
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