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ABSTRACT

A comprehensive consideration based on castability or plastic formability, as well as mechanical properties for devel-
opment of either cast magnesium alloys or wrought magnesium alloys is a very important issue. To develop new mag-
nesium alloy sheets with high formability at room temperature, the microstructure, texture, ductility and anisotropy of
rolled Mg-Zn-Gd alloy sheets were investigated. The sheets exhibit an excellent ultimate elongation of nearly 50% and
an uniform elongation greater than 30% with a very low planar anisotropy. The new sheet has a random basal texture
and the basal pole is tilted by maximum 40° from the normal direction towards the transverse direction. The majority of
grains in the tilted texture have an orientation favorable for both basal slip and tensile twining because of their high
Schmid factor. The low planar anisotropy, the large uniform elongations and the high strain hardening rate observed in
the Mg-Zn-Gd sheets result in excellent room temperature formability, the Erichsen values reach ~8, well comparable
with the conventional aluminum alloys sheets at room temperature. The solidification pathways and phase equilibria of
Mg-Al-Ca alloys have been profoundly investigated by using thermal analysis and thermodynamic calculations. The
relationship between hot tearing tendency and alloy compositions were discussed in terms of strength of the mushy zone,
solidification pathways and feeding mechanisms, et al. Thixoforming refers to as that metal components are formed in
their semi-solid state. Criteria for thixoforming are summarized and then the thixoformability of Mg-Al-Ca based alloys
(AC alloys) are evaluated using the thermodynamic calculations based on the consideration of metallurgical parameters.

Keywords: Rolling Magnesium Alloy Sheets; Texture; Solidification Processing; Castabiltiy; Hot Tearing; Semisolid
Forming

1. Introduction elements [4,5]. Some papers have already reported the
excellent room temperature formability of Mg-Zn alloys
with dilute RE elements such as Ce, Y and Gd [6-9], and
the authors have suggested that the dilute addition of RE
elements induce not only a reduction in the intensity of
the basal plane texture, but also a spreading of basal
poles in the transverse direction (TD) [6-9], which lead
to the excel- lent room temperature formability. Thus it is
feasible to develop new magnesium sheets with high
formability at room temperature by addition of RE.
Mg-Al-Ca system alloys have been attracted many re-
searchers’ attentions due to their advantages, such as low
cost, low density, ignition proof improvement, and most
importantly, their excellent creep resistance and superior
mechanical properties at elevated temperature [10,11].
Many efforts have been focused on the creep rupture and

Improving fuel efficiency and reducing emissions of ve-
hicles can be achieved through lightweight construction.
Magnesium and its alloys, as the lightest structural me-
tals, offer a remarkable potential in this regard. However,
their wide use is still restricted by their limited formabi-
lity and castability.

The commercial magnesium sheets usually have poor
ductility and strong anisotropy at room temperature [1],
which limit their further forming and industrial applica-
tions. For example, the currently available AZ31 alloy
sheets often exhibit low press and drawing formability at
near room temperature, which have been attributed to a
pronounced basal texture [2,3]. To improve the formabi-
lity, it is desirable to develop magnesium sheets with

weak basal texture and low anisotropy as well as excel- . i
lent ductility at room temperature. The most notable way ~ mechanical behavior of Mg-Al-Ca alloy at elevated tem-

of modifying the texture of wrought magnesium products ~ Perature [12,13]. However, these alloys are not free of

is by the addition of certain alloying Rare Earth (RE) problems either. For instance, it is reported that cast mag-
nesium alloys containing Ca addition in excess of 1 wt%
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are known to be prone to hot tearing, sticking to dies
and increasing microporosity level [10,14].

In the present research, we report the texture, ductility,
strain-hardening behavior, and stretch formability of rolled
Mg-Zn-Gd alloys sheets at room temperature. High room-
temperature ductility and easy formability in these alloy
sheets will be presented. Then, a quite systematical in-
vestigation on the solidification pathway, castability and
hot tearing susceptibility of Mg-Al-Ca alloys will be eva-
luated and discussed. In addition, the semi-solid forma-
bility of Mg-Al-Ca alloys at Mg-rich corner is predicted
by thermodynamic calculation, which will provide some
guide for future alloy composition design for semisolid
forming.

2. Experimental Procedures

The alloy denoted as ZG11, ZG21, GZ21, and GZ31 were
examined in the present study. The chemical composi-
tions were Mg-1.20Zn-0.79Gd, Mg-2.26Zn-0.74Gd, Mg-
1.68Gd-1.11Zn, and Mg-2.74Gd-1.06Zn (wt%), respec-
tively. They were prepared with pure Mg (99.9%), Zn
(99.9%) and Gd (99.5%) by melting under the protection
of a mixed SFy (1 vol%) and CO; (99 vol%) atmosphere.
Ingots with a dimension of 75 mm x 200 mm % 200 mm
were prepared by pouring the melt into a preheated steel
mold. They were homogenized at 500°C for 10 h, then
quenched in water, and subsequently machined to slabs
with a dimension of 200 mm x 70 mm x 20 mm. The
slabs were rolled to sheets at 430°C with a final thickness
of 3 mm. The rolling process started with an initial re-
duction of ~10% and the final reduction was ~30% re-
sulting in a total reduction of 85%. After each pass, the
rolling specimens were reheated to 430°C and held for 20
min to maintain a consistent rolling temperature. The
rolled sheets were annealed at 400°C for 1 h after the last
rolling pass. For comparison, AZ31 (Mg-3Al-1Zn-0.2Mn,
by wt%) was selected as the counterpart since it was a
popular magnesium alloy for rolled sheets products. The
cast ingot of the AZ31 magnesium alloy was machined to
a slab with a thickness of 20 mm, and was also processed
identically to the rolled Mg-Gd-Zn alloys. Hereafter, RD,
TD and ND denote the rolling, transverse and normal
directions of the sheets, respectively.

For microstructure observations, samples were cut from
the rolled sheets and etched in acetic picric (25 ml etha-
nol + 2 g picric acid + 5 ml acetic acid + 5 ml water).
The grain sizes (L) were determined by analyzing the
optical micrographs with a line-intercept method (d =
1.74 L). The phases were analyzed with a scanning elec-
tron microscope (SEM, Philips XL30 ESEM-FEG/EDAX)
equipped with an energy-dispersive X-ray (EDX) spec-
troscopy analysis system. Texture analysis of the rolled
samples in RD-TD plane was performed using the Schu-
1tz reflection method by X-ray diffraction. Calculated

Copyright © 2012 SciRes.

pole figures were obtained with the DIFFRACplus TEX-
EVALI software, using the measured incomplete {0002},
{10—-10} and {10—11} pole figures.

The tensile tests were carried out at the angles of 0°
(RD), 45° and 90° (TD) between the tensile direction and
the RD at room temperature with an initial strain rate of 1
x 107 s, The true plastic strains along the plate width
(ew), thickness (&) and length directions (gf), respec-
tively, were measured on the specimens deformed at a
plastic strain of 8%. From these results the Lankford va-
lues (r-value) were calculated using the equation r = &,/g,
=—g,/(e + &y).

Circular blanks with a diameter of 60 mm and a thick-
ness of 1 mm was machined from the specimens of rolled
GZ21 and GZ31 sheets. Erichsen tests using a hemisphe-
rical punch with a diameter of 20 mm were carried out at
room temperature to investigate the stretch formability of
the specimens, and the Erichsen value (IE), which was
the punch stroke at fracture initiation, was measured. The
punch speed and blank-holder force were 5 mm/min and
10 kN, respectively. Graphite grease was used as a lubri-
cant during the punch process.

Two series of alloys based on AZ91 alloy and AMS50
alloys with different level of Ca addition (AZ91 with 1%
and 2% Ca, named as AZX91x, and AMS50 with 1%, 2%
and 3% Ca, named as AMXS50x alloys.) have been pre-
pared in mild steel crucible with electrical resistance fur-
nace. Samples for thermal analysis were cut from the
same position of the cast ingots and machined into cyl-
inders of 25 mm in diameter and 50 mm in length. The
samples were remelted in a steel crucible in an electrical
resistance furnace, then two shielded K-type thermo-
couples were immersed from the top of the crucible that
was insulated from the top and the bottom. One thermo-
couple was placed at the center of the crucible (7;) and
the other close to the inner wall (7},) at exactly the same
depth in the melt (25 mm from the bottom). After hold-
ing 10 min at 720°C, the crucible together with the two
thermocouples were removed from the furnace and al-
lowed cooling in air with a cooling rate of about 1 K/sec.
The temperature changes were continuously recorded
during the solidification process by using a high-speed
data acquisition system linked to the computer. Samples
for microstructural analysis were taken from the regions
near the thermocouple tip after complete solidification.
Observations of the microstructure were conducted on a
Philips XL30 ESEM-FEG/EDAX scanning electron mi-
croscope (SEM). The compositions of the Ca-containing
phases were analyzed by EDAX, and the reported values
are the average of 10 measurements for each sample.

For AZX911 and AZX912 alloy, some as-cast ingots
were hot extruded at 400°C with a reduction ratio of 9:1.
The extruded billets (15 mm diameter and 20 mm height)
were then heated up to semisolid state (515°C and 530°C)
for compression experiments in a hydraulic MTS ma-
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chine. Specimens were isothermally held for 5 minutes
before compression.

Thermodynamic calculations have been performed at
the Mg-rich corner in the Mg-Al-Ca system using the
Thermo-Calc software [15] by inputting thermodynamic
data developed by Zhong Yu [16].

3. Results and Discussion
3.1. On the Rolled Mg-Zn-RE Alloy Sheets

3.1.1. Microstructure and Texture

The microstructures of the ZG11, ZG21, GZ21 and GZ31
rolled sheet, in the RD-TD plane are shown in Figure 1.
All of them have equiaxed grain structures, with a few
twins for GZ21 and GZ31 alloys. The average grain sizes
are ~16 pm for ZG11 and GZ21, and ~12 pm for ZG21
and GZ31, respectively.

Figure 2 is the SEM images of the GZ31 sheet and
corresponding EDX analysis results. In the high magni-
fication of SEM images, there are many fine particles
smaller than 2 pum and some larger particles ~10 pum
(Figure 2(a)), which are homogeneously distributed in
the matrix. A similar phase distribution is also observed
in other Mg-Zn-Gd sheets. Studies by Yong Liu, et al.
have shown that alloys with the Zn/Gd ratio (at.%) in the
range of 0.25 - 1 consist of a-Mg, w-phase and an un-
known phase [17], and the w-phase is a ternary MgZnGd
compound with the fcc structure [18]. The phase con-
stituents of the present four Mg-Zn-Gd alloys sheets by

XRD analysis are shown in Figure 3. It is indicated that
these hot-rolled alloys mainly consist of a-Mg solid solu-
tion, Mg;Gd,Zn; (w-phase) and GdMgs compounds. The
larger particles are identified as GdMgs according to re-
sults of the EDX analysis, as indicated by arrows A and
B in Figure 2(a).

The (0002) plane pole figures of the rolled Mg-Zn-Gd
and AZ31 alloys sheets are summarized in Figure 4 and
reveal that the (0002) plane texture intensity of the Mg-
Zn-Gd alloys sheets are far lower than that of the rolled
AZ31. The maximum intensity (~2) of the Mg-Zn-Gd
sheets is only a quarter of that of AZ31 sheet, which in-
dicates that the addition of Gd effectively weaken the
basal texture intensity. The same trend has been observed
in other Mg alloys containing RE elements [19-21].
Meanwhile, the pole figures of GZ21 and GZ31 alloys
sheets show a non-basal texture with basal poles tilting
about 30° from the normal direction towards RD and TD.
And the peak intensity tilting towards TD is a little
higher than that tilting to RD. The AZ31 sheet, on the
other hand, shows a typical basal texture. In addition, the
orientation distribution is wider in TD than in RD in the
present Mg-Zn-Gd alloys sheets, while it is usually wider
in RD in hot-rolled AZ31 sheet [22].

3.1.2. Room-Temperature Mechanical Properties and
Formability

The tensile stress-strain curves of the Mg-Zn-Gd sheets

are shown in Figure 5. To compare with those of the

Figure 1. Microstructures of the Mg-Zn-Gd rolled sheets (a) ZG11; (b) ZG21; (¢) GZ21 and (d) GZ31.

Copyright © 2012 SciRes.
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Figure 2. SEM images ((a) and (b)) of the GZ31 sheet and corresponding energy dispersive X-ray spectra of points A and B

indicated in the image (a).
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Figure 3. X-ray diffraction patterns of the rolled Mg-Zn-Gd sheets: (a) ZG11 and ZG21; (b) GZ21 and GZ31.

AZ31 alloy, the rolled AZ31 sheets were also tested (ten-
sion and compression) along the rolling direction in this
study. The strain-stress curves were plotted in Figure
5(a). The tensile curves of the Mg-Zn-Gd samples dis-
play an abrupt yielding followed by a low hardening rate
plateau. After that, a remarkable linear hardening at a
plastic strain of roughly 3% is observed. It can be seen
from Figure 5 that this is similar to the compression

Copyright © 2012 SciRes.

curves of the AZ31 sheet along the rolling direction, which
was ascribed to a twining-dominated deformation [18].
However, the tensile flow curves of the AZ31 samples
along the rolling direction exhibited a typical parabolic
hardening behavior due to a slip-dominated deformation
[20]. The tensile properties of the Mg-Zn-Gd and AZ31
sheets are summarized in Table 1. It can be seen that the
ultimate elongations of the Mg-Zn-Gd sheets vary from
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Figure 4. SEM images ((a) and (b)) of the GZ31 sheet and corresponding energy dispersive X-ray spectra of points A and B
indicated in the image (a).
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Figure 5. Typical tensile stress-strain curves of (a) the rolled ZG11 and ZG21 sheets in the tensile directions of RD, and (b)

the rolled ZG31 sheet in the tensile directions of RD, 45° and TD.

Table 1. Room-temperature tensile properties of the rolled Mg-Zn-Gd sheets.

Alloy Grain size (um) Orientation TYS (MPa) UTS (MPa) Elongation-to-failure (%)
RD 188.9 232.7 27.2
ZG21 12 45° 163.8 248.7 36.4
TD 123.5 230.4 35.2
RD 129.9 2334 40.3
GZ21 16 45° 113.8 221.2 445
TD 110.1 2184 44.6
RD 130.6 220.0 40.3
GZ31 12 45° 121.0 220.3 473
TD 118.0 220.9 45.1
RD 185 259 23
AZ31 [23] 8 45° 188 262 23
TD 201 262 21

Copyright © 2012 SciRes.
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28% to 47% while that of the AZ31 alloy is no more than
23%. It should be noted that the elongation is greater
along the TD than along the RD and the yield strength is
reverse in these alloys. This is completely opposite to
that of rolled AZ31 sheets [20].

It is known that the press formability of sheets at room
temperature is strongly influenced by the Lankford value
(r-value). The r-values for Mg-Zn-Gd alloys sheets were
investigated by conducting tensile tests and the results
are summarized in Table 2, where the data of the rolled
AZ31 sheets are also listed for comparison [24]. The
average r-value (7 ) and the planar anisotropy of the 7-
value (Ar) are expressed as [18]

7:1/4|rRD +7 +2r45| (1)

The average r-values of the Mg-Gd-Zn alloys (7 =
~1) are much lower than that of the rolled AZ31 sheets
[24]. The low r-value less than unity indicate that sheet
thinning can easily occur during in-plane tensile defor-
mation. Moreover, the r-value of rolled AZ31 sheets
along different directions varied greatly, which would
restrict the stretching capability [24]. In contrast, the
r-values of the Mg-Gd-Zn sheets along different direc-
tions are close to 1.

The results of the Erichsen tests at room temperature
are shown in Figures 6(a) and (b). The tensile elongation
and stretch formability balance in the GZ21 and GZ31
sheets is shown in Figure 6(c), and the data for typical
commercial Mg alloy and Al alloys are also included for
comparison [25-28]. The Erichsen values of GZ31 alloy
were a little larger than that of GZ21 alloy, which is con-
sistent with the ductile results of uniaxial tensile test.
However, the Erichsen values are only 2.6 and 4.1 at
room temperature and 433 K for normally rolled AZ31
Mg alloy sheets with a grain size of 16 pm [25], and the
Erichsen values at room temperature are also only ~4.0
for the Mg-Ce alloy and differential speed rolling pro-
cessed AZ31 Mg alloy sheets with a modified and weak-
ened basal texture [25,28]. Comparatively speaking, the
Mg-Zn-Gd alloys exhibited excellent stretch formability
(IE ~8), which is a match for that of 5000 and 6000 se-
ries Al alloy, of which are about 9 - 10 [26,27] and much
better than that of AZ31 Mg alloy sheets.

3.2. On the Castability and Semi-Solid
Formability of Mg-Al-Ca Alloys

3.2.1. Solidification Pathway of Mg-Al-Ca Alloys

The solidification pathways of Mg-Al-Ca alloys have
been investigated by cooling curve thermal analysis. Fig-
ure 7 shows a typical cooling curve and its first deriva-
tive curve which are used to determine some critical po-
ints during solidification. The results show that the Ca-
containing phase formation mainly depends on Ca con-
tent and Ca/Al ratio. With increasing the Ca/Al ratio

Copyright © 2012 SciRes.

Table 2. Planar and in-plane anisotropy of the Mg-Gd-Zn
sheets.

Alloy 7RD Fas° rp r
ZG11 0.9 0.9 1.0 0.96
7G21 1.1 1.3 0.8 1.0
GZ21 0.8 0.6 0.8 0.75
GZ31 0.8 1 0.6 0.8
AZ31 [24] 2.2 3 4 3.1
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Figure 6. Specimens of the rolled Mg-Zn-Gd alloys after the
Erichsen tests at room temperature: (a) GZ21, (b) GZ31,
and relationships between tensile elongation (Elongation-to-
failure) and stretch formability (Erichsen value) in the pre-
sent alloys; the data for typical commercial Mg alloy and Al
alloys are also included for comparison.
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Figure 7. A typical cooling curve and its first derivative cur-
ve to determine the critical points during solidification. 1.
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these phases transform from Al,Ca to (Mg, Al),Ca and
Mg,Ca. Moreover, Ca addition decreases the liquidus
temperature of Mg-Al alloys, but influences the solidus
temperature in a more complex way. The experimentally
determined vertical sections of AZX91x and AMX50x
system are shown in Figure 8, which show clearly the
liquidus, solidus temperature and secondary phase forma-
tion association with the calcium content during solidifi-
cation.

3.2.2. Dendrite Coherency Point

The dendrite coherency point (DCP) defined for both a
certain fraction solid fpcp and a certain temperature 7Tpcp
corresponds to the point of impingement of the dendrites
where strength of the mush begins to develop [29]. The
formation of microstructure and casting defects in die
castings and permanent mold castings, such as dendrite
size and morphology, hot tearing and porosity is
suggested to be strongly dependent on dendrite cohe-
rency of the alloy which in turn depends on alloy com-
position and solidification conditions. Therefore, the know-
ledge of DCP is essential to eliminate hot tearing and to
understand microstructure formation during semi-solid
forming and conventional casting processes. Two-ther-
mocouple thermal analysis method was applied to deter-
mine the dendrite coherency point in the present research
[30]. The variation of the solid fraction corresponding to
dendrite coherency (fpcp) as a function of Ca concen-
tration is plotted in Figure 9. The fpcp value varies from
18 to 50 pct, and it decreases with increasing Ca addition
in both series of alloys.

3.2.3. Deformation Behavior in the Semi-Solid State
The deformation behavior of alloys in the semi-solid
state have been widely investigated due to their guidance
to semi-solid metal processing and offering better under-
standing on the formation of hot tear. We carried out the
compress test of AZX911 and AZX912 alloy at 515°C
and 530°C, which are in the mushy zone (i.e. the tem-
perature between dendrite coherency point and solidus
temperature) of these two alloys. Figure 10 shows that
AZX912 alloy exhibits much higher peak stress than
AZXO911 alloy both at 515°C and 530°C, even though at
530°C, the solid fraction in AZX911 alloy is higher than
that in AZX912 alloy.

The stress-based criteria are widely used to evaluate
the hot tearing susceptibility of an alloy [31]. These cri-
teria are based on the viewpoint that a semisolid body
will fracture if the applied or induced stress exceeds the
strength of the body. According to these criteria, the
alloys having higher strength in the semi-solid state
should present lower hot tearing susceptibility. In con-
trast to the stress-based criteria, it is reported that the
introduction of Ca addition could increase the hot tearing

Copyright © 2012 SciRes.
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susceptibility of AZ91 [14] and AMS50 [10], but when the
Ca level was higher than 2 wt% in AM50, the problem of
hot tearing significantly reduced [10]. Based on the feed-
ing mechanisms for casting proposed by Campbell [30]
and recently developed by Dahle et al. [32], lower fpcp
value means that mass feeding finishes and interdendrite
feeding starts to dominate at a higher liquid fraction.
Therefore, we proposed that the formation of Al,Ca be-
tween the DCP and solidus temperature may block the
liquid feeding at the last stage of solidification, thus pro-
duce hot tears.

3.2.4. Thermodynamic Prediction of Semi-Solid
Formability of Mg-Al-Ca Alloys

To overcome the hot crack problem of Mg-Al-Ca alloys in
traditional casting process like diecasting, semi-solid metal
(SSM) processing is an alternative. Thermo- dynamic
calculation provides us with a useful tool for alloy
composition selection for semi-solid forming. A two-stage
thermodynamic model [33] was applied to simulate the
solidification of Mg-Al-Ca alloys during SSM processing.
The two-stage thermodynamic model assumes that the
magnesium alloy slurry should be in the equilibrium state
at the barrel before injection, and solidify according to
the Scheil equation after being injected into the mold. As
SSM processing of magnesium alloys is often performed
at relatively high liquid fraction, i.e. relatively high tem-
perature, combining the intensive shearing before injec-
tion in thixomolding or/and rheodiecasting, the slurry
tends to reach equilibrium. After being injected into the
mold, the material cools with a high solidification rate,
thus the Scheil equation solidification assumption is also
acceptable.

Based on the two-stage thermodynamic model, several
parameters, such as Temperature sensitivity of liquid
fraction (dfi/d7), Solidification range (7sss), The highest
“knee” referred to as the point occurring between 30%
and 50% liquid on the liquid fraction vs. temperature curve,
have been chosen to evaluate the SSM processability of
Mg-Al-Ca alloys. Figure 11 shows the potential alloy
compositions selected for SSM processing based on two
stage thermodynamic calculations in the Mg-rich corner
of the Mg-Al-Ca systems. It can be seen that the alloys
with composition located inside the dot line satisfy not
only the “knee” rule, but also the other two criteria, and
thus have potential for semi-solid forming.

4. Conclusions

1) The rolled Mg-Zn-Gd alloys have fine recrystallized
microstructures with a large amount of tiny particles ho-
mogeneously distributed in the matrix.

2) The Mg-Zn-Gd sheets have an oval-shaped distri-
bution of basal poles at angles of about 30° to normal
direction (ND) of the sheets, and it seems that the basal

Copyright © 2012 SciRes.
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Figure 11. Promising alloy compositions selected for SSM
processing (at fi, = 0.7) based on the two-stage thermody-
namic calculations. Yy satisfying df;/dT -0z < 0.015, &
satisfying 10 °C < ATgss < 150 °C, m satisfying the “Knee”
rule.

texture intensity is effectively weakened by addition of
Gd.

3) The sheets exhibit a large elongation-to-failure
(nearly 50%), uniform elongation (larger than 30%) and
a high Erichsen values (nearly 8) at room temperature,
due to the excellent strain hardening capability and low r
value.

4) The solidification pathways of Mg-Al-Ca alloys are
obtained. The liquidus temperature decreases with in-
creasing Ca content, while the solidus temperature and
secondary phases formation are greatly affected by Ca
content and Ca/Al ratio.

5) The hot tearing susceptibility of Mg-Al-Ca alloys is
associated with the formation of Al,Ca phases after den-
drite coherency point.

6) Thermodynamic calculation is a useful tool to eva-
luate the semisolid formability of alloys. A potential al-
loy composition range of Mg-Al-Ca alloys amenable to
semisolid forming is predicted.
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