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Abstract: The effectiveness of Ca or Gd addition on ductility and formability of Mg—Zn—Zr based dilute alloys in deep drawing has not been
systematically compared previously. In this study, formable Mg—Zn—Gd—Zr and Mg—Zn—Ca—Zr sheet alloys are produced by hot rolling. These
sheets have similarly weakened basal texture, but the sheet of the Mg—Zn—Gd—Zr alloys has higher ductility and formability than that of
Mg—Zn—Ca—Zr alloys. The combined addition of 0.2wt% Ca and 0.4wt% Gd to the Mg—1Zn—0.5Zr (wt%) alloy leads to a Mg—1Zn—0.4Gd—
0.2Ca—0.5Zr alloy that has even better ductility, and its formability during deep drawing is comparable to the benchmark Al6016 sheet. An in-
crease in Ca content from 0.2wt% to 0.5wt% leads to decreased sheet ductility and formability, predominantly due to grain boundary embrittle-

ment.

Keywords: magnesium sheet alloy; texture; microstructure; formability; solute segregation

1. Introduction

Magnesium (Mg) and its alloys are the lightest metallic
structural material, and the development of high-perform-
ance Mg alloys has been stimulated by the requirement of
weight-saving in the automotive, aerospace, and communic-
ations industries [1-2]. Despite the significance of Mg alloys
as a class of engineering materials, the adoption of Mg rolling
sheets in industrial applications remains limited compared to
that achieved for Al sheets. Commercial Mg alloy AZ31
(Mg—3wt%Al-1wt%Zn) has inadequate formability and
ductility at near room temperatures [3—4]. The formability of
AZ31 sheet, indicated by bi-axial stretching (Erichsen) test, is
about 3—4 [5-6], whilst the formability of Al sheet alloys is
about 8-10 [7]. With respect to deep drawing, the drawabil-
ity at room temperature, represented by the limit drawing ra-
tio (LDR), is quite low for Mg sheet, e.g., about 1.3—1.7 for
AZ31 [8-9], whilst the LDR for Al, copper, and brass sheets
at room temperature are about 2.2-2.5 [10]. The poor form-
ability of Mg sheet is caused by an insufficient number of de-
formation modes that is caused by its hexagonal crystal struc-
ture and a strong crystallographic texture developed during
rolling [11].

In the past two decades, considerable effort has been made
to develop formable Mg alloy sheets via the texture weaken-
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ing approach. It was found that the strong crystallographic
texture, i.e., [0001]//ND (normal direction) of the rolled
sheet, can be weakened by the addition of Ca or RE (rare-
earth element) and in combination [12—13]. The combined
addition of Zn/Ca or Zn/RE causes an even weaker texture, in
which the major texture component is split and tilted toward
the transverse direction (TD), known as TD-split texture
[13-18]. Consequently, the commercial alloy ZEKI100
(Mg—1Zn—0.2Nd—-0.2Zr) has demonstrated a great improved
rollability and formability compared with conventional
Mg-Al-based sheet alloys [14,19], in which Zr is added to re-
fine grain size. Whilst numerous studies have reported the
texture weakening and the resultant improvement in ductility
and sketch formability in Mg—Zn—RE and Mg-Zn—Ca alloys
[13—18], systematic comparison of the ductility and formab-
ility, especially deep-drawability, of these Mg—Zn-base
sheets alloys, has not been reported yet. Hence, so far it is still
not clear if there is an optimum combination of alloying addi-
tions that gives rise to optimised formability.

To solve these issues, we investigated 7 alloys based on
the Mg—Zn—Gd—Zr and Mg—Zn—Ca(—Zr) systems. For con-
sistency, they were thermomechanically processed under
similar conditions. The alloying elements Zn, Gd, and Ca
were added in different combinations. As aforementioned,
Zn, Gd, and Ca were added to control the basal texture and
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achieve higher formability. Alloy compositions are listed in
Table 1. Whilst the Ca effect in Mg—Ca binary alloys has
been revealed in a previous study [20], the effect of Ca con-
tent on alloy formability in the Mg—Zn—Ca ternary system is
still unclear, but this can be revealed by comparing
Mg-1Zn-0.2Ca and Mg-1Zn—0.5Ca alloys. Whilst Zr was
known to refine the grain size, whether Zr addition will
change the sheet formability in the Mg—Zn—Ca system was
not clear. This can be illustrated by comparing the Mg—1Zn—
0.5Ca and Mg—1Zn—0.5Ca—0.5Zr alloy. The investigation of
Mg-1Zn—-0.5Ca—0.4Gd alloy is to show whether the addition
of Gd to Mg—Zn—Ca can further enhance alloy formability;
whilst the comparison between Mg—1Zn—0.4Gd-0.5Zr and

Mg—1Zn—0.5Ca—0.5Zr is to illustrate which element, Gd or
Ca, is more effective in enhancing alloy formability in the
Mg—Zn—Zr system, as both Gd and Ca are known to weaken
basal texture and increase formability. The addition of
0.2wt% Ca and 0.5wt% Ca to Mg—1Zn—0.4Gd-0.5Zr is to
verify whether dilute addition of Ca to Mg—Zn—Gd—Zr sys-
tem can affect alloy formability, and to address the role of Ca
content. In this study, Mg-3Al-1Zn-0.3Mn (AZ31) and
Al6016-T4 alloy sheets were the benchmarks. By comparing
sheet ductility and formability among the studied alloys and
with the benchmarks, the effect of each element on ductility
and formability is demonstrated in this work, and the optim-
um combination is revealed.

Table 1. Nominal and measured compositions of the alloys in the present study

Alloy system Nominal composition / wt% Measured composition / wt%

Mg-1Zn-0.2Ca Mg-0.98Zn—0.19Ca
Mg—1Zn—-0.5Ca Mg—0.95Zn—0.46Ca

Mg—Zn—Ca
Mg—1Zn-0.5Ca—0.5Zr Mg—1.03Zn-0.49Ca-0.29Zr
Mg-1Zn-0.5Ca-0.4Gd Mg-0.95Zn—0.46Ca—0.39Gd
Mg-1Zn-0.4Gd-0.5Zr Mg-1.00Zn-0.44Gd-0.43Zr

Mg—Zn-Gd Mg-1Zn-0.4Gd-0.2Ca-0.5Zr Mg—0.98Zn-0.44Gd-0.19Ca—0.49Zr
Mg-1Zn-0.4Gd-0.5Ca-0.5Zr Mg-1.01Zn-0.42Gd-0.47Ca—0.39Zr
Mg-3Al-1Zn—0.3Mn (AZ31) Mg-3.06A1-0.78Zn-0.45Mn

Benchmark

Al-1.28i-0.4Mg (A16016) —

2. Experimental

Alloys in Table 1 were cast at 760°C under an inert (ar-
gon) atmosphere with R134a gas, followed by 400°C homo-
genisation for 24 h. Homogenised alloys were hot-rolled
from 5 to 1 mm by 8 passes at 450°C, and annealed at 400°C
for 30 min. To measure the alloy composition, the samples
were digested in a mixture of hydrochloric acid and nitric
acid. These solutions were analysed using a Varian 730ES
optical emission spectrometer. Tensile test specimens were
prepared from annealed sheets along the rolling direction
(RD) with the gauge length of 10 mm and a width of 5 mm.
Surfaces of tensile specimens were metallographically pre-
pared using SiC paper prior to each test. Specimens of each
condition were tested twice, with tensile testing performed in
an Instron 4505 tensile test machine at room temperature,
with an initial strain rate of 0.001 s'. Sheet deep drawability
was measured using mini swift method [21-22]. The samples
were a set of round discs of diameters 9, 9.5, 10, 10.5, 11.5,
13.1, and 14.6 mm. These samples were punched from the
as-annealed sheets and ground to 0.5 mm in thickness. The
flat discs were placed on the die, which was installed in the
Instron 4505 mechanical testing machine as shown in Fig. 1.
Once the testing started, the flat disc would be deep drawn in-
to the die by a punch, whose diameter is 6 mm, in a constant
speed at 0.5 mm/min. Using the mini deep drawing test, the
LDR of each sheet alloy was determined. LDR is defined as
the ratio of the largest disc in diameter that could be drawn
without cracking to the punch diameter. A larger LDR value
represents the better formability of the alloy sheet.

Fig. 1. Photos showing (a) punch and die for deep-drawing
test and (b) punch just touching blank disc that was aligned
above die cavity without blank holder (for demonstration pur-

pose).

Scanning electron microscopy (SEM) and electron backs-
catter diffraction (EBSD) were used to observe the texture
and surface features, such as slip traces and cracks. The
samples for SEM and EBSD were metallographically pre-
pared using 4000-grit SiC papers, 50 nm-diameter silica sus-
pension, and ion polishing using Gatan precision etching and
coating system (PECS™). SEM and EBSD were performed
using a FEI Quanta 3D-FEG scanning electron microscope
equipped with a Pegasus Hikari EBSD detector. EBSD scan
was performed with an accelerating voltage of 25 kV and
beam current of 23 nA and at the step of 0.2 pm. High-angle
annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) and energy-dispersive X-ray spec-
troscopy (EDS) were performed in a FEI F20 transmission
electron microscope operating at 200 kV. The specimens for
STEM were 3 mm diameter discs, and they were mechanic-
ally thinned to 0.06 mm, and ion-polished using Gatan preci-
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sion ion polishing system (PIPS II™, voltage 4.8 kV and
angle 4°) at —60°C until a small hole formed in the specimen.

3. Results

Fig. 2 shows the microstructure and texture of the as-an-
nealed alloy sheets. The Mg—Zn—Ca(-Zr) and Mg—Zn-Gd-
Zr alloy sheets had equiaxed grains and weakened basal tex-
ture. The basal pole of samples was split and tilted toward the
TD. The texture intensities varied a little bit, in the range of
2.7-4.6 multiples of random distribution (mrd). In contrast,
the AZ31 sheet has a much stronger basal texture (8.8 mrd),
whose major (0001) texture pole was along ND. The
Mg-1Zn—0.2Ca alloy had the largest grain size of 37.5 um in
diameter, which was reduced to 23.9 um by increasing Ca
content from 0.2wt% to 0.5wt%. A greater refinement in
grain size was achieved by Zr alloying addition; the grain size
of Mg—1Zn-0.5Ca—0.5Zr alloy was 11.2 pm, less than half of
that of the Zr-free counterpart. In contrast, the dilute addition
of 0.4wt% Gd to Mg—1Zn—0.5Ca could not decrease the

Int. J. Miner. Metall. Mater., Vol. 29, No. 7, Jul. 2022

grain size. The grain size of Mg—1Zn—0.4Gd-0.5Zr was 16.3
pm, larger than that of the Mg—1Zn—0.5Ca—0.5Zr alloy. The
Ca alloying further decreased the grain size to 11.8 pum after
0.2wt% Ca addition, and 8.5 um after 0.5wt% Ca addition.
These observations suggested that Zr and Ca additions are ef-
fective in refining the grains, but such refinement from Gd is
limited.

Fig. 3(a) and (b) show tensile stress—strain curves of the
as-annealed sheets and benchmarks. Tensile properties, in-
cluding yield strength, tensile strength, uniform elongation,
total elongation, and strain hardening exponent, along the
rolling direction, are summarised in Table 2. The Mg—
1Zn—0.2Ca alloy had a low yield strength of 111 MPa. A
higher Ca content of 0.5wt% increased the yield strength to
129 MPa, whilst the Zr addition further increased the yield
strength to 158 MPa. Such strengthening did not comprom-
ise ductility, as the total elongations of these three alloys were
27%—28%. In contrast, the addition of Gd to Mg—1Zn—0.5Ca
alloy decreased the alloy strength to 113 MPa but increased
the total elongation to 30%.

L &

tem

Fig. 2. EBSD orientation maps and corresponding (0001) pole figures showing microstructure and texture of as-annealed sheets of
(a) Mg-1Zn-0.2Ca, (b) Mg-1Zn-0.5Ca, (¢) Mg-1Zn—-0.5Ca—0.5Zr, (d) Mg-1Zn—0.5Ca—0.4Gd, (¢) Mg-1Zn-0.4Gd—-0.5Zr, (f)
Mg-1Zn—0.4Gd-0.2Ca—0.5Zr, (g) Mg-1Zn—0.4Gd—0.5Ca—0.5Zr, and (h) benchmark AZ31 sheet. Grain sizes are provided.
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Fig. 3. Tensile tests of sheets of (a) Mg—Zn—Ca(-Zr) alloys and (b) Mg—Zn—-Gd—Zr. (c) Bar chart summarising yield strength and

ductility of the alloy sheets.

Table 2. Tensile tests along the rolling direction and mini-deep drawing test results of Mg—Zn—Ca(-Zr) and Mg—Zn—Gd—Zr alloys

sheets and benchmark AZ31 and Al6016

Composition Yield Tensile Unif.orm ToFal Strain hardening LDR
strength / MPa  strength / MPa elongation/ % elongation / % exponent
Mg-1Zn-0.2Ca 111+£3 201 +2 17+1 27+1 0.24+0.01 1.86+0.04
Mg-1Zn-0.5Ca 129 £2 210£5 18+0.4 27+1.5 0.22 +£0.005 1.88 +£0.02
Mg-1Zn-0.5Ca-0.5Zr 158 £2 232+3 18+0.7 28+£0.9 0.20 +0.008 1.89+£0.01
Mg—1Zn-0.5Ca—0.4Gd 113+£4 205+6 19+0.2 30£1.2 0.25+0.012 1.86 +0.03
Mg-1Zn-0.4Gd-0.5Zr 141 +1 213+2 19+0.3 32+1.5 0.19 £ 0.007 1.91+£0.02
Mg-1Zn-0.4Gd-0.2Ca-0.5Zr 152+1 224 + 1 20+0.1 38+£2.0 0.22 +0.004 1.97 £0.03
Mg-1Zn-0.4Gd-0.5Ca—0.5Zr 155+4 225+3 21+£0.5 29+0.8 0.23+0.013 1.81 £0.02
Mg-3Al-1Zn-0.3Mn (AZ31) 119£2 230+3 20+0.1 22+£0.7 0.27+£0.01 1.62+0.05
Al-1.2Si-0.4Mg (A16016) 153+1 254+2 20+0.1 29+04 0.28 £ 0.006 1.94 +£0.02

The Mg—17Zn—0.4Gd—0.5Zr alloy had a lower yield
strength (141 MPa) but a higher ductility (32%) than the
Mg-17Zn—0.5Ca—0.5Zr counterpart. The 0.2wt% Ca addition

to Mg—1Zn—0.4Gd-0.5Zr alloy resulted in an increase in
yield strength from 141 to 152 MPa. More importantly, with
the 0.2wt% Ca addition, the ductility was significantly en-
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hanced from 32% to 38%. Such enhancement in both ductil-
ity and strength makes Mg—1Zn—0.4Gd-0.2Ca—0.5Zr alloy
overwhelmingly superior to AZ31, and competitive to
Al6016-T4. When the Ca content increased from 0.2wt% to
0.5wt% (Mg-1Zn-0.4Gd-0.5Ca—0.5Zr alloy), the total
elongation decreased from 38% to 29%, while the strength
and uniform elongation were almost unchanged.

The formability of alloy sheets was measured by mini
deep drawing test. During the deep drawing process, discs
with larger diameter are more difficult to be fully deep drawn
without any visible cracks. Fig. 4(a) shows that the
Mg-1Zn-0.4Gd-0.5Zr sample with 10 mm diameter was
fully deep drawn, while the samples with diameter of 11.5
mm and 14.6 mm were cracked. The deep drawing results
depend on alloy composition. For example, although the
Mg-1Zn-0.4Gd-0.2Ca—0.5Zr and AZ31 samples had the
same diameter, 11.5 mm, the Mg—1Zn—0.4Gd-0.2Ca—0.5Zr
alloy was fully deep-drawn but the AZ31 alloy was cracked
(Fig. 4(b)).

LDR was used here to quantitatively interpret formability

Mg—1Zn—0.4Gd

o

@

10 mm

= JIl.S

Kz

2000

1500 |

1000 |

Load /N

500

Extension / mm

Load /N
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obtained from the mini deep drawing test. Taking Mg—1Zn—
0.4Gd—0.5Zr sheet as an example, the disc samples with 9,
9.5, 10, and 10.5 mm diameters were fully deep drawn,
whilst the samples, whose diameters were larger than 10.5
mm, were cracked during the mini deep drawing test. Due to
strain hardening, the load continuously increased with punch
displacement. After the sample was fully drawn into the die,
the load would gradually decrease with the further punch dis-
placement. If a crack generates, then the load drops dramatic-
ally and a sharp inflection point could be found in the
load—displacement curve. Based on the load—displacement
curves (Fig. 4(c)), the ratio of the diameter of blank (D) to the
diameter of punch (d), i.e., D/d, and the maximum load of
each sample were both recorded as a (x, y) datum point in the
plot shown in Fig. 4(d). LDR was calculated from the projec-
ted value along the x-axis of the point that the straight line fit-
ted from the data points of cracked samples intersected with
the straight line fitted from the data points of fully drawn
samples. As indicated by Fig. 4(d), the LDR of the Mg—1Zn—
0.4Gd—0.5Zr alloy was 1.91 at room temperature.

2000 y
@ . Fully deep drawn sample
o Cracked sample
1500 ; 8
1000
500
LDR: 1.91 +0.02
0 . — '/ .
1.4 1.6 1.8 2.0 2.2 2.4 2.6
D/d

Fig. 4. Photos of (a) Mg—1Zn—0.4Ca—0.5Zr samples after deep-drawing from blank disc with different sizes (10, 11.5, and 14.6 mm)
and (b) Mg—1Zn—0.4Gd-0.2Ca—0.5Zr and AZ31 samples with the same blank diameter (11.5 mm) after deep drawing. (c) Load—ex-
tension curves of Mg—1Zn—0.4Gd—0.5Zr samples and (d) LDR measured at room temperature. Filled squares represent data points
of fully drawn samples without any visible cracks, while hollow squares are data points of cracked samples.

Fig. 5 shows the LDR values of the alloy sheets, allowing
their formability to be compared. The Mg—Zn—Ca(—Zr) based
alloys had similar LDR values between 1.86 and 1.89, which
were significantly higher than the benchmark AZ31 alloy
(1.62) but still lower than the benchmark Al alloy (1.94). In
the Mg—Zn—Gd—Zr system, the Mg—17Zn—0.4Gd-0.5Zr alloy
had a similar LDR value to Mg—1Zn—0.5Ca—0.5Zr counter-
part. After dilute alloying of 0.2wt% Ca, the alloy formabil-
ity increased significantly. The Mg—1Zn—0.4Gd-0.2Ca—
0.5Zr alloy had the best formability among these sheets. The
11.5 mm diameter sample of only Mg—1Zn—0.4Gd-0.2Ca—
0.5Zr and Al6016-T4 were fully deep drawn without crack-

ing. The LDR value of Mg—17Zn—0.4Gd—0.2Ca—0.5Zr alloy
was as large as 1.97, comparable to the Al6016 sheet in the
present study. However, if the Ca content in the Mg—Zn—
Gd—Zr based alloys increased from 0.2wt% to 0.5wt%, the
formability of alloy decreased significantly. The LDR value
of Mg—1Zn-0.4Gd-0.5Ca—0.5Zr alloy was only 1.8, which
was even lower than the alloys without Ca addition (Mg—
1Zn—0.4Gd-0.5Zr).

4. Discussion

By comparing the alloy ductility and formability, it is ob-
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Fig. 5.

Measured LDR of (a) Mg-1Zn-0.2Ca, (b) Mg-1Zn—0.5Ca, (¢) Mg-1Zn-0.5Ca-0.5Zr, (d) Mg-1Zn—0.5Ca—0.4Gd, (e)

Mg-1Zn—0.4Gd—-0.2Ca—0.5Zr, (f) Mg—1Zn-0.4Gd-0.5Ca—0.5Zr, (g) AZ31, and (h) Al6016-T4 alloys. (i) Bar chart summarising the
LDR values of the alloys, with respect to those of AZ31 and Al6016-T4 alloys.

vious that the Gd addition is more effective in enhancing al-
loy ductility, although either Gd or Ca addition to the
Mg-1Zn-based alloys can lead to similar weakened TD-split
texture. When Gd and Ca are added together, the texture
weakening effect can be further enhanced. Such enhanced
texture weakening by combined addition of RE and Ca was
also observed when 0.1wt% Ca was added to Mg—4Zn—-1MM
(mischmetal) rolled sheet [23]. However, the improvement in
ductility is essentially depending on Ca content. When the Ca
content is low, e.g., 0.2wt% in the Mg-1Zn-0.4Gd-
0.2Ca—0.5Zr alloy, the enhancement in ductility and formab-
ility can be quite significant compared with the Ca-free sheet.
However, when the Ca content is increased to 0.5wt%, e.g.,
in the Mg-1Zn-0.4Gd-0.5Ca—0.5Zr or Mg—1Zn—-0.5Ca—
0.4Gd alloy, sheet ductility and formability become lower
even than those of the Ca-free sheet. In order to figure out the
reason for the decreased ductility, the surface of Mg—1Zn—

0.4Gd—-0.2Ca—0.5Zr and Mg—1Zn—0.4Gd-0.5Ca—0.5Zr alloy
sheets was examined after large elongation by 20% and 25%
(Fig. 6(a)~«(d)). Significant grain boundary cracking is ob-
served in the Mg—17Zn-0.4Gd—0.5Ca—0.5Zr alloy when the
elongation is 20% and above. In contrast, grain boundary
cracks are invisible in the Mg-1Zn-0.4Gd-0.2Ca—0.5Zr
alloy.

To reveal the origin of the observed difference in grain
boundarycracking, thegrainboundariesoftheMg—17Zn—0.4Gd—
0.2Ca—0.5Zr and Mg—1Zn—0.4Gd—0.5Ca—0.5Zr were char-
acterised using EDS-STEM (Fig. 7). In both alloys, the se-
gregation of Zn and Gd atoms to grain boundaries is obvious.
Such co-segregation of larger atoms (Gd) and smaller atoms
(Zn) was speculated to result in texture weakening during re-
crystallisation [13]. However, the segregation of Ca to the
grain boundary in the Mg—17Zn-0.4Gd-0.2Ca—0.5Zr alloy
was quite weak, and only some segments of grain boundaries
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Fig. 6. SEM micrographs of (a, b) Mg—1Zn—0.4Gd-0.2Ca—
0.5Zr and (¢, d) Mg-1Zn—0.4Gd-0.5Ca—0.5Zr samples after
20% and 25% elongation.

had higher Ca content than the matrix. As a comparison, the
segregation of Ca to grain boundaries is much more apparent
in the Mg—1Zn-0.4Gd-0.5Ca—0.5Zr alloy. It is known that
the grain boundary of Mg may become embrittled when ele-
ments with large atomic size but low solubility in Mg, such as
Ca [20,24] and Na [25-26], are present in the boundary.
More importantly, second phase particles were observed in
the Mg—1Zn—0.4Gd-0.5Ca—0.5Zr alloy. The embrittlement
of grain boundaries during uniaxial tensile testing caused by
grain boundary precipitates and inclusions was reported, due
to introducing stress concentration on grain boundary [27].
Whilst the dilute addition of Ca to Mg—Zn binary alloy can

.....

Fig. 7.
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increase grain boundary cohesion and reduce grain boundary
cracking [20,24,28], the experimental results suggest that in
the Mg—Zn—Gd-based alloy, the excessive Ca addition still
embrittle grain boundary and reduce sheet formability even
in formable Mg—Zn—Gd—Zr-based alloy. The critical Ca con-
tent should be lower than 0.5wt% to avoid the formation of
grain boundary intermetallics.

This study also shows grain refinement induced by Zr and
Ca additions. Ca has a low solubility in Mg and Zr even a
lower. Therefore, the driving force to form intermetallic
particles is higher in the case with Ca and Zr. These fine
particles can act as nucleus for new grains and can reduces
the grain grows by suppressing grain boundary movements
during hot rolling and annealing [29]. This will change the
recrystallization with an effect on the grain size of the rolling
sheet. In contrast, Gd has much large solubility, and dilute
addition of Gd does not result in the formation of intermetal-
lic particles, and therefore, the grain size of Mg—1Zn—
0.5Ca—0.4Gd is very similar to that of Mg—1Zn—0.5Ca alloy.
Whilst the refined grain size due to Ca and Zr addition en-
hances alloy strength, the formability does not improve as a
consequence predominantly, because (i) all the Mg—Zn based
alloys herein have similarly weakened basal texture, and (ii)
intragranular dislocation slip is still the dominant deforma-
tion mode with the grain size of ~10-20 um. It is speculated
that when the grain size of these dilute alloys are refined to
~1 pm or submicron, the formability would be increased sub-
stantially due to the operation of intergranular deformation
modes such as grain boundary sliding [30-31].

HAADF-STEM and corresponding EDS mapping showing element distribution in the grain boundary region of (a—e)

Mg-17Zn—0.4Gd—0.2Ca—0.5Zr and (f—j) Mg-1Zn—0.4Gd-0.5Ca—0.5Zr samples in the as-annealed state.

5. Conclusions

In this study, the formability of Mg—Zn—Ca(—Zr) and
Mg—Zn—Gd—Zr sheet alloys were assessed by tensile tests
and mini-deep drawing tests, and their microstructures were
characterised by electron microscopy. The main conclusions
were drawn as follows:

(1) The addition of Gd or Ca in the Mg—Zn-based alloy

weakened sheet basal texture and enhanced alloy formability
compared with benchmark AZ31, but Gd addition was more
effective in improving alloy formability than Ca addition.

(2) Dilute addition of Ca (0.2wt%) to Mg—1Zn-0.4Gd—
0.5Zr alloy significantly enhanced the alloy ductility and
formability, which is comparable to that of the Al6016-T4
sheet in the mini deep drawing tests.

(3) With an increase in Ca content to 0.5wt%, sheet ductil-
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ity and formability decreased, predominantly due to grain
boundary embrittlement. This is speculated to be caused by
more significant grain boundary segregation of Ca atoms and
the formation of intermetallic particles in grain boundaries.
(4) The Zr addition refined grain size and increased alloy
strength, but did not enhance alloy formability substantially.
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