Journal of Alloys and Compounds 1027 (2025) 180504

Contents lists available at ScienceDirect

JOURNAL OF

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

m= >

FI. SEVIER

journal homepage: www.elsevier.com/locate/jalcom

L))

Check for

Strategic approach to simultaneously enhance strength, formability, and | e
corrosion-resistance synergy of age-hardenable Mg-Zn-Ca-Al-Mn alloy sheet
with low Mn content via optimizing Zn and Ca contents

K. Kikuchi®, T. Nakata™, Z.H. Li", T.T. Sasaki”, Y. Miyashita®, S. Kamado*

@ Nagaoka University of Technology, 1603-1, Kamitomioka, Nagaoka 940-2188, Japan
b National Institute for Materials Science, 1-2-1 Sengen, Tsukuba 305-0047, Japan

ARTICLE INFO ABSTRACT

Keywords: To develop a strong, room-temperature (RT)-formable, and corrosion-resistant Mg alloy sheet, we investigate the
Mg-Zn-Ca-Al-Mn alloy age-hardening response, RT formability, tensile properties, and corrosion resistance of low-Mn-containing Mg-(1,
Rolling 2)Zn-(0.2, 0.5, 1)Ca-0.2Al-0.2Mn (ZXAM, mass%) alloy sheets. The Zn content minimally affects the above-
Age-hardening

mentioned properties. However, the Ca content is important for significantly improving the properties. The
addition of > 0.5mass%Ca enhances the RT formability by inclining the (0001) poles toward the transverse
direction. Dense corrosion products are formed on the surface of the > 0.5mass%Ca-containing ZXAM alloy
sheets, resulting in improved corrosion resistance. Moreover, the aged > 0.5mass%Ca-containing ZXAM alloy
sheets exhibit high strength along the rolling direction (RD), in which the 0.2 % proof strength (PS) exceeds
200 MPa. Aging-treatment reduces the corrosion resistance slightly, although the corrosion rates are lower
compared with those of commercial wrought Mg alloys. Thereafter, a Mg-2Zn-0.5Ca-0.2A1-0.2Mn alloy sheet
simultaneously achieves an excellent combination of strength, RT formability, and corrosion resistance via age-
hardening. The PS along the RD and the Index Erichsen value of the sheet reached 213 MPa and 8.7 mm,

Tensile property
Corrosion resistance

respectively, and its corrosion rate after immersion in 3.5mass%NaCl solution for 3 days is 3.0 mm-y .

1. Introduction

Magnesium and its sheet alloys are promising candidates as next-
generation lightweight materials for the automotive industry [1-3].
However, the widespread use of Mg sheet alloys is hindered by their low
corrosion resistance; moreover, simultaneously improving their strength
and room-temperature (RT) formability is challenging [1-3]. The
insufficient strength and RT formability are primarily caused by the
texture features. Mg-3mass%Al-1mass%Zn-Mn (AZ31), which is a
typical wrought Mg alloy, shows a strong basal texture with the (0001)
poles aligned to the normal direction (ND) [3-5], resulting in poor RT
formability, and their Index Erichsen (I.E.) values are 3-5 mm [2-5].
The L.E. values of commercial Al sheet alloys are 10-11 mm, which are
2-3 times higher than those of AZ31 sheets [6,7].

The inclination of (0001) poles from the ND can be achieved by
rolling at high temperatures. However, such textural features decrease
the 0.2 % proof strength (PS). An AZ31 sheet shows an LE. value of
4.5 mm and PSs of 165 and 173 MPa for the rolling direction (RD) and
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transverse direction (TD), respectively, after being rolled at a moderate
temperature of 450 °C. By contrast, rolling at a high temperature of 525
°Cresults in an enhanced LE. value of 8.6 mm, whereas the PSs along the
RD and TD decrease to 144 and 154 MPa, respectively [4].
Optimization of alloying elements is another method for inclining
(0001) poles. In particular, strong and RT-formable Mg alloy sheets have
been successfully designed without expensive rare-earth elements [2,3,
8]. Recently, Mg-Zn-Ca-Al-Mn (ZXAM) alloys have become promising
materials for extruded [9-12] and rolled [13-17] products because of
their excellent mechanical properties and cost-effectiveness. Huang
et al. demonstrated that a rolled Mg-3Zn-0.5Ca-0.5A1-1Mn (mass%)
alloy sheet exhibited a high LE. value of 8.5 mm and a PS of 223 MPa
along the RD [15]. The high LE. value results from TD-split textural
features, in which the (0001) poles were inclined toward the TD by the
addition of Zn and Ca. By contrast, the high PS was due to grain
refinement by Al-Mn precipitates, which exerted a pinning effect on the
grain boundaries. However, the Al-Mn precipitates promoted galvanic
corrosion between the Mg matrix, which significantly deteriorated the
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Table 1

Nomenclatures and nominal compositions of Mg-Zn-Ca-Al-Mn alloy ingots used
in this work (mass%). Actual chemical compositions measured by inductively
coupled plasma method are provided in parentheses.

Alloy Zn Ca Al Mn

ZXAM1000(0.2Ca) 1 (0.99) 0.2 (0.15) 0.2 (0.24) 0.2 (0.23)
ZXAM2000(0.2Ca) 2 (1.77) 0.2 (0.18) 0.2 (0.23) 0.2 (0.21)
ZXAM1100(0.5Ca) 1(0.84) 0.5 (0.58) 0.2 (0.21) 0.2 (0.15)
ZXAM2100(0.5Ca) 2(2.02) 0.5 (0.53) 0.2 (0.24) 0.2 (0.23)
ZXAM1100(1Ca) 1 (0.89) 1(1.08) 0.2 (0.20) 0.2 (0.31)
ZXAM2100(1Ca) 2 (1.96) 1(1.07) 0.2 (0.20) 0.2 (0.24)

corrosion resistance [17-19]. Because corrosion resistance is an
important factor for the application of automotive panel products, such
as door panels and roofs, the amount of precipitates must be reduced by
decreasing the Mn content [15,17]. Meanwhile, a low Mn content is
expected to decrease the PS owing to grain coarsening [13,15].

Dilute Mg-Zn-Ca-based alloys form Guinier-Preston (G.P.) zones and
exhibit substantial age-hardening under the appropriate contents of Zn
and Ca. However, the excess Zn and Ca additions reduce the age-
hardenability by suppressing the formation of G.P. zones. Therefore,
the Zn and Ca contents should not exceed 2mass% and 1mass%,
respectively [20-23]. We expect that even low-Mn-containing ZXAM
alloy sheets will show high PS by maximizing age-hardenability; in this
regard, the Zn and Ca contents must be optimized. In this work, the
effects of Zn and Ca contents on the age-hardenability, RT formability,
tensile properties, and corrosion properties of a low-Mn-containing
ZXAM alloy sheet are investigated to design a high-performance Mg
alloy sheet.

2. Experimental procedure

Mg-(1, 2)Zn-(0.2, 0.5, 1)Ca-0.2A1-0.2Mn (mass%) alloy ingots were
prepared by gravity casting. The nomenclatures and nominal composi-
tions of these alloys are summarized in Table 1. The inductively coupled
plasma (ICP) method was used to evaluate the actual chemical compo-
sition. The compositions are listed in parentheses in Table 1, and an
overview of our work is illustrated in Fig. 1. Rectangular-shaped plates
measuring 60 mm x 100 mm x 6 mm were sectioned from the cast
ingots, and the plates were homogenized at 390 °C for 6 hours and then
air-cooled. Before rolling, the plates were preheated at 350 °C for 20 min
in an electronic furnace, followed by air-cooling until the temperature of
the surface of the sample reached 200 °C. Subsequently, the plates were
rolled to obtain ~1-mm-thick sheets. The roller temperature and speed
were fixed at 200 °C and 5 m/min, respectively. The thickness reduction
per pass was ~30 %, and the preheating and rolling were repeated five
times. Solution-treatment was conducted at 420 °C for 30 min after
rolling, and the sheets were cooled by water quenching.

The changes in hardness during age-hardening at 170 °C were
evaluated using a Micro Vickers hardness testing machine (Mitutoyo/

Temperature / °C

Preheating: 350 °C - 20 min
Thickness reduction: ~30%/pass
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HM-221). The solution-treated samples were soaked in a silicon oil bath,
and their hardness was measured after aging for 0-512 hours. The
average hardness was calculated based on five indentations at each
aging time. Erichsen cupping tests were performed using solution-
treated rectangular specimens with a dimension of 60 mm x 60 mm
to evaluate the stretch formability at room-temperature (RT). An
Erichsen cupping testing machine (ERICHSEN/Model 100) having a 20-
mm-dia. hemispheric punch and blank-holder force of 10 kN was used.
The testing speed was ~6 mm/min, and a 0.05-mm-thick Teflon sheet
was inserted to reduce the friction between the punch and specimen. A
universal testing machine (Shimadzu/Autograph AG-50kN) and speci-
mens with a gauge length and width of 20 and 4 mm, respectively, were
used to investigate the tensile properties. The tensile direction was
parallel to the RD and TD, and the initial strain rate was 1073s7L. The
corrosion resistance was evaluated by an immersion test using NaCl
solution at 20 °C (RT). For the immersion tests, 200 ml of 3.5mass%NaCl
water was prepared, and each sample was immersed for 3 days. The
volume of hydrogen gas was measured using a device similar to that
used in a previous study [24], and the volume was converted to the
corrosion rate. For the immersion test, 1-mm-thick rectangular samples
with a length and width of ~10 mm were prepared by polishing using up
to #4000 SiC grid papers. The polished samples were rinsed with
ethanol and stored in a vacuum box for 1 day. Both the tensile and
corrosion tests were conducted at least three times using both
solution-treated and aged specimens.

The microstructure was characterized using a scanning electron

microscope (JEOL/JSM-7000F) equipped with an electron
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Fig. 2. Age-hardening response at 170 °C. S.T.
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Fig. 1. Schematic illustration of current work.
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Fig. 3. Nominal stress-strain curves of solution-treated and aged samples; (a) ZXAM1000(0.2Ca), (b) ZXAM1100(0.5Ca), (c) ZXAM1100(1Ca), (d) ZXAM2000
(0.2Ca), (e) ZXAM2100(0.5Ca), and (f) ZXAM2100(1Ca) samples. S.T. represents solution-treated state.

Table 2

Tensile properties of solution-treated (S.T.) and aged samples. 0.2 % proof strength, ultimate tensile strength, elongation to failure, and ratio of PSs along RD and TD

are labeled PS, UTS, EF, and PStp/PSgp, respectively.

Alloy State Tension // RD Tension // TD PS1p/PSgp
PS UTS EF PS UTsS EF
MPa MPa (%) MPa MPa (%)
ZXAM1000(0.2Ca) S.T. 164 +5 231+ 4 199 + 1.7 187 + 4 236 + 2 20.6 + 2.9 1.14
ZXAM2000(0.2Ca) S.T. 167 +5 245 + 4 22.5 + 2.7 167 +3 243 +£3 229 +1.9 1.00
ZXAM1100(0.5Ca) S.T. 171 +2 242+ 4 229+1.9 130+ 3 227 +£3 28.8 £1.7 0.76
Aged 205 +1 255+ 0 182+ 1.5 161 +1 242 +1 30.1+1.4 0.79
ZXAM2100(0.5Ca) S.T. 186 + 3 264 +5 23.0 + 2.4 139+ 0 250 £ 1 29.7 £1.9 0.75
Aged 213+1 270 £ 2 244+1.6 165+ 1 265 +1 29.4+1.8 0.77
ZXAM1100(1Ca) S.T. 181 +3 240 +5 19.7 £ 1.1 152 + 2 237 +1 189+ 2.5 0.84
Aged 225+ 3 266 =+ 2 19.1 £ 0.1 190 + 0 258 +1 179+ 1.0 0.84
ZXAM2100(1Ca) S.T. 169 + 4 252+ 2 20.4+1.9 133+ 2 241 +£2 20.1 £2.2 0.79
Aged 204 +3 266 + 3 19.7 £ 0.7 162 + 2 252+ 3 17.3+2.2 0.79

backscattered diffraction (EBSD) apparatus (TSL), scanning electron
microscopes (Carl Zeiss/Crossbeam 550 and JEOL/JSM-IT500
InTouchScope™) equipped with energy dispersive X-ray spectroscopy
(EDS) detectors (Oxford Instruments/Ultim Max and JEOL/JED-2300),
and a transmission electron microscope (FEI/Tecnai 20). For scanning
electron microscopy (SEM) observations, the samples were metallo-
graphically prepared using SiC grid paper, Al,O3 powder, and colloidal
silica suspensions. For transmission electron microscopy (TEM) obser-
vations, thin foils with a thickness of ~100 pm were prepared using
mechanical polishing using #4000 grid papers and electro-polishing
(Struers/Tenupol-5) at ~-50 °C in a mixture of 1500-ml-CH4O (meth-
anol), 300-ml-CgH1402 (2-butoxy ethanol), 33.5-g-Mg(ClO4), (magne-
sium perchlorate), and 15.9-g-LiCl (lithium chloride). After the electro-
polishing was completed, the thin foils were cleaned by ion milling
(Gatan/Model691).

3. Results

Fig. 2 shows the variations in the Vickers hardness values as a
function of the aging time. The solution-treated state is labeled as S.T. in
Fig. 2. The hardnesses of all the sheets were similar, 52-55 HV, after the
solution-treatment. The 0.2 %Ca-containing sheets did not show the
increment in the hardness. By contrast, the hardness of the > 0.5 %Ca-

containing sheets increased gradually as aging progressed. The hardness
of the ZXAM1100(0.5Ca) sheet reached the peak value after aging for
32 hours. The peak hardness was ~61 HV, and its hardness increment
was ~8 HV. For the ZXAM2100(0.5Ca) sheet, a hardness increment was
~11 HV, and the time to reach the peak value was 64 hours. The 1 %Ca-
containing sheets reached their peak hardness values faster than the
0.5 %Ca-containing sheets while indicating a hardness increment of
~10 HV after aging for 4 hours. Meanwhile, the hardness increments of
the ZXAM1100(0.5Ca) and ZXAM2100(0.5Ca) sheets after aging for
4 hours were ~7 and ~9 HV, respectively. These values were similar to
their maximum hardness increments, which were obtained after aging
for 32 and 64 hours, respectively. Therefore, aging-treatment was per-
formed for 4 hours on the > 0.5 %Ca-containing sheets, whereas the
aging-treatment was not performed on the 0.2 %Ca-containing sheets.
Fig. 3 shows the stress-strain curves during the tensioning of the
solution-treated and aged samples. Table 2 summarizes the 0.2 % proof
strength (PS), ultimate tensile strength (UTS), elongation to failure (EF),
and ratio of PSs along the RD and TD (PStp/PSgp). The solution-treated
0.2 %Ca-containing samples indicated PSs of 170-190 MPa and
isotropic ductility, with the EFs of ~20 %. The addition of > 0.5 %Ca
decreased the PSs along the TD, thus resulting in a large in-plane
anisotropy with a PStp/PSgp of ~0.8. Moreover, the addition of
> 0.5 %Ca resulted in an apparent plateau region at yielding. The TD-
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(c) ZXAM1100(1Ca)

Fig. 4. Appearance of solution-treated samples after Erichsen cupping test; (a) ZXAM1000(0.2Ca), (b) ZXAM1100(0.5Ca), (c) ZXAM1100(1Ca), (d) ZXAM2000
(0.2Ca), (e) ZXAM2100(0.5Ca), and (f) ZXAM2100(1Ca) samples.
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Fig. 5. Transitions of corrosion rates of solution-treated and aged samples during 3.5 %NaCl immersion test; (a) 1 %Zn-containing and (b) 2 %Zn-containing
samples. S.T. represents solution-treated state.
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Fig. 6. IPF maps and (0001) PFs of solution-treated (a) ZXAM1000(0.2Ca), (b) ZXAM1100 (0.5Ca), (c) ZXAM1100(1Ca), (d) ZXAM2000(0.2Ca), (e) ZXAM2100
(0.5Ca), and (f) ZXAM2100(1Ca) samples. GS and KAM in each IPF map represent average grain size and Kernel average misorientation, respectively. Maximum
intensity of (0001) poles is described in each (0001) PF.
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(c) ZXAM1100(1Ca)  (d) ZXAM2100(1Ca)

Fig. 7. BSE images and EDS elemental maps for Zn, Ca, Al, Mn, and Si obtained from solution-treated (a) ZXAM2000(0.2Ca), (b) ZXAM2100(0.5Ca), (c) ZXAM1100

(1Ca), and (d) ZXAM2100(1Ca) samples.

tension showed relatively large plateau regions compared to those of the
RD-tension. The addition of 1 %Ca decreased the EFs, and the decre-
ments in the EF for the RD and TD were ~3 % and ~10 %, respectively.
The PSs for both the RD and TD increased by 30-40 MPa after aging.
Consequently, the aged samples showed high PSs for RD of > 200 MPa.
Moreover, aging did not lead to ductility loss.

Fig. 4 shows the appearance of the Erichsen cupping test specimens.
The insets in the images indicate their average Index Erichsen (LE.)
values. The 0.2 %Ca-containing samples showed the poor LE. values of
~3 mm. The addition of 0.5 %Ca significantly improved the RT form-
ability. In particular, the ZXAM2100(0.5Ca) sheet exhibited the best I.E.
value of 8.7 mm, which is comparable to that of Al alloy sheets [6,7],
whereas the LE. values were ~6.0 mm after the excess addition of 1 %
Ca.

Fig. 5 shows the corrosion rates evaluated by the 3.5mass%NaCl
immersion test. The corrosion rate of the ZXAM1000(0.2Ca) sample was
5.3 mm-y ! after the immersion for 3 days, which was fastest among all
the sheets. Meanwhile, the 2 %Zn addition to the 0.2 %Ca-containing
sample slightly improved the corrosion rate to 4.5 mm-y ™', which was
faster than those of the other sheets. Meanwhile, the > 0.5 %Ca addition
significantly improved the corrosion resistance. The corrosion rates of
the solution-treated 0.5 %Ca- and 1 %Ca-containing samples were
2.0-2.5 mm-y ! after immersion for 3 days. All the aged 0.5 %Ca- and
1 %Ca-containing samples showed relatively high corrosion rates of

2.5-3.0 mm-y !, which are still better than that of a typical wrought Mg
alloy (AZ31) [25].

Fig. 6 shows the inverse pole figure (IPF) maps and (0001) pole
figures (PFs) obtained from the solution-treated sheets. The average
grain size and Kernel average misorientation value are donated as GS
and KAM, respectively, in the IPF maps. The maximum intensities of the
poles are described in the (0001) PFs. Except for the ZXAM2100(1Ca)
sample, the grain size was refined with increasing the Ca content owing
to grain boundary pinning by the particles [26,27]. The grain sizes of the
0.5 %Ca-containing and ZXAM1100(1Ca) samples were 8-10 um. The
0.2 %Ca-containing samples exhibited a strong basal texture, and their
maximum intensities were > 10 m.r.d. (multiples of random distribu-
tion). The > 0.5 %Ca-containing samples showed a TD-split texture and
low maximum intensities of 3-4 m.r.d. The KAM values for all the
samples were below 0.5 °, thus indicating that all the samples consisted
of fully recrystallized grains with a limited density of dislocations [28].

Fig. 7 shows backscattered electron (BSE) images of the solution-
treated (a) ZXAM2000(0.2Ca), (b) ZXAM2100(0.5Ca), (c) ZAM1100
(1Ca), and (d) ZXAM2100(1Ca) samples. The corresponding EDS
elemental maps are shown in Fig. 7(a-d). As indicated by the red ar-
rowheads, the ZXAM2000(0.2Ca) and ZXAM2100(0.5Ca) samples
comprised particles that were aligned with the RD. They were enriched
with Ca and Si, which indicates the formation of a MgCaSi phase
(orthorhombic structure, a = 0.748 nm, b = 0.440 nm, ¢ = 0.829 nm)
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Table 3
EDS point analysis results (at%) obtained from large and aligned particles of 1 %
Ca-containing samples.

Alloy Particle Zn Ca Al Mn Si
type
ZXAM1100 Large 1.3 25.2 3.1 <01 <01
(1Ca) +0.2 +5.5 +0.5
Aligned 1.0 15.7 1.8 <0.1 <0.1
+0.1 +2.4 +0.3
ZXAM2100 Large 12.1 16.9 3.1 <01 <0.1
(1Ca) + 25 + 3.5 +0.2
Aligned 12.6 14.0 2.9 <01 <01
+1.3 +1.8 +0.3

[29,30]. As indicated by the white arrowheads, the addition of 1 %Ca
increased the number of particles that were aligned with the RD.
Moreover, the 1 %Ca-containing samples comprised large particles with
a diameter of ~10 um, as indicated by the blue arrowheads. A few
particles contained Ca and Si, thus indicating the formation of a MgCaSi
phase, whereas Ca was the main constituent in the particles of the
ZXAM1100(1Ca) sample. Similarly, the ZXAM2100(1Ca) sample con-
tained some types of particles. As indicated by the white arrowheads,
some of the particles, whose diameters were < 10 pm, appeared along
the RD. Meanwhile, the other particles were relatively large, with di-
ameters of 10-15 pm, as indicated by the blue arrowheads. To identify

Journal of Alloys and Compounds 1027 (2025) 180504

large and aligned particles in the 1 %Ca-containing samples, EDS point
analyses were conducted on the particles, as summarized in Table 3. The
analysis was repeated five times to calculate the average values. The
large and aligned particles in the ZXAM1100(1Ca) sample primarily
consisted of Ca and trace amounts of Zn and Al. They belonged to the
Mg,Ca (hexagonal, a = 0.62 nm, ¢ = 1.0 nm) phase, in which trace
amounts of Zn and Al are dissolved [29,31]. In the ZXAM2100(1Ca)
sample, the compositions of both large and aligned particles were nearly
identical. The Zn and Ca contents were 12-13 at% and 14-17 at%,
respectively. In fact, ~3 at%Al was dissolved in the particles. This in-
dicates the formation of a CapMgeZng phase (trigonal, a = 0.97 nm, ¢ =
1.0 nm), in which a trace amount of Al was dissolved [32,33]. These
results show that the particle type in the 1 %Ca-containing samples is
influenced by the Zn content.

Fig. 8 shows the high-magnification BSE images of the solution-
treated (a) ZXAM2100(0.5Ca), (b) ZAM1100(1Ca), and (c) ZXAM2100
(1Ca) samples. The red rectangular region indicates the position where
the EDS elemental maps were obtained, and the results are shown in
Fig. 8 (d-h). As indicated by the red arrows, the ZXAM1100(1Ca) sample
contained numerous fine particles measuring ~1 ym in diameter. By
contrast, fine particles were not observed in the ZXAM2100(0.5Ca) and
ZXAM2100(1Ca) samples. The fine particles in the ZXAM1100(1Ca)
sample were enriched with Ca, thus indicating the formation of a Mg»Ca
phase.

Fig. 8. Magnified BSE images of solution-treated (a) ZXAM2100(0.5Ca), (b) ZXAM1100(1Ca), and (c) ZXAM2100(1Ca) samples. EDS elemental maps obtained from

red rectangle in Fig. 8 (b) are shown in Fig. 8 (d-h).
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(a) Aged ZXAM1100(0.5Ca)

Beam // [1070]y,

Fig. 9. Bright-field (BF) TEM images and selected area diffraction (SAD) pat-
terns of aged (a) ZXAM1100(0.5Ca) and (b) ZXAM1100(1Ca) samples.

Fig. 10. Secondary electron SEM images of solution-treated (a) ZXAM2000
(0.2Ca), (b) ZXAM2100(0.5Ca), (c) ZXAM2100(1Ca), and (d) aged ZXAM2100
(0.5Ca) samples after 1-hour immersion test. Blue arrows indicate corro-
sion pits.

Fig. 9 shows the bright-field (BF) TEM images and selected area
diffraction (SAD) patterns of the aged (a) ZXAM1100(0.5Ca) and (b)
ZXAM1100(1Ca) samples obtained from the [1010] direction. Speckled
contrasts were observed along the (0001) planes in the BF images.
Furthermore, continuous and faint streaks were observed along the
[0001] direction at 1/3(1120) and 2/3(1120) in the SAD patterns, as
indicated by the red arrowheads. Such features indicate that the aging-
treatment formed Guinier-Preston (G.P.) zones [20-23].

Fig. 10 shows the SEM images of the solution-treated (a) ZXAM2000
(0.2Ca), (b) ZXAM2100(0.5Ca), (c) ZXAM2100(1Ca), and (d) aged
ZXAM2100(0.5Ca) samples after immersion for 1 hour. All the samples
showed corrosion pits, as indicated by the blue arrows. The pits on the
solution-treated ZXAM2000(0.2Ca) sample were larger than those on
the other samples. In fact, the aged ZXAM2100(0.5Ca) sample exhibited
a relatively high density of corrosion pits.

Fig. 11 shows the high-magnification SEM images of the solution-
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treated (a) ZXAM2000(0.2Ca), (b) ZXAM2100(0.5Ca), (c) ZXAM2100
(1Ca), and (d) aged ZXAM2100(0.5Ca) samples after immersion for
12 hours. Needle-shaped corrosion products were observed. The corro-
sion products on both the solution-treated and aged > 0.5 %Ca-con-
taining samples were dense, whereas the solution-treated ZXAM2000
(0.2Ca) and ZXAM2100(1Ca) samples showed a relatively sparse dis-
tribution of the corrosion products. In particular, the solution-treated
ZXAM2000(0.2Ca) sample showed the coarsest corrosion products
among all the samples.

4. Discussion

In this work, we investigated the effects of Zn and Ca contents on the
age-hardening responses, room-temperature (RT) formability, tensile
properties, and corrosion properties of Mg-Zn-Ca-Al-Mn (ZXAM) alloy
sheets.

Fig. 12(a) shows the relationship between the PS along the RD and
the LE. values of various Mg and Al alloy sheets [4,6,7,13-16,20,
34-56]. The relationship between the PS along the RD (or the extrusion
direction for extruded samples) and the corrosion rate obtained by a
3.5mass%NaCl immersion test of various wrought Mg alloys is shown in
Fig. 12(b) [9,17,19,44,57-62]. The PS of the Mg alloys decreased as the
I.E. value and corrosion rate improved, as indicated by the gray area. By
contrast, our ZXAM2100(0.5Ca) sheet simultaneously overcame the
trade-off relationship, as evidenced by an L.E. value of 8.7 mm after the
solution-treatment and a high PS of 213 MPa along the RD after the
aging-treatment. These properties are comparable to those of recently
developed low-cost and RT-formable Mg alloys [14,15,42]. Moreover,
the aged ZXAM2100(0.5Ca) sheet indicated a low corrosion rate of
3.0 mm-y~!, which is ~2/5 lower than that of a ZXAM alloy with a
moderate Mn content of 0.5mass% (corrosion rate: 7.0 mm-y’l) [17].
This indicates that age-hardening is an effective method for achieving an
excellent balance among strength, RT formability, and corrosion
resistance.

The L.E. value was significantly increased to 8-9 mm by the 0.5 %Ca
addition, and the solution-treated 0.5 %Ca-containing sheets indicated
good EFs of ~23 % and ~30 % for the RD and TD, respectively. This is
attributed to the relatively fine grain structure with TD-split textural
features. The yield plateau in the > 0.5 %Ca-containing sheets would
result from the formation and propagation of tensile twinning because
the addition of > 0.5 %Ca resulted in a tilting of the (0001) poles toward
the RD and TD, which facilitates the deformation by tensile twinning
[45,63]. Moreover, the tilting of the (0001) poles toward the TD was
relatively large (Fig. 3). This would enhance the activation of tensile
twinning during the TD-tension, resulting in a relatively large plateau
region.

The 0.5 %Ca-containing sheets maintained their favorable EFs even
after the aging-treatment, as reported in previous studies [20,43,64,65].
Although the textural features of the 1 %Ca-containing sheets were
nearly identical to those of the 0.5 %Ca-containing sheets, both the
solution-treated and aged 1 %Ca-containing sheets showed the LE.
values of ~6 mm and EFs of ~20 % for both the RD and TD. The
decrease in the LE. values and EFs was due to the coarse particles
aligning with the RD (Fig. 7(c) and (d)), as they would act as initiation
sites for cracks during plastic deformation [66]. In particular, these
particles may significantly decrease the EF along the TD [67].

Except for the case of the 0.2 %Ca-containing sheets, the 2 %Zn
addition led to an increase in the LE. values (Fig. 4), presumably due to
the improvement in the work-hardening capacity by the solid-solution of
Zn [34]. The 0.2 %Ca-containing sheets showed isotropic and strong
basal texture features, resulting in poor RT formability with the LE.
values of ~3 mm and in-plane isotropy. In general, the trace addition of
Ca (0.1mass%) to Mg-Zn alloys can result in a TD-split texture [49]
owing to the grain boundary segregation of Zn and Ca [43,68,69].
However, Ca combined with Si (an impurity), forms the MgSiCa phase
(Fig. 7(a)) [70,71]. Therefore, the segregation of Ca along the grain
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(d) Aged
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Fig. 11. Secondary electron SEM images of solution-treated (a) ZXAM2000(0.2Ca), (b) ZXAM2100(0.5Ca), (c) ZXAM2100(1Ca), and (d) aged ZXAM2100(0.5Ca)

samples after 12-hours immersion test.
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Fig. 12. Relationships between (a) 0.2 % proof strength (PS) and Index Erichsen values for various Mg and Al alloy sheets; (b) PS along the RD (or extrusion di-
rection) and corrosion rate in 3.5mass% NaCl solution of various wrought Mg alloys. Corrosion rates obtained using weight-loss and hydrogen-evolution methods are

denoted as Py and Py, respectively. Immersion time is shown in Fig. 12 (b).

boundaries is reduced, thus limiting the textural changes in this work.
The solution-treated ZXAM1100(0.5Ca) sheet exhibited moderate
PSs of 171 and 130 MPa for the RD and TD, respectively. The PSs
increased slightly after the 2 %Zn addition, and the PSs of the solution-
treated ZXAM2100(0.5Ca) sheet were 186 and 139 MPa for the RD and
TD, respectively. This is attributable to the relatively fine grain size of
the ZXAM2100(0.5Ca) sheet (Fig. 6). The PSs of the solution-treated
ZXAM2100(0.5Ca) sheet were slightly lower than those of the other
ZXAM sheets, presumably owing to the decrease in the density of the Al-
Mn pinning precipitates and the resulting grain coarsening. [15,17].
However, our alloy sheets formed G.P. zones after aging (Fig. 9), and
the PSs of the aged ZXAM2100(0.5Ca) sheet increased to 213 and

164 MPa along the RD and TD, respectively. Fig. 13 summarizes the
mechanism models for achieving favorable RT formability and high
strength. The PSs were comparable to those of recently developed high-
Mn-containing Mg-3Zn-0.5Ca-0.5Al-1Mn sheets (223 and 157 MPa
along the RD and TD, respectively) [15]. The PSs of the solution-treated
sheets were further increased by adding 1 %Ca when the Zn content was
1 %. The improved PS along the TD of the ZXAM1100(1Ca) sheet
contributed to the relatively small anisotropy of the PS (PStp/PSgrp)
compared with that of the 0.5 %Ca-containing sheets. This could be due
to the suppression of the occurrence and propagation of twinning
through the fine grain structure and dispersion of fine Mg»Ca particles in
the ZXAM1100(1Ca) sheet (Fig. 8) [72-75]. The 1 %Ca addition to the
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Fig. 13. Schematic showing mechanism models for simultaneously achieving an excellent combination of RT formability, strength, and corrosion resistance: (a)

0.2 %Ca-containing and (b) > 0.5 %Ca-containing samples.

2 %Zn-containing sheets resulted in grain coarsening and reduced the
PSs. A CapMggZng phase was formed in this alloy sheet at the expense of
the Mg,Ca phase. The CapyMggZns phase exhibited limited thermal sta-
bility [32,66], and the particles would be dissolved in the Mg matrix
during the solution-treatment. Therefore, the grain boundary pinning
effect weakened, thus resulting in grain coarsening. This suggests that
the CapMgeZng phase is not suitable for the development of
heat-treatable wrought Mg alloys because grain coarsening occurs dur-
ing solution-treatment at high temperatures. In the 0.2 %Ca-containing
sheets, an increase in the Zn content from 1 % to 2 % improved the
anisotropy of the PS (PStp/PSgp = 1). This may result from a decrease in
the critical resolved shear stress of the prismatic slip [76]. The 2 %
Zn-containing sheets exhibited higher UTSs than the 1 %Zn-contaning
sheets because of solid-solution strengthening by Zn.

The corrosion rate was slightly improved by ~1 mm-y~! by the 2 %
Zn addition in the 0.2 %Ca-containing alloys, presumably owing to an
increase in the corrosion potential by the solid-solution of Zn [77]. By
contrast, the > 0.5 %Ca addition significantly improved the corrosion
rate to 2.0-2.5mm-y ! in the solution-treated state. The corrosion
resistance is affected by galvanic corrosion between the particles and Mg
matrix [17,19,78-81], the textural features [82-85], the grain size [79,
84,86-88], and the density of the corrosion products [18,19,44]. The
particle distribution and grain size of the solution-treated ZXAM2100
(0.5Ca) sheet were nearly identical to those of the ZXAM2000(0.2Ca)
sheet [89]. Moreover, the > 0.5 %Ca addition weakened the basal
texture feature (Fig. 6), which generally promotes corrosion [82-85].
Therefore, the significantly improved corrosion resistance owing to the
> 0.5 %Ca addition can be interpreted by the dense corrosion products,
which prevent the contact of NaCl water with the metal surface [90].
The > 0.5 %Ca-containing sheets were covered with dense corrosion
products after 12 hours immersion (Fig. 11). Fig. 13 shows a schematic
diagram of 0.2 %Ca- and > 0.5 %Ca-containing alloys during the im-
mersion test, which visually illustrates the key factors for the corrosion
resistance. The 1 %Ca addition slightly increased the corrosion rate by
0.2-0.3 mm-y !, presumably owing to the significant number of parti-
cles. The aging led to 0.5-1.0 mm-y ! faster corrosion rates than those
of the solution-treated state; the corrosion rate of the aged ZXAM2100
(0.5Ca) sheet was 3.0 mm-y’l. This is attributable to the G.P. zones
[57], as confirmed by the relatively high density of corrosion pits after
1 hour immersion of the aged sample (Fig. 10). However, the decrease in
the corrosion resistance was limited [19,57].

5. Conclusion

The effects of Zn and Ca contents on the room-temperature

formability, tensile properties, and corrosion properties of an age-
hardenable Mg-Zn-Ca-Al-Mn alloy sheet with low Mn content were
investigated. The Ca content significantly improved the formability,
strength, and corrosion resistance, and the Mg-2Zn-0.5Ca-0.2A1-0.2Mn
(mass%) alloy exhibited an excellent combination of formability,
strength, and corrosion resistance after age-hardening. For practical
automotive applications, corrosion resistance is a crucial factor in
addition to strength and formability; therefore, the developed alloy
sheet is a promising candidate for automotive applications and con-
tributes to a significant reduction in greenhouse gas emissions. The main
conclusions are as follows:

1. The increase in Zn content increased the ultimate tensile strength
and Index Erichsen value, presumably owing to the solid-solution of
Zn.

2. The addition of more than 0.5mass%Ca led to a texture with the
inclination of the (0001) poles toward the transverse direction
whereas the 0.2mass%Ca-containing alloys exhibited a strong basal
texture with the (0001) poles aligned to the normal direction. Such
weakened texture features significantly improved the Index Erichsen
value.

3. The age-hardening response was improved by the addition of
> 0.5mass%Ca owing to the formation of G.P. zones. Consequently,
the 0.2 % proof strengths of the > 0.5mass%Ca-containing alloy
sheets were increased by 30-40 MPa for both the rolling and trans-
verse directions

4. The excess addition of 1mass%Ca formed large particles with a
diameter of 10-15 um, thus resulting in a decrease in the Index
Erichsen value and ductility.

5. The addition of 0.5mass%Ca resulted in the formation of dense
corrosion products. Consequently, the corrosion resistance was
significantly improved. Although aging decreased the corrosion
resistance only slightly, it remained higher than those of commercial
Mg alloys.
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