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Abstract: MggZny;Ca, alloys with diameters of 1.5, 2 and 3 mm were fabricated using copper mold injection casting method.
Microstructural analysis reveals that the alloy with a diameter of 1.5 mm is almost completely composed of amorphous phase.
However, with the cooling rate decline, a little a-Mg and MgZn dendrites can be found in the amorphous matrix. Based on the
microstructural and tensile results, the ductile dendrites are conceived to be highly responsible for the enhanced compressive strain
from 1.3% to 3.1% by increasing the sample diameter from 1.5 mm to 3 mm. In addition, the MggZn,,Ca, alloy with 1.5 mm
diameter has the best corrosion properties. The current Mg-based alloys show much better corrosion resistance than the traditionally

commercial wrought magnesium alloy ZK60 in simulated sea-water.

Key words: Mg—Zn—Ca alloy; bulk metallic glasses; cooling rate; mechanical properties; microstructure; corrosion resistance

1 Introduction

Compared with the traditional magnesium alloys,
Mg-based amorphous alloys are very attractive in many
applications due to their ultra-high strength and good
corrosion resistance [1]. Recently, various Mg-based
bulk metallic glasses (BMGs), such as Mg—(Cu,Ni)—Y
and Mg—Cu—Gd, have been discovered with a great deal
of efforts [2—4]. Unfortunately, these alloys can not be
widely used in engineering applications for their high
cost (high pure eclements and large amount of rare
elements) and brittle failure without noticeable plastic
strain at room temperature (less than 1%) [5].

In recent years, great efforts have been devoted to
the Mg—Zn—Ca metallic glass due to the relatively low
density and good bio-corrosion, which can be served as
potential biomaterials in future [6—9]. LI et al [10] found
that the best composition range defined both by strength
and plastic deformation should be 3%—5% (mole fraction)
Ca for Mgy,-,ZnyCa, (x=0—6). GU et al [9] studied the
feasibility as biodegradable metallic materials of
MggZn;oCa, and Mgr0Zn,sCas and conducted that they

had better bio-compatiblity than pure Mg. However, like
many other amorphous alloys, these Mg—Zn—Ca alloys
possess extremely brittleness at room temperature and
need to be prepared by high purity raw materials under
strictly environmental conditions. From the viewpoint of
applications, it is worthwhile to develop large sized
Mg-based alloys with low cost and good corrosion
resistances.

In the present work, the influence of cooling
conditions on the structure evolution, mechanical
properties and resistances of low-cost
Mg—Zn—Ca alloy prepared by industrial raw materials is
investigated by controlling the sample size. The
underlying mechanism of the improved plasticity
achieved in the larger sized Mg—Zn—Ca alloy is
discussed in terms of microstructure observation.

corrosion

2 Experimental

A  master alloy with the composition of
MgeoZn,,Ca, (mole fraction, %) was prepared with
induction furnace using industrial pure Mg (99.9%, mass
fraction), Zn (99.9%) and Mg—30Ca alloy (30% Ca)
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under the protection of high-purity argon atmosphere.
Then it was remelted several times to ensure that the
alloy composition was more homogeneous. Sample rods
with a length of 50 mm and diameters of 1.5, 2 and 3 mm
were produced by copper mold injection casting.

The structure of as-cast alloys was identified by
X-ray diffraction (XRD, Rigaku D/MAX-2500PC) using
Cu K, radiation. The thermal stabilities related to
crystallization and melting events of the alloys were
investigated with a differential scanning calorimeter (PE,
DSC-7) at a heating rate of 20 K/min. The compressive
specimens with a length-to-diameter ratio of 2:1 were cut
using a low speed diamond saw with water cooling, and
then compressive tests were performed on a SANS
CMT5105 testing machine at a strain rate of 107 s
Each composition was tested for at least five samples at
room-temperature. The morphology of fractured surface
was examined with a scanning electron microscopy
(SEM, TESCAN VEGA II LMU). The corrosion
behavior was investigated using an electrochemical
workstation (CHI660C, China) in simulated sea water
(3.5% NaCl) at room temperature. A three-electrode cell
was used for electrochemical measurements. The
potentiodynamic polarization tests were carried out at a
scanning rate of 5 mV/s and each sample was tested at
least three times.

3 Results

Figure 1 shows the XRD patterns of as-cast
MggoZn,,Ca, alloys with different diameters of 1.5, 2 and
3 mm, hereafter named Alloy I, Alloy II and Alloy III,
respectively. It can be observed that Alloy I is fully
amorphized except for a typical broad halo diffraction
peak, confirming the absence of crystalline phase at the
sensitivity of XRD. However, with the increased
diameter of 2 mm, some crystalline peaks appear on
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Fig. 1 XRD patterns of MggZn,;Ca, alloy with 1.5, 2 and 3

mm diameters

the broad diffraction hump, implying that the Mg—Zn—
Ca alloy mainly forms an amorphous phase (d1.5 mm)
and turns to be made up by crystalline structure mostly
(d3 mm) with the cooling rate reduced. The main Bragg
peaks for Alloy II are indexed as a-Mg, Ca,Mg¢Zns,
Mg;Zn; and MgZn, phases, whereas Alloy III consists of
a-Mg, Ca,MgeZn; Mg,Zn; and MgZn phases.

Figure 2 displays the DSC curves of these three
alloys revealing the crystallization behaviors (Fig. 2(a))
and melting reaction (Fig. 2(b)) above mentioned. The
MggoZny;Cay alloy with a diameter of 1.5 mm shows a
clear exothermic crystallization phenomenon similar to
Alloy II and Alloy III. However, the onset crystallization
temperature 7, rises gradually as well as the heat of
crystallization (AHy) decreases monotonously as Alloy II
and Alloy III. In addition, the high temperature melting
of the alloys exhibits two melting peaks as shown in Fig.
2(b). The thermal parameters including 7y, AH,, melting
temperature 77, and liquid temperature 7} are summarized
in Table 1.

Figure 3 shows the uniaxial compressive strain—
stress curves of as-cast Mg—Zn—Ca alloy with different
diameter sizes. The curves have been shifted apart from
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Fig. 2 DSC curves of as-cast MggoZn,;Ca, alloy rods with
diameters of 1.5, 2 and 3 mm: (a) Crystallization; (b) Melting
events
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Table 1 Key property parameters of as-cast MggZny;Ca, with diameters of 1.5, 2 and 3 mm

Alloy Diameter/mm TJ/K  AHJJg™h T/K

T/K  o/MPa E% Poon!V Jeon/(Arcm™?)

I 1.5
II 2 474 41 617
I 3 478 21.5 619
ZK60 - - - -

414 53 614

10*5. 11
10*4.92
107454
107428

649
659
657

55127
483+24
437+22

1.3+0.06
2.3+0.11
3.1£0.15

-1.26
-1.28
-1.32
-1.59
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Fig. 3 Engineering stress—strain curves of MggZn,,Ca, alloy
rods with diameters of 1.5, 2 and 3 mm under room-
temperature compression

each other so as to avoid overlapping for a clearer
observation. It is clearly seen that all these three alloys
exhibit elastic behavior only, failing without any
macroscopic yielding and plastic strain. The compressive
fracture strength of this novel MggZny;Cas BMG is
considerable to that of most Mg—Zn—Ca BMGs reported
[10]. More interestingly, with increasing the sample
diameter from 1.5 mm to 3 mm, the compressive strain
increases obviously from 1.3% to 3.1%. The possible
reason of such unusual phenomenon will be discussed in
details in the discussion section.

Figure 4 displays the fractographs of the failed
compressive specimens, which are examined with SEM
to clarify the fracture mechanism. The monolithic glass
sample, akin to other brittle BMGs, exhibits a lot of
fragments after failure as shown in Fig. 4(a), which is
called “fragmentation mode” [11]. By careful
observation of these fragments, numerous vein-like
patterns are formed to arrange in long narrow ridges
(Fig. 4(b)) due to local adiabatic heating caused by the
rapid propagation of shear bands [12—14]. As the cooling
rate decreases, Alloy II possesses a visible shear banding
deformation fashion as shown in Fig. 4(c), indicating that
the deformation is localized into shear bands. With a
higher magnification of the sample (Fig. 4(d)), the
fracture surface reveals robust plastic flow patterns,
which is usually observed in some other ductile BMGs
[14]. Furthermore, some cracks on the fracture surface of
Alloy II (by the arrow) do not shatter the specimen,
which means this alloy is relatively tough [7]. Alloy III

also exhibits the large-fragments after failure with two
kinds of fracture morphologies. One is formed by
dendrites splitting into several parts as shown in Fig. 4(e)
and another is the rough vein-like patterns as shown in
Fig. 4(f), which are probably caused by the amorphous
phase softening due to the adiabatic heating [15].

Figure 5 shows the polarization curves of the
Mg—Zn—Ca alloy with different diameters in simulated
sea water along with traditional commercial wrought
magnesium alloy ZK60 for comparison. It can be
observed that these three Mg—Zn—Ca alloys exhibit a
higher polarization potential (¢,) and lower
polarization current density (J.o) than traditional ZK60
alloy. After polarization, both Alloys I and II have the
plateau, which is limited by the breakdown potential,
corresponding to the rupture of the protective film on the
sample surface [16]. However, the ZK60 alloy shows no
noticeable passive region, implying a rapid pitting
corrosion action [17]. The main parameters of the

corrosion resistance about these alloys are also
summarized in Table 1.
4 Discussion

In this work, the microstructure of as-cast

MggoZny;Cay alloy is obviously changed by controlling
the cooling rate via increasing the sample size during
solidification. Faster cooling rate leads to a fully
amorphous structure at 1.5 mm scale. A slow cooling
rate is able to alter the as-cast alloy from amorphous
phase into an in-situ composite structure. In order to
illustrate the effect of cooling rate on the structure
evolution, these three alloys are further examined by
SEM/EDS. From the SEM backscattered electron images
shown in Fig. 6, the differences between Alloys I, II and
III can be obviously observed. No distinct crystalline
contrast is seen over the entire cross-section of Alloy I in
the SEM image (Fig. 6(a)). While for Alloy II, a spot of
white dendritic phases is labeled on the gray amorphous
matrix (Fig. 6(b)). For Alloy III, the volume fraction of
the dendritic phase increases in a large extent (Fig. 6(c)).
It has been well known that in-situ formed ductile
phase reinforced BMGs usually have higher compressive
plasticity than the monolithic BMGs [5,12,18]. While
under compressive load, the slip systems existing in the
dendrites or the ductile phase are activated and readily
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sample and magnified view of shear off zone; (e, f) d3 mm sample and magnified view of shear off zone

accommodate the strain and consequently lead to the
enhancement of compressive plasticity [19,20]. Table 2
summarizes the EDS results of the dendritic phases as
shown in Fig. 7, which indicates that the main phases of
Alloys II (Fig. 7(a)) and III (Fig. 7(b)) are Mg;Zn; and
o-Mg respectively (consist well with the XRD results).
Unfortunately, the Mg;Zn; is a kind of brittleness phase
which will predominantly pose a threat to the mechanical
properties of the amorphous/ crystalline phase interface.

Alloy III exhibits much better compressive strain than
Alloy II because the main phases are ductile a-Mg
dendrites. The Mg—Zn—Ca alloy (3 mm in diameter) with
good mechanical properties (compressive strength of 440
MPa, fracture strain of 3.1%) has been achieved by
controlling the microstructure evolution. These findings
will pave the way for the further mechanical
improvement of the Mg—Zn—Ca BMG at large size and
their feasibility for the applications.
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Fig. 5 Potentiodynamic polarization curves of ZK60 and
MggoZny;Cay samples with different diameters of 1.5, 2 and 3

mm in 3.5% NaCl solution

Fig. 6 SEM backscattered electron images of MggZny;Cay
alloy with 1.5 mm (a), 2 mm (b) and 3 mm(c) diameters

Amorphous matrix

-

Fig. 7 SEM/EDS images of MggZn,,Ca, alloy rod with 2 mm
(a) and 3 mm (b) in diameter

Table 2 EDS results of as-cast MggZn,;Ca, alloy with 2 and 3

mm in diameter

. Mole fraction/%
Position
Mg Ca Zn
A 57.07+2.85 3.35+0.17 39.58+1.95
B 56.51+£2.83 3.36+0.17 40.13£2.01
C 48.09+2.40 7.16+0.36 44.75+2.24
D 78.57+£3.93 - 21.43£1.07

For corrosion behavior, it can be seen that Alloy I
shows clearly the best properties. It can be attributed to
the chemical homogeneity, or the homogeneous structure,
which has no galvanic corrosion in the amorphous matrix
[9]. In addition, Alloys II and III show the similar @
and J., with Alloy I, implying the formation of the
dendrites does not have much effect on the corrosion
properties.

5 Conclusions

1) Low-cost MggZny;Ca, alloy with diameters of
1.5, 2 and 3 mm were synthesized by copper mold



Jing-feng WANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 1930—1935

1935

injection casting method using industrial raw materials. [8] GAOJH, GUAN S K, REN Z W, SUN Y F, ZHU S J, WANG B.
The single glassy phase was obtained in the alloy rod Homogenef)us corrosion of hlgh pressure t0r451on treated Mg—Zn—Ca
. ) alloy in simulated body fluid [J]. Materials Letters, 2011, 65:
with 1.5 mm diameter. 691-693
2) As the cooling rate decreases, the glass forming [9] GU XN, ZHENG Y F, ZHONG S P, XI T F, WANG ] Q, WANG
ability decreases dramatically as the brittle MgZn and W H. Corrosion of, and cellular responses to Mg-Zn—Ca bulk
ductile a—Mg dendrite phases precipitate. Furthermore, metallic glasses [J]. Biomaterials, 2010, 31: 1093—1103.
th Me—Zn—Ca h d hanical i [10] LIQF, WENGHR, SUOZY,RENY L, YUAN X G, QIUK Q.
ese MgmZn—t.a have good mec amc? pr(')pe I'CS. Microstructure and mechanical properties of bulk Mg—Zn—Ca
3) The Mg_zn_ca allOy studied in this work amorphous alloys and amorphous matrix composites [J]. Materials
exhibits much higher corrosion potential and lower Science and Engineering A, 2008, 487: 301-308.
corrosion current density than the traditional wrought (111 ZHAOXJ,QURT, WANG F F, ZHANG Z F, SHEN B L, STOICA
maenesium all 7K60 in simulated sea water. hich M, ECKERT J. Fracture mechanism of some brittle metallic glasses
gnesiu oy ) S. ulated se W er, whie [J]. Journal of Applied Physics, 2009, 105: 103519.
can open up an innovative opportunity for the [12] XU Y K, MA H, XU J, MA E. Mg-based bulk metallic glass
development of Mg-based alloy with  potential composites with plasticity and gigapascal strength [J]. Acta
applications. Materialia, 2005, 53: 1857—1866.
[13] PAN D G, LIU W Y, ZHANG H F, WANG A M, HU Z Q.
Mg-Cu-Ag-Gd-Ni bulk metallic glass with high mechanical
References § e & y
strength [J]. Journal of Alloys and Compounds, 2007, 438: 142—144.
) ) [14] LIU C T, HEATHERLY L, EASTON D S. Test environments and
(1l HUANGJC, CHU J P, JANG J § C. Recent progress in metallic mechanical properties of Zr-base bulk amorphous alloys [J]. Metall
glasses in Taiwan [J]. Intermetallics, 2009, 17(12): 973—987. Mater Trans A, 1998, 29(7): 1811-1820
(21  INOUE A, KATO A, ZHANG T. Mg-Cu~Y amorphous alloys with [15] ARGON A S. Plastic deformation in metallic glasses [J]. Acta
high mechanical strengths produced by a metallic mold casting Materialia. 1979, 27: 47—58
method [J]. Mater Trans JIM, 1991, 32: 609-616. [16] LIU N, WANG J L, WANG L D, WU Y M, WANG L M
3] CHENHM, ZHONG_ HM, XIAP, OUY, Y I F. Composition range Electrochemical corrosion behavior of Mg—5A1-0.4Mn—xNd in NaCl
of amorphous Mg—Ni—Y alloys [J]. Journal of Rare Earths, 2003; solution [J]. Corrosion Science, 2009, 51: 1328—1333.
21(5): 567-570. o » [17] SONG G L, ATRENS A. Corrosion mechanisms of magnesium
[4]  WANGY C, WANG Y R, WEI B C. Kinetics of glass transition and alloys [J]. Advanced Engineering Materials, 1999, 1: 11-33.
crystallization in carbon nanotube reinforced Mg—Cu—Gd bulk [18] JASON S C J, JIAN S R, LI T H, HUANG J C, LIU C T. Structural
metallic glass [J]. Journal of Rare Earths, 2006, 24:' 3277331' and mechanical characterizations of ductile Fe particles-reinforced
(5] HUIX, DONG W, CHEN G L, YAO K F. Formation, microstructure Mg-based bulk metallic glass composites [J]. Journal of Alloys and
and properties of long-period order structure reinforced Mg-based Compounds, 2009, 485: 200294
bulk metallic glass composites [J]. Acta Materialia, 2007, 55: [19] ZHANG Z F, HE G, ECKERT J, SCHULTZ L. Fracture mechanisms
907-920. in bulk metallic glassy materials [J]. Phys Rev Lett, 2003, 91(4):
[6] ZHAO Y Y, MA E, XU J. Reliability of compressive fracture 045504
strength of Mg—Zn—Ca bulk metallic glasses: Flaw sensitivity and [20] HAYS C C, KIM C P, JOHNSON W L. Microstructure controlled

Weibull statistics [J]. Scripta Materialia, 2008, 58: 496—499.

[77 WU XF, SIY, SUO Z Y, KANG Y. Synthesis and mechanical
behavior of ternary Mg—Cu—Dy in situ bulk metallic glass matrix
composite [J]. ] Mater Sci, 2009, 44: 6035-6039.

shear band pattern formation and enhanced plasticity of bulk metallic
glasses containing in situ formed ductile phase dendrite dispersion [J].
Phys Rev Lett, 2000, 84(14): 2901.

AENREI Mg-Zn—Ca S & ZE AL
HFEMRE & E I EERY 2200

EHF DL &RV, s, I, HaL

1. KR EREESGE TR, TR 400044; 2. FERR2E MERES TREZABE, TR 400044;
3. UK MEBLRES TR 2B, IR 400715

7 FE. RIS EAAR 1.5, 2 F13 mm ] MgeoZny,Cay &4 KA X HTERATH(XRD). 1= RESK
I RO A A E SERR BTV SRS A 0 WA 2L D2 ke SR i BRI R . S5 REN: M EARKN 1.5 mm N,
GRS AR BRI TR, S8 IR o-Mg Al Mg—Zn AH, {43 3 mm EARFE MK K485
BRIEF] 3.1%, BT 1.5 mm dEREGEN 1.3%. BE4k, Hl45 1K Mg—Zn—Ca & S ARSI Hh IR 408 Tk 1 i s 47
TGN ZK60 £E64
KR Mg—Zn—Ca &4 Hukdedh; AR, %R BMAZL FEuhbkbe

(Edited by Chao WANG)



