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Abstract

By virtue of its high corrosion resistance and desirable mechanical properties,
Mg-based bulk metallic glass (BMG) is a promising candidate material for the
biodegradable implants materiat. To investigate the impact of microalloying element Ga
on the glass-forming ability (GFA) and its effect on the mechanical properties and
corrosion behavior of Mg-Zn-Ca BMG, a series alloys of (MgssZnzoCaas)100-xGax (0 < x
< 1.25) BMG were synthesized and investigated in this study. The critical diameter of
MgesZnz0Cas BMG is about 3.5 mm, and an appropriate addition of Ga (1.0 at.%) can
improve the critical diameter (D¢) to 5 mm. Meanwhile, the approximate addition of Ga
can shightly improves the fracture strength of Mg-Zn-Ca BMG from 651 MPa to 752
MPa. The addition of Ga can also help forming passive corresion—product film on the

substrate and therefore improves the corrosion resistance.
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1. Introduction

During the past decades, bulk metallic glasses (BMG) have gained increasing
attention from materials scientists and engineers as one category of new important
materials [1]. From the first report of a metallic glass fabricated by Pol Duwez and his
colleagues in 1960 [2], a great number of eategories BMG systems have been designed
and fabricated found-nr-theresearches—ofmetatheglass. But The first kind system of
metallic glass (Au-Si alloy) needs a very rapid cool-down rate, approaching a million
degrees per second, in fabrication [3]. Since 1988, many kinds systems of bulk metallic
glasses have been discovered studied, such as the Mg-based, La-based, Zr-based,
Fe-based, Pd-based BMG [4] and so on. Some eategeries systems of metallic glass have
a great glass-forming ability (GFA). PdsoCusoNiioP20 metallic glass can even have a
critical diameter (Dc) up to 72 mm [5]. At the same time, metallic glasses have very
outstanding properties such as the highest elastic limit among metallic materials (up to
twice that of common metals), high strength (approaching the theoretical limiting
strength of that kind of alloy) and high corrosion resistance (without crystal and grain
boundaries and localized corrosion), making metallic glass beceme a very promising
class of materials.

Although fabricating BMGs with diameters of several centimeters is already
successful, some toxic elements must be breughtin used in the meantime. Just-tike For
Mg-based BMGs, it will-be is difficult to improve the D¢ to over 10 mm without the
addition of Ni [6], Be [7] or Cu [8]. In some systems even—can only get amorphous
ribbons with the thickness of dozens of microns can be achieved. The small critical
diameters and-the-low-GFA of BMGs in general and the low GFA in many systems stil

significantly restrict the potential applications in the medical field. Therefore improving



the GFA and critical sizes of BMGs to satisfy the requirement of geometric size is still
the main challenge of further explering—and development of BMG in biomedical
applications [9].

Owing to the increased number of the aging population and the requirement for
higher living standards, large demands of biomaterials are expected te—eeme in the
future [9][10]. Mg-based metallic glasses are now receiving increased attention from the
medical industry as one category of new important materials for biomedical
applications. Physical and mechanical properties such as low density, close matching of
elastic modulus with the cortical bone, and biological properties such as
bio-compatibility, bio-degradability, and bio-resorbability, are some of the reasons
contributing to their recognition as promising materials in the biomedical field [11].
Unlike their crystalline counterparts, they are single-phased and ehemically
homogenous systems with the absence of microstructural defects such as grain
boundaries, dislocations, and precipitates [12][13]. It motivates attempts of application
of these materials for producing resorbable orthopedic implants according to the new
concept of implants with controlled and predictable resorption [14]. Gu et al. [15] and
Zberg B et al. [16] et—al demonstrated that Mg-Zn-Ca BMGs have more uniform
corrosion morphology, much lower corrosion rates, and higher cell viability than
conventional crystalline pure Mg. Some categories of Mg-based BMG have a great

glass-forming ability, for example, MgssCu265A0s5Gd11 {(fabricated—by—tnstitute—of
Metal-Researeh), and have a Dc up to 25 mm [17]. However, Mg-Zn-Ca, the most

promising Mg-based BMG system for biomedical applications which-received-special
research—attention—across—the—scientific—community is—stil-have has a limited GFA

[16][15]. Ryszard et al. [14] demonstrated that the content of Zn and Ca would directly



affect #mpaet the GFA of Mg-Zn-Ca BMG. Without other elements added to Mg-Zn-Ca
BMG, the maximum D is about 4 mm [14]. To improve the performance of Mg-Zn-Ca
BMG, there were attempts to add alloying elements have-been-investigated-to-improve
the-property-of to the Mg-Zn-Ca system, such as Ag [18], Pd [19], Cu [20], Sr [21]. The
addition of Ag from 1% to 3% decreased the D. of Mg-Zn-Ca BMG from 2 mm to 1
mm, but it improved the corrosion resistance. Only the element Sr would increase the
D to about 6 mm [21]. [How abou Pd and Cu?]

In this study, to improve the properties of Mg-Zn-Ca BMG, a series of
(MgssZnzoCas)100-xGax (0 < x <1.25) BMG were synthesized and investigated. The
microstructure, GFA, mechanical properties, corrosion resistance and thermal stability

of Mg-Zn-Ca-Ga BMG were evaluated.

2. Experimental

2.1 Materials preparation

Pure Mg (99.9%), Zn (99.9%), binary Mg-30Ca master alloy and pure Ga (99.9%)
were used as starting materials. Then all aloys mixtures with different proportions were
melted in a graphite crucible placed in an induction furnace under—an—erdinary
atmosphere-with a high purity argon (99.999%) atmosphere. Graphite-crucible-was-used
as—the—melting—vessel—to—prepare the Master alloys with varying Ga content
(MgeeZn3oCas)100xGax (x= 0, 0.25, 0.5, 0.75, 1 and 1.25) were prepared. Every master
alloy was re-melted more than three times to ensure the compositional homogeneity.
Re-melted ingots were then cut into pieces and spray-casted into a copper-mold to get

cylindrical samples with diameters of 2, 3.5 and 5 mm, respectively. Metallic glass



ribbons with 40 um in thickness and 5 mm in width were also prepared by a single

roller melt spinning process at a wheel speed of 40 m/s.

2.2. Microstructure characterization and mechanical properties

Cross-sectional surfaces of the as-cast cylindrical samples were analyzed by X-ray
diffraction (XRD) using a Rigaku Dymax diffractometer with CuKa radiation (A =
1.5405 A) and scanning-electron microscopy (SEM, Tescan VEGAZ3 ). Differential
scanning calorimetry (DSC, Perkin-Elmer ) was also used to characterize the natures of
different amorphous samples, with a heating rate of 40 K/min in an ultra-high purity Ar
atmosphere. And-The weight of every sample prepared for DCS was 10 to 20 mg. The
MTS 810 servo-hydraulic material testing machine was used to preeess in the uniaxial
compression test performed at a constant strain rate of 1x10s™at room temperature.
The as-cast cylindrical samples with 3.5 mm in diameter and 7 mm in length were used
to-conduet in the compression test.

2.3. Electrochemical tests

Mg-Zn-Ca-Ga metallic glass ribbons with the 1 cm? exposed surface were used to
conduct the electrochemical tests in Hanks’ simulated body fluid solution [22][36] (the
specific composition is listed in Table TTT1). The Versa STAT3 electrochemical
workstation (Princeton Applied Research) with a standard three-electrode configuration
was used to carry out the electrochemical tests. Platinum plate with an area of about 1

cm? and saturated calomel electrode (SCE) are-set served as the counter electrode (CE)

and reference electrode (RE), respectively. Every—tested—sample—was—tmmersed—in
Hanks>—selution—to—monitor—the—change—of The open-circuit potential (OCP) was
recorded for 60 min to-get-into-stable-corrosion-status—After 60-min-OCP-test; before



electrochemical impedance spectroscopy (EIS) measurement was conducted from 100

kHz to 0.05 Hz with an amplitude of 5 mV versus the OCP-ef-each-sample. And The

EIS result was fitted using the ZSimpWin software. {a—the—end Subsequently the

potential dynamic polarization (PDP) test was carried out from -0.5 V (vs. OCP) toward

the anodic direction at a scan rate of 1 mV/s. The free corrosion potential (Ecorr) and the

free corrosion current density (lcorr) Were ealeulated extracted from the PDP curves.
Table TTT1

Composition of Hanks’ solution [36].

Chemic Na K NaHC MgSQ4-7H> Glucos Na;HPO4-2H
al c_c o 0 e CaClz — KHPO, 0
Mass 0.

(g/L) 8 4 0.35 0.2 1 0.14 0.06 0.06

2.4 Immersion test

To evaluate the corrosion resistance of all Mg-Zn-Ca-Ga metallic glass samples,
Mg-based metallic glass ribbons with an exposed area of 1cm? were immersed into 200
mL Hanks’ solution for the immersion test. The solution temperature ef Hanks*selution
was kept at the constant of 37 °C using-a-waterbath. [What was the immersion period?]
After the immersion test, the corrosion surfaces of different metallic glass samples were

investigated by SEM.

3. Results

3.1 Microstructure characterization

As shown in Fig. XXX1, the XRD patterns of sample Ga0 with a diameter of 3.5 mm
and Gal.00 with a diameter of 5 mm exhibit a broad amorphous peak at about 26 = 37°
without any obvious typical crystalline peaks. On the other hand, the addition of 0.25

at.% and 0.5 at.% Ga direethy obviously decreases the GFA of Mg-Zn-Ca BMG; Ga0.25
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and Ga0.50 exhibit typical crystalline peaks of Mg, MgZn and Mgs1Zn2o phases. With
the increase of the element Ga, two broad peaks at about 26 = 36.6° and 260 = 39.2°
replace the sharp and distinct crystalline peaks on the XRD patterns of sample Ga0.75
with a diameter of 5 mm. When the addition of Ga is 1 at.%, Mg-Zn-Ca-Ga BMG has
the maximum GFA with abeut D, of about 5 mm. When the addition of Ga up to 1.25
at.%, the D. efGal25 decreases to about 3.5 mm and indistinct crystalline peaks
similar to the major peaks of Mg and Mgs1Zn2o appear respectively at about 26 = 36.6°

and 26 = 39.2° in the XRD patterns.
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Fig. XXX1. XRD patterns of metallic glass samples were—get acquired on the
cross-sections of six different as-cast cylindrical alloys (Ga0, Ga0.25, Ga0.5, Ga0.75,

Gal.0, Gal.25) with different diameters.

SEM (backscattered electron) images of the center of different metallic glass samples
were presented in Fig. XXX2. Without the addition of Ga, enly a few crystals particles
are observed in the center of sample Ga0 (3.5 mm) in Fig. XXX2(a). When only 0.25
at.% of Ga was added the GFA decreased obviously and a large number of crystals are
observed in the center as shown in Fig. XXX2(b). When the addition of Ga is up to 0.75

at.% and 1.0 at.%, enly a few crystal particles appear in the center of Ga0.75 with a



diameter of 3.5 mm and Gal.0 with a diameter of 5 mm. With the further addition of
Ga, obvious crystal phases were formed in the center of Gal.25 with a diameter of 5
mm. [Please note the consistency of the backscattered electron SEM results and the

XRD results]

40pm 40pm

Fig. XXX2. SEM (backscattered electron) images of the center of as-casted samples:
(a) Gao (@ 3.5mm), (b) Ga0.25 (@ 2mm), (c) Ga0.5(& 3.5mm), (d) Ga0.75 (& 3.5mm),

(e) Gal.0 (@ 5mm), (f) Gal.25 (& 5mm)

Fig.XXX3(a)(b) shows the DSC curves of all metallic glass samples, and the
corresponding results ang-the of thermal parameters are listed in Table TTT2, including
Ty (glass transition temperature), Tx (crystallization temperature), Tm (melting
temperature), T, (liquidus temperature), Tx-Tq (47, supercooled liquid range), Ti-Tm
(solid and liquid range), Tg/Ti (Trg, reduced glass transition temperature), and the
parameter y defined by Eq. (1). The values of ATy, Ti-Tm, T¢/Ti and y are commonly used

as the indicators of GFA [21,23-25].



V:Tx/(Tg-l'Tl) (1)

Endothermic reaetions process corresponding to glass transition and exothermic
reaction process corresponding to the crystallization of all alloys are displayed in Fig.
XXX3(a). Sample Ga0 shows a clear glass transition process at 359 K. Across the
supercooled liquid region, consequent crystallization peaks appeared on the DSC curve.
With the increase of Ga addition, T4 does not have an obvious variatien change and
keeps remains at about 358 K. On the other hand Ty firstly decreases from 378 K to 375
K with only an addition of 0.25 at.% Ga. Then Ty reaches to the minimum velume value
372 K with-the—additien-of at 0.5 at.% Ga. When the addition of Ga increases to 0.75,
1.0 and 1.25 at.%, the Tx of Ga0.75, Gal.0 and Gal.25 increases to 378 K, 378 K and
376 K. As Inoue postulated [3], the stability and GFA of BMG correlates with the width
of the supercooled region Tx-Tg (47%). As is shown in Fig. XXX3(a) and Table TTT2,
the addition of alloying element Ga affects the A7y and results in the change of GFA and
D. of Mg-Zn-Ca-Ga BMGs.

The DSC curves of the melting behavior of Mg-Zn-Ca-Ga metallic glasses are
presented in Fig. XXX3(b). With the variation of Ga addition, the values—of Trn only
have changes slightly, while T, fluctuates dramatically as indicated by the down-arrows
in Fig. XXX3(b). Besides, it is noticed that, because of the dramatic fluctuation of T,
the value of Tg¢/Ti changes accordingly and directly #mpaets affects the D of different
alloys simultaneously. As H—¥+ Lu et al. [26] indicated, ir—terms—ef because of the
strong correlation between Trg and GFA, Ty is a wery proper index to describe GFA. For

alloys with similar components, the greater the Ty aleys-have, the greater the GFA will



be. It is noticed that sample Ga0.25 and Gal.0 have the minimum and maximum Tyg,

resulting in the minimum and maximum D, of about 0.5 mm and 5 mm respectively.
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Fig. XXX3 DSC curves of Mg-based metallic glasses (MgesZn2sCas)100-xGax ( X = 0,

0.25,0.5,0.75, 1.0 and 1.25 at.%).

Table TTT2
Critical diameters (Dc) for glass formation and thermal properties of
(MgesZn2gCas)100-xGax ( X =0, 0.25, 0.5, 0.75, 1.0 and 1.25 at.%) BMGs.

Alloys D, (mm) Ty (K) Ty (K) Tn (K) T (K) AT (K)  Ti-Tn (K) T (Ty/T) Y

Ga0 35 359 378 609 665 19 56 0.540 0.369
Ga0.25 0.5 358 375 614 733 17 119 0.489 0.343
Ga0.5 2 358 372 613 703 14 90 0.509 0.350
Ga0.75 35 359 378 606 677 19 71 0.530 0.364
Gal.0 5 358 378 610 664 20 54 0.539 0.370
Gal.25 35 358 376 604 668 18 64 0.536 0.366

3.3 Mechanical properties

Since the D¢ values of sample Ga0.25 and Ga0.5 were only 0.5 mm and 2 mm, only

samples of Ga0, Ga0.75, Gal.0 and Gal.25 with 3.5 mm in diameter and 7 mm in

length were tested and the test results are presented in Fig. XXX4. It is obvious that

with the increase of GFA ( corresponding to Dc from 3.5 mm to 5 mm) the fracture
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strength increased from 651 MPa to 752 MPa and this phenomenon was also reported
by Karl F. Shamlaye [27]. The probable reason is that, at a certain casting diameter, the
BMGs having higher GFA can effectively suppress the formation and growth of crystals
during the casting. As the yield strength of crystalline phase is always lower than that of
the corresponding amorphous phase, during the compressive test, crystalline phase in
BMG may vyield firstly and result in stress concentration on the phase interface. A
premature fracture may occur once crack sedrees forms and grows. Therefore increasing
the GFA may be a feasible way to ensure increase the strength and reliability of BMGs.
Furthermore, the addition of the element Ga may also play a role in solution
strengthening during the compressive test.

After the compressive test, the fractured surfaces of different Mg-Zn-Ca-Ga BMG
samples (Ga0, Ga0.75, Gal.0 and Gal.25) with 3.5 mm in diameter and 7 mm in length
are presented in Fig. XXX5. All samples have the typical fracture surfaces of metallic
glass, on which parallel tear lines appear on the smooth fracture surfaces. By the
analysing the compressive stress-strain curves and fracture surfaces of the BMG (Gao,
Ga0.75, Gal.0, and Gal.25), in the condition of amorphous phase stage [?], the addition
of element Ga does not have an obvious effect on the mechanical behavior of Mg-Zn-Ca

BMG.
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Fig. XXX4 Compressive stress-strain curves of cylindrical samples Ga0, Ga0.75,

Gal.0, and Gal.25 with 3.5 mm in diameter and 7 mm in length.
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Fig. XXX5 SEM images of the fractured surfaces of cylindrical Mg-Zn-Ca-Ga BMG
samples (a) Gao0, (b) Ga0.75, (c) Gal.0 and (d)Gal.25 after the compressive test.

3.3 Electrochemical behavior
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The OCP curves of Mg-Zn-Ca-Ga metallic glass ribbons with the—variation-ef Ga
addition content are presented in Fig. XXX6(a). The OCP value of the metallic glasses
inerease-toward moves in the pesitive-petential noble direction in the first 600 s, which
may result # from the formation of corrosion product film and—aceumulation—of
dissolved-metathetons-on-the-interface-ofsolution/substrate. Then they-gette the OCP

became stable gradually beeause when the corrosion product film stopped growing

eventually ls—gemng—m—equmbnam—wﬁq—ns—dwsel%n—and%eeneemraﬁen—ef i i ihibri i ! i i i

disselved-metallic-tons-getting-equilibration. With the increase of addition-of-element
Ga, the OCP value ef-al-metallic-glass increases from about -1.4 to -1.1 V as shown in

Fig. XXX6(a), which can be ascribed to the relatively higher electrode potential of
element Ga. Meanwhile the addition of Ga may also help forming a dense oxide or
hydroxide film onte the metallic glasses.

After 60 min OCP test, electrochemical impendence spectroscopy (EIS) measurement
was conducted in Hanks’ solution at each OCP to investigate the corrosion resistance of
Mg-Zn-Ca-Ga metallic glass samples with different content of Ga, and the test result is
presented in Fig. XXX6(b). To better understand the corrosion behaviors of different
metallic glass samples, the electrical equivalent circuit (EEC, as shown in Fig. XXX6(d)
with two-time constants was applied to fit the EIS result. On account of the the
time-constant dispersion [28] caused by surface heterogeneity [29][30], fractal
geometry[31][32], electrode porosity[33][34], variation of coating and surface
composition  [35][36], two-dimensional (2D) and three-dimensional (3D)
distribution[36], and geometry-induced current and potential distributions [37][38][39],
the constant phase element (CPE) was introduced[30][40] to fit the EIS data. In the

EEC model, Rs is the solution resistance generated between WE and RE, Rt and CPEs
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are the resistance and capacitance of the corrosion product film on the metallic glasses,
CPEqy is the capacitance of the electrical double layer generated on the metallic glass,
Ret is charge transfer resistance of the metallic glass. The parameters including Rs, Ry,
CPEy, CPEq, Ret, and Ry (polarization resistance) fitted by the EEC in Fig. XXX6(d) are
listed in Table TTT3. Compared with crystalline Mg alloy, there is no inductive loop on
the Nyquist plots at low-frequency as shown in Fig. XXX6(b), suggesting that the
addition of element Zn, Ca and Ga into the alloy directly improves the corrosion
resistance of the alloy and effectively restrains severe corrosion forming. Without any
Ga added into the metallic glass, sample GaO has the smallest capacitive loop and its Rp
is only 3618 Q cm?. With the addition of Ga from 0.25 at.% to 1.25 at.%, the values of

Rp increase gradually from 4467 Q cm? to 20282 Q cm?.
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Fig.XXX6 (a) Open circuit potential (OCP) curves, (b) Nyquist plots and (c) potential

dynamic polarization (PDP) curves of different Mg-Zn-Ca-Ga metallic glasses (Gao0,
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Ga0.25, Ga0.5, Ga0.75, Gal.0, and Gal.25) tested in hanks’ solution at 37°C. And (d)

electrical equivalent circuit (EEC) used in the fitting of EIS result.

Table TTT3

The parameters obtained after fitting of Nyquist plots in Fig. XXX6(b).

EIS parameters Units Ga0 Ga0.25 Ga0.5 Ga0.75 Gal.0 Gal.25
Rs Q cm? 30 16 15 14 66 45
CPE¢ QlemZ" 3.74e-5 152e-5 152e-5 1.04e-5 5.83e-6 6.54 e-6
N 0.866 0.878 0.869 0.901 0.891 0.899
Rt Qcm? 315 949 1182 2691 4559 5712
CPEy Qlem%" 13.0e-5 7.37e5 6.92 e-5 5.88 e-5 3.97e5 3.18¢e-5
Nl 0.847 0.627 0.635 0.671 0.589 0.606
Ret Qcm? 3303 3518 4769 6080 9929 14570
Rp Q cm? 3618 4467 5951 8771 14488 20282

Fig. XXX6(c) shows the PDP curves of Mg-Zn-Ca-Ga metallic glasses, and the

corresponding fitting result is presented in Table TTT4. By analyzing the result of the

PDP curves of all metallic glasses, it can be observed that sample Ga0 has the lowest

Ecorr (-1.343 V), Ecorr increases from -1.281 V to -1.225 V gradually with the addition of

element Ga. The increase of Ecorr coincides with the test result of OCP. With the

addition of Ga, obvious passivation phenomenon appears on the PDP curves at about

-1.1 V. And icorr decreases from 18.8 uA/cm? to 2.5 pA/cm? with the addition of Ga

from 0 to 1.25at.%, which is coincidence with the fitting result of EIS data according to

the Stern-Geary equation[41].

bg'b
Ro = Tartboricon @
Table TTT4
Fitting result of PDP curves in Fig. XXX6(c).
Parameters Units Ga0 Ga0.25 Ga0.5 Ga0.75 Gal.0 Gal.25
Ecorr V vs. SCE -1.343 -1.281 -1.264 -1.243 -1.229 -1.225
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leorr nA/cm?2 18.8 9.1 6.3 35 29 25
-be mV/dec 158 134 121 132 155 143
ba mV/dec 287 130 128 123 116 86

3.3 Immersion test

Fig. XXX7 shows the surface morphologies of Mg-Zn-Ca-Ga metallic glass samples
after 48 h immersion in Hanks’ solution at 37°C. After the immersion test, obvious
filiform corrosion (indicated by arrows) and pitting corrosion spots appear on the
surfaces of sample Ga0 (Fig. XXX7(al)(a2)), Ga0.25 (Fig. XXX7(b1)(b2)), and Ga0.5
(Fig. XXX7(c1)(c2)). Pitting corrosion, as the main corrosion form of Mg-based
metallic glasses, was always observed in Mg-Zn-Ca based [21] and Mg-Cu-Y-Zn [42]
metallic glasses, and filiform corrosion was also reported in of Mg-Cu-Ni-Ag-Zn-Gd-Y
BMG [43]. With 0.5 at.% addition of element Ga, exfoliation of corrosion film appears
on the corrosion surface of Ga0.5 (Fig. (c1)(c2)). With the further increase of Ga in the
metallic glasses, the inclination of filiform and pitting corrosion reduced, and the
metallic glass tends to uniform corrosion. Meanwhile, the larger amount of exfoliation
of corrosion film appears on the surface of metallic glasses. Combining with the
analysis of the electrochemical test results, the addition of Ga can promote the
formation of passivation corrosion product film on the surface and effectively improve

the anti-corrosion performance of the Mg-Zn-Ca-Ga metallic glass.
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Fig. XXX7 Surface morphologies of Mg-based metallic glasses of (al)(a2) Gao,
(b1)(b2) Ga0.25, (c1)(c2) Ga0.5, (d1)(d2) Ga0.75, (el)(e2) Gal.0, and (f1)(f2) Gal.25

after 48h immersion in Hanks’ solution at 37°C.

4. Discussion
4.1 Corrosion mechanism
To investigate the relationship between the element Ga and passivation phenomenon

of the corrosion product film of the metallic glass, Pilling-Bedworth ratio [44] of oxide
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(PBRo, Eg. (3)) and hydroxide (PBRow, Eq. (4)) were introduced to evaluate the
compactness and anti-corrosion performance of the corrosion product film on the
metallic glass substrate. In Egs. (3) and (4), Vwm is the volume of a unit mass of pure
metal, Vo and Vo is the corresponding volume of the metallic oxide and metallic
hydroxide of a unit mass of pure metal respectively. The parameters of related oxides
and hydroxides are listed in Table TTT5 reference to Lange’s handbook of
chemistry[45], and the calculated PBRo and PBRow are listed in Table TTT6. By the
comparison of PBRo of Mg, Zn, Ca and Ga, the oxidation of Zn and Ga can help form a
more dense oxide film on the metallic substrate than that of Mg and Ca because the
PBRo of Zn and Ga (1.585 and 1.226) are significantly larger than that of Mg and Ca
(0.806 and 0.657). Meanwhile, the values of PBRon of Mg, Zn, Ca and Ga were taken
into account, because their hydroxides play more important roles in the corrosion
process in aqueous solution. On the one hand, PBRon of Zn and Ga (3.554 and 2.67) are
obviously larger than that of Mg and Ca (1.769 and 1.275). And on the other hand, the
values of Ksp of Zn(OH)2 and Ga(OH)s are several order of magnitude less than that of
Mg(OH); and Ca(OH)3, indicating that Zn(OH). and Ga(OH)3 are more stable and
insoluble in aqueous solution. Therefore the addition of Zn or Ga can effectively help to
form more protective corrosion product film on the metallic glass substrate and

therefore improve the corrosion resistance.

1%

PBRy =2 ()
M
— You
PBRow = 7 (4)

Table TTTS

Parameters of oxides and hydroxides of Mg, Zn, Ca and Ga at room temperature[45].
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Molecular Density pKsp Ksp

weight (g/cm?®)
Mg(OH), 58.32 2.360 11.25 5.61x1012
Zn(OH), 99.40 3.053 16.5 3x10Y7
Ca(OH), 74.09 2.248 5.26 5.5x10°
Ga(OH); 120.74 3.84* 35.14 7.28x10°%
MgO 40.30 3.580 — —
ZnO 81.38 5.606 - -
CaO 56.08 3.300 - -
Ga;0; (o) 187.44 6.480 — —

* The density value of Ga(OH)s is obtained from the standard diffraction pattern
(JCSDS card NO. 18-0532).
Table TTT6

Density, PBRow, and PBRo of pure metallic Mg, Zn, Ca and Ga.

Pure Mg Pure Zn Pure Ca Pure Ga
Density (g/cm?) 1.74 7.14 1.55 591
PBRo 0.806 1.585 0.657 1.226
PBRon 1.769 3.554 1.275 2.67

For ordinary crystalline Mg-based alloys such as Mg-Al, Mg-Zn, and Mg-Re alloy,
they always suffered from severe corrosion in common electrolyte solutions, and
dramatically rapid corrosion and the phenomenon of anodic hydrogen evolution are
often observed at their anodic region during the PDP tests[46]. Compared with common
Mg alloy, Mg-Zn-Ca-Ga metallic glass shows outstanding anti-corrosion resistance, and
the passivation phenomenon was observed in their anodic region as shown in Fig.
XXXT7(c). The excellent corrosion performance of Mg-Zn-Ca-Ga metallic glass could
be explained by its simplified polarization diagram (Fig. XXX8(a)) and the related
electrochemical reactions of different elements are expressed in Egs.(5)(6)(7)(8)(9). To

simplify the analyzation process, elements of Mg, Zn, Ca and Ga are classified into two
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categories including active metal elements (Mg and Ca) and inactive metal elements (Zn
and Ga). As shown in Fig. XXX8 (a), the green dash lines correspond the cathodic
reaction (I+m2, EQ. (5)) and anodic reactions (Iugica)e, EQs. (6)(7)) of Mg and Ca, the
red lines (/’w+m2 and I’znica)e) correspond the cathodic reaction (Eq. (5)) and anodic
reactions of Zn and Ga (Egs. (8)(9)). When the applied potential (E) lower than the
self-corrosion potential of Mg/Ca (Emgica)), as shown in Fig. XXX(b1), the cathodic
reaction generates on the surface of elements Zn/Ga more than Mg/Ca, because the
cathodic current density of Zn/Ga is higher than that of Mg/Ca. When Emgica < E <
Eznica, corresponding to the illustration Fig. XXX(b2), Ca is oxidized into Ca?" and
dissolved into the electrolyte, and Mg is oxidized into loose Mg(OH). film. When
Emgica < E < Ep, because the anodic current density of Zn/Ga (1 znca),e) is larger than its
cathodic current density (/’w+H2), Zn and Ga are oxidized into Zn(OH), and Ga(OH)a.
And combining with Mg(OH)z, Zn(OH). and Ga(OH)3 form into a dense protective film
which inhibits the anodic reactions of different elements (/’znca)e and Imgicaye) and
form the passivation potential region(4E) as shown in Fig. XXX(b3). When the
furtherly increased E is larger than the breakdown potential (Eb), as shown in Fig.
XXX8(b4), the passivation film breaks down and the electrochemical reaction gets into

the Tafel linear region of whole metallic glass (l@mc).e).

Cathodic reaction 2H,0 + 2e™ - H, + 20H™ (5)

Anodic reaction 1 Mg + 2H,0 —» Mg(OH), + 2H* + 2e~ (6)

Anodic reaction 2 Ca - Ca?t + 2e” (7)
Anodic reaction 3 Zn + 2H,0 - Zn(OH), + 2H' + 2e~ (8)
Anodic reaction 4 Ga + 3H,0 - Ga(OH); + 2H* + 3e™ 9)
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Fig. XXX8 Mechenesim of passivation: (a) Polarization diagram of MgZnCaGa
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BMG and the corresponding schematic diagram of electrochemical reactions on the
BMG surface when (bl) E < Emgica, (02) Emgrca < E < Ezn/ca, (03) Eznica < E < Ep and

(b4) B < E.

4.2 Relationship between GFA and binary phase diagrams

In this study, a new theory to design the composition of BMG was proposed by
analyzing the binary phase diagrams of each two elements. Firstly a hypothesis should
be established, as indicated by the arrow in Fig. XXX9(a), the composition
inhomogeneity of alloy increases with the macroscopic concentration changing to the
microcosmic concentration. Fig. XXX9(b) shows a kind of binary phase diagram on
which the left side is phase a and the right side is intermetallic phases of B1 and 2.
With the decrease of temperature from T1 to T3, as shown in Fig. XXX9(c1)(c2)(c3),
the tops of Gibbs curves of phase a, B1 and 2 get below the Gibbs curve of liquid. As
we all know, the eutectic composition can get the balance of phase a and 1 during the
process of equilibrium solidification, and eutectic composition has a shorter temperature
region of liquid-solid two-phase during the solidification[23] [????]. The composition
near phases of intermetallics (like B1 and B2) may provide higher GFA during the
process of quick solidification [23][???]. On the one hand, compared with B1 and (2,

phase a has larger solubility which always corresponds to simple crystal structure and
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the easiness of crystalization. On the other hand, the composition near ¢ 2 may make
more chances of formation of clusters with similar complex structures of phase 1 and
B2 from the supercooled liquid phase. Therefore the more intermetallic phases like 1

and B2 near the sides of the eutectic point, the higher GFA may the alloy has.
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Fig. XXX10 (a) phase diagram of Mg, Zn and Ca, (b) phase diagram of Mg, Zn, Ca

and Ga.

Even though there are many theories were proposed to predict and investigate the
relationship between composition and GFA, few theories were proposed depending on
binary phase diagrams. As shown in Fig. XXX10 (a), the eutectic compositions are
indicated by dash lines in binary diagrams, and diagonal lines of the eutectic
composition of Mg, Zn and Ca are depicted by straight lines. Three diagonal lines of
Mg, Zn and Ca form triangle regions as indicated by circles in which the composition of
each couple elements nears its eutectic point. Intersection points of diagonal lines near
the Mg side indicated by a small circle was found to form the Mg-based
BMGs[47][48][49][50][51]. And the regions in circles near Zn-rich and Ca-rich were
also found Zn-based BMGs [52] and Ca-based BMGs [53][54][53][55][56]
respectively.

The composition of Mg-Zn-Ca-Ga BMGs studied in this paper are indicated by a
small circle shown in Fig. XXX10(b). Generally speaking, as the microalloying element,
Ga should increase or decrease the GFA gradually with its addition. Whereas with the
addition of Ga from 0 to 1.25 at.%, the D of Mg-Zn-Ca-Ga BMG decreased sharply to
0.5mm and then increased to the maximum D, 5mm at the addition of 1 at.% Ga which
corresponded to the eutectic composition in the Ca-Ga phase diagram(Fig. XXX10(b)).
Therefore the relationships between each couple of elements (binary phase diagrams)

play an important role in the GFA of the alloy system.

5. Conclusion
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1. With the addition of 1 at.% Ga, Mg-Zn-Ca-Ga metallic glass got the highest GFA
and the critical diameter (D¢) reached 5 mm.

2. With the improvement of GFA and the addition of alloying element Ga, the
fracture strength of Mg-Zn-Ca-Ga bulk metallic glasses was slightly improved.

3. With the increase of Ga addition, Mg-Zn-Ca-Ga metallic glasses had obvious
higher free-corrosion potential and lower corrosion current density corresponding
higher corrosion resistance. And the addition of element Ga can help form dense

corrosion product film and directly improve the corrosion performance.
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