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A B S T R A C T   

Microstructural characteristics and corrosion behaviors of the single-phase and binary-phase Mg-xSc (wt%, x =
5, and 15) were investigated. Both single and binary phases Mg-Sc alloys display typical peritectic microstruc-
ture, where Sc-depleted areas are surrounded by Sc-rich zones. The MgSc phases are prone to precipitate in Mg- 
rich zones of Mg-15Sc, which is beneficial to the enhancement of yield strength. To analyze the corrosion 
behavior, experimental and first-principles studies were conducted. The single-phase Mg-5Sc alloy shows the 
lowest weight loss rate with 0.6 mg/cm2/day, which is one order of magnitude smaller than that of binary-phase 
Mg-15Sc alloy. The potential difference, the cathode H2 evolution kinetics, and the surface layer containing 
Sc2O3 are believed to be the main reasons for the corrosion behavior difference of single-phase and binary-phase 
Mg-Sc alloys.   

1. Introduction 

Magnesium (Mg) alloys are promising materials in the application of 
the aerospace, automotive, and 3C (Computer, Communication, and 
Customer Electronic) industries due to their attractive properties, such 
as high specific strength, high thermal conductivity, electromagnetic 
compatibility, and easy recycling [1]. However, Mg is a quite active 
element, which has a high negative standard potential (~ − 2.372 V/ 
NHE), and serves as an anode to dissolve or sacrifice. In addition, the 
naturally formed oxide layer of Mg is usually porous and soluble. The 
corrosive medium, especially the chloride ion, can easily attack the Mg 
substrate, and this problem has become the greatest obstacle for 
broadening the applications [2–7]. 

The worldwide researchers have attempted to improve the corrosion 
performance of Mg alloys. Birbilis et al. [8] reported single-phase Mg-As 
alloys possessed high corrosion resistance, owing to the suppressed 
cathodic hydrogen evolution. Liu et al. [9] further investigated single- 
phase Mg alloys with microalloying additions of group 14 and 15 ele-
ments and revealed that Bi, Ge, Pb, Sb, and Sn are capable of improving 
corrosion-resistance as As. Deng et al. [10] prepared single-phase Mg-Ca 
alloys by Ca micro-alloying with a protective film, showed extremely 

low corrosion rates. Herein, designing single-phase Mg alloys is an 
effective approach to improve the corrosion resistance. Nevertheless, the 
mechanical property of single-phase material is usually limited due to 
the absence of precipitation strengthening. A practical way to balance 
corrosion and mechanical performance is to design binary/multiphase 
Mg alloys. For instance, Xu et al. [11] declared a multiphase Mg-Li based 
alloy exhibiting high strength and corrosion resistance. Boby et al. [12] 
reported multiphase AZ91 alloys with addition of Sn and Y, possessing 
both excellent corrosion and mechanical performance. It is worth noting 
that binary/multiphase materials are susceptible to micro-galvanic 
corrosion, which may reduce the corrosion-resistant performance. In 
general, the abovementioned designing routes as single-phase and bi-
nary/multiphase Mg alloys should be considered according to the actual 
application requirement case by case. 

Among the various alloying elements, rare earth (RE) elements are 
proved to be effective in enhancing the corrosion resistance of Mg alloy 
[12–15]. RE elements can not only improve the protection of the surface 
layer by forming RE oxide [16], but also lower the overpotential of 
hydrogen evolution [14]. Compared with other RE elements, scandium 
(Sc) yields a greater grain size refinement effect, possesses a high solu-
bility in Mg (> 25 wt%), and the ability of cathodic-kinetics suppression 
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[17]. Zhang et al. [18] reported the microstructure and corrosion 
behavior of single-phase Mg-Sc alloys with tiny Sc concentration, and 
the refined microstructure and the formation of protective corrosion 
products film were believed to be the reasons for the enhancement of 
anti-corrosion property. Thus, Sc is believed to be a promising candidate 
for designing high corrosion-resistant Mg alloy [14]. 

Therefore, in this study, single-phase and binary-phase Mg-Sc alloys 
are designed. The corrosion behavior of Mg-Sc based alloys is investi-
gated and compared with commercial AZ91D alloy and high purity Mg. 
The underlying corrosion mechanism is discussed with the help of first- 
principles calculations. 

2. Materials and methods 

2.1. Materials 

The alloy ingots with a nominal composition of Mg-5Sc and Mg-15Sc 
were prepared by conventional melting in an electric resistance furnace. 
High pure Mg (HP Mg, > 99.95 wt%) and Mg-30Sc (wt%) intermediate 
alloy were melted under a mixed atmosphere of CO2 and SF6 (melting 
and refining temperature: 730 ◦C). Then the melt was poured into a pre- 
heated steel mold. The chemical composition of these alloys was 
analyzed via inductively coupled plasma-atomic emission spectrometry 
(ICP-AES, X series II, Thermofisher Scientific, US), and the results are 
listed in Table 1. The commercial AZ91D alloy was used as a 
counterpart. 

2.2. Microstructure characterization 

The phase identification of all Mg alloys was conducted via X-ray 
diffraction (XRD, Philips, PW1700, the Netherlands) with a Cu Kα1 ra-
diation of λ = 1.5406 Å at an accelerated voltage of 40 kV and 30 mA. 
The microstructures were observed by optical microscope (OM, Zeiss 
Axio Observer A1) and field-emission scanning electron microscopy 
(SEM, Philips XL-30FEG, the Netherlands) equipped with energy 
dispersive spectrometry (EDS). The cross-sectional morphology and 
structure of the corrosion product was characterized using transmission 
electron microscopy (TEM, Tecnai G2 F30), with the aid of selected-area 
electron diffraction (SAED) technique. The detailed description of the 
preparation of cross-sectional TEM specimens can be found elsewhere 
[19]. 

Dimension Icon & FastScan Bio scanning Kelvin probe force micro-
scopy (SKPFM) was used to determine the potential difference between 
anode and cathode. The SKPFM measurements were operating in the 
tapping mode using a two-pass technique. The height data was recorded 
during the first pass, then the probe tip lifted and scanned following the 
height profile with the potential data recorded in the second pass. The 
tip to sample distance was kept constantly at 100 nm. Temperature and 
humidity levels were around 23 ± 2 ◦C and 60 ± 6% respectively during 
measurements. 

X-ray photoelectron spectroscopy (XPS, ESCALAB250, Thermo VG) 
measurements were performed on the corroded Mg-Sc alloy to analyze 
the composition of the corrosion product. The XPSPEAK software 
(version 4.1) was used for peak fitting of the XPS data via referencing to 
a database (National Institute of Standards and Technology of US). The 
binding energy scale was corrected with the C 1 s peak at 284.6 eV as the 
reference. 

2.3. Corrosion tests 

The corrosion rate tests performed in this work includes H2 collection 
and weight loss immersion. As for H2 collection, the specimen was 
suspended with a nylon string in the 3.5 wt% NaCl solution for 48 h 
under an inverted glass funnel, and an acid burette was used to collect 
the H2 gas [2]. In the weight loss measurements, the specimens were also 
immersed in 3.5 wt% NaCl solution. The corrosion products were 
removed by a mixed solution composed of a 200 g/L chromate acid 
solution, 10 g/L silver nitrate, and 20 g/L barium nitrate. The weight 
loss was determined by recording the weight before and after the im-
mersion test. Each corrosion rate tests were repeated at least 3 times to 
ensure the reliability of experimental data. 

The potentiodynamic polarization and electrochemical noise (EN) of 
Mg alloys were measured in 3.5 wt% NaCl solution at room temperature 
by using an electrochemical workstation (Autolab PGSTAT302N). Dur-
ing the potentiodynamic polarization test, a typical three-electrode cell 
was used, consisting of a platinum foil as the counter electrode, a 
saturated calomel electrode (SCE, saturated KCl) as the reference elec-
trode and the Mg alloys as the working electrodes (WE). The specimens 
were polarized in the anodic and cathodic direction separately after 10 
min of stabilization at the open circuit potential (OCP) with a scan rate 
of 0.33 mV⋅s− 1. In the EN test, two identical specimens were applied as 
the working electrode and a SCE as the reference electrode, respectively. 
The electrochemical current noise was measured as the galvanic 
coupling current between two identical WE kept at the same potential. 
EN data was recorded at a data-sampling interval of 0.25 s after the 
immersion of the working electrodes in the solution. The total 691,200 
data points were collected in 172,800 s. 

2.4. Mechanical property 

The room temperature tensile test was carried out on a Zwick/Roell 
Z100 testing machine with a cross-head speed of 0.5 mm/min. At least 
three parallel tests were replicated for each alloy to confirm the reli-
ability of the results. 

2.5. First-principles calculation 

Density functional theory (DFT) calculations were performed on the 
Vienna Ab initio Simulation Package (VASP) [20] using the Perduw- 
Burke-Ernzerholf functional (PBE) [21] and the projector augmented 
wave (PAW) [22] method. The plane wave with a kinetic energy cutoff 
of 520 eV was settled, and Γ-centered k-meshes of 3 × 3 × 1 were used 
for the structural optimization and static calculations. K-mesh density in 
slab calculations was the same as that of bulk calculations. The elec-
tronic convergence criterion was set at 1 × 10− 6 eV in the static calcu-
lation to get accurate energy and electrostatic potential. Eight layered p 
(3 × 3) slab was built to simulate HP Mg. As for Mg-5Sc, 2 Mg atoms 
were replaced on the subsurface of HP Mg slab model by Sc, respec-
tively. To simulate the condition of Mg-15Sc and AZ91D alloys, MgSc 
and Mg17Al12 second phases models were set up. Nudged Elastic Band 
(NEB) method was used to calculate the reaction barriers [22]. During 
the NEB calculations, the structures set as the initial and final point in 
the reaction path were pre-relaxed until the forces on atoms were less 
than 10− 4 eV/Å, while the images along reaction path were relaxed until 
the total forces on the atoms were less than 10− 2 eV/Å [23,24]. 

Table 1 
Chemical composition of investigated alloys (wt%).  

Alloy Sc Al Zn Mn Si Fe Cu Mg 

HP Mg – 0.0195 0.0016 0.0038 0.0053 0.0034 0.0005 Bal. 
Mg-5Sc 5.2410 0.0632 0.0125 0.0048 0.0733 0.0291 0.0050 Bal. 
Mg-15Sc 15.0100 0.1280 0.0382 0.0044 0.1160 0.0459 0.0158 Bal. 
AZ91D – 9.2300 0.7300 0.2100 0.0290 0.0014 0.0018 Bal.  

T. Xie et al.                                                                                                                                                                                                                                       
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3. Results 

3.1. Microstructural characterization 

Fig. 1 shows the optical microstructure of Mg-Sc alloys. In general, 
the Mg-Sc alloys display the typical peritectic microstructural feature. 
Unlike other elements such as Al, Zn, Ca, etc., Sc tends to participate in 
the peritectic reaction with Mg instead of eutectic reaction, and the 
phase diagram of binary Mg-Sc alloy is given in reference [25, 26]. With 
the increasing of Sc content, the grains are distinctly refined due to the 
retarding of grain boundary migration, the detailed information about 
the effect of Sc on grain refinement can refer to the results in [27,28]. In 
addition, no second phases are observed in Mg-5Sc alloys, nevertheless, 
second phases begin to precipitate in α matrix when the Sc content 
further increases to 15%. This result is consistent with the XRD results 
shown in Fig. 1(c), only the peaks of Mg are observed in low Sc con-
taining alloys, and the peaks corresponding to MgSc (β) phase [29,30] 
become discernable in Mg-15Sc alloy. Consequently, Mg-Sc alloys in this 
study can be divided into two types: single-phase alloy (Mg-5Sc) and 
binary-phase alloy (Mg-15Sc). 

Fig. 2 shows the SEM microstructures of Mg-5Sc and Mg-15Sc. As for 
single-phase alloy, a characteristic peritectic microstructure is observed, 
where Sc rich zones are surrounded by α-Mg. Although most of Sc tends 
to present in a solid solution state, the distribution of Sc element is not 
homogenous, displaying a combination of Sc-rich central area and sur-
rounding Sc-depleted region. In the case of binary-phase alloy, as shown 
in Fig. 2(d, e, f), the microstructure is generally analogous to that of Mg- 

5Sc alloy except for the precipitation of the second phase (as the arrow 
pointed) in Sc-rich zones. 

To further identify the second phase in binary-phase Mg-15Sc alloy, 
TEM analysis result is shown in Fig. 3. The bright field images show the 
morphology of the second phase, and the corresponding SAED pattern is 
displayed in Fig. 3(b). The second phase piled up by rod-like precipitated 
particles is indeed MgSc phase according to the reference from the In-
ternational Centre for Diffraction Data (ICDD) [29]. The diffraction 
spots of the (0002)α and (101)β crystalline plane nearly coincide, and the 
[111]β direction of the CsCl-type (B2) MgSc phase is parallel to the 
[1120]α direction of the hcp Mg matrix, i.e., [1120]α//[111]β [29]. 

3.2. Mechanical property 

AZ91D is a widely used Mg alloy with a simultaneously high 
corrosion-resistant and mechanical properties. In this paper, we 
compared AZ91D and Mg-Sc alloys to evaluate the mechanical property 
of single-phase and binary-phase Mg-Sc alloys. As shown in Fig. 4, the 
yield strength (YS) and ultimate tensile strength (UTS) of Mg-Sc alloys 
both increase with Sc addition, whereas the enhancement in YS of 
single-phase alloys is less noticeable than that of binary-phase alloys. 
Compared with HP Mg, the YS almost increased one magnitude in Mg- 
15Sc alloy, which is even higher than that of AZ91D alloy. Appar-
ently, the increase of YS and UTS in binary-phase alloy is attributed to 
the precipitation strengthening of MgSc second phase. Regarding the 
elongation part, the single-phase Mg-5Sc alloys show relatively high 
values than that of Mg-15Sc, causing by the probability reduction of 

Fig. 1. Typical optical microstructure of Mg-Sc alloys: (a) Mg-5Sc; (b) Mg-15Sc; (c) XRD patterns of Mg and Mg-Sc alloys.  

T. Xie et al.                                                                                                                                                                                                                                       
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dislocations propagation and stress localization [31]. 

3.3. Corrosion results 

3.3.1. The hydrogen evolution and weight loss measurement 
To study the corrosion behavior of Mg-Sc alloys, H2 evolution and 

weight loss tests were carried out and the results are illustrated in Fig. 5. 
Generally, the addition of Sc is favourable for anti-corrosion, especially 
in the single-phase Mg-Sc alloy, the corrosion rates of HP Mg nearly 
halved after Sc alloying [32]. However, with the further increase of Sc 
concentration, the corrosion rate starts to level up in binary-phase alloy 
because of the precipitation of MgSc second phase. It is worth noting 
that the corrosion rate of binary-phase alloy is still lower than that of 

AZ91D, indicating that scandium exerts a more positive influence on the 
improvement of corrosion resistance than aluminum. In sum, the 
ranking of corrosion rates can be summarized as follows: AZ91D > Mg- 
15Sc > HP Mg > Mg-5Sc. The results attest to the conjecture that single- 
phase alloy behaves better anti-corrosion property than binary-phase 
alloy. 

3.3.2. Corrosion morphology characterization 
The microscopic morphology after corrosion is given in Fig. 6(a, f, k). 

It is obvious that the surface layer of Mg-5Sc alloy is relatively uniform 
after 48 h immersion, while the surfaces are severely corroded with the 
presence of the second phase in AZ91D and Mg-15Sc alloys. Both second 
phases (Mg17Al12 and MgSc, as the arrow pointed in Fig. 6) are observed 

Fig. 2. Microstructure of Mg-5Sc: (a) Information collection scope of mapping, (b) distribution of element Mg, (c) distribution of element Sc; and Mg-15Sc: (d) 
Information collection scope of mapping, (e) distribution of element Mg, (f) distribution of element Sc. 

Fig. 3. (a) TEM bright field image of the second phase, (b) SAED pattern taken from (a), the electron beam direction is parallel to the [1120]α direction of the hcp Mg 
matrix (α) and [111]β direction of the CsCl-type (B2) MgSc (β). 

T. Xie et al.                                                                                                                                                                                                                                       
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close to the surface in AZ91D and Mg-15Sc alloys, and the nearby areas 
are corroded dramatically with little protection of the surface layer. The 
second phases tend to form micro-galvanic couples with Mg matrix, and 
the completeness of the surface could be excessively affected by the 
presence/absence of the second phase. 

3.3.3. Electrochemical measurements 
The short term (OCP for 10 min) and long term (OCP for 48 h) 

potentiodynamic polarization tests were carried out to evaluate the 
corrosion behaviors of Mg-Sc alloys, and the results are displayed in 
Fig. 7 and Table 2. As presented, single-phase alloy shows the lowest 
corrosion current density (icorr) after 10 min OCP, followed by HP Mg, 
Mg-15Sc, and AZ91D. The ranking order is in good agreement with the 
hydrogen evolution and weight loss results. After 48 h immersion in 3.5 
wt% NaCl solution, although the icorr ranking does not change, an in-
crease of icorr and a noble shift of the corrosion potential (Ecorr) are 
observed. It is interesting to note that a distinct breakdown potential can 
be observed in the anodic branch of Mg-5Sc alloy, either in short-term or 
long-term tests, suggesting the stability of the protective corrosion 
product layer in single-phase alloy [33]. However, no such breakdown 
signals are found in binary-phase Mg-15Sc alloy. Although its corrosion 
potential is the highest, in other words, the lowest corrosion tendency in 
all specimens, the actual protection of the corrosion product layer is 
relatively poor. 

To further analyze the short-term and long-term behavior, electro-
chemical noise analysis is carried out and the results are shown in Fig. 8. 
As illustrated in Fig. 8(a), the electrochemical current noise was 
measured as the galvanic coupling current between two identical 
working electrodes kept at the same potential. The reciprocal of the 
noise resistance Rn is inversely proportional to the corrosion rate [19]. 
Thus, the real-time corrosion behavior is capable of recording without 
imposing disturbances. As the increase of immersion time, the corrosion 
rate is prone to accelerate with larger amplitude fluctuations, which 
indicates that the surface is undertaking the fierce competition process 
between pit initiation and passivation. During the 48 h immersion 
period, Mg-15Sc alloy keeps a high corrosion level throughout the whole 
process, as well as AZ91D. As for the HP Mg, the corrosion is slow in the 
initial stage but followed by a sharp accelerating after 6 h immersion. 
The reason is that the initial metastable pits grow into a larger stable pit, 
suddenly raise the value of the corrosion rate of HP Mg. The single-phase 
Mg-5Sc alloy maintains the continuously lowest corrosion rates during 
EN test, and this result agrees with that of potentiodynamic polarization 
tests. 

4. Discussion 

As the corrosion behavior of Mg alloys is sensitive to lots of intrinsic 
and environmental parameters, e.g. alloying, microstructure, 

Fig. 4. (a) Typical engineering stress-strain curves of Mg, Mg-5Sc, Mg-15Sc and AZ91D alloys. (b) Variation of yield strength, ultimate tensile strength, and 
elongation of the investigated alloys at room temperature. The error bars correspond to the standard deviation based on at least three measurements performed on 
different specimens of each alloy. 

Fig. 5. (a) Hydrogen evolution of Mg, Mg-5Sc, Mg-15Sc, and AZ91D following 48 h immersion in 3.5 wt% NaCl. (b) Hydrogen evolution and weight loss results of 
Mg, Mg-5Sc, Mg-15Sc, and AZ91D following 48 h immersion in 3.5 wt% NaCl. The error bars correspond to the standard deviation based on at least three mea-
surements performed on different specimens of each alloy. 

T. Xie et al.                                                                                                                                                                                                                                       
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temperature, pH, etc., the underlying corrosion mechanism is always 
hard to clarify. In the present work, first-principles calculations and 
experimental measurements were employed to understand the corrosion 
mechanism of single-phase and binary-phase Mg-Sc alloys, from the 
thermodynamic and kinetic perspectives of corrosion. 

4.1. Thermodynamic driving force of corrosion 

In solid physics, the intrinsic potential difference (UA − UB) between 
two different metals AB could be expressed as [34]: 

UA − UB =
(WA − WB)

e
(1) 

WA and WB are the work functions of two metals. The work function 
is defined as the minimum work or energy required to get an electron out 
of metal [23,35]. When two phases contact, the intrinsic potential dif-
ference will promote the redistribution of charges, leading to galvanic 
corrosion [34]. The potential difference is often regarded as the ther-
modynamic driving force of galvanic corrosion [36]. The larger work 
function difference, the stronger corrosion tendency. 

Fig. 9 shows the slab models and DFT calculated work function dif-
ference between HP Mg and Mg-5Sc solid solution, MgSc phase, and 

Fig. 6. Microscopic morphology with corrosion products removed and corrosion cross-section of (a, b) Mg-5Sc, (f, g) Mg-15Sc, (k,l) AZ91D and corresponding 
element distribution in the surface layer of: (c, d, e) Mg-5Sc; (h, i, j) Mg-15Sc; and, (m, n, o) AZ91D, after 48 h immersion in 3.5 wt% NaCl. 

Fig. 7. The (a) potentiodynamic polarization curves (OCP for 10 min); (b) potentiodynamic polarization curves (OCP for 48 h) of Mg, Mg-5Sc, Mg-15Sc, and 
AZ91D alloys. 

Table 2 
Corrosion current density and potential of investigated alloys.  

Alloy icorr (A/cm2) 10 
min 

icorr (A/cm2) 
48 h 

Ecorr (VSCE) 10 
min 

Ecorr (VSCE) 
48 h 

HP Mg 4.81 × 10− 5 1.01 × 10− 4 − 1.54 − 1.41 
Mg-5Sc 1.11 × 10− 5 1.61 × 10− 5 − 1.51 − 1.37 
Mg- 

15Sc 
8.31 × 10− 5 1.84 × 10− 4 − 1.39 − 1.33 

AZ91D 9.63 × 10− 5 3.32 × 10− 4 − 1.58 − 1.56  

T. Xie et al.                                                                                                                                                                                                                                       
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Mg17Al12 phase, the detailed set up process of the slab models could be 
found in Supplementary Material. Obviously, the work function differ-
ences between Mg-5Sc and HP Mg is the smallest, indicating the weakest 
corrosion driving force in single-phase alloying system. As for binary- 

phase Mg-15Sc and AZ91D alloys, the work function differences are 
much larger due to the presence of MgSc and Mg17Al12 second phases, 
and the corresponding thermodynamic driving forces are substantially 
stronger. It is noteworthy that the MgSc phase exerts an even higher 
corrosion tendency than Mg17Al12, though the corrosion rate of binary- 
phase Mg-Sc alloy is lower than that of AZ91D. 

Excepting the DFT calculation, the SKPFM was applied to further 
analysis of the thermodynamics of the corrosion. As the results show in 
Fig. 10, the potential difference between Sc-rich regions and α-Mg is 
only about 30 mV, whereas the potential differences between α-Mg and 
second phases (MgSc and Mg17Al12) are as high as 390 mV and 190 mV, 
respectively. The potential difference in binary-phase Mg-15Sc alloy is 
indeed higher than that in AZ91D alloy. This experimental result is in 
accordance with the DFT calculation, which verifies the accuracy of the 
DFT result. 

4.2. Corrosion products 

In order to confirm the composition of corrosion product in Mg-Sc 
alloys, XPS analysis is adapted and the results are shown in Fig. 11. 
The peaks are corresponding to the reported binding energy [37–39]. In 
the case of Mg-Sc alloys, the immerged Sc peaks attest to the presence of 
Sc2O3 in the corrosion product of both single-phase and binary-phase 
Mg-Sc alloys. Meanwhile, the cross-section of Mg-5Sc crossion product 
is observed by TEM in Fig. 12, the surface layer is indeed composed of 

Fig. 8. (a) Schematic diagram of electrochemical noise test, with corresponding (b) results of Mg, Mg-5Sc, Mg-15Sc, and AZ91D alloys. WE and RE represent working 
electrode and reference electrode, respectively. 

Fig. 9. DFT calculated work function difference between HP Mg and Mg-5Sc, 
MgSc, Mg17Al12. The atoms of the corresponding slab models are colored by 
type: Mg (green), Sc (brown), Al (black). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

T. Xie et al.                                                                                                                                                                                                                                       
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Fig. 10. Surface Volta potential map and line-profile analysis of: (a), (d) Mg-5Sc; (b), (e) Mg-15Sc; and (c), (f) AZ91D alloy.  

Fig. 11. XPS results of (a) HP Mg, (b) Mg-5Sc，and (c) Mg-15Sc alloys; And narrow spectra analysis of (d) the Sc 2p peaks of Mg-5Sc and Mg-15Sc alloys, unified 
proportionally referring to the Mg 2p peaks. 

T. Xie et al.                                                                                                                                                                                                                                       
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Sc2O3 and MgO. As the Pilling-Bedworth (P-B) ratio of Sc2O3 (1.19) is 
much larger than that of MgO (0.81) [40], it is helpful to compensate for 
the volume mismatch between the Mg matrix and the corrosion pro-
duction, so as to alter the structure and passivation ability of surface 
layer. In addition, the scandium oxide is insoluble in an aqueous solu-
tion, which would increase the stability of the surface layer. Therefore, 
the presence of Sc2O3 would be effective to improve the completeness 
and protectiveness of the surface layer. 

To analyze the variation of Sc in the surface of single-phase and 
binary-phase Mg-Sc alloys, the Mg 2p peak is set as the reference, and 
the peaks of Sc elements are adjusted proportionally. The peak intensity 
ratio of Sc2O3, which is proportional to the volume fraction, do not show 
pronounced change in single-phase and binary-phase Mg-Sc alloys. 
Nevertheless, as shown in Fig. 6, the surface layer of single-phase Mg- 
5Sc is relatively completeness with the presence of Sc2O3, thereby pre-
venting catastrophic failure of the surface layer. 

4.3. Cathodic hydrogen evolution kinetics of corrosion 

Therefore, with the presence of second phases in the surface layer, 

the corrosion behavior is strongly affected by the intrinsic corrosion 
behavior of the second phases. Herein, the first-principles calculation 
was used to study the cathodic kinetics. As Mg usually serves as an anode 
during the galvanic corrosion, and cathodic reaction accompanied with 
the H2 evolution mainly takes place on second phases [23,24,41,42]. In 
the neutral or basic solution, the hydrogen evolution process could be 
separated into the following steps [24]: (1) the adsorbed water mole-
cules (*H2O) on the surface dissociate into hydrogen adatom (*H) and 
hydroxyl group (*OH) [43]; (2) the *H remains and the *OH consumes 
an electron and leaves as OH− (the Volmer reaction); (3) two nearby *H 
diffuse and combine as H2 gas (the Tafel reaction) [44]. The Heyrovsky 
reaction could be ignored because of the low H+ concentration in the 
considered solution. 

The surface energies of the different orientations of Mg-5Sc, MgSc, 
and Mg17Al12 were calculated, and Mg-5Sc(100), MgSc(100), and 
Mg17Al12(110) are the most stable surfaces, respectively. The adsorption 
energy of *H, *OH, H2O, and H2 molecule on the different sites of the 
most stable surfaces were calculated before NEB analyzation. The min-
imum energy path (MEP) of H2O dissociation and H2 recombination on 
the surface obtained by NEB method constrained geometry optimization 

Fig. 12. (a) Dark-field TEM image and (b) corresponding SAED pattern of Mg-5Sc alloys.  

Fig. 13. Minimum energy path for H2O molecule dissociation on: (a) Mg-5Sc, (b) MgSc, and (c) Mg17Al12 surface; and *H recombination on: (d) Mg-5Sc, (e) MgSc, 
and (f) Mg17Al12 surface. The atoms of the corresponding slab models are colored by type: Mg (green), Sc (brown), Al (black), O (red), H (white). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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is shown in Fig. 13. The energy barriers of H2O dissociation on Mg-5Sc, 
MgSc and Mg17Al12 surface are 1.190 eV, 0.709 eV, and 0.692 eV, 
respectively, which suggests that an H2O molecule is most unfavored to 
decompose on the Mg-5Sc(100) surface. 

Fig. 13 shows the MEP of H2 combination in single-phase Mg-5Sc, 
binary-phase Mg-15Sc and AZ91D. The energy barrier on MgSc surface 
is the largest to be 1.789 eV, which is also the maximum energy barrier 
during the whole reaction path. This indicates the H2 evolution is 
thermodynamically unfavored and the cathodic process could be sup-
pressed with the presence of MgSc phase. Like the researchers have re-
ported before, similar to As, Ge, and Cd, Sc could also reducing the 
cathodic kinetics in Mg alloys by tightly binding *H and prevent H2 
evolution [17,24], which meets well with our results. All in all, AZ91D 
has the lowest MEP of H2O dissociation and H2 recombination. With Sc 
addition to HP Mg, single-phase Mg-5Sc and binary-phase Mg-15Sc alloy 
could well suppress the cathodic hydrogen evolution dynamics. 

4.4. Mechanism discussion 

Fig. 14 illustrates the corrosion mechanism of the investigated alloys. 
Up to date, HP Mg has always been the benchmark of high corrosion- 
resistant magnesium because the addition of most alloying element is 
not able to improve the corrosion resistance [7]. However, what is 
striking herein is that the single-phase Mg-5Sc alloys display even better 
corrosion property than HP Mg in this study. In single-phase HP Mg and 
Mg-5Sc alloys, the corrosion driving force stays low at the beginning of 
corrosion, as the DFT calculation results revealed. However, typical 
corrosion products MgO/Mg(OH)2 on HP Mg cannot provide reliable 

corrosion protection considering its porous structure. The addition of 
5% Sc tends to change the structure of the surface layer and increase the 
pitting potential, which is beneficial to the improvement of corrosion 
resistance. What's more, the layer seems to own a strong passivation 
behavior due to the existence of Sc2O3 judging from the EN result. 

In the case of binary-phase Mg-15Sc and AZ91D alloy, the precipi-
tation of MgSc or Mg17Al12 would increase the micro-galvanic couples 
and enlarge the potential between the anodic/cathodic region, leading 
to the acceleration of the corrosion reaction and destruction of the 
completeness of the corrosion product layer. Compared with Mg17Al12 
phase, although the potential difference is higher for MgSc phase, its 
ability to suppress H2 evolution would be beneficial to corrosion 
resistance. 

5. Conclusions 

The microstructure characteristics and corrosion behaviors of the 
single-phase and binary-phase Mg-Sc alloys were investigated. Poten-
tiodynamic polarization and electrochemical noise tests were conduct-
ed, combined with the analysis of surface layer and Volta potential 
difference. The underlying corrosion mechanism was unveiled assisted 
by the first-principles calculations. The main conclusions are listed as 
follows: 

(1) Single-phase Mg-5Sc exhibits the best corrosion-resistant per-
formance with a weight loss rate of 0.6 mg/cm2/day, and the 
corrosion rates can be ranked as follows: Mg-5Sc < HP Mg < Mg- 
15Sc < AZ91D. 

Fig. 14. Schematic diagram of the corrosion mechanism of Mg-xSc and AZ91D alloys.  
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(2) The mechanical property is improved with the precipitation of 
MgSc phase, and the mechanical property of Mg-15Sc is compa-
rable to that of AZ91D. 

(3) According to the first-principles calculation and SKPFM experi-
mental results, Mg-5Sc has the lowest potential difference, i.e., 
smallest corrosion tendency, whereas the MgSc phase leads to a 
large potential difference in binary-phase Mg-15Sc alloy.  

(4) The surface of single-phase Mg-5Sc is relatively more protective 
than that of binary-phase Mg-15Sc and AZ91D. This may due to 
the absence of micro-galvanic corrosion induced by second pha-
ses, and the improvement of surface protection with the presence 
of the Sc2O3 in the surface layer.  

(5) Although second phases are both present on the surface of Mg- 
15Sc and AZ91D alloys, the MgSc phase has a stronger ability 
to suppress cathodic reaction than that of Mg17Al12 phase, as the 
energy barrier for H2O dissociation and H2 combination is much 
bigger. 
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