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Abstract 

We report that the corrosion resistance of Mg is significantly improved by adding 0.05wt% Sc. Corrosion rates evaluated from weight 
loss values after room-temperature immersion in 0.6 M NaCl solution for two weeks were 0.27 and 4.0 mm y −1 for the high-purity Mg 
samples with and without microalloyed 0.05wt% Sc, respectively. The beneficial effect of Sc microalloying on the corrosion resistance of 
Mg is discussed in connection with Sc-induced microstructural modifications. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
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. Introduction 

Metallic materials have a surficial oxide layer, which can
ct as a barrier to degradation in a corrosive environment
1–7] . The outstanding corrosion resistance of Ti and Al
lloys is predominantly due to the protective role of the oxide
ayer [1–5] . On the other hand, the oxide layer of some

etallic elements such as Fe and Mg does not inherently have
ufficient protectiveness, resulting in their poor corrosion
esistance [8–11] . In the case of Fe, however, this corrosion
ssue has been successfully resolved by alloying it with more
han ∼11wt% Cr and currently a series of stainless steels
ith additional alloying elements are available for many ap-
lications where corrosion resistance is primarily required [7] .

Unfortunately, however, the method in common use for Fe
annot be readily applied to Mg since the solid solubility of
n element such as Cr, which can contribute to the forma-
ion of protective oxide layer, is limited in the Mg matrix. In
hese circumstances, artificial surface coating by anodizing or
lasma electrolytic oxidation has been used to diminish the
orrosion-induced degradation of Mg-based products [12–21] .
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rticle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-n
ince it is quite difficult to acquire an initially defect-free
oating layer and because the coating layer is susceptible to
amage in practical use, localized corrosion is usually un-
voidable. This suggests that the corrosion resistance of a
ase material underneath the protective layer is still impor-
ant, regardless of the anti-corrosive performance of surface
oatings. 

Recently, it has been shown that the corrosion resistance
f Mg alloys can be significantly enhanced by microalloying,
hich can lower the degree of microgalvanic reaction be-

ween the Mg matrix and adjacent secondary phases without
ppreciably improving the protectiveness of surficial oxide
ayer [22–35] . Among typically available alloying elements
or Mg, rare-earth elements have been reported to be effec-
ive in terms of inactivating the microgalvanic corrosion of
ulti-phase Mg alloys [ 22–24 , 27–34 ]. 
The occurrence of microgalvanic corrosion is not wholly

onfined to alloy type materials since even high-purity Mg
HP-Mg) is usually found to have secondary phase particles,
hich contain impurities such as Fe and Si [ 10 , 36–39 ]. The
roblematic influence of these impurity-bearing particles on
orrosion resistance is not to be ignored, especially consid-
ring their electrochemically noble character relative to Mg
 10 , 37–39 ]. Despite the inevitable risk of raising production
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Table 1 
Analyzed chemical compositions of the HP-Mg and Mg–0.05Sc samples in- 
vestigated in this study. 

Sample Sc Fe Si Mn Ca Mg

HP-Mg < 0.0001 0.0029 0.0047 0.012 0.028 bal. 
Mg–0.05Sc 0.0506 0.0043 0.0065 0.013 0.030 bal. 
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ost, researchers have sought to produce ultra-high-purity Mg
UHP-Mg) to circumvent the corrosion acceleration problem
n the presence of particles containing impurities and to date
 very slow corrosion rate of ∼0.25 mm y 

−1 has been re-
orted for UHP-Mg immersed in a 0.6 M NaCl solution [36] .
side from the research activities related to UHP-Mg, it has
een also shown that alloying with elements such as As, Ge,
r Ca is effective in enhancing the corrosion resistance of
ure Mg [ 35 , 40 , 41 ]. Here, as an alternative alloying method,
e report that achieving corrosion resistance comparable to
HP-Mg is readily possible by a trace addition of 0.05wt%
c to HP-Mg. In this study, HP-Mg samples with and with-
ut microalloyed Sc were subjected to an equal preparation
ethod and then their microstructure and corrosion behavior
ere comparatively investigated. 

. Experimental procedure 

The analyzed compositions (wt%) of HP-Mg and Mg–
.05Sc samples are provided in Table 1 . The Mg samples
ere prepared by induction melting under purging of inert
ases of CO 2 and SF 6 . Each sample in the molten state was
tabilized at 750 °C for 10 minutes and then poured into a
teel mold preheated to 200 °C. The dimensions of cast sam-
les were 12 mm in thickness, 50 mm in width, and 100 mm
n height. Microstructural examinations were conducted by an
PIPHOT 200 optical microscope (OM), a Quanta 200 field-
mission scanning electron microscope (SEM) with an EDAX
pollo X energy dispersive spectrometer (EDS), and a JEM-
100F transmission electron microscope (TEM). Quanta 3D
EG focused ion beam equipment was used to prepare TEM
amples. 

The corrosion rates of the HP-Mg and Mg–0.05Sc sam-
les were measured by room-temperature immersion tests in
 0.6 M NaCl solution for up to two weeks. Cuboidal samples
ith a side length of 10 mm were immersed in a solution
hose temperature was kept constant at 25 °C. According

o ASTM G1-03, the samples after immersion were directly
oaked in 200 g l −1 CrO 3 solution at 50 °C for 10 minutes
o remove oxidized corrosion products and then weight loss
as measured. During the immersion tests, evolved H 2 vol-
me was measured according to the method reported by Song
nd Atrens [10] . 

To compare the electrochemical potential differences be-
ween the Mg matrix and secondary phase particles, Volta
otential distribution was examined by scanning Kelvin probe
orce microscopy (SKPFM) with an NTEGRA atomic force
icroscope. The SKPFM measurements were performed in

tmospheric conditions under a controlled relative humidity
f 40 ± 5% at 25 °C. Potentiodynamic polarization tests and
lectrochemical impedance spectroscopy (EIS) measurements
ere performed by a Reference 600 potentiostat after im-
ersion for three days in a 0.6 M NaCl solution at 25 °C

fter deaeration with N 2 gas. The polarization curve of each
ample was obtained from -0.3 V SCE to film breakdown and
he potential scan rate was 1 mV s −1 . A conventional three-
lectrode cell was used with a saturated calomel reference
lectrode (SCE), a Pt counter electrode, and a working elec-
rode (sample). The scan frequency for the Nyquist plots from
he EIS measurements ranged from 100 kHz to 10 mHz with
 perturbation amplitude of ∼10 mV. 

. Results and discussion 

Fig. 1 shows the appearances and surface conditions of
he HP-Mg and Mg–0.05Sc samples after immersion for two
eeks in the 0.6 M NaCl solution. As can be seen in the OM
icrographs and corresponding micro-CT images, the HP-Mg

ample was severely damaged under the corrosive condition
hereas the Mg–0.05Sc sample retained its original rectangu-

ar shape with only shallow and spotty degradation. The SEM
icrographs revealed that the depths of oxide scales pene-

rating the base metal parts approach ∼400 μm and ∼10 μm
or the HP-Mg and Mg–0.05Sc samples, respectively. The ox-
de scales on HP-Mg were found to contain defects or void
arts while such imperfections were not easily detected in
he case of Mg–0.05Sc, which appeared to corrode far more
niformly. Weight loss values of the HP-Mg and Mg–0.05Sc
amples after two weeks in the 0.6 M NaCl solution mea-
ured 26.6 ± 1.0 and 1.6 ± 0.2 mg cm 

−2 , which correspond
o corrosion rates of 4.0 ± 0.1 and 0.27 ± 0.03 mm y 

−1 ,
espectively. It is remarkable that such a small addition of
c to HP-Mg can lead to a decrease of its corrosion rate by
93%. As represented in Fig. 2 a, weight-loss-based corro-

ion rates after three days in the 0.6 M NaCl solution were
.9 ± 0.6 and 0.36 ± 0.03 mm y 

−1 for the HP-Mg and Mg–
.05Sc samples, respectively. It should be noted here that the
orrosion rates of 0.27 ∼0.36 mm y 

−1 obtained in this study
re much slower than the previously reported corrosion rates
f 1 ∼2 mm y 

−1 in the Mg samples containing 0.1 ∼5wt% Sc
42–44] , suggesting that the optimum Sc content for the cor-
osion resistance of Mg has not been properly explored yet.
nalogous to the immersion test results, there appeared clear
ifferences in H 2 evolution volume between the two samples
ith different Sc content, as shown in Fig. 2 b. 
The SEM micrographs given in Fig. 3 show that the mi-

rostructures of the two Mg samples with different Sc con-
ent can be characterized by the type of second-phase parti-
les, which are sparsely dotted in the α-Mg matrix. It can
e seen that the HP-Mg sample has small cuboidal parti-
les with sizes under ∼200 nm while the Mg–0.05Sc sample
ontains somewhat longish particles a little larger in size as
ompared to those in HP-Mg. TEM-EDS analysis indicated
hat these particles in HP-Mg and Mg–0.05Sc mainly contain
e and Si, which exist as impurities in the samples. It can
e also seen that Sc constitutes the particles in Mg–0.05Sc,
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Fig. 1. Optical micrographs, corresponding micro-CT images, and low-magnification cross-sectional SEM micrographs of the (a) HP-Mg and (b) Mg–0.05Sc 
samples after immersion in 0.6 M NaCl solution for two weeks. 

Fig. 2. (a) Weight-loss-based corrosion rate values of the HP-Mg and Mg–0.05Sc samples after immersion in 0.6 M NaCl solution for three days and two 
weeks and (b) evolved H 2 volume values of the HP-Mg and Mg–0.05Sc samples as a function of immersion time for up to 14 days in 0.6 M NaCl solution. 
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uggesting that the type of particles incorporating impurities
n HP-Mg was changed by Sc microalloying. A TEM diffrac-
ion analysis confirmed that the particles in the HP-Mg and

g–0.05Sc samples have different crystal structures and they
ere identified as face-centered cubic Fe 3 Si and orthorhombic
cFeSi 2 , respectively. Metallographic observations in Fig. S1
ndicated that the two samples have grain sizes of ∼350 μm
nd there is no clear difference in grain size between them. 

Since the degree of microgalvanic corrosion between con-
tituting phases is considered a decisive factor affecting the
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Fig. 3. SEM micrographs of the (a) HP-Mg and (b) Mg–0.05Sc samples, TEM micrographs of the (c) HP-Mg and (d) Mg–0.05Sc samples with the diffraction 
patterns and EDS maps, and Volta potential profiles obtained at the sample surfaces including (e) Fe 3 Si and (f) ScFeSi 2 phases. 
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verall corrosion behavior of Mg alloys in a corrosive en-
ironment, different types of particles were subjected to a
KPFM analysis. As provided in Fig. 3 as well, the Volta po-

ential values obtained by SKPFM were found to be ∼600 and
330 mV for the Fe 3 Si particles in HP-Mg and the ScFeSi 2 

articles in Mg–0.05Sc, respectively. This indicates that the
articles containing Sc are much less noble than the parti-
les typically observable in HP-Mg, suggestive of a reduced
egree of microgalvanic corrosion in the Mg–0.05Sc sample.

Fig. 4 shows SEM micrographs and corresponding EDS
aps of the HP-Mg and Mg–0.05Sc samples after immersion

n the 0.6 M NaCl solution for one hour. Surficial changes
ere found to selectively occur in the vicinity of secondary
articles, suggesting the operation of microgalvanic corrosion.
he HP-Mg samples exhibited the formation of oxide scales
nd hollow pits at regions around Fe 3 Si. SEM-EDS map-
ing indicated that the hollow pits correspond to the areas
ith relatively intense Cl signals. This can be understood
y the attraction of Cl − ions toward the hollow pits where
g 

2 + ions actively generate during Mg dissolution [45–47] .
y contrast, such significant changes visible in HP-Mg were
ot observed on the surface of Mg–0.05Sc and only a shallow
ome-like oxide was detected at areas near ScFeSi 2 in the Sc-
icroalloyed sample. This indicates that microgalvanic cor-

osion between the Mg matrix and secondary phase particles
as relatively more sluggish in Mg–0.05Sc where ScFeSi 2 
articles emerged instead of Fe 3 Si particles. 

Fig. 5 a shows the potentiodynamic polarization curves of
he HP-Mg and Mg–0.05Sc samples after immersion in the
.6 M NaCl solution for three days. First, the cathodic cur-
ent density ( i cathodic ) of Mg–0.05Sc is considerably lower
han that of HP-Mg in the applied potential range. The av-
rage i cathodic values at -1.7 V SCE were -0.163 ± 0.010 and
0.027 ± 0.007 mA cm 

−2 for the HP-Mg and Mg–0.05Sc
amples, respectively. In addition, a significant difference in
nodic polarization behavior can be seen between the two
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Fig. 4. SEM micrographs of the (a) HP-Mg and (b) Mg–0.05Sc samples after immersion in 0.6 M NaCl solution for one hour with corresponding EDS maps 
for elements of Mg, Fe, Si, O, Cl, or Sc. 
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amples. The Mg–0.05Sc sample represented passive behav-
or within a potential range of ∼0.3 V from its corrosion po-
ential whereas the HP-Mg sample did not clearly show pas-
ivity. The passive current density values at -1.5 V SCE were
.150 ± 0.047 and 0.015 ± 0.001 mA cm 

−2 for the HP-Mg
nd Mg–0.05Sc samples, respectively. These results indicate
hat the cathodic and anodic polarization behavior of HP-Mg
as significantly affected by Sc microalloying. 
Nyquist plots of the HP-Mg and Mg–0.05Sc samples are

lso presented in Fig. 5 b. In the case of HP-Mg, spectra are
omposed of a high-frequency capacitive loop and a low-
requency inductive loop. By contrast, both high-frequency
nd medium-frequency capacitive loops were clearly observed
n Mg–0.05Sc. The charge transfer resistance values, equiv-
lent to the intersections of the high-frequency capacitive
oops with the real Z-axis, were found to be 295 ± 41 and
489 ± 403 Ohm cm 

2 for the HP-Mg and Mg–0.05Sc sam-
les, respectively, suggesting that these samples have consid-
rably different dissolution rates of α-Mg in the corrosive
ondition. 

The present study shows that the corrosion rate of HP-Mg
n an aqueous NaCl solution can approach that of UHP-Mg
y a trace addition of Sc. After immersion in 0.6 M NaCl so-
ution for two weeks, HP-Mg with microalloyed 0.05wt% Sc
xhibited a weight-loss-based corrosion rate of 0.27 mm y 

−1 ,
hich is about 15 times slower than that of unalloyed HP-
g. An electrochemical analysis revealed that the Sc-induced

mprovement of the corrosion resistance is a combined result
f reduction of both the cathodic and anodic reaction rates in
he corrosive medium. Microscopic observations at the early
tage of corrosion indicated that the degree of microgalvanic
orrosion between the anodic Mg and surrounding particulate
athodic phases was significantly diminished in the presence
f ScFeSi 2 phase in Mg–0.05Sc instead of the nobler Fe 3 Si
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Fig. 5. (a) Potentiodynamic polarization curves and (b) Nyquist plots of the 
HP-Mg and Mg–0.05Sc samples after immersion in 0.6 M NaCl solution for 
three days. 
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hase in HP-Mg. This phase change toward lower electro-
hemical nobility due to micro-addition of Sc is responsible
or the retardation of the cathodic H 2 evolution reaction, as
hown in Fig. 2 b. 

With regard to the anodic reaction, its reaction rate is
ainly affected by the intrinsic protectiveness of the surficial

assive layer as well as defect formation on the layer. If there
ere no defect formation on the passive layer in both cases
f HP-Mg and Mg–0.05Sc, the relatively retarded anodic re-
ction rate in the latter could be understood by enhanced pro-
ectiveness of the passive layer possibly incorporating oxides
ontaining Sc. As shown in Figs. 1 and 4 , however, only the
P-Mg sample showed numerous surface defects induced by
icrogalvanic corrosion, indicating that in this situation the

ntrinsic protectiveness of the passive layer cannot be simply
ompared between the two samples. Another aspect to con-
ider is that the Sc content added to HP-Mg in this study
s considered too small to be sufficiently influential and to
ccount for the anodic branch of the potentiodynamic po-
arization curves. Thus, it should be noted here that the re-
ardation of the anodic reaction after Sc microalloying was
nfluenced by the presence of the relatively defect-free oxide
ayer on the surface, which can better protect the underlying

etallic region. Such formation of the sound oxide layer af-
er Sc microalloying is similar to the case of UHP-Mg where
icrogalvanic corrosion is minimized [36] . This means that
hanging the phase types toward lower electrochemical no-
ility also contributed to lowering of the anodic Mg dissolu-
ion rate by suppressing defect formation on the passive oxide
ayer, resulting in relatively uniform corrosion behavior in the
P-grade Sc-microalloyed Mg. 

. Conclusion 

The corrosion resistance of HP-Mg was dramatically up-
raded by microalloying with Sc. The corrosion rates, mea-
ured by weight loss values after room-temperature immer-
ion in a 0.6 M NaCl solution for two weeks, were found to
e 0.27 and 4.0 mm y 

−1 for the HP-Mg samples with and
ithout microalloyed 0.05wt% Sc, respectively. This improve-
ent of the corrosion resistance due to Sc microalloying was

ttributed to the formation of less noble ScFeSi 2 particles in-
tead of nobler Fe 3 Si particles, thereby reducing susceptibility
o microgalvanic corrosion as well as enhancing the integrity
f the passive layer in the corrosive condition. 
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