
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 4
:0

8:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The role of alloye
aPetroVietnam University, 762 Cach Mang Th

City 790000, Vietnam
bChemical Engineering Department, Univ

Iskandar 32610, Perak, Malaysia
cCollege of Engineering, IT & Environment, C
dInstitute of Research and Development,

Vietnam. E-mail: tranvanhung9@duytan.ed
eThe Faculty of Environmental and Chemical

550000, Vietnam
fDepartment Engineering of Petroleum Pr

Petroleum-Gas University of Ploiesti,

cpanaitescu@upg-ploiesti.ro

Cite this: RSC Adv., 2020, 10, 34387

Received 1st March 2020
Accepted 28th August 2020

DOI: 10.1039/d0ra01956a

rsc.li/rsc-advances

This journal is © The Royal Society o
d strontium in themicrostructures
and alkaline electrochemistry of Mg–5Al–4Sn
alloys

Le Van Sy,a Phan Minh Quoc Binh,a Bhajan Lal,b Quy Bau Nguyen,c Tran Van Hung,*de
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In this study, strontium is used as an alloying element for improving the pitting resistance of Mg–5Al–4Sn

based alloys in an alkaline solution. Potentiodynamic polarization measurements suggest that the addition

of strontium increases the robustness of the pitting resistance as a result of the higher pitting potential and

wider range of passive potential. Electrochemical impedance spectroscopy (EIS) confirms the formation of

a solid passive film on the alloy surface due to a significant increase in the passive film and the charge

transfer resistance, as well as lower film and double layer constant phase element magnitude values.

Additionally, the potentiostatic polarisation results also show a lower passive current density and passive

film stability, resulting in an increase in the breakdown time when the amount of strontium added to the

alloy increases from 0.0 to 1.0 wt%. Furthermore, the scanning electron microscopy results indicate that

insignificant corrosion is observed on alloy specimens containing strontium, whereas there is fierce

corrosion on alloy based surfaces. This robust corrosion resistance could be attributed to the a-grain

reduction and refined precipitates at the alloy grain boundaries, resulting in promoted formation of the

passive film which is formed from a mixture of magnesium, aluminum and tin oxides/hydroxides, as

confirmed by the X-ray photoelectron spectroscopy results.
Introduction

Magnesium alloys have shown a continuous increase in annual
production and have reached a wide level of applications
matching their advantageous properties, such as resistance to
heat/creeping, low density, good castability, stiffness, energy
absorption, strength and surface quality.1 Their advantages play
an important role in the electronic, automobile and aerospace
industries, as well as in bio-applications.2 Unfortunately, their
corrosion resistance is still questionable when magnesium
alloys are applied in such industries since the magnesium alloy
surface expresses a high chemical reactivity. Therefore, over-
coming this weakness of corrosion resistance is a very impor-
tant and urgent task for developing sturdy alloys. To date, many
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attempts, such as alloying elements,3–5 coatings,6,7 surface
treatment,8,9 rolling and equal-channel angular pressing10,11

have been tried to overcome this challenge.
Among these technologies for the development of magne-

sium alloys, alloying elements is one notable way to improve the
electrochemical corrosion resistance on account of solid solu-
tion strengthening, grain reduction and continuously rened
precipitation.12 The basic elements, including Fe, Cu, Mn, Ni,
Al, Ca, Li, Sr, Zn, and Zr, and the rare earth elements (Mm) have
been considered for the development of magnesium alloys. It
has been indicated that the electrochemical corrosion resis-
tance of magnesium alloys strongly depends on the second
phase and microstructure when alloying elements are used.13–16

For instance, when heavy elements such as Fe, Cu, Mn and Ni
are used, an intermetallic phase containing Fe, Cu, Mn and Ni
could appear at a minor level, resulting in micro-galvanic
corrosion. Therefore, they seem to be an impurity, a delete-
rious inuence on corrosion resistance due to the formation of
a micro-galvanic couple and/or hindering the maintenance of
a protective layer on the alloy surface.17,18

Aluminium (Al) seems to be the most commonly added
element to Mg due to its lightness, low cost and improvement in
strength.19,20 Additionally, the anodic kinetics of Mg could be
reduced if the amount of Al added to Mg is lower than the
solubility limit (about 12 wt%). The addition of Al to Mg can
produce a protective lm on the alloy surface, with a dense and
RSC Adv., 2020, 10, 34387–34395 | 34387

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra01956a&domain=pdf&date_stamp=2020-09-16
http://orcid.org/0000-0003-4434-0763
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01956a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010057


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 4
:0

8:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compact nature due to passive lm formation built up by
a mixture of Mg and Al oxides and/or Mg and Al hydroxides on
the alloy surface. However, the corrosion resistance of these
alloy types is still questionable when 5 wt% Al is added to Mg
and the mechanical properties are also inuenced by the
second phase, Mg17Al12, which cannot reach a pinning-grain
boundary at the required temperature.21,22 Therefore, other
elements can be considered for addition to the Mg–5Al alloy
system to ameliorate the required properties, including corro-
sion resistance and mechanical properties, to expand the
applications of the Mg–5Al alloy. Tin (Sn) could be a good
candidate for an alloying element that could be added to the
Mg–5Al alloy due to its straightforward interactions and low
cost. When Sn is oxidised in aqueous solution, the Sn(IV)
product, such as SnO2, is stable in both acidic and alkaline
solutions.23 Additionally, Sn could signicantly increase the
anodic activity due to its low exchange current density. Park and
colleagues reported that when Sn was added to an Mg alloy,
Mg2Sn could form along grain boundaries with a high volume
fraction.24–27 Furthermore, strontium can form Mg17Sr12 along
grain boundaries and exhibits low solid solubility when it is
added to Mg. When Sr is used as an alloying element for Mg–Al–
Zn alloy systems, the a-grain size could be reduced and binary
eutectic formation, including Al4Sr, Mg17Sr12 and Mg2Sr, occurs
at the grain boundaries with a homogeneous distribution.
These benets could result in a decrease in the volume fraction
of intermetallic Mg17Al12.28–32 The addition of Sr can induce
grain renement, resulting in an increase in the tensile strength
of Mg alloys and the promoted formation of the protective lm
on the alloy surface.33,34 Also, the addition of Sr can signicantly
decrease the second phase spacing and increase the Mg17Sr2
fraction, as well as reducing dendrite segregation and micro-
galvanic corrosion.35,36 In particular, Sr has an important role
in the bones of the human body as a natural bone-seeking
element and it provides biocompatibility, corrosion resistance
and good mechanical properties to Mg alloys.37–40 Therefore, the
inuence of Sr addition (as an alloying element) on the micro-
structure and alkaline corrosion resistance of Mg–5Al–4Sn
based alloys has been examined using surface analysis and
advanced electrochemical techniques in an aggressively saline
solution (pH 14).

Methods

The Mg–5Al–4Sn–xSr (x is 0.0, 0.5 and 1.0 wt%, respectively)
alloys were fabricated by a die casting method with 320-tonne
high pressure. The optical emission spectroscopy measure-
ments showed that there were imperceptible differences
between the measured and specied compositions of Al, Sn and
Sr. Furthermore, the Fe/Mn ratio was about 0.032, suggesting
the inuence of Fe and Mn concentrations on the corrosion
properties of the investigated alloys.41 The same position on the
cast alloys was used for microcutting a specimen with dimen-
sions of 1 cm � 1 cm � 0.3 cm which was used for all surface
and electrochemical analyses. To ensure the exposed area was 1
cm2 in the electrochemical measurements, these fabricated
specimens were cool-mounted using a low viscosity epoxy with
34388 | RSC Adv., 2020, 10, 34387–34395
EpoFix resin and a hardener. X-ray diffraction (XRD) with Cu Ka
radiation was undertaken at 0.02� with a step scan from 20 to
80� of 2q to obtain the phases and alloy microstructures. The
working electrodes used for the electrochemical measurements
were nished by grinding with 1000-grit silicon carbide (SiC)
paper and ethanol was used during the grinding process to
avoid oxidation. To characterise the alloy microstructures, the
specimens above were ground and nished with #4000 sand-
paper. Finally, these ground specimens were then polished with
1 mm alumina powders. The alloy microstructures were char-
acterised using electron probe microanalysis (EPMA) aer pol-
ishing and scanning electron microscopy/energy dispersive X-
ray spectroscopy and aer these polished specimens had been
etched in 0.008 M HNO3 solution for 12 seconds.

All electrochemical measurements were carried out in 0.01M
NaCl solution (NaOH was used to adjust the pH to 14 as
a passivity study) at room temperature. To remove oxygen from
the investigated solution, nitrogen gas was bubbled for 2 h
before and during the electrochemical measurements, which
were undertaken using a VSP system (BioLogic Scientic
Instruments) which is an AC measurement system and uses
a commercial soware program. The three electrode system,
including an alloy specimen as the working electrode and two
graphite rods and a saturated calomel electrode (SCE) as the
counter and reference electrodes, respectively, was used in
a cylindrical electrochemical test cell. Before all electrochemical
measurements, the alloy specimens were kept in the solution
for 2 h to reach a stable open-circuit potential (OCP). A sinu-
soidal perturbation of 10 mV for a peak-to-peak amplitude and
a 100 kHz to 10 mHz frequency range were used for electro-
chemical impedance spectroscopy (EIS) measurements. Poten-
tiodynamic measurements were performed at a rate of 0.166 mV
s�1 and swept in a range between an initial potential of �250
mVOCP and the nal potential reached at 10�4 mA cm�2 during
the polarization processes. Furthermore, potentiostatic polar-
isations were carried out and the anodically applied potential
was chosen based on the potentiodynamic polarisation results.

To examine the relationship between the corrosion behav-
iour and surface morphology, the alloy surface aer potentio-
static polarisation was characterised by scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDS).
Additionally, the passive lm components formed on the alloy
surface aer 2 h of exposure time at the OCP were characterized
using X-ray photoelectron spectroscopy at an anodic voltage of
15 kV and current of 10 mA with an Al Ka energy source.

Results and discussion

Fig. 1 presents the X-ray diffraction patterns of Mg–5Al–4Sn,
Mg–5Al–4Sn–0.5Sr and Mg–5Al–4Sn–1.0Sr alloys and shows the
main broad peaks as a-Mg, b-Mg17Al12 and g-Mg2Sn located at
the same positions in the results for all specimens. The results
also show new, small and sharp peaks obtained in Sr-containing
specimens, attributed to the MgAlSr compounds. The intensity
of these new, small and sharp peaks increased with increasing
Sr content, suggesting that the Sr atoms can occupy and coop-
erate with Mg and Al in the matrix to form greater amounts of
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 X-ray diffraction (XRD) results of (a) Mg–5Al–4Sn-based, (b)
Mg–5Al–4Sn–0.5Sr and (c) Mg–5Al–4Sn–1.0Sr alloys (a-Mg, b-
Mg17Al12, g-Mg2Sn and c-MgAlSr).
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MgAlSr compounds. This phenomenon could inuence both b-
Mg17Al12 and g-Mg2Sn phases, which could be reduced and
rened upon themselves. These results can be conrmed via
SEM aer etching and EPMA measurements.

Fig. 2(a–c) compares the SEM results of Mg–5Al–4Sn, Mg–
5Al–4Sn–0.5Sr and Mg–5Al–4Sn–1.0Sr alloys aer 12 seconds of
etching in 0.008 M HNO3 solution, displaying an obvious a-Mg
grain and precipitates of a-Mg, b-Mg17Al12, g-Mg2Sn andMgAlSr
compounds at the grain boundaries. This shows a signicant
difference between the microstructures of Mg–5Al–4Sn-based
specimens and those containing Sr. Relating to the XRD
results, the precipitates in the Mg–5Al–4Sn-based alloy micro-
structure could be assigned to a-Mg, b-Mg17Al12 and g-Mg2Sn
phases. Additionally, a new c-MgAlSr phase was obtained only
in the microstructures of the Sr-containing specimens. Larger a-
Mg grain sizes, and sparse and discontinuous precipitates were
Fig. 2 Scanning electron microscope micrographs of (a) Mg–5Al–4Sn-
analysis for intermetallic particles in (d), (a) and (e) (c).

This journal is © The Royal Society of Chemistry 2020
obtained in the Mg–5Al–4Sn-based alloy microstructure,
whereas smaller a-Mg grain sizes, and more dense and
continuous precipitates shaped the microstructures of Sr-
containing specimens. The precipitates were also character-
ized via energy-dispersive X-ray spectroscopy (EDS, Fig. 2(d and
e)) and such combined results suggested that the Mg–5Al–4Sn-
based alloy microstructure conrmed that the matrix (black
phase) was a-Mg, with the grey and white precipitates being
attributed to Mg17Al12 and Mg2Sn. It also suggested that the
Mg17Al12 phase was mainly located around and was sometimes
surrounded by the Mg2Sn precipitates. For the microstructures
of the Sr-containing alloys, Sr was always located at the centre of
the precipitates, indicating that MgAlSr compounds could be
surrounded by b-Mg17Al12 and g-Mg2Sn phases, as shown in the
EPMA results. These phenomena could result in smaller a-Mg
grain sizes, and more dense and continuous precipitates in the
microstructures of the Sr-containing alloys.

The elemental distribution of Mg, Al, Sn and Sr in the alloy
microstructures was characterised via electron probe micro-
analysis mapping and the results are given in Fig. 3. It is
apparent that greater renement of the Al and Sn distribution
was observed when Sr was added to the base alloy. In particular,
Al, Sn and Sr were concentrated at the alloy grain boundaries,
conrming the b-Mg17Al12, g-Mg2Sn and MgAlSr locations in
the alloy microstructure. Therefore, the EPMA mapping results
are consistent with the XRD and SEM/EDS results. The forma-
tion of the new MgAlSr phase could result from a signicant
reduction in the Mg17Al12 phase when Sr was added to the base
alloy. Furthermore, g-Mg2Sn and MgAlSr precipitates are more
stable than Mg17Al12, resulting in the microstructural stability
and improved corrosion resistance of Mg–5Al–4Sn alloy
systems.42–44 These benets could create good conditions for the
barrier layer to germinate and anchor, developing a compact
passive lm with a mixture of oxides/hydroxides on the alloy
surface, directly affecting the corrosion performance.
based, (b) Mg–5Al–4Sn–0.5Sr and (c) Mg–5Al–4Sn–1.0Sr alloys, EDS

RSC Adv., 2020, 10, 34387–34395 | 34389

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01956a


Fig. 3 Electron probemicroanalyzermapping results of chemical elements on the surface of the (a) Mg–5Al–4Sn-based, (b) Mg–5Al–4Sn–0.5Sr
and (c) Mg–5Al–4Sn–1.0Sr alloys.

Fig. 4 X-ray photoelectron spectroscopy analysis for the surface
components of the Mg–5Al–4Sn-based and Mg–5Al–4Sn–1.0Sr
alloys: (a) survey spectra results and (b) Mg, (c) Al, (d) Sn, (e) Sr and (f) O.
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To conrm the above results and assumptions, as well as to
characterise the chemical state of Mg, Al, Sn and O in the
passive lm formed on the alloy surfaces, XPS analysis of the
Mg–5Al–4Sn-based and Mg–5Al–4Sn–1.0Sr alloy surfaces was
performed aer 2 h of exposure in the investigated solution, as
shown in Fig. 4. All surveyed spectra results consisted of Mg 2p,
Al 2p, Sn 3d and O 1s, ensuring the presence of Mg, Al and Sn
products on the alloy surfaces, as shown in Fig. 4(a). Atomic
percentages of Mg, Al, Sn and O were 27.276, 3.246, 0.152 and
69.326% for the Mg–5Al–4Sn specimen, while they were 26.045,
3.328, 0.282 and 70.345% for the Mg–5Al–4Sn–1.0Sr specimen.
In particular, the KLL Auger line was obtained on both surfaces,
suggesting an amount of magnesium metal was present. It also
showed that a larger peak was obtained on the Mg–5Al–4Sn-
based alloy surface in comparison to that obtained on the
Mg–5Al–4Sn–1.0Sr alloy surface, indicating that the addition of
Sr had signicant inuence on the oxidation of Mg. This is also
supported by the changes in the corresponding narrow scan
spectra of O 1s, as given in Fig. 4(f), which presents a drastic
decrease in both the oxide and hydroxide component peaks. A
decrease in the Mg KLL Auger line and oxides/hydroxides
should contribute to a reduction in the oxidation process
observed on the Mg–5Al–4Sn–1.0Sr alloy surface. Fig. 4(b–d)
shows the Mg 2p, Al 2p and Sn 3d spectra, which are in accor-
dance with the Mg, Al and Sn oxide/hydroxide products,
respectively.45,46 Lower peak intensities of Mg 2p and Al 2p were
observed on the Mg–5Al–4Sn-1.0Sr alloy surface, indicating less
dissolution of Mg and Al. However, a signicant increase in the
peak intensity of Sn 3d was found on the Mg–5Al–4Sn–1.0Sr
alloy surface, indicating that addition of Sr directly promoted
34390 | RSC Adv., 2020, 10, 34387–34395
the Sn contribution on the passive lm. Fig. 4(e) indicates that
there were no Sr peaks detected on the Mg–5Al–4Sn–1.0Sr alloy
surface, suggesting an indirect contribution of Sr into the
passive lm. Therefore, the XPS results show that the sturdy
This journal is © The Royal Society of Chemistry 2020
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passive lm formed on the Mg–5Al–4Sn–1.0Sr alloy surface via
a mixture of oxide/hydroxide alloy components contains mainly
Mg, Al and Sn. The enrichment of the incorporated oxides/
hydroxides could be attributed to the microstructural benets,
making the passive lm more robust for protecting against
corrosion, suggesting an important role of alloy microstructures
in the formation processes of a sturdy passive lm on the
magnesium alloy system.

We can now correlate the microstructural properties and
passive lm component with the electrochemical character-
isations. The XRD, SEM/EDS, EPMA mapping and XPS results
displayed the important contribution of the alloy microstruc-
tures, affected by the addition of Sr in the sturdy passive lm
formed on theMg–5Al–4Sn–xSr alloy surfaces, resulting in more
robust corrosion resistance. This information was combined
with the electrochemical analysis, which represented the pres-
ence of a passive lm at low current densities as well as higher
pitting potentials associated with a larger passive potential
range when Sr contents increased up to 1 wt%, as shown in the
potentiodynamic polarisation analysis in Fig. 5. Fig. 5(a) indi-
cates that all alloy specimens were well passivated at low current
density, related to a high resistance to corrosion. The surface
passivation formed on the alloy surfaces could emanate from
the presence of a mixture of oxides/hydroxides within the
passive lm. The good passivation could be related to their
Fig. 5 (a) Potentiodynamic polarization analysis of Mg–5Al–4Sn alloys
as a function of Sr content and (b) role of Sr additions in corrosion and
pitting potentials as well as a range of passive potentials of the Mg–
5Al–4Sn–xSr alloy system.

This journal is © The Royal Society of Chemistry 2020
different lm compositions due to the changes in alloy micro-
structure via Sr addition. Fig. 5(b) shows an extended passiv-
ation potential range, with an increase in Sr content that was
obviously performed on the anodic branches before the
protective oxide lms were broken down at the trans-passive
area, resulting in pitting at the weak position on the alloy
surfaces. The robustness of the solid passive lm should result
in a higher pitting potential and a lower passive current density,
as shown in Fig. 5(a). Aer the breakdown potential, the current
densities should be strongly increased with an increase in the
anodic potentials, resulting in an increase in deeper and wider
pits, as well as new pit growth. The observed passivation range
in the potentiodynamic polarisation results presents a propor-
tional relationship with the Sr added to Mg–5Al–4Sn-based
alloy, as shown in Fig. 5(b). The results also showed that the
increase in Sr addition tends to be more protable to the
passivation properties on the alloy surfaces. In particular, Sr
addition signicantly affected oxide lm formation and its
components, resulting in improved pitting resistance of the
Mg–5Al–4Sn–xSr alloy system in the NaCl solution.

To ensure the stability of the performance of the solid
passive lm in polarisation and XPS results, potentiostatic
measurements were carried out at an anodic potential of 800
mVSCE, which corresponded to the breakdown potential of the
Mg–5Al–4Sn–0.5Sr alloy specimen and the results are given in
Fig. 6. Fig. 6 indicates that an immediate strong increase in
current density was observed on the Mg–5Al–4Sn-based alloy
specimen, causing breakdown of the passive lm when an
anodic potential of 800 mVSCE was applied to the working
electrode. This suggested that a severe dissolution reaction
occurred as Mg � 2e / Mg2+.47,48 The current densities then
decreased when Sr was added to the alloys and produced a lower
value on the Mg–5Al–4Sn–1.0Sr alloy specimen, probably due to
the stability of the solid passive lm formed on the alloy
surface. Easy breakdown of the passive lm could contribute to
partial precipitation, such as larger a-Mg grain, and sparse and
discontinuous precipitates which could be attributed to the
existence of greater impurities in comparison with other
microstructures. In contrast, smaller a-Mg grains and more
Fig. 6 Changes in current density as a function of time under
a constant applied anodic potential of 800 mVSCE.

RSC Adv., 2020, 10, 34387–34395 | 34391
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dense and continuous precipitates in the microstructures of the
Sr-containing alloys could promote the formation of the solid
passive lm, resulting in the signicant reduction in anodic
current densities observed for the Sr-containing alloy speci-
mens. The very low current density observed in the Mg–5Al–
4Sn–1.0Sr alloy specimen could likely be the result of the
formation of an oxide/hydroxide mixture, as previously shown
in the XPS results. The results again conrmed that addition of
Sr could contribute to the passivation properties formed on the
alloy surfaces, which should be compact and stable due to the
microstructural benets of the Sr-containing alloys. The above
potentiodynamic and potentiostatic polarisation results are in
agreement with the SEM results aer application of an anodic
potential of 800 mVSCE, as presented in Fig. 7. Fig. 7 shows that
the surface properties andmorphology were strongly inuenced
by the addition of Sr to the alloy. This demonstrated that severe
corrosion was observed over the entire Mg–5Al–4Sn-based alloy
surface, as shown in Fig. 7(a), whereas less corrosion was
observed on the Mg–5Al–4Sn–1.0Sr alloy surface, as shown in
Fig. 7(b). The type of corrosion reected by the morphologies in
this gure is general corrosion that could be a result of the long
application time of the strongly anodic potential. However,
corrosion should be initiated at a number of surface disconti-
nuities due to the major gaps between a-Mg and precipitates in
the Mg–5Al–4Sn-based alloy, resulting in localised corrosion.
Localised corrosion is continuously developed in terms of both
depth and width under the application of the strongly anodic
Fig. 7 SEM images of (a) Mg–5Al–4Sn and (b) Mg–5Al–4Sn–1.0Sr
alloys after applying a constant anodic potential of 800 mVSCE.

34392 | RSC Adv., 2020, 10, 34387–34395
potential, resulting in the general corrosion observed on the
Mg–5Al–4Sn-based alloy surface (Fig. 7(a)), while pits did not
occur on the Mg–5Al–4Sn–1.0Sr alloy surface (Fig. 7(b)). These
surface properties and morphologies were consistent with the
results of the potentiostatic tests.

The inuence of the Sr that was added to the Mg–5Al–4Sn-
based alloy on the electrochemical impedance was charac-
terised and the results are given in Fig. 8. Fig. 8(a) shows the
Nyquist plots of the Mg–5Al–4Sn–xSr alloy system aer 2 h of
exposure in the investigated solution. All specimens showed
a similar response in the impedance spectra with two time
constants. The Nyquist plots also showed that the depressed
diameter of the semicircle increased with an increase in Sr
addition due to formation of the passive lm. This indicates
that the high- and medium-frequency semicircles are generally
associated with local surface defects and the process within the
passive lm, respectively, while a semicircle curve was obviously
performed and covered in the low-frequency spectra, contrib-
uting to the process at the alloy surface/passive lm interface.
The results show that an increase in Sr content increased the
semicircle arc, promoting an improvement in the passive lm
Fig. 8 Impedance spectra of (a) the Nyquist and (b) Bode plots of Mg–
5Al–4Sn–xSr alloys and (c) equivalent circuit for fitting EIS data.

This journal is © The Royal Society of Chemistry 2020
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resistance and stability. Fig. 8(b) also presents the Bode plots
(impedance and phase angle vs. frequency) of the impedance
spectra. Both the Nyquist and Bode plots present a much larger
impedance as well as a higher phase angle for the Sr-containing
specimens in comparison with the Mg–5Al–4Sn-based alloy
specimen, indicating that the modulus and phase angle are
signicantly dependent on the addition of Sr. The phase angles
also attained a wider range of frequencies when the Sr content
increased, as shown in the Bode plots, suggesting a capacitive
response. The EIS results clearly showed that a general increase
in the overall impedance occurred when Sr was added to the
alloy; there was also a slight increase in the high- and medium-
frequency impedances. However, a signicant increase in the
low-frequency impedance was more pronounced with the
addition of Sr. A similar trend was also found with the phase
angles. These features suggest that the addition of Sr had
a protable effect on the formation of the passive lm, resulting
in improved corrosion resistance. Based on the microstructure,
XPS results and impedance semicircle forms, an equivalent
circuit was simulated for tting the EIS data, given in Fig. 8,
where Rs, Rlm, and Rct are assigned as solution, passive lm
and charge transfer resistances, respectively. CPE1 and 2
represent the constant phase element of the passive lm and
double layers. CPE as a symbol of the deviation from an ideal
capacitor is used for improving the tting quality and includes
a double-layer capacitance (C) and phenomenological coeffi-
cient (n), which can be characterised by n¼ 1, a capacitance; n¼
0.5, a Warburg impedance; n ¼ 0, a resistance and n ¼ �1, an
inductance.49,50 In the present study, n was close to 0.7 to 0.9,
indicating a deviation from ideal dielectric behaviour.51–53

Furthermore, the EIS data were tted by the ZSimpWin program
using the equivalent circuit in Fig. 8(c) to optimise the CPE
magnitude and resistance parameters and the tted results are
given in Table 1. This indicates that the magnitudes of the
passive lm and double layer CPE signicantly decreased with
an increase in Sr content in the Mg–5Al–4Sn-based alloy. Simi-
larly, Table 1 also indicates that higher values of passive lm
and charge transfer resistances were acquired when increasing
the amount of Sr in the Mg–5Al–4Sn-based alloy. These features
could result in superior pitting resistance of the Mg–5Al–4Sn–
xSr alloy system in the investigated solution.

The three Mg–5Al–4Sn, Mg–5Al–4Sn–0.5Sr and Mg–5Al–4Sn–
1.0Sr magnesium alloys have been successfully fabricated and
characterised. XRD, SEM/EDS and EPMA mapping results
indicated that the signicant changes in the microstructure
Table 1 Electrochemical impedance spectroscopy (EIS) fitted paramete
solution (pH 14)

Specimens Rs (U cm2)

CPE1

Magnitude (U�1 cm�2 sn) n (0–

Mg–5Al–4Sn 41.2 1.91 � 10�5 0.88
Mg–5Al–4Sn–0.5Sr 41.9 1.57 � 10�5 0.88
Mg–5Al–4Sn–1.0Sr 42.1 1.43 � 10�5 0.89

This journal is © The Royal Society of Chemistry 2020
were attributed to the a-Mg grain size reduction, higher density
and more continuous precipitates along the grain boundaries
that should be caused by Sr addition. In particular, a-Mg grain
sizes decreased, and density and continuous precipitates
increased with an increase in Sr content, as shown in Fig. 1–3,
resulting in more solidity of the alloy microstructures. These
benets could be expected to help easily form a barrier layer on
the alloy surfaces. In particular, a more uniform contribution of
elements in the alloy microstructure when increasing the Sr
content (Fig. 3) could also produce a mixture of oxides/
hydroxides for the formation of a solid passive lm on the
alloy surfaces. Correlatively, XPS measurement indicated that
the sturdy passive lm was formed on Sr-containing alloy
surfaces with a mixture of oxides/hydroxides from the enriched
alloy components, including mainly Mg, Al and Sn products,
suggesting an improved corrosion resistance.54–56 Potentiody-
namic and potentiostatic polarisation results indicated that the
pitting potential, passive potential range and passive stability
increased with an increase in the addition of Sr, contributing to
the smaller a-Mg grain size, higher density and more contin-
uous precipitates along the grain boundaries, as well as the
uniform contribution of alloy elements to the microstructure.
As shown in the microstructure analysis, the larger a-Mg grain
sizes and sparse and discontinuous precipitates observed on
the Mg–5Al–4Sn-based alloy could cause some major gaps
between a-Mg and the precipitates, building up the micro-
galvanic cells that could create good conditions for corrosion
initiation and easily develop to force Mg dissolution later on.
This resulted in a lower pitting resistance of the Mg–5Al–4Sn-
based alloy, as shown in the electrochemical results. By
contrast, the higher pitting resistance and passivation stability
observed for the Sr-containing specimens could be attributed to
the smaller a-Mg grain size, higher density and more contin-
uous precipitates at the grain boundaries. These benets could
block the defects and gaps between a-Mg and precipitates,
inhibiting anodic dissolution and resulting in a delay in pitting
initiation. Therefore, the increased pitting potential, passive
potential range and passive stability, as well as the resistance
and CPE magnitude parameters, should be attributed to the
different contributions of the surfaces qualities and composi-
tions found from the XPS results, as well as the alloy micro-
structures. The smaller a-Mg grain size, higher density and
more continuous precipitates at the grain boundaries, as well as
the uniform element distribution in the alloy microstructure,
help the barrier layer to become more dense and compact via
rs of Mg–5Al–4Sn–xSr alloys after 2 h of exposure in the 0.01 M NaCl

Rlm (U cm2)

CPE2

Rct (U cm2)1)
Magnitude (U�1

cm�2 sn) n (0–1)

34 7960 � 317 203 � 10�5 0.6919 9566 � 260
68 16 110 � 276 94 � 10�5 0.7513 45 220 � 483
20 20 780 � 610 55 � 10�5 0.7937 54 630 � 270
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the incorporation of oxides/hydroxides formed on the Sr-
containing alloy surfaces. As shown in the XPS results given
in Fig. 4, when the addition of Sr to the alloy increased, the
incorporation of oxides/hydroxides increased signicantly
through the contribution of Mg, Al and Sn products. A denser
and more compact passive lm being formed on the Sr-
containing alloy surface could be strongly dependent on Sr
and effectively hinder Cl� ions penetrating into the alloy
surface. It could be concluded that the use of Sr as an alloying
element for Mg–5Al–4Sn-based alloys can result in many bene-
ts in terms of a-Mg grain size reduction, higher density, more
continuous precipitates and uniform element distributions over
the Mg matrix. These act as a barrier layer to enhance dissolu-
tion of the Mg–5Al–4Sn-based alloy, resulting in improved
corrosion resistance. In particular, these benets could improve
the interaction of Mg, Al and Sn oxides/hydroxides to form
a solid and stable passive lm on the alloy surfaces.

Conclusions

Mg–5Al–4Sn–xSr alloys where the Sr content ranged from 0.0 to
1.0 wt% were fabricated to consider the effects of Sr content on
the microstructures and alkaline corrosion resistance of the
Mg–5Al–4Sn-based alloy in a systematic manner. Sr addition
reduced the a-grain and rened precipitates at the alloy grain
boundaries where a rich and homogeneous Sr distribution was
obtained. Also, Sr addition could promote more continuous
Mg17Al12 and Mg2Sn precipitation at the grain boundaries via
some added Mg17Sr12, Al4Sr and AlSr compounds. Electro-
chemical measurements indicated that the Mg–5Al–4Sn-based
alloy became much more sturdy against pitting resistance due
to an increase in the pitting potential, passive potential range,
passive stability and lm and charge transfer resistances, as
well as a reduction in the lm and double layer's constant phase
element magnitude values when the amount of Sr added to the
Mg–5Al–4Sn-based alloy increased from 0.0 to 1.0 wt%. Surface
analysis showed that signicant corrosion was obtained on the
surface of Mg–5Al–4Sn-based alloys, while there was less
corrosion with the Sr-containing alloys. XPS measurements
conrmed that the compact passive lm formed on Mg–5Al–
4Sn–xSr alloy surfaces was composed of a mixture of Mg, Al and
Sn oxides/hydroxides that mainly contain Mg and Al oxides/
hydroxides. Furthermore, the Mg, Al and Sn oxides/hydroxides
were more abundant when the amount of Sr added to the
alloy increased. These benets, including a-grain reduction,
continuous rened precipitates and homogeneous distribution
of Sr addition, resulted in the formation of a solid passive lm
on the Mg–5Al–4Sn–xSr alloy surface. This could hinder the
aggressive ion penetration into the investigated alloy surface,
resulting in a robust alloy with higher localised corrosion
resistance.
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