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Abstract 

We report that the corrosion resistance of a Mg–Sn-based alloy with Mg 2 Sn precipitates can be considerably improved by surface 
modification using pulsed electron beam treatment. The alloy subjected to a pulse electron beam treatment showed a modified surface layer 
with a thickness of ∼12 μm, appearing more resistant to corrosion attack than the bare surface of the alloy. In 0.6 M NaCl solution, the alloys 
with and without the surface modification exhibited average corrosion rates of 4.3 and 8.1 mm y −1 , respectively. The improved corrosion 
resistance was attributed to reduced cathodic activation, resulting from the surficial reduction of relatively noble Mg 2 Sn precipitates. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Mg alloys, the lightest structural alloys, have strong poten-
ial for enhancing the fuel efficiency of automobiles as well as
he portability of carry-on electronic devices. Unfortunately,
owever, commercially available Mg–Al- and Mg–Zn-based 

lloys have inferior mechanical properties compared to com-
eting lightweight materials such as Al alloys, making their
se in industrial applications rather sluggish [1] . Recently, ex-
ensive efforts to improve the strength and formability levels
f Mg alloys by compositional modifications toward the in-
orporation of Sn, Ca, or a variety of rare-earth elements have
een made [2–12] . 

In particular, Mg–Sn-based alloys have recently drawn
ubstantial interest due to their potential for improving the
reep resistance and age hardening capacity of Mg alloys
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13–17] . Furthermore, they have been shown to have advan-
ages over conventional Mg alloys when subjected to high-
emperature processing such as hot-extrusion and hot-forging
18 , 19] . These unique properties observable in Mg–Sn-based
lloys can be ascribed to the presence of Mg 2 Sn precipitates
ormed in the alloy system. However, recent reports have in-
icated that Mg–Sn-based alloys have inferior corrosion resis-
ance to conventional Mg alloys [20–24] and their corrosion
esistance is worsened as the content of the alloyed Sn in-
reases [21] . This is also closely related to the presence of
he Mg 2 Sn phase, which is electrochemically nobler than the
-Mg matrix, and thus it can act as cathodic sites that accel-
rate corrosion in a corrosive condition [21 , 25] . 

In the present study, we explored the feasibility of pulsed
lectron beam (PEB) treatment in selectively eliminating the
re-existing surficial Mg 2 Sn precipitates of the Mg–Sn-based
lloy to improve its corrosion resistance without substantially
acrificing its original mechanical properties. As a surface
odification method, PEB treatment is known to be advanta-

eous over pulsed laser beam and pulsed ion beam treatments
. This is an open access article under the CC BY-NC-ND license. 
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Table 1 
Analyzed chemical composition (wt.%) of the TZAM8110 alloy used in this 
study. 

Alloy Sn Zn Al Mn Fe Si Ca Mg 

TZAM8110 7.86 0.94 0.82 0.12 0.002 0.003 0.005 bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Three-dimensional schematic diagram of the PEB treatment system. 
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in terms of processing efficiency, simplicity, and reliability
[26–28] and its beneficial effects on mechanical properties
and corrosion resistance have been reported for some metal-
lic materials [26–32] . For instance, Zhang et al. showed that
the hardness and corrosion resistance of pure Ti can be signif-
icantly improved by PEB treatment owing to microstructural
refinement and enhanced passivation on the surface [29] . Gao
et al. reported that commercial AZ91 Mg alloy can have better
wear and corrosion resistance due to the surficial formation
of an Al-supersaturated solid solution when subjected to PEB
treatment [26] . However, few endeavors using PEB treatment
to improve the mechanical properties or corrosion resistance
of the versatile Mg–Sn-based alloys have been reported to
date. 

In this study, an experimental Mg–8Sn–1Zn–1Al–0.1Mn
(TZAM8110) alloy in an extruded condition was subjected to
PEB treatment and the microstructure, tensile properties, and
corrosion behavior of the alloys with and without the PEB
treatment were comparatively investigated. 

2. Experimental procedure 

The analyzed composition of the TZAM8110 alloy used
in this study is provided in Table 1 . A cylindrical billet with
the dimensions of an 80 mm diameter and a 150 mm length
was used for indirect extrusion executed at a billet tempera-
ture of 250 °C and with an extrusion ratio of 25 and a ram
speed of 1.3 mm s − 1 . Prior to the extrusion, the billet was
homogenized at 500 °C for 24 h and then water-quenched. 

As schematically presented in Fig. 1 , the system for the
PEB treatment consists of an electron gun, a movable stage,
and a vacuum chamber. An electron beam emitted between an
anode and a cathode is transmitted in argon gas, generating
plasma near the anode. The PEB treatment was performed at
an applied voltage of 25 keV, an energy density of 7 J cm 

−2 ,
a beam diameter of ∼60 mm, and an argon gas pressure of
0.05 Pa in the chamber. For microstructural observations and
corrosion tests, the PEB treatment was applied on the cross-
sections perpendicular to the extrusion direction (ED) and it
was repeated 5 times. 

Microstructural examinations were performed using a
Nikon EPIPHOT 200 optical microscope, a Quanta 200
field-emission scanning electron microscope (SEM), and a
JEM-2100F Cs-corrected transmission electron microscope
(TEM) equipped with an energy dispersive spectrometer.
Samples were basically prepared by grinding with SiC papers
up to 1200 grit under a water atmosphere, and they were then
olished using a 1 μm diamond paste and a 0.04 μm colloidal
ilica solution under an ethanol atmosphere. X-ray diffraction
XRD) analysis was performed on the cross-sections perpen-
icular to the ED using a Bruker D8 ADVANCE in the back
eflection mode with Cu K α radiation. Samples for TEM
nalysis were prepared using a focused ion beam technique.
ensile tests were conducted at an initial strain rate of
 ×10 

−3 s −1 using flat tensile specimens with a gage length
f 32 mm, a gage width of 5 mm, and a gage thickness of
.4 mm, respectively. Tensile specimens were machined from
he midsections of the extruded alloy and their longitudinal
irection is parallel to the ED. To prepare PEB-treated tensile
pecimens, the PEB treatment was applied on the wide gage
ection of each specimen 5 times prior to tensile testing. 

The corrosion behavior of the as-extruded and PEB-treated
amples was investigated using H 2 volume measurements, im-
ersion tests, and potentiodynamic polarization tests in 0.6 M
aCl solution at 25 °C. Cubic samples with a side length of
.1 mm were used for the H 2 volume measurements and im-
ersion tests. The H 2 volume measurements were performed

ollowing a method described in the literature [33] . Depth
rofiles were obtained using a KEYENCE VHX-6000 opti-
al microscope with the samples cleaned with 200 g l −1 CrO 3 

olution after immersion in 0.6 M NaCl solution for 12 h. Po-
entiodynamic polarization tests were done with a GAMRY
eference 600 potentiostat in deaerated 0.6 M NaCl solu-

ion at a potential sweep rate of 1 mV s −1 . A conventional
hree-electrode cell comprising a working electrode (sample),
 saturated calomel reference electrode (SCE), and a Pt plate
ounter electrode was used. Each polarization test was done
fter immersion for 1000 s in the same solution. To ensure
he reproducibility, all of the measurements or tests in the
resent study were performed three times. 
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Fig. 2. SEM micrographs showing cross-sections of the (a) as-extruded and 
(b) PEB-treated samples. 
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. Results and discussion 

.1. Microstructure and tensile properties 

Figs. 2 a and b show SEM micrographs of the as-extruded
nd PEB-treated samples. The as-extruded sample shows
 typical microstructure of Mg–Sn-based alloy extrusions,
hich contain Mg 2 Sn precipitates with sizes of 0.1 ∼1 μm

23] . Image analysis indicated that the volume fraction of
he Mg 2 Sn precipitates in the as-extruded sample is ∼3.2%.
owever, a change in the presence of these precipitates can be

een after the PEB treatment. A modified surface layer with a
hickness of ∼12 μm, appearing to be free of the pre-existing

g 2 Sn precipitates, was found in the PEB-treated sample.
lso, incipient melting of the pre-existing Mg 2 Sn precipitates
as not detected anywhere in the modified surface layer, in-
icating that the pre-existing precipitates were decomposed
nd then dissolved into the α-Mg matrix without forming a
iquid phase during the PEB treatment. 

However, the TEM micrographs in Fig. 3 reveal that the
odified surface layer of the PEB-treated sample has Mg 2 Sn

recipitates as well, except for an outmost thin layer with a
hickness of ∼250 nm. The Mg 2 Sn precipitates in the modified
urface layer have an average size of ∼20 nm, which is much
maller than the precipitate sizes of the as-extruded sample
ithout the PEB treatment. The surficial formation of such
ne Mg 2 Sn precipitate can be attributed to the rapid cooling
ate (10 

7 ∼10 

8 K s −1 ) experienced during PEB treatment, as
eported elsewhere [29 , 32] . The average volume fraction of
he Mg 2 Sn precipitates in the modified surface layer was mea-
ured and found to be ∼1.5%. The change in the presence
f Mg 2 Sn precipitates before and after the PEB treatment is
upported by the XRD results in Fig. 4 . They show that the
iffraction peaks corresponding to the Mg 2 Sn phase disappear
fter the PEB treatment. This is attributed to the presence of
he outmost precipitate-free layer as well as the reduced frac-
ion of precipitated particles in the modified surface layer. 

Since it has been shown that an electrochemical poten-
ial difference between the Mg matrix and secondary phases
s a critical factor affecting the corrosion of Mg alloys
34–36] , a Volta potential map was acquired by scanning
elvin probe force microscopy (SKPFM) for the PEB-treated

ample, as shown in Fig. 5 . Details of the SKPFM measure-
ent are described elsewhere [22 , 24] . The map demonstrates

hat Mg 2 Sn precipitates appearing in the sample have higher
olta potentials than does the α-Mg matrix, indicating that

he intermetallic Mg 2 Sn phase has a higher degree of electro-
hemical nobility than the α-Mg matrix. Correspondingly, it
an be seen that the modified surface layer has a Volta poten-
ial difference of ∼20 mV at most whereas the region below
he surface layer has a relatively higher value of ∼70 mV.
his suggests that the PEB-affected surficial layer with re-
uced Mg 2 Sn precipitates would have a lower degree of sus-
eptibility to microgalvanic corrosion than the surface of the
s-extruded sample under a corrosive environment. 

Fig. 6 shows the tensile stress-strain curves of the as-
xtruded and PEB-treated samples. It can be seen that the
EB treatment has a marginal effect on deteriorating strength
s well as improving ductility. The as-extruded and PEB-
reated samples showed tensile yield strengths of 277.1 ±1.5
nd 270.5 ±1.2 MPa, respectively, and also exhibited tensile
longations of 11.1 ±0.3 and 11.5 ±0.4%, respectively. These
mall differences in tensile properties between the as-extruded
nd PEB-treated samples are considered to be closely asso-
iated with the shallow depth ( ∼12 μm) of the PEB-affected
urface layer. 

.2. Corrosion properties 

Figs. 7 a-f show the macroscopic changes of the as-
xtruded and PEB-treated samples during immersion for up
o 12 h in 0.6 M NaCl solution. In general, localized corro-
ion appeared to occur in both samples. After immersion for
.5 h, severe corrosion pits showing vigorous H 2 evolution
ormed in the as-extruded sample while the PEB-treated
ample appeared to be free of such active pit formation at
his point. With prolonged time, the localized corrosion in
he as-extruded sample was found to proceed rapidly and
hus nearly no metallic luster was retained after immersion
or 12 h. On the other hand, the PEB-treated sample showed
uite uniform corrosion behavior until immersion up to
.5 h, followed by relatively sluggish filiform corrosion.
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Fig. 3. Low-magnification (a) bright-field and (b) dark-field TEM micrographs showing cross-sections of the modified surface layer in the PEB-treated 
sample and (c) a high-resolution TEM micrograph showing a Mg 2 Sn particle in the modified surface layer with the (d) electron diffraction pattern from the 
high-resolution TEM micrograph. 

Fig. 4. XRD analysis results of the as-extruded and PEB-treated samples. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. SKPFM image of the PEB-treated sample and corresponding Volta 
potential profile along the white line in the image. 
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After immersion for 12 h, the PEB-treated sample showed
corrosion depths of less than ∼15 μm without severe surface
degradation while the as-extruded sample showed relatively
large depths approaching ∼80 μm at severely corroded
regions, as indicated in Figs. 7 g and h. This comparison of
the macroscopic changes in the corrosive environment clearly
shows that the corrosion resistance of the TZAM8110 alloy
can be greatly improved by utilizing the PEB treatment. 

The SEM micrographs in Figs. 8 and 9 show the mi-
crostructural changes occurring in the surface areas of the
as-extruded and PEB-treated samples, respectively, during im-
mersion in 0.6 M NaCl solution. Dissolution of α-Mg around
g 2 Sn particles can be seen in the as-extruded sample after
mmersion for 0.5 h, revealing the occurrence of microgal-
anic corrosion at the early stage of immersion. After im-
ersion for 1 h, the as-extruded sample became more deeply

orroded, exhibiting the formation of cracked oxides, while
he modified surface layer of the PEB-treated sample was not
eriously attacked by corrosion. After immersion for 4 h, the
s-extruded sample showed a more seriously corroded surface,
ostly being covered with oxides, whereas only a part of the
odified surface layer was damaged by corrosion in the PEB-
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Fig. 6. Tensile stress-strain curves of the as-extruded and PEB-treated 
samples. 

Fig. 7. Optical micrographs of the (a-c) as-extruded and (d-f) PEB-treated 
samples after immersion for 0.5 ∼12 h in 0.6 M NaCl solution and depth 
profiles showing the surface roughness of the (g) as-extruded and (h) PEB- 
treated samples after immersion in 0.6 M NaCl solution for 12 h. The sample 
surfaces are perpendicular to the ED. 
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Fig. 8. SEM micrographs showing cross-sections of the as-extruded sample 
after immersion in 0.6 M NaCl solution for (a) 0.5 h, (b) 1 h, and (c) 4 h. 

Fig. 9. SEM micrographs showing cross-sections of the PEB-treated sample 
after immersion in 0.6 M NaCl solution for (a) 1 h and (b) 4 h. 
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reated sample. Here, it is interesting that the modified surface
ayer of the PEB-treated sample did not completely disappear
fter immersion for 4 h even in the highly damaged area. This
ndicates that the modified surface layer of the PEB-treated
ample affords greater protection than the bare surface of the
s-extruded alloy. 

Fig. 10 a shows the collected H 2 volume values of the as-
xtruded and PEB-treated samples during immersion for up
o 72 h in 0.6 M NaCl solution. As expected, it was found that
he PEB-treated sample generates a relatively smaller amount
f H 2 than that of the as-extruded sample. The amounts of
ollected H volume after immersion for 72 h were 5.8 ±0.4
2 
nd 2.8 ±0.2 ml cm 

−2 for the as-extruded and PEB-treated
amples, respectively. As indicated in Fig. 10 b, the weight
oss values obtained after immersion for 72 h were 12.0 ±0.3
nd 6.5 ±0.3 mg cm 

−2 for the as-extruded and PEB-treated
amples, respectively, which correspond to corrosion rates of
.1 ±0.2 and 4.3 ±0.2 mm y −1 , respectively. 
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Fig. 10. (a) Collected H 2 volume values of the as-extruded and PEB-treated 
samples as a function of immersion time and (b) H 2 volume and weight loss 
values of the as-extruded and PEB-treated samples after immersion for 72 h 
in 0.6 M NaCl solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Potentiodynamic polarization curves of the as-extruded and PEB- 
treated samples in 0.6 M NaCl solution. 
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The potentiodynamic polarization curves of the as-extruded
and PEB-treated samples in 0.6 M NaCl solution are presented
in Fig. 11 . First, the corrosion potential ( E corr ) of the PEB-
treated sample was found to be lower than that of the as-
extruded sample; the E corr values of the as-extruded and PEB-
treated samples are −1.59 ±0.01 and −1.68 ± 0.02 V SCE , re-
spectively. The cathodic branch of the curves indicates that the
PEB-treated sample has a cathodic current density ( i cathodic )
that is much lower than that of the as-extruded sample. For
instance, the i cathodic values measured at −1.80 V SCE were
−0.54 ± 0.09 and −0.13 ±0.03 mA cm 

−2 for the as-extruded
and PEB-treated samples, respectively. The anodic branch of
the curves shows that the passive current density value of the
PEB-treated sample is somewhat higher than that of the as-
extruded sample, indicating that the PEB treatment degrades
passivity. From the polarization curves, values of a cathodic
Tafel slope (ßc ) and a corrosion current density ( i corr ) were
measured following methods in the literature [37 , 38] . The
ßc values were found to be −175 ±6 and −262 ± 20 mV
decade −1 and the i values were found to be −37.4 ±2.5
corr 
nd −30.0 ±2.7 μA cm 

−2 for the as-extruded and PEB-treated
amples, respectively. 

.3. Corrosion-controlling factor 

The present study shows that the corrosion resistance of
he extruded TZAM8110 alloy can be considerably improved
y surface modification using the PEB treatment. Prior to the
EB treatment, the alloy revealed a microstructure containing
g 2 Sn precipitates with sizes of 0.1 ∼1 μm, which can act

s microscale cathodes due to their electrochemically noble
haracter relative to α-Mg. To lessen the role of the noble ca-
hodic particles in activating corrosion, the PEB treatment was
pplied to a Mg 2 Sn-dispersed alloy, and the PEB treatment
as found to be an effective way of selectively eliminating

he pre-existing Mg 2 Sn precipitates in the alloy. Experimental
bservations showed that the modified surface layer formed
y the PEB treatment is more resistant to degradation in a
orrosive environment than the original surface of the alloy
ithout the PEB treatment. This clearly demonstrates that the
EB-induced surface modification toward reducing the Mg 2 Sn
recipitates has a beneficial effect on the corrosion resistance
f the TZAM8110 alloy, which is consistent with a decrease
n i cathodic after the PEB treatment in the cathodic branch of
he polarization curves. 

This change in the presence of Mg 2 Sn precipitates on the
urface is necessarily accompanied by an increase in the Sn
ontent solutionized in the α-Mg matrix. It must be con-
idered because the increased Sn content within the α-Mg
atrix can accelerate the anodic reaction rate during corro-

ion, as previously reported [21 , 39] . The case in this study is
onsidered to be different from the previously reported PEB-
reated AZ91 alloy in that an increase in the Al content due
o dissolution of the Al-containing particles can contribute to
 decrease in the anodic reaction rate [26 , 39] . In this regard,
he corrosion-related results of the TZAM8110 alloys with
nd without the PEB treatment cannot be properly interpreted
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hen only considering the abovementioned role of alloyed Sn
n the acceleration of the anodic reaction rate. One more as-
ect to consider here is that the passive film formed on Mg
lloys generally does not have sufficient protectiveness, being
ifferent from that of Ti or Al alloys [29 , 31] , and it is thus
apable of protecting the alloys merely at an early stage of
mmersion prior to the occurrence of severe localized corro-
ion. This suggests that a factor affecting anodic activation
ight not be critically responsible for the long-term corro-

ion behavior of Mg alloys, which typically exhibit limited
assivity. In this regard, the PEB-induced improvement in the
orrosion resistance is thought to be primarily ascribable to
he reduction of the noble Mg 2 Sn precipitates on the surface,
uch that their role in cathodic activation during corrosion is
iminished. 

. Conclusion 

The effect of the PEB treatment on the microstructure and
orrosion properties of extruded TZAM8110 alloy containing
g 2 Sn precipitates was investigated. It was found that the

re-existing precipitates were selectively removed after the
EB treatment, forming a modified surface layer with reduced
recipitates. Microstructural observations indicated that the
odified surface layer is more resistant to corrosion-induced

egradation than the bare alloy without the PEB treatment.
he average corrosion rates, evaluated by immersion tests in
.6 M NaCl solution at 25 °C, were 8.1 and 4.3 mm y −1 for
he as-extruded and PEB-treated samples, respectively. The
mprovement in the corrosion resistance attained by surface

odification through the PEB treatment is attributed to the
eduction of noble Mg 2 Sn precipitates, which in turn would
iminish their role in cathodic activation in the corrosive
ondition. 
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