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Abstract

A drawback of acid cleaning as surface finishing of magnesium (Mg) surface is the absence of a protective oxide film
on its surface. Acid—alkaline treatment is proposed to enhance the surface corrosion resistance of AMX601 Mg alloy.
Acid—alkaline treatment was conducted by first dipping the alloy in HNO;—H;PO, solution and then immersing the al-
loy in NaOH solution. The potentiodynamic polarization test in 0.9% NacCl solution at 37 °C revealed a nobler corro-
sion potential of —1.36 V zyaqci and a lower corrosion current density of 36.0 |VLA~cm_2 of the acid—alkaline-treated spec-
imen than the acid-treated (—1.44 Vagagci, 89.7 pA-cm_z) and untreated (—1.52 Vagagci, 40.0 pA~cm_2) specimens. Ac-
id treatment induced a significantly higher surface roughness (20 pm) than acid—alkaline (10 pm) and grinding (0.5 pm)
treatments because of the selective dissolution of the Mg matrix and the accumulation of intermetallic precipitates. The
film formed on the acid—alkaline-treated specimen was thick and free of cracks, whereas that formed on the acid-treated
specimen was thin and cleaved. The formation of a protective oxide film and the enrichment of cathodic intermetallic
particles on the acid—alkaline-treated specimen enhanced the corrosion resistance of the surface.

Keywords: magnesium, corrosion, chemical treatment, GDOES, SEM

Introduction not used as a biomaterial because the hexavalent chrome

is toxic and dangerous for the environment. Some inor-
Over the years, there has been a constant interest in ex- ganic acids have been used as bath solutions for the
panding the application of magnesium (Mg) alloys as surface treatment of Mg alloys [6—11]. The use of hy-
biodegradable implant materials. Mg and its alloys ex- drochloric acid (HCI) to treat AZ91 and AMS50 alloys
hibited suitable mechanical properties, spontaneous before the final coating showed an improvement in both
degradation, and high biocompatibility [1,2]. A study of coating adhesion and corrosion resistance of the alloy
Mg stent implanted in human coronary arteries for 4 [6]. HCI treatment promoted the enrichment of the P
months proved the excellent biocompatibility of Mg as phase and eutectic a, as well as aluminum (Al), on the
no allergic reaction was observed and complete degra- surface. The rough and oxidized surface was beneficial
dation of Mg was achieved without adverse effects [3]. to the improvement of the uniformity and thickness of
However, a slow degradation rate in the early implanta- the final coating. The incorporation of Al in the magne-
tion period is required to avoid the formation of subcu- sium oxide film as a result of acid treatment improved
taneous gas and preserve implant integrity. the barrier properties of the magnesium oxide film. The

treatment of AZ61 alloy using a solution containing
The natural oxide film formed on the Mg surface is Zn(NO;), and stearic acid resulted in a phosphate/ZnO
composed of three layers, namely, a hydrated inner lay- multilayer, with a controllable corrosion rate depending
er, a dense dehydrated intermediate layer, and the on the number of multilayers [8]. The growth of the
outermost layer with a platelet-like morphology [4]. Mg—Al layered double hydroxide enhanced the corro-
However, the natural oxide film is not protective and is sion protection of Mg alloys by enhancing the hydro-
easily destabilized by a corrosive solution. Surface phobicity of the surface [9,10]. Most of the reported
treatment is considered the simplest method to improve works [6—11] used an acid solution as surface treatment
the corrosion resistance of metal surfaces. The tradition- to improve surface resistance. In this work, final treat-
al surface treatment applied to metals typically uses the ment in an alkaline solution was performed after acid
chromate bath solution [5]. Chrome-based solutions are treatment to obtain a protective oxide film on AMX601
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Mg alloy. From the thermodynamic viewpoint, the for-
mation of a stable magnesium oxide/hydroxide occurs
only in an alkaline environment. The corrosion re-
sistance of an acid—alkaline-treated surface compared
with that of an acid-treated surface was analyzed by
polarization tests in 0.9% NaCl solution.

Experimental Method

The specimen used in this study is a rolled plate com-
mercial AMX601 Mg alloy composed of the following
alloying elements: Al 6 wt%, Mn 0.26 wt%, and Ca 1
wt%. The plate with a thickness of 1 mm was cut to
yield a square working area of 1.5 cm x 1.5 cm. The
specimen was degreased in acetone and ethanol consec-
utively in an ultrasonic bath for 3 min.

Surface treatment. The microstructure and corrosion
behavior of the AMX601 specimens were investigated
by preparing three sets of specimens. The first set of
specimens was mechanically ground with #600, #3800,
#1000, and #2000 grit paper under running water. The
ground specimen was used as the standard. After grind-
ing, the specimen was first cleaned in deionized (DI)
water in an ultrasonic bath at room temperature to re-
move debris and then dried. The second set of speci-
mens was ground and chemically treated in a mixed
acid solution of 8 vol% HNO;—1 vol% H;PO, for 20 s at
25 °C, which was designated as acid treatment. The
third set of specimens was treated in acid—alkaline solu-
tion by soaking the ground specimen first in acid solu-
tion and then in 5 wt% NaOH solution at 80 °C for 1
min. After the chemical treatments, the specimen was
first washed thoroughly with DI water and then dried.
The procedure for acid—alkaline treatment used in pre-
vious research was utilized as pretreatment for the
growth of composite conversion coatings [12—14].

Surface characterization. The surface microstructure
was investigated by scanning electron microscopy
(SEM), and the elemental distribution was analyzed by
energy-dispersive X-ray spectroscopy (EDS; JEOL EX-
54175JMU, JEOL, Ltd., Tokyo, Japan). The surface of
the specimen was previously subjected to Pt/Pd sputter-
ing to reduce charging under electron beam exposure.
Observation of the surface roughness was done using a
laser microscope (Olympus, Tokyo, Japan). To investi-
gate the elemental distribution on the surface layer, el-
emental depth profile analysis of a circular area (with a
diameter of 4 mm) of the alloy surface was performed
using glow discharge optical emission spectroscopy
(GDOES; Jobin-Yvon JY5000RF, Horiba, Ltd., Kyoto,
Japan).

Corrosion test. The effect of various surface treatments
on the corrosion behavior of AMX601 specimens was
investigated by performing electrochemical polarization
tests in 0.9% NaCl solution at 37 °C based on the
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ASTM standards [15]. The potential was swept from
—1.65 Vagagci t0 =1.25 Vagagci, With a scan rate of 0.1
mV/s, using an Ivium potentiostat. Before measurement,
the specimen was immersed in the test solution for 20
min to stabilize the open circuit potential. Three elec-
trode configurations were employed, with Pt as the
counter electrode and Ag/AgCl as the reference elec-
trode. The specimen itself was set as the working elec-
trode. The polarization data were analyzed by the Tafel
extrapolation method to determine the corrosion poten-
tial and corrosion current density.

Results and Discussion

Observation in the laboratory revealed that the ground
specimen exhibited a smooth metallic surface. Rolling
lines were no longer visible on the ground surface. Acid
treatment generated a clean metallic surface with an
increasing degree of metallic reflection. During acid
treatment, rapid dissolution of the metal surface oc-
curred, as indicated by the robust release of hydrogen
gas to the solution. The subsequent alkaline treatment
turned the metal surface to matte white because of the
formation of the oxide/hydroxide layer.

The surface morphology of the specimens after the
treatments was investigated using a scanning electron
microscope and a laser microscope. Figures la-lc
shows the SEM images of the AMX601 surface after
the treatments and Figures 1d-1f are the corresponding
topography captured by the laser microscope. The me-
chanically ground surface exhibited a smooth uniform
morphology with some grinding scratches (Figure 1a).
The surface was relatively flat and exhibited a contrast
of green and yellow colors in Figure 1d, which corre-
sponded to the surface roughness of 0.5 pm. The surface
became significantly rough after acid treatment, as
shown in Figure 1b. Enrichment of precipitates was
observed in the form of both continuous and discrete
particles, which increased the surface roughness signifi-
cantly to 20 um (Figure le). The surface exhibited a
contrast of blue, green, and red colors. Most of the par-
ticles were located in the outer layer, as depicted by the
red color in the image. The precipitates were not at-
tacked by the acid solution. A previous work [12] had
shown that the precipitates in AMX601 mainly consist-
ed of B and Al,Ca phases, which were more cathodic
than the Mg matrix. Acid treatment selectively dis-
solved the Mg matrix, resulting in the green and blue
colors in the image. The matrix was dissolved deeper
along the rolling direction, resulting in a groove struc-
ture, as depicted by the blue color in the image. Ther-
modynamically, Mg is a reactive metal with a low po-
tential at —2.36 V [5]. The potential-pH diagram of Mg
in water indicated that the alloy is unstable in both neu-
tral and acidic environments [16]. Corrosion was con-
siderably accelerated in solutions with low pH, thereby
dissolving the surface layer. The subsequent alkaline
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treatment reduced the surface roughness, as displayed in
Figs. 1c and 1f. The number of intermetallic precipitates
on the surface of the alkaline-treated specimen in-
creased and elongated relative to the acid-treated speci-
men. The topography illustrated in Figure 1f shows the
color variation of green and red corresponding to the
surface roughness of 10 pm. Alkaline treatment reduced
the surface roughness to half of that of acid treatment.

The elemental composition of the surface after the
treatments was analyzed by EDS. Figures 2, 3, and 4
show the SEM images and the corresponding EDS maps
of the surface after grinding, acid treatment, and acid—
alkaline treatment, respectively. Grinding is a common
surface treatment for most metals to refine the metal
surface and remove dirt and debris during manufactur-
ing. Few grinding lines that cross each other were ob-

- 100 ym

IS8 108 ;m-

served in the SEM image shown in Figure 2a. Some
spherical intermetallic particles were distributed on the
surface and appeared brighter than the surrounding ma-
trix. Some of the intermetallic particles were distributed
next to each other, forming a line. The reticular distribu-
tion preferentially formed along the grain boundaries
that exhibited low energy. Such a network arrangement
is beneficial to the prevention of corrosion propagation
along the grain boundaries [17]. The EDS maps illus-
trated in Figs. 2b to 2e show that the intermetallic parti-
cles mainly contained Mg, Ca, and Al, as confirmed by
the strong signal in their maps. The composition of the
intermetallic particles consisted mainly of Al,Ca and a
small number of Mg,Ca, in addition to the p (Mg;,Al;)
phase.

500, 0

s00. 0

Figure 1. SEM Images of the Surface After (a) Grinding, (b) Acid Treatment, and (c) Acid—alkaline Treatment and (d)—(f)

the Corresponding Surface Roughness
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Figure 2. (a) SEM Image and (b)—(e) the Corresponding
EDS Maps of Mg, O, Ca, and Al of the Ground
AMX601 Surface

Figure 3. (a) SEM Image and (b)—(e) the Corresponding
EDS Maps of Mg, O, Ca, and Al of the Acid-
treated AMX601 Surface

The intermetallic particles formed on the surfaces of
acid-treated and acid—alkaline-treated specimens were
larger than that of ground specimens, as shown in Figs.
3 and 4. The fine particles that appeared on the ground
specimen were approximately 1 um size, whereas those
that appeared on the acid-treated specimen were approx-
imately 5 pm and those that appeared on the acid—
alkaline-treated specimen were elongated with the size
of approximately 10 pm. Similarly, the continuous in-
termetallic particles were distributed along the radial
direction. The chemical treatments in both acid and al-
kaline solutions increased the intermetallic particle size.
The unavoidable accumulation of intermetallic particles
occurred as a result of treatment in an acid bath solution
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[6,11]. The chemical treatments also induced the for-
mation of oxide layers on the surfaces, as indicated by
the strong O signal in Figure 3¢ and 4c relative to that
shown in the maps of the ground specimens (Figure 2c).
The oxide films formed on both acid-treated and acid—
alkaline-treated specimens contained Al. The incorpora-
tion of Al in the oxide layer contributed to the increase
in the corrosion resistance of the surface [17]. The film
formed on the acid-treated surface was cleaved (Figure
3a), whereas that formed on the acid—alkaline-treated
surface was free of cracks (Figure 4a). The cleaved
structure observed on the surface of the acid-treated
specimen (Figure 3a) was likely due to hydration of the
oxide. The film formed after acid—alkaline treatment
was thicker than that formed after acid treatment only,
as revealed in the O map, which was brighter for the
acid—alkaline-treated specimen than the acid-treated
specimen. Moreover, the Al and Ca signals from the
particles in the map of the acid—alkaline-treated speci-
men were not as strong as that in the map of the acid-
treated specimen. The intermetallic particles were cov-
ered by the thick oxide film formed during alkaline
treatment.

Figure 5 shows the results of the quantitative analysis of
the EDS maps illustrated in Figs. 2 to 4. The results
clearly showed that the oxide films on the acid-treated
and acid—alkaline-treated specimens were thicker, as
indicated by the O concentrations, than that on the
ground specimen. The enrichment of intermetallic pre-
cipitates on the acid-treated specimen contributed to the
high concentration of Al detected on its surface. The
film formed on the acid-treated surface contained P,
which was derived from the acid solution, whereas the
film formed on the acid-alkaline-treated surface was
purely composed of Mg-O.

Figure 4. (a) SEM Image and (b)—(e) the Corresponding
EDS Maps of Mg, O, Ca, and Al of the Acid-
alkaline-treated AMX601 Surface
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Confirming the results of the EDS analysis, the GDOES
depth profile analysis showed a thin oxide layer on the
ground AMX601 specimen, whereas a relatively thicker
oxide layer was observed on the acid-treated surface and
further thickening of the oxide layer was observed on
the acid—alkaline-treated surface, as shown in Figure 6.
The oxide—metal interface was indicated by the dashed
line. The interface was defined as the cross point where
the O profile decreased and the Mg profile increased.
The metal part of the ground specimen was reached
after only 5 s sputtering from the surface, as indicated
by the sudden increase in the Mg signal and the decrease
in the O signal. Meanwhile, the acid-treated specimen
required the sputtering time of 25 s, which is five times
longer, to reach the oxide—metal interface and the acid—
alkaline-treated specimen required the sputtering time of
38 s to reach the metal part. Moreover, the acid-
alkaline-treated specimen exhibited the highest O profile
intensity, followed by the acid-treated specimen.
Meanwhile, the ground specimen exhibited the lowest O
profile intensity. This finding proved that the thickness
of the oxide layer followed the order: grinding < acid
treatment < acid-alkaline treatment. The oxide layer
formed on the ground specimen contained only Mg and
0. Meanwhile, enrichment of Al and Ca was detected
on the oxide layer formed on both acid-treated and
acid—alkaline-treated surfaces. This finding is consistent

100 I u Ground
= 80 m Acid treated
2 i m Acid-alkaline treated
= L
= 60 F
[+
8 L
c 40 f
= L
=3
=< 20

0

C O Mg Al P Ca Zn

Figure 5. Atomic Fraction of the Elements on the
AMX601 Surface after Grinding, acid Treat-
ment, and Acid-alkaline Treatment

with the EDS results that showed enrichment of Al and
Ca as intermetallic particles on the surface of acid-
treated and acid—alkaline-treated specimens. The P ions
from the acid solution were incorporated in the oxide
layer, as confirmed by the high intensity of P in the ox-
ide layer, which then decreased significantly upon
reaching the bulk metal. The intensity of P in the acid—
alkaline-treated specimen was lower than that in the
acid-treated specimen. The P-containing layer, which
was formed during acid treatment, was buried in freshly
formed oxide as a result of the final alkaline treatment.

The potentiodynamic polarization curves of the
AMX601 specimen subjected to a variety of surface
treatments are displayed in Figure 7. The corrosion
potentials and corrosion current densities are listed in
Table 1. The corrosion potential of the AMX601 Mg
alloy varied depending on the applied surface treatment.
The corrosion current density also varied but still within
an order of magnitude. The chemical treatment enno-
bled the corrosion potential of the ground specimen
significantly. The acid treatment shifted the corrosion
potential of the alloy by approximately 90 mV to a
positive value, and further ennoblement of approximately
170 mV was observed in the acid—alkaline-treated
specimen. The corrosion potential of the AMX601 sur-
face was affected by the oxide film resistance, which
depended on the thickness and composition of the film.
The oxide film formed as a result of acid—alkaline
treatment was thicker and, therefore, more protective
than that formed as a result of acid treatment only. The
oxide layer served as a barrier between the metal surface
and the corrosive solution. Once a protective oxide layer
was developed on the metal surface, surface passivation
was achieved. A stable Mg(OH), film was obtained
after treatment in the alkaline solution having a pH >11
[16]. The volume fraction of the intermetallic particles
on the surface influenced the corrosion potential. The
high volume-fraction of the intermetallic particles, which
had a more positive potential than the matrix, tended to
increase the corrosion potential of the surface [17]. As

Ox10 —Mg —aAl
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Figure 6. GDOES Depth Profile Analysis of (a) Ground, (b) Acid-treated, and (c) Acid—alkaline-treated AMX601 Specimen
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Figure 7. Polarization Curves of Ground, Acid-treated,
and Acid-alkaline-treated AMX601 Mg Alloy

Table 1. Corrosion Potentials and Corrosion Current
Densities of the AMX601 Specimens Derived
from the Polarization Curves Shown in Figure 7

Surface treatment Ecorr (Vagage)  Leorr (A-em™)

Grinding -1.52 4.00x10°°
Acid treatment -1.44 8.97 x 107°
Acid-alkaline treatment -1.36 3.60 x 107°

shown in Figure 7, the polarization measurements of the
AMX601 specimen indicated that the cathodic current
densities of the acid-treated specimen were twice that of
the ground specimen. By contrast, acid—alkaline treat-
ment resulted in lower cathodic current densities (green
curve in Figure 7) than grinding. Although the interme-
tallic particles were larger after acid—alkaline treatment
than after acid treatment only, the oxide layer that cov-
ered the specimen after acid-alkaline treatment was
thicker than that after acid treatment (Figure 6). The
oxide layer was thick enough to act as a barrier that pre-
vents the corrosion reaction on the surface. In other
words, the surface resulting from acid—alkaline treat-
ment was electrochemically passive up to the break-
down potential of —1.36 Vagaeci. Alkaline treatment
following acid pickling was proved to significantly im-
prove the corrosion resistance of the Mg alloy surface.

Conclusion

The effect of chemical treatments on the corrosion
resistance of AMX601 Mg alloys has been investigated
by conducting potentiodynamic polarization tests. An
improvement in corrosion resistance was exhibited by
the acid-treated and acid—alkaline-treated specimens.
The corrosion potentials of the ground specimen
became 90 and 170 mV nobler as a result of acid and
acid—alkaline treatments, respectively. Meanwhile, the
corrosion current densities were within the same order
of magnitude. The results of EDS and GDOES depth
profile analyses showed that the improvement in
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corrosion resistance was due to the formation of the
protective oxide/hydroxide layer and the ennoblement
of the cathodic intermetallic particles on the surface.
The oxide layer formed after acid-alkaline treatment
was thicker than that after acid treatment only. The
volume fraction of intermetallic particles observed on
the surface as a result of acid—alkaline treatment was
also higher than that as a result of acid treatment. The
combination of a thick oxide layer and a high volume-
fraction of intermetallic particles in the acid—alkaline-
treated specimen led to the improvement in corrosion
resistance of the surface.
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