Available online at www.sciencedirect.com
e 4

“».“ ScienceDirect

Transactions of
Nonferrous Metals
Society of China

ks Science

ELSEVIER Press Trans. Nonferrous Met. Soc. China 21(2011) 903-911

wWww.inmsc.cn

Influence of casting module on corrosion behavior of Mg-11Gd-3Y alloy
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Abstract: The influences of two kinds of casting modules of metal casting (MC) and expandable pattern casting (EPC) on the
corrosion behavior of Mg-11Gd-3Y alloy were studied by electrochemical measurements, scanning electron microscopy (SEM)
observation, X-ray diffractometry (XRD) and X-ray photoelectron spectroscopy (XPS) analysis. It is found that the quantity of the
Mg,4 (Gd, Y)s phase in MC is more than that in EPC due to the cooling rate. There is more alloying element dissolved in the matrix
compared with MC. For EPC, the galvanic corrosion effect between the matrix and the Mgy, (Gd, Y)s phase decreases and the
corrosion resistance increases compared with the MC. The chief corrosion mode for Mg-11Gd-3Y alloy is pitting corrosion because
most of the alloying elements are transformed into intermetallic phases. The average corrosion rate of the MC alloy in the immersion
test is five times higher than that of EPC alloy and yttrium is present in the product film, which will provide increased protection for
Mg-11Gd-3Y alloy. The electrochemical measurements and immersion test show that the EPC process increases the corrosion
resistance compared with the MC Mg-11Gd-3Y alloy.
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alloys indicates that the corrosion resistance greatly
relies on their microstructure and the distribution of
alloying elements[10—12]. However, most researches

1 Introduction

Magnesium and its alloys have been applied widely
to the automotive, aerospace and electronic industries in
recent years due to their high specific strength and low
densities[1-3]. Moreover, the magnesium alloys
containing rare earth elements have attracted remarkable
attention because of their special properties[4]. The
addition of rare earth elements including yttrium and
gadolinium significantly improves the mechanical
properties and corrosion resistance of magnesium alloys
due to the solution hardening, precipitation hardening[5],
effect(6] and grain refining effect[7].
Meanwhile, the surface oxide film and grain size of
magnesium alloys can be affected by the addition of rare

mainly focus on the mechanical properties of
Mg-11Gd-3Y alloy and few researches concern with
their corrosion behaviors[13—14], and in particular, with
the effect of the two kinds of casting modules on their
corrosion behaviors. It is well known that poor corrosion
resistance is the greatest obstacle to the industrialization
of magnesium alloys[15]. Thus, it is well worth doing
some research to improve their corrosion resistance.
However, our current knowledge is insufficient for
understanding the influences of casting module on the
corrosion behavior of Mg-11Gd-3Y magnesium alloy in

aqueous solution. Therefore, the corrosion behavior of

scavenger

earth elements[8].

Metal casting is the main casting method for
magnesium alloys due to its convenience and low cost.
However, it cannot be applied to complex magnesium
items[9]. So the expandable pattern casting process has
been introduced into magnesium casting. The previous
research on the corrosion behavior of various magnesium

two casting modules of Mg-11Gd-3Y magnesium alloy
was investigated by electrochemical measurements,
immersion tests, hydrogen evolution measurements,
surface  observations and X-ray  photoelectron
spectroscopy analysis in the present work; the influences
of casting module on the corrosion behavior of
Mg-11Gd-3Y alloy were discussed.
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2 Experimental

2.1 Sample preparation

Mg-11Gd-3Y cast alloys with composition (mass
fraction, %) of 10.1% Gd, 3.7% Y, 0.25% Zr and 85.95%
Mg, were cast by the MC and the EPC processes,
respectively.

Specimens for electrochemical and hydrogen
evolution tests were mounted in epoxy resin and only
about 1 cm’® surface was exposed. The electrochemical
measurements were executed after the specimens were
polished using 2000 grade SiC paper, washed in running
distilled water and wiped with absorbent cotton. After
wet-grinding with 2000 grade SiC paper, the specimens
for immersion tests and surface morphology observation
were finely polished using 0.5 pm-diamond paste,
ultrasonically cleaned in acetone and dried in cold air.

2.2 Phase and surface composition analysis

The phases of the specimens were measured using a
D/max2400 X-ray diffraction (XRD) instrument, and the
diffraction angle was set from 10° to 90°. The Jade 5.0
software and crystallographica Search-Match software
were applied to analyzing the XRD data. The surface
composition was measured using ESCALAB250 X-ray
photoelectron spectroscope (XPS). The analyzed sample
was dried by argon and the sample was put in a plastic
bottle protected with argon before being put into the XPS
equipment. The experimental data were fitted with
XPSPEAKA4.1 software.

2.3 Electrochemical and immersion measurements

0.1 mol/L NaCl solution (analytical reagent) was
the corrosive medium. Potentiodynamic polarization
experiments were done using EG&G potentiostat
model 273. Three-electrode system was used with
Mg-11Gd-3Y alloy as working electrode, platinum as
counter electrode and saturated calomel electrode(SCE)
(0.242 V vs SHE) as reference electrode. Measurement
regions were set from —0.2 to 0.2 V vs open circuit
potential with a constant scanning rate of 0.5 mV/s after
an initial delay of 400 s. The samples were measured
immediately after grinding using 2000 grade SiC paper,
washing in running distilled water and wiping with
absorbent cotton.

Electrochemical impedance spectroscopy (EIS)
measurements were monitored using a model 5210 lock
in amplifier coupled with EG&G potentiostat model 273.
Scan frequency ranged from 100 kHz to 10 mHz and
perturbation amplitude was 5 mV. Those specimens were

immersed into 0.1 mol/L NaCl solution to obtain a stable
testing system within an initial delay of 800 s at open
circuit potential. ZsimWin3.20 software was applied to
fitting the experimental data.

The hydrogen evolution volume (HEV) was
measured using gas collection apparatus [16—18].

2.4 Observations of corrosion morphology

Those specimens were immersed in 0.1 mol/L NaCl
solution for 1-48 h, and then cleaned in acetone and
dried in cold air. The micro-morphologies were observed
using Phillips XL30 scanning electron microscope
equipped with energy dispersive X-ray spectroscope
(EDS). The corroded samples were sputtered with carbon
for Dbetter
morphologies were observed using a Leica S6D vertical
optical microscope equipped with a Canon digital

morphology observation. The macro-

camera.

3 Results and discussion

3.1 Microstructure of MC and EPC Mg-11Gd-3Y

alloys

The phases of MC and EPC Mg-11Gd-3Y cast alloy
were measured by XRD and the results are illustrated in
Fig.1. The cast Mg-11Gd-3Y alloy consists of a-Mg and
Mgy4 (Gd,Y)s phase. Compared with EPC Mg-11Gd-3Y
alloy, most of the rare element is in the form of the
intermetallic compound Mgy, (Gd, Y)s phase, as shown
in Fig. 1. According to the theory of transformation in
solid metal[19] and the Mg-Gd phase diagram[20], the
than that of MC. So the
concentration of rare earth element in the MC matrix is

cooling rate of EPC is less

less than that in the EPC matrix and the intermetallic
compound of MC is increased greatly compared with the
EPC.

The microstructure of Mg-11Gd-3Y cast alloy
consisted of primary a-Mg and Mgy, (Gd, Y)s phase as
illustrated in Fig.2. The morphologies of EPC alloy are
illustrated in Figs.2 (a) and (b). The Mgy, (Gd, Y)s phase
is located in the grain boundaries as a eutectic. The grain
size of EPC alloy is about twice that of the MC sample.
Both MC and EPC samples contain some cast impurities
because the rare earth element is so active and easily
transformed into oxide during smelting, as shown in
Figs.2(a) and (c). The fine element analysis zone selected
and EDS analysis results are presented in Figs.2(b) and
(d) and Table 1, respectively. The rare earth element
dissolved in the EPC sample matrix is twice as much as
that in the MC sample matrix based on the EDS analysis
results.
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Fig.1 XRD patterns of EPC (a) and MC (b) Mg-11Gd-3Y
alloy
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Table 1 EDS results for different zones in Figs.2 (b) and (d)

Zone  xMg)%  x(Y)%  x(Gd)%  x(0)%
a 91.2. 0.87 135 6.58
b 84.06 3.94 9.12 2.88
¢ 94.79 091 1.03 32
e 86.62 3.66 8.26 1.46
f 96.86 0.33 0.95 1.86

3.2 Electrochemical measurements of MC and EPC

Mg-11Gd-3Y alloys

MC and EPC Mg-11Gd-3Y alloys were studied by
measuring the potentiodynamic curves after an initial
delay of 400 s in 0.1 mol/L NaCl solution, as shown in
Fig.3. The curves were fitted using CorrView software in
Tafel mode (traditional). The fitting results are listed in
Table 2. Figure 3 and Table 2 indicate that the corrosion
potential (@) of the EPC alloy shifts to a more negative
value compared with the MC alloy because the
Mgy(Gd,Y)s phase is a stronger cathodic phase
compared with the Mg matrix. Therefore the increase of
cathodic reaction for the MC alloy is due to the presence
of more cathodic phases compared with the EPC alloy.
And the rare earth elements dissolved in the matrix
would decrease the potential difference between the
Mg, (Gd, Y)s phase and the matrix. For cathodic part,
more rare earth elements are transformed into
intermetallic compound for the MC alloy, the dissolved
amount in the matrix is decreased, and all factors cause

Fig.2 Backscattered electron images of Mg-11Gd-3Y alloy at low and high magnification: (a), (b) EPC; (c), (d) MC
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Fig.3 Polarization curves of MC and EPC Mg-11Gd-3Y alloy
in 0.1 mol/L NaCl solution
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Table 2 Fitting results of polarization curves in 0.1mol/L NaCl

solution
. »(SCE)/ Jeon! b/ b/
Specimen o 1
\Y (LA-cm 7)) (mV-Dec’) mV
MC Mg-11Gd-3Y —1.6277 27.8 87 137
EPC Mg-11Gd-3Y -—1.705 385 251 248

the cathodic dynamic parameter-cathodic Tafel slope (b.)
of the MC alloy be less than that of the EPC alloy (Table
2). For the anodic part, the quantity of intermetallic
compound in the MC alloy is more than that in the EPC
alloy, due to the galvanic corrosion effect; the anodic
corrosion is accelerated and the anodic dynamic
parameter-anodic Tafel slope (b,) of MC alloy are less
than in the case of the EPC alloy (Table 2).

The corrosion behaviors of MC and EPC
Mg-11Gd-3Y alloys in 0.1 mol/L NaCl were investigated
by EIS measurements at open circuit potential, as shown
in Fig.4. The Nyquist diagrams for all samples consist of
three loops, a high frequency capacitive loop, a medium
frequency capacitive loop and a low frequency inductive
loop. The EIS plots can be equivalent to the circuit
shown in Fig.5. The high frequency capacitive loop is
attributed to the charge transfer reaction in the electric
double layer formed at the interface between metal
surface and corrosive medium, which can be described
by charge transfer resistance (R,) and constant phase
element (CPE1)[21]. And the value of R, indicates
the corrosion resistance of the alloy in this corrosion
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medium. Evidently, the R, value of the EPC sample is
larger than that of the MC sample (see Table 3). The n
value is the dispersion coefficient for CPE, which
reflects the smoothness of the electrical double layer.
The medium frequency capacitive loop is attributed to
the mass transport in the solid phase, such as the
diffusion of ions through the hydroxide or oxide film,
which can be described by a constant phase element
(CPE2) (a film capacity) and Ry (a film
resistance)[22—23]. When the n value of CPE2 is close to
1, the CPE2 is a capacity. The integrity of the film is
increased with the increase of Y|. So the increasing
sequence of integrity of the film is EPC and then MC,
(see Table 3). The low frequency inductive loop is
attributed to the change of surface integrity[24], which
can be described by Ry and L. The equivalent circuit
parameters can be calculated with Zsimpwin software
and the results are listed in Table 3. The R, value can
disclose the corrosion resistance of the alloy in this
corrosion medium and the Y, value of CPE2 can disclose
the integrity of the film. It is found that the EPC alloy
has the highest R, and Y, values. This indicates that the
corrosion resistance of Mg-11Gd-3Y alloy can be
improved by the EPC process.
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Fig.4 Nyquist diagram of MC and EPC Mg-11Gd-3Y alloys in
0.1 mol/ L NacCl solution
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Fig.5 Equivalent circuit of EIS plots for Mg-11Gd-3Y in 0.1
mol/L NaCl solution

Table 3 EIS fitting results for MC and EPC Mg-11Gd-3Y in 0.1 mol/ L NaCl solution

Specimen  RJ/(Q.cm®) R/(Q.cm?) Yy/(Q ems™) e Yi/(107°Q em>s™) ny RY(Qem®) R/(Qem®)  L/H
MC Mg-11Gd-3Y 403 345 0.002 16 0.58 1.621 0.919 885 2107 7307
EPC Mg-11Gd-3Y  41.3 717 0.001 7 0.61 1.537 0.921 269 600 10410 53 800

Yo and ny are two parameters of CPE1; Y; and n; are two parameters of CPE2.
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3.3 Immersion tests

Immersion tests were also carried out to determine
the details of the corrosion behavior, and the H,
evolution volume was used to characterize the corrosion
velocity at room temperature. The testing solution was
replaced every 24 h. The ratio of solution volume and
specimen area was about 240 mL/cm?. For MC and EPC
alloys, there is a small difference in H, evolution volume
in the first 600 min, as shown in Fig.6. There is an
obvious acceleration for the MC specimen after 600 min
and its evolution speed of H, is higher than that of the

EPC alloy because of the micro-galvanic corrosion effect.

The conversion relationship of hydrogen evolution
volume to mass loss is | mL H, for 1.084 8 mg Mg. The
average mass loss rates of MC and EPC samples are
4.505 6 mg/(cm*d)and 0.901 1 mg/(cm*d), respectively.
The corrosion rate of MC sample is higher than that of
EPC sample in 3 500 min; however, the average mass
loss rate of the EPC sample is much lower than that of
the MC alloy. The immersion results show that EPC can
improve the corrosion resistance of alloy in 0.1 mol/L
NaCl.
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Fig.6 Hydrogen evolution volume of MC and EPC
Mg-11Gd-3Y alloys in 0.1 mol/L NaCl solution

3.4 Corrosion morphology of Mg-11Gd-3Y alloys

The surface morphologies of MC and EPC
Mg-11Gd-3Y alloys immersed in 0.1 mol/L NaCl
solution for 1-48 h were observed with scanning
electron microscope (SEM) and a Leica S6D vertical
optical microscope as shown in Figs.7—11.

It can be seen in Fig.7 that the surface morphologies
of MC and EPC Mg-11Gd-3Y alloys exhibit localized
corrosion morphology after 1 h immersion. The
corrosive pits are mostly located at the grain boundaries
and only few corrosive pits are located in the matrix,
as shown in Fig.7 and Fig.10. Most intermetallic
compound phases are located at the grain boundaries
with the microstructure analysis. The galvanic
corrosion occurs in the zones adjacent to the grain

Fig.7 Corrosion microstructures of Mg-11Gd-3Y alloy after 1 h
immersion in 0.1 mol/L NaCl solution: (a) MC; (b) EPC

o
Corrosion z

L

Fig.8 Corrosion microstructures of Mg-11Gd-3Y alloy after 48
h immersion in 0.1 mol/L NaCl solution: (a) MC; (b) EPC

boundaries due to the potential difference between the
Mg, (Gd, Y)s phase and the magnesium matrix, so the
pitting corrosion is likely to occur in this zone. There are
more corrosion pits on the MC sample than those on the
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Fig.9 Corrosion macro-morphologies of Mg-11Gd-3Y alloys with different immersion time in 0.1mol/L NaCl solution: (a) 1 h and (b)
48 h for EPC alloy; (c) 1 h and (d) 48 h for MC alloy

EPC sample and their diameter and depth on the MC
Element w/%  x/% sample are bigger than those on the EPC sample, as seen
Mg 0 43.96 56.13 in Figs.7—10. This is the same as that can be seen in the
Mg 47.05 39.53 - .
o % 246 056 macro-morphologies of the gold-coated specimens, as
Cl 6.54 3.77 shown in Figs.9(a) and (b).
Figures 8 and 9 show the surface morphologies of
MC and EPC Mg-11Gd-3Y alloys after 48 h immersion.
The MC sample was dipped in the cleaning solution of
200 g/L CrO; and 10 g/L AgNO; for 5 min to remove the
corrosion product, then immediately dried and sputtered
IH J Y g L with carbon. Evidently, the corrosion resistance of the
0o 1 2 3 4 5 6 7 8 9 MC sample is worse, as shown in Fig.8. Most surface of

Energy/keV the MC sample is corroded and little of the EPC sample
Fig.11 EDS analysis results for zone 4 in Fig.10(a) is corroded.
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Fig.12 XPS analysis results of corrosion products of EPC Mg-11Gd-3Y alloy in 0.1 mol/L NaCl solution after 24 h after 60 s etching:

(a) General diagram; (b) Mg 1s; (c) O 1s; (d) Y 3d

The cross-section morphology of Mg-11Gd-3Y
alloy immersed in 0.1 mol/L NaCl solution for 48 h was
selected to present the information of corrosion zone in
Fig.10. The EDS analysis of the corrosion product shows
that the elements of components are Mg, Y, O and Cl in
Fig. 11. Therefore, the dissolved yttrium took part in the
corrosion reaction, which is proved in Fig.12. The
foreland of the corrosion product is by grain boundaries
of MC Mg-11Gd-3Y alloy and the Mgy, (Gd, Y)s phase
provided some barrier effect on this kind of alloy. The
main corrosion zone is the area around the grain
boundaries.

The EPC Mg-11Gd-3Y alloy was immersed in 0.1
mol/L NaCl solution for 24 h, and then the surface film
was analyzed using XPS (Fig.12). It is found that the
corrosion product consists of MgO and Y,0;. The
magnesium oxides are the main corrosion products of the
surface layer from XPS analysis. All results show that
the film has some relation with the dissolved yttrium,
and the added gadolinium is transformed into net-

Mg,4(Gd, Y)s phase which could provide a barrier in the
corrosion medium.

4 Conclusions

1) For different cooling rates, the quantity of the
Mg,4(Gd, Y)sphase in MC is more than that in EPC and
more alloying elements are dissolved into the matrix
compared with MC. For EPC, the galvanic corrosion
effect between the matrix and the Mgy, (Gd, Y)s phase
decreases and the corrosion resistance increases
compared with the MC in 0.1 mol/L NaCl solution.

2) The chief corrosion mode for this kind of
magnesium alloy is pitting corrosion because most of the
alloying elements are transformed into intermetallic
phases. The average corrosion rate of the EPC alloy in
the immersion test is 20% of the MC alloy.

3) The XPS analysis results and cross-section
corrosion product analysis show that yttrium is present in
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the product film that can provide increased protection for
Mg-11Gd-3Y alloy. Electrochemical measurements and
the immersion test show that the EPC process increases
the corrosion resistance of Mg-11Gd-3Y alloy compared
with the MC.
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