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Characterization of corrosion products
formed on a rapidly solidified Mg based EA55RS

alloy
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Surface characterization of the corrosion products formed on the surfaces of rapidly
solidified Mg based EA55RS (Mg-5 wt % Al-5 wt % Zn-5 wt % Nd) extrusion immersed in
a 3% NaCl solution saturated with Mg(OH), has been carried out using X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES), secondary ion mass spectrometry
(SIMS), X-ray diffraction (XRD) and scanning electron microscopy (SEM). The surfaces of
both pristine and corroded samples have been found to consist mainly of Mg(OH), and MgO.
XPS and AES results show that Nd and Zn are not present on the surfaces of either pristine or
corroded samples and depth profiling using SIMS shows that there is depletion of Nd on the

surfaces.

1. Introduction

In general, magnesium alloys produced by conven-
tional ingot metallurgy processing exhibit poor
corrosion resistance. The application of rapid solidifi-
cation (RS) processing can result in the refinement of
both matrix grains and intermetallic particles, exten-
sion of solid solubility, formation of non-equilibrium
phases (including crystalline, quasi-crystalline and
non-crystalline) and improved chemical homogeneity.
RS processing of appropriate magnesium alloys can
improve their corrosion resistance by contributing
towards the formation of protective films and elimina-
tion of microgalvanic effects. As a result, a number of
workers [1-14] have studied the effect of RS process-
ing and alloy elements on the corrosion resistance of
Mg based alloys, with the emphasis on Mg—Al based
alloys.

A range of magnesium alloys of novel composition
has been developed recently by Allied—Signal based on
vacuum hot pressing and extrusion or forging of
pulverized melt spun materials [1,2]. Several of
these alloys, including EAS5S5RS (Mg-5 Al-5 Zn-5
Nd, wt %), combine exceptional strength with cor-
rosion resistance. It was reported [1, 2] that the cor-
rosion resistance of EAS5RS alloy was superior to that
of conventionally cast Mg alloys, such as AZ91, and
could even approach that of 2041 aluminium alloys
[1].

In the present work, the surface characteristics of
EASS5RS samples have been studied both as-received
and after immersion in 3% NaCl solution. These stud-
ies have been carried out using X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy
(AES), secondary ion mass spectrometry (SIMS),
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scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD).

2. Experimental procedure

The samples of EAS55RS extrusion were supplied
in the as-extruded condition by Magnesium Electron
Ltd and British Aerospace. Pieces of dimensions of
10 x 10 x 3 mm? were cut from the extrusion and were
ground and polished, finished with 2 pm MgO. A 3%
NaCl solution saturated with Mg(OH), was used for
the corrosion test [3]. These immersion tests were
carried out in a glass container containing the solution
at 23.0 £ 0.5°C for periods of immersion between
5min to 24 h, After immersion, each specimen was
carefully washed with water and acetone and finally
air dried.

XPS and AES experiments were carried out in a
VG ESCALAB MKII spectrometer at a constant ana-
lyser pass energy of 20 eV. MgK, X-rays (1253.6 eV
photon, 120 W) were used as the excitation source in
XPS, while an electron beam of 5keV was used in
AES. Charging shift in XPS measurements ranged
from ~2 to ~5 eV depending on the immersion time,
and was corrected using the major Cls peak at binding
energy 285.0 ¢V as a reference. The SIMS experiments
were performed in a VG SIMSLAB system. Both the
XPS-AES and SIMS chambers were connected via
a preparation chamber, the normal operating pressure
in all chambers was <2 x 10”7 Pa during the course
of the experiments. The primary ion source of SIMS
was a 9 keV, 100 nA Ar* beam, which was incident on
the sample surface at 45° with a reduced area mode.
X-ray diffraction was performed in a Philips 1700
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diffractometer with CuK radiation and SEM experi-
ments were carried out in a Jeol 50 equipment.

3. Results

3.1. SEM and XRD

Fig. 1 shows the SEM micrographs of an as-polished
sample and one after immersion in 3% NaCl for 1 h.
Energy dispersive spectroscopy (EDX) analysis
(Fig. 2) shows that the oxygen content increases as
time of immersion increases. Fig. 3 shows the XRD
profile for the sample corroded for 24 h, indicating
that only « Mg and Mg(OH), and no other phases are
present on the sample surface.

3.2. XPS

3.2.1. Results for pristine sample

Fig. 4 is an XPS survey spectrum of the pristine
Mg-Al-Zn-Nd sample, indicating the presence of
oxygen, carbon, magnesium and aluminium at the
surface. Nd and Zn are not evident at the surface.
Fig. 5a gives the XPS Ols core-level spectrum of the
pristine sample. This shows the Ols peak is located
at the binding energy of 531.2 ¢V, with a tail of low
intensity at a higher binding energy around 533.6 eV.
According to the known data [15], the main peak at
~531 ¢V may be assigned to hydroxide oxygen, while
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(a)

Figure 1 SEM micrographs showing (a} pristine surface of EA55RS,
and (b) surface after immersion in 3% NaCl solution for 1 h.
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Figure 2 Montage of windowless EDX analysis of EA55RS after
immersion in 3% NaCl solution for different lengths of time:
(a) pristine sample, (b) after 20 min, and (c) after 1 h.

those photoelectrons observed at higher binding ener-
gies, around 533.6eV, may be attributed to the
absorbed water on the sample surface. The Mg2p
core-level spectrum (Fig. 6a) of the pristine sample
consists of a strong peak at 49.4 ¢V and a very weak
one at 51.8 eV. Both the metallic Mg and the Mg
hydroxide have been reported [15] to have the same
binding energy at 49.5 eV, and they may both contrib-
ute to the intensity of this peak. The weak one at
51.8 eV may arise from Mg oxide on the surface [15].
Fig. 7a is the Al2p core-level spectrum of the pristine
sample. It is broad and may be composed of two
component peaks at 72.8 and 74.6 eV according to the
peak synthesis results. On the basis of known data
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Figure 3 XRD result for EA5S5SRS after immersion in 3% NaCl
solution for 24 h showing only aMg and Mg(OH), present on the
sample surface.
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Figure 4 XPS wide-scan spectrum of EA55RS pristine sample. The
C1s core-level spectrum is also included.

[15] the peak at 72.8 ¢V is assigned to metallic Al
while the one at 74.6 €V is assigned to Al in Al oxide.
Therefore, as derived from XPS results, the main spe-
cies on the pristine sample are Mg, Mg(OH),, Al and
Al Os.

3.2.2. Results for corroded samples
After 15 min immersion in the NaCl solution extra
peaks due to traces of C1~ and Zn* ™ can be observed
in the XPS core-level spectra at the energy regions
around 199.3 eV for ClI2p, 1022.3 and 1046.3 eV for
Zn2ps,2, 1, respectively. In addition, it is found that
the peaks in the Ols, Mg2p and Al2p core-level
spectra become broadened. As shown in Fig. 5b the
O1ls peak at 533.6 eV increases its intensity relative to
that of the peak at 531.2 eV. Careful peak synthesis of
the Ols spectrum results in the appearance of a third
component peak at 532.5 eV, which may be attributed
to the oxide species in the corrosion layer. Similarly
the intensities of Mg2p peak at 51.8 ¢V (Fig. 6b) and
Al2p peak at 74.6 ¢V (Fig. 7b) are enhanced relative to
those at lower binding energies, indicating that oxides
of Mg and Al may have resulted from the corrosion.
The advance of corrosion becomes more evident in
the sample immersed for 20 min. As shown in Fig. 5c,
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Figure 5 XPS Ols core-level spectra of EAS5RS sample after
immersion in 3% NaCl solution for different lengths of time:
(a) pristine sample, (b) after 15 min, (c) after 20 min, (d) after 30 min,
(e) after 1h, and (f) same as (¢), but the take-off angle of photo-
electrons with respect to the sample surface is 20°.

further increase in the intensity at 532.8 eV, which is
assigned to the oxide species, is observed in the Ols
spectrum, while in the Mg2p and Al2p spectra, signifi-
cant peaks at 51.2 and 74.6 eV arise, even stronger
than their low energy components, indicating that the
sample surface after 20 min immersion is mainly
covered by Mg and Al oxides.

Figs 5d, 6d and 7d show additional peaks arising at
lower binding energy in the Ols, Mg2p and Al2p
regions, i.e. at 530 eV for Ols, at 48.6 eV for Mg2p and
72.0 eV for Al2p, respectively, for the sample immer-
sed for 30 min. After longer immersion, for 60 min, Mg
hydroxide becomes the predominant surface species
over oxides (Figs 6e and 7e). Nevertheless, species
with lower binding energy (Figs 6d and 7d for the
sample immersed for 30 min) remain on the surface.
For the samples immersed for longer than 15 min
chloride ions can still be detected by detailed scans,
but neither Nd nor Zn is observed by XPS.

The peaks at lower binding energy in Figs 5d, 6d
and 7d may be attributed to differential charging.
As previously described by Barr [16-18], the oxide
overlayers may show different amounts of charging
shift from their metallic substrate upon photoioniz-
ation. The metallic substrate beneath the surface ap-
pears to have smaller charging shifts as compared with
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Figure 6 XPS Mg2p core-leve] spectra corresponding to Fig. Sa-f.

those oxide overlayers. If the same amount of energy is
applied to correct for different charging shifts, nega-
tive chemical shifts for the metallic substrate may then
result. This means that the peaks at 48.6 ¢V for Mg2p
and 72.0 eV for AlZp regions in Figs 6d and 7d are due
to metallic Mg and metallic Al respectively. The
angle-resolved XPS results support this view. When
the take-off angle {with respect to the sample surface)
of photoelectrons is changed from 70 to 20°, the inten-
sitics of those peaks at lower binding energy are ob-
served to be greatly reduced as shown in Figs 6f and
7, indicating that these peaks are mainly contributed
from the species beneath the surface, most likely the
metallic Mg and Al This phenomenon has been ob-
served in other rapidly solidified Mg and Al based
alloys with oxide overlayers on the samples [19].

The XPS results for the corroded samples indicate
that the main species on the surface is Mg{OH),
together with small amounts of MgO and Al;O,. No
Nd and Zn were observed by XPS.

3.3. Results of AES

Fig. 8a is the Auger electron spectrum (AES) for the
pristine sample, showing that C, O and Mg are the
main elements detectable by AES on the surface. Al
Nd and Zn are not detectable on the sample surface.
The kinetic energy of the MgK LI peak is found to be
1174 eV; 12 eV lower than that of metallic Mg [15].
The chemical shift measured in AES may indicate that

4020

(a} {b)

T ] T T T T
70.8 74.2 77.8 70.6 74.2 77.8

Binding energy {eV) Binding energy {eV)
{e}) {f}

Figure 7 XPS Al2p core-level spectra corresponding to Fig. Sa~f,

Mg species on the sample surface has been oxidized
and is in a high oxidation state. This provides support
to the assignment of Mg2p core-level peak to the
Mg(OHj), species in the XPS studies.

After immersion, the carbon signal observable in
XPS wide scan spectrum (Fig. 9) is greatly reduced
in the AES spectrum, whereas chlorine becomes de-
tectable in addition to the main peaks of Mg and O
(Fig. 8b).

3.4. SIMS

Fig. 10 displays the positive secondary ion mass spec-
trum for the pristine sample, indicating that the main
species on the surface are Mg, (whose masses and
isotopic abundances are 24 amu, 79%; 25 amu, 10%;
and 26 amu, 11%), Mg hydroxide {masses 41, 42 and
43}, MgQO (mass 40) and Al {mass 27). Nd, NdO, Zn
and ZnO are barely detectable by SIMS.

Fig. 11 is the SIMS spectrum for the sample after
immersion. The dominant surface species are shown
to be Mg, MgOH, Al and H. The intensity of the
hydrogen peak is observed to increase with the in-
crease in immersion time in NaCl solutios.

The results of SIMS depth profiling are given in
Figs 12 and 13 for the pristine surface and the surface
of the sample immersed for 10 min. For the pristine
sample, the relative intensities of Mg, Al and Zn sec-
ondary ions in the surface region remain almost the
same as in the bulk, although they are all enhanced
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Figure 8 AES spectra of EAS5RS (a) as-polished, and (b) after
immersion in 3% NaCl solution for 5 min.
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Figure 9 XPS wide-scan spectrum of EA55RS after immersion in
3% NaCl solution for 60 min. The C1s survey scan spectrum is also
included.

probably as a result of the presence of oxygen on the
surface. The intensities of the secondary ions of oxy-
gen and hydroxide group are low and observed mainly
in the surface region only. For the immersed sample,
the intensities of the oxygen and hydroxide secondary
ions increase (Fig. 11b). In particular, the presence of
OH in the bulk, which is not detected for the pristine
sample, becomes observable in the corroded area, and
even more abundant than MgO species. The surface
enhancement of Mg and Al is no longer observed.
Rather, the depletion of all metals, in particular, Al
and Nd, in the surface region becomes obvious. It is
noted that no carbonate species are shown in the
SIMS spectra.
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Figure 10 Positive SIMS for pristine EA5S5RS sample.
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Figure 11 Positive SIMS for EA55RS sample after immersion for
15min in 3% NaCl solution.

\\Mg

Counts

{

1500

I
1000
Etch time (s)

1
0 500 2000

Figure 12 Results for SIMS depth profiling of pristine EA55RS
sample.

4. Discussion

The surface characterization of splat quenched Mg-Al
binary alloys (with Al content up to 16 wt %) after
immersion in 3% NaCl solution have been carried out
extensively using XPS, Rutherford Backscattering
Spectrometry (RBS), XRD, SEM and transmission
electron microscopy (TEM) [3-7]. Mg(OH), and
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Figure 13 Results for SIMS depth profiling of EA5S5RS after immer-
sion for 20 min in 3% NaCl solution.

MgO were found on the as-quenched samples.
Mg(OH), and hydromagnesite (3MgCO; Mg(OH),
-3H,0) were found on the corroded Mg-3.5 Al wt %
splat, while Mg spinel (MgAl,O,) was found along
with Mg(OH), and MgO for the corroded samples
with Al content higher than 10 wt %. The formation of
hydromagnesite was found to depend on the storage
and handling procedures used. The present XPS and
XRD results confirm the presence of Mg(OH), on the
pristine and corroded surfaces of the samples. Despite
the fact that the Al content in the sample is 5 wt %,
XRD analysis shows no presence of spinel (MgAl,Oy)
and hydromagnesite [3MgCO,-Mg(OH),3H,0].
On the basis of the XPS results it appears that
MgO seems to be less stable than Mg(OH), and MgO
formed in the ecarly stages of corrosion, while
Mg(OH), becomes dominant after longer time immer-
sion (60 min, Fig. 6e). The SIMS depth profiling re-
sults also indicate that for the corroded sample
(Fig. 13) Mg(OH), is predominant on the surface, and
decreases with depth; while MgO exhibits the opposite
trend. This is consistent with a previous finding for
rapidly solidified Mg—Al alloys [3].

The effect of the addition of rare earth elements on
the corrosion resistance of rapidly solidified Mg based
alloys has been subjected to investigation recently
by many people [1,9, 11, 19-21]. Das and Chang [1]
reported that Nd containing EAS5RS gave a dissolu-
tion rate in 3% NaCl of 11 mil yr~! compared with
50 mil yr ! for Nd-free AZ91 HP-T6. Ahmed et al. [9]
confirmed that Nd could improve the corrosion resist-
ance of Mg alloys under certain circumstances. Rugg
et al. [20] reported introduction of 1 wt % Nd as a ter-
nary addition gives further reduction in dissolution
rate in 3% NaCl for splat quenched Mg—4.7 wt % Mn
alloy after 50h immersion. The improvement in cor-
rosion resistance by the addition of rare earths, such
as Nd, to Mg alloys was attributed [2,20] to a combi-
nation of formation of a protective or semi-
protective film on the surface of the sample as a result
of a reaction of the saline solution with the rare earth,
of the reduced pitting corrosion resulting from inert-
ness of second phase particles and of the refined
microstructure obtained through rapid solidification.
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Krishnamurthy et al. [21] reported that in rapidly
solidified Mg20wt% Nd alloy the onset of
pseudopassivation was accompanied by an enrich-
ment of the surface in Nd. The present XPS and
AES results, however, show that no Nd is detected
in the surface region, i.e. within 10 nm of the surface,
for either pristine or corroded samples. The SIMS
results (for the depth of 0.4 to 2 um) clearly show that
there is a depletion of Nd on the surface of the cor-
roded sample. Although Nd is detected by EDX, the
signal is from both oxidation layer and the bulk, since
the depth resolution of EDX is ~0.5 um, more than
the thickness of the oxidation layer on the sample. The
depletion of rare earth elements in Mg alloys after
corrosion was also found in other Mg based rare earth
containing alloys [19]. Whether the depletion of rare
earth elements has any effect on the formation of these
protective films remains unknown.

5. Conclusions

Extrusions of rapidly solidified EA55RS were immer-
sed in 3% NaCl solution for up to 24 h. EDX analyses
of the pristine and corroded samples showed that the
oxygen content increased as the immersion time in-
creased. Mg(OH), and MgO were found on the pris-
tine and corroded surfaces of EASSRS samples
by XPS; however, Mg(OH), was found to be the
dominant species on the surface by SIMS. The content
of MgO increased as the depth increased on the sur-
face. There was a depletion of Nd and Zn on the
corroded sample surfaces.
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