Corrosion Science 90 (2015) 420-433

Contents lists available at ScienceDirect

Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

Influence of temperature on the atmospheric corrosion of the Mg-Al

alloy AM50

@ CrossMark

M. Esmaily **, M. Shahabi-Navid ?, J.-E. Svensson ¢, M. Halvarsson®, L. Nyborg®©, Y. Cao®, L.-G. Johansson ?

2 Department of Chemical and Biological Engineering, Chalmers University of Technology, SE-412 96 Goteborg, Sweden
b Department of Applied Physics, Chalmers University of Technology, SE-412 96 Goteborg, Sweden
€ Department of Materials & Manufacturing Technology, Chalmers University of Technology, 2A, SE-412 96 Goteborg, Sweden

ARTICLE INFO ABSTRACT

Article history:

Received 8 January 2014

Accepted 26 October 2014
Available online 4 November 2014

Keywords:

A. Magnesium

A. Alloy

B. SEM

C. Atmospheric corrosion

The effect of temperature on the NaCl-induced atmospheric corrosion of the Mg-Al alloy AM50 has been
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NaCl-induced atmospheric corrosion of AM50 is strongly reduced with decreasing temperature, 99.97%
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carbonates formed at 4 and 22 °C but were absent at —4 °C.
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1. Introduction

Magnesium-aluminum (Mg-Al) alloys are widely used as struc-
tural materials, e.g., in the aerospace and automotive industries as
a result of their light weight, good castability and good mechanical
properties at room temperature. However, the use is limited by
their relatively poor corrosion resistance [1-8]. In general, the cor-
rosion properties of Mg-Al alloys rely on the properties of the par-
tially protective surface film which is made up mainly of Mg(OH),
but which also contains AI** [9,10]. It is known that the corrosion
of Mg and its alloys in aqueous solution is an electrochemical
process where magnesium dissolves anodically, the dominant
cathodic reaction being hydrogen evolution [11-16]. The partially
protective surface film is an electronic insulator and the rate of cor-
rosion is strongly accelerated by the presence of cathodically active
surfaces such as noble precipitates in the alloy (e.g., MgFe interme-
tallics) [2,17-21]. Consequently, the concentration of selected
impurities (e.g. Fe) is kept below certain limits in commercial
alloys in order to avoid forming such precipitates.

Because Mg-Al alloys are often used in atmospheric conditions
a better understanding of the atmospheric corrosion properties is
of great importance. Accordingly, the atmospheric corrosion prop-
erties of Mg and Mg-Al alloys under outdoor conditions have been
widely investigated [22-26]. The atmospheric corrosion of Mg-Al
alloys has also been investigated under controlled conditions in
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the laboratory, e.g., in order to investigate the mechanism of
corrosion and the influence of various parameters on corrosion
[27-36]. It has been reported that while the rate of corrosion when
immersed in aqueous solutions or subjected to salt spray tests is
high in comparison to other engineering alloys, the corrosion rates
of Mg-Al alloys in the outdoor atmosphere are comparable to mild
steel. The causes behind the relatively slow atmospheric corrosion
of Mg-Al alloys are still not fully understood [10,27]. It is sug-
gested that the inhibitive effect of ambient concentrations of CO,
on the corrosion of Mg and, Mg-Al alloys reported by [28] and fur-
ther investigated in a recent study [29] may be part of the
explanation.

The corrosion of both Mg and Al in aqueous solution is known to
be accelerated by chloride ions [12,18]. Hence, the deposition of
chlorides in particulate form (e.g. sea salt) is an important factor
in the atmospheric corrosion of Mg-Al alloys. In large parts of
the world where deicing salt is used, the exterior of cars are heavily
exposed to NaCl during winter. Considering that there may be sig-
nificant NaCl-induced atmospheric corrosion of Mg-Al alloys in
automotive applications at temperatures close to or below 0 °C, it
is surprising that little scientific work has been devoted to atmo-
spheric corrosion of Mg-Al alloys in that temperature range.
Instead, most investigations of atmospheric corrosion in the labo-
ratory are carried out at room temperature or above (e.g. in salt
spray testing).

Even when other metallic materials are included, investigations
of atmospheric corrosion below ambient temperature are rela-
tively few, especially at sub-zero temperatures [37-40]. Working
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with aluminum at 4-60 °C, Bliicher et al. [37] reported on a very
strong positive correlation between temperature and the rate of
NaCl-induced corrosion in humid air. In contrast, Niklasson et al.
[38] reported that the atmospheric corrosion of lead in the pres-
ence of gaseous acetic acid exhibited a negative correlation with
temperature (4 and 22 °C). Also, Svensson and Johansson [39]
reported on a negative correlation with temperature (4 and
22 °C) in the case of SO,-induced atmospheric corrosion of zinc
at high relative humidity. Recently, Chen et al. [40] reported on a
positive correlation between corrosion attack and temperature
for the initial stages (2 h) of NaCl-induced atmospheric corrosion
of the Mg-Al alloy AZ91 between 2 °C and 8 °C. The work was car-
ried out in pure water vapor at about 0.01 atm and only investi-
gated the initial attack (2 h).

The present paper is the first attempt to investigate the temper-
ature dependence of the atmospheric corrosion of an Mg-Al alloy
down to sub-zero temperatures. Thus, the NaCl-induced atmo-
spheric corrosion of the Mg-Al alloy AM50 is investigated at 22, 4
and —4 °C. In order to study the effect of temperature rather than
the combined effects of temperature and relative humidity, all
exposures are carried out at a constant relative humidity of 95%.
In addition, we report on the influence of ambient levels of CO, on
corrosion behavior. 99.97% Mg is used as a reference material and
comparisons are made to samples exposed in the absence of NaCl.

2. Experimental
2.1. Sample preparation

Chemical compositions of the tested materials, namely pure Mg
(99.97%) and alloy AM50, are listed in Table 1. Unalloyed Mg
(99.97% Mg) was used as reference material. As-received material
was machined to obtain 14 x 14 x 3 mm?> test coupons with an
exposed surface area of 5.56 cm? from high purity Mg and High
Pressure Die Cast (HPDC) AMS50 alloy. Prior to the exposures,
samples were ground, lubricated with de-ionized water, through
successive grades of silicon carbide abrasive papers (SiC grit
papers) from P1000 to P4000 mesh. Polishing was then performed
using cloth discs and diamond paste in the range of 1-3 pum, fol-
lowed by a fine polishing step using oxidized porous silicon
(OPS) for 120s on a Buehler Microcloth. The specimens were
cleaned using distilled water and degreased with acetone, washed
again with distilled water, and dried with a blower (cool air) and
stored in a desiccator over a desiccant for 24 h (h) before exposure.
A solution of 20 ml distilled water, 80 ml ethanol and 1 g NaCl was
sprayed on the test coupons. The samples were contaminated with
two different amounts of salt, 14 and 70 pg/cm?. Care was taken to
avoid an uneven distribution of NaCl on the specimen surface by
the spraying of the NaCl solution.

In order to achieve an even distribution of salt, the spraying
procedure was optimized with respect e.g. to the distance between
the spray gun and by dividing the spraying into several steps with
intermittent drying. Also, reference samples, i.e. samples without
salt, were exposed at the same time with the contaminated sam-
ples in each corrosion condition. Duplicate and triplicate samples
were exposed for each condition and some of the experiments
were repeated several times to check for consistency. In total about
450 samples were exposed.

2.2. Experimental set-up

The experimental set-up for the exposures with 400 ppm CO,
has been described in detail previously [27,28]. The exposure
apparatus is entirely made in glass and Teflon. The samples are
suspended by a nylon string in individual exposure chambers.
The gas flow is 1000 ml/min corresponding to an average flow
velocity of 1 mmy/s. Relative humidity (RH) is regulated by mixing
measured amounts of dry air and air saturated with water vapor at
the exposure temperature. RH was 95 + 0.3%. CO, is added from a
cylinder to give a constant concentration of 400 + 20 ppm. The
amount of CO, added was measured before and after the experi-
ment. To perform corrosion experiment at sub-zero temperature,
a new corrosion system was designed and developed, as illustrated
in Fig. 1. Ethylene glycol was used as antifreeze. In addition, two
internal humidifiers were placed inside the liquid of the pool to
decrease the dew point of the humidified air to —4 °C.

The corrosion exposures in the absence of CO, were carried out
in hermetically closed desiccators (as corrosion reactors) with a
volume of 3dm3. Exposure temperatures were 22.00 * 0.03 °C
4.00 £ 0.03 °C and —4.00 % 0.03 °C. The 95% humid air was achieved
by equilibrating with 500 ml potassium hydroxide solution (KOH
(aq)) in a container placed inside the desiccator. The water vapor
partial pressure over KOH (aq) was calculated by the equation
reported in [41]. In addition to the RH to the desired value, i.e.
95%, the KOH (aq) solution also functions as a CO, absorbent.

2.3. Quantitative measurements

2.3.1. Gravimetric measurement

To monitor the atmospheric corrosion process the test coupons
were removed from reactors during the exposures for weighing
with regular intervals except for the CO,-free exposures, i.e.
desiccator exposures. Therefore, the water contained in the NaCl
electrolyte remains during weighing and the corresponding mass
gains are accordingly called wet mass gains. At the conclusion of
an exposure, after measuring the wet mass, the samples were
stored for 24 h at room temperature over a desiccant so that the
loosely bound water was removed. The specimens were weighed
again and the corresponding mass gains are termed dry mass gains.

2.3.2. Leaching and pickling

The quantity of corrosion product was determined via leaching
and pickling processes of the corroded specimens using agitating
ultrasonic bath at room temperature. The water soluble corrosion
products and unreacted NaCl were first removed by leaching
process. To do this, the samples were immersed in Mili-Q water
(ultrapure water) in two steps; 30s and 60s at 25 °C. Subse-
quently, the corroded samples were pickled several times in a
chromate solution of 20% chromium trioxide (CrOs) for 15 s fol-
lowed by several periods of 30s. The heavily corroded samples
were pickled up to 25 times. The samples were cleaned by pure
water and acetone and finally dried by a stream of cold air after
each step. The weight of the samples was registered after each
leaching and pickling process to monitor the removal process of
the corrosion products. The metal loss was determined by weigh-
ing the samples after leaching and pickling. It is noticed that
self-corrosion during pickling was negligible. Quantitative data

Table 1
Composition of the test materials (% by weight).
Al Zn Mn Si Fe Cu Ni Ca
Mg 0.0030 0.0050 0.0023 0.0030 0.0018 0.0003 0.0002 0.0010
AM50 5.0 0.01 0.25 0.01 0.0016 0.0010 0.0007 na.
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Fig. 1. Schematic diagram of the exposure chamber for the sub-zero atmospheric corrosion experiment: (1) CO, source, (2) flow meter, (3) dip cooler, (4) mixing chamber, (5)
insulation, (6) stirrer, (7) solenoid valves, (8) wash bottles, (9) corrosion samples suspended by nylon string, (10) corrosion chambers, (11) temperature regulator, (12 and 13)
humidifiers producing 95% RH air at the exposure temperature (—4 °C), (14) water +44% ethylene glycol at constant temperature, (15) needle valves, (16) manometer valve

(17) dry purified air with a pressure of 6 bars.

on corrosion product stoichiometry were obtained by calculating
the corrosion product ratio according to the following equations:

Mloss = (MO) - (MP)
Mcorr = (MDry) - (MP)

X= (MCorr) - (MIOSS)

where M)oss is metal loss, Mg is mass before exposure and salt, Mp is
mass after final stage of pickling, Mc,,, is mass of corrosion product,
Mpyy is dry mass and X specifies corrosion product ratio. It should be
mentioned that the gravimetric values were averaged from the data
(3-8 samples for each test condition) with error bars based on one
standard deviation. Some of the exposures were repeated and in
total 700 samples were prepared, sprayed, exposed and analyzed
to different levels. All gravimetric data were obtained using a
Sartorius Microbalance with a with 0.0001 mg resolution.

2.4. Analytical techniques

2.4.1. X-ray diffraction (XRD)

Crystalline corrosion products formed under various exposure
conditions were analyzed by X-ray diffraction (XRD) using a Bruker
AXS D8 powder diffractometer. The system was equipped with
grazing incidence beam attachment and a Gobel mirror. Cr Ko radi-
ation (4 =2.29 A) was used and the angle of incidence was 5°.

2.4.2. Fourier transform infrared spectroscopy (FTIR)

In addition to XRD, the corrosion products were also analyzed
by Fourier transform infrared (FTIR) spectroscopy. The investiga-
tions were conducted from 4000 to 400 cm ™! to identify the func-
tional groups in the corrosion products. The FTIR spectrometer
used in this study was a Nicolet Magna-IR 560 equipped with a
PTGS detector with an insert cell for diffuse reflectance
spectroscopy.

2.4.3. Analytical scanning electron microscope (SEM/EDX)

The morphology of the corrosion products was examined by an
FEI Quanta 200 environmental scanning electron microscopy
(ESEM) with a Schottky field emission gun (FEG) both in the plane
view and ion milled cross section investigations (see below). The
instrument was equipped with Oxford Inca energy dispersive
X-ray detector (EDX) system. Chemical composition analysis was
performed with an Oxford Inca energy dispersive X-ray system
(EDX). Imaging was performed using a range of acceleration volt-
ages, 5-20 kV. SEM/EDX was used for local chemical analysis as

well as elemental mapping of the corroded metal surfaces and
the ion milled cross sections.

2.4.4. Focused ion beam milling (FIB) and broad ion beam milling (BIB)

The distribution of elements after exposures was studied on the
cross sections of samples prepared by broad ion beam milling (BIB)
and focused ion beam milling (FIB) methods using a Leica EM TIC
3Xion beam slope cutter and an FEI Versa 3D system, respectively.
The BIB cross sectioning is a relatively advanced technique that can
be used to produce accurate cross sections with limited artifacts
and distortion through the corrosion product and metal substrate
in order to study the fragile corrosion layers.

Considering the larger surface area (around 1.5 mm in width
and several hundred microns deep) of the cross sections produced
by BIB in comparison with those of the FIB, the method was well-
suited to study the corrosion pits on the heavily corroded samples.
In the case of the BIB the sample holder was continuously cooled
using liquid nitrogen in order to avoid any compositional change
in the corrosion products. An argon ion beam with an acceleration
voltage of 3 kV was chosen for the milling process. The cross sec-
tions were mainly made by BIB, but in the case of samples with
very low amount of corrosion products, when precise positioning
of the cross section was required, the FIB technique was used.
The instrument is a dual beam system, equipped with both an elec-
tron and ion column. The electron column is equipped with a field
emission gun (FEG) and the ion column with a liquid gallium
source. Before milling, a 2 pum nickel layer was deposited by phys-
ical vapor deposition (PVD) onto the corroded samples, in order to
protect the surface oxide from ion-induced damage.

3. Results
3.1. Gravimetric measurements

The dry mass gains as a function of exposure time for both
materials are presented in Figs. 2 and 3 and Tables 2 and 3. The
mass gain and metal loss data for the reference samples (exposed
in the absence of salt) was in most cases negligible (<1 pm/year)
and are not shown. All the gravimetric data, including the mass
gain and metal loss values, are provided to enable quantitative
comparisons of the influence of the different environmental factors
on the atmospheric corrosion of the alloy AM50. Mass gain is a
convenient way to measure average corrosion attack if the corro-
sion product composition is known. Also, mass gains can be used
to compare corrosion rates if the corrosion products have similar
composition. The tables also show the average metal loss of the
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Fig. 2. The effect of temperature and exposure time on mass gain of 99.97% Mg: (a) 400 ppm CO,. (b) CO,-free. The standard errors for the data in Fig. 2a and b is less than 5

and 10%, respectively.
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Fig. 3. The effect of temperature and exposure time on the mass gain of AM50: (a) 400 ppm CO,. (b) CO,-free. The standard errors for the data in Fig. 3a and b is less than 3

and 10%, respectively.

corroded samples. The ratio between the mass of the corrosion
products and the metal loss for individual samples is also given.
This value reflects the average corrosion product composition
and can be compared to the corresponding ratios of selected corro-
sion products listed in Table 4. When the mass gain was
<0.05 mg cm 2 metal loss could not be determined with sufficient
precision and metal loss was calculated from the mass gain values,
using the appropriate ratios of corrosion products identified by
XRD (Table 4).

3.1.1. The effect of NaCl and exposure time

In the absence of NaCl, corrosion rates were very small, the
mass gains registered after 4 weeks corresponding to an average
corrosion rate of AM50 of <1 pm/year. The mass gains of unalloyed
Mg are somewhat higher and the largest mass gain in the absence
of salt was registered for 99.97% Mg after 672 h at 22 °C, in the
absence of CO,. As expected, the mass gains were much greater
in the presence of salt, reflecting the corrosivity of NaCl towards
Mg and Mg alloys under humid conditions. Figs. 2 and 3 show that
most mass gain curves are convex, corresponding to a gradual
slowing of the corrosion process. However, in the case of AM50
in the absence of CO, at —4 °C, the mass gain curve was linear.

3.1.2. Comparing 99.97% Mg and AM50

The mass gains of 99.97% Mg were considerably larger than
those of the alloy, independent of the amount of salt, temperature
and exposure time (Figs. 2 and 3). Also, the mass gain values of
alloy AM50, relative to 99.97% Mg, increased with decreasing the

temperature. For example, in the absence of CO, with 70 ug cm—2
salt, the mass gains of 99.97% Mg after 672 h were 6 times larger
than those of AM50 at 22 °C while the corresponding factor was
16 at —4 °C. In the presence of CO,, the corresponding factors were
7 at 22 °C and 50 at —4 °C. The metal loss data showed the same
trends (see Tables 2 and 3).

3.1.3. The effect of CO,

According to a previous study by this group [29], CO, inhibits
the NaCl-induced atmospheric corrosion of 99.97% Mg and AM50
at 22 °C. The present results illustrate the strong inhibitive effect
of CO, towards both pure Mg and the alloy at all three tempera-
tures; see Fig. 4a and b. At 4 and —4 °C, the metal loss values of
99.97% Mg in the absence of CO, were 2-20 times greater than
in the presence of 400 ppm CO, (Table 2). The corrosion inhibitive
effect of CO, was even stronger for the alloy. The metal loss values
of AM50 in the absence of CO, were greater by a factor of 9-20
(4°C) and 6-14 (-4 °C) than in the presence of 400 ppm of CO,
(Table 3). It should be noted that metal loss data should be used
rather than mass gain data when investigating the corrosion inhib-
itive effect of CO, as the corrosion product composition is strongly
influenced by CO,.

3.1.4. The effect of temperature

In order to illustrate the influence of temperature on atmo-
spheric corrosion behavior of the investigated alloys, the dry mass
gain and metal loss values after 168 h as function of exposure tem-
peratures are plotted in Fig. 4. The corresponding data for the cases
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Table 2
Metal losses, corrosion rates and experimental corrosion product ratios for 99.97% Mg.
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CO, Temperature NaCl (pg/cm?) Exposure time (h) Metal loss (mg/cm?) Ratio (X)* Corrosion rate (pm/year)
400 ppm 22 14 24 0.08 +0.02 2.1

400 ppm 22 14 168 0.32 +0.04 33

400 ppm 22 14 672 0.50 +0.02 3.8 52+1
400 ppm 4 14 24 0.04 +0.01 4.0

400 ppm 4 14 168 1.11+£0.21 2.9

400 ppm 4 14 672 0.58+0.12 24 64+4.2
400 ppm -4 14 24 0.12 +0.06 13

400 ppm —4 14 168 0.29 +0.09 2.5

400 ppm -4 14 672 0.37 £0.08 2.8 27+3
400 ppm 22 70 24 0.41 +0.02 2.8

400 ppm 22 70 168 1.99+0.14 2.8

400 ppm 22 70 672 3.37+0.32 3.0 239+ 21
400 ppm 4 70 24 0.01 +0.005 2.0

400 ppm 4 70 168 3.83+0.34 2.8

400 ppm 4 70 672 5.18+0.83 2.8 355+ 46
400 ppm -4 70 24 0.51+0.05 2.7

400 ppm -4 70 168 3.15+0.31 29

400 ppm -4 70 672 2.68 +0.43 2.9 199 +28
0 22 14 24 1.40+£0.23 25

0 22 14 168 3.40+0.29 2.7

0 22 14 672 5.70+0.48 2.5 546 + 27
0 4 14 24 0.89+0.21 25

0 4 14 168 2.27+0.33 2.5

0 4 14 672 430+0.54 2.7 294 +32
0 -4 14 24 0.55 +0.08 2.3

0 -4 14 168 3.33%0.19 24

0 -4 14 672 7.53+0.95 2.3 601 + 49
0 22 70 24 3.45+0.84 2.3

0 22 70 168 7.03+£1.22 2.7

0 22 70 672 15.50 +2.34 3.6 1161 + 64
0 4 70 24 2.61+0.24 2.6

0 4 70 168 6.91+1.12 3.1

0 4 70 672 12.41+£1.45 2.8 773 £58
0 -4 70 24 2.14+0.44 2.4

0 —4 70 168 7.26+1.2 2.8

0 -4 70 672 12.74+£2.23 2.5 993 +49

@ Ratio of the dominant corrosion product detected by XRD.

of 24 and 672 h are listed in Tables 2 and 3. The mass gain and
metal loss results after 168 h show that the effect of temperature
on the rate of NaCl-induced corrosion of 99.97% Mg was different
from the case of alloy AM50, see Fig. 4. For the alloy, increasing
the temperature from —4 °C to 22 °C significantly increased the
average rate of corrosion, irrespective of the amount of added NaCl
and both in the absence and in the presence of CO,, as shown in
Fig. 2. The effect of temperature on alloy AM50 was especially
marked in the presence of CO,. Hence, between —4 and 22 °C,
the rate of NaCl-induced corrosion of AM50 increased by a factor
of about 6 and 4.5 in the presence and absence of CO,, respectively
(Table 3 and Fig. 4b). In the case of 99.97% Mg, there was a negative
correlation between corrosion rate and temperature in the pres-
ence of CO,, corrosion was significantly slower at 22 °C compared
to 4 and —4 °C (Fig. 4a). In contrast, the effect of temperature was
not significant in the absence of CO,.

3.2. Corrosion product composition

The phases identified by XRD on samples and also the ratios
between formula mass and the mass of the metal ions for the cor-
rosion products are presented in Table 4. The crystalline phases
identified after exposures at three temperatures are shown in
Table 5. The crystalline corrosion products at 4 and 22 °C were
the same. In the absence of both NaCl and CO,, traces of brucite
were identified on 99.97% Mg but not on AM50. In the absence of
salt and in the presence of CO,, no crystalline products were found.
NaCl-induced corrosion in the absence of CO, resulted in the for-
mation of brucite on both materials. In the case of the alloy, the

magnesium aluminum hydroxide meixnerite (MggAl,(OH);g
x 4.5H,0) was also identified. In the presence of CO, and NaCl,
both materials produced three magnesium hydroxy carbonates;
H4, H5 and H8 (Table 4). In some cases, the diffractograms con-
tained additional weak peaks that could not be attributed to a
known compound.

The corrosion products identified after exposure at —4 °C were
different from those formed at higher temperatures. Therefore,
the only crystalline compounds identified at —4 °C were brucite
(on 99.97%Mg and AM50) and meixnerite (on AM50) after expo-
sure with NaCl in the absence of CO, (Table 5). Interestingly, the
crystalline hydroxy carbonates formed under these conditions at
4 and 22 °C were absent at —4°C. Instead an unknown phase
appeared (U1 in Table 5) in most cases, with reflections at
d=458A and d=2.95A. The unknown phase is illustrated by
Fig. 5a and b, showing diffractograms acquired from 99.97% Mg
and AM50 exposed in the absence of CO, at —4 °C. FTIR spectra
acquired from samples exposed after 672 h exposure at —4 °C
and 4 °C are depicted in Fig. 5d. The absorption bands at 1435,
1488 cm™! on the sample exposed at 4 °C correspond to carbonate,
in accordance with the identification of magnesium hydroxy
carbonate by XRD analysis (Table 5).

3.3. Microscopy of corrosion of alloy AM50

The microstructure of alloy AM50 investigated is described
elsewhere [18,42]. The main microstructural constituents are
shown in the plan-view SEM image and cross section image in
Fig. 10a and b. The alloy is composed of a-Mg grains and a partially
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Table 3
Metal losses, corrosion rates and experimental corrosion product ratios for the alloy AM50.
CO, Temperature NaCl (pg/cm?) Exposure time (h) Metal loss (mg/cm?) Ratio (X) Corrosion rate (pm/year)
400 ppm 22 14 24 0.01° 4.0
400 ppm 22 14 168 0.04 +0.001 42
400 ppm 22 14 672 0.15+0.02 4.1 11+1
400 ppm 4 14 24 0.01° 4.0
400 ppm 4 14 168 0.01° 4.0
400 ppm 4 14 672 0.03 +0.01 4.0 2+1
400 ppm —4 14 24 <0.01" 4.0
400 ppm —4 14 168 0.01° 4.0
400 ppm —4 14 672 0.04 +0.001 25 3+1
400 ppm 22 70 24 0.03 + 0.001 4.0
400 ppm 22 70 168 0.13 £0.003 4.2
400 ppm 22 70 672 0.34 +0.002 41 25+1
400 ppm 4 70 24 0.01" 40
400 ppm 4 70 168 0.02" 5
400 ppm 4 70 672 0.13 +0.006 4.1 10+£1
400 ppm —4 70 24 0.01° 25
400 ppm —4 70 168 0.03 £ 0.001 33
400 ppm —4 70 672 0.05 = 0.001 3.2 4+1
0 22 14 24 0.12 £ 0.003 1.7
0 22 14 168 0.15 + 0.002 2.7
0 22 14 672 1.08 £0.14 2.6 78 £4.5
0 4 14 24 0.04 +0.001 2.4
0 4 14 168 0.20+0.05 2.5
0 4 14 672 0.46+0.12 2.7 45+4.2
0 -4 14 24 <0.01° 2.4
0 —4 14 168 0.10 + 0.002 23
0 —4 14 672 0.34+0.09 2.6 26+1
0 22 70 24 0.36 £ 0.07 2.5
0 22 70 168 0.90+0.12 2.6
0 22 70 672 2.10+0.19 2.5 124+5.2
0 4 70 24 0.03 £ 0.001 3.0
0 4 70 168 0.43 £ 0.04 2.6
0 4 70 672 1.23+£0.13 29 89+44
0 -4 70 24 0.01° 2.3
0 —4 70 168 0.20 £ 0.002 2.6
0 —4 70 672 0.72+0.11 2.7 53+42

4 Ratio of the dominant corrosion product detected by XRD.
b The scatter for these cases were negligible (<+0.001 mg/cm?).

Table 4
Crystalline phases identified by XRD. Two corrosion products are included (in italics) that were not positively identified but are considered possible candidates.
Name Formula Abbreviation Corrosion product ratio (total mass/mass of metal ions)
Magnesium a-Mg Mg -
B-phase Mg17Al12 B -
Brucite Mg(OH), B 2.40
Hydromagnesite (1) Mgs(CO3)4(OH), x 4H,0 H4 3.85
Mgs(C03)4(OH); x 5H,0 H5 4.00
Giorgiosite Mgs(CO3)4(OH), x 8H,0 H8 4.44
Meixnerite MggAl>(OH);5 x 4.5H,0 Meix 4.02
Hydrotalcite MgsAly(OH);6C0O3 x 4H,0 4.20
Mg,Cl,CO; x 7H,0 4.82

Y 400 ppm CO, (b)
—~ EE CO,- Free o & o
o A & £ <
2 2 £ ®
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Fig. 4. The effect of temperature on the mass gain and metal loss (70 ug cm~2 NaCl, 168 h) (a) 99.97% Mg, (b) AM50.
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Table 5

Phases identified by XRD after exposure at the three temperature. Abbreviations are explained in Table 4. The presence of an unidentified crystalline corrosion product is

indicated by the letter U and U1.

Material CO, (ppm) NaCl (pg/cm?) Exposure time (h) Crystalline phases detected
From base alloy 4 and 22 °C —4°C
AM50 400 0 All Mg(s), B (w) U1 (after 672 h)
AM50 400 ppm 70 24 Mg(s), B (w), NaCl(s)
AM50 400 ppm 70 672 Mg(s), NaCl HS, H5, H4, U U1
AM50 0 0 All Mg(s), B (w) U1 (after 672 h)
AM50 0 70 24 Mg(s), NaCl B, Meix B
AM50 0 70 672 Mg(s) B, Meix B, Meix, U1
Mg 400 ppm 0 All Mg(s)
Mg 400 ppm 70 24 Mg(s), NaCl B U
Mg 400 ppm 70 672 Mg(s) B, H5, H4, H8 B
Mg 0 0 24 Mg(s) B, Ul
Mg 0 0 672 Mg(s) B B, U1
Mg 0 70 24 Mg(w) B U1
Mg 0 70 672 Mg(w) B B, U1
1000 1000 ”
) B: Mg(OH)
B'. Ma(OH), (b) Mg u: Unown:phase
U: Unown phase Mg H: Mg AL(OH). 45H.0
800 800 - o ~MGAL IR AR,
= i o B: Mg, Al
2 2
E 600 E 600 - B
.‘E} 1 *? Meix
2 2
2 400 & 400 4 U
= = Meix
Ll ] o] ] U
70 pg/cm? NaCl 70 pg/em? NaCl
200 200
} SR i
0 Ref. 0 pg/cm? NaCl Lol : o LRe£.0 pg/em? NaCl
20 40 60 80 100 20 40 60 80 100
2 Theta (degree) 2 Theta (degree)
1000 77
(C) S:NaCl p:Mg Al (d) i)
) U: Unknown phase 0.21
800 - H4:Mg,(CO,) (OH),4H.0 ’ Exposure at -4°C
_ H5: Mg,(CO,),(OH), 5H,0
=§ ; o 023 Exposure at +4°C
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£ _§ 0.25
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Fig. 5. XRD patterns of (a) 99.97% Mg and (b) AM50 exposed for 672 h at —4 °C in the absence of CO, and NaCl (lower (black) pattern) and in the presence of 70 pug/cm? NaCl
(upper (red) patterns). (c) XRD patterns of AM50 exposed for 672 h at —4 °C and 4 °C in the presence of CO, with 70 pg/cm? NaCl. (d) two representative FTIR spectra of AM50
after 672 h at —4 and 4 °C in the presence of CO, and with 70 pg/cm? NaCl. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

divorced o + B eutectic. In addition, | phase (AlsMns(Fe)) particles
are present, usually in the o + B eutectic region. The plan-view SEM
images in Figs. 6-9 show the morphology of the corroded metal
surface after exposure. It may be noted that in the present study
all corrosion products, including the water soluble ones, remain
on the metal surface during the exposures, which is not the case
in e.g., immersion testing [15,16].

The strongly corrosive nature of NaCl is illustrated in Fig. 6. As
seen, there is little evidence of corrosion in the absence of salt and
the extent of corrosion increases with the amount of salt added.
This is in accord with the gravimetric results (Tables 2 and 3).

The sample that had corroded in the presence of 70 pug cm~2 of salt
in the presence of CO, exhibits unreacted NaCl after 672 h expo-
sure, which could also be identified by XRD (Table 5). Fig. 7 illus-
trates the effect of exposure time on corrosion morphology for
NaCl contaminated AM50 exposed in the absence of CO, at 4 °C.
As expected, there was a considerable increase in the extent of
corrosion from 24 to 672 h (Fig. 7a and b). After 24 h, corrosion
product agglomerations had formed on the surface (grey and dark
grey) and large amounts of unreacted NaCl were present. The NaCl
crystallites correspond to a NaCl (aq) solution that was present at
the end of the exposure and that has crystallized upon drying. After
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( ) ‘Aren fraction of\unerroded
c surface: 8,.2%

Area fraction of uncrroded
(a) surface: 97.4% (b)

%> Unreacted Nac

Area fraction of uncrroded
surface: 78.9%

Corrosion products

Mg, O, H, (Al)

Fig. 8. SEM secondary electron images showing the effect of temperature on the corrosion morphology of alloy AM50, 70 pug/cm? NaCl, 672 h (a) 22 °C, 400 ppm CO,, (b)

—4°C 400 ppm CO,, (c) 22 °C, CO,-free and (d) —4 °C, CO,-free.

672 h, NaCl was no longer detected on the surface that was also in
accordance with the XRD analysis (Table 5). The roughly circular
surface features (as shown in Fig. 7c) of about 20-100 pm diameter
correspond to electrolyte droplets that formed at the start of the
exposure.

The effect of exposure temperature on the morphology of the
corroded surface in the presence and absence of CO, at —4 and
22 °C is illustrated in Fig. 8. The corresponding exposures at 4 °C

are shown in Fig. 6¢ and Fig. 7c. In accordance with the gravimetric
results in Tables 2 and 3, there was a strong positive correlation
between the extent of corrosion and temperature, both in the
absence and in the presence of CO,. The corrosion inhibitive effect
of CO, was also evident from the images (compare Fig. 8a, b with c,
d (—4 and 22 °C) and Figs. 6 and 7 (4 °C). Thus, the samples least
affected by corrosion are the ones exposed at —4 °C in the presence
of CO, (Fig. 8b), the image revealing circular corrosion product
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Corrosion products
+ pitting

/

Fig. 10. SEM images of (a) metal surface showing the as-cast microstructure of the alloy AM50. (b-d) SEM secondary and backscattered electron images of BIB-prepared
cross-sections and plane view image of alloy AM50 exposed in the presence of CO, and 14 pug/cm? NaCl after 168 h at 22 and —4 °C. Nickel was deposited on the top surface to
protect the corrosion product. The difference in brightness between different o-Mg grains is the result of channeling contrast.

accumulations on an otherwise smooth surface. The corresponding
exposure at 22 °C resulted in a much more strongly corroded sur-
face with corrosion product crusts covering most of the surface.
The circular features correspond to NaCl (aq) droplets that formed
when the samples were introduced into the humid exposure envi-
ronment. It may be noted that the morphology is rather different
from that described for corrosion products on Mg Al alloys exposed
in the outdoor atmosphere [23,24]. This is because the latter have
been subjected to repeated wet-dry cycling, resulting in the forma-
tion of cracks and crack rings around the corrosion crusts.

The strong effect of temperature in the presence of CO, is in
agreement with the gravimetric results. Exposures in the absence
of CO, resulted in a very different corrosion morphology, see
Fig. 8c and d. Thus, extensive worm-like corrosion products
appeared at all three temperatures, the area between the corrosion
product accumulations was being relatively unaffected by corro-
sion. As expected, the most severe corrosion was observed at
22 °Cin the absence of CO, while the exposure at —4 °C in the pres-
ence of 400 ppm CO,, represented the mildest corrosive conditions.
CO, had a similar effect on corrosion morphology at all three
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temperatures, producing a much more uniform corrosion attack
compared to the samples exposed in the absence of CO,.

The corrosion morphology observed in the presence of CO, at
4 °C and 22 °C is dominated by plate-like clusters, the plates were
being oriented perpendicular to the sample surface (Fig. 9). These
corrosion product aggregates were highly porous. Similar corrosion
product morphologies have also been reported previously for Mg
alloys [35,43,44] and are suggested to correspond to the magne-
sium hydroxy carbonates.

The samples exposed at —4 °C exhibited a completely different
morphology; the corrosion products were being dominated by egg-
shell like features, see Fig. 9. It may be noted that the absence of
the needle-like corrosion products at —4 °C was accompanied by
a lack of evidence for crystalline magnesium hydroxy carbonates
by XRD. Compared to the NaCl-induced corrosion of alloy AM50
at 22 °C and 400 ppm CO,, the corresponding exposure at —4 °C
resulted in very few corrosion crusts owing to the slow corrosion
rate (see SEM image of BIB-prepared cross section in Fig. 10).

Because of the severe corrosion attack at 22 °C it was possible to
find corrosion pits in the BIB-prepared cross sections (Fig. 10d).
However, this was not possible at —4 °C because of the mild corro-
sion attack. To locally investigate the corrosion attack at —4 °C,
FIB-prepared cross-sections were used instead. Fig. 11 shows the
SEM backscattered electron image and EDX maps of the cross sec-
tion for Al, C, O, Cl and Mn acquired after 168 h exposure in the
presence of CO,. The image shows a corrosion product of varying
thickness and pits in the alloy. The elemental mapping shows that
Cl is concentrated in the bottom of the pits. Also, the pits are situ-
ated in the vicinity of areas where B phase is present (see Al map in
Fig. 11). An m-phase particle can be seen in the backscattered
image and in the Mn map. Al is scarce in the corrosion product
which is dominated by Mg. The carbon map shows that the chlo-
rine-rich areas are also rich in carbonate. The sodium signal was
not significant because of low concentration and to overlap with
magnesium in the EDX spectrum.

As noted above, the corrosion of alloy AM50 is more severe and
localized in the absence of CO, at all temperatures. Fig. 12 shows
the top-view of the AM50 alloy after 168 h exposure at —4 °C in
the absence of CO,. The image may be compared to the Fig. 8d,
where corrosion is more pronounced both because of longer expo-
sure time (672h) and higher salt concentration (70 pg/cm?).
Fig. 12 shows a secondary electron image and a close-up of a

relatively uncorroded part of the surface, at a distance from the
localized attack. The quantitative elemental analysis of the partly
detached corrosion product layer indicates that it is enriched in
sodium and poor in chlorine. The elemental analysis indicates that
relatively high amounts of carbonate are present. It is suggested
that the carbonate has formed during sample handling and that
the sodium-rich areas originally consisted of NaOH. The relatively
low concentration of Al indicates that meixnerite (MggAly(OH);g
x 4.5H,0) is absent in this area.

4. Discussion

The gravimetric results (Tables 2 and 3, Figs. 3 and 4) and the
corrosion morphology (Figs. 6-9) illustrate the well-known corro-
siveness of NaCl towards Mg and Mg alloys [10,11], the rate of
atmospheric corrosion being very low (<1 pm/year) in the absence
of salt. The NaCl added before exposure forms an aqueous solution
in the experimental conditions (95% RH) at all three temperatures
investigated. Accordingly, droplets consisting of NaCl (aq) solution
were observed on the surface in the beginning of the exposures. In
many cases, circular features corresponding to these droplets are
detected after exposure, see e.g., Fig. 7d. Therefore, the NaCl-
induced atmospheric corrosion processes investigated in this work
occur in the presence of small amounts of aqueous solution.

According to [45,46] the equilibrium composition of the solu-
tion in the experimental conditions is 8.0% NaCl by weight. The
corresponding solution does not form ice at —4 °C [47]. Mg-Al
alloys are protected by a partially protective surface film that is
dominated by brucite, Mg(OH), [18,19]. According to Godard
et al. [1] and Song et al. [11], Mg-Al alloys immersed in NaCl solu-
tion corrode by an electrochemical process where the anodic disso-
lution of magnesium occurs according to Eq. (4), and the cathodic
reduction of water occurs at different sites (Eq. (5)). Accordingly,
the dominant corrosion product is reported to be brucite, Mg(OH)s,
based on Eq. (6);

Mg(s) — Mg (aq) + 2e~ 4)
2H,0 + 2e~ — Hy(g) + 20H (aq) (5)
Mg**(aq) + 20H " (aq) — Mg(OH),(s) (6)

Intermetallic ) phase

(MnALl particles)

- Eutectic o-B mg,at,)

/f\ B phaSe
28
.‘: A

Fig. 11. SEM backscattered electron image and EDX maps of FIB-prepared cross-sections of alloy AM50 after 168 h exposure in the presence of 400 ppm CO, and 14 pg/cm?
NaCl at —4 °C. The rectangles are showing the pitting corrosion and accumulations of Cl~ ions.
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Corrosion
products

Spectrum 1

Element Weight%

o 34.25
Na 27.91
Mg 25.24
8 9.63
Al 1.61
Cl 0.83
Si 0.53
Total 100

Fig. 12. The EDX analysis shows that sodium is enriched on the surface of the sample and the chlorine level is below the detection limit. Alloy AM50 exposed in the absence of

CO, and 14 pg/cm? NaCl after 168 h at —4 °C.

Electrochemical corrosion in a NaCl (aq) solution is expected to
result in the accumulation of MgCl, (aq) at the anodic sites and of
NaOH (aq) at the cathodic sites. Because Mg(OH), is insoluble at
high pH, the film is stabilized in the cathodic areas. In contrast,
the anodic dissolution of Mg in neutral solution is reported to be
enhanced by Cl~ (aq) [48]. Hence, Mg corrosion is expected to be
strongly localized in the presence of NaCl (aq). Brucite is an elec-
tronic insulator and therefore a poor electrode for the cathodic pro-
cess. Hence, the corrosion of Mg is greatly accelerated by
cathodically active, intermetallic precipitates containing, e.g., Fe
[18]. Therefore, commercial Mg alloys are alloyed with Mn to
decrease the detrimental effects of traces of Fe in the alloy
[18,19]. In the presence of Mn, Fe tends to dissolve in the AlgMns
(n-phase), which is not very active as a cathode. The observation
that the NaCl-induced atmospheric corrosion of alloy AM50 is
slower than for 99.97% Mg can be partially attributed to the bene-
ficial effect of Mn alloying. According to Jénsson et al. [33] who
investigated the atmospheric corrosion of commercial Mg-Al
alloys, micro-galvanic elements are established where the anodic
dissolution mainly occurs in the middle of the primary o-dendrite
grains and the cathodic process mainly occurs on the eutectic o/B
constituent.

The present results are in accordance with an electrochemical
nature of corrosion, as illustrated both by the tendency of corrosion
to be localized and by the redistribution of sodium and chloride
ions on the surface. Therefore, in CO,-free conditions, part of the
surface is covered by voluminous corrosion products while the rest
is only slightly corroded (Fig. 7c and Fig. 8c and d). Also, the
quantitative EDX analyses show that sodium is enriched on the
uncorroded metal surface at a distance from the location of corro-
sion attack, indicating the presence of cathodic sites, see Fig. 12.
The observation that sodium and chlorine accumulate at sites
corresponding to cathodic and anodic sites, respectively, is in
accordance with a recent study Song et al. [49], where Mg alloys
were subjected to salt-spray and immersion exposures. In contrast,
Liao et al. [24] reports that very little chlorine was detected in the
corrosion pits formed on two AZ31B magnesium alloys exposed in
outdoor urban atmospheric environments. It is suggested that the
scarce evidence for chloride in the corrosion pits of field exposed
Mg alloys is due to a relatively low exposure to chloride in combi-
nation with the leaching of the corrosion products by rain. In the
present work, the availability of chloride is relatively high and
there is no leaching effect at all. We should also keep in mind that
the use of de-icing salt on the roads creates a corrosive environ-
ment in the wintertime that is far richer in chloride than test sites
with typical urban or industrial atmospheric conditions.

In this study we calculated the stoichiometric ratio (corrosion
product mass/metal loss) of the corrosion products from the gravi-
metric results (Tables 2 and 3) and compared them to the corre-
sponding stoichiometric ratios (molecular mass/ metal ion mass)
of the identified corrosion products (Table 4). When evaluating

the ratios presented in Table 3, it is seen that the corrosion product
ratios for 99.97% Mg in the presence of NaCl and in the absence of
CO, are about 2.4, corresponding to the stoichiometric ratio of
brucite. This is in accordance with the XRD analysis which shows
brucite to be the only crystalline corrosion product in this environ-
ment (see Table 5). Table 3 shows that the corrosion product ratio
for alloy AM50 in the absence of salt tends to be slightly higher
than 2.4. This is connected to the formation of the magnesium alu-
minum hydroxide meixnerite in that case which has a relatively
high corrosion product ratio. Tables 2 and 3 show significantly
higher corrosion product ratios in the presence of CO, formed on
both materials. This also agrees well with the XRD analysis that
identified three different magnesium hydroxy carbonates with for-
mulas of Mg5(C03)4(OH)2 X 4H20, MgS(C03)4(OH)2 X SHzo and
Mgs(C03)4(OH), x 8H,0 having corrosion product ratios of 3.85,
4.00 and 4.44 respectively. The lower corrosion product ratios reg-
istered for 99.97% Mg compared to AM50 in the presence of CO,
are in accordance with the identification of brucite by XRD
(Table 5).

Significantly, the average corrosion rate is much higher in the
absence of CO, (Tables 2 and 3). The inhibitive effect of CO, on
the NaCl-induced atmospheric corrosion of 99.97% Mg and alloy
AMS50 is a relatively well-known phenomenon [29,50].

CO, neutralizes the catholyte and causes precipitation of
sparingly soluble, carbonate-containing corrosion products. The
formation of these corrosion products is an indication of the active
role of CO, in the atmospheric corrosion. When CO, dissolves in
water, it forms carbonic acid (H,COs (aq)). In alkaline conditions
carbonic acid forms carbonate according to the Egs. (7) and (8).
CO, also reacts with brucite, which is the primary corrosion prod-
uct, and forms magnesium hydroxy carbonates, see e.g., Eq. (9):

H,C0s(aq) + OH " (aq) — HCO; (aq) (7)
HCO; (aq) + OH™ (aq) — €03 (aq) 8)
5Mg(OH),(s) + 4C0O,(aq) — Mgs(CO;),(OH), - 4H,0(s) 9)

Accordingly, several crystalline magnesium hydroxy carbonates
were identified after exposure at 4 and 22 °C. These products are
non-conducting and cannot serve as cathodes. They are also less
soluble than brucite at neutral pH [50] and may thus slow down
corrosion by physically blocking the anodic sites. In the case of
alloy AM50, CO, may also protect against corrosion by stabilizing
the alumina component of the passive film which tends to dissolve
at high pH [29]. The effect of CO, may be important for under-
standing the corrosion behavior of Mg alloys in cases where there
is a limited supply of CO, e.g., in crevices, lap joints and beneath
coatings.

Corrosion attack is more evenly distributed in the presence of
CO, (compare Fig. 8a, b with ¢, d). Thus, in the presence of
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400 ppm CO,, there are no extensive uncorroded regions, corrosion
initially being confined to the NaCl (aq) droplets. In recent paper by
Shahabi et al. [29] reporting on the effect of CO, on the atmo-
spheric corrosion of Mg and MgAl alloys, it was suggested that in
the absence of CO,, a high pH develops in the NaCl (aq) droplet
periphery which decreases surface tension at the electrolyte/oxide
interface and causes spreading of the electrolyte and droplet coa-
lescence so that large areas on the surface become electrochemi-
cally connected. It was argued that CO, counteracts this effect by
neutralization, explaining the smaller corrosion cells in the pres-
ence of CO,.

Fig. 13 visualizes the cross section of the alloy presented in
Fig. 11. Here, attention is drawn to the anodic pits developed in
the presence of CO, that tend to occur in the periphery of the NaCl
(aq) droplets (as presented in Figs. 10 and 11) and to the magne-
sium containing corrosion product precipitates (magnesium
hydroxy carbonate) that cover the surface of the former droplets.
It is suggested that the presence of a solid precipitate on the sur-
face of the droplet restricts the availability of CO, in the droplet
interior. Under those circumstances one may expect high pH to
develop on the cathodic areas (presumed to be mainly B-phase
areas) in the center of the droplet where CO, availability is
expected to be the least. This would stabilize the brucite-based
film, and the anodic reaction would run preferentially where the
CO, availability is greater, and pH lower, i.e., in the droplet
periphery.

Fig. 13 visualizes the cross section of the alloy presented in
Fig. 11. Here, attention is drawn to the anodic pits developed in
the presence of CO, that tend to occur in the periphery of the NaCl
(aq) droplets (as presented in Figs. 10 and 11) and that magnesium
containing corrosion product precipitates (magnesium hydroxy
carbonate) cover the surface of the former droplets. It is suggested
that the presence of a solid precipitate on the surface of the droplet
restricts the availability of CO, in the droplet interior. Under those
circumstances one may expect high pH to develop on the cathodic
areas (presumed to be mainly B-phase areas) in the center of the
droplet where CO, availability is expected to be the least. This
would stabilize the brucite-based film, and the anodic reaction
would run preferentially where the CO, availability is greater,
and pH lower, i.e., in the droplet periphery.

4.1. The effect of temperature

It is well-known that variations in temperature profoundly
influence the rate of atmospheric corrosion. The effect is mainly
due to concomitant changes in the relative humidity that affect
the amount of water on the metal surface and thereby the avail-
ability of electrolyte. In order to investigate the temperature effect

per se, all exposures in the present study are performed at the same
relative humidity (=95%). Because NaCl absorbs water to form an
aqueous solution at RH > 75% in the temperature range studied,
this means that the samples are exposed to NaCl (aq) solution dur-
ing the exposures. It may be noted that the composition of the NaCl
(aq) electrolyte (a,, = 0.95) has a very weak dependence on temper-
ature [51]. Therefore, the amount and composition of the NaCl (aq)
solution is nearly the same at the three temperatures investigated
(22, 4 and —4 °C). Hence, we can be confident that the changes in
corrosion behavior that we observe as a function of temperature
are due to temperature only and not to differences in the availabil-
ity of aqueous electrolyte on the surface or to the composition of
that electrolyte. Once the influence of temperature on atmospheric
corrosion is known, it becomes meaningful and interesting to
investigate how variations in the relative humidity affects corro-
sion at different temperatures. However, such a study is outside
the scope of this paper.

The introduction mentions a few laboratory investigations of
atmospheric corrosion below room temperature. It is notable that
the reported correlations between corrosion rate and temperature
(keeping the activity of water constant) are very different. A posi-
tive correlation between corrosion rate and temperature (AZ91/
NaCl and Al/NaCl) suggests that there is a rate-determining step
in the corrosion process which is thermally activated, showing an
Arrhenius-type behavior. This kind of behavior is expected since
the chemical and electrochemical reactions involved in the anodic
and cathodic reactions are thermally activated. Also, the conduc-
tivity of the electrolyte is related to ionic diffusion which is ther-
mally activated. The inverse correlation of corrosion rate with
temperature that has been reported in some cases is more unex-
pected [38,52]. In the case of the Zn/air + SO, system the effect
was attributed to the precipitation of zinc hydroxy sulfate, forming
a protective layer and removing ions from the electrolyte. The pre-
cipitate reportedly only nucleated at room temperature. Thus,
ZnS0,4 (aq) electrolyte coexisted with solid ZnO (s) on the metal
surface at low temperature, explaining the faster corrosion. In
the case of Pb/air + gaseous acetic acid, it was suggested that the
rate of corrosion was limited by the adsorption of acetic acid mol-
ecules on the lead surface. The adsorption of a gas on a surface is
exothermic and the equilibrium amount of adsorbed gas thus
decreases with increasing temperature.

The present results show a strong positive temperature depen-
dence for the NaCl-induced corrosion of alloy AM50, especially in
the presence of CO, (see Fig. 4b, Fig. 8a and b, Table 3). In the case
of 99.97% Mg the effect of temperature is more complex (see
Fig. 4a, Table 2). Thus, there is no significant correlation between
temperature and corrosion rate in the absence of CO, while the
corrosion rate is at its maximum at 4°C in the presence of

95% RH
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Fig. 13. Schematic illustration of the cross section of the alloy AM50 in the presence of CO, showing microstructural constituents and the formation of the pits (corresponds

to the FIB-prepared cross section shown in Fig. 11).
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400 ppm CO,. It is suggested that the peculiar temperature depen-
dence of the corrosion rate of 99.97% Mg in the presence of CO, is
due to competing effects. Thus, the decreasing solubility of CO, in
water with increasing temperature is expected to slow down car-
bonatization at higher temperature. Conversely, the hydration of
CO,, to form carbonic acid:

CO,(aq) + H,0 — H,C0s(aq) (10)

This is a relatively slow, activated process that becomes faster
at high temperature, promoting carbonatization. The absence of a
clear temperature dependence of the corrosion of Mg and the
strong positive temperature effect reported for NaCl-induced
atmospheric corrosion of Al [37] suggests that the slowing of the
rate of corrosion of alloy AM50 at 4 and —4 °C is related to the
aluminum content in the alloy. Hence, the strong positive temper-
ature dependence of the corrosion rate of alloy AM50 is suggested
to be due to an activated process involving aluminum. One
hypothesis is that the activated process consists of the dissolution
of alumina in the film formed on the surface of the alloy.

It is observed that the inhibitive effect of CO, on the atmo-
spheric corrosion becomes more pronounced at lower tempera-
tures. At —4 °C the corrosion of alloy AM50 is ~13 times slower
in the presence of CO, compared CO,-free condition, while the cor-
responding factor is about 5 at 22 °C. This can be attributed to the
fact that the solubility of CO, (as a corrosion inhibitor) in the aque-
ous electrolyte increases with decreasing temperature.

As expected, the corrosion product composition is strongly
affected by CO,. The XRD diffraction patterns acquired from alloy
AMS50 in the absence of CO, and in the presence of NaCl showed
mainly brucite and traces of meixnerite (MggAlo(OH);g x 4.5H,0),
while the corresponding exposures in the presence of 400 ppm
CO, at 4 and 22 °C resulted in the formation of magnesium
hydroxy carbonates; giorgiosite, and two types of hydromagnesite,
see Table 5 and Fig. 5a and b (the corrosion product composition at
—4 °C is discussed below). The magnesium hydroxy carbonates
may form either by reaction of brucite with gaseous CO, and
H,O0 or by precipitation from solution.

The prevalence of carbonate-containing corrosion products
after exposure to 400 ppm CO, is similar to the behavior of Mg
alloys exposed in the ambient atmosphere, where magnesium
hydroxy carbonates (notably hydromagnesite) are usually
dominant [23,24]. Sulfates have been reported to form in outdoor
environments with high SO, concentration [25] while brucite has
been reported to form in some cases of high corrosion rates in mar-
ine environments [53]. To our knowledge, meixnerite have not
been reported as corrosion products previously. The suppression
of meixnerite formation by CO, is explained by neutralization of
the catholyte by CO, [38]. Thus, the alumina (AIOOH or Al(OH);)
component in the film becomes soluble at high pH.

Surprisingly, temperature has a major effect on the corrosion
product composition on both materials in the presence of CO,.
Thus, while several crystalline magnesium hydroxy carbonates
were identified at 4 and 22 °C, the same compounds are absent
at —4°C. The large amount of corrosion products detected on
99.97% Mg in 400 ppm CO, at —4°C (Table 5), shows that the
lack of evidence for these compounds is not due to poor sensi-
tivity of the XRD analysis. Also, the measurements were repeated
several times. The analysis of the corrosion products by FTIR
(Fig. 5d) indicates that the chemical composition of the corrosion
product formed in the presence of CO, at —4 °C is similar to that
formed in the presence of CO, at higher temperatures. Also, the
corrosion product ratio is essentially the same at the different
exposure temperatures (Table 3). Thus, it can be concluded that
while magnesium hydroxy carbonates dominate in the presence
of 400 ppm CO, regardless of temperature, they tend to be non-
crystalline at —4 °C and crystalline at 4 and 22 °C. In addition to

the non-crystalline products, there were weak diffraction lines
from an unknown crystalline compound on 99.97% Mg in
400 ppm CO, (designated U in Table 5). It is possible that this
compound contains carbonate. It is unlikely that the prevalence
of non-crystalline corrosion products in 400 ppm CO, at —4°C
can explain the effect of temperature on the rate of atmospheric
corrosion of alloy AM50. This is because 99.97% Mg, which does
not show a strong effect of temperature on corrosion rate, also
does not form the crystalline hydroxy carbonates detected at
higher temperature under these conditions. In addition, the
temperature effect on AM50 is also evident at 4 °C where the
magnesium hydroxy carbonates are crystalline.

Yet another set of diffraction lines corresponding to an
unknown phase were detected after exposure at —4 °C (designated
U1 in Table 5). It is suggested that U1 may be a hitherto unknown
low-temperature form of magnesium hydroxide. Additionally,
from the obtained results it can be concluded that this phase does
not contain Al, carbonate or chloride as U1 occurs both on AM50
and on 99.97% Mg and both in the presence and in the absence
of CO, and NaCl. The task of identification and characterization
of the unknown compounds U and U1 is outside the scope of this
paper but will be the subject of further investigation.

5. Conclusions

Designing new exposure equipment enabled us to investigate
the effect of temperature on the NaCl-induced atmospheric
corrosion of 99.97% Mg and the Mg-Al alloy AM50. The effects of
exposure time and CO, were studied at three temperatures, 22, 4
and —4 °C. The main conclusions drawn from this study are as
follows:

o The NaCl-induced atmospheric corrosion of alloy AM50 shows a
strong positive correlation with temperature. The effect of tem-
perature was especially strong in the presence of CO,. In con-
trast, 99.97% Mg did not exhibit a strong temperature
dependence.

e 99.97% Mg and alloy AM50 corrode in humid air at —4 °C in the
presence of NaCl because of the presence of an aqueous
electrolyte.

e The temperature dependence of the corrosion of alloy AM50 is
tentatively attributed to its aluminum content and the
increased inhibitive effect of CO, at low temperature is sug-
gested to be due to an increased solubility of CO, in the aqueous
electrolyte at low temperature.

e In the absence of CO, the NaCl-induced atmospheric corrosion
resulted in the same crystalline corrosion products at all three
temperatures. Thus, brucite was formed on both materials. On
alloy AM50, meixnerite (MggAl>(OH) g x 4.5H,0) was also
identified.

e NaCl-induced atmospheric corrosion in the presence of CO,
resulted in the formation of three different magnesium hydroxy
carbonates (Mgs(COs3)4(OH), x xH,0) at 22 and 4 °C. At —4 °C,
however, NaCl-induced atmospheric corrosion resulted in the
formation of a non-crystalline carbonate-containing corrosion
product and an unknown crystalline compound.

e Anodic and cathodic sites were identified by EDX analyses on
the FIB-prepared cross sections. Chloride mainly accumulates
in the pits while sodium accumulate at a distance from the
areas of corrosion attack, indicating the cathodic sites.

e For all exposure conditions the rate of atmospheric corrosion
showed a positive correlation with the amount of NaCl added.
The corrosion rates in the presence of CO, were significantly
less than in the CO,-free exposures for both materials, regard-
less of temperature.
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