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Galfan coatings on steel in laboratory exposures with predeposited NaCl and cyclic wet/dry conditions
exhibit nearly the same corrosion products as after 5 years of marine exposure. A general scenario for cor-
rosion product evolution on Galfan in chloride-rich atmospheres is proposed. It includes the initial for-
mation of ZnO, ZnAl2O4 and Al2O3 and subsequent formation of Zn6Al2(OH)16CO3�4H2O, and
Zn2Al(OH)6Cl�2H2O and/or Zn5Cl2(OH)8�H2O. An important phase is Zn6Al2(OH)16CO3�4H2O, which largely
governs the reduced long-term zinc runoff from Galfan. A clear influence of microstructure could be
observed on corrosion initiation in the slightly zinc-richer g-Zn phase adjacent to the b-Al phase.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Hot-dip galvanized coatings containing aluminum on steel sub-
strates have been frequently used in automotive, construction and
other industrial applications [1]. One example is the commercial
Zn–Al alloy coating on steel (Zn–5 wt.% Al, trade name Galfan™,
from now on called Galfan), which is commonly used in automo-
tive applications due to its high corrosion resistance properties,
superior ductility and forming properties [2]. This coating contains
5 wt.% Al, which is very close to the eutectic point (6 wt.% Al) in the
Zn–Al system [3,4], and up to 0.05 wt.% mischmetal (lanthamum
and cerium). The microstructure of the Galfan coating is generally
characterized by a two-phase structure, a zinc-rich proeutectoid
phase (<5 wt.% Al/(Al + Zn)) surrounded by an eutectic phase (5–
10 wt.% Al/(Al + Zn)) consisting of beta (b) aluminum (5–25 wt.%
Al) and eta (g) zinc lamellas (<5 wt.% Al) [5–8]. Since the micro-
structure depends on several factors such as cooling rate, annealing
time and nucleation temperature in the solidification process,
these factors may also influence the corrosion resistance of Galfan
[9–11].

Atmospheric corrosion of zinc in natural weathering conditions
has been widely investigated [12–16]. A general evolution scheme
of corrosion product formation on zinc was established by Odnev-
all and Leygraf [17]. A thin layer of amorphous hydroxycarbonate
(Hydrozincite, Zn5(OH)6CO3) forms rapidly in any humid-contain-
ing atmosphere. In humid, low polluted environments, this phase
often gradually evolves into its crystalline form. If chlorides are
also present in the atmosphere, zinc hydroxychloride (Simonkolle-
ite, Zn5(OH)8Cl2�H2O) is locally formed and eventually evolves into
a sodium zinc hydroxychlorosulfate (Gordaite, Na4Zn4SO4(OH)6Cl2-

�6H2O). A large number of studies have investigated the atmo-
spheric corrosion of zinc by means of laboratory-simulated
exposures [18–20]. Chen et al. studied the effect of NaCl-induced
atmospheric corrosion of zinc metal by using an experimental
set-up for in situ analysis, with Zn5(OH)8Cl2�H2O as the main corro-
sion product identified [21].

Significant knowledge exists concerning the atmospheric corro-
sion of zinc–aluminum coatings on steel in terms of corrosion rates
and long-term corrosion product formation [16,22–25], especially
for the Zn–55 wt.% Al coating Galvalume™ (from now on denoted
Galvalume) on steel and for Galfan. Besides zinc-based corrosion
products, Zn6Al2(OH)16CO3�4H2O has been identified in several
investigations [26–28] as well as Zn2Al(OH)6Cl�2H2O [29]. In previ-
ous studies by some of the authors, Galvalume was investigated
with respect to metal release and corrosion product evolution dur-
ing short and long term atmospheric exposures [30,31]. Due to its
relative simple microstructure, compared to Galfan, corrosion ini-
tiation of Galvalume was taking place in the zinc-rich interdentritic
phases, whereas the aluminum-rich dentritic phases only corroded
after longer exposure periods or in more severe environments [32].
Galfan has a much more complex and fine (sub-micron sized)
microstructure compared with Galvalume, which may explain
why very little is reported regarding its initial corrosion behavior
during early stages of atmospheric corrosion and any possible cor-
relation to its heterogeneous microstructure. Tang et al. [33] found
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that the proeutectoid g-Zn phase possesses improved corrosion
resistance compared with the eutectic colonies. Yang and co-work-
ers [34] proposed a corrosion model in which the eutectic phase
was prone to preferential attack when superplastic Zn–Al alloys
(4, 8, 12, 16 wt.% Al) were immersed in simulated acid rain.

This study aims to investigate the initial atmospheric corrosion
mechanism and corrosion product evolution of Galfan and how
this may be influenced by the microstructure. The work forms part
of a larger research investigation in which one of the targets is to
evaluate an accelerated corrosion test of Zn–Al coatings on steel
for automotive applications, the N-VDA-test [35], from a corrosion
product formation perspective. Through successive short-term
controlled laboratory exposures the influence of humidity and
chlorides has been elucidated by using a combination of near sur-
face- and bulk sensitive analytical tools. Generated results have
been compared with long-term data from a 5-year marine field
exposure. By considering obtained corrosion product data, a gen-
eral model for the evolution of corrosion products of Zn–Al coat-
ings exposed to low-polluted humid conditions and chloride-rich
environments has been proposed.
2. Materials and methods

2.1. Material and surface preparation

Non-treated Galfan (95 wt.% Zn–5 wt.% Al with additions of
0.05 wt.% cerium and lanthanum) samples were supplied from Arc-
elor Mittal, France. The 7 lm coating on steel was applied via a
hot-dip process [2]. No mischmetal was observed in the corrosion
products. The samples were cut to a dimension of 10 � 10 mm and
most samples were gently polished using a 0.25 lm diamond paste
to remove the utmost high temperature oxide layer formed during
the hot-dip process. Prior to the experiments, each sample was
ultrasonically cleaned in analytical grade ethanol for 10 min and
dried by cold nitrogen gas before stored in a desiccator overnight.
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Fig. 1. Wet/dry cycle exposure conditions during laboratory exposures.
2.2. Laboratory wet/dry cycle exposure conditions and in situ surface
characterization

Parallel in situ experiments were carried out by means of ESEM
(environmental–scanning electron microscopy) and in situ IRAS
(Infrared Reflection Absorption Spectroscopy) on Galfan samples
exposed to the following cyclic exposure conditions: NaCl pre-
deposition (0 or 4 lg NaCl/cm2), the first cycle 4 h (RH 90%) and
2 h (RH 0%), the second cycle 16 h (RH 90%) and 2 h (RH 0%). These
cycles were repeated several times. Parallel exposures were con-
ducted at 70% RH.

SEM imaging of surface features and IRAS spectra of corrosion
product formation were generated during the dry cycles. Prior to
exposure, NaCl (in a saturated 99.5% ethanol solution) was applied
onto the surfaces by means of a transfer pipette. Upon ethanol
evaporation, NaCl crystals were relatively homogeneously distrib-
uted over the surface. The amount of deposited NaCl was weighed
by means of a microbalance (Mettler Toledo Excellence) and nor-
malized to the geometric surface area of the samples. Detailed
information of the procedure for pre-deposition of NaCl is given
elsewhere [36].

Environmental scanning electron microscopy/energy dispersive X-
ray analysis (ESEM/EDS) was performed using a FEI – XL 30 Series
instrument, equipped with an EDAX Phoenix EDS system with an
ultra-thin windows Si–Li detector. The relative humidity (RH) of
the chamber was gradually increased to 70% and 90%, respectively.
The acquired RH was obtained by controlling the temperature and
pressure by means of a thermoelectric stage controller. Images
were generated using gaseous secondary electron (GSE) detector.
To increase the resolution, images were in addition generated ex
situ, switching to the normal secondary electron (SE)/backscatter
electron (BSE) detector. All images (75% SE and 25% BSE) were col-
lected using an accelerating voltage of 15 or 30 kV.

In situ infrared reflection absorption spectroscopy (IRAS) was per-
formed in a humidity chamber on samples with and without pre-
deposited NaCl. Controlled humidified conditions were obtained
by mixing dry and wet pre-cleaned compressed air of reduced
CO2 (lower than 20 ppm). Experimental details are given elsewhere
[37]. The IRAS spectra were recorded using a commercial Digilab
4.0 Pro FTIR spectrometer, acquiring 1024 scans with a resolution
of 4 cm�1 for each spectrum. The results are presented in absor-
bance units (�log(R/R0)), where R is the reflectance of the exposed
sample surface and R0 the reflectance of the non-exposed sample
[19].

2.3. Long-term field exposure

The same batch of non-treated Galfan surfaces as investigated
in the laboratory exposure were exposed at unsheltered conditions
at the marine site of Brest, France for 5 years (SO2 < 3 lg m�3, pre-
cipitation 800–1000 mm year�1). Time-resolved measurements
were conducted to assess the evolution of corrosion products (2,
4, 12, 26 and 52 weeks, 5 years). The release of zinc from the patina
was determined during the 5-year period by continuously collect-
ing and analysing the zinc concentration in the collected runoff
water. All surfaces were exposed 5–10 m from the waterline at
the marine site of Sainte Anne du Portzic, a cape outside the city
of Brest, on the northwest coast of France. The materials were ex-
posed at an inclination of 45� from the horizontal, facing south,
according to the ISO 17752 standard for metal runoff rate measure-
ments [38]. More detailed information of the test site is given else-
where [39,40].

2.4. Ex situ surface characterization

A multitude of surface sensitive and non-destructive analytical
methods were adopted for detailed ex situ analysis of corrosion
product formation. Scanning electron microscopy and energy dis-
persive spectroscopy (FEG-SEM/EDS) were employed for morpho-
logical and compositional investigations, infrared (IRAS) and
confocal Raman micro-spectroscopy (CRM) for information of
functional surface groups and possibly their lateral distribution.
Surface sensitive grazing incidence X-ray diffraction (GIXRD) was
used for the detection of crystalline phases.

FEG-SEM/EDS analysis was conducted by using a LEO 1530
instrument with a Gemini column, upgraded to a Zeiss Supra 55
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Fig. 2. SEM images showing the microstructure of unexposed diamond-polished Galfan at (a) lower and (b) higher magnification.

64 X. Zhang et al. / Corrosion Science 73 (2013) 62–71
(equivalent) and an EDS X-Max SDD (Silicon Drift Detector)
50 mm2 detector from Oxford Instruments. The SEM settings were
15 kV using an aperture size of 60 lm.

CRM measurements were carried out using a WITec alpha 300
system, equipped with a laser source of wavelength 532 nm. The
integration time per Raman spectrum was in the order of 50 ms.
Measurements were obtained with a Nikon objective, Nikon
NA0.9 NGC, together with a pinhole of 100 lm diameter. The Ra-
man spectra were produced in the scanning area with lateral and
vertical resolutions of approximately 300 nm and 2 lm,
respectively.

GIXRD analyses were made by using an X’pert PRO PANALYTI-
CAL system, equipped with an X-ray mirror (Cu Ka radiation)
and a 0.27� parallel plate collimator on the diffracted side. The sur-
face scanning area was 1 � 1 cm at a grazing angle of 88� versus
the surface.
3. Results

3.1. Effect of humidity on initial corrosion of Galfan

In this first part of the investigation, the microstructure of Gal-
fan is presented. It is followed by two parallel laboratory exposures
at cyclic humidity conditions monitoring changes in surface fea-
ture morphologies by means of SEM, and compositional changes
by in situ IRAS.

Fig. 2 exhibits the microstructure of diamond polished Galfan
visualized by means of SEM at low magnification (left). It displays
two different regions, the dominating eutectic phase and a zinc-
rich proeutectoid phase (g-phase, indicated in the figure) [5,6].
As the eutectic phase is regarded as the most susceptible phase
for corrosion initiation [33,34], the main focus of this investigation
lies in this area. The microstructure is also visualized in Fig. 2 at
higher magnification (right), where the eutectic structure clearly
is seen as lamellas or rods (dark grey in the image) surrounded
by a matrix (light grey in the image). In accordance with designa-
tions reported in the literature [5,41], we from now on denote the
lamellas or rods ‘‘b-Al’’ and the surrounding light greyish areas
‘‘g-Zn’’. Spot-analyses by means of EDS show a slightly higher
aluminum content (elemental mass ratio Al/(Al + Zn) > 5%) of
the b-Al phase compared with the surrounding g-Zn matrix
(Al/(Al + Zn) < 5%).

Fig. 3 displays SEM-images of Galfan before (a) and after expo-
sure to one (b and c) and two (d) wet/dry cycles at 90% RH, respec-
tively. When comparing the same area in Fig. 3a and b, it is evident
that the first wet/dry cycle exposure (5 h in total, Fig. 1) resulted in
the formation of a few thread-like corrosion products predomi-
nantly at the g-Zn phase, adjacent to the aluminum-richer b-Al
phase. In a few cases, Fig. 3c, the corrosion products formed larger
clusters. When following such a cluster from the periphery to-
wards its center, it can be concluded that the thread-like corrosion
products illustrated in Fig. 3b also were present in peripheric areas
adjacent to the b-Al phase. According to EDS measurements at the
center of the cluster, Al, Zn, O and C were the main elemental
constituents.

After the second wet/dry cycle (up to 23 h in Fig. 1), thread-like
corrosion products covered the entire surface, independent of
microstructural phases, seen as whitish features in Fig. 3d, also
with some cluster-like morphologies. Their size and thickness did
not allow any further compositional analysis by means of EDS.
For this reason, the growth and evolution of these corrosion prod-
ucts were monitored in parallel exposures by means of IRAS, inves-
tigations that allow an overall analysis of the exposed surface
region under current in situ conditions with an information depth
of 100 nm or more [42], however with no lateral resolution during
the chemical analysis.

Fig. 4 exhibits the IRAS spectra in the lower wavenumber range
from 500 up to 1500 cm�1 obtained after one and two wet/dry cy-
cles at 90% RH, respectively. After the first cycle (lower curve) at
least four peaks were identified, all indicated by arrows in the fig-
ure. Starting from lower wavenumber and going upwards the peak
at 525 cm�1 was attributed to the zinc–oxygen bond in ZnO [21].
The next peak at around 792 cm�1 may originate from the bending
mode of either Zn–O–H and/or Al–O–H [26]. The weak and broad
band at 945 cm�1 may originate from Al2O3 [30], while the broad
band in the range from 1250 to 1400 cm�1 most likely originates
from anti-symmetric stretching modes of carbonate (CO2�

3 ) [43].
The exact location of this band reflects the phase from which it
originates. When located at around 1350 cm�1 it has been assigned
to Hydrotalcite (Zn6Al2(OH)16CO3�4H2O), a zinc aluminum
hydroxycarbonate, which has been reported to form on Zn–Al
coatings in marine environments [26,44]. When located around
1450 cm�1 the carbonate band has been assigned to Hydrozincite
(Zn5(CO3)2(OH)6) [43], a phase formed in early stages and in humid
conditions of atmospheric corrosion of zinc metal and galvanized
steel [17,45]. When combining the IRAS results after one cycle with
corresponding SEM-images we tentatively propose the thread-like
corrosion products to consist of ZnO and/or Zn6Al2(OH)16CO3�
4H2O.

After two wet/dry cycles (upper curve) the peaks that were
attributed to ZnO, Zn–O–H or Al–O–H (now represented by two
more peaks at 900 and 1015 cm�1) and CO2�

3 (now with more
clearly resolved peaks, including a main peak in the range of
1270–1370 cm�1) increased in amplitude, while the peak from
Al2O3 was suppressed. Instead new peaks appeared in the range
of 560–680 cm�1, tentatively assigned to ZnAl2O4 [46,47], a possi-
ble corrosion product for Zn–Al alloys [48]. The latter exists most
likely in its amorphous form since crystalline ZnAl2O4 only can
be synthesized at elevated temperatures [46]. When combining



Fig. 3. (a) SEM images of unexposed Galfan surface; (b) the same area exposed after 1 wet/dry cycle at 90% RH without NaCl; (c) morphology of a carbonate-rich corrosion
product after 1 wet/dry cycle; and (d) a given surface after 2 wet/dry cycles at 90% RH without NaCl.
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Fig. 4. In situ IRAS spectrum obtained after exposure for 1 (a) and 2 (b) wet/dry
cycles at 90% RH without NaCl pre-deposition.
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the IRAS data after two wet/dry cycles with SEM/EDS investiga-
tions (Fig. 3d), the amount of corrosion products, presumably
ZnO and Zn6Al2(OH)16CO3�4H2O after one wet/dry cycle, was con-
siderably increased. The detection of Al, Zn, O and C in the clus-
ter-like corrosion product seen in Fig. 3c may well support the
existence of Zn6Al2(OH)16CO3�4H2O, whereby the cluster-like
structure may have formed through accelerated formation of the
thread-like features in localized areas. However, the assignment
of phases by IRAS cannot be performed unambiguously and there
is also the possibility of amorphous Zn5(CO3)2(OH)6 formation, a
corrosion product known to form in very early stages of the atmo-
spheric corrosion of zinc.

In order to find further evidence for phases formed during ini-
tial exposure conditions, the same wet/dry exposures were also
performed at 70% RH and analysed by means of both SEM and in
situ IRAS after wet/dry cycles. Only very few morphological
changes due to corrosion product formation could be observed.
The predominant peaks observed by IRAS were assigned to ZnO
(530 cm�1), ZnAl2O4 (660 cm�1) and Al2O3 (960 cm�1 [30]). A peak
located at 1106 cm�1 may be assigned to OH stretching vibration in
hydroxides such as Zn(OH)2 and/or Al(OH)3 [21,49,50]. In general
oxides and hydroxides were the dominant phases at 70% RH, while
the peaks assigned to Zn6Al2(OH)16CO3�4H2O could only be ob-
served after 8 cycles of exposure. Any confirmation of the preferen-
tial formation of Al2O3 in the more aluminum-rich b-Al phase
cannot be made by means of IRAS because of its lack in lateral
resolution.

In all, the formation of corrosion products at the humid/dry
conditions resulted in the formation of a very thin layer of corro-
sion products, possibly consisting of ZnO, Al2O3 and ZnAl2O4 and
also in more visible thread-like corrosion products tentatively as-
signed to Zn6Al2(OH)16CO3�4H2O. The latter phase was locally
forming larger clusters of corrosion products. Corrosion products
were preferentially formed (as indicated by SEM) in the g-Zn
phase adjacent to the b-Al phase.
3.2. Effect of humidity and predeposited NaCl on initial corrosion of
Galfan

The following section explores the influence of both humidity
and sodium chloride (NaCl) deposition on the initial atmospheric
corrosion of Galfan. We first show images obtained by ESEM, dis-
playing the gradual deliquescence of individual predeposited NaCl
crystals at in situ conditions, followed by the same detailed mor-
phological and chemical characterization of corrosion products
by SEM and IRAS as in the previous section.

Fig. 5a, obtained under high vacuum conditions, displays
micrometer-sized NaCl crystals distributed along the Galfan sur-
face with predeposited NaCl (4 lg/cm2). Fig. 5b is obtained at
40% RH and shows how the NaCl crystals seem to slightly change
in shape and in some cases also increase in size. At 70% RH,
Fig. 5c, the crystals have completely turned into droplets. This
RH is close to the point of deliquescence of NaCl, but evidence



Fig. 5. ESEM images of Galfan surface with 4 lg/cm2 predeposited NaCl particles and increasing relative humidity (RH). (a) 0% RH; (b) 40% RH; (c) 70% RH and (d) 90% RH.
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has been reported that water and NaCl can interact at lower RH
than the deliquescence point [51]. At 90% RH, Fig. 5d, the NaCl
droplets further spread, most likely due to secondary spreading ef-
fects [52], and gradually covered most of the surface.

Similar to the previous section, parallel wet/dry exposures with
NaCl pre-deposition of Galfan were performed and the corrosion
products analysed by means of SEM and in situ IRAS. Fig. 6a reveals
the same Galfan surface as shown in Fig. 5a–d after one wet/dry cy-
cle exposure at 90% RH. Compared to the same conditions without
NaCl (Fig. 3b), the presence of NaCl clearly resulted in accelerated
corrosion and the entire Galfan surface became more or less cov-
ered with corrosions products. Fig. 6b displays a selected area of
Fig. 6a at higher magnification and shows a high frequency of
smaller rounded corrosion products, primarily formed in the
g-Zn phase between areas of the b-Al phase. After two wet/dry
cycles of exposure, Fig. 7c, the surface was completely covered
by corrosion products of relatively uniform thickness, whereas
some areas formed clusters of much thicker corrosion products,
Fig. 7d. EDS-analysis revealed Zn, Al, O and Cl to be the main
elements of these clusters.

Fig. 7 displays the corresponding in situ IRAS spectra after one
(lower curve) and two (upper curve) wet/dry cycles. Several peaks
that appeared without NaCl (Fig. 4) were also observed upon NaCl
exposure, including the peaks for ZnAl2O4 (560–670 cm�1), the
peak at 1143 cm�1 tentatively assigned to Zn(OH)2 or Al(OH)3

[21,49,50], and the major peak at 1370 cm�1 assigned to CO2�
3 in

Zn6Al2(OH)16CO3�4H2O [26], similar to findings at the humid condi-
tions without NaCl. Three major peaks in the range from 700 to
1100 cm�1 were observed for samples exposed both with and
without NaCl. While two of the peaks were positioned at the same
wavenumbers (900 and 1015 cm�1) the third peak at 730 cm�1

was significantly shifted (62 cm�1) compared with observations
without NaCl. The presence of these three peaks, identified as
Zn–O–H and Al–O–H vibrations, may form evidence of the forma-
tion of another layered double hydroxide such as Zn2Al(OH)6
Cl�2H2O [53] and/or Zn5(OH)8Cl2�H2O [21]. It was however not
possible to distinguish these phases from each other.

In all, predeposited NaCl resulted in increased corrosion of
Galfan under current exposure conditions. Similar to the exposure
without NaCl, corrosion products were initially observed in the
slightly Zn-richer g-Zn phase, but spread along the surface to cover
most of the Galfan surface after two wet/dry cycles. Although
phase identifiation with IRAS cannot be performed unambiguously,
it suggests that both carbonate- and chloride-containing phases
have been formed.

3.3. Short and long-term corrosion effects of Galfan in marine field
exposures

Having analyzed the corrosion products obtained under present
laboratory exposure conditions with humidified air and predepos-
ited chlorides as corrosion stimulators, we compare next the re-
sults of corrosion products formation with those obtained for
Galfan under outdoor marine exposure conditions. Non-treated
surfaces of as received Galfan coatings were exposed at unshel-
tered conditions at the marine site of Brest, France, and the corro-
sion product formation was analyzed by the complementary
techniques SEM/EDS, CRM, IRAS and GIXRD.

SEM revealed similar corrosion product morphologies of Galfan
surfaces after short term (2 and 4 weeks) marine exposures,
Fig. 8a–d, as after current laboratory exposures, Fig. 6. The initial
corrosion frequently started in the g-Zn phase and grew into clus-
ters of corrosion products. EDS-analysis revealed that the cluster-
like corrosion products in Fig. 8c mainly contained Zn, Al, O and
C, and possibly consisted of ZnO or Zn6Al2(OH)16CO3�4H2O because
of their compositional and morphological resemblance with the
corrosion products seen in Fig. 3c. A different sheet-like corrosion
product displayed in Fig. 8b after 2 weeks and (d) after 4 weeks
contained significant amounts of Cl, besides Al, Zn and O, and
may consist of chloride-rich corrosion products, such as Na4Zn4



Fig. 6. SEM images of Galfan surface with 4 lg/cm2 predeposited NaCl particles. (a) is the same surface as in Fig. 5a after 1 wet/dry cycle exposure at 90% RH with NaCl; (b) is
a magnified corroded section of (a); (c) is a given surface after 2 wet/dry cycles at 90% RH with NaCl; and (d) is a chloride-rich corrosion product cluster after 2 wet/dry cycles.
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Fig. 7. In situ IRAS spectrum obtained after exposure for 1(a) and 2 (b) wet/dry
cycles at 90% RH with NaCl pre-deposition.
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SO4(OH)6Cl2�6H2O, Zn2Al(OH)6Cl�2H2O and/or Zn5(OH)8Cl2�H2O
[54].

Table 1 displays all corrosion products identified after non-shel-
tered marine exposure of Galfan during 2, 4, 12, 26 weeks, 1 and
5 years, and corresponding analytical support for each phase as
based on IRAS, CRM or GIXRD. After 2 weeks there is strong evi-
dence for ZnO, ZnAl2O4 and Al2O3. After 4 weeks there is evidence
also for amorphous Zn6Al2(OH)16CO3�4H2O and indications of crys-
talline chloride-containing phases, namely Na4Zn4SO4(OH)6Cl2-

�6H2O and Zn5Cl2(OH)6�H2O and/or Zn2Al(OH)6Cl�H2O, two phases
hard to distinguish from each other. However after five years, the
only crystalline phase detected is Zn6Al2(OH)16CO3�4H2O, which
was observed in an amorphous state upon shorter exposures.

Table 1 also lists all phases detected after current laboratory
exposures. With the exception of Na4Zn4SO4(OH)6Cl2�6H2O, the
relatively simple laboratory exposure of Galfan consisting of
predeposited NaCl and two wet/dry cycles seems to generate
the most important phases identified after the long term marine
field exposure of Galfan, although in different amounts and
proportions.
4. Discussion

4.1. Microstructure of Galfan and corrosion initiation

We consider first the results without any pre-deposition of
NaCl. Exposure to two wet/dry cycles at 70% RH resulted in the for-
mation of very thin oxides identified mainly as ZnO, Al2O3 and
ZnAl2O4, most likely covering the entire Galfan surface. At 90%
RH, ZnO and Zn6Al2(OH)16CO3�4H2O were the dominating phases.
Visible corrosion products observed by means of SEM seem to start
forming in the slightly Zn-richer g-Zn phase adjacent to the b-Al
phase. Due to its slightly higher Al-content the b-Al phase could
be expected to be the anode, but oxide formation seems to reverse
the conditions so that the b-Al phase acts more noble than g-Zn
phase.

With prolonged exposure, the corrosion products develop with
a thread-like appearance, starting in the g-Zn phase followed by
its subsequent growth over the entire Galfan surface and with Zn6-

Al2(OH)16CO3�4H2O as the dominating phase. OH�-production in
cathodic areas results in a local pH-increase in the aqueous adlay-
er, instability of Al2O3, enhanced Al-dissolution and the formation
of local clusters of Zn6Al2(OH)16CO3�4H2O, as revealed in Fig. 3c.
The fact that a phase with such complicated structure can form al-
ready in the initial stages of corrosion product evolution suggest
that it forms directly in the aqueous adlayer through a reaction
with all ions involved, rather than through a gradual process with
several dissolution–precipitation steps, as is often the case in, e.g.,
outdoor atmospheric corrosion [58]. Zn6Al2(OH)16CO3�4H2O has
previously been identified as a corrosion product on Galfan and
other Zn-based coatings [59–61]. It consists of layered double
hydroxide [62] sheets of octahedrons, each composed of Zn(II) or



Fig. 8. (a) SEM image of corrosion products on Galfan exposed for 2 weeks in the marine site; (b) is a selected area of (a) at higher magnification; (c) shows a carbonate-rich
corrosion product after 2 weeks and (d) chloride-rich corrosion products after 4 weeks.

Table 1
Compilation of corrosion product evolution identified by means of IRAS, CRM and GIXRD of Galfan exposed during 5 years at a marine test site and in parallel laboratory
exposures.

Exposure
period

IRAS CRM GIXRD Identified phases

2 weeks ZnO (530 cm�1, [21]), ZnAl2O4
a

(660 cm�1, [46,47]), OH�/SO2�
4

(1100 cm�1, [21,49,50])

ZnO (325–475 cm�1, 475–625 cm�1,
[45]), Al2O3/ZnAl2O4 (325–475 cm�1,
600–800 cm�1, [55–57])

None ZnO, Al2O3/ZnAl2O4, Zn(OH)2/Al(OH)3
a,

Na4Zn4SO4(OH)6Cl2�6H2O, Zn5Cl2(OH)6�H2O/
Zn2Al(OH)6Cl�H2O, Zn6Al2(OH)16CO3�4H2O

4 weeks ZnO, ZnAl2O4
a, OH�/SO2�

4 ;CO2�
3

(1350 cm�1, [26,44])

ZnO, Al2O3/ZnAl2O4 Na4Zn4SO4(OH)6Cl2�6H2Oa,
Zn5Cl2(OH)6�H2O/
Zn2Al(OH)6Cl�H2Oa

12 weeks ZnO, ZnAl2O4
a, OH�/SO2�

4 ;CO2�
3

ZnO, Al2O3/ZnAl2O4 Na4Zn4SO4(OH)6Cl2�6H2Oa,
Zn5Cl2(OH)6�H2O/
Zn2Al(OH)6Cl�H2Oa

26 weeks ZnO, ZnAl2O4
a, OH�/SO2�

4 ;CO2�
3 ZnO, Al2O3/ZnAl2O4, CO2�

3 (1000–
1100 cm�1, [45])

Na4Zn4SO4(OH)6Cl2�6H2Oa,
Zn5Cl2(OH)6�H2O/
Zn2Al(OH)6Cl�H2Oa

1 year ZnO, ZnAl2O4
a, OH�/SO2�

4 ;CO2�
3 ,

Zn–O–H/Al–O–H (790 cm�1,
[21,26])

ZnO, Al2O3/ZnAl2O4, CO2�
3 ; SO2�

4

(900–1000 cm�1, [45])

Zn5Cl2(OH)6�H2O/
Zn2Al(OH)6Cl�H2Oa

5 years ZnO, ZnAl2O4
a, OH�/SO2�

4 ;CO2�
3 ,

Zn–O–H/Al–O–H (727, 895,
1001 cm�1, [21,53])

ZnO, Al2O3/ZnAl2O4, CO2�
3 ; SO2�

4
Zn6Al2(OH)16CO3�4H2O

Laboratory
exposure

Al2O3 (945 cm�1, [30]), ZnO,

ZnAl2O4
a, OH�, CO2�

3 , Zn–O–H/
Al–O–H

– – ZnO, Al2O3/ZnAl2O4, Zn(OH)2/Al(OH)3
a,

Zn5Cl2(OH)6�H2O/Zn2Al(OH)6Cl�H2Oa,
Zn6Al2(OH)16CO3�4H2Oa

a Tentative phases.
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Al(III)-ions, which are coordinated octahedrally to six OH�-ions.
Charged ions such as CO2�

3 -ions are easily incorporated into the
interlayer spacing and hold together the sheets. Layered double
hydroxides exhibit a high affinity to CO2�

3 -ions [44]. It is interesting
to note that Zn6Al2(OH)16CO3�4H2O was formed under current lab-
oratory exposure conditions, despite the fact that the CO2-content
was reduced to much lower concentration (<20 ppm) than in
ambient conditions (�350 ppm).
We consider next exposures of Galfan with predeposited NaCl.
Fig. 5 displays the distribution of predeposited NaCl (a) and of
droplets (c and d) after the point of deliquescence of NaCl has been
reached. The circular shape of most droplets obtained with ESEM
under in situ conditions suggests that the wetting process is the
same along the whole Galfan surface, irrespective of the micro-
structure beneath. Also when analyzing the same corroded surface
with regular SEM under vacuum conditions, Fig. 6a, the rounded



Fig. 10. Ratio of annual runoff rates of zinc from Galfan compared with zinc runoff
from bare zinc sheet during five years of unsheltered marine exposure (45� facing
south) in Brest, France.
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features that correspond to the droplets in Fig. 5d seem to cover
parts of the Galfan surface independent of the grains and other
microstructural features. However, when studying a corroded area
at higher magnification, Fig. 6b, visible rounded corrosion products
of larger size and frequency were observed compared to exposures
without predeposited NaCl, Fig. 3b. Similar to the case without
NaCl, these early corrosion products were observed primarily at
the g-Zn phase between areas of the b-Al phase and suggest that
the g-Zn phase acts as anode. Local clusters of thicker corrosion
products, Fig. 6d, either composed of Zn2Al(OH)6Cl�2H2O and/or
Zn5(OH)8Cl2�H2O, as revealed from IRAS. In addition, the IRAS-spec-
tra also revealed the formation of Zn6Al2(OH)16CO3�4H2O. With
pre-deposition of NaCl particles, the corrosion behavior of Galfan
coating was largely accelerated and formation of chloride-rich cor-
rosion products was dominant.

Following a general description [63], chloride ions compete
with surface hydroxyl groups in the oxides present, which results
in local depassivation and areas that are more susceptible to tran-
sient active dissolution of metal ions [63,64]. Similar to the case
without NaCl, the ample dissolution of both Zn2+ and Al3+ creates
conditions for fast formation of Zn6Al2(OH)16CO3�4H2O, a phase
previously reported on Galfan in chloride-containing environments
[59–61]. Due to its specific crystal structure, Zn6Al2(OH)16CO3�4H2-

O possesses ion-exchange properties [65] where chloride ions can
replace carbonate ions in the interlayer spacing and become inac-
tive for further repassivation of the Galfan surface [29]. In agree-
ment with this, the Zn6Al2(OH)16CO3�4H2O phase was recently
suggested to be the main reason for the enhanced corrosion resis-
tance of Zn–Al–Mg coatings over more conventional hot-dip galva-
nized zinc coatings [59].
4.2. General scenario for corrosion product evolution on Galfan

Earlier studies on the atmospheric corrosion of bare Zn metal
have revealed commonly occurring sequences of how the most fre-
quent phases are formed in different types of environments [17]. It
is of interest to compare the earlier proposed sequence of corrosion
products formed on bare Zn and Al metal in chloride containing
atmospheres (sheltered conditions) with findings for the investi-
gated Zn-alloy coatings of Galfan (present work). The results are
compiled in Fig. 9 in which a generalized evolution scheme of cor-
rosion products is proposed for bare Zn sheet [17], Al sheet [22,66]
and for Zn–Al coatings exposed to atmospheric marine environ-
ments (unsheltered conditions). Zinc and aluminum oxides and/
or hydroxides form instantaneously in moist atmosphere on all
materials. In contact with the CO2-containing atmosphere the
hydroxides react and form Hydrozincite (Zn5(CO3)2(OH)6) and
Hydrotalcite (Zn6Al2(OH)16CO3�4H2O). High chloride deposition
ZnO/ZnA

Zn6Al2 (OH

Zn5Cl2(OH)8·H2O

NaZn4SO4(O

Galf

NaZn4SO4(OH)6Cl·6H2O

Zn5Cl2(OH)8·H2O

Zn5(CO3)2(OH)6

ZnO/Zn(OH)2

Zn /galvanized 

Fig. 9. Sequence of phases observed in corrosion products formed on Zn sheet (left, [17
marine environments. Vertical arrows indicate the evolution of one phase into the next
Underlined phases are also observed in corresponding sequences for bare Zn and bare A
rates result in the subsequent formation of hydroxychlorides,
Simonkolleite (Zn5(OH)8Cl2�H2O) on bare Zn metal and Zn2Al(OH)6-

Cl�2H2O and/or Zn5(OH)8Cl2�H2O on the Zn–Al coatings. As all
hydroxycarbonates and hydroxychlorides bear structural resem-
blance and consist of layered structures with the layers held to-
gether by anions, such as carbonate, chloride and/or sulfate, the
evolution from one phase to another can proceed through ion-ex-
change mechanisms, as previously proposed by Odnevall and Leyg-
raf [17]. Marine environments are not only characterized by ample
chloride deposition, but also by sulfate deposition, e.g. from sea
spray and gaseous SO2 [54]. As a result, another phase character-
ized by a layered structure has been found after longer exposure
times on both pure Zn and Galfan, Na4Zn4SO4(OH)6Cl2�6H2O.

The proposed reaction scheme can be of significance for
explaining various characteristic corrosion-related properties for
the materials. One example is the long-term zinc release pattern
induced by the interaction of humidity and rainwater on the sur-
face. Fig. 10 shows the ratio between the annual released amounts
of zinc from bare zinc sheet compared with the release of zinc from
Galfan, exposed in parallel during the 5-year exposure period. The
results clearly show a significantly lower (approximately twice as
low) released amount of zinc from Galfan compared to bare zinc
sheet throughout the exposure period, despite the fact that zinc-
rich phases dominate the patina on both zinc and Galfan also after
longer exposure time periods. Detailed corrosion product analysis
reveal ZnO and Zn5(CO3)2(OH)6 to be the main patina constituents
on bare zinc sheet [45] and Zn6Al2(OH)16CO3�4H2O the main
l2O4/Al2O3

)16CO3·4H2O

/Zn2Al(OH)6Cl·H2O

H)6Cl·6H2O

an

Al

Al2O3

Al2O3·2H2OAl(OH)3

AlxSO4(OH)y

]), Galfan (middle, this study) and Al (right, [22], [66]) upon long-term exposure in
phase. Phases without vertical arrow can exist simultaneously next to each other.
l metals.
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constituent on Galfan (this study). Reduced (approximately by a
factor of two) release rates of zinc from Galfan (forming Zn6Al2

(OH)16CO3�4H2O) compared with bare zinc sheet (forming Zn5

(CO3)2(OH)6) was also evident during a 10 year urban field expo-
sure at unsheltered conditions [67]. Improved barrier properties
of corrosion products formed on Galfan compared to galvanized
steel in chloride-rich environments have also been elucidated in
the literature [59].

The reaction scheme was shown to be valid for corrosion prod-
uct formation in the N-VDA-test (New revised VDA Corrosion Test
Method, Standard SEP 1850 VDA 621-415 B), where the target was
to evaluate an accelerated corrosion test of Zn–Al coatings on steel
for automotive applications [35]. Zn6Al2(OH)16CO3�4H2O and Zn2-

Al(OH)6Cl�2H2O and/or Zn5(OH)8Cl2�H2O were formed in the initial
stages of the accelerated test and dominated the patina on Galfan,
whereas Zn5(CO3)2(OH)6 and Zn5(OH)8Cl2�H2O were the main pati-
na constituents of bare zinc sheet. After longer exposure periods,
Zn5(CO3)2(OH)6 was also formed on Galfan.
5. Conclusions

1. A clear influence of microstructure on corrosion initiation of
Galfan has been observed upon laboratory exposure to cyclic
humidified air with or without predeposited NaCl. Corrosion
product formation starts in the g-Zn phase adjacent to the b-
Al phase. The corrosion products then spread to adjacent zinc-
richer regions following the direction of lamellas or rods, and
locally forming clusters of corrosion products with characteris-
tic features.

2. The phases identified in the laboratory exposures with cyclic
humidity conditions and predeposited NaCl include the initial
formation of ZnO, ZnAl2O4 and Al2O3 and subsequent formation
Zn6Al2(OH)16CO3�4H2O, and Zn2Al(OH)6Cl�2H2O and/or Zn5Cl2

(OH)8�H2O. Atmospheric corrosion of Galfan coating was largely
accelerated with pre-deposition of NaCl particles.

3. The same phases are also identified on Galfan upon five years of
non-sheltered marine exposure in Brest, France. The exception
is Na4Zn4SO4(OH)6Cl2�6H2O, which is formed at field conditions
but not during laboratory exposures. Hence, the investigated
laboratory exposure is able to reproduce most phases found in
the marine exposure, however in different proportion and cov-
erage of the phases identified.

4. Based on the combined laboratory and field exposures a general
scenario for corrosion product evolution on Galfan in chloride-
containing atmospheric environments is proposed, which can
aid in the understanding of important characteristic corro-
sion-related properties of Galfan.

5. An important phase found on Galfan under current exposure
conditions is the layered double hydroxide Zn6Al2(OH)16CO3-

�4H2O, which largely governs the long-term runoff rates of zinc
from Galfan (reduced by a factor of two compared to bare zinc
sheet) in the marine exposure.
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