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ABSTRACT

Trivalent chromium conversion (TCC) coating formation on AZ91D magnesium alloy has been investigated using scanning electron microscopy, energy X-ray
dispersive spectroscopy (EDS), X-ray photoelectron spectroscoy (XPS). The coating was formed in a commercial SurTec 650 bath. XPS showed that coatings

contained mainly Cr,

Zr, 0, S and F species, which were assigned to hydrated Cr(l1l) (Cr(OH)3/CrOOH), ZrO,, Cr,(SQO4)s, and CrF3, and
lower amounts of Mg?* and AI** species assigned to oxide, hydroxide and fluoride. The Cr/Zr atomic ratio was around 0.5. The coating was formed above both o
matrix and B (Mg;-Al;2) grain boundary regions, and it was significantly thicker above the cathodic B phase. Raman spectroscopy evidenced the presence of Cr(VI)
species, formed due to oxidation of Cr(lll) by H,O,, particularly in the coating above the cathodic sites. Electrochemical

impedance spectroscopy revealed that corrosion protection was provided mainly by the barrier layer at the base of the coating, which resulted in a reduction

keywords: Trivalent chromium Conversion coating Magnesium alloy Corrosion protection Surface pre-treatment

1. Introduction

Owing to their light weight, magnesium alloys are often considered
as next-generation structural materials in transportation systems.
However, the reactivity of magnesium (standard electrode potential
-2.37 V vs. SHE) and the presence of cathodic second phases lead to the
high corrosion sensitivity in aqueous and atmospheric environments
[1-3]. Chemical conversion treatment is often an economic and efficient
surface treatment to provide corrosion protection. For instance, Hu et al.
[4] treated AZ91D alloys in stannate solution, forming a 5 um-thick
coating that protected against corrosionin 3.5 % NaCl solution.

Phosphate-based conversion coatings have also been employed that
result in an insoluble deposit of Mgs(PO,), [5]. Zai et al. compared
different deposition parameters and revealed that a coating formed at 80
°CandatapH 3 offered the best corrosionresistance [6]. Chunyan etal.
[7] proposed a phosphate-based conversion coating using the ratio of
total acidity (TA) relative to the pH, with a low TA/pH ratio generating a
homogeneous coating microstructure with improved corrosion
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performance.

Chromate conversion coatings (CCCs) have been among the most
successful surface treatments for light alloys, most particularly for
aluminium alloys. [8,9] However their industrial application is now
severely restricted as Cr(VI) is highly toxic, and classified as CMR
(carcinogenic, mutagenic and reprotoxic) [10]. Trivalent chromium
conversion (TCC) coatings with low toxicity and allowable environ-
mental limits are regarded as promising alternative to CCCs [11]. TCC
coatings are formed by a simple, brief dipping process, hence requiring
no electrical facilities as are necessary for other common conversion
treatments of magnesium alloys, such as anodizing or plasma electro-
lytic oxidation [12-14].

According to our knowledge one of the first studies on application of
TCC coatings (SurTec 650) on AZ31B and ZE10A magnesium alloys was
demonstrated by Brady et al. [15]. The coating composed of an inner
Mg-F-O and an outer Zr-Cr-O layer showed the improved corrosion
resistance. Potentiodynamic polarization of the alloy in saturated Mg
(OH); solution containing 1 wt.% NaCl indicated minor, if any,
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Table 1 protection of the alloys.

Composition of AZ91D alloy by ICP-OES (wt%). The present work examines TCC coating formation (using a SurTec
Element Al Cu Fe Mn Ni Si 7n 650 bath) on AZ91D magnesium alloy. Attention is given to the role of

the alloy microstructure in the development of the coating, which was
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Fig. 1. (a, b) Scanning electron micrographs and (c) EDS line profiles analysis for O, Al, Mg and Zn in the pretreated bare AZ91D all oy.



not considered in the earlier investigation. The study identifies the role
of the cathodic B phase (Mgi7Al:2) and show preferential sites for the
coating deposition. The coating morphology, chemical composition and
corrosion protection performance were investigated by scanning elec-
tron microscopy, X-ray photoelectron spectroscopy, Raman spectros-
copy and electrochemical measurements, respectively.

2. Materials and methods
2.1. Specimen preparation

Cast AZ91D alloy (Dongguan Magnesium Alloy Material Ltd, China)
was cut to provide specimens of dimensions of 36 156 mm. Table 1
displays the chemical analysis of the alloy performed by ICP-OES (Op-
tima 4300DV). The main alloying elements of the alloy are Al and Zn
with 9.12 and 0.68 wt.%, respectively.

The specimens were ground to a 2000 grit SiC finish, then polished
with 1.0 um diamond paste, etched in 10 g/L NaOH + 5 g/L Na,CO3 at
60 °C for 10 min, deoxidized in 12.5 g/L NH4HF, + 3.5 g/L glycolic acid
(C,H,0;H20) at 25 °C for 10 s and activated in 20 % NaOH at 25 °C for
30 min. All chemicals used for the pre-treatment were of analytical
grade. Selected specimens were then TCC-coated using SurTec 650
(SurTec International Gmbh, Bensheim, Germany) solution as a bath for
10minat40°C. The main constituents of SurTec 650 are chromium (l11)
and fluoro-zirconate salts. A previous ICP-OES of the solution by some of
the present authors indicated a Zr/Cr atomic ratio ok0.7. [16]

All specimens were finally rinsed with deionized water and dried in a
cool N, stream. The coated specimens were stored for 15 h in laboratory
air before examination. At least three specimens for each condition were
prepared to ensure reproducibility. The deionized water used for solu-
tion preparation and rinsing was of resistivity < 18 Q cm.

2.2. Electrochemical analysis

A three-electrode cell, containing a AZ91 D working electrode (area
1 cm?), a platinum wire counter electrode (>99.99 %) and a saturated
Ag/AgCI reference electrode (0.222 V vs SHE), with an electrochemical
workstation (CS310 (Wuhan, China)), was used for electrochemical
measurements. Potentiodynamic polarization scans and electrochemical
impedance spectroscopy (EIS) measurements were started after 30 min
immersion at the open circuit potential (OCP) in 0.05 M Na,SO, solution
atroom temperature. EIS measurements were made from 10°t0 102 Hz
using a sinusoidal waveform of amplitude 10 mV. Anodic and cathodic
polarization curves were recorded individually, starting from the OCP,
at a scan rate of 1 mV/s. Electrochemical measurements were repeated
at least three times to check the reproducibility.

2.3. Morphological and surface characterization

Surface morphologies and compositions before and after coating
deposition were investigated by scanning electron microscopy (SEM,
JSM-7200 F and Helios 5 UX) and X-ray energy dispersive spectrometry
(EDS) at an accelerating voltage of 15 kV. For measurement of the
coating thickness, two specimens TCC-coated for 10 min and then spray
coated with carbon were glued together and mechanically polished toa

1 um diamond finish in absolute alcohol solution. SEM/EDS was carried
at 15 kV using a JSM-7200 F instrument. X-ray photoelectron spec-

troscopy (XPS) was performed using a Thermo ESCALAB 250XI spec-
trometer, with monochromatic Al Ka radiation (hu=1486.6 eV),
operated at a base pressure ofx 10~*° mbar and with energy step size of
0.05 eV. Survey spectra and high-resolution spectra (C 1s, O 1s, Mg 1s,
Al 2p, Cr 2p, Zr 3d, F s1 and S 2p) were recorded with a pass energy of
100 eV and 20 eV, respectively. Analyses were performed over a surface
area of size 100x100 um, with a take-off angle of 90°. Charge
correction was performed with reference to the hydrocarbon peak at
285.0 eV. All data processing was carried out with the AvantageTM
software (Thermo Electron Corp.) using a Shirley type background and a
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Fig. 2. Open-circuit potential-time curve for the AZ91D alloy immersed for 575
s in SurTec 650 solution at 40 °C.

70 % Gaussian 30 % Lorentzian line shape. In addition, Raman spec-
troscopy (Horiba LabRAM HR Evolution) was used to investigate the
coating components using a 532 nm laser source, 10 % power, 100x
objective lens, exposure time of 10 s and no accumulation.

3. Results and discussion
3.1. Alloy microstructure

Fig. 1 (a) displays a low magnification scanning electron micrograph
of the as-pre-treated surface revealing a grain boundary phase and plate-
like precipitates within the matrix. EDS analyses for Al and Mg in the
boxed region of Fig. 1 (a), (shown enlarged in Fig. 1 (b)), revealed
enrichment of aluminium in the grain boundary phase relative to the
matrix (Fig. 1 (c)). The microstructure is consistent with grain boundary
B phase (Mgi7Al12) and plate-like B precipitates in the matrix similarly to
previous work [1]. This B phase can be an effective cathode during
corrosion of AZ91 alloy like demonstrated by Song etal.[16]. The EDS
also shows the zinc enrichment at the grain boundaries B phase, and
oxygen originating from the surface oxide/hydroxide layer (Fig. 1 (c)).

3.2. Coating formation and morphologies

Fig. 2 shows the OCP-time curve for the AZ91D alloy during TCC
coating formation in SurTec solution at 40 °C for 575 s. Starting from an
initial value of ®1.50 V, the potential decrease by=150 mV in the first
10 s then gradual increase tor1.62 V by about 50 s can be observed.
Thereafter, the increase is much slower, with a final potential of = -1.57
V. Oxidation of magnesium and hydrogen evolution are the main elec-
trochemical reactions. The initial variations in potential such as
decrease and increase are probably due to the oxidation of the alloy
(principally the attack and dissolution of the surface oxide/hydroxide
layer) and the coating formation, respectively. The coating formationis
promoted at cathodic B phase (shown later) and its consequential in-
fluence on the anodic and cathodic processes. The OCP evolution during
TCC coating formation on magnesium alloys was similar to with that
reported for aluminium and aluminium alloy. [17-19] TCC coating
formation is a pH-driven process where the pH is locally increased by the
cathodic reactions leading to enhanced deposition of hydroxides of
chromium and zirconium. [20]

Fig. 3 (a) displays a scanning electron micrograph of a TCC-coated
specimen at low magnification. The alloy surface has been covered by
the TCC coating. The coating above the grain boundary B phase exhibits
a network of wide cracks, which are not present in the coating above the
o matrix. A region of grain boundary B phase is shown at higher
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Fig. 3. Scanning electron micrographs of TCC-coated AZ91D alloy at (a) low
and (b) high magnification and (c) TCC-coated a matrix.

maghnification in Fig. 3 (b), and reveals the cracks propagation into the
adjacent a matrix. Both the matrix and grain boundary B phase are
decorated by irregularly-shaped patrticles, of light appearance in the
micrographs (see arrows), at both the a matrix and grain boundary B
phase (Fig. 3 (a, b)), with sizes from lower than 1 um to around 10 pum.

Fig. 3 (c) shows details of the coating surface at the o matrix. The
coating is decorated by fine irregular in shaper particles (as already
mentioned above) and reveals short length (a few microns) fine cracks,
which contrast with the continuous network of coarse cracks in the

coating above the grain boundary B phase. The cracking may be dueto
the stress generated by shrinkage of the coating during drying in either
the laboratory air or in the electron microscope.
To have a better insight into the differences in the coating composition
over an irregular-shaped deposit (spot 1), the grain boundary B
phase (spot Il) and the a matrix (spot Ill), the EDS analyses were per-
formed as shown in Fig. 3 (b). The Cr/Zr atomic ratios at the respective
areaswere ~0.68,0.52 and 0.52. The Cr/Zr ratios for the coating at the
matrix and B phase grain boundary are similar to those found in TCC
coatings formed on aluminium and AA 2024 alloy in a similar bath [19,
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Fig. 4. EDS peaks for zirconium and chromium at spots I, Il and Ill corre-

sponding to over an irregular-shaped deposit, the grain boundary B phase and
the a matrix, respectively, shown in Fig. 3b.

21]. Fig. 4 (a, b) shows the intensities of the chromium and zirconium
peaks at these different areas I, Il and lll. The intensities of both peaks
decreased in order | > 1l > Ill. The highest signals at region | are due to
the large size and thickness of the irregularly-shaped particle relativeto
the comparatively thin TCC coating layers on the grain boundary B phase
than at the a matrix. The chromium and zirconium peaks are about 3
times higher atthe B phase site compared with the o matrix region,
which is consistent with a greater coating thickness at the former region.
The coating was examined in cross-section using backscattered
electrons (Fig. 5). The coating above the alloy matrix (Fig. 5 (a))
revealed an outer layer of light appearance, with a thickness &f 50 nm,
and an inner, darker layer of thickness ® 40 nm. The thickness of the
inner layer in particular was locally variable by up to a factor of 2. The
pore like-features of the inner layer are possibly the result of irradiation
damage or dehydration by the electron beam. The outer layer contained
chromium and zirconium, giving rise to enhance electron scattering
compared with the inner, magnesium-rich layer. The coating above a
region of B phase was similarly two-layered (Fig. 5 (b)), with a thicker
outer layer than above the matrix, ® 75 nm. The thickness of the inner
layer above the B phase was similar to that above the matrix. The
difference between the coating thickness on the a matrix and B phase in
the cross-sections is less significant than was deduced from the EDS
analysis,
which may be related to a variable thicknesses over different B phase
regions. The higher thickness of the coating over the grain boundary B
phase may be explained by the cathodic activity (oxygen reduction and
hydrogen evolution) and large area of the B phase. The cathodic re-
actions resultin a pH increase in the solution adjacent to the specimen
surface. Theinterfacial pH can also be increased due to the solubility of
Mg(OH), formed by the oxidation of the alloy. The principle
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Fig. 5. Backscattered electron scanning electron micrographs of a cross-section of the TCC-coated AZ91D alloy. (a) a matrix and (b) B phase.
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Fig. 6. XPS survey spectra for pretreated (bare) and TCC-coated AZ91D alloy.

components of the deposited coating material (shown later by XPS)
consist of ZrO, and hydrated Cr(lll) species (Cr(OH)s/CrOOH) species,
which are formed by the reactions:

ZrF3" + 40H- > 0, + 6F- + 2H,0 6N

cr®t + 30H™ = Cr(OH); 2

The greater in crease in pH at the grain boundary B phase may be
explained by the increased deposition of coating components relative to
that at the a matrix. Beneath the deposited layer a thinner Mg-F-O layer
can be formed due to the anodic oxidation of magnesium as shown by

Brady et al. [12].
3.3. Chemical characterization by XPS and raman spectroscopy

Chemical surface characterization of specimens with and without
TCC coating was performed by XPS (Fig. 6). Owing to the size of the
analyzed area of the specimen surfaces (500 um?), the XPS analyses
provide compositions averaged over regions of both a and B phases to a

depth of 5-10 nm. Fig. 6 compares the survey spectra of the two
specimens pretreated (bare) and TCC-coated AZ91D alloy. Carbon,

which was detected on both the bare and coated alloy, could originate
from chemicals used in the pre-treatment and coating processes and
from adsorption of organic species in the laboratory atmosphere. A

detailed decomposition of the C 1s core level region for both specimens
is presented in Fig. 7a and d. As shown in Fig. 7a, four peaks were
distinguished: C-C at 285.0 eV (FWHM =2.0 eV), C-O at 286.6 (FWHM
=1.9eV),0-C =0 at288.6 eV (FWHM =1.9 eV) and —CO; at 290.8 eV
(FWHM =1.9 eV). After TCC treatment (Fig. 7d), the carbon peak
showed only three contributions: C-C, C-O and O-C = O. and the car-
bonate species (CO3) were not observed.

The alloy substrate before TCC treatment (bare alloy in Fig. 6)
showed principally the presence of aluminium and magnesium oxy-
hydroxides due to the surface pre-treatment. The presence of
aluminium and magnesium oxides and/or hydroxides was confirmed by
the in-depth characterization of the high resolution Al 2p and Mg 1 s
spectra, respectively (present in Fig. 7b and c). The Al 2p core level
region shows one peak at 75.6 eV (FWHM=2.8 eV) corresponding to
aluminium oxide or hydroxide (AI**) [18,22,23] and the Mg 1 s a peak
at 1304.3 eV (FWHM=3.5 eV), which can be attributed to magnesium
oxide/hydroxide (Mg?™) [24,25]. The large quantity of MgO/Mg(OH),
species can be revealed by the high intensity of the Mg 1 s peak, the
other core levels peaks such as Mg 2p (at around 49 eV) and Mg 2 s (at

around 86 eV) as well as series of Mg Auger peaks between 300-390 eV.
After the formation of the TCC conversion layer (Fig. 6), the Al 2p and

Mg 1 s peaks are significantly attenuated (as also showed by the surface
composition presented in Table 2) indicating the formation of the
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Fig. 7. High resolution XPS C 1s, Al 2p and Mg 1s core level spectra (a, b, c) for pretreated bare AZ91D alloy; (d, e, f) for pretreated and TCC-coated AZ91D alloy.

Table 2
Elemental concentrations (at.%) for pretreated bare and TCC-coated AZ91D

alloy from XPS. The coating was formed in SurTec 650 solution at 40 °C for 600
s.

Element Al S Zr o Cr F Mg
Bare alloy 5.0 / / 70.2 / / 248
TCC-coated alloy 4.2 1.2 12.7 67.1 6.3 7.0 2.6

conversion layer.

The high resolution Al 2p and Mg 1 s spectra for the TCC converted
sample are presented in Fig. 7e and f, respectively. The lowest binding
energy peaks corresponding to aluminium (AI3+) and magnesium
(Mg“) oxy-hydroxides are still present but they show much lower
intensities than on the bare alloy (Fig. 6b and c¢). New components
appeared in the Al 2p peak at 76.7 eV (FWHM =2.1 eV) and 80.0 eV
(FWHM =2.9 eV) corresponding to AlF; [18,26] and Cr 3 s, respectively.
Formation of AlF; can originate from the surface pretreatment or the
conversion treatment bath. Low amounts of fluorine, and also sodium,
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Table 3
Components (%) of TCC coating formed on AZ91D alloy in SurTec 650 solution
at 40 °C for 600 s, from XPS (using Cr/Zr at. ratio in Table 2).

Compound Cr(OH); Cr,y(S04)3 CrF3 ZrO,

24 2 6 68

were observed on the uncoated alloy (Fig. 6). The presence of AlF; has
been observed on TCC-coated AA2024 alloy [18]. The appearance of Cr
3 sin the region of Al 2p core level peak corroborates with the presence
of a coating containing Cr and Zr species, as discussed below.

A major difference observed in the survey spectra for the TCC treated
specimen with reference to the non-converted is the appearance of peaks
corresponding to zirconium (Zr 3d and other core level peaks Zr 3pand
Zr 3 s) and chromium (Cr 2p, and also Cr 3p) (Fig. 6). The Cr/Zratomic
ratio is ~0.49 (Table 2). A decomposition of two principal Cr (Cr 2p) and
Zr (Zr 3d) peaks is presented in Fig. 8. Other coating components are
fluoride and sulfur, as evidenced by presence of F 1 s and S 2p peaks,
respectively. The surface elemental compositions for both samples are
presentin Table 3. The high at% of O 1s (Table 2) can be related not only
to the presence of Cr and Zr oxides and hydroxides but also to the
presence of oxygenated carbon-like contamination detected on both
specimens as explained in the decomposition of the C1 s peak. The
quantitative analysis of the surface composition was performed based on
the high resolution spectra assuming a uniform and homogeneous sur-
face layer for both the as-pretreated alloy and for the alloy after for-
mation of the TCC conversion layer. The carbon-containing
contamination was not taken into account for this analysis. The small
amount of sodium and fluoride contamination on the surface of bare
alloy was also neglected in the quantitative analysis of the surface
composition.

Fig. 8 presents high resolution Cr 2p (a) and Zr 3d (b) spectra ob-
tained for the TCC converted sample. The Cr 2 p spectrum shows a spin
orbit doublet with two well-separated peaks, Cr 2ps, and Cr 2py, (with
A BE 938 eV). As reported previously [27], a decomposition and
interpretation of Cr 2p core level spectra in the case of chromium (IIl)
oxides is quite difficult due to presence of a multiplet splitting in the 2p
state of Cr(lll) oxides [28,29]. The chromium (lll) hydroxides, showed
only one but broad peak as reported by Biesinger et al. [30]. The
interpretation of Cr valence states is also hindered by the similar binding
energies of Cr(lll) components corresponding to hydroxides and fluo-
rides and Cr(VI) components corresponding to oxides [21,31].

Due to the clear separation of Cr 2ps;, and Cr 2py,; peaks, only a
principal Cr 2ps, peak was decomposed here, as presented in Fig. 8a.
Three components can be distinguished: a principal symmetric peak at
577.4eV (FWHM=2.1eV),whichisassignedto Cr(OH);and/or CrOOH
[32,33], and two lower intensity peaks at higher binding energies at
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Fig. 9. Raman spectra of TCC-coated a matrix and p phase in AZ91D alloy.

578.6 eV (FWHM =1.6 eV) and at 580.1 eV (FWHM =2.1 eV) attributed
to Cry(S0O4); and CrF3, respectively. The binding energy of the principal
peak is in good agreement with XPS data for Cr(OH); and CrOOH in the
literature [28,29,34-36]. The chromium fluoride at a similar binding
energy was also previously observed on converted AA2024 [18,21,37].
Similarly, to CrFs, the presence of Cr,(SO.); was also detected on the
conversion coating deposited on aluminium alloy [38]. The formation of
a small quantity of Cr(VI) species cannot be completely ruled out, due to
possible overlapping with a peak corresponding to CrF3;. Depending on
the reference, the binding energy of Cr(VI) species has been reported to
be between 579.5 and 580.2 eV and Cr(lll) attributed to CrF; between
579.3and 580.8 eV [32]. The presence of fluorides and sulphates can be
confirmed by F 1 s (with a peak at around 685.9 eV) and S 2p (at around
168.8 eV) peaks, not shown here as high resolution spectra. A high in-
tensity F 1 s peak clearly observed on a survey spectrum (Fig. 5), cannot
be explained only by the presence of a small quantity of CrFs. As already
discussed above, low intensity peaks attributed to AlF; and MgF, were
also detected. However, it can be inferred from the intensity of the F 1s
peak that the highest binding energy Cr 2p peak at 580.1 eV mostly
originates from Cr(lll) associated with F than Cr(VI) with O. As
explained above, the stoichiometric analysis of Cr(VI)-O using O 1s core
level peak can be difficult due to overlapping of Cr(VI)-O species and
C-O- or Zr-O related species.

The Zr 3d spectrum (Fig. 8) shows a Zr 3ds, and Zr 3ds, spin-orbit
doublet at binding energies of 182.8 and 185.2 eV (with FWHM =1.7 eV
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Fig. 10. Raman spectra for (a) K,Cr,07, (b) Na,S0., (c) MgSO,, (d) Mg(OH), and (e) Mg(OH),-Cr(VI) precipitates.

for both peaks). The fitting of the Zrs;, peak indicated the presence of
ZrO; at a binding energy in agreement with previous results [18,39]. No
ZrF, species were detected by XPS in the conversion coating. Table 3
reports the atomic percentages of chromium and zirconium ions (i.e.
Cr/(Cr + Zr)% and Zr/(Cr + Zr)%) associated with Cr(OH)s/CrOOH),
Cry(S04)s, CrFs and ZrO,. The coating also contains lower amounts of
other constituents, such as aluminium and magnesium species in the
form of oxide, hydroxide or fluoride.

To further investigate the chemical composition of the TCC-coating
on the AZ91D alloy Raman spectroscopy was employed. The spectrum
(Fig. 9) show fingerprints of ZrO,, MgF, and SO7™ ions at Raman shifts
of 470, 744 and 990 cm?, respectively [19,40]. A broad peak at ~ 530
cmtis attributed to Cr(OH); and/or Cr,O3, which have Raman shifts at
526 and 536 cm™, respectively [41]. Although Cr,O5; was not identified
by XPS, it might exist at depths greater than the escape depth of the

photoelectrons, or have been produced by dehydration of hydrated Cr
(1) species under the laser irradiation.

A further peak at 890 cm™lis assigned to Cr(VI) species. The peak
was of higher intensity at the B phase than the a matrix. In support of the
assignment, Raman spectra were acquired for (i) K,Cr,0; (Fig. 10(a)),
(ii) NaxSO4 (Fig. 10 (b)), MgSO, (Fig. 10 (c)), (iii) Mg(OH), precipitate
formed in 0.25 M MgSO,, with the pH adjusted to 10 by droplets of
NaOH solution (Fig. 10 (d)) and Mg(OH).-Cr(VI) precipitate formed in
0.25 M K;Cr,04/0.5 M MgSO, solution after adjustment to pH 10 by
droplets of NaOH solution. (Fig. 10 (e)). The precipitates in Figs. 10 (d,
e)were filtered, rinsed in deionized water and dried. Peaks at 912, 908
cm™ are assigned to Cr,0% (Fig. 10 (a)) and at 985 and 993 cm™ to
so% (Fig. 10 (b, ¢) [41,42]. A peak due to sulphate residues is also
evident for the precipitate. The O—H band was observed at 1050 cm™—*
with sulphate residues at 981 cm~tin Fig. 10d [43]. The peak at 847
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cm™* for Mg(OH),-Cr(V1) is in agreement the reported value for Cro
species [40]. The peak at 886 cm™t peak is assigned to Cr,0% and/or
HCrO,- species, with the shift influenced by the presence of Mg(ll) and
possibly Na(l) species. HCrO,4- have been previously assigned a Raman
shift of 899 cm™1 [44]. Using mixed oxides containing Cr (V1) and Cr(Ill)
or Al(Ill), others have shown that the Raman shift depends on the Cr(VI)
environment [41,45].

Table 4
Fitted electrochemical impedance spectroscopy parameters obtained for pre-
treated bare and TCC-coated AZ91D alloy.

Bare alloy TCC-coated alloy
Re (@ cm?) 18 £ 2 18+ 1
CPEo (USs 2cm™?) 27+£53 43+18
Ro (Q cm?) 100 + 11 106 + 12
CPE, (uSs™2cm™?) 57+1.3 22+09
R, (Q cm?) 4436 + 121 24,359 + 150

3.4. Electrochemical characterization

In order to demonstrate the barrier properties of the TCC coating
deposited on the pre-treated AZ91D alloy, potentiodynamic polarization
and electrochemical impedance spectroscopy were performed in 0.05 M
Na,SO, solution. Cathodic and anodic polarization curves (Fig. 11)
reveal the reduced current density by a factor of 2 relative to that of the
uncoated specimen. The curves showed no well-defined Tafel regions to
determine the corrosion current density at the corrosion potential.

Fig. 12 (a, b) displays typical examples of Bode plots of EIS datafor
uncoated and TCC-coated specimens. The data were fitted with an
equivalent circuit (inset in Fig. 12) that represents a barrier coating
comprising an outer ZrO,/Cr(OH)s/CrOOH layer and an inner Mg-F-O
layer, the latter reported by Brady et al. [15]. The components of the
equivalent circuit are Re the electrolyte resistance, Ro and R, —the re-
sistances of the outer and inner layers, and CPE and CPE, are constant
phase elements for the respective layers. Since a film consisting of an
outer hydroxide layer and inner oxide layer has been reported to form in
Na,SO, solution [46], a similar equivalent circuit was employed to the
pretreated specimens. CPEs replaced capacitances due to the non-ideal
behavior of the layers on both uncoated and coated specimens. The
average and standard deviations of each circuit element derived from
fitting of the data in triplicated tests are listed in Table 4.

The outer layers of the pre-treated and TCC-coated AZ91D alloy
specimens show similar resistances of 100 Q cm?. In contrast, the
resistances of the inner layers of the respective specimens were signifi-
cantly higher, namely 4.4 1% and 2.4 10*Q cm?. Thus, the inner Mg-F-
O layer of the TCC coat provided the main protection, with a
resistance about 5 times that of the uncoated specimen. The higher CPEs
ofthe inner and outer layers of the TCC-coated specimen suggest greater
layer thicknesses compared with those of the uncoated alloy. The low
resistance of the outer layer may be caused by defects in the coating,
such as cracks or cavities, or easy transport of species through the
coating, for instance due to a gel-like structure. In practice, it is expected
that the TCC coating would be applied beneath an organic coating in
part of a protection scheme that would provide corrosion resistance in
more aggressive environments, for instance when chloride ions are
present.

4. Conclusions

TCC coating of AZ91B alloy results in deposition of coating material
above both the a matrix and the B phase. A thicker layer is produced at
the cathodic grain boundary B phase compared with the a matrix owing
to a greater pH rise at the former location that results from reduction of

oxygen and H* ions.

The atomic ratio of chromium to zirconium in the coating was
approximately 8.5. Cr(OH)s/CrOOH, Cry(SQO4)s, CrF; and ZrO, spe-
cies were main components of the deposited coating material. Cr(VI)
was also present, particularly in the coating above cathodic B phase. The
Cr(VI) was generated by oxidation of Cr(lll) by H,O, produced by
reduction of oxygen

Electrochemical impedance spectroscopy and potentiodynamic po-
larization revealed that the TCC coating provided a barrier to corrosion
of the alloy. The protection was mainly due to an inner Mg-rich layer



layer of the coating located beneath the less protective deposited layer.
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