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Abstract

Cerium-based conversion coatings (CeCCs) were deposited onto
AZ31B magnesium alloy substrates using a spontaneous reaction
of CeCl;, H,O; and gelatin in a water-based solution. The
coating thickness was adjusted by controlling the immersion time
in the deposition solution. Prior to deposition, the AZ31B
substrates were treated using an acid pickling in nitric acid and
then an alkaline cleaning in sodium metasilicate pentahydrate.
After deposition, the coated samples were immersed in a
phosphate bath that converted cerium oxide/hydroxide into cerium
phosphate. Electrochemical impedance spectroscopy,
potentiodynamic polarization and neutral salt spray testing
studies indicated that ~100 nm thick CeCC had better corrosion
performance than ~400 nm coatings. Characterization of the
CeCCs by transmission electron microscopy (TEM) revealed a
three layer structure with different compositions.

Introduction

Recently there has been increased interest in using magnesium-
based alloys in a number of applications. The main motivation for
this interest is that magnesium alloys offer a high potential for use
as a lightweight structural material for automotive and aerospace
components [1-4]. Comparing the densities of Mg (1.74 g/cm®),
Al (2.70 g/cm’) and Fe (7.84 g/cm®), magnesium is 35% lighter
than aluminum and 77% lighter than iron [1]. However, the use of
magnesium and its alloys in the automotive industry is limited due
to poor corrosion performance [1,2]. Magnesium AZ91 alloy is
one of the most commonly used alloys in the automotive industry
due to its relatively low cost, good yield strength, and acceptable
corrosion resistance. However, the amount of Al (~ 9wt %) in
AZ91 reduces ductility due to the formation of brittle second
phases [5,6]. In contrast, Mg AZ31 alloy is one of the most
promising alloys for automobile applications because it offers a
good combination of strength and ductility [6]. Nevertheless, the
corrosion resistance of AZ31 alloy is still a great concern.
Corrosion resistance of magnesium alloys can be increased by the
use of conversion coatings that not only provide a barrier between
the substrate and its environment but also supply a suitable
substrate for paint coatings. Rare earths conversion coatings,
principally CeCCs, have demonstrated improvements on the
corrosion resistance for magnesium alloys [7-10]. CeCCs are
commonly considered to be environmentally friendly corrosion
inhibitors on aluminum alloys. Nevertheless, the effectiveness of
the CeCCs on the corrosion protection has been highly dependent
on surface pretreatment, deposition parameters and post-treatment
[2, 7-10]. Current progress at the Missouri University of Science
and Technology has developed an adequate surface pretreatment
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for deposition of CeCCs on AZ91D magnesium alloy consisting
of acid then alkaline cleaning that can be applied to other
magnesium alloys [8]. In this study, an optimization was carried
out to correlate thickness, microstructure, and deposition time of
cerium conversion coatings with the corrosion performance of Mg
AZ31B alloy.

Experimental Procedure

Cerium conversion coatings were deposited onto Mg AZ31B alloy
coupons of dimensions 100 mm x 50 mm x 2 mm. Prior to
deposition, AZ31B alloy panels were mechanically polished using
180 grit abrasive SiC papers, then cleaned with isopropyl, rinsed
with deionized water, and finally dried in air at room temperature.
The surface of the cleaned samples was pretreated in 1 wt% nitric
acid aqueous solution for 30 seconds followed by an alkaline
cleaning in 5 wt% of Na,SiO;-SH,O aqueous solution for 5
minutes at room temperature. The CeCC aqueous solution
consisted of 4 wt% of CeCls-7TH,0 (99.9 %, Alfa Aesar), 6.7 wt%
of hydrogen peroxide (Fisher Chemical, 30 vol%), and 0.25 wt%
of organic gelatin (RDH, Rousselot) in DI water. Mg AZ31B
alloy coupons were immersed in the CeCC solution for 5 s, 60 s,
120 s, and 180 s to produce various layer thicknesses. Finally,
coated samples were postreated for 5 min at 85 °C in a 2.5 wt%
NaH,PO, aqueous solution to convert the coating into CePO,
[11]. Electrochemical measurements were carried out in 1.6 wt%
NaCl solution using a flat cell of 1 cm? of exposed area (model
K0235, Princeton Applied Research) with a saturated calomel
electrode (SCE) and platinum mesh served as a reference and
counter electrodes, respectively. Open circuit potential (OCP) was
monitored for 1000 seconds before impedance and
potentiodynamic  polarization measurements. The cyclic
potentiodynamic scans were conducted from -0.3 to +0.8 V and
scanned back to -0.25 V with a scan rate of 1 mV/s with respect to
OCP using an EG&G potentiostat model 273A (Princeton Applied
Research). Corrware software was used to control the analytical
equipment and CView and ZView were used for data fitting
analysis. The corrosion performance of the coated panels was also
evaluated by ASTM BI117 neutral salt fog testing.
Electrochemical impedance spectroscopy (EIS) was performed
using a Schlumberger model SI1255 frequency response analyzer
in combination with the above-mentioned potentiostat. Data were
collected over a frequency range of 0.01 to 1x10° Hz with 10 mV
AC with five points per decade. The TEM samples were prepared
using the Helios NanoLab 600. The dual beam system is equipped
with a focused ion beam (FIB) milling system that was used in
conjunction with a micromanipulator to mount ~100 nm thick
TEM specimens onto Cu grids for subsequent TEM
characterization.



Results and Discussion

A cross-sectional TEM image of a representative microstructure
of an as-deposited CeCC on a AZ31B alloy substrate is shown in
Figure 1. A three layer coating structure was identified. [nitially, a
transition layer shows a porous structure and the cerium
conversion coating can be divided in two sublayers 1 and 2. From
Figure 2 the structure of sublayer 1 revealed a nanocrystalline
region of the CeCC and the thickness is approximately constant
over the entire sample, whereas the structure of sublayer 2 is
practically amorphous and the thickness varies.
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Figure 1. Cross-sectional STEM micrograph showing the
microstructure of the 5s immersion sample.

Figure 2. Cross-sectional bright field TEM micrograph of CeCC
on AZ31B and corresponding SAD patterns of the different
regions.

Chemical analysis by energy dispersive spectroscopy (EDS)
revealed that the porous transition layer is composed of Mg, Al, O
and C. In addition, EDS on the different sublayers of the CeCC
revealed that the conversion coating consisted predominately of
Ce, P, and O but the concentration of P throughout the entire
thickness of sublayer 2 was higher than in sublayer 1. Based on
TEM analysis, the variation of the average thickness of the
transition layer, the CeCC coating (sublayer 1 + 2) and the total
thickness (transition layer + CeCC coating) with different
immersion times are presented in Figure 3. From the analysis, the
thickness increased with immersion time except for the 180 s
deposition.
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Figure 3. Coating layer thickness as a function of immersion time.

Selective area diffraction patterns from different regions of a
representative coated panel are shown in Figure 4.

Figure 4. Electron diffraction patterns (SAD) of CeCC on AZ31B
from different regions: a) sublayer 1, b) sublayer 2, c) transition
layer, and d) AZ31B alloy.

Figures 4 a) and b) show the selected area diffraction patterns
(SAD) of the cerium conversion coating. A nanocrystalline
structure is suggested since the SAD pattern contained continuous
rings. However, a few diffused halos on the pattern showed in



Figure 4 b) are consisted with a structure that is largely
amorphous. From Figure 4 a) the rings of the SAD pattern
correspond to CeO, (PDF 00-034-0394).

The electron diffraction pattern collected from the interfacial
region would indicated a nanocrystalline structure, and the pattern
can be indexed to MgO (PDF 00-045-0946), Figure 4 c.

Figure 4 d) shows the rings and spots of the electron diffraction
micrograph, which is identified as hexagonal Mg (PDF 00-035-
0821). Summary of measurements performed on the diffraction
patterns is presented in Table 1.

TABLE L d-spacing (A) calculated from SAD patterns of the different

regions and .

cecc  cecC T g "Mg0 7318 PDF 0.
1 G Poros TEERM ppRoo- U 035-
034-0394 045-0946 oo
3.15 3.05 3.12 243 2.69 261
2.78 2.71 2.11 2.11 247 2.45

1.90 1.90 191 1.49 1.49 2.17

1.64 1.63 1.22 1.22 1.86 1.90
1.56 1.56 1.04 1.05 1.61 1.61
1.24 1.24 0.95 0.97 1.53 1.47
0.86 0.86 1.34 1.37

*Taken from International Centre for Diffraction Data, PDF 4+

Optical images of the CeCCs obtained at different immersion
times after 5 days of salt spray testing are compared to as coated
samples in Figure 5. Corroded panels revealed that 5s of
immersion in cerium solutions had better corrosion resistance
compared to longer immersion times. The panel coated during an
180 s in immersion had numerous pits and salt tails after testing.
Although all samples had visible corrosion product after 5 days in
salt fog test, the 5s immersion sample exhibited only filiform
corrosion while the 60 s, 120 s, and 180 s immersion samples had
filiform and pitting corrosion.
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Figure 5. Optical images of cerium conversion coatings on
AZ31B Mg alloy at different immersion time before and after 5
days of salt spray testing.

Cyclic potentiodynamic curves of bare and coated AZ31B
samples at different immersion times are presented in Figure 6.
The corrosion parameters calculated from cyclic potentiodynamic
polarization curves are presented in Table II.
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Figure 6. Cyclic potentiodynamic polarization behavior of cerium
conversion coatings on AZ31B alloy at different deposition times

The corrosion potential (E,,,) of AZ31B panels with a CeCC is
basically the same value as was obtained for bare samples (as
polished). The reverse scans for all measured samples, Figure 6,
have a more active potential than the free corrosion potential. This
implies a high probability of localized corrosion of the AZ31B
alloy even with a conversion coating [7]. However, the corrosion
resistance increased for coated samples because the CeCC
increases the pitting potential. In particular, an appreciable anodic
passivation region (~220 mV) for AZ31B after 5s in immersion is
evident in Figure 6. Although a limited passivation region is
measured for 60 s and 180 s immersion panels, the pitting
potential increased only ~40mV. As a result, it is expected that the
specimen will undergo pitting attack once the free corrosion
potential is reached. The corrosion current densities (i) of
CeCC samples are significantly reduced compared to the bare
sample and the lowest i ,,, was obtained for the 5s immersion time
panel. Calculated values of corrosion rate are directly proportional
to the immersion time, which is also directly proportional to the
coating thickness.

TABLE IL Corrosion parameters derived from the potentiodynamic
_polarization experiments.

Sample pa Be Toorr Eon Epi %‘;’;:’
AZ31B mv/dec mv/dec pA/em’® mVey mV
mm/y

As

Polished 20 -68 5.0 -1490  -1490 0.11
58

CeCC 149 -57 0.8 -1460  -1240 0.02
608

CeCC 75 -50 15 -1480  -1430 0.03
1208

CeCC 133 -47 1.8 -1480  -1270 0.04
1808

CeCC 87 -79 22 -1490  -1450 0.05

Impedance spectroscopy results from coated and uncoated
samples are shown in Figure 7. The recorded spectra of the bare
sample exhibited one capacitive loop and coated samples
displayed two capacitive loops. This indicates that coated samples
can be modeled by an electrical equivalent circuit that represents a
coated alloy with a defect and the bare sample with a simple
Randal’s model, as shown Figure 8.
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Figure 7. Impedance spectra of cerium conversion coatings on
AZ31B alloy at different deposition times.

In figure 8, R, is the solution resistance, R, is the coating defect
resistance, Ry is the polarization resistance or charge-transfer
resistance at the metal interface. The symbols Q. and Qq are two
constant phase elements used to represent the non-ideal coating
capacitance and the double layer capacitance, where n,, and ny
are equal to 1 for an ideal capacitor and less than 1 for non-
uniform surfaces. The inductance is labeled L and represents the
formation of a surface layer [8].
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Figure 8. Equivalent circuit models used to fit impedance data: a)
simple Randal’s model with inductive loop for bare sample and b)
two time constant model for cerium coated Mg AZ31B alloy.

The equivalent circuits have been utilized to fit the
electrochemical data obtained from bare and cerium-based coated
AZ31B panels and the results are summarized in Table III. The 5s

CeCC sample had the maximum polarization resistance (5923 Q
cm?) and the highest defect or pore resistance (2921 Q cm?),
Additionally, comparing coated panels the Ss sample has the
lowest Qg value, indicating a lower amount of area that is
corroding [9].

TABLE II1. Corrosion parameters derived from the
__potentiodynamic polarization experiments.

Sample As 58 60S 1208 1208
AZ31B | Polished CeCC CeCC CeCC CeCC
Rs Y
G 20 32 25 29 29
Q_gfc"m_, 91210 139107 133x10°  1.62x107
N, 0.87 0.86 0.89 0.89
Q_,g‘_’c'm_, 113x10° 536x10% 1105107 1.52x10°  9.11x10™
. 094 0.92 0.90 0.87 0.82
Ret 799 2921 1159 641 1626
Q-cm
nl-t'.:. ' 5923 3009 1232 2928
L
Q'Vs/em? 873
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In general the electrochemical results are consistent with the
performance observed in salt spray testing. Both electrochemical
and salt spray cabinet results indicated that ~100 nm thick cerium-
based conversion coatings deposited by 5s immersion provide the
best corrosion resistance on Mg AZ31B alloy substrates.

Conclusions

The effect of immersion time on the morphology, thickness and
corrosion behavior of cerium-based conversion coatings on
magnesium AZ31B alloy was investigated. The as-deposited
coatings system consisted of a three layer structure: (1) a
nanocrystalline MgO transition layer in contact with the Mg
substrate, (2) a nanocrystalline CeCC layer, and (3) an outer
amorphous CeCC layer. The nanocrystalline CeCC layer
thickness was a function of immersion time in the deposition
solution and ranged from a minimum of ~100 nm (5s immersion)
to a maximum of ~400 nm (120s immersion). In general, at all
thicknesses the cerium-based conversion coatings improve the
corrosion resistance of AZ31B magnesium in chloride media.
However, the corrosion resistance of AZ31B magnesium alloy
was best for thinner CeCCs. Based on the correlation of
deposition time and corrosion behavior, layers of ~100 nm thick
obtained by immersion for ~ 5s exhibited a ~5.5X improvement in
corrosion resistance vs. bare, as-polished panels. The presence of
fewer and smaller cracks in 5s immersion panels, and larger
cracks in panels coated at the longer times, provide some
explanation for the improved corrosion performance.
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