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Abstract: In order to analyze the effect of scratch on the corrosion behaviour of a calcium phosphate conversion
coating (CPCC) on AZ80, the electrochemical testing, scanning vibrating electrode technique (SVET), immersion test
and hydrogen evolution experiment were performed to study the corrosion resistance of AZ80, AZ80 with CPCC and
coated AZ80 with scratch. The results show that the coating improves the corrosion resistance of the AZ80 from a
current density of (85+4) to (4+1) pA/cm’. When the coating was damaged, its protection on substrate would be
reduced. The scratch with a length of around 12 mm on the coating reduced the corrosion resistance to a current density
of (39£1) pA/cm®. In addition, the corrosion occurred initially in the scratch area and the corrosion site first occurred at
the junction of the scratch and the coating. Besides, the micro corrosion mechanism of the specimen containing scratch
was clarified.

Key words: magnesium alloy; AZ80 alloy; scratch; conversion coating; corrosion resistance; scanning vibrating
electrode technique (SVET)

indicated that reducing the mass of the wheel hub is
8—10 times more effective in lightweighting than
reducing the mass of body parts. As a result,

1 Introduction

Magnesium alloys exhibit low density, high
specific strength, high thermal conductivity, high
electromagnetic properties, high castability and
good recyclability, and have been widely used
in the electronics, aerospace and automotive
industries [1-5]. For example, magnesium alloys
were used in the steering wheels, central control
boards and wheel hubs in automotive construction
due to their great lightweighting potential [6,7].
Among these magnesium alloy automotive parts,
wheel hub is the under spring parts and thus shows
the greatest lightweighting potential. Past research

investigations on magnesium alloy wheel hubs to
replace steel wheel hubs or aluminum alloy wheel
hubs have attracted much attention.

AZ80 magnesium alloy has been generally
used to manufacture wheel hubs due to its high
comprehensive  mechanical  properties, high
forgeability and moderate corrosion resistance [8].
Generally, surface treatment has been applied on the
magnesium alloy wheel hub to further enhance its
corrosion resistance.

Over the past decades, the chemical
conversion coatings [9], electroplating/electroless

Corresponding author: Jiang-feng SONG, Tel: +86-18223616225, E-mail: jiangfeng.song@cqu.edu.cn

DOI: 10.1016/S1003-6326(21)65784-9

1003-6326/© 2022 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



148 Xue-jiao JIA, et al/Trans. Nonferrous Met. Soc. China 32(2022) 147-161

plating [10—12], anodic oxidation [13], plasma
electrolytic oxidation [14—16] and composite multi-
layer coatings [13,17] have been developed to
improve the corrosion resistance of magnesium
alloys.  Chemical coatings on
magnesium alloys such as phosphate, stannate,
vanadate, rare earth salt and hydrotalcites coating
systems have been proposed [18—21]. Among them,
calcium phosphate conversion coating (CPCC) has
attracted much attention due to the low-cost,
simplicity in operation, environment-friendlyness
and stability in neutral pH solution [22,23].
Moreover, CPCC has been widely used on
magnesium alloy parts such as steering wheel,
central control board, door inner, car seat frame,
transfer case and instrument panel.

During automobile service, scratches and other
defects are inevitably generated by stones or other
objects on the surface of magnesium alloy wheel
hub. Understanding the effect of scratches and other
defects on the corrosion behaviour of the coating is
of great importance for the industrialization of the
chemical conversion coating. However, so far, few
investigations have paid attention to the effect of
the scratch on the corrosion resistance of the
calcium phosphate coated AZS80
magnesium alloy. The mechanism of corrosion
initiation and expansion of the conversion coating
with scratch are not clear.

In order to promote the industrialization of the
calcium phosphate conversion coating, a scratch
was designed on the CPCC to simulate the possible
defects generated from the practical usage of the
coating. In this study, the effect of a scratch on the
corrosion behaviour of the CPCC on AZ80 was
investigated. For comparison, the corrosion
behaviours of AZ80 and AZ80 with CPCC were
also investigated. The corrosion mechanism of the
CPCC with a scratch was clarified by
electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization analysis, scanning
vibrating  electrode technique (SVET) and
immersion test.

conversion

conversion

2 Experimental

2.1 Materials

Forged magnesium alloy AZ80 specimens with
dimensions of 20 mm x 20 mm % 3 mm were
bought from Yueyang Yuhua Metallurgical New

Materials Co., Ltd. The chemical composition is
shown in Table 1. AZ80 specimens were ground
with different grades of SiC sandpaper (400”, 800",
1000" to 1500%), cleaned with deionized water,
rinsed with alcohol, and dried immediately in air.

Table 1 Chemical composition of AZ80 magnesium
alloy (wt.%)
Al Zn Mn Si Fe Mg
8500 0.549 0.181 0.005 0.002 Bal.

2.2 Preparation of CPCC and scratch

AZ80 with CPCC specimens were prepared by
immersing in the phosphate solution at room
temperature for 1 min, cleaned with deionized water
and dried in air. The phosphate solution was
provided by a local manufacturer of magnesium
alloy automotive parts named BoAo Magnesium
Aluminum Co., Ltd. The solution was composed of
1.3 g/L CaO, 23.3 mL/L H;PO,, 14.4 mL/L HNO;
and 12.6 mL/L CH;COOH. The pH value of the
phosphate solution was adjusted to 2-3 with
deionized water.

The scratch with a width of around 200 um
and a length of about 12 mm was prepared
artificially on the CPCC using a needle. The depth
of the scratch was designed to penetrate down to the
substrate.

The AZS80 specimen without any treatment,
AZ80 coated with CPCC and the coated AZ80 with
a scratch were designated as AZ80, CPCC and
CPCC with scratch, respectively.

2.3 Specimen characterization

The microstructures of AZ80 and CPCC were
characterized using scanning electron microscope
(SEM, JSM-7800F, JEOL, Japan). The phase
constituents of AZ80 and CPCC were studied using
energy dispersive spectroscopy (EDS, Inca
Energy 350 Oxford, UK), X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi Thermo
Scientific, USA) and X-ray diffractometer (XRD,
RIGAKU, Japan). The XPS was carried out on the
surface of CPCC using Al K, radiation (1486.6 e¢V)
with a pass energy of 30 eV. The corresponding
peaks were analyzed by using the software
Avantage. The XRD was performed on AZ80 and
CPCC using Cu radiation (4=0.154 nm) operated at
40kV and 15 mA with a glancing angle of 1.5°.

The cross section of CPCC specimen was
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investigated by SEM and the thickness of the
coating was identified.

2.4 Electrochemical testing

An electrochemical workstation (chi660e,
China) was used to analyze the corrosion behaviour
of the specimens in a 3.5 wt.% NaCl solution at
25 °C. A three-electrode system with a platinum
plate as the counter electrode, the specimen as the
working electrode (exposing area of 1 cm?), and the
saturated calomel reference electrode (SCE) as the
reference electrode was used. For the scratched
specimen, the scratch on the specimen for
electrochemical test was also prepared artificially
using a needle, just like other experimental
specimens. The scratched specimen was then
connected in the electrochemical cell, and the
scratched area should be immersed in the corrosive
solution. All the specimens were immersed in
the 3.5 wt.% NaCl solution for 15 min before
electrochemical testing, and then exposed in the
solution for the open circuit potential (OCP) test to
ensure that the system was in a steady state. The
electrochemical impedance spectra (EIS) were
measured using a disturbing potential of 10 mV and
performed from 10 kHz to 10 mHz at OCP. The
EIS data were fitted by ZSimpWin software with
proper equivalent circuits. The potentiodynamic
polarization curves of all the specimens were
measured at a scanning rate of 0.1 mV/s in a
potential range for £300 mV (vs SCE) from the
OCP. Three parallel specimens for each condition
were used to ensure the reproducibility.

The scanning vibrating electrode technique
(SVET) was carried out on CPCC with scratch
specimens with Bio-Logic Uniscan M470 at room
temperature. Specimens after immersion in the
NacCl solution for 15 min, 1 h, 3 h and 6 h were
scanned by SVET, respectively. The vibrating
microprobe vibrated at 80 Hz at an average distance
of 200 um from the surface of the specimen with an
amplitude of 30 um. Each scan was composed of
25 x 30 points and took about 15 min.

2.5 Immersion test

AZ80, CPCC and CPCC with scratch
specimens were immersed in 500 mL 3.5 wt.%
NaCl solution in closed containers for 72 h at
room temperature. The morphology changes were
recorded by camera at different time. The evolution

of the surface morphologies and compositions of
CPCC and CPCC with scratch specimens after
immersion for different time were also studied by
SEM and EDS.

The corrosion resistances of the specimens
were also characterized by hydrogen evolution test
in 3.5 wt.% NaCl solution at 25 °C for 132 h [24].
Specimens with exposed areas of 4 cm” were placed
under an inverted funnel with a graduated burette
connected. The amount of hydrogen evolved from
each specimen was recorded intermittently during
the 132 h immersion. Three parallel specimens were
used for better accuracy. The hydrogen evolution
rate vy can be shown as [25,26]

VHER™ V/(St) (1 )

where V' is the volume of hydrogen evolution (mL),
s is the exposure area, and ¢ is the immersion time.

3 Results and discussion

3.1 Characteristics of AZ80 and CPCC

Figure 1 displays the SEM images, EDS and
XRD analyses of AZ80 and CPCC. The second
phase in AZ80 magnesium was identified as
Mg;Aly, (Fig. 1(f)). It is reported that the second
phase will induce galvanic corrosion, resulting in
poor corrosion resistance of the AZ80 magnesium
alloy [26—28]. The CPCC on AZ80 exhibited a
micro-cracked structure (Fig. 1(c)) with a thickness
of about 800 nm (Fig. 1(e)). The microcracks are
common on the surface of chemical conversion
coated magnesium alloys [29,30]. The formation of
micro-cracks is likely owing to the reduced molar
volume of the conversion coating from dehydration
process [31]. The entrapped hydrogen-induced
coating cracking mechanism could also lead to the
formation of cracks [32]. The EDS results (Fig. 1(d))
of CPCC showed that CPCC was composed of Mg
(69.9%), Al (12.4%), O (10.7%), P (3.7%) and
Ca (3.3%). The molar ratio of Ca to P was about 1.0,
which was close to that of dicalcium phosphate
dihydrate (DCPD). The XRD results (Fig. 1(f))
revealed that the main component of CPCC was
DCPD, which was consistent with the EDS results.

The chemical states of the surface elements on
the CPCC were measured using XPS. The XPS
survey spectra contained peaks of O, P, Ca, Mg, Al
and C (Fig.2(a)), and the element contents are
shown in Table 2. The C peak is commonly seen
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Fig. 1 SEM images and EDS analyses of AZ80 (a, b), CPCC (c, d), cross-section image of CPCC (¢), and XRD patterns

of AZ80 and CPCC (f)

in XPS results because of the extraneous
hydrocarbons in the environment [22]. The Mg and
Al peaks were from the AZ80 substrate because the
CPCC was thin with a micro-cracked structure. The
peaks of O, P, Ca reflected the composition of
CPCC. The high-resolution XPS spectra of the
Ca 2p, P 2p and O 1s are depicted in Figs. 2(b)—(d),
respectively. Two prominent peaks of Ca 2psp
(347.3 eV) and Ca 2p;;, (350.9 eV) were detected,
which were generally assigned to the Ca—P
compound [33—35]. The P 2p at binding energy of
133.7 eV was attributed to the HPOif radical of
CaHPOQy, [36]. The high-resolution O 1s showed two

peaks at 531.3 and 533.0 eV, which were related to
the P—O and P—O—P, respectively [34]. This
kind of O in single bond with P (P—O) forms a
chelating bridge with Mg and even Ca atoms to
create a compacted bonded film [37]. Hence, the
XPS results confirmed that CPCC was composed of
DCPD.

3.2 Corrosion behaviour
3.2.1 Electrochemical analysis

In order to evaluate the corrosion resistance of
CPCC and the effect of a scratch on the corrosion
resistance of CPCC, the electrochemical properties
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Fig. 2 XPS spectra of CPCC: (a) Survey scanning spectrum; (b) High-resolution spectrum of Ca 2p; (c¢) High-resolution

spectrum of P 2p; (d) High-resolution spectrum of O 1s

Table 2 Element contents of CPCC measured by XPS

(at.%)
Ols Cls P2p Al2p Ca2p Mgls
45.7 31.8 6.5 6.3 5.0 4.7

of AZ80, CPCC and CPCC with scratch were
assessed using potentiodynamic polarization and
EIS.

Figure 3 and Table 3 show the
potentiodynamic  polarization curves of all
specimens after immersion in 3.5 wt.% NaCl

solution. The results show that the corrosion
current density of CPCC ((4+1) pA/cm?) was over
an order of magnitude lower than that of AZ80
((85+4) pA/cm®),  demonstrating  that CPCC
improved the corrosion resistance of AZ80. When
the CPCC was damaged to a certain extent, the
current density (Jo) of the CPCC with scratch
increased to (39+1) pA/ecm? from (4+1) pA/cm® for
CPCC. The increased corrosion rate was attributed
to the scratch of the coating shortening the mass

1g[J/(A+cm™2)]

=7 CPCC with scratch ’
-8l “cpcc

-19 -18 -1.7 -16 -15 -14 -13
@ (vs SCE)/V

Fig. 3 Potentiodynamic polarization curves of AZS80,
CPCC and CPCC with scratch measured in 3.5 wt.%
NaCl solution

transfer channel of the corrosion process, so that the
solution directly reached the substrate. However,
the corrosion current density of scratched coating
was still lower than that of AZ80, indicating that the
damaged coating still has a protective effect on the
magnesium alloy.
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Table 3 Corrosion parameters of AZ80, CPCC and
CPCC with scratch

Specimen Peorr (Vs SCE)V  Joon/(LA-cm?)
AZ80 —1.67+£0.25 8544
CPCC -1.61£0.12 4+1

CPCC with scratch —1.64+0.15 39+1

EIS can effectively reflect the corrosion
performance of the specimens. Nyquist diagrams of
AZ80, CPCC and CPCC with scratch measured in
3.5 wt.% NaCl solution are presented in Fig. 4(a)
and Bode diagrams are presented in Fig. 4(b). The
overall corrosion resistance of the specimens can be
evaluated by the impedance modulus at low-
frequency and the radius of the Nyquist curves. In
general, the higher the impedance modulus, the
larger the radius of the Nyquist curves, and the
better the corrosion resistance [38—40]. Therefore,
the corrosion resistance order of the specimens is:

7.0
(@)

5.6F
= +  AZ80
Q | - CPCC
_g 4.2 . CPCC with scratch
g 2l Fitting
N 10 Hz 10 mHz

1.4+

0r 10 mHz

0 1.4 2.8 4.2 5.6 7.0
Z'/(kQ+cm?)

Impedence/(kQ-cm?)

CPCC > CPCC with scratch > AZ80, which is
consistent with the potentiodynamic polarization
results.

The equivalent circuit diagrams for EIS of
AZ80, CPCC and CPCC with scratch are presented
in Fig. 5. In the equivalent circuits, R corresponds
to the electrolyte solution resistance. As for CPCC
and CPCC with scratch specimens, R; describes the
phosphate coating resistance, Ry
represents the charge transfer resistance, CPE,
corresponds to the constant phase element of the
coating, and CPEgy represents the double-layer
constant phase element. For AZ80 specimens, R,
and CPE; correspond to the loose corrosion
products layer resistance and constant phase
element, respectively; R and CPEgy represent the
charge transfer resistance and the double-layer
constant phase element, respectively; R.q and Lags
represent the low frequency (LF) inductive loop.
The EIS spectra (Fig. 4) of CPCC and CPCC with

conversion
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Fig. 4 Nyquist diagram (a) and Bode diagram (b) of AZ80, CPCC and CPCC with scratch measured in 3.5 wt.% NaCl

solution
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Fig. 5 Equivalent circuit diagrams for CPCC and CPCC with scratch (a) and AZ80 (b)
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scratch consisted of two capacitive loops at high
frequency (HF) and middle frequency (MF). The
equivalent circuit diagram of CPCC and CPCC with
scratch is presented in Fig. 5(a). Generally, the
capacitive loops at HF and MF reflect the
physicochemical process of the coating and their
specific structural features or electrochemical
properties [31,41,42]. The EIS of AZ80 immersed
in NaCl solution consisted of two capacitive loops
at HF and MF and an inductive loop at low
frequencies (LF), which is consistent with the
equivalent circuit shown in Fig. 5(b). The additional
inductive loop for AZ80 is attributed to the
adsorption and desorption of the corrosion products
such as Mg(OH),, demonstrating the formation of a
thin film of Mg(OH), during the period for building
a stable OCP in 3.5 wt.% NaCl solution before EIS
test. The formation of Mg(OH), indicates slow
corrosion reaction on the surface of AZ80 [43—45].
The fitting results are listed in Table 4, and the
fitting quality was evaluated by chi-square (y*) error
value. In CPCC and CPCC with scratch, Y; is the

Table 4 Fitted parameters for EIS spectra depicted in Fig. 4

conductance of phosphate conversion coating, and
in AZ80, Y, is the conductance of the corrosion
products layer; Yy is the double-layer conductance;
n; and ng are the angular frequency. Generally, the
corrosion resistance can be assessed by the values
of R, and R,. The values of R; and R, of CPCC
were about 4 times those of AZ80, which indicates
that CPCC improves the corrosion resistance of
AZ80. Furthermore, the R, and R values of the
scratched CPCC were a bit lower than those of the
CPCC, indicating that the corrosion resistance of
CPCC after scratching was slightly decreased.
3.2.2 Corrosion morphologies

The corrosion morphologies of the specimens
immersed in 3.5 wt.% NaCl solution for different
time are shown in Fig. 6. After immersing for 3 h,
there was obvious localized corrosion on the
surface of AZ80, which is attributed to the
microgalvanic acceleration of the corrosion of the
matrix phase by the adjacent second phase particle.
As the immersion time increased, the corrosion
proceeded more deeply. After 48 h immersion, the

Specimen R/ , R/ , _ C7PE1 R/ , _ C?Edl Xz
(Qem’)  (Qem’) Q' ems") n (Qem’)  y Q' em*s")  ng
AZ380 1836 1.133x10° 9.005x10°  0.9412 1.232x10°  2.582x10°  1.0000 4.043x10°*
CPCC 1598  4.055x10° 9.656x10°  0.9249 4.978x10°  7.144x10*  0.4966 9.083x10°*
Wit?:frgtch 1410  3.887x10° 1.074x107°  0.9140 2.468x10°  1.160x10™*  0.7110 5.981x10°°

3h 12h 24h 48 h 72h

AZ80 B
corrosion
CPCC
Pitting
CPCC
with
scratch

Fig. 6 Morphologies of AZ80, CPCC and CPCC with scratch immersed in 3.5 wt.% NaCl solution for different time
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surface of AZ80 underwent severe corrosion.
Pitting corrosion initiated on CPCC after 48 h
immersion, indicating an enhanced corrosion
resistance. In the case of CPCC with scratch, pitting
corrosion firstly occurred after being immersed for
24 h. In addition, as the immersion time increased,
the corrosion expanded from the scratch to the
surroundings.

In order to further analyze the corrosion
characteristics, the microstructures of the specimens
immersed for 24 h were selected for comparison.
The microstructures observed at zones 4, B, C and
D in Fig. 6 are shown in Fig. 7. AZ80 had obvious
corrosion (Fig. 7(a)) and the CPCC had local
spalling (Fig. 7(b)). In the case of the scratched
coating, there was some pitting corrosion in some
scratch areas, as shown in Fig. 7(c). However, the
appearance at Zone D (Fig. 7(d)) indicated that
corrosion was not remarkable in other scratched
areas.

3.2.3 Hydrogen evolution

To further explore the corrosion resistance
of CPCC and the effect of the scratch on the
corrosion resistance of CPCC, hydrogen evolution

experiments were carried out in the 3.5 wt.% NaCl
solution. The results (Fig.8) show that the
hydrogen evolution rate of AZ80 is the fastest. After
phosphating, the hydrogen evolution rate of the
alloy decreased and the corrosion resistance was
improved. The hydrogen evolution rate of CPCC
with scratch was higher than that of CPCC, but still
lower than that of AZ80, which is consistent with
the results of electrochemical testing.

3.3 Corrosion mechanism

The results of electrochemical test and
immersion test showed that CPCC had a protective
effect on the AZ80 magnesium alloy substrate, and
the scratch decreased the corrosion resistance of
CPCC. In order to explore the mechanism of the
scratch on the corrosion behaviour of CPCC, the
SVET and SEM of CPCC with scratch immersed in
NaCl solution for different time were studied.
3.3.1 Local electrochemical analysis

SVET could exhibit the local electrochemical
behaviour, including the distribution and magnitude
of the cathodic and anodic activity on the corroded
area [46,47]. Thus, SVET was used to characterize

Fig. 7 SEM images of specimens immersed in 3.5 wt.% NaCl solution for 24 h at different zones in Fig. 6: (a) AZ80
(Zone A); (b) CPCC (Zone B); (c) CPCC with scratch (Zone C); (d) CPCC with scratch (Zone D)
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Fig. 8 Hydrogen evolution rate of AZ80, CPCC and
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the corrosion behaviour of CPCC with scratch
for different immersion time. The optical micro-
structure of the scratched coating before the test and
the SVET maps after 15min, 1h, 3h and 6h
immersion in corrosive solution are presented in
Fig.9. The SVET map after 15 min immersion
(Fig. 9(b)) shows that the potential of the scratch
area (as pointed by the black arrows) was lower
than that of non-scratch area, indicating that the
anodic region occurred initially at the scratch area.

1.340E-04
1.730E-04
2.120E-04

[ 2510804

The strong corrosion in the scratch area occurred
because of the direct contact between the exposed
magnesium alloy substrate at the scratch and the
NaCl corrosive solution. When the immersion
time increased to 1h (Fig. 9(c)), there was small
potential difference between the scratch area and
the non-scratch area. This indicated that there was
no obvious local corrosion in the scratch area. It is
assumed that the accumulated film of corrosion
products caused the reduction of the corrosion
rate [40]. With the further increase of the immersion
time to 3 and 6 h, affected by the edge effect, no
obvious corrosion was found in the scratch areas,
and the whole test areas exhibited mainly global
corrosion. Hence, it was concluded from the SVET
that the scratch mainly affected the initial stage of
corrosion by inducing local corrosion.
3.3.2 Corrosion morphology evolution

To further understand the corrosion process of
the coating with scratch, SEM images of the
specimens immersed for 24, 48 and 72 h were
characterized in detail.

The image of CPCC with scratch immersed in
3.5 wt.% NaCl solution for 24 h at Zone 1 in Fig. 7
is shown in Fig. 10(a). Figures 10(b)—(d) are local
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Fig. 9 Optical image of CPCC with scratch before immersion in 3.5 wt.% NaCl (a), and SVET maps after immersion

for 15 min (b), 1 h (c), 3 h (d) and 6 h (¢)
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enlarged images of Fig. 10(a), which represent the
area of the coating, the AZ80 substrate area and the
bonding area between the coating and the substrate,
respectively. After immersion in NaCl solution for
24 h, a small number of particles and flocs were
formed on the CPCC (Fig. 10(b)). The evenly
distributed flower-like clusters and some granular
products were formed on the substrate (Fig. 10(c)).
At the same time, the obvious lamellar corrosion
products were formed in the scratch (Fig. 10(d)).
The result of EDS (Fig. 10(e)) showed that the
lamellar corrosion products were mainly composed
of Mg, O and Al. Generally, the corrosion reaction
of magnesium alloy in NaCl solution is usually

Zone 2

Xue-jiao JIA, et al/Trans. Nonferrous Met. Soc. China 32(2022) 147-161

formed by electrochemical reaction with water to
form H, and Mg(OH), [31]:

Mg(s)—>Mg*+2e ()
2H20+2C—>H2+2OH7 (3)
Mg+2H,0—Mg(OH),(s)+H, 4)

It was observed that corrosion occurred
initially at the scratch. Such phenomenon may be
due to the potential difference between the AZ80
substrate and the coating, resulting in galvanic
corrosion in the NaCl solution [48,49]. Furthermore,
the corrosion firstly occurred at the junction
between the scratch and the coating rather than in
the scratch groove. We speculate that this may be

Zone 2

(e) Mg
Element at.%
Mg 55.9
(0) 36.8
Al 7.3
(0]
'\ Al
0 1 2 3 4
Energy/keV

Fig. 10 SEM images of CPCC with scratch immersed in 3.5 wt.% NaCl solution for 24 h: (a) Overall morphology
(Zone 1 in Fig. 7(d)); (b) Zone 2 for CPCC; (c) Zone 3 for substrate; (d) Zone 4 for junction of coating and substrate;

(e) EDS spectrum of Point 1 in (d)
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due to the compressive stress in the groove during
the scratch [50]. According to the work from
UMENO et al [51], the compressive stress would
inhibit the diffusion of atoms along grain
boundaries, while the tensile stress would promote
the diffusion. SIBENER et al [52] further reported
that the tensile stress can accelerate the
electrochemical reactivity on the alloy surface,
while compressive stress can inhibit it. Therefore,
the externally applied compressive stress in the
groove during scratch inhibited the corrosion. In
contrast, the tensile stress at the junction between
the scratch and the coating aggravated the
corrosion.

In order to further clarify the influence of the
scratch on the corrosion behaviour of the coating,
the surface morphologies of the coatings with and

Pitting

o

Zone 5

Severe
corrosion

without scratch were observed after immersion for
48 and 72h, as shown in Fig. 11. As for the
scratched specimens, after immersion in NaCl
solution for 48 h, the accumulation of corrosion
products occurred on the AZ80 substrate, compared
with immersion for 24 h (Fig. 10(c)), and the CPCC
was cracked and spalled (Fig. 11(a)). In addition,
the lamellar corrosion products Mg(OH), were
found on the CPCC (Fig. 11(b)). This is because
chloride ions in the solution are more likely to reach
the magnesium alloy matrix through the cracks and
then cause corrosion [53]. After immersion in NaCl
solution for 72 h, most of the CPCC detached
(Fig. 11(d)). In addition, there were -corrosion
products and large cracks on the remained coating
(Fig. 11(e)), indicating that the specimen exhibited
severe corrosion even for the coating. For the

Severe

o spalling

A e y & -

Fig. 11 SEM images of CPCC with scratch immersed in 3.5 wt.% NaCl solution for 48 h (a, b) (Zone E in Fig. 6) and
72 h (d, e) (Zone F'in Fig. 6), and coating without damage immersed in 3.5 wt.% NaCl solution for 48 h (c) and 72 h (f)
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Fig. 12 Schematic showing corrosion process and mechanism of CPCC with scratch in 3.5 wt.% NaCl solution at

various immersion time

specimens without scratch, the chemical conversion
coating peeled off locally, and fine layered
corrosion products were found on the coating after
immersion for 48 h, as shown in Fig. 11(c). When
the immersion time increased to 72 h, the coatings
seriously cracked and partially peeled off. The
flocculent corrosion products formed on the surface
of coating (Fig. 11(f)). Obviously, the corrosion
degrees of the specimens without damage were
lower than those of the scratched specimens.
Therefore, the scratch had a great influence on the
corrosion behavior of the specimens which would
accelerate the corrosion of the specimens because
of the opened corrosion channel.
3.3.3 Corrosion model

Based on the clarification of corrosion
mechanism of AZ80, CPCC and CPCC with scratch,
a schematic model was established, as shown in
Fig. 12. In the early corrosion stage, the scratched
coating was immersed in the 3.5wt% NaCl
solution rich in corrosive ions (Fig. 12(a)). The
corrosion firstly occurred at the junction of the
scratch and the CPCC (Fig. 12(b)). This is because
a corrosion channel was built resulting from the
scratch to the CPCC, which was associated with the
NaCl solution directly arriving at the AZS80

magnesium alloy substrate through the scratch. The
Cl" reached the Mg alloy substrate and induced
the chemical reactions (Reactions (2)—(4)).
Furthermore, the tensile stress from the scratching
process accelerated the local corrosion at the
junction of the scratch and the CPCC. In the middle
corrosion stage, the brittle and hard coating began
to detach from the AZ80 substrate (Fig. 12(c)). A
few local corrosion pits also occurred on the CPCC.
At the same time, the generated corrosion products
mainly deposited on the scratch area. As the
immersion time further increased, a large corrosion
channel was formed (Fig. 12(d)). The CPCC was
also significantly corroded. As a result, the
corrosion resistance of the coating began to decline.

4 Conclusions

(1) A calcium phosphate conversion coating
was prepared successfully on AZ80 magnesium
alloy with a thickness of about 800 nm. The main
phase of the coating was the dicalcium phosphate
dihydrate.

(2) The scratch had an important effect on the
corrosion resistance of the calcium phosphate
conversion coated AZ80 because of the damage to
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the coating. The scratch with a width of around
200 um, a length of about 12 mm on the coating
deteriorated the corrosion resistance from a current
density of (4+1) to (39£1) pA/cm®.

(3) SVET showed that the corrosion occurred
first in the scratch area. Furthermore, the local
corrosion initially occurred at the junction of
scratch and the coating due to the opened corrosion
channel and tensile stress. The scratch could also
accelerate the cracking and peeling of the coating
around it. With increasing immersion time, the
corrosion expanded from the scratch to the coating
area.
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