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Abstract: An Al,Os protective coating on magnesium alloy AZ31 was prepared by a repeated direct sol-gel process annealing at
300 °C and a composite coating was also deposited using Al,O; particles dispersed sol followed by phosphating treatment and
annealing at 300 “C. The morphologies, structures and critical adhesive loads as well as corrosion properties of the coatings were
comparatively investigated by scanning electron microscopy (SEM), X-ray diffractometry (XRD), nanoscratch test and
electrochemical measurement. The results show that the composite coating has a more uniform, crack-free layer and improved
adhesion to the substrate as compared with that of the repeated direct sol-gel coating owing to its lower heat strain. The main phases
in both coatings consist of y-Al,03 and J-Al,O; derived from annealed alumina sol, and the composite coating has an anticorrosion
performance which is superior to that of the repeated direct sol-gel coating.
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1 Introduction

Magnesium and its alloys have been widely used in
automobile and computer parts, aerospace components,
mobile phones, sporting goods, handheld tools and
household equipments due to their lightweight. Their
applications are, nevertheless, still limited on account of
their relatively poor corrosion resistance and wear
resistance[1-2]. One of the ideal approaches to
overcome the inherent drawbacks is to deposit a
protective coating on magnesium alloys. The various
processes include chemical conversion coating[3—4],
anodizing[5], microarc oxidation[6], physical vapor
deposition (PVD)[7], chemical vapor deposition
(CVD)[8], ion implantation[9] and heat spraying[10].
The mentioned technologies dealing with the protection
of magnesium are hard to achieve popularities on
account of higher cost-to-benefit ratio or energy
consumption or environmental adverse effects, and the
novel surface modification by sol-gel with the virtue of
being simple and cost-effective shows competitiveness to
some extent[11]. It is well known that Al,O; coatings
have been extensively used as isolator, thermal barrier,
anti-corrosion and anti-wear films[12]. The sol-gel

process has been utilized to fabricate Al,O3[13],
zirconia[ 14], zirconia silica[11] coatings on magnesium
alloy. However, the conventional sol-gel film tends to
crack if it is thicker than several micrometers. it is
possible to obtain a thin and crack-free layer with
thickness less than 1 um because of the shrinkage of the
coating during drying and densification the maximum
coating thickness is strongly limited[15]. In view that the
sol-gel based coatings are generally porous and cracky
which are the main causes of degradation, the efforts
have been made to minimize the shortcoming. A anti-
corrosion sol-gel based Al,O; coating was developed on
the AZ91D magnesium alloy with phytic acid conversion
coating as an interlayer to restrain corrosion activities
resulting from pores and cracks of the coating[13]. The
sol-gel based coatings consisting of Al,0; and CeO, in
silica matrix enhance wear resistance as well as the
corrosion protection were deposited on AZ31 and
AZ91D magnesium alloys[16]. The hybrid sol-gel
coatings were fabricated by incorporating a corrosion
inhibitor into the films[17].

For extended applications, further efforts will be
focused on increasing layer thickness, the adhesion to
substrate and preventing crack formation in the prepared
coatings[18]. The modification to fabricate a thicker
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protective film by sol-gel on magnesium can be realized
by multiply-layers through repeated deposition.
Composite alumina coatings of larger thickness can be
fabricated by the sol-gel process through introducing the
fillers, such as nano scaled boehmite powder[18] and
calcined ceramic[19], into the gel phase. The two
methodologies can effectively increase the thickness of
the coating, but there are great differences in the
properties of the coatings depending on the deposition
processes. The objective of this study is to comparatively
investigate the process and properties of the repeated
direct sol-gel and the composite coatings. The alumina
protective coatings were initially deposited on AZ31
magnesium alloy by a repeated direct sol-gel process,
and the composite coating on the same substrate was also
produced using AlLO; fine particles dispersed sol
followed by phosphating treatment. The coatings were
characterized and the effects of the process on their
properties were analyzed comparatively.

2 Experimental

The sol was prepared by hydrating aluminum
isopropoxide (Al(OC;H7);) with distilled water in a
molar ratio of 1:90 (isopropoxide to water) at about
85 °C with stirring for 1 h, and then the nitric acid was
added into the solution to adjust the pH value to about 3.
After aging for 3 h, a clear sol was consequently
obtained. The resultant sol was divided into two parts
designated as sol A and B.

The AZ31 magnesium alloy plates were applied as
the substrates. The specimens were cut into pieces with
size of 20 mmx20 mmx2 mm and their surfaces were
grounded via 1 200 grit SiC paper and degreased
ultrasonically in acetone and then dried with hot air. The
sol A was used for preparing the sol-gel coating by
dipping the pretreated magnesium alloy plate into the sol
and withdrawing at a rate of about 6 cm/min. The coating
was then dried for 15 min at temperature of 75 °C. The
thicker films were produced by repeating the dipping
process four times followed by thermal treatment for 10
min at 300 °C in a furnace. The sol B was used for
producing the composite coatings. 80% ALO; (volume
fraction) powders with a mean particle size of about
0.3 um were dispersed in the sol B and the obtained
blend was ultrasonically mixed for 15 min. The slurry
was then coated on the pretreated magnesium alloy using
a sprayer, and then the coating was baked at 75 °C for 15
min and was successively heat treated at 300 °C for 10
min, followed by spraying diluted phosphoric acid onto
the coating and again heat treated at 300 °C for 10 min.
The process flow is shown in Fig.1.
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Fig.1 Flow chart for preparation of coatings on AZ31
magnesium alloy

The structures of the resultant coatings A and B
were examined by X-ray diffraction (XRD) with Cu K,
radiation. The morphologies of the surfaces and cross-
section were observed using JSM—6460LV scanning
electron microscope (SEM). The mechanical properties
of the coatings were characterized by virtue of MML
Nanotest system utilizing a Rockwell diamond probe
with tip diameter of 25 um. The nanoscratch test was
performed at scan velocity of 10 pm/s by linearly
increasing load to 3 N with increasing velocity of
10 mN/s applied after 500 pm displacement till the total
scratch length reached 3 500 um. The electrochemical
measurements were performed on a EG&G 273A type
potentiostat, using Pt as auxiliary electrode, saturated
calomel electrode (SCE) as reference electrode and 3.5%
NaCl solution as aggressive medium. The potential was
scanned from —1.8 to 0.7 V (vs SCE) at scanning rate of
0.5 mV/s.

3 Results and analysis

3.1 Morphologies of coatings

The morphologies on the surface and cross-
sectional view for the repeated direct sol-gel and
composite coatings are shown in Fig.2. It can be seen
from Fig.2(a) that the repeated direct sol-gel coating has
a dense and smooth surface but a variety of long cracks
exist in the coating. From Fig.2(b), the obvious gaps
among successive repeated layers can be seen, and this
implies that the coating is poorly adhered to the substrate.
For the composite coating as indicated in Fig.2(c), the
surface is rough and slightly porous with Al,O; particles
bonded evenly in the matrix, no obvious cracks appear
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Fig.2 Morphologies of surface((a), (c)) and cross section((b), (d)) of repeated direct sol-gel coating((a), (b)) and composite

coatings((c), (d))

and the coating adheres to the substrate firmly (Fig.2(d)).
The repeated direct sol-gel coating tends to crack due to
the presence of large strain upon heat treatment and
densification. While no crack on the composite coatings
develops during drying because the gel phase containing
amounts of Al,O3 ceramic filler prevents the occurrence
of great thermal strain. The cross-sectional morphologies
indicate a mean thickness of approximately 30 um for
the repeated direct sol-gel (Fig.2(b)) and 120 pm for the
composite coating (Fig.2(d)). The composite coating
achieves a larger thickness for merely one cycle as
compared with the repeated direct sol-gel process for
several deposition cycles.

3.2 Structure of coatings

Fig.3 exhibits the XRD patterns of the repeated
direct sol-gel and the composite coatings on AZ31
magnesium alloy. From Fig.3, the characteristic peaks of
y-Al,O; and 5-Al,O; observed imply the existence of
crystallized y-Al,O; and J-ALO; transferred from

alumina sol annealed at 300 °C in the amorphous coating.

The stronger and sharper diffracted peaks correspond to
a-Al,O5 detected in the composite coating as compared
with that of the repeated direct sol-gel coating, which
indicates a perfectly crystallized a-Al,0; phase owing to
its direct introduction of Al,O; ceramic particles. The
composite coating is composed of large scale of a-Al,Os
and a small amount of y-Al,O; and J-Al,O;. However,
the y-Al,0; and J-Al,O phases in the repeated direct sol-
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Fig.3 XRD patterns of repeated direct sol-gel(a) and composite
coatings(b) on AZ31 magnesium alloy

gel coating exhibiting weak and broadened diffraction
peaks are derived from poor crystallization of the gel by
thermal treatment at 300 °C.

3.3 Critical adhesive loads

The wear performances of the coatings can be
investigated by means of nanoscratch tests, which can be
used to measure critical load during adhesive failure of
the coating/substrate system. Fig.4 illustrates the
relationship among the depth, load and sliding
displacement, which consists of a ramped-load scratch
topography (curve 1) with a progressively increasing
load from zero to the maximum value shown by a
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Fig.4 Relationships among depth, load and sliding

displacement of repeated direct sol-gel(a) and composite
coatings(b)

proportional loading plot as curve 2. The critical point of
the coating failure is detected by an abrupt change with a
continual fluctuation in the displacement of the probe,
and the load at this point is defined as critical load for
adhesive failure, which can be used as indication to
evaluate the adhesive force between the coating and the
substrate. The critical load represents the comprehensive
capability of the coating to withstand exotic destruction
depending on the characteristics of coating, substrate and
interface. By this means, the critical loads of the two
coatings are 692.9 mN for the repeated direct sol-gel and
1 342.6 mN for the composite coating, respectively. This
obviously means that the adhesion force between the
composite coating and the substrate is significantly
higher than that for the repeated direct sol-gel coating,
and this can be attributed to the different microstructures
as well as the properties of the coatings. Since the cracks
and the gaps between layers in the repeated direct sol-gel
coating impose adverse influence on its adhesion
strength, the coating is readily subjected to a failure
under external force. But for the composite coating, the
reinforcement of the Al,O; filler in the layer as well as
the crack-free structure endows the coating with an
increased resistance to failure. The spinodal points in the

scratch topography representing the reached bottom of
the coating indicate the thickness of about 30 um for the
repeated direct sol-gel coating and about 122 um for the
composite coating. These values are in pronounced
agreement with those results by SEM micrographs.

3.4 Corrosion resistance of coatings

Fig.5 presents the polarization curves of the
repeated direct sol-gel and the composite coatings as
well as the substrate. The derived electrochemical
parameters can be seen in Table 1. The coated samples
with elevated open circuit potentials (OCP) and lower
corrosion current density indicate that the general
corrosion resistance of the coated samples is fairly better
than that of the substrate. It can also be seen from Fig.5
that the composite coating has a higher OCP and a
reduced corrosion current density compared with that of
the repeated direct sol-gel coating. It may be interpreted
that the crack-free composite coating is thicker, whereas
the repeated direct sol-gel coating is thinner and has
more cracks. It should be noted that the increased
thickness of the composite coating undoubtedly
contributes much to improving the corrosion resistance
of magnesium alloy.
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Fig.5 Polarization curves of direct sol-gel, composite coatings

and substrate

Table 1 Corrosion current density and corrosion potential of
coated samples and substrate

Corrosion current Corrosion potential

Material density/(Acm®)  (vs SCE)V
Substrate 1.19%<10°° -1.50
Direct sol-gel coating 1.07><107° -1.37
Composite coating 270107’ -1.25

4 Discussion

The repeated direct sol-gel deposition on the same
substrate can achieve thicker coatings at the expense of
leaving cracks and interlayer gaps which affect the
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coating adhesion, strength as well as corrosion property.
The composite coating with thickness up to 100 pm
achieved a structural integrity and low level of cracks. It
is illustrated that the dispersed Al,O3 ceramic particles
are bonded with the gel phase. The composite coatings
still need a relatively high temperature to gain enough
strength and hardness and eliminate porosity. But for
magnesium alloy, the maximum curing temperature
should not exceed about 300 °C. The alumina phosphate-
bonded ceramic phase is produced through phosphating
treatment where a chemical reaction between alumina gel
and the phosphate is initiated. The chemical bonding
through phosphating eliminates the porosity and
enhances the densification of the coating effectively.
Therefore, its mechanical properties are improved. It
seems that the visible pores distributing in the composite
coating (see Fig.2(c)) are probably ascribed to the
inadequate chemical bonding reaction.

In the composite coating, the chemical bonding
reaction with derived aluminum phosphate, for example
Al(H,PO,);, may be illustrated as[20—21]:

A1203+6H3PO4—>2A1(H2PO4)3+H20 (1)
AI(H2P04)3+H20<—>2H3PO4+A1PO4'HzO (2)

For the composite method, the slurry has a high
viscosity to form a thicker coating in one fabrication
cycle rather than repeated deposition. The one-times
process avoids forming layer cracks, which improves the
adhesion to the substrate and increases the bonding
strength. The ceramic bond system can absorb the
thermal restrain upon heat treatment and reduce the
formation of cracks. This kind of structure together with
an increased thickness characterize that the coating has
an improved anti-corrosion property. Hence, the thicker
composite coating provides higher corrosion resistance
by two orders of magnitude than the sol-gel coating.

5 Conclusions

1) The composite coating can be deposited as a
more uniform and thicker crack free layer than that of
repeated direct sol-gel coating.

2) The composite coating has an improved adhesion
to the substrate compared with that of the repeated direct
sol-gel coating.

3) The composite coating has an eminent anti-
corrosion performance compared with that of the
repeated direct sol-gel coating.
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