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Characterization of oxide films formed on magnesium alloys@
using bipolar pulse microarc oxidation in phosphate solutions
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Abstract: The surface morphology and chemical composition of the oxide films formed on pure magnesium and

AZ91D alloy in aqueous electrolytes which contained sodium hexafluorinealuminate( Nas AlF¢), potassium hydroxide

(KOH), sodium hexametahposphate (( NaPOs)s), and triethanolamine were investigated by X-ray diffraction

(XRD), scanning electron microscope( SEM) and energy dispersive spectroscopy( EDX) . The results show that the

input of the negative pulse has great influences on the quantity and the appearance of the microdischarges. Three

types of pores can be distinguished on the surface of the oxide film and their size ranges are 0.5~ 1 Hm, 1 =2 Hm and

4~ 7 Um, respectively. A few microcracks are seen around the large pores. There exists a remarkable fluoride

enriched zone of about 4 =6 Pm for pure magnesium and 3 =5 Bm for AZ91D alloy at the coating/ substrate interface.
Key words: magnesium; AZ91D alloy; oxide film; microarc oxidation

CLC number: TG 146.2

Document code: A

1 INTRODUCTION

Microarc oxidation( MAO) is a new electro-
chemical surface treatment technology developed
on the basis of the conventional anodizing. The
phase composition and structure of MAO oxide
films can be easily controlled and improved by
modifying the electrolyte composition and process
parameters which correspondingly effects the con-
ditions of the plasma discharge at the oxide/
electrolyte interface' " *'. The mechanism of oxide
layer formation during MAO represents a complex
combination of conventional anodic oxide film
growth with plasma enhanced surface oxidation in
microarc discharges regions, leading to fusing and
recrystallization of the oxide film'”'. Due to the in-
corporation of the electrolyte species in the oxide
film formation, the types and the quantity of the
electrolyte components have great influences on the
composition and properties of the oxide films,
which is an important research and application area
at the present time. Moreover, the structure and
morphology of the microdischarges population af-
fect the morphology and performance of the oxide
film. Controlling the electrical pulse frequency and
waveform to create shorter, yet more energetic,
microdischarge events can ensure a better balance
between oxidizing and fusing/recrystallizing as-
pects of the coating formation process. Thus, the
high frequency bipolar system is believed to allow

three to five times enhancement of the coating dep-
osition rate combined with substantial improve-

41 So, a suitable

ment in the surface layer quality
electrolyte and electrical regime are the two most
efficient ways to improve the MAO efficiency and
to obtain an anodic film with satisfactory proper
ties for a specific Mg alloy.

In this investigation, specimens of pure mag-
nesium and AZ91D alloy were processed in the
electrolyte contained the compounds of the
hexafluorinealuminate ions under the conditions of
bipolar pulse MAO. The use of hexafluorinealumi-
nate in the electrolyte composition is due to the
stability of the electrolyte and it may lead to the
formation of hard, heat-resistant phase under the

conditions of the microdischarges.
2 EXPERIMENTAL

The sample plates used in this experiment
were machined to size of 50 mm X 30 mm x 10
mm. According to the former vast scale experr
ments, the electrolyte constituents were employed
which contained sodium  hexafluorinealuminate
(NasAlFs), potassium hydroxide( KOH), sodium
hexametahposphate (( NaPOs)s), and triethano-
lamine. The pH value of the electrolyte was in the
range of 11 = 12 before MAO. The homemade
power supply could provide bipolar pulses and the
duration and amplitude of positive pulses could be
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controlled independently, while for the negative
pulse only the amplitude could be set and its dura-
tion was fixed in 200 Hs. The modifying range of
the pulse frequency was 1 ~2000 Hz.

The experiment was conducted using a high
frequency(700 Hz) bipolar pulse mode and the am-
plitude of the negative electrical pulse was set in 60
V. The controlling mode called step-down current
method is shown in Fig. 1. This method could
make the MAO process more stable and more ef-
fective. Big electric current io(7 =~ 9 A/dm®) was
used to strike to make the voltage increase to Vo
first, then electric current was reduced to i1(4~ 6
A/dm®) and held for some time(#1— to). When the
voltage reached Vi, the electric current reduced to
i2(0.5~ 1 A/dm?) and then kept for some time
(t2— t1). The two MAO processes were operated
for 15 min respectively. The temperature of the
electrolyte was kept below 35 C. A stainless steel
plate was used as the counter electrode. The coa
ted samples were rinsed in distilled water, dried in
hot air and then kept in drying chamber for tests.
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Fig.1 Schematic plan of parameters controlling
during MAO process

The coating microstructure and morphology
were characterized by optical and scanning electron
microscopy( JXA-8800R), observing the structure
both parallel to the substrate and also in polished
cross-sections. Phase composition was studied by
XRD analysis using a D/Max- IlIB diffractometer
(Co Ka radiation) . Depth profiles of the related el-
ements incorporated in the oxide film were deter-
mined by energy dispersive X-ray spectrometry
(EDX) in the transmission electron microscope.

3 RESULTS AND DISCUSSION

3.1 MAO process characterization

A typical voltage/ time curve observed during
MAO of the pure magnesium and AZ91D alloy is
shown in Fig. 2. In the general case, several char-
acteristic areas can be resolved in V — curve dur-
ing the MAO process'™ ®. Region (1) exhibits

maximum gradient on the voltage curve and corre
sponds to a conventional magnesium anodizing
process. In region (2), the rate of voltage increase
slackens, which indicates a decrease in the oxide
film growth rate and oxygen bubbles first appear
on the sample surface. In region (3), the rate of
voltage increase rises again and this usually corre-
sponds to oxide recrystallization and defect appear-
ance in the film structure. Region (4) begins with
intensive oxygen evolution, which creates a back-
ground for the onset of plasma micro-discharge
phenomena on the sample surface. The character
istic areas of the voltage/ time curve between pure
Mg and AZ91D alloy is basically similar, but the
breakdown and final voltage of the AZ91D alloy is
higher than that of the pure magnesium. The
breakdown and final voltage are closely related
with the characterization of the substrate alloy and
the corresponding MAO films. The alloying ele
ments in AZ91D, especially Al, may modify the
surface structure, change the passivity condi
tions'” and then affect the breakdown voltage and
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Fig.2 Typical variation of positive voltage
amplitude with time

The voltage/ current waveform during the
coating formation process is shown in Fig. 3. Ap-
parently, there exists a “spin spot” in the voltage
waveform when the positive rectangular pulse ap-
pears. Moreover, there is a large current impact
when the pulse polar changes. The electric current
steep rising is often observed during the anodizing
process of magnesium alloy when the sparking ap-
pears, but the mechanism is unclear'”"".

The microdischarge population appearance
changed apparently during the different stage of
MAO. Fig. 4 shows the visible sparks images for
pure magnesium and AZ91D alloy during MAO
process. At the beginning of the process a large
number of sparks are in the form of moving dis-
crete blue microdischarges. Then, with the in-
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Fig. 3 Voltage/ current waveform during

MA O process
(a) —Voltage; (b) —Current

Fig.4 Microdischarge appearance of

coating formation process at different stages
(a) —1 min; (b) —2 min; (¢) —3 min; (d) —4 min

creasing voltage, some of microdischarges become
yellow, larger and slower moving. On the transi
tion of the microdischarge appearance, Yerokhin et
al''”” believed that it was only an emission spectrum
change of the composition phase in the oxide films,
rather than the generation of a new type of “micro-
arc” discharge. In fact the discharge seems to re-
main a glow discharge in its nature. In this experi-
ment, with the input of the negative pulse, the
number of the microdischarges decreased, the size
became large and the color became yellow abrupt-
ly. The changes in the quality and appearance of

the microdischarges may be related to the disinte-
grated gas bubbles formed at the interface betw een
the electrolyte and substrate. According to the
theory of contact glow discharge model, the layer
growth causes the enlargement of some microdis-
charges, and the enlargement of the microdischarg-
es with the thickening layer can be explained by
decreasing thermal input to the substrate metal
from heated gas bubbles. This has the effect of in-
creasing the local gas temperature, causing more
intensive electron emission from the cathodic elec
trolyte-gas interface. As a consequence, more gas-
eous products are formed and these gases inflat the
plasma bubble, which reveals the great effects of
the input of the negative pulse on the appearance
and quantity of the microdischarges.

3.2 Film morphology

A top view of the MAO films formed on the
pure magnesium is shown in Fig. 5. Three types of
pores can be seen in this film and their size ranges
are 0.5~ 1 Pm, 172 Hm and 4~ 7 Hm, respectively
(I, II, IIshown in Fig. 5(a)).

likely formed at different currents generate in dif-

Different pores

ferent microplasma channels. Moreover, different
types of microdischarge may be result in the forma-
tion of different type of pores. In general, the ac
tual size is larger than the micodischarges statisti-
(1281 The re-

sult may be that the substrate alloy was different

cal data presented in the literature

and the higher final voltage employed in this exper
iment leaded to the accumulation of the microdis-
charge breakdown at the same spot.

In addition, a few cracks can be seen around
the large pores( IV shown in Fig. 5(b)).
number of large pores and the presence of few

A great

cracks around them likely lead to its earlier failure
during corrosion testing. Generally the microc
racks are closely related with the stresses existing
in the oxide films. The simplest stress generating
mechanism is that arising from the volume ratio of
metal to oxide( Pilling-Bedw orth ratio, abbreviated
as P/B), which is important when ionic current in

the oxide is carried predominantly by anions'™ ',

When the P/B valve of the oxide film is less than
1, surface coating is in tensile stress and probably
results in the appearance of the net-like micro-
cracks, as shown in Fig. 5(b). Moreover, the
stress in the oxide film is a sensitive function of the
rate of growth and the rate of temperature variant.
Under the same conditions, oxides grown rapidly
have higher stress than those grown slowly and the
deep change of temperature has the great influ-
ences on the stress, for example, the microdis-
charge temperature can rise to 2250 C'¥ during

the period of less than 1 ms and its cooling rate can
reach 10" K/s'"™. The sudden changes of the coat-
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Fig.5 Topview SEM images of

oxide films on pure magnesium

ing composition and process conditions caused the
development of the microcracks in the MAO film.

A closer look at the cross-sectional images in
Fig. 6 reveals that this particular oxide film is actu-
ally composed of three layers, two outer porous
layers and an inner barrier layer( I , II, Illshown
in Fig. 6). The barrier layer is likely the most sig-
nificant portion of the film leading to its corrosion
resistance, and it is very important to note that the
barrier film doesn't appear to be porous or
cracked. The total film thickness for pure magne-
sium in Fig. 6 was 127 15 Pm, while the inner bar-
rier film was 400 nm in thickness.

3.3 Film composition

X-ray diffraction( XRD) pattern of the MAO
film on pure magnesium surface reveals only peaks
of magnesium substrate, indicating that the film is
mainly amorphous or microcrystalline. Similarly,
the film formed on AZ91D alloy surface, it is still
evident from substrate magnesium peak. At the
same time, small peaks of the crystalling MgA 104
reveal( see Fig. 7).

The line scan results of Mg, Al, O, F and P
element across the coating and substrates are
shown in Fig. 8. Apparently there exists a fluoride-
enriched zone of about 4 = 6 Hm for pure magnesi

um and 37 5 Pm for AZ91D alloy at the film/ sub-

Fig. 6
pure magnesium(a) and AZ91D alloy(b)

SEM images of cross section of
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Fig. 7 XRD pattern of MAO film formed on
surface of AZ91D alloy

strate interface with a maximum fluoride concen-
tration( I section in Fig. 8(a) and II section in
Fig.8(c¢)). The enrichment of fluorine ions is at
the film/substrate interface, rather than in the
outer layer of the film will favoring the healing of
defects in the film by blocking the cathodic reaction
at these sites'"
phosphorus is relatively uniform over the whole

The concentration profile of

cross-section of the MAO film. However, the con-
centration of aluminum in the coating on pure Mg
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Fig. 8 Crosssection images of MAO films formed on pure Mg(a) and
AZ91D alloy(c¢) and their individual line scanning analysis results(b) and (d)

is larger than that on AZ91D alloy, which induces
that for the formation of MAO film the effect of
aluminum in electrolyte solution is more evident
than that in alloyed aluminum. SONG et al''
studied the causes which magnesium became more
resistant by alloying with aluminum. It was found
to be the alumina component of the inner layer of
the magnesium hydroxide film becoming the domi-
nant factor in determining the passivity of the sur-
face, presumably by forming a continuous skeletal
structure consisting of an amorphous mixture of
aluminum and magnesium. In contrast, aluminum
ions in electrolyte not only react with the surface,
but also integrate in the magnesium hydroxide to-
gether with other ions. So the passivation effect of
aluminum addition in electrolyte is more evident
than that of the addition in magnesium substrate.
The concentration of magnesium remains the same
in both films, independent of the formation condr
tions.

EDX analysis results of different spots in the
cross-section surface( see Fig. 8(a) and Fig. 8(¢))
are shown in Table 1. Based on the relative con-
tents of several elements in the oxide films, the
possible composition of the oxide film is
Mg(OH)2, MgO, MgFa2, phosphate and a small
amount of Al2Os. The composition of the barrier
film is different from that of the outer layer, espe
cially for fluorine content. This suggests that flu-
oride may play an important role during the course

of the initial film formation. Due to the low solu-
bility product of MgF2, it could have a beneficial
effect as inhibitor in the sense. In this experiment,
the presence of fluoride in the oxide film was the
result of the reaction between fluoride cation in the
solution and Mg anion in the film. The increasing
in local temperature due to sparking will also accel-
erate the growth of MgF,''".

Table 1 Concentration of elements
in MAO films(mole fraction, %)

Pure M g AZ91D
Position
1 2 1
Mg 28.48 26.39 35.46
Al 4.29 4.36 4,23
P 15.71 17.01 12.37
F 5.91 12. 69 4.25
(0] 45.62 39.55 44. 60

The enrichment of fluoride at the interface be
tween the coating and the substrate suggests that
the hexafluorinealuminate ion in the electrolyte
composition is subjected to hydrolysis with the for-
mation fluorine ion and aluminum hydroxide' "™,
and the hydrolysis reaction is formula (1). The
hydrolysis product fluoride ion reacts with magne-
sium ion in the electrolyte solution leading to the
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formation of fluoride-enriched zone at the alloy/ so-
Ther-

mal decomposition of aluminum and magnesium

lution interface, as shown in formula (2).

hydroxide leads to the formation of the magnesium
and aluminum oxides in the films, as shown in for-
mulas (3) and (4). Finally MgALO4 is formed as
shown in formula (5) under the conditions of plas-
ma microdischarges:
AIFY + 3H.0 T Al(OH)s+ 3H* + 6F (1)
Mg + 2F" ~ Mgk, (2)
2A1(0OH)s ~ ALOs+ 3H,0 (3)
Mg(OH)> MgO+ H.0 (4)
AL O3+ MgO~ MgALO4 (5)

4 CONCLUSIONS

1) The input of the negative pulse greatly af-
fects the quantity and the appearance of the micro-
discharges. The reasons are related to the disinte
grated gas bubbles formed at the interface between
the electrolyte and substrate during the period of
the input of the negative pulse.

2) Three types of pores can be seen on the
surface of the anodic film, and the size ranges are
0.571Hm, 1~2Hm and 4 =7 Hm, respectively. In
addition, a few cracks are seen around the large
pores. The cracks are caused by the internal stress
in the MAO films and its quantity is related with
the composition, growth rate and cooling rate of
MAO films under continuous sparking.

3) There clearly exists a fluorideenriched
zone of about 4~ 6 Pm for pure magnesium and 3 ~
5 Bm for AZ91D alloy at the film/ substrate inter-
face. Comparing the concentration of aluminum be-
tween the two films, the effect of aluminum ion in
the electrolyte is more remarkable than that of the
alloyed aluminum element.
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