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Magnesium alloys have been widely used in many fields owing to its light weight. However, their poor
corrosion resistance has prevented their further applications. In this study, vacuum evaporation
deposition coupled with the pretreatment of the AZ91D magnesium alloy substrates were employed to
successfully prepare an aluminum coating on AZ91D magnesium alloy in an attempt to enhance its
corrosion resistance. The surface morphology, corrosion resistance and adhesive strength of the
coatings prepared from different pretreatments were systemically investigated. The effect of deposition
time and annealing treatment on the surface morphology, corrosion resistance and adhesive strength
was also examined. The results showed that the best corrosion resistance and highest adhesive strength
of the aluminum coating were obtained for the specimen pretreated by H3PO, etching. As the
deposition time increases, a continuous and dense aluminum coating gradually forms on the surface of
magnesium alloy following the typical island growth (Molmer-Weber) mode. The increase of
deposition time enhances the corrosion resistance of magnesium alloy but has no effect on the adhesive
strength between the coating and the substrate. With the increase of the annealing temperature, the
coating of the sample becomes more uniform with better crystallinity of aluminum compared with
unannealed sample.
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1. INTRODUCTION

There is an ever increasingly urgent need to reduce the environmental pollution and tackle the
energy crisis, magnesium has become the ideal material concerning this background [1-3]. The
magnesium and its alloys possess not only low density but also high strength [4]. Apart from the high
strength/weight ratio, magnesium and its alloys also share a combination of great castability, great
machinability and easy recycling procedures, which makes them the green material of the new century
[2]. Such unique properties have broaden the industrial applications of magnesium alloys, nowadays
they are widely used in the aerospace, electronic and automobile industries [5]. However, the key

drawback of magnesium and its alloys is the low corrosion resistance, limiting their further
applications [2-4, 6, 7]. The standard electrode potential of magnesium E:]g . is —2.37 V and the

2 I
magnesium alloys are susceptible to galvanic corrosion as well as pitting corrosion [6, 8], which makes
their corrosion behavior a major concern.

An effective method to improve the poor corrosion resistance of magnesium alloys is to coat
the substrate through surface treatment [9, 10]. Surface modification in a way of coating has become
an essential process to improve the surface properties in terms of wear, corrosion and oxidation.
Typical surface treatment techniques include anodizing [11-14], chemical conversion coatings [15-17],
diffusion coatings [18-22], electrodeposition [23-27], laser surface alloying [28] and flame spray [29].
Among the aforementioned techniques, physical vapor deposition (PVD) technology has drawn
increasing attention because it’s environmental friendly and the formed coating is of high quality [1, 9,
10]. The PVD coatings on the magnesium alloys can be categorized into ceramic coatings [2, 4, 30, 31]
and metal coatings [32-37]. The metal coatings (e.g., Al and Ti) exhibit good corrosion resistance in
aggressive environments [32]. Al especially is the main composition of magnesium alloys and
possesses the ability to self-repair corrosion [28]. In the PVD techniques, Al coatings are mostly
prepared from magnetron sputtering and the vacuum evaporating deposition has been discussed less
often. The effect of annealing process on the coatings has been addressed frequently in the application
of PVD techniques [34] as well as other techniques [38-40], however, the pretreatment of the
magnesium alloy substrate has been rarely investigated in the PVD technique. The surface
pretreatment of the substrate is essential to ensure the adhesion and integrity of the coatings in the
corrosive environment [41]. Therefore, it is highly required to investigate the effect of the pretreatment
on the properties of the PVD coatings on magnesium alloys.

In the present work, vacuum evaporating deposition coupled with the pretreatment of the
magnesium alloy substrate were employed to successfully prepare an aluminum coating on AZ91D
magnesium alloy in an attempt to enhance its corrosion resistance. The surface morphology, corrosion
resistance and adhesive strength of the specimens prepared from different pretreatments (mechanical
polishing and different acid etching) were systemically investigated. The effect of deposition time and
annealing treatment on the surface morphology, corrosion resistance and adhesive strength of the
coatings was also examined.
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2. EXPERIMENTAL

2.1. Preparation of aluminum coating on AZ91D magnesium alloy

The aluminum wire with high purity (99.99%) was used as the metal source for the vacuum
evaporation deposition of aluminum coating on AZ91D magnesium alloys. Pretreatments on AZ91D
magnesium substrates were applied to investigate its effect on the corrosion resistance of the PVD
aluminum coating on magnesium alloys. Basic pretreatment includes mechanical polishing: the
AZ91D magnesium alloy substrates were cut into pieces (50 mmx10 mmx1 mm) and then were
ground with abrasive paper up to 1200 grit, cleaned by distilled water and ethanol. After the
mechanical polishing pretreatment, the samples were further etched with 0.1 mol L™ HCI solution, 0.5
mol L H,SO, solution, 10 wt.% oxalic acid solution, 85 wt.% H3sPO, solution and 10 wt.% HsPO,
solution, respectively. The etching time was 15 s and then the substrates were cleaned by distilled
water and ethanol.

The vacuum evaporation deposition was achieved through a vacuum evaporation coating
machine (HUS-5GB). The deposition process only starts as the degree of vacuum decreases below 10
Pa. The deposition time was chosen as 3 min, 6 min and 9 min, respectively.

To further investigate the effects of annealing process on the morphology, the adhesive strength
and corrosion resistance of the aluminum film, the vacuum annealing process of the as-prepared
samples was achieved in a vacuum furnace (Hefei Kejing materials technology Co., Ltd). The
annealing time was chosen as 1 h and annealing temperature was 200 °C and 400 °C, respectively.

2.2. Experimental measurement

2.2.1 Surface characterizations

The surface morphology of specimen was characterized by a SEM (JEOL JSM-7600) and the
composition of elements in the coating was detected by energy dispersive spectrometer (EDS, X-Max,
Oxford, England). The phase analysis of the coating after vacuum annealing process was conducted by
X-ray diffraction (D/Max 2550V).

2.2.2 Adhesive strength characterization

The adhesive strength between the aluminum coating and the AZ91D alloy substrate was
characterized according to ASTM D3359-1997 standard (cross-cut tape test) [42]. The adhesive
strength was measured by the grid area for removal of coating from the substrate and could be
categorized into 6 grades.

2.2.3 Corrosion resistance characterization

The corrosion resistance of the aluminum coating was characterized by AC impedance curve
and Tafel curve using an electrochemical workstation (CHI 660E). The as-prepared samples were
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immersed in 3.5 wt.% NaCl solution to simulate the corrosive environment. The alloy samples were
used as working electrode (WE), a saturated calomel electrode (SCE) as the reference electrode (RE)
and a Pt electrode as the counter electrode (CE). Firstly the alloy samples were immersed in 3.5 wt.%
NaCl solution for 400 s to stabilize the open circuit potential. The frequency in the AC impedance test
was between 0.01 and 100000 Hz, and the obtained open circuit potential was chosen as the initial
corrosion potential. In the Tafel test, the corrosion potential was chosen between —1.8 V and —-1.2 V,
and the scan rate was 1 mV s *. All tests were performed at room temperature (~25 °C).

3. RESULTS AND DISCUSSION
3.1. Influence of pretreatment on aluminum coating

3.1.1 Influence of pretreatment on morphology

Fig. 1(a)-(f) shows the SEM images of the mechanically polished sample, 0.1 mol L™ HCI
etched sample, 0.5 mol L™ H,SO, etched sample, 10 wt.% oxalic acid etched sample, 85 wt.% H3PO,
etched sample and 10 wt.% H3PO, etched sample before the deposition of Al, respectively. Special
attention should be paid to the morphology of oxalic acid and H3PO, etched samples. After etching
with oxalic acid, the grain boundary appears and the morphology shows a net-like shape. The
morphology of samples varies with the concentration of H3PO,. Etched with 85 wt.% H3PO4, a clean
and dense phosphate film was formed except for a small amount of holes generated by the corrosion,
however, a porous morphology was obtained when etched with 10 wt.% H3PO,.

Figure 1. SEM images of the (a) mechanically polished sample, (b) 0.1 mol L™* HCI etched sample,
(c) 0.5 mol L™ H,SO, etched sample, (d) 10 wt.% oxalic acid etched sample, (e) 85 wt.%
HsPO, etched sample, (f) 10 wt.% H3PO, etched sample before the deposition of Al



Int. J. Electrochem. Sci., Vol. 11, 2016 5659

Fig. 2(a)-(f) shows the SEM images of the mechanically polished sample, 0.1 mol L™ HCI
etched sample, 0.5 mol L™ H,SO, etched sample, 10 wt.% oxalic acid etched sample, 85 wt.% H3PO,
etched sample and 10 wt.% H3PO, etched sample after the deposition of Al, respectively. Compared
with Fig. 1(a)-(f), the morphology of the samples after deposition of Al typically involves the Al
particles covering on the surface of the substrates. Especially in Fig. 2(d)-(f), Al particles can be
clearly seen to fill the pores on the etched substrates. An increase of the ratio of the Al composition
(generally from 2% to 14% in molar ratio) reveals the fact that Al has been successfully deposited on
the substrates.

Figure 2. SEM images of the (a) mechanically polished sample, (b) 0.1 mol L™ HCI etched sample,
(c) 0.5 mol L™ H,SO, etched sample, (d) 10 wt.% oxalic acid etched sample, (€) 85 wt.%
HsPO, etched sample, (f) 10 wt.% H3PO,4 etched sample after the deposition of Al

3.1.2 Influence of pretreatment on adhesive strength and corrosion resistance

The adhesive strength between the coating and the substrate under different pretreatment
processes is listed in Table 1. Without annealing process, the adhesive strength was generally low
regardless of the pretreatment process. However, the samples etched with 10 wt.% oxalic acid and 10
wt.% H3PO,4 exhibit relatively high adhesive strength (grade 1B and 2B, respectively). This could be
attributed to the porous morphology shown in Fig. 1(d), (f) and Fig. 2(d), (f). The Al particles
deposited in the pores on the substrates could facilitate the serrated interfacial bonding between the Al
coating and substrate, thus effectively promoting the adhesive strength through a mechanical riveting
effect.
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Table 1. Adhesive strength of the Al coatings under different pretreatment processes

Pretreatment process Percentage of grid area removed Grade
mechanical polishing 82% 0B
etched with 0.1 mol L™* HCI 85% 0B
etched with 0.5 mol L™ H,SO4 80% 0B
etched with 10 wt.% oxalic acid 48% 1B
etched with 85 wt.% H3PO, 87% 0B
etched with 10 wt.% H3PO4 20% 2B

Fig. 3(a), (b) present the AC impedance curves and Tafel curves of different pretreated samples
after the vacuum deposition of Al. The diameter of the capacitive loop in Fig. 3(a) corresponds to the
charge transfer resistance. The corrosion rate of the electrode decreases as the diameter of the
capacitive loop increases [19]. According to Fig. 3(a), the 10 wt.% H3PO,4etched sample exhibits the
largest diameter which reveals the best corrosion resistance, and the 0.5 mol L ™! H,SO, etched sample
comes the second. Similar conclusion can be drawn from the Tafel curves in Fig. 3 (b). The Tafel
curves of 0.5 mol L™ H,SO, etched and 10 wt.% H3PO, etched samples have obvious passivation
region, indicating that corrosion process could be effectively prohibited.
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Figure 3. (a) AC impedance curves, (b) Tafel curves of different pretreated samples after the vacuum
deposition of Al

Table 2 lists the corresponding corrosion parameters (including corrosion potential, the current
density and polarization resistance) derived from the Tafel curves and Electrochemical Impedance
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Spectroscopy (EIS) by the electrochemical workstation. The results confirm the initial judgment from
observing the AC impedance curves and Tafel curves. The samples etched with H,SO,4 and H3PO,
exhibit better corrosion resistance. However, the best pretreatment process should be chosen as etching
with 10 wt.% H3PO,4 when taking the adhesive strength into account. Acid pickling as an effective
pretreatment to improve the corrosion resistance of the magnesium alloy has been investigated in
conversion and sol-gel coatings [43-45]. It was found that acid pickling already reduces the corrosion
of magnesium alloy significantly, conversion and sol-gel coatings based on acid pretreatment further
improve the corrosion resistance, which agrees well with our results in PVD coatings.

Table 2. Corrosion parameters derived from the Tafel curves

Pretreatment process Corro_sion COI‘I’OS_.iOI’] Currfzznt Plgéiréf:;?en
Potential/\VV density/A cm 0
mechanical polishing -1.488 3.54x107* 99.5
etched with 0.1 mol L™ HCI -1.553 1.55x10° 25.3
etched with 0.5 mol L™ H,SO,4 -1.588 6.59x10°° 1980.9
etched with 10 wt.% oxalic acid -1.564 1.41x10™ 171
etched with 85 wt.% H3PO, -1.555 7.22x10° 2568.2
etched with 10 wt.% H3PO, -1.604 1.88x10°° 1973.8

3.2. Influence of deposition time on aluminum coating

3.2.1 Influence of deposition time on morphology

Based on etching with 10 wt.% H3PO, as pretreatment, Fig. 4(a)-(c) shows the SEM images of
the samples after deposition for 3 min, 6 min and 9 min, respectively. As can be seen from Fig. 4(a),
after deposition for 3 min, the Al atoms deposited on the surface of the substrate gather and grow to
form discrete islands through nucleation. The typical morphology of alloy substrate etched by H3PO,
can still be observed which indicates the discrete islands haven’t grown into a dense film. After
deposition for 6 min, Fig. 4(b) shows no sign of the alloy substrate, and the discrete islands enlarge and
connect to each other, thus forming a percolating network. Fig. 4(c) shows the morphology after
deposition for 9 min, the holes on the substrate are covered by the newly deposited Al atoms and a
continuous and dense film is formed.

The growth of the aluminum coating on the magnesium alloy substrate follows the typical
Volmer—Weber growth mode in vapor deposition [46, 47]. The schematic illustration is shown in Fig.
5 [46]: in a typical Volmer—Weber mode, initially the film is formed and grown after the nucleation of
discrete islands which can be seen in Fig. 4(a); the existing islands become larger as the deposition
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continues, the new islands can also nucleate to form a continuous percolating network shown in Fig.
4(b); the growth of the film continues until the substrate is fully covered by the deposit shown in Fig.
4(c), followed by the additional film thickening.

Figure 5. The regimes of microstructural evolution during Volmer—Weber growth. Reprinted from
Ref. [46], with permission from Cambridge University Press

3.2.2 Influence of deposition time on adhesive strength and corrosion resistance

Table 3 lists the adhesive strength between the coating and the substrate under different
deposition time, the pretreatment process is chosen as etching with 10 wt.% H3PO, since it provides
the best adhesive strength of the coating from the previous study. It is obvious that the adhesive
strength between the coating and the substrate remains almost the same as the deposition time
increases. We can tell that the deposition time or the thickness of the film doesn’t necessarily affect the
adhesive strength of the coating.

Table 3. Adhesive strength of the Al coatings under different deposition time

Deposition time Percentage of grid area removed Grade
3 min 20% 2B
6 min 16% 2B

9 min 21% 2B
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Fig. 6(a) and (b) show the AC impedance curves and Tafel curves of the 10 wt.% H3PO, etched
samples after the vacuum deposition for different time. According to Fig. 6(a), the diameter of the
capacitive loop which reveals the corrosion resistance enlarges as the deposition time increases from 3
min to 9 min. The Tafel curves shown in Fig. 6(b) also prove the aforementioned conclusion. The
corrosive current density derived from Tafel curves decreases from 4.4x10° A cm ™ to 2.4x10° A cm™
2and finally to 2.6x10°° A cm? as the deposition time increases from 3 min to 6 min and at last to 9
min. The corresponding polarization resistance also increases from 440.6 Q to 1612.3 Q and finally to
3160.4 Q accordingly. The Tafel curves of samples deposited for 6 min and 9 min have obvious
passivation region, which means that the corrosive behavior could be effectively prohibited.
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Figure 6. (a) AC impedance curves, (b) Tafel curves of the 10 wt.% H3;PO, etched samples after the
vacuum deposition for different time

3.3. Influence of annealing process on aluminum coating

3.3.1 Influence of annealing process on morphology

In order to improve the adhesive strength between the aluminum coating and the substrate,
annealing process is introduced and its effect on morphology is also investigated. Based on etching
with 10 wt.% H3PO, as pretreatment, Fig. 7(a)-(c) shows the SEM images of the samples after
deposition for 9 min without annealing, with annealing at 200 °C for 1 h and with annealing at 400 °C
for 1 h, respectively. Compared with the sample without annealing in Fig. 7(a), samples with annealing
in Fig. 7(b)-(c) are obviously featured with different morphologies. In Fig. 7(b), a continuous
percolating network is formed with annealing at 200 °C for 1 h. As the annealing temperature increases
to 400 °C, the morphology in Fig. 7(c) is comprised of well-distributed aluminum particles and the
alloy substrate etched by 10 wt.% H3PO, disappears compared with Fig. 7(b), which can be ascribed to
the diffusion of Al on the magnesium alloy substrate.
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Figure 7. SEM images of the samples after deposition for 9 min (a) without annealing, (b) with
annealing at 200 °C for 1 h, (c) with annealing at 400 °C for 1 h

(a) 40000
30000

20000

Intensity

10000

30 35 40 45 50 55 60 65 70 75 80 85 90

" (b) 40000
4 m Al
- ¢ MeAl, 30000
2
- I £ 20000
3
_ \ £
L IJ | H ‘ .| 10000
| 0| f
“»w UL

20/°

() 40000
35000

30000
25000

20000

Intensity

15000

10000

5000

I

J

| | !

T
k‘~”\§,)‘ o | . KJJLJ k14

I

* Mg
m Al
* hdg]g&hz

20/°

“M:U‘

|

th_)]ul ?\U

|

‘uuﬁw

s Mg
m Al
* MgwAlLl

20/°

0
30 35 40 45 50 55 60 65 70 75 80 85 90

0
30 35 40 45 50 55 60 65 70 75 80 85 90

Figure 8. XRD results of the 10 wt.% H3PO,4etched samples (a) without annealing, (b) with annealing
at 200 °C for 1 h, (c) with annealing at 400 °C for 1 h

Fig. 8(a)-(c) show the XRD results of the 10 wt.% H3;PO, etched samples without annealing,
with annealing at 200 °C for 1 h and with annealing at 400 °C for 1 h, respectively. The signal of Mg
in Fig. 8(a)-(c) is high because the thickness of the aluminum coating is small. As can be seen from
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Fig. 8(a)-(c), the 20 signals located at 38.5°, 44.7°, 65.8°, 78.3° and 82° correspond to the (111), (200),
(220), (311) and (222) crystal planes in the FCC Al, respectively (JCPDS No. 00-004-0787). The peak
of the signals in Fig. 8(b)-(c) is shaper than that in Fig. 8 (a), which indicates that the crystallinity of Al
is better compared with the sample without annealing and this is also in accordance with the
morphology shown in SEM images. The samples with annealing in Fig. 8(b)-(c) show higher signals
and more crystallographic orientations of Mg;;Al 2 compared with the unannealed sample in Fig. 8 (a),
which can be ascribed to the enhanced diffusion of Al to the magnesium alloy substrate and the
formation of more Mg;7Al;, phase. However, Mg,Al; phase cannot be observed. The results agree well
with the conclusion from Wu et al. and Huo et al. who claimed that Al film reacted completely with
the AZ91D magnesium alloy substrate to form Mgi7Al;, phase after heat treatment in a high vacuum
and no Mg,Al; phase was observed [34, 48].

3.3.2 Influence of annealing process on adhesive strength and corrosion resistance

The effect of the annealing process on the adhesive strength between the coating and the
substrate is shown in Table 4, the pretreatment process is chosen as etching with 10 wt.% H3PO,. It’s
obvious that the adhesive strength improves with the annealing treatment as well as the annealing
temperature. The sample annealed at 400 °C for 1 h shows the best adhesive strength.

Table 4. Adhesive strength of the Al coatings under different annealing processes

Treatment Percentage of grid area removed Grade

unannealed 21% 2B
annealing at 200 °C for 1 h 13% 3B
annealing at 400 °C for 1 h 5% 4B

Fig. 9(a), (b) show the AC impedance curves and Tafel curves of the 10 wt.% H3PO, etched
samples without annealing, with annealing at 200 °C for 1 h and with annealing at 400 °C for 1 h,
respectively. We can tell from Fig. 9(a), (b) that annealing process doesn’t necessarily improve the
corrosion resistance of the coating. As can be seen from the AC impedance curves in Fig. 9(a), the
smallest diameter of the capacitive loop corresponds to the sample after annealing at 400 °C for 1 h
which represents the worst corrosion resistance. The corrosion current density of the samples derived
from the Tafel curves in Fig. 9(b) increases from 4.4x10° A cm 2 to 7.2x10°> A cm 2 and finally to
1.7x10"* A cm? without annealing, with annealing at 200 °C for 1 h and with annealing at 400 °C for
1 h, respectively. The corresponding polarization resistance also decreases from 440.6 Q to 291.8 Q
and finally to 157.8 Q accordingly. Li et al. [38] also found out that the annealing treatment lowered
the magnesium alloy’s corrosion resistance. The typical microstructure of AZ91D magnesium alloy
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contains a matrix of o-Mg grains and a divorced eutectic composed of secondary a-Mg and the
Mg;-Al;, phase [49]. The fact that the corrosion resistance of the samples decreases with the annealing
process can be ascribed to the following [49]: The corrosive performance of the AZ91D alloy is
determined by the composition, grain size, amount and distribution of Mg;7Al;, phase. The Mg7Al;,
phase can act either as a barrier to corrosion or as a galvanic cathode depending on the microstructure.
When the fraction of Mgi7Al;, phase is relatively high and Mgi7Al;, phase is distributed continuously,
the Mgi7Al1, phase is expected to act as a barrier to corrosion, just as Huo et al. claimed that the
corrosion resistance of the AZ91D magnesium alloy increased after annealing owing to a large amount
of continuously distributed Mg;7Al;, phase [48]. However, accelerated corrosion due to microgalvanic
corrosion is expected when the fraction of Mg;;Al;, phase is smaller and sparsely distributed. Whether
annealing or not, the amount of Mg;7Al:, phase is rather scarce, which acts as a galvanic cathode, thus
accelerating the overall corrosion of the o matrix, so the corrosion resistance decreases with more
Mg, 7Al1, phase generated by the annealing process.
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Figure 9. (a) AC impedance curves, (b) Tafel curves of the 10 wt.% H3PO, etched samples without
annealing, with annealing at 200 °C for 1 h and with annealing at 400 °C for 1 h

4. CONCLUSIONS

In summary, vacuum evaporation deposition was used to successfully prepare an aluminum
coating on AZ91D magnesium alloy in an attempt to enhance the corrosion resistance of magnesium
alloys. The effect of pretreatment of the substrate, deposition time and annealing treatment on the
surface morphology, corrosion resistance and adhesive strength of the coating were systemically
investigated. The results indicate that the best corrosion resistance after deposition of aluminum is
obtained for the sample pretreated by H3PO, etching. The corrosion resistance is increased
significantly after deposition and the corresponding aluminum coating shows the highest adhesive
strength. As the deposition time increases from 3 min to 6 min and finally to 9 min, a continuous and
dense aluminum coating gradually forms on the surface of the magnesium alloy substrate following the
typical island growth (Volmer-Weber) mode. The increase of deposition time enhances the corrosion
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resistance of magnesium alloy but has no effect on the adhesive strength between the coating and the
substrate. With the increase of the annealing temperature, the coating of the sample becomes more
uniform with better crystallinity of aluminum compared with unannealed sample. The adhesive
strength increases, whereas the corrosion resistance declines.
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