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Abstract: There is an increased interest in the development of lightweight materials with corrosion-resistant coatings in industries 

such as aerospace, automobile, ship, and electronics. In this study, a Zn thin film is fabricated on a magnesium alloy (AZ91D) sub-

strate by thermo-electron activated ion plating, which is a modified physical vapor deposition (PVD) method that is environmentally 

friendly and capable of controlling nano-phase particles. The effect of gas pressure and substrate bias voltage on the morphology and 

crystal orientation of the Zn thin film was analyzed by X-ray diffraction and field emission scanning electron microscopy (SEM). 

Additionally, the corrosion behavior of the Zn thin film was evaluated by an electrochemical anodic polarization test using a deaerat-

ed 3% NaCl solution. All the deposited Zn films showed good corrosion resistance as compared to the bare substrate of AZ91D. It 

was observed that the morphology of the Zn film was changed from column structure to granular structure by gas pressure. The mor-

phology of the films was affected not only by Ar gas pressure but also by the substrate bias voltage. The effect of increasing bias 

voltage was similar to reducing gas pressure. Finally, the corrosion resistance of AZ91D was greatly improved by the Zn thin film 

obtained by optimizing the crystal orientation and the morphology through the plasma ion plating technique. 
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1. Introduction
Globally effort is being made to use new and existing energy 

resources more economically and efficiently. Magnesium is the 

lightest metal used in the aerospace, automobile, ship, and elec-

tronics industries, and is actively researched for other novel 

applications [1]-[5]. However, the applicability of magnesium is 

limited due to its vulnerability to environmental corrosion. Sur-

face coating is the most effective way to protect magnesium and 

its alloys from corrosive environments or to slow down the rate 

of corrosion [6]-[12]. In particular, Zn metal is attracting atten-

tion as a coating material for imparting corrosion resistance and 

improved mechanical properties to magnesium and its alloys 

[10]-[12]. Many studies have been conducted to improve the 

corrosion resistance of magnesium using wet plating methods 

such as chromating and anodizing. However, the coatings pro-

duced by these methods are uneven, sparse, and not durable 

enough because of their high defect densities and processing 

conditions. Moreover, the wet coating process leads to envi-

ronmental pollution.  

In this study, the fabrication of a Zn thin film is attempted by 

the PVD thermo-electro activated ion plating method, which is 

a non-polluting plasma membrane processes, to impart corro-

sion resistance to AZ91D (magnesium alloy). The effect of 

varying the fabrication conditions such as Ar gas pressure and 

bias voltage on the morphology and the crystal orientation of 

the Zn thin film was analyzed from the perspective of Zn diffu-

sion due to the thermal energy. The basic guidelines for con-

ducting the process of Zn coating are presented by examining 

the effects of the morphology and crystal orientation of the Zn 

film prepared under these conditions on electrochemical corro-

sion resistance. 

2. Experimental method
Zn thin films were prepared using two types of PVD, called 

the vacuum deposition and thermo-electro activated ion plating 

methods. The vacuum deposition method involves evaporation 

of the raw materials in a vacuum furnace (10-3 to 10-4 Pa) by 

resistance heating and deposition on a substrate to produce a 

thin film. On the other hand, the ion plating method is an im-

proved version of vacuum deposition where the method of 
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evaporation is the same but the kinetic energy of the evaporated 

Zn is increased by ionizing the evaporated particles to increase 

adhesion to the substrate and improve the thin film quality. 

 

 
Figure 1: Photograph of thermo-electron activated ion plating 

apparatus 
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Figure 2: Schematic of the thermo-electron activated ion plat-

ing apparatus 

 

Figure 1 and Figure 2 show a photograph and schematic of 

the thermo-electro activated ion plating device used in this ex-

periment, respectively. The device is composed of a vacuum 

source, an evaporation source, an ionization source, and a sub-

strate holder. Zn with a purity of 99.99% was used as the evapo-

ration metal to fabricate the Zn thin film, and magnesium alloy 

AZ91D was used as the substrate. An ionization filament made 

of tantalum wire (0.8 mm in diameter) was used to enhance the 

ionization efficiency. The ionization filament was placed at 4 

cm above the evaporator and a negative bias voltage of 150 V 

with respect to the evaporator and a current of 20 A was sup-

plied to the ionization filament. The source to substrate distance 

was 13 cm. The Zn thin film was initially fabricated under a 

vacuum of about 5 × 10-6 Torr, additional samples were pre-

pared by changing the Ar gas pressure and bias voltage condi-

tions. Ar ion-bombardment cleaning was performed before eve-

ry deposition.  

Scanning electron microscopy (SEM, JEOL JSM-5410) was 

used to observe the surface and cross-sectional morphology of 

the Zn thin film. The cross-section of the Zn thin film was cre-

ated by immersing the substrate in liquid nitrogen for about 5 

minutes followed by a brittle fracture. The surface and cross-

section specimens were sputter-coated with gold to improve the 

conductivity of the specimen for effective imaging under SEM. 

The morphology images were captured at an acceleration volt-

age of 20 kV and different magnifications. In addition, an X-ray 

diffractometer (XRD, Rigaku Co. D/Max-2000) was used to 

analyze the crystal orientation of the Zn thin film. The X-ray 

source for diffraction was Cu Kα, and the voltage and current 

settings of the X-ray tube were 30 kV and 50 mA, respectively. 

In addition, Kβ was used as a filter with the scanning speed and 

the range of 2Ɵ was 0.05 sec/step and 15° to 75°, respectively. 

The corrosion resistance for the Zn thin films was evaluated by 

measuring electrochemical anodic polarization in a de-aerated 

3% NaCl solution. The CMS 100 corrosion test system from 

Gamry (USA) was used as a potentiostat to perform the polari-

zation measurements. The voltage measurement was referenced 

against the silver/silver chloride electrode with a scanning speed 

of 2 mV/sec. A voltage range of 0 to 2 V was used based on the 

open circuit potential. The surface area of the specimen exposed 

to the solution was kept at 1.0 × 1.0 cm2 and the remaining 

specimen was insulated with epoxy resin. 

 
3. Results and Discussion 

3.1 Crystal orientation and morphology of Zn thin film 
The physical and chemical properties of the evaporated metal films 

depend on the crystal orientation and morphology of the films, which 

is influenced by the deposition conditions [13]-[20]. Therefore, it is 

important to capture the changes in crystal orientation and morpholo-

gy of the film due to changes in deposition conditions to improve the 

corrosion resistance of Zn thin films. To investigate the effect of crys-

tal orientation due to changes in the vacuum level, the Zn thin film 

prepared by changing only the Ar gas pressure at each bias voltage 

was analyzed by XRD. The relative intensities of the X-ray diffrac-

tion peaks are shown in Figure 3.  
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Figure 3: X-ray diffraction patterns of Zn films deposited at 

various bias voltages 

At a vacuum of 5×10-4 Torr, a small amount of residual Ar gas 

is present. Whereas, at 5×10-2 Torr gases like oxygen, nitrogen, 

and water are also present along with Ar in the vacuum cham-

ber. These gases adsorb strongly on the (002) face which has a 

high surface energy, therefore the crystal growth caused by the 

deposition of particles can be hindered, and thus the growth rate 

would be slower than that of the (101) face having relatively 

low surface energy.  

As a result, the area occupancy of a surface having high sur-

face energy would become high. Figure 3 shows that when the 

Ar gas pressure was 5×10-1 Torr, the strength of the (002) face 

increased significantly compared to the (101) face, as compared 

to that at 5×10-4 Torr and 5×10-2 Torr. This could be the result of 

preferential adsorption of the residual gas on (002) face, which 

has high surface energy. In other words, the adsorption of resid-

ual Ar gas on the crystal nucleus would lead to the formation of 

multiple nuclei rather than continuous growth. As a result, the 

morphology of the film is expected to be particulate in nature. 

Figure 4: SEM photographs of Zn films deposited at different Ar gas 

pressures 

Next, the effect of bias voltage on crystal structure is ana-

lyzed. As shown in Figure 3, the ratio of the intensity of (002) 

face to that of (101) face increases when the bias voltage is 

decreased from 0 V to -200 V. However, when the pressure 

increases to 5×10−1 Torr, the effect of adsorption of Ar gas on 

the film deposition dominates in comparison to the bias voltage. 

This could be due to the increased availability of Ar gas for 

adsorption from all sides. In particular, the high affinity of Ar 

gas towards (002) face leads to a surface dominated by (002) 

orientation. Figure 4 shows SEM images of the morphology of 

the top surface and cross-section of Zn thin films prepared by 

increasing the Ar gas pressure while keeping the bias voltage 
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constant. When the bias voltage is 0 V, as the Ar gas pressure 

increases some defects are observed in the crystal grains and the 

size of the grains on the top surface and the cross-section be-

come small. Also, a decrease in the Zn film thickness is ob-

served as the gas pressure increases. When the bias voltage is 

reduced to -200 V, the size of the crystal grains on the top sur-

face becomes fine while that on the cross-section becomes 

small and dense. A similar trend in the morphology is observed 

when the bias voltage is further reduced to -400 V.  

Now we analyze the results of morphology in relation to the 

X-ray diffraction results shown in Figure 3 to examine the pro-

cess of thin-film formation. When the Ar gas pressure is high 

(in the case of low vacuum - 5×10-1 Torr), Volmer-Weber 

growth occurs in a direction perpendicular to the substrate, such 

as the (101) face, where the surface energy is relatively lower 

than the (002) face. Also, the growth is suppressed on (002) 

face due to the residual gas in the vacuum container. When the 

bias voltage is increased in the negative direction, the atom 

transfer effect, heating effect, and the sputtering effect increases 

causing the adsorbent atom to desorb from the growth surface 

on the substrate. Here, an increase in the atomic mobility facili-

tates surface diffusion. Therefore, as the bias voltage is in-

creased in the negative direction, the Zn atoms diffuse to the 

film formation surface, so the crystal grains on the surface be-

come large and the width of the columnar structure becomes 

thick. As the bias voltage is increased, the sputtering effect, the 

moving effect, and the heating effect are also increased by the 

ionized and activated Ar gas, which leads to a thick columnar 

cross-section. In the case of the Ar gas pressure of 5×10-1 Torr, 

the surface free energy of Zn particles is reduced due to the 

presence of Ar gas and columnar crystal growth is suppressed. 

Thus, as the nuclear growth is suppressed the crystal grains on 

the surface are small and the cross-section has a granular crystal 

structure.  

3.2 electrochemical corrosion resistance of Zn thin film 
Figure 5 shows the results of the electrochemical anodic polar-

ization measurement of Zn thin films in a deaerated 3% NaCl 

solution. In the case of the bias voltage of 0 V, the Zn thin film 

specimen prepared under Ar gas pressure of 5×10-1 Torr showed 

better corrosion resistance than the 99.99% Zn-ingot and AZ91D.  

Additionally, as the gas pressure increased the corrosion re-

sistance of the Zn thin film improved on account of low pas-

sivation current density. When the bias voltage was -200 V, the 

Zn thin film prepared under all gas pressure conditions showed 

better corrosion resistance than both the 99.99% Zn-ingot and 

AZ91D sample.  

Figure 5: Anodic polarization curves of Zn films deposited at vari-

ous bias voltages measured in deaerated 3% NaCl solution 

In addition, the corrosion resistance improved as the gas 

pressure increased, similar to the case where the bias voltage is 
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0 V. The best corrosion resistance was observed when the bias 

voltage is -200 V and the Ar gas pressure was 5×10-1 Torr. Even 

under the bias voltage of -400 V, the Zn thin film showed good 

corrosion resistance as compared to the 99.99% Zn-ingot and 

AZ91D sample. 

The corrosion behavior of the Zn thin film is analyzed in re-

lation to the morphology and crystal orientation of the top sur-

face and cross-section. As observed in the SEM images, the size 

of the grains of the top surface of the Zn film as well as the 

cross-section decreased as the Ar gas pressure increased. The 

fact that the grain size of the top surface is small means that the 

area occupied by the grain boundary on the top surface is large. 

It is well-known that the grain boundary acts as an anode be-

cause it is regarded as a kind of defect. In the case of a Zn film 

having a relatively large area occupied by the grain boundary, 

the grain boundary acts as an active anode in the environment. 

This is similar to the formation of an oxide film on the surface 

of the aluminum. Moreover, when the grain boundary is small 

and the area occupied by the grain boundary is large, a dense 

passivation oxide film forms relatively quickly. When the pas-

sivation film is formed on the grain boundary as described 

above, the film on the orientation face having a higher surface 

energy than that of the (101) face and the (002) face acts as a 

grain boundary to promote the formation of the passivation 

film. This is an active form because the face having lower sur-

face energy is chemically unstable. In other words, the Zn thin 

film with a small crystal grain on the surface and oriented to-

ward the (002) face is excellent for corrosion resistance because 

it makes a dense passivation film in a deaerated 3% NaCl solu-

tion. In addition, when pitting corrosion occurs, the granular 

structure with fewer defects than the columnar structure is ex-

pected to have a small dissolution rate. This is because the area 

of the granular structure exposed to the solution is smaller than 

the columnar structure morphology. 

4. Conclusion
As the gas pressure increased, the crystals of the Zn thin film 

were first oriented, showing a relatively high X-ray diffraction 

peak on the face with a high surface energy compared to the 

plane with a low surface energy. This is presumably caused by 

the relative increase in the area occupied on the plane with inhi-

bition of the growth of crystal nuclei. This is because the gas 

with the higher surface energy was adsorbed earlier than the 

plane with a high surface energy with increasing gas pressure. 

The Zn thin film prepared in this study showed better corrosion 

resistance than the 99.99% Zn-ingot. In addition, the more the 

crystal grains changed to a small-grained crystal structure, the 

lower was the passive current and the more positive was the 

direction of the pitting corrosion potential. As the Ar gas pres-

sure increased, the crystal grains decreased in size, and the cross 

section changed from a columnar structure to granular structure. 

The crystal orientation and morphology control of this study 

were successfully demonstrated to increase the corrosion re-

sistance of a Zn thin film. 
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