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Abstract – In this paper, the steps in the production process of forming hybrid composite coatings on surface of the ZA-27 alloy 

known as a sliding bearing material, and analysis of surface morphology of the coated samples were investigated. The process 

includes forming an electrolytic solution with solid lubricant particles content in a stainless steel tank and coating procedures 

that called micro arc oxidation (MAO). The substrate materials used in this study are commercial ZA-27 alloy that produced by 

using die-casting method. Two different electrolytic solutions were used for the surface coating process. Electrolytic solutions 

include solid lubricant particles (graphite and hexagonal boron nitride (h-BN)). The results showed that both graphite/Al2O3 and 

h-BN/Al2O3 hybrid composite coating were successfully grown on surface of the ZA-27 alloy. The structural and chemical 

compositions of the both coated samples were analyzed using scanning electron microscopy (SEM), energy-dispersive X-ray 

spectrometry (EDS) and X-ray diffraction (XRD). In the meantime, coating thickness were also determined. 
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I. INTRODUCTION 

Zinc aluminum alloys (ZA alloys) exhibit unique of 

combination of properties such as high strength and hardness, 

high resistance to wear and corrosion, good cast ability and 

machinability, together with low production costs [1]–[6]. Due 

to these versatile properties, ZA alloys have increasingly 

became popular materials for engineering components (such 

as thrust washers, wear-plates, journal bearings, bushings, and 

so on) in machinery and automotive industry [7]–[14].  

Commercially available ZA alloys are classified as ZA-8, 

ZA-12 and ZA-27 alloys according to their approximately 

aluminum content in the alloys [15]. Among these alloys, ZA-

27 is the lightest alloy and offers better bearing performance 

and wear resistance properties [16]. However one of its major 

limitations has been property deterioration at temperatures 

above 100 °C. This is seriously limited its applications in 

industry [17], [18].    

Numerous attempts have been made to reduce elevated 

temperature sensitivity of the ZA-27 alloy [19]–[24]. 

Difficulties and long processing period in used current 

techniques have led us tend to simpler and cheaper production 

techniques like surface treatment. One of them is called micro 

arc oxidation method (MAO). This coating technique is a low-

costed and effective technique that modifies and enhances the 

surface properties of materials for increase service life in 

demanding contact condition or various environment such as 

at high-temperature applications [25]. This method has been 

extensively applied on light materials such as aluminum, 

titanium, magnesium and their alloys. But, investigations of 

the application of MAO on ZA alloys are still restricted with 

rare exceptions. 

In this study, hybrid composite coatings, including solid 

lubricant particles, were grown on surface of the ZA-27 alloy 

using MAO method. The microstructure and composition 

analyses of the coatings were performed with scanning 

electron microscopy (SEM), energy-dispersive X-ray 

spectrometry (EDS), and X-ray diffraction (XRD).  

II. MATERIALS AND METHOD 

Die-cast ZA-27 alloy were used as the substrate materials 

that produced by a company. The chemical composition of the 

alloy, taken from producer company catalog, (in wt. %) was 

25.5-28 % Al, 2-2.5 % Cu, 0.012-0.02% Mg, ≤0.07% other 

elements, Zn balance. Prior to MAO process, the samples with 

a dimension of 30 mm diameter and thickness of 2.5 mm were 

successively polished with SiC abrasive papers up to 1200 

grits (Ra≈0.1).  Then, samples were cleaned with acetone, 

ethanol, and pure water and dried, respectively. 

The MAO process of ZA-27 alloy were carried out in the 

coating system produced by Faraday Electronic, Ltd. Two 

different electrolytes were prepared in this study. (a) Na2HPO4 

(8 g/lt), Na2SiO3 (6g/Lt), KOH (2g/lt) and graphite (≈800-

900nm size (6 gr/lt)), (b) Na2HPO4 (8 g/lt), Na2SiO3 (6g/Lt), 

KOH (2g/lt) and h-BN (≈20-30µm size (6 g/lt)).  

An AC power source, in the bipolar mode operating at 

450/−100 V, was used to perform the process at a constant 

frequency of 250 Hz. The MAO process was run for 15 min. 

In both experiments, the ZA-27 samples were used as the 

anode and the stainless steel tank walls were used as the 

cathode. The electrolyte temperature was controlled at low 

than 30 °C. After the MAO process, the samples were washed 

with pure water, then cleaned with ethanol, and subsequently 

dried. 

Scanning electron microscopy (SEM) was used to observe 

the surface morphology and coating thickness. X-ray 

diffraction (XRD) was performed using with a Cu-Kα 
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radiation source. The measurements were conducted over a 

scan range between 20° and 80° at a scan speed of 2°/min.    

III. RESULTS AND DISCUSSION 

Two MAO coatings were formed on ZA-27 substrates in 

different electrolytic solutions at a constant current density of 

1 A/dm2 after micro arc oxidation treated for 15 min. 

During the coating processes of all samples the applied 

voltage was slowly increased, within 20s, up to the 450/-100 

V and then kept constant for 160 s. Within the initial instants, 

increase of the voltage led to a severe linear increase in the 

current and then by reaching to breakdown (spark) voltage of 

the samples a little increase in the current was seen. When the 

applied voltage reached 450/-100 V and was fixed, the current 

decreased sharply during 20-50s and finally reached to a 

constant amount. From 400 s, micro arc oxidation occurred 

with numerous sparks on each sample surface [26], [27]. 

The arc starting time and arc starting voltage during the 

MAO process is different in different electrolytes. The 

addition of graphite or h-BN into the base electrolyte 

(Na2HPO4, Na2SiO3 and KOH mixed) caused the variations of 

arc starting time and arc starting voltage. Compared with each 

other, the arc starting time changed obviously long and the arc 

starting voltage increased in the electrolyte with h-BN 

additives (electrolyte-(b)). However, the arc starting time 

largely decreased and the arc starting voltage slightly 

decreased in graphite additives (electrolyte-(a)), indicating 

that the hybrid composite coating film could be quickly formed 

in this composite electrolyte. Figure 1 shows the surface SEM 

microstructure of the coatings formed in electrolyte-(a) and 

(b). Most of the surface area of the MAO coating formed in 

both electrolyte were covered by volcano-like micro- 

structures as shown in Figure 1 (a) and (c).   Figure 1 (b) and 

(d) show the agglomeration of particles on the surfaces 

(randomly selected) of both coatings. 

Fig. 1 Surface SEM microstructure of the coatings formed in electrolyte with a, b) graphite additives (electrolyte-(a)) and c, d) h-BN additives (electrolyte-(b))

The surface morphology of the coatings had significant 

changes compare to each other. The pores on the coatings 

formed in electrolyte-(a) became smaller as shown in Figure 1 

(a), exhibiting a relatively uniform. So it could be seen that the 

additional particles were denser and smaller in the sample 

prepared with electrolyte-(a). There is significantly limited 

literature on this subject. However, the results are in parallel 

with the literature [28]. With the addition of particle, the 

volcano-like microstructure was full of them. Because of the 

rapid solidification of the molten oxide formed micro cracks 

and additional particles on and around the discharge channels 

[29]. It is clearly seen at the Figure 1. The particle size of the 

graphite was smaller than h-BN. So the surface that coated in 

electrolyte-(a) is more uniform than the other (Figure 1). 

The discharge of the electrolytes added with h-BN had 

higher discharge voltage than that of the electrolyte with 

graphite additives. This result may be attributed to the fact that 

the added h-BN changed the electrical conductivity of the 

electrolyte. In this study, the presence of graphite particles 

increased the electrical conductivity of the electrolyte and then 
accelerated the production of a gas medium layer on the 
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sample surfaces [30]. Because of this phenomenon the coating 

thickness was increased (Figure 2).  

Fig. 2 Cross section of the MAO hybrid composite coating layers a) 

graphite/Al2O3 and b) h-BN/Al2O3  

As a result, a hybrid composite coating with a maximum 

thickness of 25 μm was obtained in the electrolyte-(a) which 

contained graphite additives. And also it could be seen that the 

thickness of samples that coated in electrolyte-(b) was 15μm. 

The XRD results of the coated and uncoated samples were 

shown at Figure 3. The figure shows that all the hybrid 

composite coatings were mainly composed of Al2O3 and 

ZnAl2O4. Other researchers also obtained the same conclusion 

[31].  No diffraction peaks of graphite were observed in the 

XRD patterns [29], [30]. But the variation of uncoated ZA-27 

peak intensity in both coated samples might be caused by the 

different orientations of ZA-27 substrate. When graphite 

particles were added to the electrolyte solution, some phases 

were observed such as η-Al2O3, Al4C3, Al2OC and Al4O4C 

phases, Figure 3 [29]. XRD results also support the h-BN 

particles peaks. When peaks were compared with literature, 

the presence of h-BN peaks was determined [32].  

The elemental compositions of the coatings are detected by 

EDS and are listed and shown at Figure 4. The coatings formed 

in the two different electrolytes were mainly composed of Na, 

K O and Si. Na, K, Si and O were from the electrolyte, while 

the Al and Zn were believed to be from the ZA-27 substrate. 

The MAO coating formed in the electrolyte with graphite 

additives contained in electrolyte-(a). It should be noted that, 

adding graphite and h-BN into the base solution, the Al and Zn 

concentration in coatings obviously decreased and the C, B 

and N concentration in coatings strongly increased compared 

with the uncoated ZA-27 substrate. The high temperature and 

high pressure conditions caused by micro arc discharges led to 

h-BN and C doping into the ceramic coatings.  

 

 

Fig. 3 XRD patterns of substrate, MAO coatings formed in electrolyte with 

graphite additives (electrolyte-(a)), and h-BN additives (electrolyte-(b)) 

Fig. 4 EDS analyses of MAO coatings formed in electrolyte with a) graphite 

additives (electrolyte-(a)), and b) h-BN additives (electrolyte-(b)) 

IV. CONCLUSION 

In the present study, hybrid composite coatings containing 

graphite and h-BN particles were coated on ZA-27 alloy by 

MAO process in two different electrolytes and the results can 

be summarized as follows: 

 The arc starting time changed obviously long and the arc 

starting voltage increased in the electrolyte with h-BN 

additives (electrolyte-(b)). 

 The arc starting time largely decreased and the arc starting 

voltage slightly decreased in graphite additives 

(electrolyte-(a)), indicating that the hybrid composite 

coating film could be quickly formed in this composite 

electrolyte. 

 Electrolyte composition significantly influenced thickness, 

roughness and chemical composition of coatings.  
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 The presence of graphite particles increased the electrical 

conductivity of the electrolyte. 

 The high temperature and high pressure conditions caused 

by micro arc discharges led to h-BN and C doping into the 

ceramic coatings. 

ACKNOWLEDGMENT 

The authors would like to acknowledge to Erzincan and 

Gümüşhane University for their experimental support. 

REFERENCES 

[1] D. Apelian, M. Paliwal, and D. C. Herrschaft, “Casting with zinc 
alloys,” JOM J. Miner. Met. Mater. Soc., vol. 33, no. 11, pp. 12-20, 

1981. 

[2] M. Babić and R. Ninković, “Zn-Al alloys as tribomaterials,” Tribol. 
Ind., vol. 26, no. 1–2, pp. 3-7, 2004. 

[3] M. Babić, S. Mitrović, and R. Ninković, “Tribological potencial of 

zinc-aluminium alloys improvement,” Tribol. Ind., vol. 31, no. 1–2, 
pp. 15–28, 2009. 

[4] M. B. Ã, S. Mitrovic, and B. Jeremic, “The influence of heat 

treatment on the sliding wear behavior of a ZA-27 alloy,” Tribiology 
Int., vol. 43, no. 1–2, pp. 16-21, 2010. 

[5] B. Bobić, J. Bajat, Z. Aćimovic-Pavlović, I. Bobić, and B. Jegdić, 

“Corrosion behaviour of thixoformed and heat-treated ZA27 alloys 
in NaCl solution,” Trans. Nonferrous Met. Soc. China (English Ed., 

vol. 23, no. 4, pp. 931-941, 2013. 

[6] S. S. Owoeye, D. O. Folorunso, B. Oji, and S. G. Borisade, “Zinc-
aluminum (ZA-27)-based metal matrix composites: a review article 

of synthesis, reinforcement, microstructural, mechanical, and 

corrosion characteristics,” Int. J. Adv. Manuf. Technol., vol. 100, no. 
1-4, pp. 373-380, 2019. 

[7] L. T. Feng and D. T. Camp, “Superplastic zinc-aluminum alloys in 

automotive applications,” SAE Tech. Pap. Ser., vol. 1, no. 1, pp. 
535-551, 1970. 

[8] T. Calayag and D. Ferres, “High-performance, high-aluminum zinc 
alloys for low-speed bearings and bushings,” SAE Int., vol. 91, no. 

2, pp. 2241-2251, 1982. 

[9] T. Savaskan and S. Murphy, “Comparative wear behaviour of Zn-
Al-based alloys in an automotive engine application,” Wear, vol. 98, 

pp. 151-161, 1984. 

[10] T. J. Risdon, R. J. Barnhurst, and W. M. Mihaichuk, “Comparative 
wear rate evaluation of zinc aluminum (ZA) and bronze alloys 

through block on ring testing and field applications,” SAE Tech. 

Pap. Ser., vol. 95, no. 1, pp. 400-405, 1986. 
[11] B. K. Prasad, A. K. Patwardhan, and A. H. Yegneswaran, “Dry 

sliding wear characteristics of some zinc-aluminium alloys: A 

comparative study with a conventional bearing bronze at a slow 
speed,” Wear, vol. 199, no. 1, pp. 142-151, 1996. 

[12] B. K. Prasad, A. H. Yegneswaran, and A. K. Patwardhan, 

“Microstructure and property characterization of a modified zinc-
base alloy and comparison with bearing alloys,” J. Mater. Eng. 

Perform., vol. 7, no. 1, pp. 130-135, 1998. 

[13] P. Gencağa, T. Savaşkan, T. Küçükömeroğlu, and S. Murphy, “Dry 
sliding friction and wear properties of zinc-based alloys,” Wear, vol. 

252, pp. 894-901, 2002. 

[14] H. Çuvalci and H. S. Çelik, “Investigation of the abrasive wear 
behaviour of ZA-27 alloy and CuSn10 bronze,” J. Mater. Sci., vol. 

46, no. 14, pp. 4850–4857, 2011. 

[15] R. J. Barnhurst, “Designing zinc alloy bearings,” J. Mater. Eng., vol. 
12, no. 4, pp. 279-285, 1990. 

[16] E. Gervais, R. J. Barnhurst, and C. A. Loong, “An analysis of 

selected properties of ZA alloys,” Applied Tech., vol. 37, no. 11, pp. 
43-47, 1985. 

[17] H. Lehuy and G. Lesparance, “Ageing characteristics of dendritic 

and non-dentritic (stir-cast) Zn-Al alloy (ZA-27),” J. Mater. Sci., 
vol. 26, pp. 559-568, 1991. 

[18] B. K. Prasad, “Abrasive wear characteristics of a zinc-based alloy 

and zinc-alloy/SiC composite,” Wear, vol. 252, no. 3–4, pp. 250–
263, 2002. 

[19] P. Choudhury, S. Das, and B. K. Datta, “Effect of Ni on the wear 

behavior of a zinc-aluminum alloy,” J. Mater. Sci., vol. 37, pp. 

2103-2107, 2002. 

[20] T. J. Chen, Y. Hao, and J. Sun, “Microstructural evolution of 

predeformed SiCp/ZA27 composites during partial remelting,” 
Metall. Mater. Trans. A Phys. Metall. Mater. Sci., vol. 35 A, no. 7, 

pp. 2073-2085, 2004. 

[21] M. Babic, S. Mitrović, and F. Zivic, “Effects of Al2O3 particle 

reinforcement on the lubricated sliding wear behavior of ZA-27 
alloy composites,” J. Mater. Sci., vol. 46, no. 21, pp. 6964-6974, 

2011. 

[22] M. T. A. El-khair, A. Lotfy, A. Daoud, and A. M. El-sheikh, 
“Microstructure, thermal behavior and mechanical properties of 

squeeze cast SiC , ZrO2 or C reinforced ZA27 composites,” Mater. 

Sci. Eng. A, vol. 528, no. 6, pp. 2353-2362, 2011. 
[23] Y. Liu, H. Li, H. Jiang, and X. Lu, “Effects of heat treatment on 

microstructure and mechanical properties of ZA27 alloy,” Trans. 

Nonferrous Met. Soc. China, vol. 23, no. 3, pp. 642–649, 2013. 
[24] D. P. Mondal, M. D. Goel, N. Bagde, N. Jha, S. Sahu, and A. K. 

Barnwal, “Closed cell ZA27-SiC foam made through stir-casting 

technique,” J. Mater., vol. 57, pp. 315-324, 2014. 
[25] E. Arslan, Y. Totik, E. E. Demirci, Y. Vangolu, A. Alsaran, and I. 

Efeoglu, “High temperature wear behavior of aluminum oxide 

layers produced by AC micro arc oxidation,” Surf. Coat. Technol., 
vol. 204, no. 6-7, pp. 829-833, 2009. 

[26] M. Shokouhfar and S. R. Allahkaram, “Effect of incorporation of 

nanoparticles with different composition on wear and corrosion 
behavior of ceramic coatings developed on pure titanium by micro 

arc oxidation,” Surf. Coatings Technol., vol. 309, pp. 767-778, 2017. 

[27] A. Bahramian, K. Raeissi, and A. Hakimizad, “An investigation of 
the characteristics of Al2O3/TiO2 PEO nanocomposite coating,” 

Appl. Surf. Sci., vol. 351, pp. 13–26, 2015. 

[28] W. Yang, D. Xu, Q. Q. Guo, T. Chen, and J. Chen, “Influence of 
electrolyte composition on microstructure and properties of coatings 

formed on pure Ti substrate by micro arc oxidation,” Surf. Coatings 

Technol., vol. 349, no. March, pp. 522-528, 2018. 
[29] K. Ma, M. M. S. Al, and W. Wu, “Preparation of self-lubricating 

composite coatings through a micro-arc plasma oxidation with 

graphite in electrolyte solution,” Surf. Coat. Technol., vol. 259, pp. 
318-324, 2014. 

[30] G. Peitao, T. Mingyang, and Z. Chaoyang, “Tribological and 

corrosion resistance properties of graphite composite coating on 
AZ31 Mg alloy surface produced by plasma electrolytic oxidation,” 

Surf. Coatings Technol., vol. 359, no. August 2018, pp. 197-205, 

2019. 
[31] G. Bian, L. Wang, J. Wu, J. Zheng, H. Sun, and H. DaCosta, “Effects 

of electrolytes on the growth behavior, microstructure and 
tribological properties of plasma electrolytic oxidation coatings on 

a ZA27 alloy,” Surf. Coatings Technol., vol. 277, pp. 251-257, 2015. 

[32] N. Ao, D. Liu, S. Wang, Q. Zhao, X. Zhang, and M. Zhang, 
“Microstructure and tribological behavior of a TiO2/h-BN 

composite ceramic coating formed via Micro-arc oxidation of Ti-

6Al-4V alloy,” Journal of Materials Science & Technology, vol. 32, 
pp. 1071-1076, 2016. 

 

 

 

 

 

 

 

 

382




