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Abstract 

A surface layer enriched with zinc was formed on magnesium by heating specimens painted with a paste 
containing ZnCl2+KCl at 440 °C for 120 min using no protective atmosphere. The study focused on the 
microstructure, phase constitution and microhardness of the alloyed layer. The layer, which was about 200 µm 
in thickness, had a microstructure composed of a eutectoid mixture (an MgZn intermetallic phase + a solid 
solution of zinc in magnesium) and some dendrites (a solid solution of zinc in magnesium). At the interface 
between the alloyed layer and the magnesium substrate, there was a zone of a solid solution of zinc in 
magnesium. The thermochemical process increased the hardness of the specimens at the surface from 30 HV 
0.1 (Mg) to 110-164 HV 0.1 (the layer containing the MgZn intermetallic phase). 
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1. INTRODUCTION 

Poor surface properties of magnesium and magnesium alloys, i.e. low resistance to both wear and corrosion, 
represent a major obstacle to a wider application of the materials. These properties can be improved using 
different surface treatment methods. The latest trends include enriching the surface layer of magnesium or 
magnesium alloys with appropriate alloying elements that tend to form intermetallic phases with magnesium. 
Protective surface layers on magnesium or its alloys are now frequently produced by laser surface alloying. A 
review of the literature shows that the most common alloying additions are aluminum, zinc, copper, nickel, 
silicon, and their combinations, i.e. Al+Si, Al+Zn, Al+Cu, Al+Ni, Al+Mn, Al+Ir and Ni+Cu+Al [1-11]. Layers 
containing intermetallic phases can also be formed by thermochemical treatment. The major advantages of 
this method are a low cost and simple technology. A workpiece can be heated in a solid or liquid medium. An 
example of a solid medium is aluminum powder [11-13] or a mixture of aluminum and zinc powders [14-17]. 
Layers produced using aluminum powder contained Mg-Al intermetallic phases. When zinc powder is added, 
the resultant layers contain Mg-Al-Zn intermetallic phases. Thermochemical treatment of magnesium alloys in 
a liquid medium can be conducted using molten salts (NaCl+AlCl3) [18]. This method is employed to fabricate 
layers enriched with aluminum, which contain Al-Mg intermetallic phases. 

The aim of this study was to produce a surface layer enriched with zinc on a magnesium substrate by 
thermochemical treatment using a paste containing zinc chloride. The thermochemical treatment involved 
heating the specimens painted with the paste in a chamber furnace. The paper discusses the microstructure, 
chemical composition and microhardness of the layer. 

2. EXPERIMENTAL DETAILS 

High purity magnesium (99.9%) was used as the substrate material. Specimens with dimensions of 30x15x5 
mm were cut from an ingot. The surfaces of the specimens were prepared by first grinding them with abrasive 
papers (up to 800 grit) and then degreasing. Layers enriched with zinc were formed by heating the specimens 
painted with a paste containing zinc chloride in a chamber furnace. Zinc chloride acted as a source of active 
zinc atoms. The paste was prepared according to the following procedure. First, zinc chloride (68 wt.%) and 
potassium chloride (32 wt.%) were mixed. From the phase diagram of KCl-ZnCl2 [19] it is evident that the salts 
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form low melting point eutectics. The salt mixture with 68 wt.% ZnCl2 has a melting temperature of about 
230°C. The paste was prepared by blending 10 g of the mixture of salts with 2 ml of a solution of pine rosin in 
ethanol, with the ratio being 1 g of rosin to 1 ml of ethanol. The magnesium specimens were painted with the 
paste then placed for 2 h in a chamber furnace preheated to 440 °C and finally air cooled. No protective 
atmosphere was used during heating. 

The microstructural analysis of the surface layer was carried out with a Nikon ECLIPSE MA200 inverted 
microscope and a JEOL JSM-7100F scanning electron microscope equipped with a LINK ISIS 300 energy 
dispersive X-ray spectrometer. The layer microhardness was measured at a load of 100 g using a Vickers 
microhardness tester. 

3. RESULTS AND DISCUSSION 

Figure 1 shows the microstructure of a Zn-enriched surface layer of magnesium, which was formed by heating 
the magnesium specimen painted with a paste containing ZnCl2+KCl at 440 °C for 120 min using no protective 
atmosphere. The overall thickness of the layer was about 200-240 µm. A two-phase area and dark dendrites 
were observed in the microstructure. Figure 2 presents SEM images and EDS line scan results obtained for 
the layer. The concentration of magnesium and zinc along the marked line (Figure 2a) suggests that the layer 
enriched with zinc was formed on the magnesium surface during the heating process. Figure 2b shows the 
microstructure of the interface between the magnesium substrate and the resultant surface layer observed at 
a higher magnification. A thin transition zone was observed at the interface between the layer and the 
magnesium substrate. The chemical composition of this area (point 1: 95.77 at.% Mg, 4.23 at.% Zn; point 2: 
96.10 at.% Mg, 3.90 at.% Zn) suggests the presence of a solid solution of zinc in magnesium. From the linear 
distribution of the elements in this zone (Figure 2b) it is clear that the closer to the magnesium substrate, the 
lower the content of zinc and the higher the content of magnesium. 

 

Figure 1 Microstructure of the Zn-enriched surface layer of magnesium formed by thermochemical treatment 
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Figure 2 SEM microphotographs of the alloyed surface layer with the corresponding linear distribution of 

zinc and magnesium along the marked line, a) lower magnification, b) higher magnification 

The SEM image in Figure 3 shows details of the microstructure of the Zn-enriched surface layer of magnesium. 
The EDS analysis was performed at the points marked in this figure. The results of the quantitative analysis at 
point 1 (94.93 at.% Mg and 5.07 at.%. Zn) indicate that the dark dendrites observed in the layer microstructure 
are a solid solution of zinc in magnesium. The chemical composition of the two-phase area (marked as 2 in 
Figure 3) was as follows: 66.18 at.% Mg and 33.82 at.% Zn. According to the Mg-Zn phase diagram [20], this 
result suggests that the two-phase area is a eutectoid mixture of an MgZn intermetallic phase and a solid 
solution of zinc in magnesium. In the surface layer, the lighter phases are distributed locally. The Mg:Zn ratio 
of about 2:3 for this phase (analysis at point 3: 40.11 at.% Mg and 59.89 at.% Zn) suggests an Mg2Zn3 

intermetallic phase. 

 

Figure 3 SEM view of the surface layer with the EDS analysis points observed at a higher magnification 
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The results indicate that the Zn-enriched surface layer of magnesium, which contains Mg-Zn intermetallic 
phases, can be fabricated by heating the magnesium specimen painted with a paste containing zinc chloride. 
During the heating process, there was a reduction in zinc chloride when it came into contact with magnesium. 
The active atoms of zinc diffused into the magnesium substrate. The formation of low melting Mg-Zn 
intermetallic phases began after the solubility of zinc in solid magnesium exceeded the limit value. The reaction 
at the paste-surface interface occurred with the contribution of the liquid phase. The thin layer of liquid that 
solidified during cooling formed the surface layer enriched with zinc. 

The surface layer and the substrate were measured for Vickers microhardness. Figure 4 shows the 
indentations. The microhardness of the magnesium substrate was about 30 HV 0.1. The values obtained for 
the surface layer ranged from 152 to 164 HV 0.1 in the eutectoid; in the dendritic areas, they were slightly 
lower, ranging between 110 and 146 HV 0.1. The data shows that the surface layer enriched with zinc 
containing Mg-Zn intermetallic phases had higher hardness, which should contribute to higher resistance to 
wear than the magnesium substrate. 

 

Figure 4 Microhardness test indentations into the Zn-enriched surface layer and the magnesium substrate 

4. CONCLUSIONS 

• The Zn-enriched surface layer of magnesium, formed through thermochemical treatment in a medium 
containing zinc chloride, had a thickness of about 200-240 µm. 

• The surface layer had a microstructure composed of the eutectoid mixture (MgZn + a solid solution of 
Zn in Mg), some dendrites (a solid solution of zinc in magnesium) and particles of an Mg2Zn3 intermetallic 
phase sparsely distributed over the eutectoid matrix. 

• The thin transition zone at the interface between the surface layer and the magnesium substrate was a 
solid solution of zinc in magnesium. 

• The microhardness of the surface layer ranged between 110 and 164 HV 0.1 and it was about 5 times 
higher than that of the magnesium substrate. 
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