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Abstract 
 
The modified surface layers of Mg enriched with Al and Si were fabricated by thermochemical treatment. The substrate material in contact 
with an Al + 20 wt.% Si powder mixture was heated to 445oC for 40 or 60 min. The microstructure of the layers was examined by OM and 
SEM. The chemical composition of the layer and the distribution of elements were determined by energy dispersive X-ray spectroscopy 
(EDS). The experimental results show that the thickness of the layer is dependent on the heating time. A much thicker layer (1 mm) was 
obtained when the heating time was 60 min than when it was 40 min (600 μm). Both layers had a non-homogeneous structure. In the area 
closest to the Mg substrate, a thin zone of a solid solution of Al in Mg was detected. It was followed by a eutectic with Mg17Al12 and a 
solid solution of Al in Mg. The next zone was a eutectic with agglomerates of Mg2Si phase particles; this three-phase structure was the 
thickest. Finally, the area closest to the surface was characterized by dendrites of the Mg17Al12 phase. The microhardness of the modified 
layer increased to 121-236 HV as compared with 33-35 HV reported for the Mg substrate.  
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1. Introduction 
 

Thermochemical treatment is commonly used to improve the 
surface properties of a variety of metals and alloys [1,2]. This 
technique can be employed to modify the surface layer of Mg and 
Mg alloys. The literature data show that, in the thermochemical 
treatment process of an Mg-based substrate, a solid or liquid 
medium acts as a source of diffusion elements. The solid medium 
is generally in the form of the metal powder, e.g. Al [3-7], Al+Zn 
[7-11], Zn+Al [12], Sb+Zn [13] or Zn+Y [14]. Layers fabricated 
on Mg or an Mg alloy using pure Al powder contained Mg-Al 
intermetallic phases. The heat treatment of an Mg-based substrate 
in contact with an Al+Zn or Zn+Al powder mixture led to the 

enrichment of the surface layer with both elements; in such a case, 
Mg-Al-Zn intermetallic phases were detected in the modified 
layer. The heat treatment of an AZ91D alloy substrate in contact 
with Zn+Y powder resulted in the formation of a surface layer 
containing a large amount of an Mg5Al2Zn2 intermetallic phase. 
The experimental results presented in [6,7,11,12] show that the 
key factor affecting the formation of alloyed layers on Mg 
through thermochemical treatment was good contact between the 
source of diffusion elements and the substrate material. Adequate 
contact facilitated the diffusion of alloying elements from the 
outside source to the Mg-based substrate. The heat treatment 
process required applying pressure to ensure good contact 
between the powder material acting as the source of diffusion 
elements and the Mg substrate. Molten salts are also applied as a 
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liquid medium. As indicated in [15-17], the heat treatment of an 
AZ91D substrate with molten salts containing AlCl3 led to the 
formation of a surface layer composed of Mg-Al intermetallic 
phases. Modified layers containing intermetallic phases fabricated 
by thermochemical treatment exhibit high hardness, high wear 
resistance and good corrosion resistance. 

This article discusses surface layers of Mg enriched with Al 
and Si fabricated by thermochemical treatment, which involved 
heating the Mg substrate in contact with the Al+Si powder 
mixture acting as a source of diffusion elements. The modified 
surface layer was characterized by performing OM and SEM/EDS 
microstructural analyses and microhardness measurements. 

 
 

2. Experimental details 
 

Commercially pure magnesium was selected as the substrate. 
The samples (40x20x10 mm) were cut from an ingot. Their 
surfaces were ground with SiC paper progressively up to 800 grit 
and cleaned using ethanol. The Mg samples were placed in a steel 
container and embedded in a dry Al+20 wt.% Si powder mixture. 
The container was placed in a vacuum furnace equipped with a 
pressure pad, which pressed down the lid of the container to keep 
the powder under pressure during the heat treatment process. A 
schematic diagram of the container used in this process is 
provided in Fig. 1. A pressure of 1 MPa was used to ensure good 
contact between the source of diffusion elements (the Al+Si 
powder mixture) and the Mg substrate. The process procedure 
was as follows: the samples were heated up from room 
temperature to 445 oC for 30 min, kept at that temperature for 40 
or 60 min, and cooled down with the furnace to room 
temperature.  

 
Fig. 1. Schematic diagram of the container used in the 

thermochemical treatment process 
 

Polished sections were examined to determine the layer 
microstructure. The analysis was performed using a Nikon 
ECLIPSE MA 200 optical microscope and a JEOL JSM-5400 
scanning electron microscope. The chemical composition of the 
modified layers was identified with an Oxford Instruments ISIS 
300 X-ray energy dispersive spectrometer (EDS) attached to the 
SEM. The composition of the modified layers was determined by 
comparing the results of the EDS quantitative analysis with the 
data from the binary Al-Mg [18] and ternary Al-Mg-Si [19-20] 
phase diagrams. The microhardness of the surface layer was 

measured at a load of 0.1 kg using a MATSUZAWA MMT 
Vickers hardness tester. 
 
 

3. Results 
 

Figure 2 shows optical micrographs of the Mg specimens 
thermochemically treated at 445 oC for 40 min and 60 min. As 
can be seen, the heating of the Mg in contact with the Al + 20 
wt.% Si powder mixture led to the formation of a modified 
surface layer. Its thickness depends on the heating time. A much 
thicker layer (about 1 mm) was produced at a heating time of 60 
min, when compared with that obtained after 40 min (about 600 
μm). 

 

 
 

 
Fig. 2. Cross-sectional views of the Mg specimens after 

thermochemical treatment at 445 oC for (a) 40 min.  
and (b) 60 min 
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No matter which heating time was used, the layers had a 
similar microstructure. For this reason, an SEM image of only one 
layer is presented. Figure 3 shows the SEM microstructure of the 
layer fabricated in 60 min. The concentration of elements along 
the indexed line clearly suggests that except for Mg, Al and Si are 
present in the modified layer. As can be seen from Fig. 3, there is 
a thin zone (about 20 μm in thickness), marked A, adjacent to Mg. 
From the linear distribution of elements it is evident that Al is 
present in this zone. Its chemical composition identified with the 
EDS method (91.58 at.% Mg and 8.42 at.% Al) indicates a solid 
solution of Al in Mg. Then, there is a two-phase area above the 
solid solution zone, where the lighter phase is rich in Al and the 
darker phase is rich in Mg. At a certain distance from the Mg 
substrate, next to the two-phase structure, areas rich in Si occur in 
the modified layer. Figure 4 shows a high magnification SEM 
image of the microstructure of this region. The stoichiometry of 
elements in the lighter phase (EDS analysis at point 1 with 62.47 
at.% Mg and 37.53 at.% Al) suggests the presence of an Mg17Al12 
intermetallic phase. The results of the quantitative EDS analysis 
obtained for the darker phase (marked 2) with 91.41 at.%  Mg and 
8.59 at.% Al indicate that the phase is a solid solution of Al in 
Mg. The results were analysed using the Mg-Al phase 
equilibrium. It is clear that the two-phase structure is a eutectic 
composed of an Mg17Al12 intermetallic phase and a solid solution 
of Al in Mg. Next to the two-phase eutectic, agglomerates of grey 
particles can be observed (upper part of Fig. 4). From the 
chemical composition analysis, i.e. EDS analysis, at point 3 
(68.90 at.% Mg, 1.40 at.% Al, 29.7 at.% Si) it is evident that the 
grey particles are an Mg2Si phase. In terms of thickness, this 
three-phase structure is the predominant zone in the resulting 
layer. The heating temperature (445 oC) was higher than the 
eutectic temperature of the Mg-Al system (437 oC); the reactions 
at the Mg-substrate/mixed-powder interface during the 
thermochemical treatment occurred in the presence of a liquid 
phase. During cooling, a continuous layer enriched with Al and Si 
formed on the Mg substrate as a result of solidification; it was 
characterized mainly by a ternary eutectic structure (a solid 
solution of Al in Mg + Mg17Al12 + Mg2Si). The results are in 
agreement with the literature data [19,20]; the analysis of the Mg-
Al-Si ternary system revealed that at a temperature of 435-438 °C 
magnesium-rich alloys form a ternary eutectic containing a solid 
solution of Al in Mg, an Mg17Al12 intermetallic phase and an 
Mg2Si phase. As can be seen from Figs. 3 and 4, some porosity is 
visible near the agglomerates of the Mg2Si phase. 

 

 
Fig. 3. Microstructure of the layer adjacent to the Mg substrate 

with the corresponding EDS line spectra 
 

 
Fig. 4. SEM image of the microstructure of the modified layer 

close to the Mg substrate 
 

As can be seen from Fig. 2, there is a light area in the surface 
layers. Figure 5 shows an SEM image of the microstructure of the 
modified layer close to the surface, where a ternary eutectic and 
the large light dendrites are visible. The results of an EDS 
analysis in the area marked 1 (with 61.80 at.% Mg and 38.20 at.% 
Al) indicate an Mg17Al12 intermetallic phase. 
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Fig. 5. SEM image of the microstructure of the modified layer 

adjacent to the surface 
 

Figure 6 shows indentations left by the Vickers penetrator in 
the modified layer and the Mg substrate. The microhardness of 
the Mg substrate varied from 33 to 35 HV. The microhardness of 
the surface layer was in the range 172-186 HV for the eutectic in 
the area adjacent to the Mg, 201-236 HV for the areas where the 
eutectic co-occurred with agglomerates of the Mg2Si phase. In the 
three-phase area of the modified layer where some porosity was 
observed, the values of the microhardness were lower, i.e. in the 
range between 121 and 138 HV. The microhardness reported for 
the area containing dendrites of the Mg17Al12 intermetallic phase 
varied from 204 to 210 HV. 
 

 
Fig. 6. Indentations in the modified surface layer and the Mg 

substrate after the Vickers microhardness tests 
 

The experimental results presented in this paper show that the 
surface layer enriched with Al and Si could be formed on the Mg 
substrate by thermochemical treatment using an Al+20% Si as a 
solid medium. This layer is characterized by high microhardness 
due to the presence hard phases (Mg17Al12 and Mg2Si) in 
microstructure.This method can also be employed for magnesium 
alloys. The literature data show that the surface layer containing 
Mg-Al intermetallic phases and the Mg2Si phase can be formed 
on the Mg-based substrate by laser alloying or laser cladding with 
Al-Si powder [21-26]. It is worth mentioning that thermochemical 
treatment method presented in this paper is easier and less 
expensive than the surface modification by laser technology. 

 
 

4. Conclusions 
 
1. The heat treatment of the Mg substrate in contact with the 

Al+20% Si powder mixture at 445 oC led to the formation of a 
modified surface layer enriched with Al and Si.  

2. A much thicker layer was produced when the heating time 
was longer. The layer fabricated in 40 min had a thickness of 
about 600 μm, while that obtained after 60 min was 
approximately 1 mm in thickness. 

3. The structural constituents identified in the modified layer 
were: an Mg17Al12 intermetallic phase, a solid solution of Al 
in Mg and an Mg2Si phase. The layer had a non homogeneous 
structure. Closest to the Mg substrate, there was a thin zone of 
a solid solution of Al in Mg. The area immediately adjacent to 
it was a eutectic (a solid solution of Al in Mg + Mg17Al12). 
Next, there was a thick zone of a ternary eutectic (a solid 
solution of Al in Mg + Mg17Al12 + Mg2Si) and, finally, the 
surface layer with dendrites of the Mg17Al12 intermetallic 
phase. 

4. The microhardness of the modified layer was several times 
higher than that of the Mg substrate. 
 
 

References 
 
[1] Czerwinski, F. (2012). Thermochemical treatment of metals. 

InTech. DOI:10.5772/51566. 
[2] Klimek, L., Krasinski, A. & Kolodziejczyk, L. (2007). 

Properties of 15HN steel after various thermo-chemical 
treatments. Archives of Foundry Engineering 7(3), 71-74. 

[3] Shigematsu, M., Nakamura, M., Saitou, K. & Shimojima, K. 
(2000). Surface treatment of AZ91D magnesium alloy by 
aluminum diffusion coating. Journal of Materials Science 
Letters. 19, 473-475. 

[4] Zhu, L. & Song, G. (2006). Improved corrosion resistance of 
AZ91D magnesium alloy by an aluminum-alloyed coating. 
Surface and Coating Technology. 200, 2834-2840. 

[5] Liu, F., Li, X., Liang, W., Zhao, X. & Zhang, Y. (2009). 
Effect of temperature on microstructures and properties of 
aluminized coating on pure magnesium. Journal of Alloys 
and Compounds. 478, 579-585. 

[6] Mola, R. & Jagielska-Wiaderek, K. (2014). Formation of Al-
enriched surface layers through reaction at the Mg-



A R C H I V E S  o f  F O U N D R Y  E N G I N E E R I N G  V o l u m e  1 7 ,  I s s u e  4 / 2 0 1 7 ,  1 9 5 - 1 9 9  199 

substrate/Al-powder interface. Surface and Interface 
Analysis 46, 577-580. 

[7] Mola, R. (2015). The properties of Mg protected by Al- and 
Al/Zn-enriched layers containing intermetallic phases. 
Journal of Materials Research. 30(23), 3682-3691. 

[8] Zhang, M.X. & Kelly, P.M. (2002). Surface alloying of 
AZ91 alloy by diffusion coating. Journal of Materials 
Research. 17(10), 2477-2479. 

[9] Ma, Y., Xu, K., Wen, W., He, X. & Liu, P. (2005). The 
effect of solid diffusion surface alloying on properties of 
ZM5 magnesium alloy. Surface and Coating Technology. 
190, 165-170.  

[10] Hirmke, J., Zhang, M.X. & StJohn, D.H. (2011). Surface 
alloying of AZ91E alloy by Al-Zn packed powder diffusion 
coating. Surface and Coating Technology. 206, 425-433. 

[11] Mola, R. (2014). The properties of Al/Zn-enriched surface 
layer on Mg. Archives of Foundry Engineering 14(3), 45-48. 

[12] Mola, R. (2016). The microstructure of alloyed layers formed 
on Mg by the powder-pack method. METAL 2016: 25th 
Anniversary International Conference on Metallurgy and 
Materials, 1492-1497. 

[13] Chen, Y., Liu, T.M. Lu, L.W. & Wang, Z.C. (2012). 
Thermally diffused antimony and zinc coatings on 
magnesium alloys AZ31. Surface Engineering 28(5), 382-
386. 

[14] Wang, H., Yu, B., Wang, W., Ren, G., Liang, W. & Zhang, 
J. (2014). Improved corrosion resistance of AZ91D 
magnesium alloy by zinc-yttrium coating. Journal of Alloys 
and Compounds. 582, 457-460. 

[15] He M., Liu L., Wu Y., Tang Z. & Hu W. (2009). 
Improvement of the properties of AZ91D magnesium alloy 
by treatment with molten AlCl3-NaCl salt to form an Mg-Al 
intermetallic surface layer, Journal of Coatings Technology 
and Research. 6(30), 407-411. 

[16] Zhong, C., He, M.F., Liu, L., Chen, Y.J., Shen, B., Wu, Y.T., 
Deng, Y.D. & Hu, W.B. (2010). Formation of an aluminum-
alloyed coating on AZ91D magnesium alloy in molten salts 

at lower temperature. Surface and Coating Technology. 205, 
2412-2418. 

[17] He, M., Liu, L., Wu, Y., Zhong, C., Hu, W. & Pan, D. 
(2013). Kinetics and mechanism of multilayer Mg-Al 
intermetallic compound coating formation of magnesium 
alloy by AlCl3-NaCl molten salt bath treatment, Journal of 
Alloys and Compounds. 551, 389-398. 

[18] Phase Equilibria Crystallographic and Thermodynamic Data 
of Binary Alloys. (1998). Landolt-Börstein, New Series IV, 
5, Springer. 

[19] Light Metal Ternary Systems: Phase Diagrams, 
Crystallographic and Thermodynamic Data. (2005). Landolt-
Börstein, Series Volume 11A3, Springer. 

[20] Raghavan, V. (2007). Al-Mg-Si (Aluminum-Magnesium-
Silicon). Journal of Phase Equilibria. 28(2), 189-191. 

[21] Galun, R., Weisheit, A. & Mordike, B.L. (1998). Improving 
the surface properties of magnesium by laser alloying. 
Corrosion Revievs. 16(1-2), 53-74. 

[22] Gao, Y., Wang, C., Lin, Q., Liu, H. & Yao, M. (2006). 
Broad-beam laser cladding of Al-Si alloy coating on 
AZ91HP magnesium alloy. Surface and Coating 
Technology. 201, 2701-2706. 

[23] Volovitch, V., Masse, J.E., Fabre, A., Barrallier, L. & 
Saikaly, W. (2008). Microstructure and corrosion resistance 
of magnesium alloy ZE41 with laser surface cladding by Al-
Si powder. Surface and Coating Technology. 202, 4901-
4914. 

[24] Qian, M., Li, D. & Jin, Ch. (2008). Microstructure and 
corrosion characteristic of laser-alloyed magnesium alloy 
AZ91D with Al-Si powder. Science and Technology of 
Advanced Materials. 9, 1-7. 

[25] Yang, Y. & Wu, H. (2009). Improving the wear resistance of 
AZ91D magnesium alloys by laser cladding with Al-Si 
powders. Materials Letters. 63, 19-21. 

[26] Carcel, B., Sampedro, J., Ruescas, A. & Toneu, X. (2011). 
Corrosion and wear resistance improvement of magnesium 
alloys by laser cladding with Al-Si. Physics Procedia 12A, 
353-363. 

 
 


	Abstract

