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or Al-Mg-Al multilayer products, a  transition diffusion zone 
of Mg-Al intermetallic phases may be formed at the bond 
interface. As shown in the literature, this intermetallic zone, 
being composed of the Al3Mg2 phase (on the Al side) and the 
Mg17Al12, phase (on the Mg side), is hard and brittle, enhancing 
further the durability of such materials. For this reason, also 
the plastic forming of Mg-based elements with an Al-enriched 
surface layer composed of two continuous sub-layers of Mg-
Al intermetallic phases is made very difficult.

The aim of this work was to study the possibility 
of plastic deformation of two-layered material AZ31/
eutectic mixture. The Al-enriched layers with eutectic 
structure containing Mg17Al12, phase were fabricated on 
AZ31 substrate by heating the specimens in contact with 
aluminium powder in vacuum furnace. The hot-working 
behaviour that material was determined in compression 
test performed in a temperature 420°C using Gleeble 3800 
metallurgical processes simulator.

2.	 Experimental procedure

AZ31 alloy ingot was cut into rectangular specimens 
(50x20x12 mm). The macrostructure of the, i.e. the AZ31 alloy 
in an as-cast condition, is shown in Figure 1. The microstructure 
of the alloy consists of Mg-rich matrix and Mg17Al12, phase 
located at grain boundary, furthermore, the dark precipitations 
can be observed in microstructure. According to EDS analysis, 
they contain Al and Mn (51.11 at. % Al, 29.16 at. % Mn, 19.73 
at. % Mg) which indicates the Al-Mn-Mg phase. 

Fig. 1. Microstructure of AZ31 magnesium alloy cast billet

The process of fabrication eutectic layer on AZ31 
substrate proceed as follows. The surface of the specimens 
were grinded using up to 800 grit SiC paper, cleaned with 
ethanol and then dried in air. The specimens were placed in 
steel container on a layer of dry aluminium powder and covered 
completely with more powder material. Then, the container 
was closed with the lid and placed in a vacuum furnace. The 
specimens were heated up from room temperature to 445°C 
for 30 min and hold at that temperature for 40, 60 and 90 min, 
and cooled down in the furnace to room temperature. The 
furnace was equipped with a pressure pad, which enabled the 

lid of the container to keep the powder pressed down tightly 
during heat treatment process.

The microstructure of the layers was observed using 
a  Nikon ECLIPSE MA 200 optical microscope and a  JEOL 
JSM-5400 scanning electron microscope. A chemical 
composition analysis was carried out by means of X-ray 
energy dispersive spectrometer (EDS) attached to SEM.

One of the methods enabling the determination of the 
plasticity of metals and alloys are physical simulations of 
processes, which are performed using different types of 
plastometers. Devices of this type enable the properties 
of deformed materials to be tested within a wide range of 
thermomechanical parameters, while allowing for the mode 
of increment of the specific strain-inducing force in time 
[24-26]. Developing the deformation schedules provides the 
capability to model the actual processes of plastic working 
of metals (such as rolling, pressing, forging, etc.) [24-26]. 
One of the types of devices with high testing capabilities 
is the Gleeble 3800 physical simulator. Therefore, the tests 
to determine the possibility of deforming the two-layered 
AZ31/eutectic mixture material were carried out using the 
above-mentioned device in the rectangular prism specimen 
compression test for a  plane state of strain. It should be 
noted that the rectangular prism specimen compression test 
yields a  three dimensional state of stress and a plane state 
of strain. This is a good approximation to the flat product 
rolling conditions. This assumption applies to homogeneous 
materials. By contrast, using the aforementioned method 
for two-layered specimens might cause a  disturbance of 
the plane strain state. However, the compression method 
employed in the study was not used to determine the plastic 
flow curves for the material under examination, but only to 
establish the possibility of deforming two-layered materials, 
in which one of the layers contains hard intermetallic 
phases. The tests measured the magnitude of stress causing 
permanent deformations, which can be defined as the 
resistance to the plastic flow of the two-layered material. 
10x15x20 mm specimens were used for the plastometric 
tests. The macrophotograph shown in Fig. 2 represents 
a view of the lateral surface of an example AZ31/eutectic 
mixture two-layered specimen prepared for compression 
tests using the Gleeble 3800 simulator. The eutectic layer 
produced on the AZ31 surface is characterized by a uniform 
thickness over the entire specimen length. The schedule of 
the compression test is shown in Fig. 3.

Fig. 2. The AZ31/eutectic specimen with an eutectic layer thickness 
of 1100 µm, fabricated by the thermochemical treatment method
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Fig. 3. The schedule of the rectangular prism specimen compression 
test using the Gleeble 3800 simulator

To reduce the effect of friction on the non-uniform 
specimen deformation, graphite pads and special graphite-
based lubricant were put between the specimen faces 
and the tool surfaces. For the recording and control of 
temperature, two K-type thermocouples installed on the 
specimen lateral surface were used. The specimens were 
heated by a resistance method using anvils. To minimize the 
influence of scale on the determined parameters, the tests 
were performed in vacuum. The compression parameters, 
i.e. temperature, deformation and strain rate, were selected 
based on references [18-20, 27], where the Al-Mg-Al 
multi-layer material rolling process was investigated. 
The compression tests were conducted for the following 
parameters: temperature - 420ºC, strain rate - 0.1 s-1; 1.0 s-1 
and 10.0 s-1, true deformation - from 0 to 0.1.

3.	 Results

3.1.	 Characterization of Al-enriched layers

The microstructure of the surface layer fabricated on 
the AZ31 substrate by heat treating the specimens in contact 
with aluminium powder at 445°C for 40 minutes is shown 
in Fig. 4. A uniform and continuous layer about 400 µm in 
thickness covers the AZ31 surface, as shown in Fig 4a. The 
layer had a typical eutectic structure (Fig. 4b) composed of 
a lighter and a darker phases. The eutectic structure of the 
layer suggests that the layer formation process proceeded 
trough a  partial melting at the AZ31-substrate/Al-powder 
interface.

Fig. 4. An OM image of the layer formed on AZ31 substrate: (a) 
lower magnification, (b) details of the layer microstructure observed 
at higher magnification

Fig. 5. SEM image showing the microstructure of the layer together 
with concentration of Mg and Al along the index line

The linear elemental distribution (Fig. 5) revealed that 
fabricated layer is enriched in aluminium. The result of the 
quantitative EDS analysis for lighter phase: 63.15 at. % Mg, 
36.85 at. % Al, indicates an Mg17Al12 intermetallic phase 
development. The composition of darker phase: 86.62 at. % 
Mg, 13.48 at. % Al suggests a  solid solution of aluminium 
in magnesium. As shown in Fig. 5 a thin transition zone can 
be observed between layer with eutectic structure and AZ31 
substrate. The aluminium content in this area was about 8 at. 
% which indicates that Al-enriched layer is integrated with 
substrate by thin zone of a  solid solution of aluminium in 
magnesium.

Fig. 6 presents the microstructure of the Al-enriched layers 
fabricated on AZ31 substrate after 60 min (Fig. 6a) and 80 min 
(Fig. 6b) of heat treatment. The longer the heating time, the 
thicker layer. A layer with a thickness about 700 and 1100 µm 
were produced at a  temperature of 445°C for 60 and 80 min 
heating, respectively. As can be seen in these figures locally near 
the surface a white dendrites were observed in microstructure. 
The chemical composition of dendrites (62.64 at.% Mg, 37.36 
at.% Al) is close to Mg17Al12, intermetallic phase.

Fig. 6. OM images of the AZ31 specimens heat treated in contact with 
aluminium powder

 
The Al-enriched layer with eutectic structure had much 

higher hardness 185-205 HV0.1 as compared to 40 HV0.1 for 
AZ31 substrate.

3.2.	 Results of the physical simulation of the deformation 
of AZ31/eutectic two-layered material

The investigation into the possibility of deforming 
two-layered AZ31/eutectic specimens was divided into two 








