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THEORETICAL AND EXPERIMENTAL ANALYSIS OF FORMABILITY OF EXPLOSIVE WELDED Mg/Al BIMETALLIC BARS

The paper has presented the results of theoretical studies and experimental tests of the plastic deformation of Mg/Al bimetallic 
specimens. Theoretical studies were carried out using the Forge2011® computer program. Physical modeling, on the other hand, 
was performed using the Gleeble3800 simulator. Bimetallic bars of an outer diameter of 22.5 mm and a cladding layer thickness 
of 1.7 mm were obtained by the explosive welding method. Samples for formability tests, characterized by a diameter-to-length 
ratio of 1, were taken from the bars. The theoretical studies and experimental tests were carried out for the temperature range from 
300 to 400°C and for different strain rates. Based on the obtained investigation results it has been found that the main parameters 
influencing the formability of Mg/Al bimetallic bars are strain rate than the process temperature. 
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1. Introduction

Magnesium is characterized by low density and excellent 
ability to dampen vibrations. However, it exhibits low formability 
during cold deformation due to the fact that its crystal lattice has 
a limited number of slip systems at ambient temperature [1, 2]. 
Another obstacle to its broader use in technology is also the 
fact of its relatively poor corrosion resistance and considerable 
abrasive wear. Thus, a prospective solution is to produce a Mg/
Al products that will provide increased corrosion resistance 
compared to magnesium sheets and bars produced by differ-
ent method. For this purpose, it is necessary to produce Mg/
Al sheets and bars, in which the outer layer will be aluminium 
or aluminium alloy, with the individual layers being bonded 
together. Aluminium and its alloys exhibit better formability 
compared to Mg alloys [3,4]. Therefore, it can be foreseen that 
an Mg/Al bars or sheets would combine the advantages of the 
both materials, Al and Mg. 

The explosive welding method is categorized into explo-
sive metal working technologies. It consists in surface joining 
of elements, such as plates [5-6], tubes [7] or bars [8-9] made 
of different metals [5-13]. Its growing popularity this method 
owes to the fact that it is uncomplicated and relative cheap, while 
modern variants of explosives are characterized by high safety 
during their manufacture and use. The argument that the explo-
sive contains the sufficient energy capability to realize a given 
metal working method is also important [14].

The properly selected explosive welding parameters ensure 
a firm bond between the bimetal-forming layers to be obtained. In 
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addition, the explosive welding method enables round bimetallic 
semi-finished products to be obtained, which are characterized 
by a circular cross-section symmetry and very good joint qual-
ity. The explosive welding method is one o the few methods 
enabling Mg/Al stock to be produced, which is characterized 
by high bond strength of the bond region [8,15].

The determination of the parameters of the metal form-
ing of bimetallic materials requires a multi-stage investigation 
process to be carried out, which comprises, among other things, 
the determination of the temperature, velocity or the value of 
preset deformation. In the case of joining two metals differing 
in formability, the method of selecting deformation parameters 
plays an important role. However, the available literature lacks 
information on the formability of Mg/Al bimetallic bars. One 
of the first studies, in which the plastic deformation of Mg/Al 
bars (in die forging) was determined, was [16]. Mg/Al bimetal-
lic specimens obtained in the hot hydrostatic extrusion process 
were used as the stock. A hard and little ductile layer of Mg/Al 
intermetallic phases was formed at the Mg/Al bond interface. 
The Mg/Al specimens were deformed using different forging 
methods, namely: upsetting, spreading and rising. Although the 
test results showed a possibility of presetting large deforma-
tions, in some instances, however, intermetallic phase cracks 
occurred at the bond interface [16]. The authors’ earlier work 
[17] reports the results of tests for the plasticity of round AZ31 
alloy specimens and for the effect of the aluminium cladding 
layer (in Mg/Al bimetallic specimens) on extending their form-
ability range. The conducted experimental tests have shown that 
the application of the clad layer considerably extends the range 
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magnesium core of the specimens. Figure 5 shows that the pro-
cess parameter that most significantly influences the deformation 
of individual Mg/Al specimen components is the strain rate, 
rather than the process temperature itself. Increasing the strain 
rate from 1 to 10 s–1 has caused in this case a lesser reduction 
in cladding layer thickness, regardless of the compression test 
temperature used. The increase of strain rate causes the value of 
plastic flow stress in the soft cladding layer to grow faster, com-
pared to the cladding layer deformed at a lower strain rate. This 
causes an increase in its plastic flow resistance, which results in 
a lesser reduction in its height. The preset deformation penetrates 
more intensively into the middle regions of the magnesium 
core. The significant influence of strain rate on the cladding 
layer formability is evidenced also by the mode of variation of 
cladding layer thickness in regions situated immediately under 
the flat anvil part. Applying a lower strain rate value makes the 
cladding layer uniformly deformed across the entire length of 
the specimen and anvil contact. The boundary of the joint of in-
dividual bimetal layers resembles a straight line. By contrast, the 
increase in strain rate causes an uneven deformation of the clad-
ding layer, whose distribution on the joint boundary in regions 
affected by the anvils is similar in shape to an arc. Increasing 
the strain rate level causes also a change in the mode of Mg/Al 
specimen plastic flow in freely deformed regions. For specimens 
deformed at a higher strain rate, the material more intensively 
widened and its height decreased. In the case of a lower strain 
rate, only the aluminium layer widened, thus its thickness was 
smaller compared to that obtained at a higher strain rate (Fig. 5). 
The increase in temperature did not cause any changes in the 
plastic flow of individual specimens.

A confirmation of the more significant effect of strain rate 
than that of temperature are also the variations of the force during 
deformation of Mg/Al bimetallic specimens (Fig. 3). The change 
of the strain rate value increased the force more than the change 
of the specimen deformation temperature did.

As during the course of the compressive tests the specimens 
underwent a slight rotation around the longitudinal axis (Fig. 4), 
the distribution of cladding layer thickness on the upper and the 
lower specimen surface was different. In view of the above, there 
is no possibility of comparing individual cladding layer thickness 
distributions obtained from physical modelling and numerical 
simulations of compressive testing.

Figure 6 and 7 show the distributions of strain intensity on 
the cross-section of Mg/Al bimetallic specimens.

The data in Figs. 6 and 7 suggests that increasing the strain 
rate influences the distribution of strain in the examined Mg/Al 
specimens. Applying a smaller strain rate value causes the clad-
ding layer to be more uniformly deformed across the width of 
the region immediately affected by the flat anvil part, which 
contributes to a more uniform cladding distribution along the 
width. In contrast, increasing the strain rate value causes the Al 
layer to be deformed less uniformly across the flat anvil part-
affected width. The values of deformation in the middle speci-
men part get equalized with the values of deformation in this 
zone for the magnesium core (the lesser deformation of those 

regions compared to the extreme Al layer regions in contact with 
the tool), which causes a more uniform distribution of the clad 
thickness. In both cases, the maximal deformation values cause 
a so-called “forging cross” to occur in the deformed specimens.

Furthermore, Figs. 6 and 7 show that the highest effective 
strain levels occur in the Al cladding layer being under the ef-
fect of the lateral anvil surfaces (the deformation region beyond 
the scale range). In extreme cases, as the anvil penetrates into 
the material being deformed, this may cause the cladding layer 
continuity to break, as shown in Fig. 8a. For the temperature and 
strain parameters examined in the study, in spite of its very large 
deformation, the clad layer did not brake (Figs. 8b and 8c). Just 
as for the shape of the specimens shown in Fig. 5, no significant 
effect of temperature on the effective strain value was observed. 
In all cases, the lateral surfaces of specimens are not deformed, 
which results in the absence of any changes in the thickness of 
the cladding layer in those Mg/Al specimen regions.

The characteristic distribution of effective strain for upset-
ting tests (the occurrence of a „forging cross“) causes tangential 
stress to occur in the most deformed regions, resulting in the 
shearing of the material (Figs. 8 and 9).

As Figures 8 and 9 show, with the increase in strain rate 
value, tangential stress and its affected region increase, which 
is especially visible for the magnesium core. The increase in the 
value of tangential stress due to the increase of strain rate and 
the decrease of the process temperature causes intensive shear 
bands to occur in those regions, which significantly contribute 
to structure refinement. However, in extreme cases, they initiate 

Fig. 6. Distribution of effective strain in the Mg/Al specimens after 
compression tests (temperature of 350°C): a) strain rate 1 s–1, b) strain 
rate 10 s–1, (1/4 of the specimen)

Fig. 7. Distribution of effective strain in the Mg/Al specimens after 
compression tests (temperature of 400°C): a) strain rate 1 s–1, b) strain 
rate 10 s–1 (1/4 of the specimen)
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5. Summary

The conducted experimental tests have shown that the cor-
rect selection of temperature and speed conditions enables the 
determination of the plastic deformation of Mg/Al bimetallic 
specimens without the lost of their integrity. A parameter that 
influences the plastic flow of individual Mg/Al specimen com-
ponents more than the process temperature does is the strain rate. 
The obtained investigation results will be helpful in estimating 
or modelling industrial metal forming processes (groove-rolling 
process) for Mg/Al bimetallic bars.
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