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Properties

AbstrAct
Purpose: Magnesium alloys are especially appropriate to decrease vehicle weight and consequently reduce fuel 
consumption. However, forming limitations regarded to their low formability at room temperature are found 
when being manufactured by conventional forming processes. Consequently, development of new forming 
techniques, such as warm tube hydroforming (WTHF), is needed to overcome such limitation. This way, WTHF 
allows combining the benefit of increasing forming temperature to raise the formability of these alloys with the 
widely known advantages of conventional Tube Hydroforming processes. 
In the current work, deformation mechanisms in ZM21 alloy were studied in order to determine the optimum 
forming conditions for warm forming processes. These working conditions were tested to form a ZM21 
prototype by WTHF.
Design/methodology/approach: In a first stage, specimens of ZM21 alloy were uniaxially tested at different 
temperatures up to 250ºC at quasi-static strain rates, and microstructure of tested specimens was analysed. 
In a second stage, according to acquired knowledge, ZM21 tubes were formed by WTHF process and final 
mechanical properties and microstructure were analysed.
Findings: Optimum forming conditions for WTHF of ZM21 alloy were determined.
Practical implications: Magnesium tubular parts are very appropriate for automotive and aerospace industry 
due to their high strength to weigh ratio. Thus, WTHF processes allow obtaining excellent quality parts with 
complex shapes, difficult or even impossible to obtain by other forming techniques. Furthermore, the determined 
optimum forming conditions can be useful for other warm forming processes such as warm deep drawing.
Originality/value: Deformation mechanisms and optimum forming conditions for ZM21 alloy, which presents 
advantages for warm forming processes, were determined. Furthermore, these forming conditions were tested 
in an emerging innovative forming process, WTHF.
Keywords: Mechanical properties; Working properties of materials and products; ZM21 magnesium alloy; 
Warm hydroforming
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1. Introduction 
 
Magnesium alloys present high potential for automotive 

applications due to their lower density in comparison with other 
widely used structural materials [1]. This property allows not only 
reducing vehicle weight but also improving dent resistance and 
shell resistance behaviour by increasing thickness in structural 
sheet applications [2]. However, even magnesium alloys are 
already used to manufacture autoparts by die casting processes, 
some limitations, reported by many researchers [3-6], emerge 
when forming magnesium sheet parts. It is well known that due to 
their hexagonal close-packed (HCP) microstructure, magnesium 
alloys present low formability at room temperature [6-10]. 
Although this property can be improved by increasing the forming 
temperature, this is not always achievable in conventional 
manufacturing processes. Consequently, the development of 
innovative forming processes, such as warm tube hydroforming 
(WTHF), is needed to extend the use of magnesium alloys in 
automotive and aerospace industry. WTHF processes allow 
combining the benefit of increasing forming temperature to 
overcome formability limitations in magnesium alloys with the 
widely known advantages that conventional Tube Hydroforming 
(THF) processes offer, such as the possibility to obtain complex 
hollow shapes, minimise the need of welding, or simplify the 
assembly of components [11-14]. 

In the current work, forming mechanisms and microstructure 
of ZM21 magnesium alloy at a temperature range up to 250ºC and 
quasi-static strain rates were studied in order to determine the 
optimum forming conditions. These working conditions were 
tested to form a ZM21 magnesium generic part, with high 
deformation and complex shape requirements, by WTHF 
technology. Finally, mechanical properties and microstructure of 
the part after such severe biaxial deformation were analysed. 

As it is reported in the present research, this alloy could be 
especially interesting for sheet and tube formed products as its 
alloying elements make it appropriate for both, the point of view 
of the forming process and the point of view of the final part. 

 
 

2. Working methodology 
 
The research reported in this paper was carried out using 

ZM21 extruded tubes of 50mm and 2mm thickness in annealed 
condition as raw material. 

In a first stage, specimens of ZM21 magnesium alloy were 
characterised by uniaxial tensile tests at different temperatures up 
to 250ºC at quasi-static strain rates. Then, microstructure of 
samples obtained from the tested specimens was analysed. In a 
second stage, according to acquired knowledge, magnesium 
ZM21 tubes alloy were formed by WTHF process and final 
mechanical properties and microstructure were analysed. 

 
 

2.1. Tested material 
 
ZM21 is one of the mainly used magnesium alloy for metal 

forming applications [15], due to its mechanical properties, 
Table 1. This alloy presents at room temperature relatively high 

resistance and higher formability than other magnesium alloys 
[16]. Furthermore, zinc, the main alloying element of this alloy, 
generates coherent precipitates, easy to be cut by dislocations. 
Thus, a cyclic softening occurs when cyclic loads are applied, 
decelerating fissure progress [17,18]. Consequently, ZM21 
magnesium parts present high fatigue life. Alloying elements have 
effect not only in the mechanical properties of the final part, but 
also in the initiation of deformation mechanisms. For this reason, it 
is determinant to identify the initiation of Dynamic Recrystallisation 
(DRX) when selecting the adequate forming conditions [19]. 

 
 

Table 1. 
Mechanical properties of ZM21 magnesium alloy at room 
temperature [15] 

u [MPa] y [MPa] y_com [MPa] A [%] E [GPa] 
258 175 116 15 43 

 
 
 
2.2. First stage: Uniaxial characterisation 
 
 
Uniaxial tensile test 

Quasi-static tensile tests were carried out in an INSTRON-
4206 testing machine equipped with a heating furnace. The 
geometry of the specimens was determined based on ASTM 
E8M-04 standard, Figure 1, and specimens were machined out 
from already defined ZM21 extruded tubes. Then, the specimens 
were tested according to ASTM E21-03a standard in a 
temperature range between 20-250ºC at a strain rate range of 
0.001-0.1s-1. 

 
 

 
 

Fig. 1. Geometry of the uniaxial tensile test specimens based on 
ASTM E8M-04 standard 
 
 

For each test, specimens were preheated at the nominal 
temperature for 20 minutes in order to guarantee temperature 
homogenization and minimize any temperature gradient. For that 
purpose, the furnace was previously stabilized at the testing 
temperature for 30 minutes. 
 
Microstructural analysis 

In order to carry out the microstructure study, samples from 
the uniaxially tested specimens were prepared from the maximum 
elongation area. Then, samples were chemically etched and 
analysed in the optical microscope LEICA DM IRM. The etchant 
used to watch grain boundaries and twins was acetic prical (5 ml 
acetic acid (CH3COOH), 6 g picric acid ((NO2)3C6H2OH), 10 ml 
distilled water and 100 ml ethanol (95%)) [20]. 
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2.3. Second stage: Warm hydroformed part 
characterisation 
 
 
WTHF experimental test 

Based on the material knowledge acquired in the uniaxial 
characterisation, optimum forming conditions were determined 
and ZM21 prototypes were formed by WTHF under those 
working conditions.  

The experimental tests were carried out in a novel Warm 
Tube Hydroforming Facility developed in the University of 
Mondragon, which performs a maximum closing force of 180 Tn, 
a maximum working temperature of 250ºC and a maximum 
internal pressure of 700 bar. 

The tooling, designed by FEM simulation, Figure 2, provides 
for a nominal temperature of 250ºC an experimental temperature 
pattern of 247 2.5ºC in the expansion area and a temperature 
range between 50-150ºC in the feeding area to enhance material 
feeding while the tube is expanding. 

 

 
 

Fig. 2. FEM simulation of the temperature pattern (ºC) in the 
tooling and in the initial tube after preheating 
 

 
 
Fig. 3. Thermomechanical FEM simulation of the equivalent 
strain pattern on the surface of the ZM21 prototype 

The design of the geometry of the part, shown in Figure 3, 
was defined by FEM simulation to obtain a maximum elongation 
of 50% in the most critical area. 

The initial tube was electrochemically edged in order to 
measure the equivalent strain pattern on the part surface after 
formed. The WTHF process of the part was set at 200ºC nominal 
temperature under flow control strategy. Figure 4 shows the 
experimental flow curve and the generated internal pressure, as 
well as the axial feeding. 

 
 

 
 

Fig. 4. Experimental flow curve, generated internal pressure and 
the axial feeding of WTHF process of the ZM21 prototype 

 
 

Verification of mechanical properties of the obtained part 
Once the final part was achieved, the deformation pattern in 

the surface of the part was measured by photogrametry using the 
software PHASTTM to determine the maximum elongation area. 
Then, tensile test specimens in the axial direction and the 
expansion direction were machined out in that area as shown in 
Figure 5. Due to size limitations to obtain specimens from the 
part, this time UNE-EN10002-5 standard was followed to define 
the geometry of the specimens, Figure 5. 

 
 

 
 

Fig. 5. Schematic of the expansion direction and axial direction as 
well as the geometry of the specimens 

2.3.		second	stage:	Warm	
hydroformed	part	
characterisation

 

The obtained specimens were tested at room temperature by 
conventional tensile test (UNE-EN10002-1:2002). In order to 
avoid possible differences in the mechanical behaviour of the raw 
material due to the different specimen geometries, specimens with 
the same geometry were also obtained from the original tube and 
compared with the results of the previous tensile tests carried out 
at room temperature in the FIRST STAGE. 

 
Verification of the microstructure of the obtained part 

Finally, samples were cut out also from the maximum 
elongation area and microstructure after being formed was 
analysed following the same procedure as in the microstructure 
analysis carried out in the FIRST STAGE. 

 
 

3. Achieved results 
 
3.1. FIRST STAGE -Uniaxial characterisation 

 
 

Uniaxial tensile tests 
Flow-stress curves resulting from the tensile tests of ZM21 

alloy are shown in Figure 6. 
It can be observed that, as a consequence of raising the testing 

temperature, the necessary flow stress decreases and an increment 
of the maximum elongation occurs. This maximum elongation 
increases from a value of 0.15 at room temperature to a value over 
0.5 at 200ºC. However, for higher temperature, considerable 
elongation increase can not be percept. 

 

 
 
Fig. 6. True Stress - True Strain curves at different temperatures 
and strain rates. ZM21 alloy, 2 mm thickness 

 
It is also observed that increasing the strain rate under quasi-

static range, maximum elongation for the same temperature 
decreases and the necessary flow stress is higher. This influence 
gets stronger at higher temperature. Thus, at room temperature no 
considerable variation occurs, but for a test temperature of 200ºC 
maximum elongations decreases from almost 0.55 to 0.45 for a 
strain rate increase from 0.001 to 0.1 s-1, and maximum flow 
stress increases from 120 MPa up to 200 MPa. 

Softening behaviour is detected over certain temperatures. 
This phenomenon, as reported by many authors for other 
magnesium alloys [19,21], is a consequence of two main factors: 
the Dynamic Recrystallisation (DRX) and the thermal softening. 

The first one is generated due to microstructure distortion [22]. 
The second one is especially sensible to strain rate and occurs due 
to heat generated by the plastic deformation energy, which has no 
time to be dissipated and heats up the material locally [23,24].  

In the tested specimens, this phenomenon starts slightly at 
150ºC and get notorious over 200ºC. As it has been explained, 
strain rate has a direct effect in the softening effect, thus it is more 
relevant for higher strain rates. 

 
Microstructural analysis 

Figures 7 and 8 show the microstructure of the samples 
obtained from the tested specimens.  

It can be observed that at room temperature there is high 
presence of twins for both analysed strain rates, and grain shape is 
not almost distorted. Thus, low elongation is achieved for this test 
temperature. This occurs, as it was reported by many authors, 
because at room temperature the main slip planes are the basal 
planes {0001} in the <1120> direction [20], being the pyramidal 
{1011} <1120> and prismatic planes {1010} <1120> difficult to 
apply due to the necessary high critical resolved shear stress 
(CRSS). Thus, these two types of planes can be used only in grain 
boundaries and in twin interfaces where the stress concentration is 
high. In order to compensate insufficient sliding directions and 
accommodate the plastic deformation, the material is reoriented 
by twining mechanism [25]. When basal deformation is inhibited 
a localization of twins occurs and the specimen bursts. 

For higher temperature, twining decreases and grains show 
higher elongation in the principal tensile-test direction. At 200ºC 
few twins can be observed and the high elongation of grains 
shows an important increase of formability. It is known that above 
temperatures around 200-225ºC prismatic and pyramidal slide 
planes activation begins with a considerable improvement of 
formability and reduction of the anisotropy [26,27].  

One remarkable aspect is that, even stress-strain curves show 
that softening occurs at this temperature, especially for the higher 
strain rate, almost no DRX can be observed. Consequently the 
softening effect that occurs at this temperature is mainly thermal 
softening. At 250ºC higher DRX can be observed. This aspect can 
be explained with the influence of the alloying elements that ZM21 
presents. Zinc, the main alloying element of this magnesium alloy, 
generates coherent precipitates which can be cut easily by 
dislocation [18]. Thus, the distortion of the microstructure of ZM21 
at 200ºC is not yet high enough to present DRX. 

Consequently, 200ºC temperature is considered the optimum 
temperature to maximise material formability avoiding DRX, which 
may cause losing the desired mechanical properties in the part. 

 
 

3.2. SECOND STAGE-Warm hydroformed 
part characterisation 
 
 
Verification of the mechanical properties 

Figure 9 shows the obtained warm hydroformed prototype, in 
full view and cut view, and Figure 10 shows the deformation 
pattern in the surface of the obtained part. It can be observed that 
the maximum elongation area is located in the triangular section 
for an equivalent strain of approximately 0.5 (Note that certain 
points in the measured deformation pattern can not be considered 
due to grid degradation caused by friction in those areas). 
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T=20ºC 

 

 
T=150ºC 

 

 
T=200ºC 

 

 
T=250ºC 

 
Fig. 7. Microstructural analysis of uniaxially tested ZM21 
samples at a strain rate of 0.001s-1 

 
T=20ºC 

 

 
T=150ºC 

 

 
T=200ºC 

 

 
T=250ºC 

 
Fig. 8. Microstructural analysis of uniaxially tested ZM21 
samples at a strain rate of 0.1s-1 

 

 
 

Fig. 9. Warm hydroformed ZM21 prototype 
 

 
 

Fig. 10. Deformation pattern measured by photogrametry 
 

True stress-strain curves of the raw material for both 
specimen types and the stress-strain curves of the specimens 
obtained in the maximum elongation area are compared in 
Figure 11, as well as the true stress-strain curves of the specimens 
obtained from the determined area in both predefined directions. 

 

 
 

Fig. 11. Raw material and final part true stress-strain curves 

It can be observed that there is no considerable variation 
between the stress-strain curves of both types of specimens in the 
raw material. Thus, the results obtained at room temperature are 
comparable even different specimens were used. 

When analysing the stress-strain curves, specimens obtained 
from the part show higher absolute resistance Thus, maximum 
stress increases from approximately 275 MPa up to 300-350 MPa 
in the expansion direction and 370-420 MPa in the axial direction. 
However, maximum elongation in both directions varies 
considerably. While decreases from approximately 0.15 to 
approximately 0.06, increases from the same original value to 
0.20-0.22 in the axial direction, performing better formability than 
raw material in that direction. This phenomenon could be 
explained by Bauschinger effect, Figure 12. Material suffers high 
compression loads in this direction and due to Bauschinger effect 
shows higher formability and higher resistance [28]. 

 

 
 

Fig. 12. Schematic of Bauschinger effect based on [28] 
 
 
Verification of the microstructure of the obtained part 

Figure 13 shows the microstructure of the part in the 
maximum elongation area.  
 

 
 
Fig. 13. Microstructure of the warm hydroformed part in the 
maximum elongation area 

 
The microstructure generated in the biaxial forming process is 

similar to the microstructure generated in the uniaxial tensile-test 
specimens for the same test temperature. However, DRX level 
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Fig. 7. Microstructural analysis of uniaxially tested ZM21 
samples at a strain rate of 0.001s-1 

 
T=20ºC 
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T=250ºC 

 
Fig. 8. Microstructural analysis of uniaxially tested ZM21 
samples at a strain rate of 0.1s-1 

 

 
 

Fig. 9. Warm hydroformed ZM21 prototype 
 

 
 

Fig. 10. Deformation pattern measured by photogrametry 
 

True stress-strain curves of the raw material for both 
specimen types and the stress-strain curves of the specimens 
obtained in the maximum elongation area are compared in 
Figure 11, as well as the true stress-strain curves of the specimens 
obtained from the determined area in both predefined directions. 

 

 
 

Fig. 11. Raw material and final part true stress-strain curves 

It can be observed that there is no considerable variation 
between the stress-strain curves of both types of specimens in the 
raw material. Thus, the results obtained at room temperature are 
comparable even different specimens were used. 

When analysing the stress-strain curves, specimens obtained 
from the part show higher absolute resistance Thus, maximum 
stress increases from approximately 275 MPa up to 300-350 MPa 
in the expansion direction and 370-420 MPa in the axial direction. 
However, maximum elongation in both directions varies 
considerably. While decreases from approximately 0.15 to 
approximately 0.06, increases from the same original value to 
0.20-0.22 in the axial direction, performing better formability than 
raw material in that direction. This phenomenon could be 
explained by Bauschinger effect, Figure 12. Material suffers high 
compression loads in this direction and due to Bauschinger effect 
shows higher formability and higher resistance [28]. 

 

 
 

Fig. 12. Schematic of Bauschinger effect based on [28] 
 
 
Verification of the microstructure of the obtained part 

Figure 13 shows the microstructure of the part in the 
maximum elongation area.  
 

 
 
Fig. 13. Microstructure of the warm hydroformed part in the 
maximum elongation area 

 
The microstructure generated in the biaxial forming process is 

similar to the microstructure generated in the uniaxial tensile-test 
specimens for the same test temperature. However, DRX level 
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observed in warm hydroformed sample is slightly higher than in 
the tensile-test specimens, but still low. Consequently, material 
suffers strain hardening effect as in the verification of mechanical 
properties was observed. 

 
 

4. Conclusions 
 

Tensile-test data and the WTHF test show that temperature 
increases formability of ZM21, and high elongation degrees can 
be achieved, higher even than elongation degrees achieved with 
conventional deep drawing steels. Thus, the main limitation of 
magnesium alloys is overcome.  

However, over certain temperature magnesium alloys present 
softening behaviour and this phenomenon becomes stronger for 
higher temperatures and high strain rates. DRX is one of the main 
responsible mechanisms which origins new small grains. 
Consequently, initial microstructure changes and desired 
mechanical properties could be lost. In the case of ZM21 alloy, its 
main alloying element, zinc, generates coherent precipitates and 
show less distortion level than magnesium alloys based on 
Aluminium or Lithium as alloying elements, which generate 
incoherent precipitates, for example the widely extended AZ31. 
Thus, DRX in ZM21 magnesium alloy is almost imperceptible at 
200ºC and still low at 250ºC. 

This study shows that the optimum temperature to achieve 
optimum formability without considerable DRX is around  
200-250ºC. 

WTHF experiments carried out at 200ºC show that high 
deformation degrees and complex shape hollow parts can be 
achieved by this technology. Furthermore, material suffers strain 
hardening during the forming process and performs higher 
resistance than raw material. Thus, this emerging technology 
shows high potential to manufacture high strength to weight ratio 
magnesium parts for automotive and aerospace industry, or other 
applications. 
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observed in warm hydroformed sample is slightly higher than in 
the tensile-test specimens, but still low. Consequently, material 
suffers strain hardening effect as in the verification of mechanical 
properties was observed. 

 
 

4. Conclusions 
 

Tensile-test data and the WTHF test show that temperature 
increases formability of ZM21, and high elongation degrees can 
be achieved, higher even than elongation degrees achieved with 
conventional deep drawing steels. Thus, the main limitation of 
magnesium alloys is overcome.  

However, over certain temperature magnesium alloys present 
softening behaviour and this phenomenon becomes stronger for 
higher temperatures and high strain rates. DRX is one of the main 
responsible mechanisms which origins new small grains. 
Consequently, initial microstructure changes and desired 
mechanical properties could be lost. In the case of ZM21 alloy, its 
main alloying element, zinc, generates coherent precipitates and 
show less distortion level than magnesium alloys based on 
Aluminium or Lithium as alloying elements, which generate 
incoherent precipitates, for example the widely extended AZ31. 
Thus, DRX in ZM21 magnesium alloy is almost imperceptible at 
200ºC and still low at 250ºC. 

This study shows that the optimum temperature to achieve 
optimum formability without considerable DRX is around  
200-250ºC. 

WTHF experiments carried out at 200ºC show that high 
deformation degrees and complex shape hollow parts can be 
achieved by this technology. Furthermore, material suffers strain 
hardening during the forming process and performs higher 
resistance than raw material. Thus, this emerging technology 
shows high potential to manufacture high strength to weight ratio 
magnesium parts for automotive and aerospace industry, or other 
applications. 
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