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Abstract. ZK60 is an Aluminium-free Magnesium alloy able to achieve high ductility in 
superplastic conditions. Those properties make the alloy suitable to be investigated for temporary 
prostheses production by means of the Superplastic Forming (SPF) process. To properly design 
the manufacturing process by numerical simulations, an accurate material constitutive model is 
needed. In the present work, bulge tests at 400°C were conducted on a ZK60 Magnesium sheet 
using different loading conditions, namely two different levels of constant pressure (CP) and jump 
pressure (JP) between the two pressure levels. The dome height evolution was acquired during 
each test and used to calibrate the material constants of the Backofen constitutive equation          
(𝜎𝜎 = 𝐶𝐶 ∙ 𝜀𝜀̇𝑚𝑚) using three different methodologies: (i) an analytical approach (ii) an inverse 
methodology based on a single CP test and (iii) an inverse methodology based on the JP test. The 
obtained constants were validated by subsequent numerical simulations. Comparing the 
numerical/experimental dome height curves, it was found that the sets of constants determined 
using the inverse methodology based on the JP test are able to describe the material superplastic 
behaviour over a wider span of loading conditions. 
Introduction 
Magnesium (Mg) based implants are gaining interest for temporary prostheses applications, since 
Mg mechanical properties are more similar to that of natural bones than the other metallic materials 
commonly used for implants, such as titanium alloys and stainless steels [1]. The ZK60 magnesium 
alloy can represent a viable alternative to the well known AZ31 for biomedical applications, since 
it is much safer for the human body due to the almost absence of Aluminium (Al < 0.05%), which 
is well-known for its toxicology related to neurodegenerative diseases (e.g., the Alzheimer disease) 
[2,3]. Furthermore, ZK60 showed good superplastic ductility in warm and hot conditions [4,5]. 
This ability to achieve high deformation make the alloy suitable to be processed by means of the 
Superplastic Forming (SPF) process [6], that uses gas pressure to form the sheet metal blank 
according to the die cavity shape. The resulting flexibility makes this technology suitable for the 
manufacturing of highly customised products, such as prostheses [7,8].  

The adoption of the numerical approach allows to determine the gas pressure profile able to 
optimally exploit the material superplastic behaviour [8]. This requires a reliable FE model, based 
on an accurate constitutive material behavior. Tensile tests are commonly used to characterize 
materials superplastic behavior [9]. However, bulge tests can effectively reproduce strain 
conditions close to the ones occurring during the SPF process [10]. There are several types of bulge 
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tests available in literature, e.g., the Constant Pressure (CP) test [11], in which a constant gas 
pressure is applied and the Jump Pressure (JP) test [12], in which a stepped pressure profile 
changing between two values is used. The experimental data in terms of dome-height evolutions 
according to time and the thickness profiles at certain instants are then used for determining the 
material constants according to different constitutive equations, by using analytical methods or by 
inverse analysis [13].  

In the present work the ZK60 magnesium alloy (Zr 0.85%, Zn 5.56%) was investigated using 
both CP and JP tests. The dome height evolutions according to time were acquired and used for 
calibrating the material constitutive equation. In particular, the behaviour of the alloy in 
superplastic conditions was modelled using the Backofen power law (Eq. 1): 

𝜎𝜎 = 𝐶𝐶 ∙ 𝜀𝜀̇𝑚𝑚 (1) 

where 𝜎𝜎 is the equivalent stress, 𝜀𝜀̇ is the equivalent strain rate, 𝐶𝐶 is the strength coefficient and 𝑚𝑚 
is the strain rate sensitivity index. Three different methodologies were used to obtain the two 
constants of the model (C and m): (i) by means of the analytical approach described in [11]; (ii) by 
means of an inverse methodology based on single CP tests and (iii) by means of an inverse 
methodology based on a single JP test [13]. The effectiveness of the approaches was finally 
evaluated by means of further numerical simulations using different loading conditions. In this 
way, the best set of material constants and the most effective methodology to determine them could 
be evaluated. 
Material and methodology 
Material. Bulge tests were performed on circular Mg alloy ZK60 specimens with a 75 mm diameter 
and 1 mm thickness. The chemical composition of the investigated alloy is reported in Table 1. 

Table 1 Chemical composition limits [Weight %] of the investigated Mg alloy ZK60 

Element Al Zr Cu Zn Mn Si Ni Fe Mg 

Content 0.0487 0.85 0.041 5.558 0.01 0.046 0.0045 0.00399 Bal. 

Experimental bulge tests. Figure 1 shows the experimental setup used for conducting hot bulge 
tests. The circular Mg specimen was clamped between the blankholder and the die. Then, Argon 
gas was used to deform the ZK60 Mg alloy blank at 400°C. Argon pressure was controlled by a 
proportional valve (0-10V). To reach the target temperature, a solid-state induction heating system 
managed with a Proportional–Integral–Derivative (PID) controller was used; temperature was 
constantly monitored by means of K-type wire thermocouples welded close to the test area. A 
BlankHolder Force (BHF) value of 12 kN was set to avoid gas leakages. A laser sensor was used 
to acquire the dome height evolution according to time.  

Bulge tests were conducted under different loading conditions: (i) a constant pressure (CP) test, 
in which a constant gas pressure equal to 0.25 MPa was applied (indicated in the following as 
CP0.25), (ii) a CP test applying a constant gas pressure equal to 0.5 MPa (indicated in the following 
as CP0.5) and (iii) a Jump Pressure (JP) test in which a stepped pressure profile changing between 
the two values (0.5 MPa and 0.25 MPa) was used. Tests were carried out up to failure.  
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Figure 1: Bulge tests experimental setup 

Analytical approach. The procedure proposed by Enikeev and Kruglov [11] was adopted for 
determining the material constants with an analytical approach. Data from dome-height evolutions 
of the experimental CP tests were used to determine the strain rate sensitivity index 𝑚𝑚 as follows: 

𝑚𝑚 =
𝑙𝑙𝑙𝑙𝑝𝑝1𝑝𝑝2
𝑙𝑙𝑙𝑙𝑡𝑡2𝑡𝑡1

  (2)  

Where 𝑡𝑡1 and 𝑡𝑡2 are the forming times corresponding to the 𝑝𝑝1 and 𝑝𝑝2 pressure values (0.25 and 
0.5 MPa, respectively). Forming times refer to a dome height target value (the same for both tests), 
falling into the constant slope portion of the dome-height curve. The strength coefficient was 
calculated as follows: 

𝐶𝐶 = �𝑝𝑝𝑓𝑓𝑅𝑅0
2𝑆𝑆0

� ∙ [𝑡𝑡𝑓𝑓/2𝐼𝐼𝑚𝑚(𝛼𝛼)]𝑚𝑚  (3) 

Where 𝑡𝑡𝑓𝑓 is the forming time (referring to the target dome height value) at a constant pressure 𝑝𝑝𝑓𝑓, 
𝑅𝑅0 and 𝑆𝑆0 are the die radius (22.5 mm) and initial thickness (1.0 mm) of the undeformed blank, 
respectively. The term 𝐼𝐼𝑚𝑚(𝛼𝛼) is an integral that can be calculated as follows: 

𝐼𝐼𝑚𝑚(𝛼𝛼) = ∫ [(𝑠𝑠𝑠𝑠𝑠𝑠3𝑥𝑥 𝑥𝑥2⁄ )]1 𝑚𝑚⁄ ∙ (1 𝑥𝑥⁄𝛼𝛼
0 − 𝑐𝑐𝑐𝑐𝑡𝑡 𝑥𝑥)𝑑𝑑𝑥𝑥  (4) 

Where 𝛼𝛼 is half the angle subtended by a dome surface at its center of curvature. 

FE model for bulge tests. The commercial software Abaqus/Standard was used to numerically 
reproduce the testing conditions; to reduce the computational cost, an axisymmetric FE model was 
used; it is shown in Figure 2. The die geometry was modelled by means of an analytical rigid 
surface, whereas the ZK60 blank was meshed with 280 SAX1 elements having a size equal to 0.1 
mm. The blankholder was not considered and its clamping action was simulated by blocking the 
translational degree of freedom along the radial direction. Friction between the blank and the die 
was modelled according to the Penalty formulation for contact and Coulomb friction and its 
coefficient was set to 0.1. 
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Figure 2: FE model used for the numerical simulations of bulge tests 

The material behaviour was modelled using the Bailey-Norton power law (𝜀𝜀̇ = 𝐴𝐴 ∙ 𝜎𝜎𝑙𝑙), in 
which the constants (𝐴𝐴, 𝑠𝑠) are related to the one of the Backofen power law (𝜎𝜎 = 𝐶𝐶 ∙ 𝜀𝜀̇𝑚𝑚) by the 
following equations: 

𝑠𝑠 = 1 𝑚𝑚�    (5) 

𝐴𝐴 = �1
𝐶𝐶� �

1 𝑚𝑚�    (6) 

Pressure was applied to the upper surface of the blank. The dome-height evolution of the central 
point belonging to the bottom surface of the blank was recorded as output. The described numerical 
model was used both in the inverse analysis procedure and for validation purposes. 

Inverse analysis approach. In the present work, material constants (𝐶𝐶,𝑚𝑚) in the Backofen 
constitutive equation (Eq. 1) were the unknown inputs to be determined by inverse analysis (IA). 
The numerical model described in the previous section was used to recreate the experimental 
working conditions; the experimental dome height curves were fitted by properly changing the 
value of the material constants (𝐶𝐶,𝑚𝑚) in the numerical simulations, minimizing the error between 
the numerical and the experimental data. The inverse analysis was driven by the MOGA-II genetic 
algorithm [14], that starts from an initial population created using the Sobol algorithm [15]. 
Additional details of the inverse analysis approach can be found in [13]. Each design represents a 
single numerical simulation characterized by specific values of the two constants (𝐶𝐶,𝑚𝑚); once each 
run was completed, the numerical evolution of the dome height was extracted by means of a python 
script file and written into an ASCII file. Subsequently, the numerical curve was compared with 
the experimental one and the sum of square residuals (SSR) calculated according to Eq. 7: 

𝑆𝑆𝑆𝑆𝑅𝑅 = ∑ �ℎ𝑖𝑖,𝑙𝑙𝑛𝑛𝑚𝑚 − ℎ𝑖𝑖,𝑒𝑒𝑒𝑒𝑝𝑝�
2𝑁𝑁

𝑖𝑖=0   (7) 

Where 𝑁𝑁 is the total number of measured time instants, ℎ𝑖𝑖,𝑙𝑙𝑛𝑛𝑚𝑚 and ℎ𝑖𝑖,𝑒𝑒𝑒𝑒𝑝𝑝 are the numerical and 
the experimental value of the dome height at the 𝑠𝑠-th instant of time, respectively. Results were 
analyzed in terms of the history charts, able to describe the evolution of the input variables 
throughout the created generations.  
Results and discussion 
Experimental results. Figure 3 shows the experimental dome height evolutions of the ZK60 under 
the different pressure values, as well as the forming time and final height values.  
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(a) 

 

(b)  
 

Test ID Gas pressure [MPa] Forming time [s] Final Height [mm] 
CP 0.25 0.25 11843 25.7 
CP 0.5 0.5 3146 24.3 

JP 0.5 – 0.25 4631 24.4 
Figure 3: (a) Experimental dome-height evolution of ZK60 during bulge tests at 400°C under 

different loading conditions (b) Loading conditions, forming time and final height of each test ID 

Material constants from the investigated approaches. Three different methodologies were used 
to obtain the two constants (𝐶𝐶 and 𝑚𝑚) of the Backofen material model, namely by means of (i) the 
analytical approach, (ii) inverse methodology based on the CP0.25 and CP0.5 tests and (iii) inverse 
methodology based on the JP test. Values of 𝐶𝐶 and 𝑚𝑚 resulting from the analytical approach were 
2224 𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝑠𝑠𝑚𝑚 and 0.63, respectively. For their determination a target dome height equal to 17 
mm was considered, falling into the constant slope portion of both the CP 0.25 and the CP 0.5 
dome-height curves as evidenced by Figure 3a.  

Based on the results coming from the analytical approach, in the inverse analysis the strength 
coefficient 𝐶𝐶 could initially vary between 100 and 4000 𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝑠𝑠𝑚𝑚, while the strain rate 
sensitivity index 𝑚𝑚 between 0.3 and 0.7. The optimization loop was carried out considering an 
initial population of 50 individuals and 40 successive generations. Figure 4 shows the history 
charts resulting from the IA on the CP 0.25 test. Both 𝐶𝐶 and 𝑚𝑚 tended toward a stable and constant 
condition characterized by low SSR values after the 24th generation (i.e., after the ID 1200). 

(a) 

 

(b) 

 

Figure 4: History charts for the IA on the CP0.25 test: a) strength coefficient C and b) strain 
rate sensitivity index m. 

Figure 5 shows the history charts resulting from the IA on the CP 0.5 test. Unlike the previous 
case, 𝐶𝐶 and 𝑚𝑚 value tended toward a stable value almost at the end of the optimization loop, after 
the 32nd generation (i.e., after the ID 1600). 
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(a) 

 

(b) 

 

Figure 5 History charts for the IA on the CP0.5 test: a) strength coefficient C and b) strain rate 
sensitivity index m. 

Figure 6 shows the history charts resulting from the IA on the JP test. After the 16th generation 
both the values of 𝐶𝐶 and 𝑚𝑚 tended already to a stable and constant condition, with minimum SSR 
values. 
(a) 

 

(b) 

 

Figure 6 History charts for the IA on the JP test: a) strength coefficient C and b) strain rate 
sensitivity index m. 

Figure 7a shows the comparison between the dome-height evolution of best design resulting 
from the IA and the experimental one (i.e., the target curve) for all the tested conditions. The best 
fitting of the target curve was obtained for the JP test, for which the input variables stably 
converged quicker. To compare results coming from different loading conditions (i.e., different 
forming times and, in turn, different numbers of measured time instants), the overall fitting was 
quantified by means of the Root Mean Square Error (RMSE), calculated as follows: 

𝑅𝑅𝑀𝑀𝑆𝑆𝑅𝑅 = �∑ (ℎ𝑖𝑖,𝑛𝑛𝑛𝑛𝑛𝑛−ℎ𝑖𝑖,𝑒𝑒𝑒𝑒𝑝𝑝)2𝑁𝑁
𝑖𝑖=1

𝑁𝑁
= �𝑆𝑆𝑆𝑆𝑅𝑅

𝑁𝑁
                 (8) 

 
Where ℎ𝑒𝑒𝑒𝑒𝑝𝑝 and ℎ𝑙𝑙𝑛𝑛𝑚𝑚 are the experimental and numerical dome height values and 𝑁𝑁 is the total 
number of measured time instants. They are reported in Figure 7b. According to the results listed 
in Figure 7b, it appears that a lower applied pressure determined an increase of the calculated 𝑚𝑚 
value. 
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Figure 7: (a) Comparison between the dome-height evolution of best design resulting from the IA 
and the experimental one for all the tested conditions; (b) Material constants from the 

optimization runs, sum of square residuals (SSR) and Root Mean Square Error (RMSE). 
Validation of the material constants. The previously determined constants able to describe the 

superplastic behavior of the ZK60 alloy were validated by means of further numerical simulations. 
In particular, the loading condition of the test CP0.25 was simulated implementing the material 
constants obtained (i) through the analytical (AN) approach (ii) by means of the inverse analysis 
carried out using data from the CP0.5 test and (iii) the set obtained through the inverse analysis on 
the JP test.  

Figure 8 shows the numerical results in terms of dome height evolutions compared with the 
correspondent experimental ones (Figure 8a) as well as the RMSE between numerical and 
experimental dome-height curves (Figure 8b).  

(a) 

 

(b) 

 

Figure 8: Validation runs on CP0.25 (a) Numerical/experimental comparison of dome height 
evolution (b) Root Mean Square Error (RMSE) between numerical and experimental dome-

height curves 
It can be noticed that implementing the material constants coming from the inverse analysis 

using data from the CP0.5 test (dotted curve in Figure 8a), the fitting was poor; in fact, as reported 
in Figure 8b, the RMSE value is close to 8 mm. This result suggests that when the constants are 
implemented to simulate a loading condition far from the one at which they had been determined 
using the inverse analysis, the fitting with the experimental dome height curve is not satisfactory. 
On the contrary, when implementing the material constants coming from the JP test (dashed 

(a) 

 

(b) 

Test ID C [MPa*sm] m SSR 
[mm2] 

RMSE 
[mm] 

CP 0.25 794 0.524 354 0.6 
CP 0.5 496 0.461 18.5 0.2 

JP 888 0.532 3.7 0.0 
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curve), the fitting to the experimental data was better, with an RMSE value equal to 1.3. However, 
in this case a much better fitting was achieved when implementing the material constants 
determined through the analytical approach (solid black curve), that are characterized by a RMSE 
value equal to 0.7, slightly higher than the minimum value of RMSE (0.6), obtained when 
implementing the material constants coming from the inverse analysis using data from the CP0.25 
test.  

The loading condition of the CP0.5 test was similarly investigated implementing the material 
constants coming from (i) the analytical (AN) approach (ii) the inverse analysis carried out using 
data from the CP0.25 test and (iii) the set obtained through the inverse analysis on the JP test. 
Unlike the previous case, for the CP0.5 validation runs the constants calculated through the 
analytical approach provided the worst fitting (RMSE=1.3). On the contrary, the JP test also 
provided in this case a good fitting. In fact, the resulting RMSE (0.3) is slightly higher than the 
minimum value of RMSE (0.2), obtained when implementing the material constants coming from 
the inverse analysis using data from the CP0.5 test. 

(a) 

 

(b) 

 

Figure 9: Validation runs on CP0.5 (a) Numerical/experimental comparison of dome height 
evolution (b) Root Mean Square Error (RMSE) between numerical and experimental dome-

height curves 
Considering both the validation runs cases (applying a bulging pressure of 0.25 and 0.5 MPa), it 
can be stated that the set of constants obtained through the inverse analysis using data from the JP 
test (IA-JP) showed a good fitting for both the pressure values, meaning that the constants were 
able to effectively describe the material behavior over a wider span of loading conditions. On the 
contrary, the set of constants obtained through the analytical approach (AN) provided a good fitting 
only at lower pressure values. Eventually, constants obtained by means of the inverse analysis 
using data from the CP tests (IA–CP0.25 and IA-CP0.5) can be representative only if used to 
reproduce loading conditions close to the ones at which they had been determined using the inverse 
analysis, otherwise they won’t provide good results.  

Conclusions 
The present work investigates different methodologies for determining the material constants of 
the Backofen constitutive model able to describe the superplastic behaviour of the ZK60 alloy, 
starting from hot bulge tests data. Different sets of constants were obtained both through an 
analytical approach and by means of an inverse analysis approach. In this case, different sets of 
constants were obtained minimizing the difference between the numerical and the experimental 
dome height curves coming from both the constant pressure tests and the jump pressure test. The 
effectiveness of the approaches was evaluated by means of further simulations. Results showed 
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that the set of constants determined by means of the inverse analysis approach using data from the 
jump pressure test (𝐶𝐶 = 888 𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝑠𝑠𝑚𝑚 and 𝑚𝑚 = 0.532) satisfactorily described in a wider 
pressure ranges the superplastic behavior of the ZK60 alloy in terms of dome height evolution. On 
the contrary, material constants determined using data from the constant pressure tests provided 
excellent results for loading conditions close to the one from which they had been determined, but 
they lost their capability to describe the superplastic behavior for different loading conditions. The 
analytical approach provided a set of constants able to well describe only one loading condition. 
In addition, unlike the inverse analysis approaches, it requires two different tests with different 
loading conditions for determining only one set of material constants. Thus, it can be stated that 
the most effective methodology to adopt for determining reliable ZK60 material constants of the 
Backofen constitutive model is the one based on the inverse analysis approach using data from the 
jump pressure test. 

Future works will be aimed at expanding the investigation to different temperatures and loading 
conditions, as well as evaluating the reliability of the determined material constants considering 
the thickness distribution of the bulged specimens. 
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