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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Superplastic Forming is an industrial process to produce thin-walled products of complex shape. At the same time 
this process allows one to obtain the products with close to uniform thickness distribution. The process exploits the 
abilities of some polycrystalline materials to large elongations before failure. The best formability can be achieved 
only under very specific conditions of temperature and strain rate. In order to calculate the pressure regime to 
sustain target strain rate in critical arias it is necessary to use finite element simulation. The pressure regime 
calculation lasts for a day’s especially while 3 dimensional elements are use. To reduce the time of calculation it is 
possible to use elements from membrane theory. The main idea of this approach is to use planar elements instead of 
tetrahedronal for 3D tasks or 2 nodes elements instead of triangular ones for axisymmetric tasks. This reduction 
doesn’t take in account share stress accruing into material. The main aim of this paper is to study the effect of 
elements type on the accuracy of thickness distribution prognosis. 
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1. Main text  

Supreplastic forming is an industrial technology allowing one to produce a thin sheet parts of complex shape. 
Such parts are widely used in different industrial fields but mainly in aeronautical industries. Superplasticity is the 
ability of polycrystalline material to exhibit in a generally isotropic manner, very high tensile elongations prior the 
failure. When a material deforms under superplastic conditions, the strain rate sensitivity is exceeding 0.5 [1]. The 
most popular materials with this ability are the alloys of titanium and aluminum [2,3]. The elongation of some 
superplastic materials could exceed almost 2000% [4]. The implementation of superplastic materials allows one to 
obtain parts with a more uniform distribution of thickness than usual. Despite this it was shown [5,6] that thickness 
value in different areas of the product may vary significantly.  

The most popular way for superplastic material processing is the gas forming. The workpiece is clamping 
between the die and the blank holder and then the sheet is blown into the die with the negative shape of the 
manufacturing part. The superplastic behavior of the material occurs in a narrow ranges of strain rates and 
temperatures. During the manufacturing it is extremely important to sustain the optimum conditions of forming. For 
this purpose, it is necessary to calculate the suitable parameters of SPF process.  

Numerical simulation of superplastic forming (SPF) procedure plays an important role during the design phase of 
manufacturing [3]. The analysis of simulations result instead of the results of actual experimental trials allows one to 
avoid the expenses of the technological experiments. The simulations can be used for pressure regime 
calculation [7], material characterization, or prediction of final sheet thickness distribution in order to detect extreme 
thinning before the actual product manufacturing. The finite element method is the most reliable method of for 
computer simulations of SPF processes. Since the simulation reliability strongly depends on the accuracy of the 
material characterization border condition and simulation technic while the time of calculation depends on product 
geometry complexity and the level of discretization of the workpiece. The tensile testing is the most common 
technic to identify the constitutive behavior of the material. Material superplastic behavior in commonly 
characterizing by Backofen power law [8]:  

𝜎𝜎𝜖𝜖 = 𝐾𝐾𝜀𝜀𝜖̇𝜖
𝑚𝑚      (1) 

Where 𝜎𝜎𝜖𝜖 - effective flow stress, 𝜀𝜀𝜖̇𝜖 - effective strain rate, 𝐾𝐾 - stress amplitude, 𝑚𝑚  – strain rate sensitivity, 
responsible for the localization of the material flow [9]. Since the superplastic materials are highly sensitive to the 
strain rate rather than to effective strain it is make sense to use modification of tensile test – a tensile test with a 
stepped strain rate change (tensile jump test). 

Forming processes of the parts with complex geometry are usually simulated using shell elements in order to 
reduce the time of calculation. The shell elements from the membrane theory doesn’t take into account the effect of 
share stress. This effect can be the reason of inaccuracies in thickness prediction, and as a consequence lead to 
unreliable calculation of pressure regime for maintaining target strain rate. 

In the present work two technics of finite element simulation were used to predict the final thickness distribution 
of axisymmetric blow forming task. The information about the blow forming procedure was taken from the 
literature [10]. To assess the inaccuracies caused by the implementation of shell finite elements instead of volume 
ones the results were compared with the experimental data described in [10]. 

 
Nomenclature 

𝜎𝜎𝜖𝜖 effective flow stress 
𝜀𝜀𝜖̇𝜖  effective strain rate 
𝐾𝐾 stress amplitude 
𝑚𝑚 strain rate sensitivity 
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2. Experimental data 

The study presented in [10] is devoted to all-embracing analysis of VT6(Ti-6Al-4V) alloy and its formability in a 
wide range of temperatures and strain rates. It’s its chemical composition is presented on the table1. 

Table 1. Chemical composition of VT6 alloy. 

Fe C  Si  V N Al Zr O H Impurity Ti 

0.6% 0.1% 0.1% 4% 0.05% 6% 0.3% 0.2% 0.015% 0.3% Balanced 

 
In [10] the stress-strain rate curves were obtained from tensile jump test. These curves were analyzed and the 

models of the VT6 superplastic behavior were formulated. The models were verified by the experiments on forming 
of VT6 sheets to the die with a geometry presented in figure 1 

 

 

Fig. 1. The drawing of the die 

Pressure regime which was applied for the forming was calculated in order to control maximum strain rate at the 
level of 10−1[10]. This strain rate was considered as the optimal one for this alloy at the temperature of 825 ℃ 
based on the analysis of jump tensile test. The pressure regime is presented on figure 2a. The experimental data(red 
circles) obtained from tensile jump test for Vt6 titanium alloy at 825 ℃ are presented on the figure 2b as well as its 
approximation( blue line). The approximation was made by linear regression the constants of Backofen equation 
were found as 𝐾𝐾 = 2044 𝑚𝑚 = 0.56  

 

 

Fig. 2. (a) Pressure regime; (b) Stress- Strain rate curve for Ti-6Al-4V at 825 ℃  

3. Results and discussion 

The present study is based on the experimental results described in [10]. The forming process was simulated 
using of both 2-nodes and 4 nodes axisymmetric finite elements. The simulation parameters such as die geometry, 
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material properties, pressure regime were taken from [10] for VT6 titanium alloy at 825 ℃. In order to compare the 
results of simulation with the experimental ones the thickness of the formed part was measured in different points. 
The positions of this points, and an obtained thickness values are presented on the figure 3. 

 

Fig. 3. The formed part with thickness measurement. 

The length of 4 nodal and 2 nodal elements were equal. In the simulation with 4 node elements the specimen was 
divided on 1000 elements (200-by length and 5- by height). The number of elements for the second simulation 
utilizing the membrane theory was 200. The pressure regime corresponding to the one applied in the experiment was 
used in both simulations. The temperature was considered to be constant and equal to 825 ℃. As the boron nitride 
was used as a lubricant the friction coefficient between specimen and the die was consider equal 0.1 [11]. The 
evolution of specimen during the simulation with 4-nodes elements presented on figure 4. 

 

 

Fig. 4. Stages of FE simulation 

The comparison between the results of FE simulations with the measured thickness is presented on figure 5a. The 
solid curves illustrate thickness distribution obtained by FE simulation. The blue curve corresponds to the simulation 
with 4-nodes elements, the red one corresponds to 2- nodes elements. The green circles correspond to the 
experimental data presented on figure 3. It can be seen that the utilization of membrane theory for the given case 
leads to underestimation of thickness in the center of the part. At the same time the overestimation of the minimal 
thickness in the most critical area of maximum thinning can be observed.  
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Fig. 5. (a) The thickness distribution at the final forming state; (b) The relative error between simulations and the experimental data. 

The relative deviations between numerical predictions and the measured values are illustrated on figure 5b. The 
value of maximum variation between experimental data and the results of the simulation utilizing solid elements is 
20% while for the simulation based on membrane theory this value is much higher and exceeds 56%. The point 
corresponding to the maximum deviations is the same for both simulations and located in the area of maximum 
thinning.  

4. Conclusions 

The numerical simulations of supereplastic forming procedure were carried out both using 2 nodes elements and 
4-nodes elements. The results of simulations were compared with the experimental data.  

The simulation results of superplastic forming process manifest that implementation of shell elements leads to a 
more uniform thickness distribution than the observed experiment and obtained by using volume elements. The most 
significant errors are observed in the central part of the workpiece while in its peripheral area predictions are more 
similar to each other and are in better agreement with the experiment. The results show that the implementation of 
shell finite elements for complex part forming simulation can leads to significant errors. 
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