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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. 
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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 

Understanding and modelling the plastic behavior of a material are essential for simulation and design of metal forming 
processes. Cold pilgering of tubes is a process with very complex strain history with alternating loading direction. This makes 
evaluation of the work hardening challenging. Cold deformation applied in a single direction predominantly exhibit work 
hardening, while changes of the loading direction may even cause softening in other directions. The influence of alternating 
loading directions on work hardening has been experimentally investigated for 316L stainless steel (SS). Cubic specimens were 
cut out from the preform of the tube. The specimens are subjected to uniaxial compressions in alternating directions along two 
perpendicular axes. From the results, a cyclic elastic-plastic constitutive model based on a Chaboche-type approach is calibrated 
and implemented in the commercial finite element code MSC.Marc.  
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1. Introduction 

Cold pilgering is a tube forming process used to produce high precision seamless tubes [1]. In this process 
incoming material is a hollow, preform of the tube, which is produced in an extrusion process [2]. This preform is 
repeatedly compressed between two rolls and a mandrel during pilgering, see Fig. 1(a). The preform is fed forward a 
few millimeters after each stroke and simultaneously rotated. These small forming steps reduce both the diameter 
and wall thickness progressively until the tube reaches its final dimension. This incremental forming enables a large 
area reduction without initiating cracks. However, it also creates very complex strain path [3]. Fig. 1(b) illustrates 
the strain history of a unit volume obtained by finite element model of cold pilgering [4] where a material point 
undergoes non-proportional, multiaxial, and non-periodic strain cycles. This complex strain history makes the strain 
hardening very complicated [5-7]. In most metals, flow stress saturates at very large strain. This saturation level 
depends on the loading path and the strain increment [6,8,9].  

 

Fig. 1. (a) Configuration of pilgering process; (b) strain history of material point. 

  The Finite Element Method (FEM) is commonly used to simulate metal forming and can assist in design of the 
processes. However, this requires sufficiently accurate constitutive models. This is a challenge in case of cold 
pilgering due to the complex strain hardening as mentioned above. Many advanced constitutive models have been 
published. However, they are mostly too complex and not practical for industrial applications. Vanegas-Márquez in 
2012 [10] reviewed a variety of constitutive models in the literature for cold pilgering and concluded that Chaboche-
type cyclic elastic-plasticity constitutive model [11] is suitable and applicable for two common techniques of cold 
pilgering, High Precision Tube Roller (HPTR) and Vertical Mass Ring Die (VMR). The main difference between 
these methods is that HPTR has constant cross-sections of groove and mandrel, whereas VMR has much more 
complicated groove and mandrel design where the cross-sections vary along the rolling direction. This complex 
design enables higher output rates and makes VMR the most common technique. Vanegas-Márquez et al. [3] 
performed uniaxial compression-compression test cycles in two alternating directions with a small cubic specimen 
cut off from an extruded rod to calibrate the Chaboche model for HPTR type of cold pilgering of Oxide dispersion 
strengthened alloys (ODS) tubes. The applied strain history was approximated from the cold pilgering process. The 
calibrated model was used in the FE model of cold pilgering (HPTR) and the calculated strength of the final tube 
showed good agreement with the hardness measurement. Sornin et al. [12] used a simplified version of this model 
[3] with a single set of kinematic and isotropic hardening parameters. They used the experimental result in [10] to 
identify the model parameters. These model parameters were later used in the commercial FE software MSC. Marc 
to simulate HPTR type of cold pilgering of ODS steel tubes.  

The applied strain history was obtained from FE simulations of cold pilgering in the current investigation. Test 
pieces of cubic shape were cut out from the preform and then subjected to compression sequences alternating 
between the radial and tangential directions. They will then elongate in the axial direction. These incremental 
deformations were applied until the flow stress saturated. The strain increment in each compression step is about 
1.6% plastic strain, obtained as the smallest increment in strain due to a stroke obtained from simulations.  
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The experimental results were used to identify the parameters of a Chaboche-type cyclic elastic-plasticity 
constitutive model with a single set of kinematic and isotropic hardening parameters. Model parameters were later 
used in commercial FE code, MSC.Marc, to validate the implementation of the model.  
 
Nomenclature  
  
r  radial position in cylindrical coordinate ijσ          Cauchy’s stress tensor 

θ  tangential position in cylindrical coordinate effσ         effective stress 

z  axial position in cylindrical coordinate yσ           initial yield stress 
p

ijε          plastic strain tensor trueσ        true stress 

effε        effective plastic strain ijs            deviatoric stress tensor 

t
trueε        total true strain 

ijχ           kinematic hardening tensor 

e
trueε        elastic part of true strain γ,C        kinematic hardening parameters 

λ            plastic multiplier R            isotropic hardening 
E           elastic modulus bQ,        isotropic hardening parameters 

2. Experiments 

The tube material is 316L, an austenitic stainless steel. The test specimen was machined in cubic shape from the 
preform of the tube as demonstrated in the Fig. 2(a). The cubic specimen was used to perform uniaxial compression 
tests in two alternating directions, r and θ, where different faces of the cubic specimen corresponds to different 
cylindrical directions as r, θ and z. Fig. 2(a) shows the coordinate system. A nominal plastic strain increment of 
0.016 was applied in each compression sequence, varying ± 0.0015 between the sequences, until the flow stress 
saturated (see Fig. 2b). The total accumulated strain then reached about 130%. Compression was applied at a low 
rate (0.08 mm/min) in order to avoid temperature increase in the material. Influence of strain rate was not considered 
in the constitutive model as 316L has a small rate dependence at room temperature [13]. The surfaces of the 
specimens were lubricated with molybdenum before each compression.  

 

Fig. 2. (a) Test specimen; (b) cyclic compression test. 
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3. Cyclic elastic-plastic constitutive model 

3.1 Formulation of model 

The simplified version of Chaboche-type model [11] was used with a single set of kinematic and isotropic 
hardening parameters in the rate independent framework to model cyclic behavior of 316L SS. This model takes into 
account both kinematic hardening and isotropic hardening. The yield criterion used in the model is given in Eq. (1) 
[14].  

0=−−= yeff Rf σσ ,                                                                                                                                                (1) 

where the von Mises effective stress accounting for the back stresses is given by 

2/1)))((
2
3(

ijijijijeff ss χχσ −−= .                                                                                                                    (2) 

The isotropic hardening and the evolution equation for the kinematic hardening tensor are given in Eq. (3) and 
Eq. (4) respectively. 
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The plastic strain increment is given by the flow rule in Eq. (5) and the effective plastic strain increment is 
obtained according to Eq. (6).  
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For uniaxial compressions in r and θ directions, the effective plastic strain increments are given by Eq. (7) and 
Eq. (8) respectively. 
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The accumulated effective plastic strain is calculated by integration of Eq.6  

;     S= current state.                                                                                                                             (9) 

The accumulated effective plastic strain during the series of uniaxial compressions in two alternating directions 
(r and θ) is given by Eq. 10, 
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where plastic strain increments are calculated by Eq. (11) in which n is the time step counter.  
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3.2 Identification of model parameters 

The parameter identification process was performed in two steps. The kinematic hardening parameters were first 
identified by using one load increment in the stabilized region in Fig. 2(b) where the isotropic hardening is assumed 
to be constant [15]. The consistency condition in Eq. (1) during the uniaxial loading [11] together with integration of 
the equation for kinematic hardening in Eq. (4) over this increment leads to 

,                                                                                                                                             (12) 

where  is the component of the back stress in the loading direction. The effective stress [11] can then be written 
as 

y
p

yeff
CRR σγε
γ

σχσ +−−+=++= ))exp(1( .
 
                                                                                                  (13)   

Differentiating this equation w.r.t the effective plastic strain, rearranging and taking natural logarithm of both 
sides gives [16]  

)ln()ln( C
d
d

d
dR

d
d p

effp
eff

y
p

eff
p

eff

eff +−=−− γε
ε
σ

εε
σ

.                                                                                                            (14) 

The derivative of isotropic hardening and initial yield stress w.r.t. the effective plastic strain is zero since the 
isotropic hardening is assumed to be constant. Thus, Eq. (14) can be rewritten as the following equation. 

)ln()ln( C
d
d p

p +−= γε
ε
σ                                                                                                                                          (15) 

Plot of Eq. (15) for a stabilized cycle, see Fig. 3(a), makes it possible to directly identify γ and C. Thereafter are 
the isotropic hardening parameters identified by using a fitting of the isotropic hardening variable versus the 
effective plastic strain plot as proposed in [16], shown in Fig. 3(b). This curve is the value of the effective stress at 
the end of each stroke versus the accumulated effective plastic strain according to Eq. (10). The obtained model 
parameters are given in Table 1.  
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Fig. 3. Identification (a) kinematic; (b) isotropic hardening parameters. 

Table 1. Chaboche model parameters. 

C[MPa] γ Q [MPa] b σy [MPa] E [GPa] 

19475 111 610 3.04 210 195 

4. Finite element model prediction 

The model in Fig. 4 with appropriate boundary conditions was solved using the implicit finite element code 
MSC.Marc, version 2015. The nonlinear system of equations was solved by an incremental, iterative procedure 
using the full Newton-Raphson method. Eight-node brick elements with full integration were used to discretize the 
cube. It was compressed using rigid surfaces as shown in Fig. 4. Fig. 5 shows comparison between the experimental 
and numerical cyclic loadings. Comparison between the effective stress and the back stress is given in Fig. 6. 

 

Fig. 4. Finite element model of cube. 
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Fig. 5. Comparison between experiment and FE models. 

 

Fig. 6. Comparison between effective stress and back stress. 

5. Conclusion 

FEM calculations and experiments showed reasonably good agreement. The first few cycles showed somewhat 
less good agreement. The reason of this is that only a single set of kinematic hardening parameter was used and it 
was calibrated using a compression data from one of the last cycles where the slope of the flow stress curve largely 
differs from ones in the first cycles. This could be improved using more than a single set of kinematic hardening 
parameter in the Chaboche model.  
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