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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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For simplicity, the division of transformation rate to nucleation and growth rates is assumed to be related by
����� �������⁄ = �� , where ��  is a fitting parameter, which is obtained by comparing simulation results using
different values to the metallographic images of bainite morphology. The growth and the nucleation rates are then
given by combining Eq. (4) and the fitting parameter.

To model the growth of the microstructure essentially in two dimensions, the simulation region was chosen as a
slice with dimensions dx x dy x dz as 100 μm x 100 μm x 0.48 μm.

The growth of a bainite sheaf is modeled in two dimensions as an equiaxed triangle with a variating height/width
ratio ��� and constant thickness dz. The extended volume (i.e. the volume of unobstructed growth) of the transformed
bainite can then be estimated by Eq. (5), assuming constant nucleation rate at a given temperature, in the same way as
in [15]

�� = ∫ � ��

���
��(� − �)����

� = �������

����
 , (5)

where v is the speed of growth of the bainite sheaf, N is the nucleation rate, τ is time of nucleation of a bainite sheaf
and t is the time elapsed from the onset of transformation.  Applying Eqs. (3), (4) and (5) and the volume as V=dx dy dz
we obtain an expression for v as a function of the temperature dependent growth rate G(T),  which  is  used  in  the
simulation to calculate the growth of the bainite sheaf, as described later in this article.

� = ��(�)����
��

 . (6)

The probability of nucleation of bainite, p1, during a time step, tstep, can be calculated in the following way. On the
one hand the number of nuclei formed in the simulation cell volume during one timestep can be evaluated as knucl tstep

Vsim. On the other hand, the same quantity is related to p1 and the number of available nucleation sites nsites by p1 nsites.
Equating these expressions and solving p1 yields Eq. (7)

�� = ����� ����� ����
������

 , (7)

which is used in the simulation of the nucleation of bainite as described later in this article.
We employed the widely used Koistinen-Marburger type equation to model martensitic transformation, Eq. (8)

��

�
= 1 − �� ��−�(�� − �)�. (8)

From comparison of Eqs. (2) and (8) it can be seen that the extended volume of martensite growth is described by
�� �⁄ = �(�� − �). In the simulation region (slice), we model the formation of martensite as laths with base area
b dz and height h. If NM(T) is used to denote the number of nucleated martensite laths at temperature T, the extended
volume fraction of martensite in the simulation region is then Ve = NM(T) b dz h. Using this relation and the extended
volume we obtain an expression for NM(T) as a function of the fitted parameters η and MS and the lath width and
simulation slice thickness dz, as described by Eq. (9)

��(�)
�

= �(����)
����

 . (9)

Eq. (9) was used in the simulation to calculate the number of nuclei formed during cooling to temperature T. The
base size b and the slice thickness dz were chosen as the size of one cellular automata cell, 0.48 μm. The height h of
the lath was deduced by calculating the average length of a segment connecting two points on the edges of an ellipse
the size of an average prior austenite grain.



 Oskari Seppälä  et al. / Procedia Manufacturing 15 (2018) 1856–1863 18591858                  Oskari Seppälä et al. / Procedia Manufacturing 15 (2018) 1856–1863

For simplicity, the division of transformation rate to nucleation and growth rates is assumed to be related by
����� �������⁄ = �� , where ��  is a fitting parameter, which is obtained by comparing simulation results using
different values to the metallographic images of bainite morphology. The growth and the nucleation rates are then
given by combining Eq. (4) and the fitting parameter.

To model the growth of the microstructure essentially in two dimensions, the simulation region was chosen as a
slice with dimensions dx x dy x dz as 100 μm x 100 μm x 0.48 μm.

The growth of a bainite sheaf is modeled in two dimensions as an equiaxed triangle with a variating height/width
ratio ��� and constant thickness dz. The extended volume (i.e. the volume of unobstructed growth) of the transformed
bainite can then be estimated by Eq. (5), assuming constant nucleation rate at a given temperature, in the same way as
in [15]

�� = ∫ � ��

���
��(� − �)����

� = �������

����
 , (5)

where v is the speed of growth of the bainite sheaf, N is the nucleation rate, τ is time of nucleation of a bainite sheaf
and t is the time elapsed from the onset of transformation.  Applying Eqs. (3), (4) and (5) and the volume as V=dx dy dz
we obtain an expression for v as a function of the temperature dependent growth rate G(T),  which  is  used  in  the
simulation to calculate the growth of the bainite sheaf, as described later in this article.

� = ��(�)����
��

 . (6)

The probability of nucleation of bainite, p1, during a time step, tstep, can be calculated in the following way. On the
one hand the number of nuclei formed in the simulation cell volume during one timestep can be evaluated as knucl tstep

Vsim. On the other hand, the same quantity is related to p1 and the number of available nucleation sites nsites by p1 nsites.
Equating these expressions and solving p1 yields Eq. (7)

�� = ����� ����� ����
������

 , (7)

which is used in the simulation of the nucleation of bainite as described later in this article.
We employed the widely used Koistinen-Marburger type equation to model martensitic transformation, Eq. (8)

��

�
= 1 − �� ��−�(�� − �)�. (8)

From comparison of Eqs. (2) and (8) it can be seen that the extended volume of martensite growth is described by
�� �⁄ = �(�� − �). In the simulation region (slice), we model the formation of martensite as laths with base area
b dz and height h. If NM(T) is used to denote the number of nucleated martensite laths at temperature T, the extended
volume fraction of martensite in the simulation region is then Ve = NM(T) b dz h. Using this relation and the extended
volume we obtain an expression for NM(T) as a function of the fitted parameters η and MS and the lath width and
simulation slice thickness dz, as described by Eq. (9)

��(�)
�

= �(����)
����

 . (9)

Eq. (9) was used in the simulation to calculate the number of nuclei formed during cooling to temperature T. The
base size b and the slice thickness dz were chosen as the size of one cellular automata cell, 0.48 μm. The height h of
the lath was deduced by calculating the average length of a segment connecting two points on the edges of an ellipse
the size of an average prior austenite grain.



1860 Oskari Seppälä  et al. / Procedia Manufacturing 15 (2018) 1856–1863



 Oskari Seppälä  et al. / Procedia Manufacturing 15 (2018) 1856–1863 1861



1862 Oskari Seppälä  et al. / Procedia Manufacturing 15 (2018) 1856–1863



 Oskari Seppälä  et al. / Procedia Manufacturing 15 (2018) 1856–1863 1863


