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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 

Hot deformation and cooling together with the chemical composition define the final mechanical properties of the steel product. 
In order to control and optimize the desired properties, quantitative models are needed. In this article we present our phase 
transformation model, which has been fitted to experimental continuous cooling data and coupled to our own heat conduction 
computer simulation software. The fitting of the model to experimental data enables accurate modeling. The coupled heat transfer 
and conduction models allow the simulation of non-uniform cooling rates and temperature distribution. The development of our 
own software enables full control and easy linking of the models in order to use them in modeling and optimizing cooling 
procedures. The presented phase transformation model also provides information on the onset and kinetics, which can be used in 
more detailed microstructure models. The transformation model can also be introduced in other simulation softwares as a 
subroutine. 
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Nomenclature 

T Temperature  

t  Time required for transformation to start during isothermal holding  

 Cooling rate 
K Fitting parameter for incubation time calculation 
A Fitting parameter for incubation time calculation 
m Fitting parameter for incubation time calculation 
Q Fitting parameter for incubation time calculation (Activation energy) 
R Ideal gas constant, 8.314 J/(K mol) 

Dt  Time step 

cmax  Maximum phase fraction  

k Temperature dependent rate parameter 
n Fitting parameter for kinetic model (Avrami exponent) 
a Fitting parameter for kinetic model 
b Fitting parameter for kinetic model 
c Fitting parameter for kinetic model 
C0 Initial austenite carbon content (wt %) 
Cγ Austenite carbon content (wt %) 
η Fitting parameter for martensite transformation 
Ms Fitting parameter for martensite transformation (Martensite start temperature) 
ρ Density 
c Specific heat capacity  
κ Heat conductivity 
s Source term in heat equation, energy increase per volume 

 Heat flux 

heff Effective heat transfer coefficient 
Text External temperature 

n̂  Unit surface normal vector 
W  Water flux in l/(m2 s) 
xi Spatial coordinates 

1. Introduction 

The growing demand for energy efficient solutions has increased the use of ultra high strength steels (UHSS) 
constantly. High strength with sufficient formability allows light weight design for numerous steel applications. 
Thinner wall thicknesses of high yield strength steels can allow clear weight-savings compared to conventional 
steels. Direct quenching of low-carbon thermomechanically rolled steel is a cost-efficient processing route to 
produce ultra high strength steels. There is no need for additional tempering heat treatment to achieve required 
mechanical properties. The microstructures of these steels often comprise lower bainite and/or auto-tempered 
martensite. During the development of these steels, the main focus is concerned with understanding the inter-
relationships between processing and fabrication parameters on the evolution of microstructure and thus the 
mechanical properties. However, besides a good knowledge of metallurgy, the development of such steels requires a 
lot of experimental tests.  

The object of our work is to go towards digitalized steel development which means less experimental work 
utilizing accurate simulation tools. This provides significant cost and time savings by speeding up the development 
work of the new steel product and shortening the time to market. The computing of austenite decomposition is an 
important part of this simulation environment. A transformation model has been used as a subroutine in FE-analyses 
and input for cellular automata simulations to predict phase fractions and microstructure after hot rolling and 
accelerated cooling.  
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2. Theory 

In order to calculate the phase transformations occurring during water cooling of hot rolled steel, we use our own 
phase transformation code, which has been fully coupled to our own heat conduction simulation codes. The phase 
transformation model has also been written as a subroutine to a commercial finite element code Abaqus [1]. The 
model includes calculation for the transformation start and the kinetics after the onset. The latent heat released due 
to the transformation is taken in to account in the heat conduction simulations. The heat conductivity, density and 
heat capacity depend on the transformed fraction as well as temperature. All codes were implemented by the first 
author of this article. 

2.1. Phase transformations 

To take in to account for the incubation phenomena we calculated the transformation start using the concept of 

ideal TTT diagram [2, 3], as described in [4] for the same steel as studied in this article. Shortly, using the linear 

continuous cooling data we calculated the time t which would be required for the transformation to start during 

isothermal holding at temperature T  by , where is the cooling rate required for the 

transformation to start at temperature T during cooling with linear cooling path. The functional form 

t (T ) = K(A-T )-m exp[Q / (R(T + 273.15)]with fitting parameters K, A, m and Q was used. An estimate for the 

transformation start (assumed as 1% transformed) for arbitrary thermal path is then calculated with the rule of Scheil, 

i.e. the transformation is assumed to start once the sum Dt / t (T )å  equals unity, where Dt  is the time spent at 

temperature T. Once the transformation start has been reached, the kinetics are calculated with the following 

differential form of Johnson-Mehl-Avrami-Kolmogorov equation [5, 6]: 
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where k is the temperature dependent rate parameter, and n is a fitting parameter which was assumed as constant. 

For ferrite the temperature dependent maximum phase amount c f ,max
is calculated using lever rule from the 

equilibrium diagram, as described in ref. [6, 7, 8] for the untransformed austenite. For bainite and martensite the 

maximum phase fraction is the fraction of untransformed austenite cb,max =1- c f - cm
 and cm,max =1- c f - cb

 

where the subscripts f, b, and m are used to denote the fractions of ferrite, bainite and martensite. The temperature 

dependence of the parameter k was described with Eq. (2) 

 

k f = exp(-af (T - bf )2 - cf )          for ferrite,

kb =
C0

Cg

exp(-ab(T - bb )2 - cb )      for bainite,

                                                                                                       (2) 
 
where a, b and and c are fitting constants. To take in to account the austenite carbon enrichment the fraction C0/Cγ 
was used in the front of bainite parameter kb. The equilibrium austenite carbon content Cγ was calculated as 

Cg = (C0 - c f Cf ) / (1- c f ) , where C0 is the initial austenite carbon content and Cf is the ferrite carbon content. 

The martensite transformation was modeled applying the Koistinen-Marburger type equation, i.e. 

cm,max =1- exp[-h(Ms -T )] , where the parameter η and the martensite start temperature Ms were fitted to 

experimental data [9].  
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2.2. Heat conduction and transfer 

In order to simulate the heat conduction inside of the steel strip, we solve the heat equation (3) 

 

rc
¶

¶t
T = Ñ· kÑT( ) + s,

                                                                                                                                       (3) 

 
where the density ρ, specific heat c and heat conductivity κ depend on both temperature and transformed austenite 
fraction, as described in [6, 8, 10, 11]. The latent heat released due to transformation occurring during simulation 
time step is included in the source term s. To calculate the heat flux  due to spray water cooling, we apply the 

effective temperature dependent heat transfer coefficient . Since the heat flux is related to the 

temperature gradient by Fourier’s law the temperature gradient at the surface can be defined by Eq. (4) 
 

 ÑT =
heff

k
(T -Text )n̂ .                                                                                                                                              (4) 

 
To simulate spray water cooling of a steel strip, we applied the Eq. (5) [8, 12], which describes the dependence of 

heff on water flux and the strip surface temperature.  
  

heff = 3.16´109z1 (T -T1)-z2 (T -T3)[ ]
-2.455

W 0.616,

z1 =1-1/ (1+ exp[(T -T2 ) / 40]),

z2 =1-1/ (1+ exp[(T -T3) /10]),

                                                                                            (5) 

 
where T1 = 20 °C, T2 = 300 °C and T3 = 700 °C, W is the water flux in l/(m2 s). 
 

 The thermophysical coefficients were calculated at each position and they depend on the transformed fraction 
and temperature as described by the following equation: 

 
c = cgcg + (c f + cb + cm )ca ,

k = cgkg + (c f + cb + cm )ka ,
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The latent heat L released to austenite decomposition during a time step Δt is included in the simulations using 
the following equation: 
 

s = rgL
¶

¶t
(c f + cb + cm ),

                                                                                                                                     (7) 

 

where L is calculated as in [10].
 

2.2.1. 1-dimensional heat conduction 
 
A one dimensional simulation code was created to enable the optimization of cooling procedures by testing the 

outcome of varying different parameters. The advantage of this model is the short calculation time, while still 
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providing reasonable accuracy and fundamental physical basis. A finite element (FE) method for solving of the heat 
equation (3) was implemented by discretizing the spatial coordinate with the Galerkin method and the time 
coordinate with explicit Euler method [13]. 

2.2.2. 2-dimensional heat conduction 
 
In order to examine in more detail the heat conduction and transfer, we implemented an explicit 2-dimensional 

finite difference (FD) method for solving the heat equation (3). Due to relative simplicity of the method, it can be 
shortly described here in detail. Taking in to account the spatial dependence of the heat conductivity, κ, the equation 
(3) can be written as follows: 
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The derivatives can then be replaced by the difference approximations 
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where the index i is used to denote the two coordinates x1 and x2. Once the derivatives in Eq. (8) are replaced by the 
respective difference approximations described by Eq. (9), the temperature on the next time step, T(x, t+Δt) is solved.  
On the points located at the surfaces, the discrete spatial derivative [T(xi,t)-T(xi-Δxi,t)]/Δxi and [T(xi+Δxi,t)-T(xi,t)]/Δxi 
are replaced by the gradient obtained from Eq. (4). The FD code was parallelized with OpenMP library. 

3. Materials and methods 

Dilatation data for the CCT diagrams simulated with and without prior strain using a Gleeble 3800 simulator, 
samples from steel (base: 0.1C-0.2Si-1.1Mn-0.15Mo-0.03Ti-0.002B in wt.%) were initially solution treated at 
1250 °C for 2 hours followed by water quenching. Cylindrical specimens of 6 mm dia x 9 mm for linear cooling 
rates 2–40 °C/s and 4 mm dia x 6 mm for cooling rates 50 °C/s, 60°C/s and 70 °C/s were used for the CCT dilatation 
tests. Before compressing, samples were heated at 10 °C/s to 1100 °C, held for 2 min, cooled to 850 °C, held 15 s, 
and then compressed with three hits each having a strain of ~0.2 at a strain rate of 1/s. The specimens were then held 
5 s before cooling at various linear rates in the range 2–70 °C/s. Similarly, the undeformed specimens were reheated 
in a similar manner, held for 2 min prior to cooling at different linear cooling rates 2–70 °C/s. Different phase 
transformation temperatures were identified from the temperature-dilatation data based on the deviation from the 
linear thermal contraction. Furthermore, a general characterization of the transformation microstructures was 
performed with a field emission scanning electron microscope (FESEM) (Ultra plus, Zeiss) on specimens etched 
with nital. More specific information of the material phase transformation and microstructures is presented in Ref. 
[14]. 
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4. Results and discussion 

The model parameters were numerically fitted by minimizing the difference between the computed and 
experimentally determined temperatures, where 12.5, 25, 50, 75 and 87.5 % austenite was transformed. We 
programmed a Matlab script which passed arguments to our phase transformation software and read back the results 
after calculation. Matlab fminsearch function, which uses the Nelder-Mead algorithm [15], was applied for the 
minimization.  The fitted model parameters for ferrite and bainite are shown in Table 1. For martensite 
transformation, the parameters η = 0.1164 and Ms = 491.0 °C were obtained. 

Table 1. Fitted model parameters for ferrite and bainite transformation. 
 

Product K A (°C) m Q (kJ) a b c n 

Ferrite 7.952×107  736.6 8.937 196.7 2.666×10-3 573.8 5.879 2.423 

Bainite (T > 527.0 °C) 4.513 623.5 1.536 37.9 3.780×10-3 527.0 1.183 0.992 

Bainite (T ≤ 527.0 °C) 4.513 623.5 1.536 37.9 1.825×10-5 527.0 1.183 0.992 

 
We used the actual measured cooling paths for the fitting calculations, since, although the physical 

thermomechanical Gleeble simulator is programmed to maintain constant cooling rates, the rapid release of latent 
heat caused deviation from the linear cooling paths, as shown in Fig. 1(a). The comparison of the experimentally 
determined fraction transformed to the calculated values after the fitting is shown in Fig. 1(b). We also checked that 
calculated values were in reasonable agreement with the estimated final fractions of ferrite, bainite and martensite 
obtained from microscopy after cooling 
 

 

 

 

 

 

 

 

 

 

Fig. 1. (a) Experimental cooling paths used in fitting of model show deviation from linear cooling path due to latent heat released during 
transformation; (b) Comparison of fitted model to the experimental values of transformed fraction at different temperatures during cooling. 

To exemplify the developed simulation methods, we applied them in the following test cases which resemble 
realistic cooling procedures. We emphasize that the heat transfer parameters and water impingement areas need to 
be calibrated against experimental data in order to obtain accurate results in realistic setting. Using our 1-
dimensional heat conduction code, we simulated a steel strip moving with 3.1 m/s speed. Above and below of the 
strip 36 mm width water spray cooling zones were assumed located periodically every 0.6 m. Water flux of 707 l/ 
(m2 s) was assumed on the spray zones above of the strip and twice this amount for the spray zones below of the 
strip. Above of the strip we additionally assumed effective heat transfer coefficien heff  = 500 for the areas which 
were not under the spray zone, to mimic water film boiling.  
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The temperature distribution at the bottom surface, quarter thickness (below the midpoint) and in the middle of 
the strip is shown in Fig. 2.(a)) The result shows that while the surface undergoes deep oscillations in temperature, 
the quarter and middle parts of the strip are cooled in relatively stable rates. The midpoint curve shows temperature 
rise due to latent heat released from bainitic and martensitic transformations. The bainite and martensite formed at 
quarter depth and in the middle of the strip are plotted as function of time in Fig. 2(b)). The bottom surface was 
transformed fully in to martensite during cooling. 

 

Fig. 2. (a) Simulated temperature on surface, in middle and at quarter thickness of moving strip obtained using our 1-dimensional FE code during 

cooling with repeated array of cooling sprays illustrated in inset (b) fractions of bainite and martensite formed at surface and in middle of strip as 
function of time. 

The 2-dimensional heat conduction and transfer simulations were used to obtain the temperature disribution 
while the material was simulated moving under the spray water cooling zone. The temperature is plotted near the 
surface, quarter thickness and in the middle of the strip as function of position along the strip in Fig. 3.  

 

Fig. 3. Temperature as function of position along strip on surface and subsurface region, at quarter thickness and in middle of strip obtained from 

our 2-dimensional FD model during water shower moving to positive direction of x-axis relative to strip (i.e. the strip is moving to the left). 
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The focus of the current article is in providing computational framework for simulating phase transformation 
behaviour of steel strip in fully coupled manner with heat transfer and conduction. In future work we will focus on 
calibrating the heat transfer coefficient of the current model using experimentally measured thermal histories during 
water spray cooling in realistic strip cooling conditions.   
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