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MODELLING OF PRODUCTION CHAINS AS A TOOL FOR INTELLIGENT 

MANUFACTURING IN METAL FORMING 

The objective of the paper is demonstration of the role of multi scale modelling in the system, which optimizes 

the whole production chain. Product exploitation and properties are the key parameters for formulation of the 

objective function in the optimization problem. Such parameters as fatigue resistance, wear resistance or thermal 

resistance are crucial for extending the life cycle of products, therefore, theoretical prediction of those parameters 

is inevitable for the optimization of the manufacturing system. Thus, the main focus in the paper is on description 

of the idea of multi scale modelling and on presentation of the multi scale model developed by the Authors. This 

model combines finite element (FE) solution of the macro scale problem with the cellular automata (CA) model 

of the micro scale phenomena. Simulation of the production chain is the second part of the paper. The chain 

under consideration is composed of stock heating, cold forging, machining and simulation of exploitation 

conditions. The correlation between the process parameters and the exploitation properties of the product is 

demonstrated. Finally, the optimization problem which would be the base of intelligent manufacturing,  

is formulated.  

1. INTRODUCTION 

The ever-changing global market is facing modern manufacturers into a state  

of continuous adaptation to meet new customer expectations. In metal forming the problem 

of obtaining required exploitation properties of products is crucial. Such parameters as i.e. 

fatigue resistance, wear resistance and thermal resistance, but also environmental and 

recycling problems, are crucial for both increasing the safety by extending the life cycle  

of product and for meeting the environment protection requirements. On the other hand, the 

life cycle of products becomes shorter due to rise and fall of demand and to increasing 

demand for customized products. In order to meet such market pressures, modern 

manufacturing systems have to be intelligent and flexible, what can be achieved mainly by 

the feedback of information from the product to the manufacturing stage.  
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The impact of the product life cycle can be twofold. First of all it can influence 

planning and organization of the production system, which has to become flexible, 

reconfigurable and cost efficient. These aspects are widely discussed in [1,2,3]. The second 

aspect of the impact of the product life cycle, which is the topic of the present paper, is 

accounting for the product exploitation properties at the stage of the manufacturing 

technology design. Development of such an intelligent system, which uses optimization 

techniques with the objective function composed of required product properties, needs 

simulation models which are capable of prediction of material structure evolution and 

properties during manufacturing. It is shown in [5] that the multi scale modelling is  

an efficient tool for prediction microstructural phenomena during various manufacturing 

processes. Therefore, presentation of the multi scale modelling concept and application  

of the multi scale model to support simulation of the production chain in metal forming is 

the main objective of the paper. 

2. MODELLING OF THE PRODUCTION CHAIN 

During last decade FE method was applied to simulate various forming operations i.e. 

cold forging, hot forging, rolling, extrusion, stamping etc. In these cases FE models were 

applied to obtain information regarding shape, stress, strain or temperature distribution in 

one particular deformation process i.e. forging. These information, as shown in Fig. 1a, 

where then input parameters for the optimisation procedures applied to obtain final 

numerical results, which are in close agreement with real material behaviour under industrial 

conditions. During further years, rheological models commonly used in the FE simulations 

were improved to take in to account microstructure evolution under loading conditions. 

Information regarding changes in grain shape and size during the static and dynamic 

recrystallization became available from the FE simulation. Number of input parameters for 

the optimisation procedure increased, as well, what resulted in much higher reliability of the 

numerical results (Fig. 1b).  

However, in present days, a modern approach to numerical simulation is evolving 

rapidly. The 4D Modelling approach also called Life Cycle modelling is used to simulate not 

only one particular manufacturing process i.e. forging or rolling but to simulate the entire 

production chain and relationships between subsequent operations. In this approach despite 

three dimensional space the manufacturing chain is considered as the fourth dimension.  

An example of modelling of such manufacturing chain as well as investigation of final part 

behaviour under exploitation conditions is presented in Fig. 1c. Due to this methodology 

physical and numerical simulations of phenomena and processes occurring in metallic 

materials during manufacturing stages can be performed. Optimisation procedures can be 

again applied to each particular manufacturing operation but also they can be applied to the 

entire chain. That allows to manufacture products with better in use properties, such as 

strength, crack resistance, fatigue resistance, shear resistance, wear resistance, creep 

resistance, corrosion resistance, hardness, ductility, porosity, adhesive properties, high 

temperature resistance, toughness, conductivity, low temperature resistance, etc. According 
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to this analysis risk of material failure during exploitation can be minimized before final 

product is manufactured and ready to use. The idea of the Life Cycle modelling is in detail 

described in other authors works [5,6], as well as in [7]. The only problem to solve is 

selection of a proper rheological model. Lack of possibility to include discontinuous nature 

of material behaviour is the main disadvantage of conventional rheological models used  

in FE simulations.  To use the Life Cycle methodology modern rheological models 

describing material behaviour in macro as well in micro scale have to be developed. 

 
 a) 

 
b) 

 

c) 

 
  

 Fig. 1. Development of the methodology of the computer aided technology design 

3. MULTI SCALE MODELLING 

The rheological models, which are commonly used in simulations of majority of metal 

forming processes, give satisfactorily accurate results as far as prediction of metal flow is 

considered. These models fail, however, to describe properly microstructure evolution and 

resulting properties of products. Prediction of these features requires realistic description  

of phenomena occurring in materials in lower scales, i.e. micro or even nano. Accounting 

for the influence of such phenomena as cracks, shear bands, Luders bands and Portevin-le-

Chatelier bands in macro scale and such discontinuities as micro shear bands, grain 

boundaries, phase boundaries in micro scale, became necessary when modelling is supposed 

to include prediction of properties of products. Several of mentioned phenomena are 

stochastic in nature and their realistic description by deterministic models may face 
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difficulties. Thus, search for models accounting more accurately for micro scale and even 

nano scale phenomena has been the objective of research for the last two or even three 

decades. Major improvement in experimental techniques was the main factor stimulating 

this search. New experimental techniques made it possible to visualize physical processes 

and to measure relevant parameters at fine scales. Scanning electron microscopy (SEM), 

transition electron microscopy (TEM), atomic force microscopy (AFM), nano-indentation 

tests, computer tomography, electron back scattered diffraction (EBSD) etc. are examples  

of equipment allowing detail research on mechanics of deformation. The knowledge 

supplied by the experiments has been recently combined with the idea of multi scale 

modelling of materials and models with new predictive capabilities have been developed. 

These models are crucial for simulations and optimization of the entire production chains. 

As far as metal forming processes are considered, next to mentioned above multi-

physics phenomena and multi scale analysis, the third major challenge in contemporary 

computational mechanics of materials is proper capturing of discontinuities [8]. A fourth 

challenge constitutes the further development of computational methods to asses the 

probability of failure, which is driven by the requirement that system must become more 

reliable. The methods allowing to cope with those challenges are usually classified into two 

groups: upscaling methods [5] and concurrent multi scale computing [9]. Fig. 2 shows the 

general idea of distinction between concurrent multi scale computing and upscaling models. 
 

 

Fig. 2. The idea of distinction between upscaling models and concurrent multi scale computing 

In the concurrent multiscale computing one strives to solve the problem simultaneously 

at several scales by an a priori decomposition. Multimesh methods [9,10], whereby the 

decomposition is made into coarse scale and fine scale and the same method (usually FE) is 

used for both scales, has been considered so far. Authors of [11] used two different methods 



Modelling of Production Chains as a Tool for Intelligent Manufacturing in Metal Forming 

 
37 

for the two scales. The molecular dynamics method (nano scale) was coupled with boundary 

element method (macro scale) to describe processes of crack initiation and propagation.  

In the upscaling class of methods, which are used in the present paper, constitutive 

models at higher scales are constructed from observations and models at lower, more 

elementary scales. The idea of the representative volume element is applied here. By  

a sophisticated interaction between experimental observations at different scales and 

numerical solutions of constitutive models at increasingly larger scales, physically based 

models and their parameters can be derived at the macro scale, see for example [12,13,14]. 

The methods of computational homogenisation, e.g. [14], are considered to belong to this 

group of methods. Detailed review of various multi scale approaches, their advantages and 

disadvantages are discussed in another work [15]. 

Authors of this work created multi scale models [12,16,17] dealing with various 

phenomena occurring during deformation. Some of them are upscaling approaches based on 

the combination of the Cellular Automata and Finite Element approach. CAFE models 

supply the possibility to take in to account stochastic and discontinuous phenomena 

occurring in material. That is the reason why the developed CAFE model was applied in the 

present work to simulate development of micro shear and shear bands in micro and mezo 

scale respectively, eventually leading to strain localization in macro scale. Detailed 

description of the CAFE model is given elsewhere [12,13], and schematic illustration of the 

algorithm is presented in Fig. 3.  
 

 

Fig. 3. Information flow between scales in the CAFE model for strain localization [12] 

In the CAFE model both CA spaces, micro shear band space (MSB space) and shear 

band space (SB space), are defined by several state variables that describe each particular 

cell, as well as by a set of transition rules defined respectively for those spaces. Transition 

rules controlling changes between states in MSB and SB space are defined based on the 

knowledge gained from experiments and literature [18,19]. The details describing the 

assumed cell states and transition rules used in the present model are presented in [13].  

In this model information about the occurrence of micro shear and shear bands is exchanged 

between the CA spaces during each time step, according to the defined mapping operations 

(see Fig. 3). Flow of the information between the scales goes in both directions, from macro 

scale to mezo scale and micro scale as well as from micro scale and mezo scale to macro 
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scale. In each time increment, information about the stress tensor is sent from the finite 

element solver to the MSB space, where the development of micro shear bands is calculated 

according to the transition rules. After exchange of information between CA spaces, 

transition rules for the SB space are introduced, and propagation of the shear bands is 

modelled. Based on the information supplied by the CA spaces the flow stress accounting 

for the shear bands is calculated and sent to the FE program, where is used to modify the 

flow rule in the next step of FE calculations.  

The presented multi scale model supports Life Cycle modelling and solves specific 

problems that are hard to deal with using conventional models. Examples of results and 

problems that occur during the Life Cycle modelling of the manufacturing of connecting 

parts are presented in the following chapter.  

4. RESULTS 

The bolt shown in Fig. 4 was selected as an example to apply Life Cycle modelling 

methodology. The C-Mn steel for heat treatment was selected as a test material. Simulations 

involve four processes: 1) controlled cooling after hot rolling, 2) multi step cold forging, 3) 

machining, 4) simulation under exploitation conditions.  

Simulation of the process of controlled cooling, to obtain proper microstructure for 

further forging, was performed first. The stock material was 14 mm diameter rod, which 

after hot rolling was subjected to free cooling in the air for 3 s followed by 6 s of the 

intensive cooling by air under high pressure applied from the top and the bottom.  

Air cooling of rods in piles was simulated in the remaining time until the transformation was 

completed at the whole cross section of the rod. The FE mesh with the points, in which 

progress of transformation is modelled, is shown in Fig. 5. Due to two axes of symmetry  

a quarter of the cross section is considered. 
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Fig. 4. Model of the head of the selected bolt   Fig. 5. The finite element mesh with the points, in 

        which    progress of transformation is modeled 

The results of simulations, which include changes of temperature and volume fractions 

of phases in the three considered locations are presented in Fig. 6a,b,c. Distribution of the 

volume fraction of ferrite is shown in Fig. 6d. 
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Fig. 6. Changes of temperature and volume fractions of phases at locations marked in Figure 5 (a-c) and distribution  

of the ferrite volume fraction at the cross section of the rod (d) 

Simulation of multi stage forging is the next step after heat treatment. Microstructure 

calculated in the previous step is transferred to this simulation. Strain distribution and shape 

of the bolt obtained after the last stage of forging are presented in Fig. 7a. These results are 

compared with observations from the real industrial process in Fig. 7b.  

 

a)  b)  

Fig. 7. Strain distribution obtained after bolt  forging (a)  and the real view of this part (b) 
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The shape of the bolt head after forging still varies from that presented in Fig. 4. That 

is why crop of the allowance material is performed to obtain the final shape of the head. 

Numerical simulations of this processes was performed and the results are presented and 

compared with the real process in Fig. 8.  

a)  b)  

Fig. 8. Final stage of forging that involve crop to obtain proper shape of bolt head a) 3D view after the crop operation, 

b) experiment 

Problems connected with filling of the die or crack occurrence can be minimized based 

on the numerical simulations using the proper optimization techniques. That will result in  

a final product that meets quality requirements without many costly industrial trials. In the 

following stages, after forging operations, final parts are submitted to the series  

of laboratory tests. Investigation of mechanical properties and part behaviour under loading 

conditions is the objective of these tests (Fig. 9).  

a)

 

                            b)   

Fig. 9. Example of proper bolt behaviour under tensile loading conditions (a) and result of modelling of tensile test (b) 

As presented in Fig. 6-9, the FE method allows realistic simulation of the general 

behaviour of the material under deformation or exploitation conditions. It means that 

optimization of the production chain can be performed to obtain  the required properties  
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of the final product. However, it should be emphasized again that multi scale models are 

required to simulate correctly some specific phenomena occurring during manufacturing.  

Conventional rheological models have limitations in description of stochastic and 

discontinuous phenomena, such as micro shear and shear bands initiation and propagation. 

On the other hand, failure due to strain localization is the major issue in the case of bolts 

manufacturing. The described earlier multi scale CAFE method for strain localization was 

applied to investigate this problem.  Results of simulations, which are presented in Fig. 10, 

show importance of taking into account discontinuous processes occurring during 

deformation that may lead to internal material failure, which is invisible by non-destructive 

inspection. Micro crack initiation under exploitation conditions is dangerous and leads i.e. to 

decrease of the fatigue resistance and to weakening of the joints in the construction sites.  
 

 
  a)       b) 

Fig. 10. Strain distribution obtained from a) FE code with conventional rheological model, b) developed multi scale 

CAFE model 

It is seen in Fig. 10b that high strain localization in the central section of the bolt head 

develops when the CAFE model is applied in simulation. It coincides with the experimental 

data. The conventional rheological model does not predict this behaviour properly. Thus, it 

is concluded that the CAFE model is a useful tool in simulation of the Life Cycle of product, 

because it provides information on strain localization development, which is necessary for 

further optimization of the properties of forged products. 

5. CONCLUSIONS 

Problem of modelling strain localization during forging operations is presented in the 

paper. It is shown that application of the multi scale CAFE method significantly improves 

numerical results. Combination of the conventional numerical approaches and multi scale 

solutions is thus necessary in application to intelligent manufacturing methodology. 

The model, which simulates the production chain for connecting part, is also presented 

in the paper. The chain is composed of heat treatment, multi stage forging, machining, and 

testing under exploitation conditions. Based on presented methodology,  correlation between 

the process parameters and the exploitation properties of the product, is investigated. Since 

the model predicts microstructure of the final product, the optimization problem with the 
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objective function based on product properties can be formulated. That would lead to 

improvement of the final part mechanical properties and would allow to meet strict 

industrial requirements.  
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