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Resumo: Conventional hot forging of complex geometry components is carried out in several 

steps and demands additional machining to correct errors introduced by forging. This research 

aims the development of the multi-directional forging to manufacture metallic parts with 

geometric features which are normally not possible in conventional forging, without excessive 

loading and less raw material. The finite element method was used to simulate the process and 

calculate forging loads, and temperatures, strains and von Mises stress distributions. Four 

processes were simulated: conventional forging with three different billets and deformation 

caused only by the movement of the upper die, and the multi-directional forging with the 

deformation of the billet caused by five dies individually powered. Results showed that multi-

directional forging presents lower and more uniform equivalent strains than conventional 

forging, without failures, and that multi-directional forging is capable to form flashless forgings 

with sharp corners, that is not possible in conventional forging. 
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Introduction 

 

Metal forming industries seek each time more to improve manufacturing processes, aiming to 

reduce raw material costs, which are a major component of the product cost, and to get higher 

quality products. Thus, industry attention shifts to the proper development of production 

technologies, developing processes that satisfy these requirements, and are quick and cheap. 

The precision forging technology, which is based in manufacturing processes of finished 

parts known as Net shape and Near Net Shape Forming, has played an important role in the 

reduction of production costs and improvement of product quality and therefore has been widely 

used in the automotive industry [1]. Fuentes et al. (2011) proposed a computerized design of 

advanced straight and skew bevel gears produced by precision forging since it enables to obtain 

parts with high quality, complex geometries and good mechanical properties, and also allows 

better material utilization [2]. Behrens et al. (2009) studied the forging of a two-cylinder-

crankshaft using multi-direction forging and flashless precision forging operations [3]. 

The development of multidirectional forging aims to obtain products with geometric features 

that are normally not possible in conventional forging, without the need of excessive loads, or 

many forging steps as in the conventional process. With this technology, the part can be formed 

in many directions, in one single step. This allows a greater degree of deformation and a 

reduction in the forming total time, and makes possible a better control of material flow [4]. 

The production of connecting rods by the conventional forging involves many stages. 

Initially, the preform is obtained by cross-wedge rolling or roll forging, followed by blocking, 

impression forging, trimming, and finishing forging. Due to the stresses imposed by the process 

and the high number of stages, some defects may be formed and propagated [5]. 



In this investigation it was chosen to study the multi-directional precision forging of 

connecting rods aiming to form geometric features without the need of so many manufacturing 

steps, to analyze and get the best results in terms of material flow, dies filling and forging load. 

The definition of optimal processing parameters play an important role in obtaining high 

quality forged parts. The finite element method (FEM) allows to efficiently predicting the 

deformation of the billet during the forming process, to evaluate and determine the distribution 

and variation of process parameters [6], which can be tested and analyzed under several process 

conditions within a short computational time [7]. 

 

Materials And Methods 

 

Three-dimensional geometries of the forging dies and preforms were modeled with the 

software SolidEdge V14 and transferred to the FEM software Forge 2008. 

First, the model of multi-precision forging was designed. This process consists in the 

displacement of four tools in the horizontal direction on the lower die surface (Figure 1). Closing 

the tools generates the mold to obtain the connecting rod and eliminates the need of preforms. 

Therefore, a billet with rectangular cross section was used to reduce processing time and costs. 
 

 
Figure 1. Movement of the tools in multi-directional forging. 

  

After moving the horizontal dies, the upper die is moved down vertically to complete the 

process (Figure 2), so the connecting rod is produced in a single step; 
 

 
Figure 2. Displacement of the upper die. 

 

To analyze some variations of the forging process, the dies used in multi-directional process 

were adjusted for the conventional process. Thus, geometry and dimensions were kept constant 

and a flash land was added (Figure 3). 



 
 

Figure 3. Forging die used in multi-directional forging (left) and conventional (right) simulation. 

 

Three different billets were evaluated in the conventional process simulation. Figure 4 shows 

the different shapes and their dimensions. The numerical simulations were carried out using C45 

steel and hydraulic. The triangular element was used in the tools. The workpiece was pre-heated 

at 1100°C and the tools at 200°C; data from the Forge 2008 database were used for heat transfer 

(2x103 W/(m2 ºC)) and friction parameters (0,15). The velocity of the tools was 10 mm/s. 
 

 
 

Billet 1 
 

Billet 2 
 

Billet 3 

Volume: 49 980 mm3 47 339 mm3 57 990 mm3 

Element Size: 16 490 29 632 14 292 

Figure 4 - Models of billets used in the simulations. 

 

Varying the type of process and billet geometry it was possible to define four cases: Case 1- 

Multi-directional forging with billet 1; Case 2- Conventional forging with billet 1; Case 3- 

Conventional forging with billet 2; and Case 4: Conventional forging with billet 3. 

 

Results 

  

The multi-directional forging allows the workpiece to form in one single step. The work 

performed by the tools in the horizontal direction makes possible to obtain the preform from a 

simple geometry billet since they force the metal to locations that are more appropriate. 

After closing the tools, forming of connecting rod is achieved by moving down the upper die 

against the fixed lower die. This tools configuration permits to obtain a flashless connecting rod 

in one-step, making it a viable and operational process. In addition, sharp corners can be formed 

and forging defects can be avoided. However, it is necessary a precise volume of metal to fill the 

entire die impression, which implies in a greater concern with the billet separation process. 



Figure 5 shows the temperature distribution after closing the lateral tools and at end of the 

process. Although the initial temperature of the billet was set up to 1100 ° C, the temperature 

initially recorded in the simulation was a little smaller probably because of the time spent by the 

tools to begin the deformation. 
 

  
Figure 5. Temperature distribution [oC] in Case 1. 

 

A significant heat loss and temperature decrease are observed  in regions which are in contact 

with the lateral tools (Figure 5A). At the end of the process (Figure5B), the temperature 

decreases further and becomes less uniform, due to the increasing contact between the upper die 

and billet.  

In the conventional process (cases 2, 3 and 4 – Figure 6), there is only the displacement of 

the upper tool and the initial billet temperature is 1100°C.  

Case 2 showed the less uniform temperature distribution, and the highest heat loss occurred 

in the center of the connecting rod where was observed the greater contact between workpiece 

and dies. The shape of billet 1 showed to be unsuitable for conventional forging, because besides 

the excess of material in the central region, some regions of the dies were not completed filled, 

what explains the high temperatures observed there. 

In Case 3, again due to incomplete filling of the dies, the product also presented elevated 

temperatures. Contrary to billet 1, the shape of billet 2 resulted in less excess of material, mainly 

in the central region. The problem in this Case is that cross wedge rolling used to obtain the 

preform may generate defects due to the complex stress. These defects can be closed during hot 

forging or become more prominent when upset [8]. 

In Case 4, the connecting rod was completely formed, and consequently, the billet 

experienced a higher contact with the dies resulting in the significant reduction of temperature, 

except in the flash land where there was an increase, possibly due to the high friction and 

resistance to material flow. 

Another important advantage of multi-directional forging is the satisfactory values of 

equivalent strain (Case 1 of Figure 7) that is fairly uniform and does not exceed 1.5, which 

means that there is no risk of failure. 

(A) (B) 
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Figure 6. Temperature distribution [oC] in cases 2, 3 e 4. 

 

In Case 2 strain distribution is non-uniform, being more pronounced in the flash. Analyzing 

the four cases, it is remarkable the influence of the die geometry and forging procedure on the 

strain distribution in the final product. Case 3 (Figure 8) presents a heterogeneous distribution, 

again being higher near the flash. In Case 4 the distribution inside of the rod is homogeneous, 

with a slight variation in the flash. 
 

 
Case 1 

 
Case 2 

Figure 7. Equivalent plastic strain distribution in Cases 1 and 2. 

 

Comparing the equivalent strain results of conventional processes it can be concluded that 

strains higher than 2.0 probably resulted from material excess flowed into the flash land. In case 



4, for example, the complete die filling occurred only when the flash was formed. Therefore, this 

procedure will require a precise volume control to billet separation.  
 

Figure 8. Equivalent plastic strain distribution in Cases 3 and 4. 

 

Many stress states can arise during forging due to the geometry of the tools and how forces 

are applied. If the stresses are high enough to difficult material flow, it can become unstable and 

localized defects are formed. Figure 9 shows von Mises stress distribution in the four simulated 

cases. As well as the equivalent strain, multi-directional forging showed the lower and more 

homogeneous von Mises stresses. However, one region showed a stress increase, which possibly 

indicates a lack of precision in the results due to the local difficult filling. In Cases 2 and 3 

stresses are relatively low, but some regions also showed marked increases. On the other hand, 

Case 4 exhibited low and uniform stresses across the whole component. 

The load required to produce the forgings is also a crucial information in the forging design 

since it defines the press capacity and can be used to the right dimensioning of tools. Figure10 

shows the forging loads obtained in the four simulated cases. 

The maximum load in multi-directional forging (Case 1) is approximately 2800kN. It can be 

seen a considerable increase in strength from a given instant which may be related to the 

decrease in temperature caused by heat transfer between workpiece and dies before the 

completion of the connecting rod; the material flow is difficult due to the increase of yield 

strength, demanding higher pressures and loads. 

It is also observed that the increase occurs within a very small displacement of the upper die, 

which can be associated to the excessive rise in flow resistance due to the formation of geometric 

features such as sharp corners. Thus, this undesirable increase in force could be avoided by 

controlling  the temperature and by defining a maximum allowed fillet radius. Case 2 presented 

the lowest predicted load near 500kN which can be explained by the incomplete filling of dies 

cavities. In Case 3, more time was necessary to complete the operation because of the billet 

shape.  

 
Case 3 

 
Case 4 



  

    
Figure 9. Distribution of von Mises stress [MPa]. 

 

 
Figure 10. Forging force in upper die. 

Case 1 Case 2 

Case 3 Case 4 



Case 4 required a forging load about 1800kN, which may be related to the excess of flash. 

This process becomes infeasible since besides the requirement of equipment with a large 

capacity, it is necessary an additional machining to finish the part. 

 

Conclusion 

 

In this work, the multi-directional and the conventional forging processes were simulated by 

FEM. Numerical results showed that multi-directional forging presents no risk of failure and it is 

feasible because it can produced flashless products with sharp corners, which is not possible in 

conventional forging, without the necessity of many steps and without waste of raw material. 

The die geometry and the forging procedures revealed to have great influence on the strain 

distribution, which changes completely as a function of the three billet geometries. The 

deformation in all conventional processes was more heterogeneous and the complete forming of 

the connecting rod was only possible with flash formation. The achievement of a complex shape 

is usually not possible with a single forging step, requiring one or more pre-forging operations. 
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