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Abstract. Finite element simulations are used to analyze the effects of different processes and die geometries in open die forging of 29 ton steel ingots. Emphasis is placed on the mechanism of internal void closure and a comparison is made between different processes and die geometries in terms of effective strain, metal flow and press load. The finite element method code DEFORMTM 3D was used to investigate five die geometries: plate die, dished die and swage die for upsetting process, and flat die and  double V die for cogging process. The simulation parameters, such as ingot temperature and geometry, forging equipment and environment temperature are similar to those used in real process conditions. Other parameters, required in the simulations, such as the thermo-mechanical relationship between die and ingot, and a number of material properties, were found in the literature. The results of this study show that the most effective die geometry regarding internal void closure depends on the region of frictional constraint metal flow and maximum load press capacity.
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1. INTRODUCTION
Hot open die forging process of large ingots, i.e. over 25 ton, is a common practice in the electric generation industry to produce large shafts. This product requires special forging planning to achieve a sound forging with high internal quality meeting requirements to avoid fatal failure. Therefore, it is important to assure good degree of deformation obtaining a forged part with homogeneous mechanical properties. 

During large ingots solidification process, normally it results internal defects such as segregation, shrinkage cavities and porosity at the ingot axial centerline (Bodnar and Bramfitt, 1987). The hot open die forging process is recommended to close and heal these defects. Besides, it improves the mechanical properties throughout the steel composition homogenization (Dudra and Im, 1990). Sometimes, this process is difficult to be carried out due to final product size or limitations on forging press loads (Shah et al., 1986). Consequently, it is important to develop forging practices that reduce costs of production within the limitations of existing forging equipment.
Many techniques can be applied in the forging process. In particularly, for large ingots forging process, upsetting and cogging processes are the most important. The upsetting process decreases the axial length of the ingot and increases its cross section. On the other hand; the cogging process decreases the ingot diameter and increases its axial length. Tomlinson and Stringer (1958) investigated internal void closure by upsetting process using steel blocks containing machined holes and concluded that upsetting process is mandatory for complete internal void closure in large ingots. Chaaban (1975), Bodnar and Bramfitt (1987) analyzed this issue by cogging process with different die geometries using plasticine. Allen and Josling (1981) compared both forging processes using plasticine and conclude that cogging process is more effective and economic to consolidating internal void in large ingots.
 In the last decades, with the numerical computation evolution, the numerical modeling of forging processes by the finite element method (FEM) has became common in the design and development of forging processes (Oh et al., 2001). Shah et al. (1986), Dudra and Im (1990), Overstam and Jarl (2004), Chun et al. (2006) used FEM to study the mechanism of void closure by cogging process. Their papers investigated cogging process parameters such as bite ratio, forging reduction, die and billet geometry, die width ratio and number of passes.
In this work, a commercial 3D finite element code, DEFORMTM 3D, is used to predict the closure of central void when a 29 ton steel ingot is forged by upsetting and cogging operations. The effect of die geometry for both processes is studied by comparison of effective strain, metal flow and maximum press load. For upsetting process three die geometries were investigated: plate die, dished die and swage die. For the cogging process flat die and double 135° v-die were investigated. 
2. FINITE ELEMENT SIMULATION
The finite element simulation employed a rigid-viscoplastic formulation with thermo-mechanical coupling parameters. Due to the ingot symmetry, only one half of the ingot and die was modeled.

In the upsetting process simulation, only the initial press stroke was performed, and in the cogging process simulation, two passes were simulated with the ingot being rotated 90° after the first pass, as shown in Fig. 1:
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Figure 1. Cogging process procedure

 The basic ingot geometry is a frustum of a cone which has main dimensions comparable to those of ingots used in industry. It was included an artificial void represented by a hemisphere with 80 mm diameter localized in a central position. To assure higher accuracy in the void closure, a finer mesh was created in the void vicinity. Figure 2 shows the dimensions of the ingot with void position included and mesh detail, whereas Figs. 3 and 4 illustrate die geometries.
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Figure 2. Ingot and void dimensions and mesh
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Figure 3. Upsetting die geometries with the respective main dimensions
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Figura 4. Cogging die geometries with the respective main dimensions

The thermo-mechanical properties of the materials used in the numerical simulations were supplied by the DEFORM 3D library. The ingot material was AISI 4340 whose flow stress 
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. Die material was AISI H13 with rigid condition. Additional thermal properties are listed in Tab. 1:
Table 1. AISI 4340 and AISI H13 thermal properties.

	Properties
	AISI 4340
	AISI H13

	Thermal Conductivity
	24.8~32.9 W/m°C
	24.2~24.7 W/m°C

	Heat Capacity
	4.3x106 N/m2°C
	(2.8~7.4)x106 N/m2°C

	Emissivity
	0.7
	0.7


Simultaneous heat transfer and deformation analyses were performed. The room temperature was 30°C, the ingot initial temperature was 1,260°C and it was assumed 60°C for die initial temperature. The convective heat transfer coefficient on the free surfaces was estimated to be 10 W/m2°C for ingot and dies. At the contact region between the ingot and the dies, the interface heat transfer coefficient was 11 kW/m2°C and the shear friction coefficient was set 0.7.
The forging equipment was considered as a hydraulic forging press and a constant top die speed of 15 mm/s was set for both processes. In the upsetting simulation, the total top die stroke was assumed to be of 1,020 mm (40.8% forging reduction) divided into 255 steps of 4 mm. In the cogging simulation, it was defined 1,100 mm (average of 18.5% forging reduction) as the stop criteria for the minimum distance between top and bottom die. Forging reduction in upsetting process correspond to height reduction, while in cogging process is equivalent to diameter reduction. These values of forging reduction were chosen because they are similar to those used in real process. In the numerical calculation, it was used a conjugate-gradient solver with direct iteration method to solve the finite element system of equations.
In order to predict the ingot internal quality with finite element simulations it was necessary to define the void closure ratio (vcr) (Eq. 1) to determine quantitatively the volumetric change of void:
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where Vo and V are the initial volume and the final volume of a void, respectively. Note that vcr is 1.0 when total void closure is reached. To calculate V, it was assumed that the void has a half of ellipsoid form and its volume is given by Eq. 2:
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where a, b and c are the elliptic radii according Fig. 5:
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Figure 5. Half of ellipsoid and its elliptic radii
3. RESULTS AND DISCUSSION

In the upsetting process, for all die geometries, the void was closed completely before the total top die stroke. At the time of complete void closure, the results are reported in Tab. 2:

Table 2. Results of upsetting process at the time of complete void closure.
	Die Geometry
	Top Die Stroke (mm)
	Forging Reduction (%)
	Press Load (ton)

	Plate
	820
	32.8
	4140

	Dished
	800
	32.0
	4340

	Swage
	780
	31.2
	4580


For the upsetting process, the swage die is more efficient to close a central void in large ingots, since it needs only 31.2% forging reduction to complete void closure, however, it uses about 10.6% more press load than the plate die. Dished die presented intermediate results and plate die has the worst result in terms of effective strain. Figure 6 confirm the efficiency of swage die in produce more effective strain at ingot central region. Another interest point to observe is the region of frictional constraint metal flow illustrated by dark blue color in Fig. 6. This region is easily observed in upsetting process, because in this process there is a large contact area creating more friction between ingot and dies in comparison with others processes.

Then, in cogging process, neither of die geometries reached complete void closure. Thus, it used the void closure ratio (vcr) to assess the void closure efficiency in this process. Table 3 summarized the results.

Table 3. Results of cogging process at 18.5% forging reduction (after two cogging passes).

	Die Geometry
	Void Closure Ratio (vcr)
	Maximum Press Load (ton)

	Flat die
	0.31
	1960

	Double 135° V-die
	0.45
	2915
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Figure 6. Effective strain for three different die geometries at 40.8% forging reduction

For cogging process, double 135° v-die promoted higher void closure ratio, but it needs almost 50% more press load than the flat die. Therefore, the most efficient die geometry for cogging process depends on the forging press capacity. 
In terms of effective strain, Figure 7 shows that double 135° v-die presented larger values of effective strain at ingot centerline. It is important to note that the cogging process with flat die produces more deformation near the surface ingot. Indeed, the ingot centerline deformation promoted by flat die depends on the die width ratio (B/H), where B is the die width and H is the ingot height (diameter is this study). Also, it is directly related with the region of frictional constraint metal flow which was mentioned in upsetting process results. On the contrary of the upsetting process, strait flat die in cogging process propitiates small contact area between ingot and die, consequently, small region of frictional constraint metal flow. Many researchers (Cho et al., 1998; Overstam and Jarl, 2004) concluded the ideal die width ratio is about 0.6. Shah et al. (1986) still affirmed that dies larger than the die width ratio 0.6 would only require greater press load with no added benefit on void closure. In this work, the analysis was restricted in die shapes, therefore it only dies with 600 mm and ingots with average diameter of 1350 mm were used, resulting in 0.44 of die width ratio.
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Figure 7. Effective strain for cogging process at 18.5% forging reduction (after two cogging passes)
In order to compare the upsetting process and cogging process, it was analyzed two situations. First, it was a remote situation, at the moment when the upsetting process reached 18.5% forging reduction, whereas normally it is suggested for this technique to reduce at least 30% forging reduction. In this situation the cogging process was performed with 18.5% forging reduction. The intention was investigate both processes at the same forging reduction. Table 4 presents the results:

Table 4. Comparison of results between upsetting and cogging process at 18.5% forging reduction.

	Forging Process
	Die Geometry
	Void Closure Ratio  (vcr)
	 Maximum Press Load (ton)

	Upsetting
	Plate
	0.34
	2862

	
	Dished
	0.37
	3048

	
	Swage
	0.39
	3082

	Cogging
	Flat
	0.31
	1960

	
	Double 135° v-die
	0.45
	2915


Figure 8 corroborates Tab. 4 showing that double 135° v-die produced more deformation at ingot centerline than swage die which was the best upsetting process result. Note that ingot centerline in the double 135° v-die has high effective strain values.
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Figure 8. Effective strain for swage die (upsetting) and double 135° v-die (cogging) at 18.5% forging reduction

The second analysis is when both processes reached its end operation. For upsetting process, it was equivalent to 40.8% forging reduction and for cogging process the same 18.5% at the first situation. Table 5 shows the results for the second situation.

Table 5. Comparison of results between upsetting and cogging process at respective end operation.

	Forging Process
	Die Geometry
	Void Closure Ratio  (vcr)
	Maximum Press Load (ton)

	Upsetting
	Plate
	1
	4517

	
	Dished
	1
	5871

	
	Swage
	1
	5227

	Cogging
	Flat
	0.31
	1960

	
	Double 135° v-die
	0.45
	2915


If there is not press load limitation, it is evident that upsetting process is better than cogging process, since for all die geometries the void was closed completely. In the case of press load limitation, it is necessary investigate in detail each situation.  Figure 9 compares the effective strain in the second situation.
To accomplish more detailed comparison between the results of swage die (upsetting process) and double 135° v-die (cogging process) illustrated in Fig. 9,  for both processes, the effective strain was extracted by the DEFORMTM 3D tool “state variable between two points”. Figure 10 shows how this tool works in the upsetting process.
To facilitate visualization, effective strain curves were overlapped, as shown in Fig. 11. Note that the x axis is a normalized ingot height, because at both processes the final ingot height is very different, the difference is more than 100%.  In the upsetting operation the final ingot height is 1480 mm and in the cogging operation is 3260 mm. It is interesting to observe that, in the upsetting process, the effective strain is higher than cogging process at void position. However, at ingot extremities the cogging process produces highest deformation, therefore it is probable that this process is the most efficient to close internal void at ingot extremities. Consequently, the void position can influence on the selection of the best die geometry and forging process for centerline consolidation in large ingot.
Thus, for a void localized in a central position the upsetting process is more efficient in void closure than cogging process, but for a void localized before 0.27 and after 0.80 normalized ingot height the cogging process is more efficient than upsetting process. It is important to remember that the inefficiency of upsetting process in closing voids next to extremities is due to the region of frictional constraint metal flow created by the friction between ingot and dies.
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Figure 9. Effective strain for swage die (upsetting) and double 135° v-die (cogging) at respective end operation
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Figure 10. Effective strain distribution along ingot centerline
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Figure 11. Effective strain centerline distribution for swage die and double 135° v-die at respective end operation

4. CONCLUSION

Void closure analysis in large ingots was successfully simulated through finite element simulation. Considering a 29 ton AISI 4340 steel ingot with central void positioned, double 135° v-die (cogging process) is the best die geometry for void closure when 18.5% forge reduction is practiced for all the processes, and swage die (upsetting process) is the best die geometry when the process is conducted until its end. If there is load press limitation, these die geometries will be not appropriate to perform the forging process, because they require more press capacity than others die geometries. 

Taking into account the same steel ingot with the void in an extremity ingot position, the upsetting process is not recommended, since in this void position the upsetting process does not promote enough amount of deformation, it is probable that the void will not be close in reason of small amount of deformation generated by the region of frictional constraint metal flow. The best suggestion is the cogging process using double 135° v-die.  

Summarizing, it is observed that void closure in large ingots depends on void position due to the influence of the region of frictional constraint metal flow. Furthermore, void closure depends on forging reduction practiced, for example for equal forging reduction double 135° v-die (cogging process) is the most efficient die geometry. Finally, the centerline ingot consolidation also depends on the load press capacity, sometimes the best die geometry to close voids can require more load than the maximum press load capacity.

It is suggested to continue this study in future, in order to understand the mechanism of void closure with other cogging process parameters such as bite ratio, ingot geometry and die width ratio. Moreover, it would be interesting to investigate large ingot solidification processes by numerical simulation in order to obtain more accurate information about void position. 
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