
ABSTRACT 

KUMARAN, KARTHIKEYAN . 3D Preform Design Based on Geometrical Resemblance and 

Automation for 2D-Parts. (Under the directions of Dr. Gracious Ngaile) 

The use of accurate preform dies and billets in forging can improve quality, conserve material, 

reduce manufacturing costs, and eliminate rehabilitative processes. This paper presents a Finite 

Element (FE) simulation-based preform die design method that might require a few iterations to 

find an optimal preform shape. The preforms are iteratively searched by backward tracing of 

material points in the FE models. The proposed scheme for establishing preform geometries for 

flash-less forging exploits the ability of FE software packages to track material points at any given 

process time and location. In this methodology, ñflashò is considered a defectðone that can easily 

be induced by using a slightly larger volume of a preform shape than the exact volume that results 

is flash-less forging. Since the materials under plastic deformation seek the path of least resistance, 

other defects are bound to occur. Several case studies on preform designs of 3D forgings are 

presented. The viability of the methodology is assessed based on strain distribution patterns and 

forging loads. The methodology was also used on a few example parts which are currently forged 

with flash. The preform designs with this methodology resulted in a substantial reduction in the 

flash. The methodology is experimentally validated by forging cross joint and the experimental 

results are close to simulation. The proposed methodology can therefore be used to design 

preforms for the various forging shapes encountered in the forging industry. Besides aiding in the 

development of new progression sequences for flash-less die forging, the method could be used to 

modify preforms in a production line to minimize material waste due to flash. The method can also 

be used to probe preform shapes that occasionally result in defects caused by variability emanating 

from interface friction, die temperature fluctuation or other factors. 
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Chapter 1 

Introduction  and Research Objectives 

 

1.1 Introduction  

Forging is a process in which a given shape of the work piece is plastically deformed to another 

shape under high pressure compressive force. Forging usually produces parts with excellent 

mechanical properties with minimal material wastage in a very short time. A forging process 

depends on input variables like billet geometry, billet material, tooling/die geometry, tooling/die 

material, lubrication and interference condition at the tool/material interface, the plastic 

deformation mechanics, the equipment used, properties of the final product, environment in which 

the process is carried out.  

With an increasing demand for quality parts, the market for forging has grown substantially. A 

wide variety of complex metal components, such as automobile parts, aircraft parts, and machinery 

parts are produced by forging. Depending on the geometry of the part a multi-stage forging process 

will be adopted for creating parts with complex geometries. Accurate design of preform dies and 

billet for the intermediate passes can ensure forging quality, conserve material, eliminate 

rehabilitative processes, and reduce manufacturing costs. Material cost contributes the major 

portion of the total production cost in manufacturing. Thus, with precision forging the material 

and energy used to form the material can be minimized without affecting the quality of the forged 

part.   

Flash is material that is forced to move out of the die cavity by the forging load. This excess flash 

will be trimmed after forging the part to obtain the desired shape. The major objective in precision 

forging is to manufacture parts of near net shape with very minimal or no flash. By eliminating 

flash, the material and energy used in the process will be minimized, and the additional process of 

trimming flash can be eliminated. In addition to that, flash less forging preserves the continuity of 

the metal fiber, thus increasing the strength of the part. For obtaining a defect free part with desired 

mechanical properties, preform design plays an important in multistage forging operations. 
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The objective of this research would be to apply the geometrical resemblance methodology for 

finding preform geometry of 3D parts and validate the applicability of the methodology for 3D 

parts with FEA simulations.  

1.2 Research Objectives 

The principal objective of this study is to develop preform design schemes for reducing flash in 

die forging. The preforms are iteratively searched by backward tracing of material points in the FE 

models. The specific objectives are to 

i. Survey families of forgings that are carried out in closed die forging with and without flash 

for quantifying material waste caused by forging with flash and identifying potential 

candidate parts that might benefit from the proposed study.  

ii.  Automate the preform design methodology based on geometrical resemblance for 2D part. 

iii.  Develop preform design schemes for forgings that exhibit 3D deformation behavior. The 

schemes will be developed for use in conjunction with the point tracking function in 

DEFORM 3D software. 

iv. Build a scaled-down forging test setup to experimentally validate the proposed schemes 

for 3D geometries. 

1.3 Thesis Organization 

Chapter 1 will concentrate on the overall background of forging and inspiration for the research. 

The objective is explained, and an overview of the thesis is presented. 

Chapter 2 contains the literature review on closed die forging with and without flash. Common 

defects in forging and methods to eliminate the defects are presented. Further, the importance of 

preform for efficient forging and various ways to obtain optimum preform shape is discussed by 

means of research literature. 

Chapter 3 will discuss the concepts to apply the existing methodology of preform design using 

geometrical resemblance. Further, discusses the possible ways to optimize and automate the 

process used with the help of macros and python scripts. The automation of point creation will be 

discussed for commonly used design software including SolidWorks and SpaceClaim. 
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Chapter 4 includes the extension of the preform design methodology for 3D parts. The required 

modification performed in the methodology for the 3D parts will be elaborate. Further, the 

applicability of the geometrical resemblance for 3D parts will be validated using the FEA 

simulation of multiple case studies.  

Chapter 5 will be explaining the design and analysis of dies for experimentation. This chapter also 

includes experimental validation of preform design methodology for 3D parts and the results 

observed during the forging. 

Conclusion will infer the results obtained from case studies. In addition to that future work will be 

mentioned in this chapter. 
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Chapter 2 

Literature Review 

2.1 Introduction:  

Typically, in forging a simple cylindrical or cuboid shaped billet is plastically deformed into 

desired shape. Parts with complex geometry will require multi-stage forging with intermediate 

passes for forging a defect free part. These intermediate/preform step helps to direct the material 

flow towards the die cavities and completely fill the die. 

Defects such as under fill, folding, and laps could be developed in the forging operation if the 

material of the billet is not properly distributed during the blocking stage of the forging sequence. 

The input parameters involved in forging process are based on design of preform and mould, 

conditions of forging process, dimensions of billet, and properties of forging die, lubricant 

characteristics, and thermal treatment-based parameters[1].  These parameters determine the 

material flow pattern and improper material flow could lead to defects in forged parts.  

In open die forging, since the material flow is not restricted in the areas where the die is not 

enclosed, producing a flash-less final part will be difficult. Thus, closed die forging allows more 

accurately shaped parts to be formed, no flash is formed in this process therefore negligible scrap 

material, higher interface pressures are required, requires very accurate control of material volume 

and proper die design. Material is deformed in a cavity that allows little or no escape of excess 

material, thus placing greater demands on die design[2]. 

The preform shape has a great influence on the quality and dimensional accuracy of the final 

product. The present study is focused on finding preform for flash-less forging, therefore closed 

die forging is chosen for the study. The closed die flash less forging process requires the prediction 

of forging sequence, number of forging steps, preform shape, and optimization of the process 

parameters in each stage to produce parts without defects. 
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2.2 Material flow pattern and defects in the forging process: 

During the forging and extrusion process, material flow occurs along a path with minimal 

resistance. Hot and cold forging has been wildly used in industries. The material flow patterns 

observed during cold and hot forging are completely different [3]. In the study by Eyercioglu et 

al. [4] the effect of hot and warm forging for forming a spur gear is discussed. It can be observed 

that although the forging time is less than a second, considerable amount of cooling takes place. 

Despite the forging temperatures being 1200°C and 800°C for hot and warm forging respectively, 

the maximum forging load for hot forging is only half that of warm forging. The load-stroke curves 

follow a similar trend to the effective stress, with higher loads needed during the final filling stages 

of gear forging[4]. Due to elevated temperatures, hot forging has good formability and is usually 

used for forming medium and large parts and parts with more complexity. The different flow 

patterns lead to differences in the distribution of plastic strains. As a result of different metal flows, 

the die impression in hot and cold forging is filled in a different way[3]. 

Defects in forging will deteriorate the properties of the forged product, damage the dies, and leads 

to exploit materials and energy involved in the forging process[2]. Some of the common defects 

related to irregular material flow patterns include laps, under fill and piping. 

2.2.1 Folding/Laps: 

One of the most common geometrical defects is lap/folding. The main reason for the formation of 

a lap in forging are: 

¶ Work piece material flowing into itself. 

¶ When the work piece is in contact with the die is subsequently pulled by the tensile 

component and laps on itself. 

¶ When the surface of the preform is sheared by the die which results in localized lap of 

material. This phenomenon is usually observed in die corners as it forces material ahead 

of a moving contact region, without significant subsurface deformation. This defect can 

be the result of poor design or inadequate process control. 

In most cases, laps can be eliminated by choosing the appropriate preform design and changing 

the forging process. Avoiding wraps is primarily a forging process design issue with improper 
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preform or improper indentation shapes. Finite element simulations are used to evaluate multiple 

preform shapes and avoid forging overlap.  

 

Figure 2.1: Lap formation in preforming dies initial and final position of the upper die. 

2.2.2 Under fill: 

Under fill is the phenomenon in which some sections of the die cavity are not completely filled at 

the end of forging. Usually, this defect is caused by lesser billet material, inadequate forming 

force/pressure, bad lubrication, or improper design of the forging dies. 

 

Figure 2.2: Under fill defect. 

This defect can be eliminated with proper material fill sequence or preform shape design which 

permits material flow to completely fill the die and also proper lubrication of the die/workpiece 

interface.  

2.3 Design of preform and application of FEA: 

Preform design plays a key role in forging sequences to improve product quality and produce a 

defect-free part. Usually, in industries, preforms are developed by the iterative trial-and-error 

approach based on the experience and skills of the designer. However, this approach not only 
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significantly increases tool costs, but also increases production plant downtime. Thus, it is 

necessary to reduce time and manpower through an effective method of preform design. 

Numerous research has been performed to compare the advantages and disadvantages of flash less 

forging over forging with flash. The research by Khazaie and Moein[5] focuses on simulating the 

forging process using the finite element method (FEM). Two die designs are considered: one for 

conventional forging with flash formation, and another for flashless forging. The FEM simulations 

are conducted using DEFORM-3D software, and the results are compared with experimental tests. 

The flashless forging approach offers material savings and eliminates the need for trimming, but 

it results in the formation of a thin flash that requires expensive removal. On the other hand, 

controlled flash forging minimizes the amount of flash and eliminates the thin flash issue. 

Numerical modeling proves to be a cost-effective method for die design, providing valuable 

insights into the forging process. Raj et al.[6] Compared the forging process of a coupling flange 

with and without flash. The die design process involves modifications to convert conventional 

forging dies into flashless dies. A multi-objective optimization technique is used to optimize the 

process parametersðFlash thickness, billet temperature, friction coefficient & die temperature in 

case of conventional forging and billet temperature, friction coefficient and die temperature in case 

of flashless forging. It was concluded that the most significant factor that affects the conventional 

forging process (forging with flash) is billet temperature. Whereas, in case of flashless forging die 

temperature also came out to be a significant factor along with billet temperature. Also, in flashless 

forging, the component can be forged with a lesser load compared to that of conventional forging. 

A flash gap that can be changer during the forging process is discussed by Langner and Stonis[7]. 

If a flash gap can be controlled (moved) during a forging process, the filling of the cavity can be 

improved and at the same time damage on or a crack in the die can be avoided. First, trial parts 

were forged by use of a conventional die with a fixed flash land. Afterwards, trial parts were forged 

with a variable flash gap, designed as moveable flash brakes that retreat within the process, to 

modify the material flow. Additionally, different trigger forces were used for the variable flash 

gap. The results show that the influence of a variable flash gap leads to a changed material flow of 

the steel within the forging process resulting in an improved filling of the die cavity. 

In the research on variable gutter technique on the vertical flow of material in the last stage of 

forging is performed my Pourbashiri and Sedighi [8]. By varying the gutter dimensions both 
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experimental and numerical analysis is carried out on the sample wokpiece. From the results of 

multiple simulation, it can be observed that the material flow pattern can be changed by varying 

gutter dimensions and for the given sample an optimum gutter can be calculated. It was also 

observed that the gutter thickness has more effect on vertical flow of material in last stages of the 

forging process than the gutter width. The variable gutter thickness technique has more effect on 

vertical flow of material and can be successfully used to reduce the amount of waste material in 

this family of forging products [8]. 

To reduce the time and cost associated with the development of forging sequences and preform 

design, numerous rule-based and knowledge-based expert systems have been developed 

throughout these years. Most of these expert systems for hot and cold forging use a set of rules to 

identify an optimum process sequence design. Kim and Im have developed a system for multi-

stage cold forging of an axisymmetric solid and hollow part[9]. First, the basic process design is 

developed depending on the initial billet size, the material, or the order of upsetting and forward 

extrusion. Based on the billet size and material data one of the two geometry groups is chosen. 

Further, the forgeable geometry is identified using line segments for different types. Then, the 

billet is assumed to be a cylinder and the size is determined for the billet. Then, by comparing the 

diameters of the billet and final part process sequence is designed and finally the effective strain 

is calculated and outputted. This system also used a redesign algorithm to optimize the process. 

First, the basic re-design is carried out and deformation occurs in each cylindrical stage of 

deformation. Then, the different stages are combined to reduce the number of processes. Finally, 

to remove failure due to uneven load, the forming ratio is controlled, and a combination of forging 

sequences is carried out.  

A lot of studies have been directed towards the direct application of FEA for analyzing different 

proposed preforms and obtained an optimized preform based on the simulation. For instance in the 

study by Kukhar [10], the development and analysis of options for closed die forging a complex 

forging (ñSupportò) with irregularities of cross section with the usage of analysis in finite element 

package Deform 3D and determination of the technique which allows to maximum material 

savings at minimum forging force. Three different billets are analyzed using FEA and it was 

observed that the implementation of a preforming to the die progress sequence the forging is 
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optimized, and the material waste is conserved by up to 22%. Thus, appropriate preform for a 

forging operation has to be used to improve the efficiency of forging. 

Similarly, Eyçē→N, F used FEA to analyze the effect of flash design on efficiency in hot forging[11]. 

The process was carried out in 4 stages that are upsetting, preforming, final forging, and ironing. 

Firstly, upsetting was performed and the sample to be placed between the die ears was brought to 

the appropriate dimensions. Pre-forging process was carried out before the forging process. The 

effective strain of the process is shown below.  

 

Figure 2.3: Simulation results of effective plastic strain [11]. 

When the results are analyzed, the effective stress values in steps 3 and 4 are almost the same. In 

steps 3 and 4 where the flange part is formed, the stress value has reached its maximum value. 

From the results, it was concluded that this new method of forging the workpiece at the beginning 

of the process was reduced and the amount of flash flowing out at the end of production was 

minimized. It was proved that flash parameters like flash thickness and width have a positive effect 
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on the flawless production of the workpiece, die life, and stresses on the die by finite elements 

analysis [11]. 

 

In the paper by Sheu and Yu [12], proposed a preform design based on geometrical section 

features. A 2D and 3D finite element analysis is performed to study the material flow and effective 

strain. The forging is performed in one-step and two-step forging processes. Table 2.1 summarizes 

the simulation results of the forging operation performed on different preform geometries. From 

the results it can be concluded that for developing a defect free part and to optimize the process 

appropriate preform selection is important.  

Table 2.1 The simulation results for different preform designs [12] 
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Figure 2.4: Illustration of one-step billets (upper) and two-step preforms (middle and lower)[12]. 

 

Alimirzaloo, Biglari, and Sadeghi have studied on preform design for an airfoil blade[13]. Usually, 

a forging process is used for the manufacture of airfoil blades because of the higher mechanical 

properties that result from work hardening and improved microstructure. According to the blade 

manufacturing process, forging preform is manufactured using an extrusion process. Therefore, 

the preform should be designed in a shape that can be manufactured using the extrusion process. 

The preform shape has two sections: the airfoil and the root zone. 

Two preforms are proposed one preform1 with square root, rectangular airfoil and another 

preform2 with quadrilateral root and elliptical airfoil (Figure 2.5).  
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Figure 2.5: Preforms of blade: a) Preform1 b) Preform2 [13]. 

Finite element analysis is carried out to examine the forging process for these two preforms. It was 

seen that preform 1 did not form the complex details in the blade tip. This is because of the preform 

slippage during the forging operation inside the die cavity. Preform slippage usually occurs due to 

ram and die shakedown and lateral movements of the ram during each stroke. To hold the preform 

during the forging process, a new preform2 was designed. The root holding in preform2 is shown 

below (Figure 2.6 (b)) 

 

Figure 2.6: Preform root positioning within the die cavity: (a) preform1 and (b) preform2 [13]. 

 

Khaleed and Samad have conducted finite element analysis for flash less cold forging of 

connecting rods [14]. Three workpiece geometries: cylindrical, dumb-bell shape with fillet 

(preform- 1), and dumb-bell shape without fillet (preform2) are used and their suitability to achieve 

the required flashless forging without underfilling is compared (Figure 2.7). The workpiece 
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specifications are obtained based on the assumption that the volume of the workpiece is equal to 

the volume of cavity to fill or the volume of the final forged product.  

 

Figure 2.7: Work-pieces used for forging connecting rod [14]. 

Based on the FE results it was concluded that pre-form2 was found to be the optimum workpiece 

to obtain flashless forging with no underfilling, minimum flash volume and lower forging load. 

In the work by Czyzewski and kocanda [15],  three different preforms are used to forge a valve 

lever. The best filling of die cavity without overlaps and the best distribution of flash width on the 

circumference of the forging was obtained for so called ideal preform which shape was found 

analytically. Side forces acting on die cavity were found by numerical analysis of forging process. 

The lowest side forces were found for the forging process with the ideal preform. Hence dies in 

this case would be subjected only to moderate offsetting which could be easily counterbalanced 

by a proper design of counter locks [15] 

Saquid et al.[16] Applied finite element analysis for forging a V8 engine camshaft using multiple 

preform geometries. Ten different preform geometries are created by varying the radius of the cam 

cylinders. The optimized preform is determined by analyzing the forging simulations results of all 

the ten preforms with respect to under fill, flash and die stresses.  

In the research by Behrens and Muller [17], a crankshaft is forged in four stages as shown in Figure 

2.8. To estimate shrinkage compensation and to reach the aim of precision forging, a new FEA 



14 
 

aided method for an incremental inhomogeneous shrinking compensation has been developed. For 

this profile temperature and stress is analyzed after forging. This data is implemented into the 

developed algorithm to identify the shrinkage of the part and for compensating the offset 

afterwards. The algorithm is built up in the FEA-program ANSYS. For compensating the identified 

shrinkage, the offset of the gauges was added to the wanted gauges for each point of the mesh. 

This enlarged part was exported. With this new part, the dies were built up, with which it was 

possible to achieve precision forging. 

 

Figure 2.8: forging sequence of a two-cylinder crankshaft [17]. 

2.3.1 Current methodologies for obtaining optimized preform design for forging: 

Numerous methodologies have been proposed over the years for developing an optimized preform 

for forging. A geometry based preform design is proposed by Khaleed and Samad to reduced flash 

developed in a AUV propeller blade forging [18]. The preform is developed by changing the 

dimensions of the preform of blade. First, the work-piece thickness is optimized by keeping the 

area constant. FEA simulations are carried out for preform of fixed area for different thickness. 

Based on the parameters like flash produced, percentage under fill, strain distribution, temperature 

distribution, and optimal thickness is chosen. Then, for the optimal thickness, the area is varied, 

and FEA is carried out on all the new set of preforms. Again, parameters like flash produced, 

percentage under fill, strain distribution, temperature distribution are analyzed optimal area is 

obtained. Finally, the flash thickness is modified, and FEA is carried out to obtain the final 

preform. The hence developed preform will be forged to a part with minimal material wastage 

with less flash and with good mechanical properties [18]. Optimized steps for the final preform is 

shown below (Figure 2.9). 
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Figure 2.9: Forging stages of blade by using optimized workpiece. 

Similarly, a geometry based approach is developed by Takemasu and Altan were the preform 

optimization in the flash less forging of a connecting rod [19]. In their research the connecting rod 

is divided into three section, the large end, the smaller, end and the connecting section (Figure 

2.10). Preform for each of these sections are proposed by varying the shape parameters and 

analyzed separately. Based on the FE results the optimum preform was obtained.  

 

Figure 2.10: Sketch of preform-I of the connecting rod [19]. 

Sheu et al [20] proposed an approach of designing preforms based on geometrical resemblance to 

the final shape. On a geometrical basis, currently engineers use cut section planes to analyze the 

material distribution of the forged part, and then use the height data obtained from each plane to 

devise the preform designs [20].  
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Figure 2.11 Image depicting the use of cut planes to obtain material distribution (in Z) across the 

forged part [20]. 

 

The preform was divided into multiple radii values across the longitudinal axis, and the 

combinations of these radii values were used to uniquely define the preforms during the 

optimization.  Genetic optimization was initialized by defining a family of random properties that 

were related to filling ease, volume of the forged part, preform volume, and complexity. The 

iterations were run, during the optimization, the genes/properties of the selected parents/preform 

shapes are changed by the use of crossover and mutation methods to create a new 

population/combination. Afterwards, the new population/combination is evaluated again until a 

termination criterion (fitness value) is met [20]. 

Oh et al [21] proposed a geometrical method for preform design using the concepts of Fourier 

transform. They separated the frequencies of a final shape of the workpiece in the forging process 

and obtained the smooth shape by adopting the low frequencies in the frequency domain. Then the 

smooth shape is used for the preform shape.  

A topology based preform design of a blade forging process has been developed by Shao[22]. In 

this approach an initial preform is developed along with a background mesh. FE analysis is 

conducted in the workpiece. The results from the FE analysis is then used to check if the preform 

is feasible. More material is added or reduced in areas based on the criterion function which is 

developed by considering the hydrostatic stress and vertical stress components. The process is 



17 
 

continued until the required tolerance is reached. Hence in few iterations the optimized preform 

can be obtained. 

The research by Hang Yang, Xinwu Ma, Feng Jiao and Zheng Fang proposed a method of the 

preform optimal design based on bi-directional evolutionary structural optimization (BESO) [23]. 

For this, a new element addition/deletion criterion associated with the objective functions is 

proposed in order to improve the rationality and efficiency of the preform optimal design based on 

the BESO[23]. 

 

A background grid is defined based on the idea of the BESO, which is used for adding or deleting 

elements. The elements in the background grid have two types of states: active and inactive state. 

All elements in active state constitute the shape of the cross section of the part, as shown in Figure 

2.12. 

 

Figure 2.12: Cross section of the part represented by the elements of background grid [23]. 

Firstly, the FEA for the initial billet is carried out. If the analysis result meets the goals of the 

optimization, then the optimization process is finished. And if not, the tracking and transferring of 

element information are carried out by using the interpolation method. Then background elements 

are added to or deleted from the background grid according to the element addition/deletion 

criterion. After the addition/deletion of elements, a preform with a new shape is obtained and the 

FEA is performed again for the new preform. The above steps are repeated until the goals of the 

optimization are met. [23] 
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Two primary goals are considered which includes complete filling of die cavity with less flash and 

uniform deformation of the material. Using these two criteria as objective a variable ñCò is 

developed as shown below. [23] 

 

Where the value of A is set based on the contact condition of the element with the die. If the 

element is in contact with the die, A is set to 1, and if the element is not in contact with the die, A 

is set to 0. [23] 

 

The value of C is calculated for each small element in the system. And, for each iteration, the 

elements whose value C is in top of 20% will be deleted from the preform and the elements whose 

value C is in last of 20% will expand outward and their adjacent elements will be added to the 

preform. Since the number of elements deleted and added are equal in each iteration the area of 

cross section is maintained almost equal in each iteration. [23]  

The results obtained from the first iteration of the FEA simulation is shown below.  
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Figure 2.13: Result of element information tracking [23]. 

After the element addition and deletion, a smooth curve fitting is performed in the obtained  

Geometry to ensure that the obtained preform is manufactural. 

 

Recently the concept of neural network is applied to obtain an optimized preform. In the research 

by Lee et al. [24] preform design is identified based on convolutional neural network. The preform 

thus obtained can form the part without under fill and will have uniform strain distribution. 

However, the flash produced is not eliminated in this study.  

Roy et al. [25] utilized a neural network to determine the shape of a preform in H-shaped 

axisymmetric forging. The forgings and preforms were represented as 16 by 16 images, and the 

weights were connected and calculated based on each image pixel. However, since the weights 
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were linked to the pixels in a one-to-one manner, modifying a pixel would render the neural 

network incapable of generating an appropriate preform shape.  

Thin flash generation in forging operation is attempted to be numerically predicted by Richter and 

Blohm [26]. A numerical model is developed by analyzing several parameters. Parameters 

influencing the thin flash generation are identified are identified by ANOVA test statistical 

analysis. Thus, the developed model can predict the thin flash generated without a time consuming 

FEA. 

In the research by Chang Myung Lee and Hong Seok Park, the preform design of a bevel gear is 

optimized using analytical methods.[27] The main objective of this study was to optimize the 

design of a preform shape for a bevel gear to obtain a good product and to improve the efficiency 

of the warm forging process. 

In this study, in addition to the two objective discussed in the previous case study [23], a 

complexity reduction is also considered. Thus, the three objectives of the optimized preform will 

be to fully fill the die, reduce the material used and reduce the complexity of the optimized 

preform. The equation below Fi shows the objective function used and genetic algorithm is used 

to maximize the Fi value. 

 

The author states that, the primary design variables which determines the preform behavior are 

height (H), large diameter (D) and the chamfer length (B). These dimensions are denoted in Figure 

2.14.  

 

Figure 2.14: Initial preform shape of a bevel gear. [27] 
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Additional design variables of the preform shape dimension, including, the fillet radius of the 

preform (rfp) and the blend-in radius of the preform (rbp) will be calculated before and after 

optimizing the three key factors. [27]  

First the preform is divided into N boundaries (5 in this case) as shown in Figure 2.14 and each 

boundary point must be evaluated according to the fitness value as the quality parameter for forged 

parts. The results obtained from the initial preform in the first iteration is tabulated in Table 2.2.  

                     

 

 

 

 

 

 

 

Figure 2.15: Representation of N boundary points of a bevel gear initial preform. [27] 

Table 2.2: Calculation results of fitness function parameters for the initial preform. [27] 

 

 

The GA used varies the values of the 3 design variables (H, D, B) and find the maximum value of 

function F after multiple iterations. The hence obtained optimized values of these three variables 
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will be used to develop an optimized preform. The optimized results obtained are tabulated in 

Table 2.3. From the results it can be observed that the weight of the material used is reduced 

approximately by 10% and the flash developed has also been reduced. 

Table 2.3 Optimization results of the preform geometry. [27] 

 

 

 

 

 

 

 

The optimization is also validated by manufacturing the bevel gear with the optimized preform 

and the manufactured part is shown in Figure 2.16.  

 

Figure 2.16: Bevel gear shape: (a) Optimal preform; (b) Result of the warm forging process. [27] 

 



23 
 

From this case study [27] it can be observed that GA can be used to optimize the preform geometry. 

And the developed method can be applied to any bevel gear shaped geometry and the developed 

preform will be the most optimized preform. 

 But on the downside this process is not universal to all shapes but can be extended to complex 

geometries by identifying the design variables for the complex geometry. Hence, the develop 

approach can be applied only after thorough research for a different geometry.    

Several research have been carried out on developing optimum preform using genetic algorithm. 

Torabi et al [28] utilized Response surface methodology and Genetic algorithms for optimizing 

the preform design for turbine blade forging. The preform for the blade was designed using 

primitive shapes, cylindrical shape for the base section, and an elliptical shape for the blade. It was 

reported that elliptical shape provided a far better material flow, uniform plastic deformation, and 

low contact pressures. The preform was divided into distinct dimensional quantities.  

 

Figure 2.17: Depicting the dimensional quantifying for the blade preform [28]. 

The root length (L1), the full length of the blade (Lt), large diameter elliptical airfoil (D1), small 

diameter elliptical airfoil (D2) and the radius of the root connection and airfoil (R) were selected 

as optimization parameters for building the surrogate model in the RSM approach. The minimum 

and maximum bounds for each of these parameters were defined for building the surrogate model. 

Three output variables were defined, the first one being the filling ratio which was the ratio of the 

volume of the forged part with flash and without the flash. The second variable was the flash 

volume, and the final variable was the strain variance value obtained at the end of the forging 

simulation. From the response surface model the objective functions (objective functions related 
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the dimensional quantities with the output variables) were obtained for each of the output variables 

and were optimized using the genetic algorithm [28]. 

In the research by Knust and Stonis [29], on preform optimization based on cross section shape 

complexity, preform developed by cross wedge rolling is optimized. For finding the fitness 

function to be used in GA, preform volume fitness function, shape complexity and amount of flash 

is used. Genetic algorithms can be used for obtaining preform design is usually faster than the 

methods using finite element analysis. However, the governing equations will vary for each type 

of part. Thus, for every single part a new set of governing equations must be identified, and it can 

be time consuming.  

Although the above discussed methodologies perform well, most of them are time consuming 

and will require more iterations to obtain the preform design. Hence, Yang and Ngaile[30] 

proposed the methodology of geometrical resemblance which takes few iterations to find a good 

preform shape for 2 dimensional part geometry. Figure 2.18 is used to illustrate the concept of 

geometrical resemblance to obtain an optimal preform. Assume that Figure 2.18 shows the 

geometry of the desired part Xa (deformed) and the geometry of the optimized preform 

(undeformed). Figure 2.19 shows the axisymmetric upsetting process of part Xb (deformed) with 

preform shape Pb (undeformed). The geometry of part Xb should geometrically resemble the 

desired part Xa and should be slightly bigger to contain part Xa inside.  A curve Xa is constructed 

inside part Xb and its undeformed shape Pa can be obtained by backward tracing of the material 

flow by FE simulation. Depending on the complexity and geometry of the part, a series of 

intermediate parts can be constructed to trace the preform shape of Xa [30]. 

    

Figure 2.18: Forging of part Xa [30].   Figure 2.19: Forging of part Xb [30]. 
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Based on the assumptions, the preform design methodology is outlined below. The illustrations 

for the design of preform shape Pa for part Xa are given in Figure 2.20 and Figure 2.21. 

 

Figure 2.20: Illustration of preform design of part Xa [30] 

 

Figure 2.21: Flow chard of preform design [30] 



26 
 

As a Case study, the geometrical resemblance methodology is applied to a rib web part and the 

preform shape is obtained using geometrical resemblance. Using the proposed preform design 

method, the preform can be obtained as follows [30]: 

i. Construct a series of bigger parts Xb, Xc and Xd by offsetting the shaft shoulder feature as 

shown in Figure 2.22. 

ii.  Iteration-1: Guess a reasonable preform shape Pd (Figure 2.23 (a)) for bigger part Xd 

(Figure 2.22). Then construct track points along Xc (Figure 2.23 (c)) to trace backwards to 

obtain undeformed shape of part Xc as preform shape Pc of Xc (Figure 2.23 (d)). 

iii.  Iteration-2: Use the Pc as the billet shape of Xc and simulate the forming process of part 

Xc (Figure 2.23 (e) and Figure 2.23 (f)). Then construct track points along Xb (Figure 2.23 

(g)) to trace backwards the undeformed shape of part Xb as preform shape Pb of Xb (Figure 

2.23 (h)). 

iv. Iteration-3: Use the Pb as the billet shape of Xb and simulate the forming process of part 

Xb (Figure 2.23 (i) and Figure 2.23 (j)). Then construct track points along Xa (Figure 2.23 

(k)) to trace backwards the undeformed shape of Xa as preform shape Pa of Xa (Figure 

2.23 (l)). 

 

Figure 2.22: A series of parts constructed to resemble the rib web [30]. 
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Figure 2.23: Preform design of Xa by tracing backwards method [30]. 

The research by Yang and Ngaile [30] on preform design using geometrical resemblance is proven 

to be a great methodology for obtaining optimized preform design. However, there are few 

limitations to this methodology which includes: 

i. The points required to represent the geometry are created and inserted manually which is 

tedious and time-consuming. Hence, if this process is automated the time and minimum 

skills required for the user can be substantially reduced. 

ii.  This methodology is limited to 2D geometries which includes axisymmetric and plain 

strain parts. 
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2.4 Conclusion: 

From the literature survey the research on families of forging are studied and summarized. 

Preform design is a crucial aspect of forging sequences that significantly impacts product 

quality and the production of defect-free parts. Traditional approaches relying on trial-and-

error methods increase tool costs and plant downtime, highlighting the need for more 

efficient preform design methods. Extensive research has been conducted to compare the 

advantages and disadvantages of flashless forging and forging with flash, utilizing 

techniques such as finite element method (FEM) simulations. These studies have provided 

valuable insights into die design, material flow, and the optimization of process 

parameters. 

The direct application of finite element analysis (FEA) has proven valuable in analyzing 

proposed preforms and obtaining optimized designs, leading to significant material 

savings and improved forging efficiency. Various studies have emphasized the importance 

of appropriate preform selection to achieve defect-free parts and optimize the forging 

process [[10] - [17]]. Geometrical section features, such as airfoil blades, connecting rods, 

and valve levers, have been analyzed using FEA to study material flow, effective strain, 

and die stresses. The results have demonstrated the necessity of tailored preform designs 

to ensure proper filling of die cavities, minimal flash formation, and reduced forging loads. 

However these methodologies requires initial guessing of the preform geometry and 

optimized preform is identified based on the FEA results. Thus, these cannot be used as a 

standardized methodology for obtaining optimized preform. 

Various methodologies have been proposed for obtaining optimized preform designs in 

forging processes to reduce flash. These methodologies encompass different approaches 

such as geometry-based, topology-based, neural network-based and analytical methods. 

Geometry-based approaches involve modifying the dimensions and shape parameters of 

the preform to achieve desired outcomes such as reduced flash, uniform deformation, and 
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improved mechanical properties [[18]- [21]]. These approaches utilize finite element 

analysis (FEA) simulations to evaluate different preform designs based on criteria like 

flash produced, percentage underfill, strain distribution, and temperature distribution. 

Iterative optimization processes are employed to refine the preform design until the desired 

objectives are met. 

Topology-based methods focus on adding or removing material in specific areas of the 

preform based on criteria such as hydrostatic stress and vertical stress components. These 

methods use bi-directional evolutionary structural optimization (BESO) algorithms to 

iteratively adjust the preform shape by adding or deleting elements in a background grid. 

The optimization process continues until the goals of complete filling of the die cavity 

with less flash and uniform deformation are achieved [[22]-[23]]. 

The provided information highlights the optimization of preform design in forging 

operations using numerical and analytical methods. Various studies utilize genetic 

algorithms to optimize key design variables and achieve objectives such as reducing 

material usage and flash generation. Response surface methodology is also employed to 

optimize preform shape and dimensions. These approaches offer efficient alternatives to 

time-consuming finite element analysis. However, the specific optimization process may 

vary depending on the part geometry, requiring further research and identification of 

governing equations for different shapes [[26]- [29]]. 

Although the above discussed methodologies perform well, most of them are time 

consuming and will require high skills to obtain the preform design. Thus an efficient 

preform method based on geometrical resemblance proposed by Yang and Ngaile is 

reviewed. This methodology can be applied for 2D parts and will produce the preform 

geometry in fewer iterations. However, some of the limitations of this methodology 

includes: the point creation process in this methodology is time consuming and this 

methodology cannot be applied for 3D geometries.  
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  Chapter 3 

Automation of point creation in preform design 

methodology.  

3.1 Introduction:  

The methodology of geometrical resemblance proposed by Yang and Ngaile, helps to identify an 

optimized preform design when forging a part. The process begins by constructing an imaginary 

slightly larger part that resembles the actual desired part in terms of its geometry. The initial 

simulation of this imaginary larger part is conducted using a guessed preform shape. The end of 

the forging simulation of the imaginary larger part, it can have underfill, flash and any other forging 

defects. A series of intermediate imaginary parts, gradually approaching the actual desired part in 

size, are then created. The undeformed shape of each intermediate imaginary part is determined 

by tracing the material flow backwards from the simulation results of the larger part by inserting 

points representing the intermediate part. This undeformed shape is adopted as the preform shape 

for the corresponding intermediate part. The process is repeated until the intermediate part closely 

resembles the desired part, resulting in the final preform shape. One single iteration of the 

geometrical resemblance process is shown in Figure 3.1 where Part-A is the desired part and the 

objective would be to identify an optimized Preform-A to efficiently forge Part-A. For this reason, 

imaginary Part-B which geometrically resembles the Part-A is designed and a guessed Preform-B 

is used as a preform to simulate the forging of Part-B. Further, at the end of the simulation points 

representing Part-A are marked on the forged Part-B and the simulation is reversed to track how 

the marked points of Part-A move. Finally, the back-tracked points are joined to create a Preform-

A. This obtained design of Preform-A when forged can produce Part-A with high efficiency. 
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a)  Guessed Preform-B.   b) Forged Part-B.     c) Part-A tracked on Part-B. 

 

                                                       

d) Preform-A tracked on Preform-B.  e) Preform-A of Part-A.          f) forged desired Part-A. 

Figure 3.1: Methodology of preform design using geometrical resemblance. 

For further optimizing the design of Preform-A in forging Part-A multiple iteration of the above-

mentioned methodology is performed. The methodology for using multiple iteration is discussed 

in section 3.2. 
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3.2 Geometrical resemblance methodology and possibilities of automation: 

For obtaining an optimized preform of the desired 2D part the methodology of geometrical 

resemblance proposed by Yang and Ngaile is applied. This methodology is developed to design 

the preform shape of a part is symmetric and plain strain forging parts. The methodology to find 

optimal preform shape using geometrical resemblance is proposed as follows: 

i. Let the desired part shape be represented as Part-A (Xa). A series of bigger parts (Part-C 

(Xc), Part-B (Xb)) which resembles the geometry of Part-A (Xa) is developed (Figure 3.1 

(a)). 

ii.  The Preform-C (Pc) of the Part-C (Xc) is guessed. This guessed preform may not 

necessarily produce part without defects. The forged Part-C (Xc) from Preform-C (Pc) is 

permitted to contain underfill or flash. But it is necessary for forged Part-C (Xc) to contain 

the next smaller Part-B (Xb) within. 

iii.  Preform-B (Pb) of Part-B (Xb) can be obtained by inserting points that represent Part-B 

(Xb) on the finite element results of the forged process of Part-C (Xc) and backtracking 

the material flow pattern. 

iv. If required construct another intermediate shape Part-i between Part-A (Xa) and Part-B 

(Xb) such that Part-i  should resemble Part-A (Xa) with minimal offset in size. Further, 

repeat step-iii to obtain a Preform-i of the Part-i by back tracing FE results of the forging 

process of Part-B (Xb). 

v. Iterate step-iv until Part-i is very close to the desired Part-A (Xa). Then the preform shape 

Preform-A (Pa) of Part-A (Xa) can be found by tracing backward the material flow from 

the FE simulation results of the forging process of Preform-i. 
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a) Series of bigger parts.    b) Methodology. 

Figure 3.2: Illustration of preform design of Part-A (Xa). 

The preform shape obtained using this method can be used to produce a satisfactory part without 

defects and flash. Also, this method can develop preform with reasonably fewer iterations with 

very high accuracy. From the methodology it can be observed that the point creation for 

representing the intermediate geometry (Xc, Xb, Xa, Xi) is very important and the process of point 

creation can be done by clicking each point of the representing geometry. However, this manual 

method of point creation is very tedious and time-consuming. This limitation of the geometrical 

resemblance methodology can be solved by automating the point creation process. By automating 

the process, the amount of user interference in terms of handling and transferring data 
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from/between the software involved in the process can be substantially reduced. The objective of 

this chapter includes: 

i. Explanation of the geometrical resemblance methodology proposed by Yang and Ngaile 

for 2D geometry and identifying possibilities of automation in the methodology. 

ii.  Automation of point creation for 2D parts. 

iii.  Applying automation in the point creation for 2D parts and obtaining optimized preform. 

Note: The earlier proposed geometrical resemblance methodology also has a limitation that it can 

only be applied for 2D parts. More about this limitation and how to apply the methodology for 3D 

parts will be discussed in Chapter 4. 

3.3 Automation of point creation for 2D parts: 

The points representing the part geometry (Xc, Xb, Xa, Xi) are created in each iteration of the 

geometrical resemblance methodology. However, the points picked manually should be 

automated. The simplest way to obtain the points needed to depict a part's geometry is to develop 

the points directly in the CAD software after creating the part's CAD. 

The sub goals to be achieved for the automating the point creation includes: 

¶ Creating design of the part in a design software. 

¶ Inserting points in the edges of the part to represent the 2D geometry. 

¶ Extracting coordinate data of the points inserted in the edges of the part. 

¶ Formatting the point cloud data to a format acceptable by DEFORM. 

¶ Saving the point cloud data to a format acceptable by DEFORM. 

¶ Importing the saved point cloud data in DEFORM with point tracking feature. 

The specific format that the point data file must follow to be imported in DEFORM is shown in 

Figure 3.3 below. Further, the point data file should be saved as a .dat file. 
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Figure 3.3: Format for saving the point data for importing in DEFORM. 

The automation is carried out in two software packages including SolidWorks and SpaceClaim. 

 

3.3.1 Automation using SolidWorks: 

The entire optimization process was broken down into subdivisions related to the task being carried 

out. The subdivisions and the task carried out are grouped in accordance with the specific software 

being utilized for the same. The subdivisions for the tasks can be observed below in Figure 3.4.  

 

Figure 3.4: Image depicting splitting up of the tasks into subdivisions. 
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The current work being done on this project revolves around the automating of these individual 

tasks by making use of software-specific macros and scripts to reduce the human intervention 

required during the optimization process.  

The sub-goal of creating the design, inserting the points to represent the design, and extracting the 

point coordinates are performed in the Solidworks software. Further the raw point coordinate data 

is transferred to Excel and the sub goals of formatting and saving points coordinated to a format 

acceptable to DEFORM is done in Excel. Finally, the sub goal of importing the points data is 

performed in the DEFORM software.  

 

Figure 3.5: Flow of data between software during the optimization iterations using SolidWorks.  

Using Figure 3.5 explains the flow of the data during the optimization iterations. The Solidworks 

package was utilized for the ease of carrying out the designing and the ability to write customizable 

scripts which was leveraged in the project for the automation of the first task. Once the part is 

designed in Solidworks, the sketch in Solidworks is then converted into a system of points referred 

to herein as the point cloud, which is essentially dividing the entire sketch into an X, Y, and Z 

coordinate representation. This process is done by converting the 2D sketch with multiple curves 

to a single closed spline. This means that the 2D geometry of the part is a single spline curve. 

Further, evenly distributed point are inserted in this spline curve and finally the coordinate values 

of these points are extracted. 
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Figure 3.6: a) Sectional view of the ribweb part. b) Image depicting the design of the ribweb part.  

 

Figure 3.7: Image depicting the point cloud data of the designed preform. 

The first script in Solidworks allows the user to convert any 2D sketch into a point cloud data as 

long as the sketch is constrained to less than 100 edges at a time. The point cloud data is then 

transferred from Solidworks to MS Excel using a second script that allows facilitating the transfer 

of the raw data obtained from Solidworks into an .xlsx file format.  

The data in its current state cannot be directly used in the DEFORM software package to create 

parts or to carry out point tracking as it contains mismatched syntaxes and formatting. The data 

first must be cleaned and formatted in MS Excel and is made to go file conversion from the 

standard .xlsx file format to .csv to finally a DEFORM compatible .dat file standard. It is also at 

this stage that the data is formatted to match the DEFORM data import requirements (which is 

basically the format the DEFORM software accepts data into their point tracking functionality).  



41 
 

Another macro script was written for formatting the data in Excel, which essentially cleans and 

reformats the data to a usable format. Then finally this reformatted data is sent to the DEFORM 

point tracking function for the backtracking of the simulation. This entire data transfer flow is 

repeated in each iteration of geometrical resemblance methodology till we attain the preform shape 

for the desired part. 

 

Figure 3.8: Image depicting the raw data obtained from the Solidworks point for a 2D preform. 

 

Figure 3.9: Image depicting the above data set formatted and cleaned using a macro in Excel. 
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Figure 3.10: Macros for transfer of the raw data from Solidworks into Excel. 

The use case of the three scripts includesï one to create the point cloud, one to transfer the point 

cloud data from Solidworks into Excel, and the last script to reformat and syntax the data in 

accordance with the DEFORM syntax requirements.  

 

 

 

Importing libraries 

Creating Excel file 

Formatting data  

and writing points in Excel  
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3.3.2 Automation using SpaceClaim for 2D geometry: 

For 2D geometry, point creation can also be carried out in SpaceClaim software. SpaceClaim acts 

as a substitute for SolidWorks for 2D geometry. SpaceClaim also eliminates the Excel buffer by 

performing all the necessary formatting using Python scripts. 

 

Figure 3.11: Flow of data between software during the optimization iterations using SpaceClaim. 

The points can be created for a required 2D part using the SpaceClaim software by first creating a 

model of the required part (Figure 3.12 (a)). SpaceClaim considers the lines, arcs, fillets, and other 

features of the developed part as distinct curves. A Fixed number of datum points are inserted in 

each of these curves using the point creation tool (Figure 3.12 (b)).  Now the 2D part can be 

represented as a series of points. The coordinates of all the created points are saved as a .dat file 

(Figure 3.12 (c)).  The .dat file can further be directly imported into DEFORM software. 

 

Figure 3.12: a) 2D part in                       b) Part represented            c) Points store 

SpaceClaim.         in points.          as .dat file. 
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With the help of script tools in SpaceClaim, the processes performed can be automated with Python 

codes. By automation of the process, we can reduce the time taken to obtain point coordinates 

significantly. For simple 2D geometries, the .dat file with point coordinates is created in less than 

three seconds.  

First required libraries are imported in the script. The script gets the number of curves present in 

the part. Nested while loops are used to traverse along each curve and create a specific number of 

evenly distributed points in each of these curves (Points creation portion of the script Figure 3.13). 

The number of points in each curve can be changed by changing the value of variable ópô in line 

4.  

DEFORM requires the points file in a specific format with the total number of points at the top 

and each point to have an index value. The coordinates of the created point are represented in 

meters and need to be converted to millimeters. All the above-mentioned operations are performed, 

and loops are used to store the values in a 2D array variable (points [] []).  

The values stored in the 2D array are written in a .dat file and stored in the same folder as that of 

the script file. The script used for automation is shown below in Figure 3.13. 
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Figure 3.13: Python Script for Automation. 

 

Since the whole process is automated the user needs to import or sketch a 2D geometry and run 

the script from the saved script files. The script will create the point cloud and directly save the 

point coordinates data as a .dat file. This saved file can further be used for importing points in 

DEFORM for further processing.  

 

 

 

 

 

Point Creation 

Formatting point data  

   and saving file as .dat 
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3.3.3 Differences between automation using SpaceClaim and Solidworks for 2D geometry: 

Solidworks SpaceClaim 

Involves usage of 3 different scripts for 

automation. 

Script 1 for conversion of part to points. 

Script 2 for formatting and saving as .csv 

Script 3 formats data to a DEFORM format. 

Only one python script is used to perform all 

the required tasks including conversion of part 

to points and formatting data to a DEFORM 

accepted file. 

Needs human interaction to run all the 3 

scripts. 

The user should run just one script after 

designing the part. 

Takes around a minute for a simple part to 

convert part to points. 

For most of the parts the script runtime will be 

less than 5 sec. 

The points are evenly distributed throughout 

the whole part. 

The point density varies in different locations. 

 

Based on the automation performed SpaceClaim is much easier and efficient to use. Since 

SpaceClaim produces points with higher densities in small curves and sharp fillets, the material 

flow pattern in can be clearly observed when backtracking with these points. This is not currently 

done in Solidworks automation. Hence, future work should be performed to improve the 

automation in Solidworks for 2D geometries. 

 

3.4 Application of Automation of point creation in geometrical resemblance 

methodology: 

The preform design methodology integrated with the automation is applied to find the optimized 

preform of a shaft example. The desired part Xa which need to be forged is shown in Figure 3.14. 
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Figure 3.14: a) Sectional view of desired shaft part Xa.          b) 2D sketch of desired part Xa. 

     

Figure 3.15: a) Constructed larger parts.    b) Guessed preform Pc. 

 

For the preform design of this part, the first step is to construct a series of bigger parts Xb, Xc and 

design a reasonable preform shape Pc of Xc as shown in Figure 3.15 (a) and (b). These parts are 

constructed by offsetting the top and side edges of Xa by a distance.  

¶ Iteration-1: FEA simulations are carried out to simulate the forming process of Xc. Due to 

the complexity of the shaft, hot forging is carried out with billet and dies temperatures of 

1000C and 250C respectively and the shaft is AISI-4340 steel. Figure 3.16 (a) and (b) show 

the initial and the final steps of FE forging simulations of Xc, respectively. The results show 
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that flash and under-fill defects occur in the forming of Xc. It can be observed that the 

deformed shape of Xc surrounds Xb. The point representing Xb is created using the 

automation python script in Space Claim and the points are imported to DEFORM in the 

final stage of Xc forging simulation to find the preform shape Pb of Xb as shown in Figure 

3.16 (c) and (d). These points are tracked backward to the initial geometry, thus providing 

the preform shape to be used for the next iteration (Figure 3.16 (d)).  

¶ Iteration-2. The preform Pb obtained is slightly modified maintaining volume constancy 

to eliminate the sharp edge (red circle in Figure 3.16 (d)). Using Pb as billet, the forging of 

part Xb is simulated (Figure 3.16 (e) and (f)). Similar to the previous iteration the python 

automation code is used to obtain the points representing the geometry of Xa and the points 

are tracked on final stage of forging Xb to trace backward the undeformed shape of Xa as 

preform shape Pa (Figure 3.16 (g) and (h)).  

¶ Iteration-3. Pa is the final preform that can be used in the flash-less forging.  Due to the 

slightly complex design of the obtained preform Pa, an intermediate step is used to produce 

the part from a cylindrical billet. The initial and final stages of forging the intermediate 

preform are shown in Figure 3.16 (i) and (j). Further, the preform Pa is forged using the 

intermediate preform (Figure 3.16 (k) and (l)). Finally, the desired part Xa is forged using 

the preform Pa (Figure 3.16 (m) and (n)). As the results show the final forged part does not 

have flash and under-fill.  
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Figure 3.16: Preform design using geometrical resemblance methodology for a shaft: (a) Initial 

step Xc, (b) Final step of Xc, (c) Track points along Xb, (d) Pb of Xb in initial step, (e) Initial step 

of Xb, (f) Final step of Xb, (g) Track points along Xa, (h) Pa of Xb initial step, (i) Initial step of 

preforming, (j) Final step of preforming, (k) Initial step of forging Pa, (l) Final step of forging Pa, 

(m) Initial step of finish forging, (n) Final step of finish forging. 
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(a)            (b)           (c)       (d) 

 

                                  

(e)           (f)    (g)       (h) 
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(i)                                                 (j)     (k) 

                       

       (l)           (m)      (n) 

Using automation, the time for creating and inserting the points in obtaining the optimized preform 

for the shaft has been reduced significantly. However, the obtained preform Pa (Figure 3.16 (l)) 

has relatively complex design which will require special tools to manufacture and will be 

comparatively difficult to repair the dies using maintenance. For this reason, a new simpler preform 
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design is proposed based on the obtained preform Pa. This new preform will geometrically 

resemble the preform Pa, however the new preform is simplified for easy manufacturing and 

maintenance of the preform dies. The preform obtained from backtracking and the new proposed 

simpler preform is shown in Figure 3.17 and Figure 3.18 respectively. 

                       

Figure 3.17: Preform Pa obtained by backtracking.      Figure 3.18: Simpler new preform. 

                               

    (a)                       (b)     (c)           (d) 

Figure 3.19: Forging shaft with simpler preform from cylindrical billet: (a) Cylindrical billet, (b) 

Preforming stage 1, (c) Forged simpler preform stage 2, (d) Forged shaft with simpler preform. 

For forging the new preform a cylindrical billet identical to the initial billet size of preform Pa is 

used. The cylindrical billet is initially forged using the dies for new preform and further the new 

preform is forged to the final desired part Xa as shown in Figure 3.19. 
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The strain distribution observed on forging the preforms Pa and newer preform are shown in Figure 

3.20 (a) and (b) respectively. It can be observed that the strain distribution on both the prefoms are 

in the permissible range. 

   

Figure 3.20: a) Strain distribution on forging Pa.          b) Strain distribution on forging new preform. 

The strain distribution on forging the final part using the process using preform Pa (obtained by 

geometrical resemblance) and new preform (simpler preform resembling Pa) are shown in Figure 

3.21 (a) and (b) respectively.   

   

Figure 3.21: a) Strain distribution on Xa using Pa.    b) Strain distribution on Xa using new preform. 

It can be observed from the strain distributions that, on forging desired part using both the preforms 

Pa and new preform the residual strains doesnot have a significant difference. Thus the part can be 

produced with good quality. 
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3.5 Conclusions: 

In conclusion, this chapter focused on the automation of point creation in the preform design 

methodology using geometrical resemblance. The manual method of point creation for 

representing geometry was found to be tedious and time-consuming. By automating this process, 

the chapter aimed to reduce user interference and enhance efficiency.  

¶ The geometrical resemblance methodology proposed by Yang and Ngaile for 2D geometry 

was explained, highlighting the possibilities of automation within the methodology.  

¶ The chapter presented two approaches for automation: one using SolidWorks and the other 

using SpaceClaim software. The automation process involved converting sketches into 

point cloud data, transferring data between software, formatting and cleaning the data, and 

utilizing scripts and macros for automation.  

¶ The application of automation in a shaft example demonstrated the effectiveness of the 

methodology in obtaining optimized preforms with reduced defects. Overall, the 

integration of automation in point creation streamlines the preform design process and 

improves accuracy. 

Some of the limitations faced in the automation include: 

¶ In the case of automation in SolidWorks, since it 3 different scripts, user should manually 

run the 3 different scripts. 

¶ In the part, areas of interest should be applied in the regions of the part to create more 

number of points in those regions. 

¶ In SpaceClaim an equal number of points are created in each curve, we might not get 

enough points if the curve is too long. 

These limitations can be eliminated with further work in developing the scripts. 
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Chapter 4 

Preform design using Geometrical Resemblance for 3D  

4.1 Introduction:  

The results for the preform design using geometrical resemblance for 2D parts (part that are 

Axisymmetric or Plain Strain) are promising and help reduce the amount of flash developed. The 

geometrical resemblance methodology by Yang and Ngaile starts by developing geometrically 

resembling enlarged parts. Then the forging simulation of the large part is conducted with a 

guessed preform shape and points of an intermediate part is inserted at the end of simulation. The 

points of the intermediate part is back tracked to find the preform geometry for the intermediate 

part. This method is repeated iteratively by reducing the intermediate part size till it reached the 

desired part. As a further improvement to this methodology, the geometrical resemblance can be 

used for developing preform design for 3D parts. 

Forging provides components with good mechanical properties, such as high strength, endurance, 

and fatigue resistance. Due to their dependability and performance, forged components are the 

finest option for demanding applications where efficiency and safety are important. Some of the 

forged parts such as tee joints, cross joints, rib webs, gears, connecting rods, cam shafts, turbine 

blades, valves, etc., find use in a variety of sectors where great strength and reliability are essential. 

Most of the earlier research in 3D preform optimization uses the above-mentioned 3D parts for 

validating the methodology.  A few of the industry forged parts are shown below (Figure 4.1). 

 

Figure 4.1: Forged components used in various industries. 
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In 2D analysis, the plain strain and axisymmetric parts, when the load is applied the primary 

material flow occurs in the axial and radial direction while the 3rd dimension remains constant. In 

2D analysis the deformation in the 3rd dimension (inside the plane) is neglected.  However, in a 

3D analysis a buck deformation is experienced where the material flows in all the 3 dimensions 

(X, Y, and Z axis). Three-dimensional metal forging simulation provides a more comprehensive 

and accurate analysis of the forging process, considering the full geometry and three-dimensional 

behavior of the metal. It is particularly useful for complex components and critical applications 

where precise understanding of the material behavior is crucial for optimizing the process and 

ensuring the quality of the final product. However in 3D deformation, the material flow in all the 

3D dimensions makes it very difficult to comprehend without simulation. 

 

                

Figure 4.2: 2D flow in an axisymmetric part. 

Figure 4.2 represents a 2D forging simulation of an axisymmetric shaft. The shaft possesses 

rotational symmetry around a central axis. This helps to reduce forging 3D shaft to a 2D 

axisymmetric analysis. 

Axial 

flow 

Radial 

flow 

Closed die 

forging 
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Figure 4.3: 3D flow in forging a part. 

In Figure 4.3 a 3D part is forged from a cylindrical billet. The behavior of the 3D material flow 

during the forging is shown using an intermediate part at the middle of the forging stroke. It can 

be observed that the material flows in all the 3 dimensions to fill the die cavity when the forging 

load is applied. This complex material movement makes it difficult to predict the preform design 

for an intermediate stage by trial and error. Thus, a logical methodology for identifying an 

optimized preform design is important for forging 3D parts. 

The objective of this chapter would be to apply the geometrical resemblance methodology for 

finding preform geometry of 3D parts and validate the applicability of the methodology for 3D 

parts with FEA simulations. 

4.2 Procedure involved in using the geometrical resemblance for a 3D part: 

For testing the applicability of the methodology for 3D parts, like the methodology of 2D the 

following sub goals should be achieved: 

1. Construct geometrically resembling bigger parts for the desired part Xa (Figure 4.4 (a)). 

Forging 

stroke 

progression Forging 

stroke 

progression 
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2. Guessing preform Pi (Preform Pc (Figure 4.4 (c))) (where i represents any intermediate 

shape like Xb, Xc, Pb, Pc etc.,) for biggest part Xi (part Xc (Figure 4.4 (b))) which 

geometrically resembles desired part Xa. 

3. Development of points coordinates for representing the next smaller part which is used for 

back tracing and inscribing the points to the simulation results of Xi. 

4. Converting the back tracked points to a solid shape to obtain the preform. 

5. Required modification or repair should be performed in the preform to ensure 

manufacturability. 

6. Performing FE analysis of the forging operation for each iteration. 

 

      

Figure 4.4: (a) Desired part Xa.   (b) geometrically resembling parts of Xa.  

 

(c) Estimated preform Pc for the part Xc. 
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4.3 Point creation for backtracking: 

In this section the process of creating points to represent a solid part is explained. In Chapter 3 

Section 3.2 the geometrical resemblance methodology for 2D is explained. One of the steps in the 

geometrical resemblance methodology is to insert points representing an intermediate shape at the 

end of forging of a bigger part. Figure 4.5 illustrates the step in geometrical resemblance 

methodology where the point of an intermediate shape is inscribed in the bigger part. 

   

(a) Initial step in forging bigger part.    (b) Final step in forging bigger part. 

 

(c) Backtracked simulation  

Figure 4.5: Point creation for back-tracking. 

For extending the preform design methodology using geometrical resemblance for a 3D geometry, 

similar to the 2D example (Figure 4.5), the points representing a 3D intermediate part must be 

created and these points should be transferred to DEFORM 3D software for performing the back 

tracking of FE results to obtain preform. In this section the concepts involved in conversion of the 

Bigger 

part 

Points representing 

an intermediate 

part. 

Backtracked points 

to obtain preform of 

intermediate part. 
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intermediate part to points is discussed for a 3D part. A 3D model of a 2D rib web is taken as an 

example to explain the procedure and the steps involve to convert a solid part to a point includes: 

1. Development of the 3D part (Figure 4.6 (a)). This can be performed in SolidWorks such 

that, the part (Figure 4.6 (b)) should have a reference point (e.g. origin) which needs to 

coincide with the reference point in the FEA results (Figure 4.6 (a)). 

2. The developed part should be stored as .stl file to form facets of the developed part and the 

part will be converted to mesh in the .stl file (Figure 4.7 (b)). 

3. The saved .stl file should be opened again and saved as .xyz file for creating point cloud of 

the developed shape (Figure 4.7 (c)).  

4. The .xyz file will contain the point coordinates (Figure 4.7 (d)) and can be copied to Excel 

for further formatting (Figure 4.7 (e)). 

5. The formatted data can be stored in a .dat file for importing the points in the DEFORM 3D 

for back tracking material flow. 

 

          

Figure 4.6: (a) Part with origin and axis in FEA results.             (b) Part developed with same origin.  
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Figure 4.7: (a) Solid part  (b) mesh saved as .stl file     (c) point cloud saved as .xyz  

                                    

    (e) part stored as .dat file after formatting                 (d) Part saved as .xyz as point coordinates. 

4.4 Converting points to solid: 

The preform can be obtained by back tracing the point coordinates. This preform geometry 

obtained from DEFROM 3D contains coordinates of the points which represent the preform shape 

(Figure 4.9 (a)). Thus, for the next iteration the preform should be converted to a solid part. For 

converting point cloud to solid, the points are copied from DEFORM 3D and saved as a .xyz file. 

The .xyz file is further opened in SolidWorks and mesh is generated using the point cloud data 

(Figure 4.9 (b)). For creating the mesh, SolidWorks considers each point in the point cloud as a 

node and creates a mesh geometry. The mesh developed could contain irregularities and defects 

like overlap, irregular geometries, sharp edges etc. (Circled in red in Figure 4.11 (a)). In a few 

cases the preform shape obtained by meshing the backtracked points could have features that 

cannot be forged. The mesh geometry can be broadly classified into two categories based on the 

forgeability of the geometry (Figure 4.8). 
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Figure 4.8: Classification of mesh geometry developed from point cloud. 

 

4.4.1 Meshed geometry Type-1: 

In Type-1 the mesh created with the back tracked points will have very few or no defects and will 

contain the important geometrical features that are easily forgeable. A few of the examples of 

Type-1 are shown in Figure 4.9 and Figure 4.10. 

                                 

Figure 4.9: (a) backtracked preform (b) point cloud converted   (c) Repaired and re-  

             represented in points.       to mesh.        desiged preform.  
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Figure 4.10: a) backtracked preform represented in points b) point cloud converted to mesh. 

In the first rib web example (Figure 4.9) the bottom region of the part has sharp edges. And, by 

changing these sharp edges to a smooth finish the efficiency of the preform is barely affected. 

Thus, just a simple smoothing of the surface of the mesh should be performed before using the 

preform geometry in the next iteration. 

Similarly, in the second example of gear (Figure 4.10), the mesh created form the point cloud 

doesnôt have any sharp or non-formable feature. Thus, no modification is done in the mesh and the 

part is directly used in further iterations.  

In most cases Type-1 geometry is observed in parts which are Axisymmetric. 

 

4.4.2 Meshed geometry Type-2: 

In Type-2 mesh geometry, defects such as sharp edges, over lapping surfaces and non-formable 

features will be predominant and these need to be eliminated before using the preform geometry 

in the next iteration. Thus, to eliminate the defects and to ensure manufacturability of the preform, 

the meshed preform geometry is used as a template to redesign a new repaired preform (Figure 

4.11 (b)). The redesigned preform will have the important geometrical features which are obtained 

from backtracked points. The redesigned preform is stored as .stl file. The redesigned preform can 

then be used in the next iteration of finite element simulation of the forging operation. A few 

examples for the Type-2 geometry are shown in Figure 4.10 and Figure 4.11. 
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Figure 4.11: a) Defects and irregularities created when meshing the point cloud 

 

                   

b) Redesigned preform using meshed file as a template and the solid redesigned preform. 
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Figure 4.12: a) Defects and irregularities created when meshing the point cloud 

 

      

b) Redesigned preform using meshed file as a template and the solid redesigned preform. 

 

In both the examples of the Tee joint (Figure 4.11) and Cross joint (Figure 4.12) the mesh geometry 

created has irregularities and features (marked in red) that cannot be forged. Thus, the mesh is 

redesigned and the final preform obtained is stored as a .stl file and can be used in further iterations. 
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4.5 Application of preform design methodology for 3D parts. 

The preform design based on geometrical resemblance methodology is applied to different 3-

dimensional parts including tee joint, cross joint, rib web and a bevel gear. Further the simulation 

results are evaluated for validating the methodology. 

4.5.1 Tee Fitting: 

Usually in forging of the Tee fitting there will be large amount of flash developed and this leads 

to both material and energy wastage. Thus, a preform stage will help reduce the wastages and 

reduce the amount of flash developed.  

For simulating the process of forming the tee joint (volume of 2.76741×105 mm3) a cylindrical 

billet of height and diameter of 145mm and 54mm (volume 3.32082×105 mm3) is forged at billet 

temperature of 900C. The die temperature is kept at 250C, and it can be observed from the FE 

results that there is a large amount of flash (almost 20% of part volume) developed on forging a 

Tee fitting (Figure 4.13 (b)) using a cylindrical billet (Figure 4.13 (a)). Also, it can be observed 

from Figure 4.13 (c) that if the billet cylinder size is reduced further it will lead to underfill in the 

circled regions. Hence a preform shape in between would help reduce the material used further 

and improve the efficiency of the forging.  
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         Fig. 4.13 a) Cylindrical billet     b) Desired part Xa 

 

 

c) Final step in forging Xa with cylindrical billet 

 

The methodology of geometrical resemblance is applied to identify a preform geometry to reduce 

the amount of flash and forge the part without defects. This part is forged at an elevated 

temperature to reduce the flow stress and ease the material flow in the forging process. Therefore, 

the billet and the tool are heated to 1000C and 250C respectively. The AISI-1016 material is used 

and the shear friction factor of 0.3 is set between and die and work piece interface. As the proposed 

method, first, a bigger part Xc (Figure 4.14 (a)) and Xb resembling the required part Xa is 

constructed. Then, a preform Pc (Figure 4.14 (b)) for Xc is guessed and FEA is carried out to forge 

Xc. Further, track points for part Xb is tracked in the final step of forging Xc as shown in Figure 

4.15 (c). The points are tracked back and a preform Pb is obtained as a point cloud (Figure 4.15 

(d)). Further the point cloud of the preform Pb is converted into meshed file. The preform Pb mesh 

falls under the Type 2 category which (Section 4.4.2) has lots of sharp and non-forgeable 

geometries. The preform Pb is repaired and redesigned to a manufactural shape as shown in Figure 

4.15 (e). Preform Pb is used for forging Xb and the results are shown in Figure 4.15 (f). Points of 
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the part Xa is tracked in the forging results of Xb (Figure 4.15 (g)) and the finite element simulation 

is backtracked to obtain points of preform Pa (Figure 4.15 (h)). The points representing Pa is 

meshed and similar to Pb the meshed preform Pa falls in the type 2 category of mesh geometry. 

Thus, geometry is modified and redesigned to ensure the manufacturability of the preform. The 

repaired preform Pa for the part Xa is shown in Figure 4.15 (i). The final forging of the part Xa is 

carried out with the repaired preform Pa and the results of the strain distribution on forging Xa is 

shown in below (Figure 4.15 (j)). The formability of the preform Pa is ensured by forming the 

preform from cylindrical billet of diameter 36 mm and height 299mm (volume of 2.87672×105 

mm3) (Figure 4.15 (k) and Figure 4.15 (l)).  

 

 

               

Fig. 4.14 a) constructed larger tee fitting parts 2D and 3D representations. 

 

b) Guessed preform Pc for the biggest part Xc. 
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Figure 4.15: Application of geometrical resemblance for the Tee fitting: (a) Guessed preform Pc, 

(b) Simulation of forging Xc, (c) points of Xb tracked on Xc, (d) Pb (Backtracked Xc forging), 

(e) Pb (repaired and meshed), (f) Simulation of forging Xb, (g) Points of Xa tracked on Xb, (h) 

Pa (backtracked Xb forging), (i) Pa (repaired and meshed), (j) Xa forging results with strain 

distribution, k) Initial step in forming preform Pa, l) Final stage in forging preform Pa. 
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(a)          (b)       (c) 

 

                     

(d)           (e)      (f) 

 

            

(g)         (h)             (i) 
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(j) 

 

               

(k)         (l) 

 

As the finite element results shows on forging part Xa (volume of 2.76741×105 mm3) using the 

preform Pa (obtained by the geometrical resemblance) (volume of 2.87672×105 mm3), the part is 

produced with very minimal flash. The volume of material lost as flash is reduced from 
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approximately 20% (in single stage forging) to approximately 3% (using preform Pa) of the parts 

volume. Further, the strain distribution is also shown in Figure 4.15 (j) which reaches a maximum 

value of approximate value of 6 in the forged part.  

Note: In industries commonly the Tee joints are forged in a direction perpendicular to the above-

mentioned forging direction. Further work can be performed in this part to obtain a different 

optimized preform on forging in different direction.  

 

4.5.2 Cross Joint: 

In forging a Cross Joint, there is a high possibility of getting flash and defects if an improper 

preform is used. The cross joint is usually formed directly from a cylindrical billet. But it can be 

observed from finite element simulation that using a cylindrical billet will lead to large amount of 

flash development.  

For forging the cross joint Xa (of volume 1.17588×105 mm3) a cylindrical billet (of volume 

1.41372×105 mm3) with height and diameter of 50mm and 60mm respectively is forged at billet 

temperature of 1000C and die temperature are maintained at 250C. The billet size is chosen such 

that it can form the part without any defects and underfill. From the simulation results it can be 

observed that the part is formed without any underfill. Almost 20% of the desired part volume 

(approximate volume of 23784 mm3) is wasted due to flash formation in single step forging. Thus, 

both material and energy wastage can be reduced by using a preform which can reduce the amount 

of flash formed.    

    

 Figure 4.16: (a) initial cylindrical billet b) Forged cross joint with flash. 
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The proposed preform design method based on the geometrical resemblance is used to find an 

optimized preform shape. The AISI-1016 material is chosen for billet and in order to improve the 

formability the forging is done at elevated temperature, where the billet and die are heated to 1000 

C and 250 C respectively. Using the proposed preform design method, the preform can be obtained 

as follows: 

1. Construct a series of bigger parts Xb and Xc by offsetting the cross joint as shown in Figure 

4.17 (b). 

2. For the first iteration guess a preform Pc (Figure 4.18 (a)) for the bigger part Xc. The 

guessed preform geometry should be such that the preform should have material distributed 

to form the features of the desired part and the preform itself should be forgeable. Then 

construct track points along Xb (black region in Figure 4.18 (c)) to trace backwards to 

obtain undeformed shape of part Xb as preform shape Pb of Xb Figure 4.18 (d). The points 

of Pb is meshed and the mesh geometry forged is Type 2 (Section 4.4.2). Thus, necessary 

repair and modifications is done to remove sharp edges and ensure the shape is 

manufactural (Figure 4.18 (e)). 

3. Use the Pb as the billet shape of Xb and simulate the forming process of part Xb (Figure 

4.18 (f)). Then construct track points along Xa (Figure 4.18 (g)) to trace backwards the 

undeformed shape of part Xa as preform shape Pa of Xa (Figure 4.18 (h)). Preform Pa is 

meshed using the back tracked points and like Xb the mesh created is a Type 2 geometry 

(Section 4.4.2). Thus, necessary modifications is performed to ensure manufacturability 

Figure 4.18 (i). 

4. Further, preform Pa is forged using a cylindrical billet (height, diameter and volume of 

117mm, 36.5mm and 1.22423×105 mm3 respectively) and the initial and final steps of 

forging are shown in Figure 4.18 (j) and (k)). The forged preform Pa is then forged to Xa 

and the initial and final stages of the forging are shown in Figure 4.18 ((l) and (m)). 
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Figure 4.17: (a) desired part Xa. 

 

                    

(b) Series of parts (Xb, Xc) constructed to resemble the cross joint 2D and 3D representation   
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Figure 4.18: Application of geometrical resemblance for the Cross Joint: (a) Guessed Pc, (b) 

Forging part Xc from Pc, (c) Points of Xb tracked on Xc, (d) Pb of Xb in initial step, (e) Pb meshed 

and repaired, (f) Forged part Xb, (g) Points of Xa tracked on Xb, (h) Pa of Xa in initial step, (i) Pa meshed 

and repaired, (j) Initial step in forging Pa, (k) Final step in forging Pa, (l) Initial step in forging 

Xa, (m) Xa final step of forging, (n) Forging load of cross joint. 
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(a)      (b)          (c) 

 

           

         (d)     (e)          (f) 

 

                        

(g)        (h)      (i) 
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      (j)              (k)           (l) 

 

                            

       (m)              (n) 

 

The result from the simulation shows that by using the preform obtained through geometrical 

resemblance, the amount of flash produced has been reduced to approximately 4835mm3.  By 

comparing the results (Figure 4.16 (b) and Figure 4.18 (m)) from the finite element analysis it 

can be observed that by using the intermediate preform stage, the volume of the billet is reduced 
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by approximately13.4% (which is approximately 18949mm3). Thus, using a preform step will 

have substantially impact on reducing material wastage in mass production.  

 

4.5.3 Rib Web: 

In the forging process of rib-web part, billet material is difficult to flow into rib cavity due to the 

high ratio of rib height to rib thickness. Preform of the rib-web part is designed to facilitate the 

material flowing, improve the die fill and achieve flash less forging. Although rib web can be 

considered as an axisymmetric part and a 2D analysis can be done, here a 3D analysis is done to 

demonstrate the efficiency of the geometrical resemblance methodology for 3D analysis.   

First Pd (Figure 4.19 (a)) is guessed for the part Xd and FEA simulation is carried out (Figure 4.19 

(b)). Points representing part Pc geometry is created and transferred to the FE results of the Xd 

forging process. Back-traced point cloud are used to obtain preform Pc (Figure 4.19 (d)) and Pc 

(Figure 4.19 (e)) is converted from point-cloud to solid file. Since the meshed preform Pc has a 

Type 1 geometry (Section 4.4.1) very few repairs is performed to repair the sharp edges. In the 

second iteration developed Pc is used to forge Xc (Figure 4.19 (f)) using FEA. Points representing 

Xb (Figure 4.19 (g)) is inscribed into the FE results of Xc forging results. Further these points are 

backtracked to develop preform Pb (Figure 4.19 (h)) and these points are converted to a solid file 

(Type 1 geometry (Section 4.4.1)). Finally, Xb (Figure 4.19 (j)) is forged from the preform Xb and 

points representing Xa (Figure 4.19 (k)) is inserted in the final results and back tracing is used to 

obtain the preform Xa (Figure 4.19 (l)). Further Pa is converted to a solid file (Figure 4.19 (m)) 

(Type 1 geometry (Section 4.4.1)). The preform Pa is also validated to forge the part Xa without 

flash and under fill using FE analysis and the strain values are shown below (Figure 4.19 (o)). 
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Figure 4.19: (a) Initial (b) FEA simulation    (c)    Point       (d) Pc(backtraced  (e) Pc solid part 

guessed preform Pd.     for forging Xd.          representing Xc        points of Xc) 

 

                           
(f) FEA simulation of forging    (g)      Points   (h) Pb (backtraced       (i) Pb solid part 

    Xc            representing Xb          points of Xb) 

 

                      
(j) FEA simulation for forging    (k)       Points       (l) Pa (backtraced       (m) Pa solid part 

    Xb            representing Xa          points of Xa) 

 

        

(n) Pa cross-sectional view            (o) Strain results of forging Xa using Pa 

 

    
(p) Initial step in forging preform    (q) Final step in forging preform 
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From the results it can be observed that the flash developed in forging the rib web is completely 

eliminated and the part is produced without any defects. Thus, the amount of material lost as flash 

is 0% and the trimming process can be completely eliminated when manufacturing the rib web 

using this preform. 

   

4.5.4 Bevel Gear: 

Gears are widely used in all types of industries and thus reducing material wastage in forging the 

gear will substantially help reduce the overall material and energy wastage. Thus, preform design 

for forging of bevel gear is performed using geometrical resemblance.  For the study the bevel 

gear chosen and the geometrically resembling larger shapes are shown in Figure 4.20 (a) and (b).  

    

 Figure 4.20: a) desired bevel gear Xa  b) Geometrically resembling bigger shapes  

After the Xd is constructed, preform Pc (Figure 4.21 (a)) for the bigger part Xd is guessed and the 

FE simulation is carried out to simulate the forming process of Xd (Figure 4.21 (b)). Then the track 

points of a single tooth of the gear Xc is inserted in Xd and preform Pc is obtained by backtracking 

(Figure 4.21 (c) and (d)). The point of Pc is meshed, and symmetry is applied to obtain the preform 

Pc (Figure 4.21 (e)). The meshed preform Pc is a Type 1 geometry (Section 4.4.1) and in this no 

modification is required in the solid part Xc. Further, forging of Xc is simulated and the points for 

the part Xb is tracked at the final stage of forging (Figure 4.21 (f) and (g)).  Point back tracking is 

applied to obtain the preform Pb and then the points are used to mesh preform Pb (Figure 4.21 (h) 

and (i)). The meshed preform Pb is a Type 1 geometry (Section 4.4.1) and in this no modification 

is required in the solid part Xb.  In the final iteration, part Xb is forged with Pb and the points are 

tracked for Xa to obtain the preform Pa (Figure 4.21 (j), (k) and (l)).  Finally, Pa is forged using a 

cylindrical billet and then Pa is forged to form the part Xa (Figure 4.21 (m), (n) and (o)). It can be 
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seen from the results that the forged part Xa has no underfill and there is significantly less flash 

(Figure 4.21(o)). Thus, it can be concluded that the preform obtained from geometrical 

resemblance helps produce parts with no defects and very minimal or no flash.   

                           

Figure 4.21: (a) Guessed Pd (b) Xd forged final stage (c) points of Xc tracked    (d) Pc tracked on Pd 

                                         

(e) Pc meshed         (f) Xc forging final stage       (g) Xb tooth tracked on Xc          (h) Pb backtracked  

                                             

(i)Pb meshed   (j) Xb forging final stage       (k) Xa tooth tracked on Xb       (l) Pa backtracked 

     

   (m) Pa initial stage      (n) Pa final stage       (o) Xa forged using Pa 
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Thus, it can be concluded that the preform obtained from geometrical resemblance helps produce 

parts with no defects and very minimal or no flash. Thus, the loss of material as flash is almost 0% 

and the trimming stage can be completely eliminated when manufacturing the bevel gear with this 

preform stage.  

 

4.6 Efficiency of the preform design methodology: 

The preform design methodology is proven to reduce flash in forging. However it is important to 

evaluate the efficiency of the preform design methodology to determine how well the preforming 

stage contributes to reducing flash and improving the overall forging efficiency. To assess this, the 

forging of a downscaled cross joint is selected as a case study and the material of aluminum is 

used. The cross joint will be forged using a single-stage approach, where the entire shaping process 

occurs in a single step. Various sizes of cylindrical billets will be used to explore the impact on 

efficiency. Further, a simulation on multistage forging using an optimized preform obtained by 

geometrical resemblance will be evaluated. This preforming stage allows for partial shaping of the 

billet, which can help control material flow and reduce the occurrence of flash during the 

subsequent forging step. The objective is to determine the efficiency of the process when a 

preforming stage is incorporated for forging the cross joint. 

The parameters used in the simulation of forging cross joint is tabulated below (Table 4.1). 

Table 4.1: Simulation parameters for Al cross joint for applying geometrical resemblance. 

Initial Cylindrical Billet Temperature 400ÁC 

Top and Bottom Die Temperature 150ÁC 

Billet Material Al 6061 

Friction factor between Dies and billet (m) 0.3 

 

 4.6.1 Single stage forging of cross joint: 

Forging of a cross joint using a single stage is evaluated by varying the billet volume. The 

volume of the scaled down cross joint is approximately (3158 mm3). The cross joint is forged 

using 3 different billet sizes, starting from 2wa billet of volume 110% (3474 mm3) more than the 
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cross jointôs volume and gradually reducing the volume to the volume of the optimized preform 

(3326 mm3). After each forging step, the forged part is inspected for defects. Only if the part is 

found to be defect-free, the volume of the billet is reduced in the next step. This ensures that by 

reducing the volume of the billet the quality of the produced part is not compromised. 

 4.6.1.1 Billet  110% of the desired partôs volume:  

To forge the cross joint with a volume of 3154mm³, a single-stage forging process is employed 

using a cylindrical billet. The volume of the billet is set at 110% of the cross joint's volume, 

which amounts to 3478mm³. This additional 10% is included in the billet volume to guarantee 

that there is no underfill during the forging process, ensuring that the part is forged without any 

defects. 

The simulation results of forging the cross joint is shown below.  

             

Figure 4.22: Single stage forging of cross joint with billet of 110% of partôs volume. 

 

Figure 4.23: Strain distribution observed on forging with billet of 110% of partôs volume. 
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The results shows that the cross joint is forged without defects and the stain distribution on the 

part is around 4. Thus, in the next step the billet volume will be further reduced to check if we can 

produc the part without defects just by reducing the volume. 

 

4.6.1.2 Billet  107% of the desired partôs volume: 

The volume of the billet used to forge the cross joint in single stage is further reduced to 107% of 

the cross joint's volume, which amounts to 3379 mm³. The simulation results of forging the cross 

joint is shown below:  

              

Figure 4.24: Single stage forging of cross joint with billet of 107% of partôs volume. 

 

Figure 4.25: Sectional view of the forged cross joint with billet of 107% of partôs volume. 
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Figure 4.26: Strain distribution observed on forging with billet of 107% of partôs volume. 

The results shows that the cross joint is forged with underfill defect. The pink color in Figure 4.24 

and the sectional view of the cross joint (Figure 4.25) shows the underfill observed on forging the 

part. This implies that the billet volume of 3379 mm3 (107% of partôs volume) is not sufficient to 

forge the part without defects. Thus, any billet volume less than this will produce the part with 

underfill on single stage forging. 

4.6.1.3 Billet  used for preforming: 

In order to confirm that a billet volume less than 107% would result in underfill when forging the 

cross joint in single stage, a simulation is conducted using a billet of approximately 105% volume 

relative to the part. The billet volume chosen for this simulation is 3326mm³. This same billet will 

be used to forge the preform which will be discussed in detail in section 4.6.2.  

   

Figure 4.27: Single stage forging of cross joint with billet of 105% of partôs volume. 


