
 

 

Abstract 

SANTIAGO RODRIGUES, DANIEL. Enhancing of Tool Life by Manipulating the Die Elastic 

Strain Field during Forging (Under the direction of Dr. Gracious Ngaile). 

The cost of forging tooling can go up to 30% of the total forging cost and many studies into 

enhancing tool life have been carried out. The most influential factors in die life are wear, stress 

concentration and fatigue. In hot forging the main concern in tooling life is said to be wear. 

Numerous studies have been carried out comparing the performance of different lubricants or 

materials in enhancing tool life. These studies evaluate the improvement of each lubricant based 

on laboratory tribometers. However, the hot forging process is complex and can be hardly 

represented by these tests. When field trials are used to evaluate the performance of lubricants and 

materials, it is obviously too expensive for parametric experiments. A mathematical model for 

calculating abrasive wear has been well accepted in the forging industry and many studies use this 

model to calibrate a wear equation for their specific geometry. However, few studies use this 

equation to run design studies and estimate improvement in wear of different designs, materials or 

lubricants. 

The main objective of this study is to establish a knowledge base for enhancing the life of forging 

tools by manipulating the elastic strain field during the forging process, such that the retained 

contact stress at the tool-workpiece interface is reduced or eliminated during the ejection process. 

The residual pressure present during the ejection process causes significant wear and accumulate 

debris, which deteriorates tribological conditions of both die and workpiece. The finite element 

method was used to establish the loading characteristics of different family of forgings and 

establish a knowledge baseline of dies which experience tribological concerns. This information 

was then used to choose the most suitable forging dies which could have their elastic strain field 

manipulated during forging, and therefore life enhanced. The loading characteristics analyzed are 

the forming and ejection loads, and the maximum and residual pressures. The enhancement of tool 

life is based on reduction of residual pressure, reduction in maximum stress and reduction of 

accumulated wear depth. Based on these results, a component was chosen to be scaled-down and 

the tooling for the forward extrusion of this component was then designed. 
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Chapter 1  

Introduction  and Research Objectives 

1.1 Introduction  

Forging technology helps produce parts with excellent mechanical properties as well as with 

minimum waste of materials. The quality of the final product is directly related with the quality of 

the tooling. The cost of tooling can go up to 30% of the total forging cost, therefore, it is very 

important to avoid any additional cost or rework on tooling. 

The most influential factors in die life are wear, stress concentration and fatigue. In hot forging the 

main concern in tooling life is said to be wear. Numerous wear studies have been carried out in 

order to find ways of improving tool life. Tribological solutions for tool life enhancement which 

have so far been applied in industry include die coatings and utilization of die materials with high 

wear resistance at elevated temperature. 

This study presents a novel technique where the elastic strain field of the tooling is manipulated 

during the forging process in order to modify tribological conditions during the ejection and 

therefore enhancing the tool life. The technique can be implemented on the well-established 

forging tooling setups, thus, avoiding any additional cost. 

1.2 Research Objectives 

The principal objective of this study is to establish a knowledge base for enhancing the life of 

forging tools by manipulating the elastic strain field during the forging process, such that the 

retained contact stress at the tool-workpiece interface is reduced or eliminated during the ejection 

process. To achieve this goal, a few objectives are set for this research: 

i. Investigate forging tooling design setups commonly used in the forging industry and 

establish baseline characteristics as a function of family of forgings. 

ii. Using the baseline characteristics, identify potential candidates and their respective 

tooling configurations that are conducive to manipulating elastic strain fields. 
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iii.  Develop tooling setups schemes for dies where induced tool elastic strain during 

forging cycle can be manipulated. With the aid of FEM, estimate how much the 

technique can improve tool life when compared to the conventional tooling. 

iv. Develop a laboratory-scale tooling setup where the elastic strain field of the die is 

manipulated. 

1.3 Thesis Organization 

Chapter 1 provides general background information and highlights the motivation of the research. 

The objective and the methodology of the research is briefly explained, and the overview of the 

thesis is presented. 

Chapter 2 contains a literature review on metal forming with a focus on hot forging. A brief 

discussion about tooling cost and the importance of improving tool life is presented. The main 

mechanisms affecting tool life are discussed. The wear model to calculate abrasive wear is 

introduced. Finally, two studies which calibrated the wear model for real tooling are presented, 

and used to explain the complexity of evaluating tool life in hot forging. 

Chapter 3 discusses loading characteristics in commonly used forging tooling setups and identifies 

tooling candidates that might be suitable for manipulation of the elastic strain field. The forgings 

used in this study are: CV Joint, hub spindle, and input shaft. Every stage of the forging process 

of these components is analyzed individually. The loading characteristics established are the 

forming load, the maximum pressure during forging, residual pressure and the ejection load. The 

analysis is carried out using DEFORM2D finite element software package. 

Chapter 4 introduces the technique of manipulating the die elastic strain energy to improve the 

ejection of the workpiece. The forgings selected on the previous chapter as having ejection 

problems are now simulated using this new technique. The improvement is assessed based on 

reduction in residual pressure, reduction in overall ejection load, and reduction in tensile stress on 

the dies. Reduction in ejection load results in energy savings and improve in the fatigue life of the 

dies. This study is carried out using DEFORM2D software as well. 

Chapter 5 discusses wear calculations using the finite element analysis and show how calculations 

are performed. It is discussed that using calibrated wear models for comparing different designs 
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can take a simplified approach, and quick simulations can be used to iterate between designs. This 

approach is compared with references and shown to give reasonable results for comparing wear 

during ejection. The first preform of the CV Joint is then used to show the extent upon which wear 

can be reduced when the proposed forging technique is used. 

Chapter 6 discusses the tooling design for a laboratory experiment. It shows a scaled-down version 

of the preform of the CV Joint, which can be forged within lab capabilities. FEA is used to design 

the tooling and discuss expected results. 

Chapter 7 presents the conclusions of the research and the future work. 
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Chapter 2  

Literature review  in forging 

2.1 Introduction  

The process of shaping metal using compressive forces is referred as forging. Forging technology 

helps produce parts with excellent mechanical properties along with minimal waste of materials. 

The major factors concerned while designing a forging technology setup are temperature, forming 

load, workpiece geometry, punch speed, material flow direction, and the number of stages. Due to 

the wide range of applications, forging technology is widely used to produce parts in large 

quantities. In the manufacturing industry, quality of products and productivity are two topics 

widely discussed, as suggested by Choi (2006). The quality of the final product is directly related 

with the quality of the tooling used. Therefore, the cost of tooling increases along with the 

complexity of the part produced. As suggested by many authors (Hawryluk et al, 2016 and Lavtar 

et al, 2011), die-life of forging tooling is short, and tooling cost can be as high as 30% of the total 

cost of manufacturing. Therefore, it is critical to avoid any additional processing or rework cost 

on tooling. 

The die life is a very recurrent concern in the industrial practice. Many research experiments have 

been carried out to understand the factors influencing the die life and to estimate their effect 

throughout the life cycle. The factors most influential to die life are wear, stress concentration and 

fatigue (Kim & Choi, 2009, Abachi et al, 2010). Wear is characterized by a small amount of 

material removal from the die during each cycle, causing dimensional errors over time. Wear is of 

utmost concern affecting die life, especially in warm and hot forging. Stress concentration causes 

the die to plastically deform and lose the desired shape. Fatigue refers to the weakening of the 

material due to enhanced propagation of a crack over the loading cycles, which eventually leads 

to fracture in die. Plastic deformation and fracture are bigger concerns in cold forging tooling (Choi 

& Kim, 1994). 

The present study is focused in warm and hot forging, therefore, following discussion relating tool 

life, lubrication and other aspects are closer related to warm and hot forging processes. 
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2.1.1 Common forging tooling setup 

The life of die is of big concern in the forging industry. The major factors influencing die life are 

connected to the die-workpiece interface. Letôs first define the tooling commonly used in the 

forging industry, and name exactly what is referred as workpiece, die, and other important tooling. 

As earlier stated, forging is a manufacturing process which uses compressive forces to shape a 

metal. The equipment used for applying these compressive forces is called press. A press can be 

designed in various ways, being able to shape the material in different configurations. Figure 2-1 

shows a working press terminology from an outside perspective, following the FIA terminology 

(FIA, 2019). From here, what is important to notice is the complexity of the structure (equipment). 

The press structure consists of large components which are precisely aligned together to ensure 

that forces are properly transmitted to the deforming workpiece. 

The most critical portion of the entire structure is the central portion. The component will be forged 

at the center, and there is where components will be moving relatively to each other. Figure 2-2 

shows a cross section view of a generic press. The figure clearly shows the major components of 

the die setup. This figure adapted from Schuler metal forming handbook (Schuler GmbH, 1998), 

along with the FIA glossary (FIA, 2019). The forged component is called workpiece (10), which 

moves throughout processes. The tool which transmits the input force to the workpiece is the punch 

(6). The tool which is always in contact with the workpiece and which gives its final shape is 

named die (7). Press ring (8) is used to help the die maintains its shape even under the loading 

condition. Press-ring, also called shrink-ring, is a tooling which is preassembled with the die via 

shrink-fitting. This shrinkage induces compressive stresses on the die and secures its shape during 

forging. After the workpiece is forged, the punch retracts from the die and the ejector (9) knocks 

the workpiece out. These parts are the most relevant components for this study, while the 

remaining components are used for stability, alignment, and stiffness. 

This representation is very simplistic but very useful for a general understanding of the 

terminology and functionality of components. However, tooling can vary in complexity and design 

quite a bit. Letôs take for instance this forging line adapted from the handbook (Schuler GmbH, 

1998) in Figure 2-3. A little increase in complexity can be seen here: first, the ram now moves 4 

punches at once, this facilitates the automation of the line and also speeds it up. However, it causes 
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the input energy required for that press to be way larger. For this reason, presses can have several 

feet of height for a few inches stroke. Second, the dies segmented to avoid stress concentration at 

corners and extend die life. Third, add-ins can be placed with punch or die to make more complex 

geometries. 

 

Figure 2-1. Working press terminology. 

 

Figure 2-2. Press inner components. 

 

Figure 2-3. Example of a forging line (adapted from Schuler GmbH, 1998). 

There is also a variety of possible geometries for the actuators to produce a forging component. In 

the case of Figure 2-3, one can see punches extruding a material through dies. However, these two 

main actuators could be changed for any geometry. It can be two dies pressing the workpiece, 

named impression-die forging. It can be two punches (or rams) upsetting a material, called open-
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die forging (or sometimes hammer forging). It can be rollers, rings, pulleys, any geometry to give 

the workpiece its shape. The presses can be designed to operate in a horizontal or vertical directions. 

The vertical ones can take advantage of gravity to move the workpiece to the next stage. These 

operations can also be performed cold, warm or hot depending on the material and size of the 

workpiece.  

2.1.2 Friction  

Friction plays a big role in forging as it influences the forging load and energy expended on the 

process. A significant part of this energy is used to break the bonds established by friction at the 

die-workpiece interface (Lung & Heijkoop, 1981). 

Friction between sliding surfaces depends on state parameters, such as mechanical conditions 

(strain and strain rates), thermal conditions (temperature), material properties, and roughness and 

surface conditions (Felder, E., & Montagutt, 1980). In hot forging, these conditions are 

complicated due to the complexity of the process. The operation is usually performed at high speed 

thus reducing the contact time between the die and the workpiece. Excessive temperature on the 

tools will affect the material properties of the tool and worsens surface conditions. Under this 

scenario, a good lubrication is necessary in order to reduce friction stress at the tool workpiece 

interface, maintain surface condition, and prevent excessive heat transfer from the workpiece to 

the die. 

Moreover, in hot forging the velocity characteristics of the equipment highly influences the metal 

flow and the deformation process, since most materials are strain rate dependent. On the other 

hand, die chilling causes increase in friction and significantly changes metal flow behavior (Lee 

& Altan, 1972). Considering all the above conditions, it is clear that hot forging is a complex 

process characterized by high thermal load and severe tribological conditions. 

2.1.3 Lubrication in ho t forging 

In hot forging processes, friction plays a big role regarding the tool life, the deformation of the 

workpiece, the quality of the product, and others. To reduce friction stress and ensure good part 

quality, effective lubrication is needed. Lubrication is expected to reduce wear severity and 

improve quality of final product. However, due to high thermal loading and the complexity of hot 

forging processes, there are only few lubricants that are used in industry. 
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The most widely used is water-based graphite lubricant. Water has outstanding thermal properties 

able to cool tooling down rapidly. However, water has a low boiling temperature causing vapor 

bubbles to be generated during hot forging operation. These trapped gases will then increase the 

forging load and increase wear rate of the dies by the Diesel effect (Felder & Montagutt, 1980). 

According to Felder & Montagutt (1980), this is not a problem when more viscous lubricants are 

used, such as oil-based lubricants. For these lubricants, there is a competition between boiling and 

viscous pressure generation which would maintain the viscous lubrication at the die-workpiece 

interface. However, it is known that at higher temperatures viscosity is greatly reduced and the 

lubricant may not be capable of maintaining low friction between the workpiece and the die. 

For these reasons, both type of lubricants (water- and oil-based) have some additives included into 

their formulation so they can better work in hot forging. In the case of water or oil based graphite 

lubrication systems, graphite is suspended on the mixture, and carried to the tool-workpiece 

interface where the die temperature will evaporate or burn down the carriers, leaving a solid layer 

of graphite on the die surface. The mechanism that makes solid lubricants work is the shearing of 

its layers. Egea et al. (2019) argued that the properties of the lubricant at extreme temperatures are 

hard to control, however within temperature range of 1000 K to 1500 K graphite-based lubricants 

could still have a reasonable performance, even though graphite oxidizes below this temperature. 

The counter point is the forging time. As mentioned by Felder & Montagutt (1980), the efficiency 

of the graphite is high as long as the forging time is small. 

 

Figure 2-4. The coefficient of friction for various types of lubricants used in hot forging 

(adapted from Wan et al. 2016). 
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At the moment there is a big demand for alternative lubricants because of environmental, health 

and safety concerns, of conventional forging lubricants. There are being established standards for 

the sustainability of the lubricant. Graphite lubricants pollute the atmosphere creating a not 

worker-friendly environment, for this reason regulations are removing graphite from many 

industries (Bruce, 2012). 

Environmental and safety concerns lead to the growth of research on white lubricants (non-

graphite lubricant). Most of the white lubricants used in hot forging today are polymer base. Wan 

et al (2016) presents a concise overview of polymer base lubricants used in hot metalwork. It is 

shown that there is a competition between friction reductions, total wear reduction and adhesion 

of lubricant to the tool surface, mainly when high temperatures are involved. Some polymers, such 

as Borax, greatly reduces friction but have a poor wear protection. Silicates improve wear 

protection, but presents bad adherence at elevated temperatures. It is said that inorganic 

polyphosphate additive have a good combination of properties. However, it is concluded that the 

frictional dynamics at elevated temperatures are yet to be studied and specific interaction of 

lubricant additives are unknown. 

Changing the composition of the lubricant, such as by adding MoS2, HBN and others, has shown 

increase in performance, but adding cost. However, as Li et al. (2010) states, friction canôt be 

reduced to a negligible level in hot forging because the lubricants cannot withstand high 

temperatures for a long period of time when compared to low temperatures. For this reason, new 

alternatives are need to enhance lubrication in hot forging. 

2.1.4 Material and die coating in hot forging 

Lubricants are used to separate the workpiece from the die and create a full film lubrication regime. 

However, many times the lubricant is not capable of maintaining this regime, and metal-metal 

contact occurs. The surface of the metals may have a distinct influence whether or not full film 

lubrication occurs and influence whether the regime is mixed or boundary lubrication. 

The development of coating materials is very dynamic and there are numerous combinations of 

materials and treatments for coating materials. For the metalworking industry these might include 

metal nitrides, carbides, oxides, borides and combinations of those. Added to these, diamond-like 

and diamond coatings have shown outstanding performance over metal processes. These coatings 
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can also be multilayered, where an inner layer is composed by a ñless hardò material which will 

improve toughness and an outer layer of a harder material to decrease friction. The inner layer can 

also be used to make the coating stick better to the die surface (Bruce, 2012). 

There are many variants depending on the process, in the case of hot forging the most used coatings 

are TiCN (and variants) and DLC (diamond-like carbon) coatings. In fact, Matsumoto & Osakada 

(2002) carried out an experiment to compare the performance of a TiC+TiCN+TiN coating and a 

DLC coating in a warm forging environment. These coatings have shown improved performance 

when compared to not-coated tools, especially during dry operations, as shown in Figure 2-5 

 

Figure 2-5. Effect of tool coating material on friction (Matsumoto, 2002). 

 

From their results, a few points must be highlighted: 1) under certain conditions, a triple-layered 

coated performed equally to a dry uncoated tool. 2) DLC coating, which is considered a low-

friction coating, could not perform as good as a graphite lubricant (these lubricants usually present 

friction around 0.1 on the ring compression test). And 3) slightly increasing the forging time (or 

reduction height in this case) the DLC already started to break down (increase friction). These 

three points show the importance of selecting and adequate coating, the severity of forging under 

increased temperature, and the complexity of such scenario. 
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The use of coatings is an approach to addressing issues related to high friction of tooling during 

the forging process. This approach has shown a good efficiency but the coating should be carefully 

chosen to not undermine its performance under the forging conditions. The coating and coating 

process should also be carefully chosen to not undermine the performance of the tooling and secure 

sticking of the coating, what add cost and time. Moreover, Wan et al. (2016) comments that there 

is a controversy on potential risk over environmental and human health regarding some coatings, 

such as the borax which has been abhorred by the European Union. 

Lastly, another alternative to reduce friction between die and workpiece is to increase the hardness 

and reduce roughness of the tool. This can be essentially accomplished by altering the 

microstructure of the surface of the die. A traditional approach to altering the surface 

microstructure is to diffuse other elements to the steel matrix. Essentially, these elements are 

similar to the ones used in coatings, carbon, nitrogen, and boron. Carburizing, nitriding, boronizing, 

and variants are the processes to add a few micrometers deep layer of these elements into the steel 

surface. These processes are relatively simple and performed at medium temperature, leading to 

minimum part distortion, since rapid cooling is not required (Bruce, 2012). 

Similar to coating, the diffusion of these elements can be made sequentially, creating a multilayer 

of diffused material, improving even more the surface of the tool. This approach has shown very 

good results in reducing friction. For instance, Shivpuri (2005) shows that boron nitride layers are 

very stable under severe bulk forming when comparing to zinc sulfide films or even to graphite 

lubricant films, as seen in Figure 2-6. 

Diffusing enough content into the material surface, i.e. create a sufficient thick layer of hard 

material at the die surface, has proven to be a more stable technique when compared to lubricant 

films or coatings. This stability comes from the fact that there is no possible break down or thin 

out of the diffused layer. This technique can present a decent performance, but the diffusion 

process is very time consuming. 
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Figure 2-6. Friction coefficient for different types of films (Shivpuri, 2005). 

 

A combination of both methods, coating and surface treatment is also possible. The diffused 

surface acts like a strong bed for the coating, enhancing its performance. There are a few variants 

but many studies are focused on a technique called Duplex treatment, where it is combined 

nitriding with a PVD coatings. Panjan et al (2002) discussed that the duplex surface are incredibly 

more stable than a plasma nitriding surface and heat treated surface, where after 1100 cycles of a 

simulated hot forging condition the duplex tool remained practically unaffected in most portion. 

Which was not the case for the other two. 

Clearly, this hybrid method of combining coating and case hardening presents great improvements 

regarded to stability and withstand hot forging scenario. However, it also brings the two drawbacks 

from these techniques, the cost and environmental impact of coating the tool and the time 

demanded for case hardening. 

With the advances in additive manufacturing, a variety of materials can be sintered together, 

without the need of additional processes. Using powder metallurgy technology, the matrix phase 

of a pure metal or alloy can be sintered together with a solid lubricating material, making the 

compound antifriction. These compounds are called self-lubricating materials. Rao et al (2019) 

studied the effect of adding CaF2 to a matrix of H13 steel, a steel widely used for tooling in hot 

forging. It was discussed that adding CaF2, increased thermal stability and lubricity can be 

achieved at high temperatures. Moreover, Cr2C3 can also be added to the matrix, increasing 
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oxidation resistance and wear resistance. Their experiments show that adding up to 10% of CaF2 

reduces average friction coefficient and adds stability to the material. However, increasing beyond 

10% of CaF2 content causes the properties to worsen. 

The results from this technique are promising and a large number of combinations for compounds 

are possible. However, the problem with powder metallurgy lies back on this manufacturing, 

which may leave the material with a substantial volume fraction of voids, causing stress 

concentration problems (Abdel-Rahman & El-Sheikh ,1995). 

2.1.5 Tool life 

Dies can have a variety of shapes and sizes, but maintaining them is always challenging. Dies can 

fail due to many factors, such as overload or fatigue. However, wear is the most influential factor 

affecting tooling life span (Chander et al, 2017, Gronostajski et. al, 2011) 

Wear can occur via a variety of mechanisms. Few mechanisms which are usually observed in metal 

forging are discussed below. 

Abrasive Wear Mechanism: It is defined as the loss of material from the tooling due to friction 

with a harder material causing the separation of material particles from the surface.  

Adhesive Wear Mechanism: Adhesive wear is when a local bond forms on the friction area and the 

movement of the tool destroys the bond causing metal particles to break away. 

Oxidation Mechanism: Oxidative wear is the degradation of metal due to the separation of an oxide 

coating formed by oxygen adsorption in friction areas. It is more significant in hot operations. 

Thermal Mechanism: When the heat generation is high, the rate-controlling mechanism is 

associated with the temperature, causing thermal wear or fatigue. 

Figure 2-7 shows that for a warm bulk forming operation the factor most influential for die 

maintenance cost is wear. Furthermore, among different types of wear, the ones having major 

influence are abrasive wear and adhesive wear (commonly called galling). 
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Figure 2-7. Typical tool failures in warm bulk forming (adapted from Lange et al, 1992). 

 

To reduce the effect of these wearing mechanisms, one has to reduce the friction force between 

the contacting surfaces. Metal forming processes rely on lubrication to reduce friction, which could 

be in form of a liquid or solid lubricant, or conversion coatings (Behrens et al, 2014). In general, 

for intense operations, as the lubricant film thins out or breaks down during the forging operation; 

coatings are desired. However, producing high performance coatings creates a heavy sludge which 

is harmful to workers and difficult to dispose. 

Another alternative highly used for reducing wear in forging dies is to increase the hardness of the 

die. This is accomplished by heat treating the die (or the surface) to change the material 

microstructure. Another option is to diffuse elements such as carbon, nitrogen and boron to the 

material surface, also increasing its surface hardness. Many authors (Akyürek et al, 2017, Jarfors 

et al, 2017) have proven this alternative as efficient as coatings for some operations, as shown in 

Figure 2-8. 
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Figure 2-8. Wear of tools with different coatings in backward extrusion (adapted from Lange et 

al, 1992). 

Lastly, another factor which can affect the wearing of the die is the thermal stresses developed 

over cycles. Behrens (2014) shows that advancing the cooling of the die can reduce thermal 

stresses, thermal softening and therefore wear of the tooling. The way it is done is essentially by 

splitting the lubrication/cooling stage into two. Coolant is applied while the workpiece is dwelling 

on the die and then after removing the workpiece, the lubricant is applied. This avoids prolonged 

dwell times and also saves lubricant since cheap coolant (water) is applied to cool the tools. 

Every technique aforementioned has proven its capacity of increasing tool life for at least a few 

scenarios. However, all these techniques also greatly increase tooling cost or processing time or 

greatly alter the process line. Coating a tool produces a heavy sludge that is harmful to workers 

and not easy to dispose. Diffusing elements into the die surface is a process that must be done 

separately from the traditional heat treatment and depending on the technique it may also become 

expensive. Cooling the die prior to lubrication adds additional pumps to the system and may create 

some problems with water vapor bubbles, also it has little to deal with wearing itself. Moreover, 

these techniques have shown results based on experiments, which need to be at a certain condition 
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and may not represent the specific scenario one is interested. Therefore, there is a need of an 

analytical model to quantify the improvement of each method. 

2.2 The abrasive wear model 

The first time when wear rate was studied in correlation of the applied load was in 1940 by Holm, 

as mentioned by Archard (1953). Holm proposed a linear relationship between wear rate and 

applied force. Archard proved that the linear relationship is satisfactory if some assumptions about 

shape and size of debris are made; and proposed a general wear model. Now a days, Archardôs 

model is considered the main reference for modeling abrasive wear. The wear equation can be 

expressed in a general form as: 

ὡ  ὑ
ὖȢὺ

Ὄ
 Ὠὸ (1) 

Where, P is pressure, v is sliding velocity, H is hardness and K, a, b and c are constants that must 

be determined. Every variable is a function of time and integrating them over the duration of the 

process it is possible to calculate total wear, allowing one to estimate tool life. Over the years, 

many studies regarding wear in forging dies were carried out and now a days these routines are 

embed in the FEA software library, carrying out these calculations implicitly.  

In the aspect of metal forging, there are few papers that improve the wear model by adding routines 

between cycles. These routines can take into account roughness changes, thermal softening 

(hardness changes), plastic deformation (profile changes) and many others. Two relevant works 

are highlighted here: Behrens (2008) and Choi et al (2012). With the aid of finite elements analysis 

and the analytical routines, these papers estimates and validates the wear coefficient and exponents 

for relevant forging geometries. 

It is known that the exponents of the equation control the shape of the wearing profile (or how 

much each variable influence wear) while the coefficient K is related to the magnitude of wear. 

Although it is well established in forging simulations to use óaô and óbô as 1, ócô as 2 for tool steel 

and find K via experiments, many authors suggest that in order to have a reliable model for their 

process one should calibrate all the constants. Once the model is calibrated and considered reliable, 

changes in the tooling or process can be made for the model to be used to predict the changes in 

the total wear.  
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2.3 Calibrating the wear model 

As mentioned above, Archard validated a linear relationship for an abrasive wear model. This 

model is named after him and it is the most used model for calculating abrasive wear in metal 

forming. Equation 1 shows the general form of the equation where 4 constants must be found out, 

usually done by experimentations. For conventional forging in tool steel dies, it is commonly used 

1 for both óaô and óbô and 2 for ócô, then calibrate óKô. This approach has shown very good results 

among researchers. Each exponent represents the weight of their respective variable (Doege, 1994). 

These values are only a recommendation or guideline. Many researchers decided to calibrate 

multiple constants or give them different weights for their experiment. It is known that for forging, 

these exponents will often range from 0.1 to 2. Any number close to these range should produce a 

good behavior of wear in forging simulations. For a reference, the exponent of the wear equation 

for machining will be around 1000s, as suggested by DEFORM manual (Scientific Forming). 

For most of the forging processes with tool steel tooling, the equation closely estimates the wearing 

of the tooling, when correctly calibrated. However, for more complex conditions the equation 

starts lacking precision. Aware of this problem, Behrens (2008) proposes a modification in the 

equation adding an external routine when calculating wear of a punch with special conditions. In 

this case, the routine takes into account changes over time in the hardness of the die due to 

temperature changes and thermal softening over the process, and the equation is given as shown 

in Equation (2). 

◌ ▓
Ɑ╝
╗╣ȟ◄

○►▄■◄

▪

░

░ (2) 

Notice that he decided to give all the variables the same weight (a=b=c=1) and calibrated only K. 

Also, it is seen the hardness now depends on temperature and process duration, taking into account 

the thermal softening of the tool over cycles. Behrens has shown that this effect plays a big role in 

spots where very high temperatures are developed, in particular, at the corner of the mandrel for 

his specific operation. On these spots, a great increase in temperature is followed by a rapid cooling 

generating a white layer on the surface during the first cycles. This layer is much harder than the 

core material and wears with a completely different rate. Behrens (2008) reports that this white 

layer was important at a very specific location (corner) and during low cycles. Figure 2-9 illustrates 
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his process, an impression forging process using a punch with mandrel and Figure 2-10 shows the 

final wear profile calculated on the mandrel. 

 

Figure 2-9. Process illustration of 

mandrel studied by Behrens (Ref. 

Behrens, 2008). 

 

Figure 2-10. Wear profile of mandrel studied by 

Behrens (Ref. Behrens, 2008). 

 

During his experiments, Behrens noticed that for the 500 first cycles, the changes on the surface 

were not only because of abrasive wear but also due to plastic deformation. For this reason, his 

model could only be used after 1000 cycles. 

Aware of this limitation, some authors have similarly introduced the effect of plastic deformation 

on the wearing equation. Among them, Choi et al (2012) use this methodology to evaluate wear 

for an extrusion die. The geometry of the die and the region of interest is shown in Figure 2-11. 

 

Figure 2-11. Extrusion dies and insert of interest on Choiôs study (Ref. Choi et al, 2012). 
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To precisely calculate the wear profile of the die, a couple of additional routines are inserted in 

the methodology. First routine added was the thermal softening effect. The change in hardness 

due to wear depth was also taken into account since the surface of the die was much harder than 

its core, in his case. The wear equation would then become: 

◌ ╚
╟

╗▀▒ȟ╜▒ȟ╣

╪

╥►▄■ ▀◄

▪

▒

 (3) 

Where, j represents the cycle, d the distance from surface, M the tempering parameter and T the 

instantaneous temperature. 

Second, the plastic deformation is taken into account. To do so, the flow stress must be a function 

of strain, strain rate, instantaneous temperature and die softening effect. Having a precise 

calculation of the flow stress of each node allows one to determine which nodes are plastically 

deformed and by how much. 

Third and last, the contraction of the die due to cooling before measurement. The die is heated 

over the process and significantly expands thermally. However, the measurement of the surface is 

done somewhere else and therefore the die is already cold. The shrinkage due to die cooling must 

be taken into account to both, measurement and calculation match. To do so, the entire process of 

assembling the dies, heating up to steady state, deformation, removal from assembly and cooling 

is simulated by FEA, and the variation in the profile is calculated. 

To show the flow of the analysis and most of the intrinsic approach to estimate the wear parameters, 

Choi draws this flow chart containing the steps used to solve the problem. 
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Figure 2-12. Flowchart used by Choi (Ref. Choi et al, 2012). 

 

In order to simplify and make it easier to understand, his flowchart is reduced to the next flowchart 

in Figure 2-13. 
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Figure 2-13. Simplification of Choi's flowchart. 

 

From the simplified flowchart one can extract some critical information of his approach. First, an 

elastic-plastic simulation was used to calculate the plastic deformation of the die. The plastic 

deformation is then subtracted from the experimental result. Second, a cyclic thermal simulation 

is used to find the steady state temperature distribution of the die (which happens after 90 cycles) 

and calculate the cooling shrinkage of the die to shift the measured profile as well. The same 

simulation is used to estimate thermal softening parameters for the die. Third, a forging simulation 

is used to extract interfacial pressure and sliding velocity profiles over the process. Finally, 

everything is gathered together in MATLAB through a routine to optimize the values of K and a-

value by comparing corrected experimental data to simulation data. At the end of this process, it 

was possible to obtain a calibrated wear model for the process and geometry, as shown in Figure 

2-14. 
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Figure 2-14. Choiôs results (Ref. Choi et al, 2012). 

2.4 Concluding Remarks 

The life of forging tooling is of great importance for the manufacturing industry and therefore 

friction and wear have been a very recurring topic of researches, mainly in warm and hot forging, 

where those aspects are even more critical. 

One of the most efficient way of reducing friction and wear in hot forging is yet said to be the use 

of lubricants. Numerous researches involving the formulation and application of lubricants have 

being carried out trying to reduce friction to a negligible level in hot forging. It have proven to be 

nearly impossible since the operation is too severe and lubricants can hardly withstand such 

environment. This leads to a major problem regarding lubrication, friction is reduced only for a 

small portion of time, leading to metal-metal contact after a few milliseconds. The lubricants which 

have shown best performance overall in hot forging are the graphite-suspended solutions. However, 

an additional concern regarding this lubricant is its harmfulness to the environment, being abhor 
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by environmental regulations. For this reason, more and more white lubricants have appeared in 

industry and researches, but yet they could not perform as well as graphite lubricants. 

Another field of research looking for friction reduction of the tool-workpiece interface involves 

the modification of the tool (or workpiece) material prior to the forging operation. This count in 

the use of coatings or diffusion of other elements into the steel matrix. Both techniques relies on 

the higher hardness (and lower roughness) of this new layer of material to reduce friction and 

withstand the load. These techniques have proven to be beneficial when compared to the dry tool. 

The best performing coating is said to be the DLC (diamond-like carbon), while combinations of 

boron and nitrogen diffusion have also shown good results. However, the best performance of all 

is seen when these coatings are combined with lubricants. The coatings are able to prevent the 

lubricant from being pushed away during the forging operation, securing lubrication for a longer 

period of time. Yet, many problems have to be addressed: lubricants and production of coatings 

generate contaminants which are hard to dispose of and are under health and safety regulations, 

the additional process of coating materials can be very expensive and time consuming. 

To better attack this problem, researchers started modifying and calibrating an abrasive wear 

model so the behavior of the tooling could be numerically modelled and modified. By taking into 

account the thermal softening and the plastic deformation of the tooling during the forging process, 

researchers were able to reproduce the worn profile of tools in hot forging numerically. By 

reproducing the worn profile, a calibrated wear equation for that specific tool/operation is 

developed. This equation allows one to slightly modify the process and evaluate the improvement 

in wear and therefore tool life. 

Good calibrations can be seen in literature but few proposes tooling modifications. Thus, the main 

focus of this study is to address life span issues of hot forging dies by proposing tooling 

modification. These modifications are qualitatively evaluated using the wear model. The 

modification relies on the manipulation of the strain field of the die during forging, reducing die-

workpiece interface pressure prior to the ejection. This should also reduce the time upon which the 

workpiece remains in contact with the dies. 
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Chapter 3  

Determination of forging tool loading characteristics using 

finite element analysis 

3.1 Introduction  

The prime idea of the finite element method originated in 1941 from advances in the aerospace 

industry (Chandrupatla & Belegundu, 1990). However, only in 1960 the term finite element was 

introduced. Since then, engineers started using the method to approximate solutions for many areas 

of the engineering. In the late 60s and early 70s it was applied for nonlinear problems and large 

deformation problems, and could finally be used for metal forming. At that time however, 

modeling and processing all this information was highly time consuming. 

Now a days, the finite element method has become a powerful tool for numerical solutions and 

engineering problems, such as metal forming, where it is now possible to calculate the most 

intrinsic state variables. With the advances of computer processing and modeling technology, 

design concepts can be tested in no time even before the first prototype is built. Also, the ability 

of real time modeling and simulation allied with the internet advances brought the concept of smart 

manufacturing and smart factories. 

For the forging industry, special interfaces and software packages are developed due to the unique 

environment of this manufacturing process. For example, the FEM software DEFORMTM is widely 

used worldwide and it is also the one used for this work. Forging simulations can calculate both 

workpiece and tooling parameters, allowing one to estimate if the final part has its required 

properties and if the tooling can perform as desired. 

During the forging operation, the die cavity expands elastically and the workpiece deforms to the 

size of the expanded die. When the load is removed, the die contracts due to its spring-back 

behavior, thus balancing forces and pressing the workpiece. When the ejection is taking place the 

die is slightly pushed again. Finally, once more it contracts to the original shape when the part is 

fully removed. The complexity of stress and strain field developed on the die over the forging 

process brings the necessity of detailed simulations to identify potential problems, the tooling may 
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experience. The understanding of the loading characteristics of the tooling can bring insights of 

when and where problems can be expected. 

The present study is focused on the analysis of dies used in hot forging. Multiple case scenarios 

are simulated in order to find the loading characteristics of different family of forgings and 

establish a knowledge baseline of dies which experience critical loads, stresses, and strains. This 

chapter will discuss three types of forgings, namely CV Joint, hub spindle, and input shaft. The 

study is carried out using the FEM software DEFORMTM. 

3.2 Case studies for establishing loading characteristics of families of forgings 

In this section, the study of the forging process of three components are discussed. The components 

are named CV Joint, hub spindle, and input shaft and an illustration of these components is shown 

in Figure 3-1. The objective of this study is to establish the loading characteristics of each die used 

to forge these components, from billet to final workpiece. 

 

 

Figure 3-1. Family of forging simulated. (Left) CV Joint, (middle) hub spindle, and (right) bevel 

input/output shaft. 

 

The simulations are carried out using DEFORM 2-D assuming that the components exhibit 

axisymmetric behavior. Generic settings for the FE models are shown in Table 3-1. 
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Table 3-1. Common parameters used in the simulations. 

Simulation 2D  Axisymmetric 

Shrink fit amount  Uniform  0.1 mm 

Die Material H-13 

Die Temperature 300°C 

Workpiece behavior Plastic 

Die Behavior Elastic 

Friction  

Shear m = 0.25, 

constant 

 

3.2.1 Constant Velocity (CV) Joint  

The first forging that will be analyzed is the forging of a CV joint outer race, which is shown in 

Figure 3-2. The outer race will be assemble together with the bearings and cage to form the outer 

CV joint, used for power transmission. For the current research scope, only the forging of the outer 

race is discussed. The manufacturing of this component consists of a forward extrusion stage, an 

upsetting stage, a backward extrusion stage and ironing stage(s), as shown in Figure 3-3. 

Conventionally, the first three processes are performed warm/hot while the ironing stage is 

performed cold. For this study, the geometry would be considered axisymmetric and therefore a 

preform without the grooves is considered as final workpiece, therefore the ironing stage being a 

non-axisymmetric operation, is not considered in this study. The simulated stages are shown in 

Figure 3-4. 

 

Figure 3-2. CV Joint - (front) axisymmetric component and (back) final component. 
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Figure 3-3. Traditional warm forging process of an outer race CV Joint (from Ku et al., 2014). 

 

 

Figure 3-4. Simulation stages for forging a CV joint. (Left) Forward extrusion, (middle) 

upsetting, and (right) backward extrusion. 

 

A CV joint is a component which is applied in many different scenarios and therefore it can widely 

vary in size and material. For this study a CV joint made of AISI 1045 was chosen with the 

dimensions shown in Figure 3-5. 
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Figure 3-5. CV Joint - Final part dimensions (millimeters). 

 

3.2.1.1 CV Joint ï Forward extrusion stage. 

The first stage to be analyzed is the forward extrusion of the billet. An aggressive reduction is 

present in this operation, requiring a small stroke of the punch. This causes the bottom part of the 

billet to stretch a lot while the top portion almost does not deform. As a results, the bottom section 

develops very high strains when compared to the top portion. 

The process is illustrated on Figure 3-6 where it is possible to see the starting and ending point of 

both extrusion and ejection operations. Representative meshes for the die and the workpiece are 

also shown. Notice that the shrink ring is present on the simulation and by definition it must be 

elastic and meshed. The mesh of the ring is similar to the one in the die, and it is not being shown 

to facilitate the visualization. The shrink fit boundary condition is applied as a uniform 0.1 mm 

interference. The workpiece is pure-plastic, die and ring are elastic, and beds, guides and punch 

are rigid. The bed is a fixed rigid body, the die and the ring sit on it and the punch has a prescribed 

displacement, these are the only boundary conditions prescribed in the simulations. 
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Figure 3-6. CV Joint ï FW Extrusion ï Illustration of process with initial and final mesh. (Left) 

Extrusion and (right) ejection. 

 

Figure 3-7. 1st stage ï Die Stress. 

 

Figure 3-8. 1st stage - Effective strain. 
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Die Stress: At the maximum stroke, the die experiences maximum equivalent stress, which can be 

seen in Figure 3-7. The effective stresses are concentrated at the corner of the die and rapidly 

reduces thru the body. This behavior shows that only a small portion of the die material is being 

used to carry most of the forging load, and because of that some noticeable deflection is expected. 

Plastic Strain: The strain distribution at maximum stroke can be seen in Figure 3-8. The workpiece 

has its cross section reduced by 50% (a big reduction) and shows a smooth transition in strain field 

with a maximum of 2.72 mm/mm. The strain contour shows that the bottom of the workpiece 

strained less than the subsequent sections. The contours reinforce the fact that the die experienced 

some deflection to let the bottom of the workpiece strain less than the middle. During the ejection 

the workpiece experiences a secondary deformation, changing the strain distribution, as one can 

see on Figure 3-9. The behavior clearly indicates that some force is acting on the die-workpiece 

interface during ejection. 

 

 

Figure 3-9. Strain distribution on the workpiece after ejection. 
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Forging load and Ejection load: The sharp reduction in the cross section causes the load to 

increase rapidly to its maximum value, close to 250 tons (Figure 3-10). After reaching its 

maximum, the load stabilizes (slightly decreasing) as the material is continuously extruded. At this 

moment, the pressure being exerted on the die is the maximum pressure of the operation and it is 

shown in Figure 3-11. On the pressure graph, notice that the very top of the die (beginning of the 

curvilinear length) it has zero pressure, this is because there is no workpiece touching that portion 

of the die, as seen in Figure 3-8. This result is similar for all the dies. 

Then, the load is removed and the workpiece must be ejected. At this moment the die recovers 

some of the deflection and thus compresses the workpiece. The pressure the die exerts on the 

workpiece when no load is being applied is called residual pressure. The initial residual pressure 

(just before the ejection starts) can also be seen in the pressure plot. This pressure is mainly what 

causes the ejection to require load. As predicted, significant force is acting on the die-workpiece 

interface and a reasonable ejection load is required, as seen in Figure 3-10. 

An important highlight here is that the shear friction is maintained the same for ejection. In real 

cases, the lubricant is thinned out and the ejection is performed with higher friction. Moreover, as 

a thumb rule it is said that the ejection load is 10% of the forming load. In this case, it is seen that 

initially it is over 20%, which means significant force is holding the workpiece during ejection. 
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Figure 3-10. Load curves for forward extrusion of CV joint. 

 

 

Figure 3-11. Pressure profile for forward extrusion die of CV joint. 
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Residual Pressure: The residual pressure is the pressure the die exerts on the workpiece when 

there is no load being applied. This pressure is due to the spring-back of the die because of the 

deflection experienced during the forming operation. 

 

Figure 3-12. Initial residual pressure on the die-workpiece interface. CVJ Op.1. 

As seen in Figure 3-12, this pressure is not insignificant and it influences a lot on the ejection of 

the part. Initially, the die is compressing the entire workpiece. However, as the ejection progresses, 

the die is able to spring-back more and further increase this pressure, thus increasing the ejection 

load. This behavior can be seen in Figure 3-13. On (A) it is shown the pressure just before the 

ejection starts, it can be seen that the taper has small pressure but both vertical edges have 

significant pressure. Note that as the ejection progresses (B-C-D), the land of the die (the bottom 

vertical edge) has significant larger residual pressure, and it stays in contact up to the end of the 

process. The condition of sliding under pressure for a long period of time is what causes significant 

wear. 

In summary, from all these analyses one can clearly see that the die expands significantly during 

the forming, which creates significant residual pressure. This residual pressure hinders the ejection 

and significant force is required to knock the workpiece out, spending more energy and wearing 
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the die. Then, further analyses will be done (next chapters) on this die to improve these concerns 

regarding stresses, deflection, wear, and ejection load. 

 

Figure 3-13. Residual pressure over the ejection process. (a) Just before ejection starts, (b) the 

land of the die builds more pressure, (c) critical pressure-spot and (d) near the end of the process. 
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3.2.1.2 CV Joint ï Upsetting stage. 

 

Figure 3-14. CV Joint ï Upsetting ï Illustration of process with initial and final mesh. (Left) 

Upset and (right) ejection. 

 

From now on, the detailing of the boundary conditions are not shown. However, every die has a 

fixed rigid bed, a shrink ring with shrink fit boundary condition, and all the settings established in 

Table 3-1. The mesh will be shown for each case, but these boundaries are not re-stated. 

After the forward extrusion, the workpiece is moved to another die and upset. In this case, the 

workpiece fits almost perfectly on the die and the operation is only used to widen the head of the 

workpiece and indent the bottom, as shown in Figure 3-14. Clearly, very little sliding happens and 

the force is used only to widen the material. 

Die Stress: The maximum stress distribution can be seen in Figure 3-15. The stresses values are 

small compared to the other case, and so is the expected deflection of the die. 
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Plastic Strain: The workpiece moves very little on the die and therefore the strain (both 

distribution and values) does not change much. The final strain of the workpiece is seen in Figure 

3-16. 

 

Figure 3-15. 2nd stage ï Die Stress 

 

Figure 3-16. 2nd stage - Effective Strain. 

Forging load and Ejection load: The load required for this process increases slowly as the cross 

section changes up to a maximum around 150 tons. Then, a small overshoot is done to secure the 

geometry and the load spikes, as seen in Figure 3-17. 
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Figure 3-17. Load curves for upsetting of CV joint. 

 

Figure 3-18. Pressure profiles for upsetting die of the CV joint. 

The process clearly does not transfer much load radially to the die. It does not enable the die to 

deflect radially and therefore cannot grip onto the workpiece. This results in an easy ejection. As 

inferred from Figure 3-17, a very small load is required to eject the workpiece. 
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Residual Pressure: Analyzing the residual pressure of this operation (pressure which hinders the 

ejection) in Figure 3-20, it is clear that some small residual pressure is present at the beginning of 

the ejection. However, a slightly movement is enough to free the workpiece and reduce the 

pressure to insignificant level (Figure 3-21). Therefore, the ejection load curve has its peak in the 

beginning along with decaying trend. 

 

Figure 3-19. Initial residual pressure on the die-workpiece interface. CVJ Op.2. 

 



42 

 

 

Figure 3-20. Residual pressure (left) at beginning of ejection and (right) after a small stroke. 

 

Figure 3-21. Residual pressure after a small ejection stroke with scale changed (practically, no 

residual pressure). 
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Since, the loads and stresses for this operation are both small when compared to other operations, 

very few problems are expected regarding the tool life and the ejection for this operation. These 

results show that this die may not experience significant improvement upon further investigation. 

 

3.2.1.3 CV Joint ï Backward extrusion stage* . 

 

Figure 3-22. CV Joint ï BW Extrusion ï Illustration of process with initial and final mesh. 

(Left) Extrusion and (right) ejection. 

Finally, the third operation is a combination of forward extrusion and backward extrusion. This 

operation in usually non-axisymmetric (Figure 3-3), but for the purpose of this study it is being 

approximated to be like so. The main aspect of this operation is the backward extrusion at the top 

of the part to create the casing where the racer is placed. Clearly, the workpiece is under free 

deformation for most of the time and little die interface sliding is present. Therefore, little wear is 

expected for this operation. 

Die Stress: The maximum die effective stress can be seen in Figure 3-23. It shows a concentration 

of stress at the corners of the die and small stress to the inside of it. Also, significant stress is 

present at the taper region. This indicates that a lot of force is acting on the taper and therefore 

load is being transferred radially. Notice that the magnitude of stress is substantially higher for this 

case. 
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When high stresses are present along with large deflection, significant tensile loading may be 

experienced. As seen in Figure 3-24, the maximum principal stress plot of the die shows that the 

forming load overcame all the compression imposed by the ring and brought the die to a critical 

tensile state. When tooling experiences large tensile loadings, crack initiation and propagation is 

facilitated, eventually leading to fracture. 

 

Figure 3-23. Die equivalent stress. Stresses 

near the taper are above yield stress. 

 

Figure 3-24. Die max principal stress. Most 

of die under tensile stresses. 

Plastic Strain: During this operation, the workpiece experiences large amount of deformation, 

significantly increasing the maximum effective strain. Then, pressure is expected to be built on the 

entire surface of the die again. The final workpiece strain is in Figure 3-25. 
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Figure 3-25. 3rd stage - Effective Strain. 

Forging load and Ejection load: This operation requires reasonably low load at start, as the hot 

material is free to deform. When the material touches the die and the backward extrusion starts 

effectively the load increases steadily up to the point when the cavity is about to be completely 

filled, and then the load spikes, as seen in Figure 3-26. 

Notice that maximum load and maximum pressure necessary to complete the operation are 

substantially higher than the previous cases. Also, excessive overloading of the system was 

avoided by carefully controlling the punch stroke, just enough to reasonably fill the die.  

 Also, excessive overshooting is not the case, punch stroke was carefully controlled to have 

reasonable filling without overshooting the part. From the geometry of the die one can estimate 

that most of this load is radially transferred to the die, which is not desired since it worsens the 

expansion of the die. 

These high loads and pressures will deflect the die which will later spring-back and hinder the 

ejection of the workpiece. As seen in the load figure, the force required to remove the workpiece 

starts near 40 tons and decays slowly. 
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Figure 3-26. Load curves for backward extrusion of CV joint. 

 

 

Figure 3-27. Pressure profiles for backward extrusion die of the CV joint. 
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Residual Pressure: The fact that large load is required to form the material leads to large elastic 

deflection of the die and therefore great hindering of the ejection is expected. As one can see in 

Figure 3-26, the starting ejection load is significant and it slowly reduces as the ejection progresses. 

This behavior of ejection load is related with the residual pressure imposed by the die. In Figure 

3-29 it is seen that at the beginning of the ejection (left) the straight section of the die-workpiece 

interface is totally in contact, and it remains in contact until the end (right). This is what causes the 

ejection load to decay slowly. 

In summary, the deflections observed and stresses generated in the die are significant. The effective 

stress observed are high along with a possibility of plastic deflection in the die. The die would be 

beneficiated by a better stress distribution or induced compression to avoid crack, and by 

improving the ejection. 

 

 

 

Figure 3-28. Initial residual pressure on the die-workpiece interface. CVJ Op.3. 
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Figure 3-29. Residual pressure (left) at the beginning of ejection and (right) at the end. 

. 

3.2.1.4 Conclusion ï CV Joint 

From this first case study it is possible to highlight a few points and conclusions: 

¶ Open die extrusion allows the billet to be initially extruded to a larger diameter than the 

initial cavity due to expansion of the die. Later, during the ejection the die springs back 

and an ironing-like operation gives the workpiece its final shape. This behavior requires 

reasonable forces during the ejection since the bottom of the workpiece strains significantly 

during ejection. 

¶ Operations with small reduction ratio and small punch stroke do not present big concerns 

regarding tool condition. 

¶ Operations requiring reasonable amount of load (usually to complete filling of closed die 

forgings) generate concern on die stress level. Moreover, if the geometry transfers load 

radially to the die it can cause bending and high tensile stresses. 

Therefore, dies for the forward extrusion operation and backward extrusion operation show some 

concern regarding tool life. These two dies will be further analyzed in the next chapter for 

improvement. 
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3.2.2 Hub Spindle 

A wheel hub spindle is assembled with bearings, hub shell, sealing and sensors to form the hub 

assembly and connect the wheel to the vehicle. The main body of this assembly is forged closed 

to the final dimensions and the machined. This main body is the one being studied in this section 

and it is being called óhub spindleô. A hub spindle is a component which may have a variety of 

sizes, shapes and grooves. For the purpose of this study, a long hub spindle is chosen. Moreover, 

grooves and thru holes are not considered since it is approximated to an axisymmetric component. 

The manufacturing of this component is, in general, composed by an open-die upsetting, a forward 

extrusion, a backward extrusion, and finishing operations. Figure 3-30 shows the final component 

ready for assembling and Figure 3-31 shows the dimensions of the final part obtained in the 

simulation. Figure 3-32 shows the forging steps simulated for this process. 

 
Figure 3-30. Hub spindle example. 

 
Figure 3-31. Simulated geometry final 

dimensions (millimeters). 
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Figure 3-32. Hub spindle simulated forging process. Named from the left to the right: initial 

billet, upsetting, forward extrusion and backward extrusion. (Extracted from AFDEX website). 

 

These processes represent the manufacturing process of a hub spindle. Following the discussion 

of the previous part, the characteristics of each forging operation are evaluated. However, it is clear 

that the first operation (upsetting) has absolutely zero problems for upsetting of the workpiece. 

Therefore, it will not be discussed here. Also, recall the shrink fit value, and all the other settings 

from Table 3-1. The workpiece material is AISI 1045 starting at 900°C. 

 

3.2.2.1 Hub Spindle ï Forward Extrusion 

 

Figure 3-33. Hub spindle ï FW Extrusion ï Illustration of process with initial and final mesh. 

(Left) Extrusion and (right) ejection. 
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Similar to the previous component, the forward extrusion greatly reduces the cross section of the 

part. One difference to be noticed here is that the gradient of reduction is way smaller than the 

previous case i.e. having a smoother transition. Also, the bottom length is smaller, requiring less 

material to be extruded. Besides, there is a combination of forward and backward extrusion, 

changing the material flow. These characteristics are expected to show some differences in the 

response of the die. 

Die Stress: It can be seen in Figure 3-34 that the die develops significant stresses at the corner, but 

since the radius is large the stresses are well distributed along with moderate magnitude. Based on 

stress values and die geometry, not much radial deflection is expected on the die. 

Plastic Strain: The workpiece strains significantly during the process. However, the Figure 3-35 

shows the largest strains are at the center of the workpiece, and not at the outer surface as before. 

This brings the idea that the die-workpiece interface is not a critical interface, but the punch-

workpiece probably is. However, this interface is not studied in the research being conducted. 

 

Figure 3-34. Die effective stress 

distribution ï Hub spindle 1st  op. 

 

Figure 3-35. Workpiece final effective strain 

distribution ï Hub spindle 1st  op. 

 

Forging load and Ejection load: Analyzing the load curves, it is clear that low load is required to 

push the material into the die and then when only small gaps are remaining the material has trouble 

filling in and the load rises rapidly. The forming load curve can be seen in Figure 3-36 and the 
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pressure generated on the die-workpiece interface at the maximum forming load is seen in Figure 

3-37. On the other hand, the ejection load is negligible. With a small impact the workpiece is free 

and almost no load is required to remove it. 

 

Figure 3-36. Load curves for forging the hub spindle ï 1st operation. 

 

Figure 3-37. Pressure profiles for forward extrusion die of the hub spindle. 

Residual Pressure: An important factor here is the geometry. As mentioned, the smooth reduction 

and the hollow section facilitates the forging and ejection. However, the key is the fact that there 
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is no truly straight edge. Every edge of the die is slightly angled at least. This causes the workpiece-

die interface to lose contact very fast during ejection. Notice this might not be true for the punch, 

but it is not being analyzed in this study.  

In summary, this leads to the conclusion that further study in this component to improve the 

ejection stage would not be beneficial. 

 

Figure 3-38. Initial residual pressure on the die-workpiece interface. Hub spindle Op.1. 

 

Figure 3-39. Residual pressure (left) at the beginning of ejection and (right) with a very small 

stroke the pressure disappears. 
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3.2.2.2 Hub Spindle ï Backward Extrusion 

 

Figure 3-40. Hub spindle ï BW Extrusion ï Illustration of process with initial and final mesh. 

(Left) Extrusion and (right) ejection. 

The next operation of the forging process of the hub spindle is the backward extrusion operation, 

depicted in Figure 3-32. The operation consists of opening the center of the workpiece and giving 

it a close-to-final shape.  

Die Stress: The die maximum effective stress distribution in shown in Figure 3-41. From the stress 

distribution it is clear that this die should not present any stress problems, since the values are very 

low. Also because of that, very small deflection and spring-back is expected. 

Plastic Strain: The final strain distribution for the workpiece is shown in Figure 3-42. Workpiece-

die sliding is not substantial in this stage, as a result low strains at the outer surface of the workpiece 

is observed. On the other hand, very high strains at the punch-workpiece interface is seen, again 

indicating that this interface may be critical (which is not analyzed here). 

Forging load and Ejection load: The load curves can be seen in Figure 3-43 and the peak is due 

to nature of closed-die forging, when only small gaps are remaining the load spikes, similar to the 

previous cases. In this case, the maximum is around 600 tons. At this load, the pressure induced 

on the die is shown in Figure 3-44. As expected, ejection load and residual pressure are greatly 

smaller. 
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Figure 3-41. Die effective stress 

distribution ï Hub spindle 2nd op. 

 

Figure 3-42. Workpiece final effective strain 

distribution ï Hub spindle 2nd op. 

 

 

Figure 3-43. Load curves for forging the hub spindle ï 2nd operation. 
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Figure 3-44. Pressure profiles for backward extrusion die of the hub spindle. 

Residual Pressure: The residual pressure for this case can be seen in Figure 3-45. The values are 

even smaller than the previous case. The reason for that is mainly attributed to the geometry of the 

workpiece. The fact that it is almost entirely hollow makes it very flexible. When the die spring-

backs the workpiece deflect thus avoiding pressure build up at the die-workpiece interface. For 

this reason hollow part are easy to eject from the die. 

 

Figure 3-45. Initial residual pressure on the die-workpiece interface. Hub spindle Op.2. 
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Figure 3-46. Residual pressure (left) at the beginning of ejection and (right) with a very small 

stroke the pressure disappears. 

In summary, very little work is done at the die-workpiece interface, presenting low stresses and 

strains. The ejection is not a problem again since most of the part is hollow, which compensate for 

any die deflection. Therefore, this die is not a good candidate for further studies. 

However, one point must be highlighted here, the punch for this operation should be studied. From 

the strain figures it is seen that large strain and sliding happens at the punch-workpiece interface. 

This leads one to conclude that the punch may induce substantial wear and thus the punch ejection 

load may also be substantial. 

3.2.2.3 Hub Spindle ï Conclusion 

The following conclusions can be drawn regarding hub spindle: 

¶ Forging of components with slightly angled surfaces are easy to release presenting no 

challenges during the ejection. 

¶ Operations with smooth reductions distribute the load better on the die and do not impose 

concerns regarding tool deterioration. 

¶ Hollow components have the ability to slightly deflect during ejection and thereby 

compensate for the die spring-back, facilitating ejection. On the other hand, this may be a 

problem for the punch. 
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Therefore, the forging of a hub spindle is not critical  from the die perspective and therefore no 

further study is necessary. 

3.2.3 Input shaft 

The input shaft is a component which connects the engine drive into the gearbox of the vehicle. 

These shafts must withstand the torque generated by the engine and transmit it. Therefore, these 

shaft should possess exceptional mechanical properties. The shape and size of this component can 

also vary significantly depending on the application. For this study, a sample of a truck input shaft 

possessed by the AMTL is used. The sample was roughly measured and a representative geometry 

was modeled using SolidWorks. Figure 3-47 shows the picture of the present sample and Figure 

3-48 shows the dimensions of the component. The component simulated is AISI 1060 at 900°C. 

The component produced by this warm forging operation is an axisymmetric pinion with 

dimensions close to the final product. After the forging process, it will then go through finishing 

operations in order to acquire its final characteristics. The forging process of the component can 

be seen on an advertising video of AAM (2019) and is also cropped in Figure 3-49. 

 

Figure 3-47. Input shaft lab sample. 

 

Figure 3-48. Input shaft simulated geometry 

dimensions. 
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Figure 3-49. Manufacturing process from AAM advertising video (AAM, 2019). 

 

The process is divided in 2 operations, forward extrusion and heading. During the extrusion a 

cylindrical billet acquires most of the shape of the body of the shaft. Then, the heading operation 

is used to mold the head and iron the bottom of the component. These two operations are evaluated 

separately on the following sections. 

3.2.3.1 Input Shaft ï Forward Extrusion 

This operation creates most of the profile of the component. From the process illustrated it can be 

seen that it is also the stage which the part experiences most strain or elongation. Following the 

same pattern presented for the other components, this stage is expected to present some relevant 

wear and ejection problems at the bottom. 

In the simulation, the relevant sections of the die and shrink ring are simulated as elastic bodies 

while the workpiece is plastic and the remaining rigid, and all the other boundary conditions are 

prescribed as discussed in previous simulations. The geometry, mesh, and process simulated can 

be seen in Figure 3-50. 
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Figure 3-50. Input Shaft ï Extrusion ï Illustration of process with initial and final mesh. (Left) 

Extrusion and (right) ejection. 

Die Stress: The maximum equivalent stress distribution of the die can be seen in Figure 3-51. 

Similar to the very first case, equivalent stresses are most concentrated at the top corner of the die. 

However, these values are not really of concern since these dies can easily withstand 1800 MPa or 

more. 

Plastic strain: The final strain distribution of the workpiece is in Figure 3-52. From the strain 

figure it is clear that the bottom surface of the component stretches a lot when compared to the 

other parts (larger strain). This behavior is expected to cause extensive wear during the forging 

process and potentially build high residual pressure, hindering the ejection. 
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Figure 3-51. Input shaft ï 1st op. die 

equivalent stress distribution. 

 

Figure 3-52. Input shaft ï 1st op. workpiece 

strain distribution. 

 

Forging load and Ejection load: The extrusion load stabilizes close to 300 tons, lower than 

expected (Figure 3-53). At maximum load, the pressure profile developed on the die is seen in 

Figure 3-54. The pressure acts on the entire surface of the die. However, the values are not as large 

as expected. The ejection load in this case is close to 10% of total load. 
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Figure 3-53. Load curves for forging the input shaft ï 1st operation. 

 

Figure 3-54. Pressure profiles for forward extrusion die of the input shaft. 
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Residual Pressure: Although the maximum pressure and load are not as high as expected, the 

residual pressure shows significant values when compared to the other parts (Figure 3-55). Based 

on this pressure profile and the slow decay of the ejection load, the die is said to maintain pressure 

on the die-workpiece interface for the entire stroke. The progression of the residual pressure can 

be seen in Figure 3-56. 

Before the ejection starts, good portion of the die-workpiece interface has residual pressure (Figure 

3-56. A). However, due to the tapered geometry of the component, most of this contact is lost with 

a small displacement of the workpiece (Figure 3-56.B). In fact, in figure B it is possible to see that 

a gap is created in a region very close to the land with a very small angle, leaving only the small 

land in contact. This small land zone remains in contact from the beginning to the end of the 

ejection operation (A to C). Remaining under pressure for a large portion of the ejection time 

worsen tribological conditions and enhance wear of the tooling. 

 

Figure 3-55. Initial residual pressure on the die-workpiece interface. Input shaft Op.1. 
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In summary, similarly to the very first case study, the land of the die maintains pressure during the 

entire ejection operation and might have its tribological condition worsen. Moreover, stress 

concentration is present as well. Therefore, this die can be beneficiated by avoiding residual 

stresses and stress concentration. 

 

Figure 3-56. Interface pressure during ejection (residual pressure). [A] Initial residual pressure, 

[B] slightly displaced and most contacts released, and [C] ejection is almost over. 

 

3.2.3.2 Input Shaft ï Heading 

The heading operation irons the outline of the component while upsetting the head in the final 

shape. The workpiece clearly slides very little in this operation (Figure 3-57) and therefore little 

wear, on the die, is expected to happen during the forging stroke. However, to shape the head, i.e. 

fill the cavity of the punch, a high load is required. This high load can deflect the die and build 

some stresses. 

Similar to the previous section, the simulated process is shown in Figure 3-57 with representative 

meshes and similar boundary condition than the ones before. 
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Figure 3-57. Input Shaft ï Heading ï Illustration of process with initial and final mesh. (Left) 

Heading and (right) ejection. 

 

Die Stress: The maximum equivalent stress distribution experienced by the die is shown in Figure 

3-58. It is clear the die experiences low stresses overall and it is on a safe condition regarded to 

yield or fracture. 

Plastic Strain: The final strain distribution of the workpiece can be seen in Figure 3-59. It is 

confirmed that the strain magnitudes do not change much in this operation. 

Forging load and Ejection load: For this operation, the load increases slowly as the cross section 

of the head is being increased, as seen in Figure 3-60. Then, at the end of the operation the load 

spikes to completely fill the cavity. Since it is not a finishing operation, the punch should be 

designed a little larger than necessary and the stroke controlled to not overshoot, avoiding any 

overload. The maximum pressure (pressure due to the maximum load) is seen on Figure 3-61. 

Moreover, the ejection load is seen to start small and rapidly decay to a negligible level. 
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Figure 3-58. Input shaft ï 2nd op. die equivalent 

stress distribution. 

 

Figure 3-59. Input shaft ï 2nd op. final 

workpiece strain distribution. 

 

 

Figure 3-60. Load curves for forging the input shaft ï 2nd operation. 
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Figure 3-61. Pressure profiles for the heading die of the input shaft. 

Residual Pressure: As discussed, for this operation the workpiece is accommodated on the die, 

and the deformation occurs only at the top of the workpiece, i.e. outside the die. However, the load 

required to complete the operation is relatively large causing some slightly deflection on the die, 

which later hinders the ejection. 

The starting residual pressure is what makes the beginning of the ejection load to require some 

force. However, as one can see, the load decreases fast to a negligible level. This behavior can be 

attributed to the residual pressure disappearing at the very beginning of the ejection. Figure 3-63 

show the progression of the ejection, and as can be seen, with a small stroke almost all the contacts 

at the die-workpiece interface is lost. 

In summary, from a global perspective, this die does not show big concerns regarding tool life. 

The stresses experienced are small and ejection load is small when compared to the previous 

operation. Therefore, this die will not be used for further analysis. 
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Figure 3-62. Initial residual pressure on the die-workpiece interface. Input shaft Op.2. 

 

Figure 3-63. Residual pressure at the die-workpiece interface as the ejection progresses. (Left) 

initial residual pressure and (right) with a small stroke the residual pressure almost disappeared. 
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3.2.3.3 Input Shaft ï Conclusion  

The forging of this bevel input shaft allows one to draw a few conclusions: 

¶ The forward extrusion of this shaft is similar to the first case study. The difference is that 

this die has many smaller reductions. This behavior causes the residual pressure to be 

reduced in more regions. However, the problem remains the same: The very bottom of the 

die (land) maintains contact from the beginning to the end of the ejection, requiring force 

to remove the part. 

¶ The heading operation mainly deforms the top of the workpiece using the top of the die as 

support. This causes low radial deflection and low residual pressure on the ejection, making 

it easier to remove this component.  

Therefore, the die for the forward extrusion presents some concerns while the die for the 

heading operation does not present any concern. 

 

3.3 Concluding remarks 

For establishing a knowledge base of family of forgings which might experience problems related 

to the tool life, it is common to evaluate maximum stresses, strains, load and deformation of the 

tool. However, it is seen that evaluating the behavior of the tooling on the ejection may also give 

insights for enhancing tool life. Analyzing both forging and ejection of the entire forging process 

of three components (CVJ, hub spindle and input shaft), one can acquire a knowledge base to aid 

in designing tooling setups which results in enhanced tool life and improved ejection conditions. 

The conclusions drawn from this study are: 

¶ Dies experiencing large stresses are more probable to induce larger residual stresses on 

the workpiece and to have difficult ejection. Moreover, if stresses are too high it might 

induce large tensile stresses which causes crack/fracture. 

¶ Operations causing large variation of workpiece strain at the die interface show more 

concerns regarding tool life. 
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¶ Independent of die stress, hollow workpiece or workpiece with many tapers are very easy 

to eject. Hollow workpieces have the ability to deflect and compensate the spring-back of 

the die. While taper edges help push the workpiece out. 

¶ From all the dies studied, the CV Joint forward extrusion die, the CV Joint backward 

extrusion die, and the Input shaft forward extrusion die show bigger concerns in die life 

and were chosen to be further studied using the novel technique of manipulating die elastic 

strain field. 
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Chapter 4  

Manipulat ion of the elastic strain field of dies during the 

forging process 

4.1 Introduction  

Forging is a manufacturing process used when producing a large quantity of parts due to the high 

initial cost of the tooling. Tool life is said to be short, and it can be as high as 30% of the total 

forging cost. Reducing costs and improving tool life is a recurring topic of study in forging research. 

Approaches that are commonly used to enhance tool life in hot and warm forging include changing 

the properties of die material, heat treatment, surface treatment, lubrication improvement and use 

of die coatings. Some of these technique have shown good results but can be expensive, or harmful 

for the worker and the environment. Moreover, environmental, health and safety regulations are 

becoming more and more strict regarding chemicals to be used in the lubricants, etc. There is a 

need to develop new techniques for improving tool life for warm and hot forging. 

4.2 Manipulation of die elastic strain field during forging 

In chapter three, forging tooling design setups commonly used in the forging industry were 

investigated and a baseline loading characteristics was established as a function of family of 

products. It was seen that some forgings develop significant residual pressure after the forming 

process is over and this pressure is exhibited at the tool-workpiece interface through the entire 

ejection process. The retained contact stress at the tool-workpiece interface after the forging load 

is released is mainly attributed to the spring-back of the die. The retained contact stress has 

detrimental effects on tool life, as it worsens the tribological conditions. 

A new die design that results in substantial reduction in the contact stress at the die-workpiece 

interface during ejection is proposed. The new die design is capable of enhancing the life of forging 

tools by manipulating the elastic strain field induced in the die during forging, such that the contact 

stresses at the tool-workpiece interface are minimized or eliminated during ejection.  
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The new design consists of tapered dies/inserts and sleeves in such way that during the forging 

process they can slide on each other, as seen in Figure 4-1. During the forming operation, the 

friction at the die-workpiece interface will push the die downward, making it slide on the sleeve 

and compress elastically, storing elastic energy. When the punch is removed, the die releases this 

stored energy and slides back to the initial position, minimizing or eliminating residual contact 

pressure with the workpiece.  

 

 

Figure 4-1. Concept design for manipulate die elastic strain energy relying on the friction of the 

process. 

  

In order for this process to be feasible, few points to be taken care of are highlighted. First, the 

process should transfer enough vertical load to the die so it can slide during forging. Second, even 

though the sliding length between insert and sleeve is small, some lubrication should be used to 

assure the return of the die to the initial position. 

4.3 Improvement of tool life by manipulating the die elastic strain field 

In this section, the tools which presented life concerns in section 3.4 are now simulated using the 

proposed technique. This method should be able to forge the part in a similar manner as in 
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conventional dies, i.e. using same press, devices, and developing same strains on the workpiece. 

The new setup would ease the ejection of the workpiece from the die, reducing energy spent, 

reducing wear on the tool, and also reducing overall stresses on the tooling setup. 

4.3.1 CV Joint ï Forward Extrusion  ï Proposed design 

Starting with the forward extrusion of the CV joint. It was seen in Section 3.2.1.1 that a substantial 

residual pressure was built on the die-workpiece interface. This pressure caused the load required 

to eject the part to be high. Moreover, this pressure was present during the entire ejection stroke, 

and therefore force was required throughout the ejection in order to remove the workpiece. 

Moreover, this behavior will also worsen the tribological conditions of both die and workpiece. 

Using the proposed concept, one wants to eliminate these difficulties encountered during the 

ejection of this part. A set of die and sleeve with taper angle of 7° was designed to be very similar 

to the conventional die seen in Section 3.2.1.1. This guarantee that the proposed design is able to 

fit on the tooling already used for this process. The simulations was carried out very similarly to 

the ones in the previous section with the same input variables given in Table 3-1. The geometry of 

the dies and a representative mesh can be seen in Figure 4-2. 

During the forging process the insert slid about 0.7 mm downward, relying only on the friction 

of the process. As explained, this movement causes the insert to elastically compress a little and 

store elastic energy. When the load is removed, this energy is used to pop it back to its initial 

position (Figure 4-3), creating a gap between die and workpiece of tens of microns (Figure 4-4). 

This gap allows the workpiece to be removed with minimum load/wear. 
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Figure 4-2. CV Joint ï New design forward 

extrusion ï forging. 

 
Figure 4-3. CV Joint ï New design 

forward extrusion ï ejection. 

 

 

Figure 4-4. Illustration of gap created at the land of the die by manipulating its elastic strain 

during forging. 

 

 



76 

 

Die Stress: The maximum stress on the die occurs at the maximum stroke. It is seen that the 

proposed design changes the stress distribution in a way to spread them and distribute it better 

throughout the dies (Figure 4-5). However, for this case, the maximum stress remains the same 

and concentrated on the same corner. Then, very little or no improvement regarding stress is 

observed. 

 

Figure 4-5. Equivalent stress distribution for proposed die/sleeve for FW extrusion of CVJ. 

 

Plastic Strain: The plastic strain of the workpiece at maximum stroke can be seen in Figure 4-6. 

It is seen that the workpiece developed the same pattern of strain as the conventional case. This 

implies that some deflection also happens for this die. However, when the strain distribution for 

the ejected part is analyzed it is seen that it didnôt change, i.e. no secondary deformation happened 

(Figure 4-7). Differently from the conventional case, during the ejection the die does not touch the 

workpiece, which will results in less energy spent for the operation (compare Figure 4-7 and Figure 

3-9).  
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Figure 4-6. Strain distribution of workpiece at maximum stroke using proposed die. 

 

Figure 4-7. Final strain distribution of workpiece using proposed die. No changes in strain 

during ejection. 

 

Forging load and Ejection load: The fact the die does not touch the workpiece during ejection 

would mean zero force is required to eject it. Reducing the force to eject means savings in total 

input energy for the machine. In fact, it can be seen that the ejection load dropped to insignificant 
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levels, but not zero (Figure 4-8). Analyzing the residual pressure plot, this non-zero load is due to 

a small residual pressure at the top of the die. 

In fact, one can estimate the saving in energy of the machine by integrating the ejection load curve 

for both conventional and proposed design. Integrating the ejection load of the conventional die 

(Figure 3-10) one can obtain a required energy of 160 kJ/m (energy normalized by stroke) for 

ejecting the part. Meanwhile, integrating the ejection load curve for the proposed design (Figure 

4-8) one obtains a required energy of 18.9 kJ/m. This means a reduction of 90% of energy required 

for ejection, the difference between the two ejection load curves can be easily seen in Figure 4-10. 

To have an estimation of how much it implies in the total energy, integrating the forming load 

curve gives a total energy of 708 kJ/m. Meaning the total energy is reduced from 868 kJ/m to 726.9 

kJ/m. A reduction of about 15% of the total energy! 

An important highlight is that, during the forming operation the load curve and pressure profile 

didnôt change at all. It means that the same characteristics in forging the part are present here, 

proving that the same tooling, equipment, lubricant, and others can be used for this new design. 

 

 

Figure 4-8. Load curves for extruding the first preform of the CV Joint with new die. 
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Figure 4-9. Pressure profile for the proposed forward extrusion die of CV joint. 

Residual pressure: It is seen that a way smaller residual pressure is present at the beginning of the 

ejection when compared to the conventional case (compare Figure 4-10 and Figure 3-12), as 

discussed this results in smaller load to eject. However, notice that previously (for the conventional 

case) a lot of pressure was seen in the edge B-C and it was the problematic region in the ejection 

cycle (recall Figure 3-13). This time, there is no residual pressure present at this region. Recall 

that, wear is also a function of pressure and therefore reduction in pressure at the die-workpiece 

interface implies reduction in wear. The difference between initial residual pressure for the 

conventional die and the proposed die design can be seen in Figure 4-11, it is clear that the overall 

pressure is greatly reduced (at least 4 times in peak pressure) and most important the pressure on 

B-C is completely gone. 

As many authors comment (Choi et al, 2012, Groseclose, 2009), in practice the lubrication at the 

bottom of the die is worse, implying that the lubricant at this location may have thinned out 

substantially before ejection. Therefore, significant improvement should be experienced by 

removing the residual pressure from the land of the die. 

In summary, the proposed die design is able to manipulate the elastic energy of the die in a way 

that the forging operation presents the very same characteristics while the ejection load is 
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eliminated, saving 15% in total energy of the system and improving tribological conditions that 

otherwise would worse during ejection. Also, a better distribution of die stress is seen but no 

remarkable improvement. 

 

Figure 4-10. Comparison in ejection load between conventional die design and new die design 

for the forward extrusion of CV Joint. 

 

Figure 4-11. Comparison in initial residual pressure between conventional die design and new 

die design for forward extrusion of CV Joint. 
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4.3.2 CV Joint ï Backward Extrusion ï Proposed design 

Recalling Section 3.2.1.3, the die for the third operation of the CV joint developed high residual 

pressure and a significant ejection load that decays slowly. However, a big concern was about the 

stress state induced on the die. At maximum stroke the die developed equivalent stresses which 

would yield a few spots and mainly went to a state where most of the die was under high tensile 

stress, inducing cracking (recall Figure 3-23 and Figure 3-24). 

The new design of the die, as seen, is composed of an insert which can slide down on a tapered 

sleeve. This causes the insert to elastically compress, storing elastic strain energy, as explained 

and shown in Figure 4-12. This behavior is expected to again reduce residual pressure but also to 

help in reducing tensile stresses. 

 

Figure 4-12. CV Joint - New die design for backward extrusion of CV joint. 

 

Die Stress: At maximum stroke, the proposed insert slid about 1 mm downward. This is 

significantly larger when compared to the previous case. This behavior causes the stress 

distribution to be completely modified. As seen in Figure 4-13, the equivalent stresses are totally 

spread over the body and there is no stress concentration at the center (point B) of the die or on the 

taper (compare with Figure 3-23). Also, the maximum stress is reduced and shifted to the top 

corner, where die-splitting is easier. 

Another big concern was induced tensile stresses. The new design greatly decreases tensile stresses 

(compare maximum of Figure 4-14 and Figure 3-24). Moreover, almost the entire insert is under 
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compressive load. This is an outstanding improvement, reducing the possibility of fracture and 

enhancing crack resistance. 

 

Figure 4-13. Equivalent Stress - New die 

design BW extrusion for CV Joint. 

 

Figure 4-14. Max Principal Stress - New die 

design BW extrusion for CV Joint. 

 

The tool-life depends upon the maximum principal stresses generated in the die. The maximum 

principal stress distribution determines the crack location, propagation and resistance to failure. 

The critical zone of the die would be the region having extensive maximum principal stresses. 

Kim & Choi (2009) present some experimental data for fatigue of forging dies in different 

temperature, in particular for AISI H-13. It is discussed that in the case of forging dies undergoing 

tensile stress state, the stress ratio (R-value) is zero. 

Kim & Choi (2009) evaluated the fatigue life of forging dies using different criteria. The one which 

presented most conservative results was AMP (Absolute Maximum Principal Stress) and it is the 

one chosen for this brief comparison between conventional die design and new die design. Recall, 
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the maximum principal stress of the conventional die is shown in Figure 3-24 and the one for the 

new die is in Figure 4-14. 

Kim & Choi (2009) used some data from Lee (2002) where it was correlated by alternating stress 

with fatigue life for H-13 for a range of temperatures. It was said that between 1000 and 1000000 

cycles, the data has a good behavior (line in log-log plot), as seen in Figure 4-15. This way it was 

possible to create a regression and establish an equation for forging die life when R = 0 as follows: 

Ὓ ρπὔ  (4) 

Where, Seq is the equivalent alternating stress, N is the number of cycles, and p and q are 

exponents depending on the temperature. For the case of die temperature being 300°C (this case), 

p = 3.41794 and q = -0.18467. 

Following the same steps described by Kim & Choi (2009) for AMP, using the maximum principal 

stress (̀1) for the conventional die design as 1700 MPa and for the new die design as 1000 MPa, 

it leads to an estimated fatigue life of 1270 cycles for the conventional die and 12,000 cycles for 

the new die.  

AMP is a conservative methodology and yet it shows remarkable improvement in fatigue life when 

comparing conventional die design and the proposed design, increasing in at least one order of 

magnitude in the life of the die. 

 

Figure 4-15. Fatigue curve for AISI H-13 using R = 0 (Ref. Kim & Choi, 2009). 
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Plastic Strain: The final strain of the workpiece remains the same (or very close) as the 

conventional case since this is a characteristic of the forging process of this component. 

 

 

Figure 4-16. Workpiece effective strain - New die design BW extrusion for CV Joint. 

 

Forging load and Ejection load: Similarly, the forming load has a similar curve and maximum 

value as the conventional die. However, when analyzing the ejection load it is clear the part 

required negligible force to be removed, eliminating any problems during ejection (Figure 4-17). 

Doing a similar ñenergy analysisò as the previous case, 5% of energy would be saved by removing 

the ejection load of this operation. 

Comparing the pressure curves (Figure 4-18), the maximum pressure required to form the 

component remains almost identical, the only difference is at the bottom of the die. The new die 

is pushed as the part is being formed and this causes that natural gap of extrusion to be closed. 

However, it is clear that the residual pressure was mostly mitigated by this new design, avoiding 

any tribological concern for ejecting the component. 
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Figure 4-17. Load curves for final forging of the CV Joint with new die. 

 

 

Figure 4-18. Pressure profile for the proposed backward extrusion die of CV joint. 
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Residual pressure: The overall pressure after removing the load (initial residual pressure) is 

greatly reduced as seen in Figure 4-19, where the peak pressure is reduced in 25% and most of the 

vertical edge has zero pressure. However, some few spots of pressure can yet be seen prior to the 

ejection. Critically analyzing this profile, one can notice that pressure is present mainly at the taper 

of the die. And it is well known, tapers rapidly lose contact during the ejection. 

In fact, one can see this behavior by analyzing the pressure contours as the ejection progresses. 

Figure 4-20 shows that initially spots of pressure can be seen at the taper, just as mentioned. As 

the ejection progresses 1 mm, most of this pressure is removed and only one spot can be seen at 

corner C. Another 1 mm of stroke progresses and no pressure on the die-workpiece interface can 

be seen. Comparing Figure 4-20 and Figure 3-29 it is clear that the ejection is improved using the 

new die design, and Figure 4-17 shows that the ejection load is completely removed. 

 

 

Figure 4-19. Comparison in initial residual pressure between conventional die design and new 

die design for backward extrusion of CV Joint. 
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Figure 4-20. Pressure as the ejection progresses for the proposed die. (Left) before ejection 

(initial residual pressure), (center) stroke of 1 mm and most of the die-workpiece interface has no 

pressure, and (right) 2 mm stroke and the workpiece is completely free. 

4.3.3 Input shaft ï Forward extrusion 

Finally, the last operation marked to be further analyzed was the forward extrusion of the input 

shaft (section 3.2.3.1). This part has presented significant ejection load (15% of the total load) and 

high strain on some corners of the workpiece. This shows a possibility for reduction in ejection 

load and may bring energy savings and wear reduction for this die, thus improving tool life. 

Similarly to the previous cases, it is possible to design a die where the elastic strain field can be 

manipulated in order to induce compressive stresses during forging and facilitate the ejection of 

the workpiece. Using the same 7° taper, die and sleeve are designed simulation is carried out in 

similar fashion. As seen in Figure 4-21, the meshing and design are similar, and the simulation 

shows a movement of 0.1 mm in the vertical direction. This movement is way smaller than the 

previous cases. 

For such small movement, small performance of the design is expected. This means, the stress 

distribution will be very similar to the conventional case and residual pressure will reveal little 

difference. 
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Figure 4-21. Input shaft - New die design for forward extrusion. 

Die stress: The above preposition can be confirmed comparing Figure 4-22 and Figure 3-51. Most 

of the stress is again concentrated at the top corner of the die and very low stresses are transmitted 

to the sleeve. One can also expect the strain of the workpiece to be exactly the same. 

Forging load and Ejection load: Analyzing the pressure profiles in Figure 4-23 and comparing 

with Figure 3-54, same maximum pressure profile is observed and very small changes in the 

residual pressure is seen. This also impacts the load curves, where one can see a tiny difference 

(although perceptible) between the ejection load of Figure 4-24 and Figure 3-53. 

Residual pressure: The difference in the initial residual pressure between conventional and new 

die can be seen in Figure 4-25. The peak pressure is reduced from 400 MPa to 300 MPa. However, 

the overall pressure remains almost the same. This causes a very small impact on the ejection load. 

As seen in Figure 4-26, the maximum load is reduced from 35 tons to 20 tons but less improvement 

is seen as the ejection progression progresses. It would represent around 19% less energy spent 

during ejection, and a total saving of 2% in total energy. 
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Figure 4-22. Stress distribution of new die design for input shaft. 

 

Figure 4-23. Pressure profile for the proposed FW extrusion die of input shaft. 




























































































