




















 

 

ABSTRACT 

One of the established processes wherein metal is plastically deformed with the help of 

temperature and pressure is hot forging, either with closed or open die. In closed die hot 

forging, the dies are subjected to the high temperature and contact pressure. The die cost 

ranges from 10% to 15% of the cost of the whole forging process, so die cost plays an 

important role in the overall process cost.  To increase the profit by reducing the forging 

cost it is necessary to improve the die life and material utilization in the closed die hot 

forging process. The selection of die material is based on its ability to retain the hardness 

and toughness at elevated temperature. One among them is chromium die steel, which 

can retain its hardness up to 4250 C. The die life is not only depending on the material 

used but also on the process parameters like preform size, number of blows, forging force, 

temperature, coefficient of friction and so on. To enhance the lifecycle of a die the die 

stress and forging force should be minimized during the closed die hot forging process. 

The preform size and shape have a strong influence on the die stress and forging force. 

For the economical forging, it is necessary to optimize the preform volume. For 

estimating the volume of the preform, it is required to consider the volume of the finished 

part, the scale and the volume of flash. Burning loss and machining allowances are also 

to be considered to produce high quality forged parts. It is very difficult to accurately 

calculate the volume requirement for the preform and it is impractical and uneconomical 

to do the sample try-outs on the shop floor. Now a day’s finite element analysis (FEA) is 

used very effectively for the simulation of the closed die hot forging process to optimize 

the preform volume and to reduce the forging force and effective stress of preform leading 

to economical forging. Most forging operations are of a non-steady-state type in terms of 

metal flow, stresses and temperatures. These variables vary continuously during the 

process. The finite element analysis is useful to optimize the forging load and effective 

die stress. In the hot forging process, 70% of die failures are due to abrasive wear. The 

chromium based die material DIN 1.2714 is available in hardened and tempered 

metallurgical conditions. The hardness of DIN 1.2714 is in the range of 39 HRC to 42 

HRC. 
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The failure mechanism of the hot forging die is mainly abrasive wear assisted by the 

thermal cyclic load. By increasing the surface hardness and hence the wear resistance one 

can improve the die life. The main objective of this research is to optimize the preform 

volume and improve the die life by increasing its surface hardness. The product being 

investigated is the anchor shackle used in electrical transmission lines. Though the 

investigation is in the context of the anchor shackle, the same logic can be extended to 

any drop forged component. As per the volume constancy rule, four preforms of anchor 

shackle have been designed in CreO 4.0 and analysed for the completely filled cavity of 

the die at the end of the FEA simulation. In this investigation, using FEA software for 

forging (DEFORM 3D) the stress distribution during the forging of anchor shackle is 

simulated for different preform sizes. Comparing the stress distribution, forging force and 

yield, preform 1 is selected instead of the currently used preform 3. The change from 

preform 3 to preform 1 resulted in 9.09 % increase in material yield resulting in 8.9% 

saving of material cost. The plasma nitriding process has been selected for improving the 

surface hardness of DIN 1.2714 die steel from 42 HRC to 65 HRC. The life of plasma 

nitrided DIN 1.2714 die steel material is increased by two fold than that without plasma 

nitriding, which resulted in an overall profit increase of 15%. The total profit of the anchor 

shackle's manufacturer is increased by 24% (8.9% + 15%). 
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1. Introduction to Bulk Forming Processes 

 
1 

1.1 Introduction  

Forging business has a very good future in India and is attributed to the special 

characteristics of the forged parts. Forging process is classified into two categories that 

are i) cold forging & ii) hot forging. Tables 1.1 and 1.2 show the statistical data of the 

forging process in Asia and as per the Association of Indian Forging Industry (AIFI) 

[1], Out of these two processes about 93% of the parts are manufactured by hot forging 

process, as shown in figure 1.1. The Indian forging industry is an integral part and a 

major contributor to the manufacturing sector. Forgings are required by almost the entire 

manufacturing sector, from general engineering, capital goods, to power generation and 

distribution (transmission line), to name a few, which are the backbone of the 

manufacturing sector. The Indian forging industry is recognized globally for its 

technical capabilities. Figure 1.2 shows the overall contribution of hot forging process 

out of which about 69% of the parts are manufactured through the closed die hot forging 

process.   

 

Table 1.1 Forging process statistics in Asia (unit: million tons) [1] 

Forging Process Taiwan China India Japan Korea Total 

Hot Forging 0.995 9.319 2.008 2.089 1144 15555 

Cold Forging 0.122 0.696 0.096 118 101 1133 

 

    

Figure 1.1 Forging process statistics in Asia [1] 
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Table 1.2 Hot forging statistics in Asia (unit: million tons) [1] 

Hot Forging 

Process 
China India Japan Korea Taiwan Total 

Closed Die 5.073 1.462 1.721 0.998 0.954 10.208 

Open Die 2.864 0.304 0.111 0.045 0.012 3.336 

Ring rolling 0.901 0.077 0.234 0.079 0.010 1.301 

 

 

Figure 1.2 Hot forging statistics in Asia [1] 

 

1.2 Historical Perspective [2] 

 

The earliest records of metalworking describe the simple hammering of gold and copper 

in various regions of the Middle East around 8000 B.C. The forming of these metals 

was crude because the art of refining by smelting was unknown and because the ability 

to work the material was limited by impurities that remained after the metal had been 

separated from the ore. With the advent of copper smelting around 4000 B.C., a useful 

method became available for purifying metals through chemical reactions in the liquid 

state. Later, in the Copper Age, it was found that the hammering of metal brought about 

desirable increases in strength (a phenomenon now known as strain hardening). The 

quest for strength spurred a search for alloys that were inherently strong and led to the 

utilization of alloys of copper and tin and iron and carbon. The iron age, which can be 

dated as beginning around 1200 B.C., followed the beginning of the Bronze Age by 

some 1300 year. The reason for the delay was the absence of methods for achieving the 

high temperatures needed to melt and to refine iron ore. 
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Most metal working was done by hand until the 13th century. At this time the tilt 

hammer was developed and used primarily for forging of bars and plates. The machine 

used water power to raise a lever arm that had a hammering tool at one end; it was called 

a tilt hammer because the arm tilted as the hammering tool was raised. After raising the 

hammer, the blacksmith let it fall under the force of gravity, thus generating the forging 

blow. This relatively simple device remained in service for a number of centuries.  

 

During the Industrial Revolution at the end of the 18th century, processes were devised 

for making iron and steel in large quantities to satisfy the demand for metal products. 

Naturally the need for forging equipment with larger capacity also arose and   

consequently high speed steam hammers, the hydraulic presses etc. came into existence. 

From such equipment came products ranging from firearms to locomotive parts. 

Similarly, the steam engine spurred developments in rolling and in the 9th century, 

varieties of steel products were rolled in significant quantities.     

 

The past 100 years have seen the development of new types of metalworking equipment 

and new materials with special properties and applications. The new types of equipment 

have included mechanical and screw presses and high-speed tandem rolling mills. The 

materials that have benefited from such developments in equipment range from the low 

carbon steel and advanced high strength steels used in automobiles and appliances to 

specialty aluminum titanium and nickel based alloys used in the aerospace and other 

industries. Furthermore, the advent of user-friendly computer codes and inexpensive 

computers has led to a revolution for the design and control of a plethora of bulk forming 

processes, thus leading to higher and higher quality and increased efficiency in the metal 

working industry.  

 

1.3 Classification of Metalworking Processes [3][4] 

 

WROUGHT FORMS are produced by a wide variety of metalworking operations that 

can be classified either as bulk working or sheet forming. Figure 1.3 shows the general 

classification of bulk forming processes. Processes that fall under the category of bulk 

forming have the following distinguishing features: 
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 The deforming material, or work piece undergoes large plastic deformation 

resulting in an appreciable change in shape or cross section.  

 The portion of the workpiece undergoing plastic deformation is generally much 

larger than the portion undergoing elastic deformation; therefore, elastic recovery 

after deformation is negligible.  

 
Figure 1.3 Classification of bulk forming processes 

Bulk working operations include (a) primary operations where cast ingots, continuously 

cast bars, or consolidated powder billets are worked into mill shapes (such as bar, plate, 

tube, sheet, wire) and (b) secondary operations where mill products are further formed 

into finished products by hot forging, cold forging, drawing, extrusion, straightening, 

sizing, and so forth. From a geometric viewpoint, bulk forming operations are 

distinguished by large changes in cross-sectional area (e.g., round bar extrusion or flat 

rolling) and may be accompanied by large changes in shape (e.g., impression die forging 

or shape rolling).  
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In contrast, sheet forming operations typically involve large changes in shape (e.g., cup 

forming from a flat blank) without a significant change in the sheet thickness. Sheet 

forming has several characteristics that distinguish it from bulk working; for example, 

sheet formability includes different criteria such as springback and the resistance of a 

sheet material to thinning. Figure 1.4 shows the classification of sheet forming 

processes.             

 

Figure 1.4 Classification of sheet forming processes 

In both types of processes, the surfaces of the deforming metal and the tool are in contact 

and friction between them may have a major influence on material flow. In bulk forming 

the input material is either a billet, rod, or slab and the surface to volume ratio in the 

formed part increases considerably under the action of largely compressive loading. In 

sheet forming on the other hand, a piece of sheet metal is plastically deformed by tensile 

loads into a three dimensional shape, often without significant changes in sheet 

thickness or surface characteristics. 

The major role of bulk forming operations is to produce the desired shape, in doing so 

they also modify the material structure and surface. Generally, the effects of bulk 
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working processes are beneficial, leading to improved internal quality (closure of 

casting porosity, refinement of grain structure, and grain alignment) as well as improved 

surface quality (burnished surfaces and worked surface material). However, in 

metalworking, a work piece be a billet or a blank for example, is plastically deformed 

in shaped tools / dies to obtain the desired final geometrical configuration.  

Forging process is one of the bulk forming process and it is capable of producing 

components of high quality at moderate cost. It offers a high strength – to – weight ratio, 

toughness, and resistance to impact and fatigue. Forged components find application in 

the automobile/automotive industry and in aircraft, railroad, transmission line and 

mining equipments. In today’s competitive forging markets, achieving good tool life is 

essential for maximizing the profit of any forge shop and a very few researchers had 

studied in the area of improvement of the die life for the closed die hot forging process 

performed on belt type one ton drop hammer. Anchor shackle is used in the transmission 

line and manufactured through the closed die hot forging process on one ton hammer.  

Improving the die life is the big concern for the anchor shackle manufacturers, and the 

same has been reported by local forging industries, hence it is selected for the research 

work. 

 

1.4 Overview of Forging Process [5][6][7][8] 

In forging, an initially simple part - a billet, for example - is plastically deformed 

between two tools (or dies) to obtain the desired final configuration. Thus, simple part 

geometry is transformed into a complex one, whereby the tools “store” the desired 

geometry and impart pressure on the deforming material through the tool/material 

interface. Forging processes usually produce little or no scrap and generate the final part 

geometry in a very short time, usually in one or a few strokes of a press or hammer. As 

a result, forging offers potential savings in energy and material, especially in medium 

and large production quantities, where tool costs can be easily amortized. In addition, 

for a given weight, parts produced by forging exhibit better mechanical and 

metallurgical properties and reliability than do those manufactured by casting or 

machining. 
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Forging is an experience-oriented technology. Throughout the years, a great deal of 

know - how and experience has been accumulated in this field, largely by trial – and -

error methods. Nevertheless, the forging industry has been capable of supplying 

products that are sophisticated and manufactured to very rigid standards from newly 

developed, difficult-to-form alloys. 

 

The physical phenomena describing a forging operation are difficult to express with 

quantitative relationships. The metal flow, the friction at the tool/material interface, the 

heat generation and transfer during plastic flow, and the relationships between 

microstructure/properties and process conditions are difficult to predict and analyze. 

Often in producing discrete parts, several forging operations (preforming) are required 

to transform the initial “simple” geometry into a “complex” geometry, without causing 

material failure or degrading material properties. Consequently, the most significant 

objective of any method of analysis is to assist the forging engineer in the design of 

forging and/or preforming sequences. For a given operation (preforming or finish 

forging), such design essentially consists of (a) establishing the kinematic relationships 

(shape, velocities, strain rates, strains) between the deformed and undeformed part, i.e., 

predicting metal flow, (b) establishing the limits of formability or producibility, i.e., 

determining whether it is possible to form the part without surface or internal failure, 

and  (c)  predicting the forces and stresses necessary to execute the forging operation so 

that tooling and equipment can be designed or selected. 

For the understanding and quantitative design and optimization of forging operations, it 

is useful to (a) consider forging processes as a system and (b) classify these processes 

in a systematic way. 

1.5 Types of Forging Processes  

 

Mainly the forging process can be classified as per the following:  

 According to the billet temperature: Hot Forging, Cold Forging, Warm Forging 

 According to the type of machine used: Hammer, Press, Horizontal Upsetting 

Machine, Roll Forging, etc. 

 According to the forging process: Closed die forging, Open die forging 
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1.5.1 Classification of Forging Process According to Billet Temperature 

When the plastic deformation of the billet is carried out below the recrystallization 

temperature, it is called cold forging process [9]. The better surface finish and good 

geometrical and dimensional control have been achieved with cold forging process but 

tool design and manufacturing of part is critical. 

The billet is heated above its recrystallization temperature and plastic deformation is 

achieved through the application of pressure is known as hot forging process. A greater 

degree of deformation can be achieved in a single operation than in cold or warm forging 

processes. Die wear is also reduced in hot forging. However, the requirements for 

uniform and controllable die heating systems, formation of the scale and low dimensional 

accuracy are the main disadvantages. 

The billet is heated to a range that is generally above the work hardening temperature and 

below the recrystallization temperature is known as warm forging process. The tooling 

and press loads are reduced in warm forging than the cold forging process.   Such forgings 

can be manufactured with excellent definition and can incorporate features that are not 

possible with conventional forgings. 

1.5.2 Classification of Forging Machines 

 

According to the type of machine used, forging process can be classified into four main 

categories [10]. These are: 

 Hammer Forging (Board Drop Hammers, Power Drop Hammers, Air-Lift Gravity 

Drop Hammers, Counterblow Hammers) 

 Press Forging (Mechanical Presses, Hydraulic Presses, Multiple Ram Presses, 

Friction Screw Presses) 

 Horizontal Forging Machine 

 Roll Forging 

Forgings made by using belt type drop hammer is discussed in this section, since these 

type of forging hammer are the most commonly used for the manufacturing of automobile 
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parts, transmission line parts and gears. Belt type one ton drop hammer is shown in figure 

1.5.  

 

                                              Figure 1.5 Belt type one ton drop hammer 

Forging hammers have a weighted ram, which moves vertically in a downward stroke; 

thus, exerts a striking force against a stationary component on the anvil near the base of 

the hammer. The upper half of a pair of die is fastened to the weighted ram, and lower 

half to the anvil cap. Initially heated billet is placed on the lower die, and the striking - 

force is imposed on the work metal by the upper die and ram, causing it to deform 

plastically with each successive blow. The energy available for work is the product of the 

weight of the ram and the length of fall [4]. The hammer is an energy-restricted machine. 

During a working stroke, the kinetic energy is converted into the gravitational energy 

resulting in the plastic deformation of the billet. Some of the energy is dissipated as heat 

loss. 
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1.5.3 Classification of Forging Process 

Open die forging is a forming process that uses standard flat, V - shaped, concave or 

convex dies in presses. Open die forging processes shown in figure 1.6, allows the grain 

flow in one or two directions. The workpiece is generally compressed in the axial 

direction (direction of the movement of the upper die) with no lateral constraint. Lateral 

dimensions are developed by controlling the amount of axial deflection, or by rotating 

the workpiece. In addition to round, square, rectangular, hexagonal bars and other basic 

shapes, open-die processes can produce step shafts, solid shafts (spindles or rotors) whose 

diameter increase or decrease (steps down) at multiple locations along the longitudinal 

axis; hollow cylindrical shapes, usually with length much greater than the diameter of the 

part (Length, wall thickness, inner and outer diameter can be varied as needed); ring-like 

parts; contour-formed metal shells like pressure vessels, which may incorporate extruded 

nozzles and other design features. 

 
Figure 1.6 Open die forging 

Closed die forging (also called as impression die forging) is basically the shaping of 

metals in between closed die cavities. As the two dies approach, the workpiece undergoes 

plastic deformation, flowing laterally until it touches the side walls of the impression. 

Therefore, the dimensional control of the forging in lateral directions is controlled by the 

walls of the die, and is ensured by complete fill. Dimensional control in the axial direction 

is achieved by bringing the die faces to a predetermined position [3]. Figure 1.7 shows 

the closed die hot forging process. 
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Flash is the excess metal, which is forced outward from the workpiece while it is being 

forged to the configuration of the closed-die impression. In other words, the excess metal 

which is required to assure filling of the impression. The flash that extends beyond the 

flash land is contained in a holder referred to as the flash gutter. The gutter, an integral 

part of the dies, is intentionally designed to some extent oversize to accommodate all 

excess metal, allowing the mating surfaces of dies to close. 

In terms of its contribution to the closed-die forging processes, flash serves two basic 

functions [2]. First, by providing a convenient means for disposing of excess metal, it 

makes possible the use of slightly oversized billets and renders other billet dimensional 

variations, such as deviations in cutting length or metal losses caused by oxidation during 

forging or heating of billet. Second, flash provides useful constraint of metal flow during 

forging, which helps in filling the die impressions. Before complete closure of dies, the 

presence of some flash metal at the periphery of the workpiece promotes containment of 

the workpiece metal within the impressions. 

 
Fig. 1.7 Closed die hot forging with flash 
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1.6 Advantage and Disadvantage of common forging process [2] 

   Table  1.3 Advantage and Disadvantage of common forging process 

Form Advantages Limitations 

Open–die 

forgings 

Simple, inexpensive tools; 

useful for small  quantities; 

wide range of size variable; 

good strength characteristics 

Limited to simple shapes; difficult to 

hold close tolerances; machining to 

final shape necessary; slow production 

rate; relatively poor utilization of 

material; high degree of skill required 

Closed-die 

forgings 

Relatively good utilization of 

material; generally better 

properties than open die 

forgings; good dimensional 

accuracy; rapid production rate; 

good producibility 

Low tool costs; high production 

rates  

                                                                                                                             

Requires much less machining 

than blocker type; rapid 

production rate; good 

utilization of material  

Close tolerances; machining 

often unnecessary; excellent 

material  utilization; very thin 

webs and flanges possible 

High tool cost for small quantities; 

machining often necessary 

 

 

 

 

Somewhat higher tool cost than 

blocker type 

 

Machining to final shape necessary; 

thick webs and large fillets  necessary     

 

 

Requires intricate tooling and elaborate 

provision for removing forging from 

tools 

Upset 

forgings 

Fair amount of intricacy 

possible; good dimensional 

accuracy, rapid production rate 

Limited to cylindrical shapes; finish 

not as good as with other forgings; size 

of part limited; high die costs 
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1.7 Introduction to FEA Software [11][12] 

The terms ‘modeling’ and ‘simulation’ are currently being used seemingly 

interchangeably suggesting that some standardization is necessary. A ‘model’ can be a 

scaled down version of the real thing or something so it is worthy of copying, whereas 

‘simulation’ is making representation of machines for demonstration or analysis of 

problems. Computer simulation of forging is a technique that enables the behavior of the 

workpiece material in a forging operation to be predicted. This primarily concerns the 

plasticity of the workpiece material and associated tools and can be described in terms 

of stresses, strains and microstructural changes that are brought about as a result of the 

process. Accommodated in the technique, can also be the effects of thermal flow within 

the workpiece and between the workpiece and the tools, the frictional heat transfer 

conditions on the tool / workpiece interface, the elastic and thermal expansions and 

contractions of the workpiece and the tools and the coupling of the changing constitutive 

characteristics of the workpiece. It relates material composition, structure and process 

parameters to end product performance and design. In practical terms this means that 

simulation can predict the loads and energies required to perform the operation, the 

filling (or lack of) of the dies, the occurrence of flow defects and the resultant properties 

of the workpiece. In effect, it enables the process to be visualized. 

 

During the 1990s most efforts were focused on the development of the FEM for 

computer aided engineering applications. However, the engineer’s experience still plays 

a major role in achieving a solution to either solving a production problem or reaching a 

better process design. The FEM solution convergence speed depends highly on the 

engineer’s experience, and the interpretation of the results requires complete 

understanding of the process. As the computing power continues to improve, 

optimization using systematic search becomes more and more attractive.  

 

1.8 Available FEA Software [11] 

Details of a selection of currently available commercial forging simulation packages are 

provided in Table 1.4. They variously enable the simulation of cogging, rolling, forging, 

ring rolling, extrusion, piercing and associated heating and cooling processes. The 

forging equipment definitions incorporated within the packages include hydraulic 
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presses, mechanical presses, screw presses, drop hammers or any other machine 

characteristics that can be defined by the user. 

Table 1.4 forging simulation packages and suppliers 
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1.9 Overview of DEFORM – 3D [13][14] 

The significant efforts were carried out with great success by many universities and 

research institutes with a similar objective and application, this project is focused on the 

overall philosophy and evolution of the FEM for solving bulk forming issues [13]. The 

program used to demonstrate this success is the commercial code named DEFORM – 

3D (scientific Forming Technologies Corp.) 

 

The application of computer aided engineering (CAE) techniques continues to increase 

in metal forming research and development. The two dimensional computer code 

DEFORM is now extensively used in forging applications for the investigation of die 

fill, defect analysis and prevention, as well as prediction of part properties [14].  

 

DEFORM-3D is a powerful process simulation system designed to analyze the three-

dimensional (3D) flow of complex metal forming processes [14]. DEFORM-3D is a 

practical and efficient tool to predict the material flow in industrial forming operations 

without the cost and delay of shop trials. Typical applications include: forging, 

machining, rolling, extrusion, heading, drawing, cogging, compaction and upsetting 

[13]. 
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Based on the finite element method, DEFORM has proven to be accurate and robust in 

industrial application for more than two decades [14]. The simulation engine is capable 

of predicting large deformation material flow and thermal behavior with astonishing 

precision [13]. 

The Automatic Mesh Generator (AMG) produces an optimized mesh system with local 

element size, based on the specific process being analyzed. This facilitates the enhanced 

resolution of part features while maintaining good control of the overall problem size 

and computing requirements. A user-defined local mesh density provides advanced users 

a flexible control to meet their requirements [3]. 

 

While DEFORM-3D provides sophisticated analysis capabilities, the graphical user 

interface is intuitive and easy to learn. Moreover, it provides utilities to manipulate 3D 

geometry, including boolean capabilities to trim flash. Shearing and trimming operations 

can also be analyzed using the FEM engine. Even complex machining operations can be 

modeled. DEFORM-3D is the foundation for a comprehensive modeling system that 

integrates raw material production, forming, heat treatment and machining [15]. 

 

1.9.1 Capabilities of DEFORM – 3D  

 Coupled modeling of deformation and heat transfer for simulation of cold, warm, or 

hot forging processes [15]. 

 Information on material flow, die fill, forging load, die stress, grain flow, defect 

formation and ductile fracture [15]. 

 Rigid, elastic, and thermo-viscoplastic material models, which are ideally suited for 

large deformation modeling [16]. 

 Elastic-plastic material model for residual stress and spring back problems [16].             

 User defined subroutines for material modeling, press modeling, fracture criteria and 

other functions [16]. 

 Contour plots of temperature, strain, stress, damage, and other key variables simplify 

post processing [17]. 
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 Self contact boundary condition with robust remeshing allows a simulation to 

continue to completion even after a lap or fold has formed [17]. 

 Multiple deforming body capability allows for analysis of multiple deforming 

workpieces or coupled die stress analysis [17]. 

 

1.9.2 Analyzing manufacturing processes with DEFORM – 3D 

DEFORM can be used to analyze most thermo-mechanical forming processes, and many 

heat treatment processes. The general approach is to define the geometry and material of 

the initial workpiece in DEFORM, and then sequentially simulate each process that is to 

be applied to the workpiece. Figure 1.8 shows the recommended sequence for designing 

a manufacturing process using DEFORM. 

                             
                        Figure 1.8 Sequence of manufacturing process using DEFORM – 3D  
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1.10 The DEFORM – 3D system 

 

The DEFORM system consists of three major components [17]: 

1. A pre-processor for creating, assembling, or modifying the data required to 

analyze the simulation, and for generating the required database file. 

 

2. A simulation engine for performing the numerical calculations required to 

analyze the process, and writing the results to the database file. The simulation 

engine reads the database file, performs the actual solution calculation, and 

appends the appropriate solution data to the database file. The simulation engine 

also works seamlessly with the Automatic Mesh Generation (AMG) system to 

generate a new FEM mesh on the workpiece whenever necessary. While the 

simulation engine is running, it writes status information, including any error 

messages, to the message (.MSG) and log (.LOG) files. 

 

3. A post-processor for reading the database file from the simulation engine and 

displaying the results graphically and for extracting numerical data. 

 

1.11 Why DEFORM – 3D? 

Several commercial codes are available for numerical simulation of forging processes; 

such as DEFORM, and DEFORM 3D. The accurate and efficient use of metal flow 

simulations requires not only a reliable FE solver [18], but also the following: 

 

1. software packages for (a) interactive pre-processing to provide the user with control 

over the initial geometry, mesh generation and the input data, (b) automated remeshing 

to allow the simulation to continue when the distortion of the old mesh is excessive, and 

(c) interactive post-processing that provide more advanced data analysis, such as point 

tracking and flow line calculation. 

 

2. Appropriate input data describing (a) thermal and physical properties of die and billet 

material, (b) heat transfer and friction at the die-workpiece interface under the processing  

conditions being investigated, and (c) flow behavior of the deforming material at the 

relatively large strains that occur in practical metal forming operations. 
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3. Analysis capabilities that are able to (a) perform the process simulation with rigid dies 

to reduce calculation time, and (b) use contact stresses and temperature distribution from 

the process simulation with rigid dies to perform elastic plastic die stress analysis. The 

time required to run a simulation varies depending on the computer used, its memory, 

and its workload. However, with today computers it is possible to run a complex 2D 

forging simulation in a few hours, while a 3D simulation would take from several hours 

to several days to be completed. 

 

1.12 Organization of Thesis  

In closed die hot forging process, the die life is very important to reduce the tooling cost. 

In this research work the effect of preform on die stress, forging force and control of the 

material wastage has been studied. The effect of plasma nitriding on the performance of 

the die is also investigated in this dissertation work. Six chapters covers the entire 

research work and is given below: 

 

Chapter 1 – Deal with the prospective of forging process in India, basic terminologies. 

of forging process, types of forging processes, advantages and disadvantages. The 

advancement and the usefulness of the simulation software is also extensively explained. 

 

Chapter 2 – Gives the literature survey of the closed die hot forging process. Based on 

the literature review the problem definition, scope and the objectives of the research 

work are established.  

 

Chapter 3 – Deals with the finite element analysis for the closed die hot forging process. 

In this chapter, the effect of preform volume on the die stress is also analyzed. 

 

Chapter 4 – Discuss the die failure mechanism and effect of wear on die life. Forging 

trial outs are discussed in this chapter. The CMM measurements for with & without 

plasma nitriding die cavity have been explained. 

 

Chapter 5 – Discuss the results of FEA analysis and the effect of plasma nitriding on the 

die life during closed die hot forging process. 

Chapter 6 – The conclusion and the scope of the future work is discussed in this chapter. 
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2.1 Introduction 

Anchor shackle, shown in figure 2.1, is used in the transmission line. Excellent 

mechanical property is required for anchor shackle to handle the tensile and compressive 

loads so it is generally manufactured by closed die hot forging process.  Forged 

components exhibit good strength because closed die forging refines the grain size & 

grain structure and orient the flow lines in the direction of the force [5][6][7][19]. To 

reduce the manufacturing cost and to improve the material utilization the selection of die 

material, die design and preform design are utmost important in closed die hot forging 

process.  

 

 

Figure 2.1 Anchor Shackle 

 

Forging die cost is an important factor and it ranges from 10% to 15% of the total forging      

cost. Because of the high costs of these metal-forming tools an important goal is to either, 

(a) decrease the cost or (b) increase the die life [8]. It is necessary to select the proper die 

material, to study the die design, preform design, and also explore the effect of coating 

on the performance of die. So, the literature survey of the dissertation work is divided 

into three stages as per the following: 

 

1) Selection of die material and die design 

2) Preform design and FEA analysis of forging process 

3) Improve the die life with the help of coating 
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2.2 Literature Review for Selection of Die Material and Die Design     

A thorough literature review has been carried out for the selection of die material and die 

design for closed die hot forging process and it is summarized in table 2.1. To provide 

the resistance to wear and plastic deformation, the hardness of the dies should be as high 

as possible but dies should also have adequate toughness as the dies are subjected to 

changes in pressure and temperature. The following properties are required for hot 

forging dies [8][20][21][22][23]: 

1) Thermal shock resistance 

2) Thermal fatigue resistance 

3) High temperature strength 

4) High wear resistance 

5) High toughness and ductility 

6) High hardenability 

7) High dimensional stability during hardening 

8) High machinability 

Table 2.1 Literature review on die material and die design 

Sr. 

No 

Author Name Title Journal / Book  and Year Reference 

No. 

1 S.L. Semiatin  ASM Handbook Vol. 14A: 

Metalworking: Bulk Forming 

ASM International (2005) 

ISBN: 978-0-87170-708-6 

2 

2 Taylan Altan et al. Cold and hot forging : fundamentals and 

applications 

ASM International (2005) first 

edition, ISBN: 0-87170-805-1 

3 

3 Serope kalpakjain Manufacturing Engineering and 

technology 

Pearson third edition  4 

4 D J Mynors, A N 

Bramley and M 

Allen 

An examination of manual die design 

procedures as a precursor to the 

application of simulation 

International Conference and 

Exhibition on Design and 

Production of Dies and Molds, 

Istambul – Turkey, June - 1997 

5 

5 Richard Douglasa 

and  David 

Kuhlmann 

Guidelines for precision hot forging with 

applications 

Journal of Materials Processing 

Technology, volume 98 (2000) 

182 – 188   

6 

6 Xinhai Zhao et al.  Preform die shape design for uniformity 

of deformation in forging based on 

preform sensitivity analysis 

Journal of Materials Processing 

Technology, volume 128 (2002) 

25–32 

7 
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7 Muhammad Younas 

and Anwar K. 

Sheikh 

Performance evaluation of forging dies The 6th Saudi Engineering 

Conference, KFUPM, Dhahran, 

Volume 5 (2002) 155-168 

8 

8  Mahendra G. Rathi 

and  Nilesh A. 

Jakhade 

An overview of forging processes with 

their defects 

International Journal of 

Scientific and Research 

Publications, Volume 4(2014) 1 

– 5  

9 

9 Siamak Abachi, A Material Based Approach to Creating 

Wear Resistant Surfaces for Hot Forging 

M. S. Thesis 2004, School of the 

Ohio State University 

10 

10 A.N. Bramley and 

D.J. Mynors. 

The use of forging simulation tools Materials and Design 21 (2000), 

279 – 286 

11 

11 Qingbin Liu et al. Preform design in axisymmetric forging 

by a new FEM–UBET method 

Journal of Materials Processing 

Technology, volume 74 (1998), 

218 – 222 

12 

12 DFORM – 3D Mannuals 

  

13 

13 Hyunkee Kim Application of computer aided 

simulation to investigate metal flow in 

selected forging operations 

Journal of Materials Processing 

Technology, volume 46 (1994) 

127-154 

14 

14 S. Shamasundar Process simulation based optimisation of 

Precision forging process 

International Seminar on 

Precision Forging, Nagoya, 

Japan (2003) 

15 

15 J.J. Park and H.S. 

Hwang 

Preform design for precision forging of 

an asymmetric rib-web type component 

Journal of Materials Processing 

Technology 187–188 (2007) 

595–599 

16 

16 G.D. Satish et al. Preform optimization of pad section of 

front axle beam using DEFORM 

Journal of materials processing 

technology, volume 203 (2008) 

102–106 

17 

17 Victor Vazquez and 

Taylan Altan, 

New concepts in die design – physical 

and computer modeling applications 

Journal of Materials Processing 

Technology 98 (2000) 212 – 223 

18 

18 Victor Vazquez, 

Taylan Altan 

Die design for flashless forging of 

complex parts 

Journal of Materials Processing 

Technology, volume 98 (2000), 

81-89 

19 

19 H C Lee et al.  Estimation of die service life in hot 

forging, considering lubricants and 

surface treatments 

Proc. Instn Mech. Engrs Vol. 

217 Part B: J. Engineering 

Manufacture, IMechE (2003) 

1011-1022 

20 

20 S. Li, T. Mori Determination of design parameters in 

metal forging Process by using fem and 

neural network 

Materials forum, volume 29 

(2005) 166-171 

21 

21 G. A. Berti and M. 

Monti 

Thermo-mechanical fatigue life 

assessment of hot forging die steel 

Fatigue Fract Engng Mater 

Struct, volume 28 (2005) 1025–

1034 

22 

22 X . J . Liu et al.  Study on design techniques of a long life 

hot forging die with multi-materials 

Acta Metall. Sin. (Engl. Lett.), 

volume 20 No.6 (2007) 448-456 

23 
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23 Andrey Vlasov et al. Elastic-Plastic Thermomechanical 

Fatigue Analysis of Forging Dies 

Key Engineering Materials, 

Volume 716 (2016) 667-676 

24 

24 L. Shena et al. Microstructure and mechanical 

properties of hot forging die 

manufactured by bimetal-layer surfacing 

technology 

Journal of Materials Processing 

Technology, volume  239 

(2017) 147–159 

25 

25 J. Marashia et al. An evaluation of H13 tool steel 

deformation in hot forging conditions 

Journal of Materials Processing 

Technology, volume 246 (2017) 

276–284 

26 

26 P. Wolfram et al. Mechanical Properties of Hot Forging 

Die Steels at Working Temperatures 

Grant Report, 1-16 27 

27 H J Wang et al. Design method and verification for long 

life hot forging die 

Materials Research Innovations, 

volume 15:sup1 (2011) 377-380  

28 

28 D. Salcedo et al. Design and optimization of the dies for 

the isothermal forging of a cam 

Procedia Engineering, volume 

132 (2015 ) 1069 – 1076 

29 

29 S E Rogers Die Design Hand Book Drop Forging Research 
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30 
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2.2.1 Selection of  Die Material  

In hot forging, the dies are subjected to high temperature and contact pressure. The 

selection of die material is based on its ability to retain the hardness and toughness at 

elevated temperature [24][25][26]. P. Wolfram et al. has compared the mechanical 

properties of FX die steel, a DIN 1.2714 die steel and a WF die steel at working 

temperature [27]. Table 2.2 shows the chemical compositions of die steel materials. 

Table 2.2 Chemical compositions of die steel [27] 

Sr. 

No. 

Die Steel Alloying elements are in percentage 

C Mn Si Ni Cr Mo V 

1 FX 0.50 0.85 0.25 0.90 1.15 0.50 - 

2 DIN 1.2714 0.55 0.85 0.25 1.65 1.15 0.50 0.10 

3 WF 0.42 0.75 0.50 0.80 2.50 1.00 0.08 

 

Table 2.3 shows the comparison of the hardness amongst the die steel materials. The 

hardness of WF die steel material is maximum than the FX and DIN 1.2714 die steel 

material. 

Table 2.3 Hardness of Die Steels [27] 

Sr. No. Steel Hardness (HRC) Uncertainty (HRC) 

1 FX 61.8 ±0.5 

2 DIN 1.2714 60.0 ±1.4 

3 WF 62.9 ±1.0 

 

Figure 2.2 shows a comparison of the yield strengths for the three die steels. A regression 

analysis was used to determine best-fit lines for the entire data set. It was found that the 

WF steel, which had the highest alloy content, was the strongest of the three steels under 

all test conditions.  The FX and DIN 1.2714, which had similar alloy contents (with FX 

having slightly less carbon, nickel and vanadium), had yield strengths that were close to 

each other at the intermediate temperatures, but at the high and low end of the testing 

range for temperature the FX was stronger than the DIN 1.2714.  Hence, to obtain the 

greatest resistance to localized plastic deformation during operations the choice of die 

steel should be WF, followed by FX and then DIN 1.2714 [27].                                                      
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Figure 2.2 (a) 

 
Figure 2.2 (b) 

Figure 2.2 Comparison of yield strengths for the three die steel material at (a) 593 0C (b) 621 0C 

It can be concluded from the literature review of hot forging die material that the high 

thermal conductivity and hot yield strength are required along with low coefficient of 

thermal expansion and young’s modulus against the impact load at elevated temperature. 

The WF die material cost is in the range of ₹190/kg to ₹220/kg and it is not easily 

available in the Indian market. Hence based on the availability as well as looking into the 

relative economical advantage, at a rate of ₹170/kg, DIN 1.2714 is selected as the die 

material for anchor shackle in this investigation.  
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2.2.2 Die Design 

Some parts can be forged in a single set of dies, while others, due to shape complexity 

and material flow limitations, must be shaped in multiple sets of dies. In a common 

multistage forging process, the part is first forged in a set of busting dies, then moved to 

one or more sets of blocking dies, and finally, forged in finisher dies. Figure 2.3 shows 

the stages for the forging of two connecting rods [19][28][29].  

 

 Figure 2.3 Forging sequences of two connecting rods: (a) bar stock; (b) fullering;             

(c) rolling; (d) blocking; (e) finishing; (f) trimming; (g) the flash; (h) the forging dies  

The design of any forging process begins with the geometry of the finished part. 

Consideration is given to the shape of the part, the material to be forged, the type of 

forging equipment to be used, the number of parts to be forged, the application of the 

part, and the overall economy of the process being designed. The finisher die is then 

designed with allowances added for flash, draft, shrinkage, fillet and corner radii, and 

positioning of the parting line. When using multistage forging, the shapes of the preforms 

are selected, the blocker dies are designed, and the initial billet geometry is determined. 

In making these selections, the forging designer considers design parameters such as 

grain flow, parting line, flash dimensions, draft angles, and fillet and corner radii. Figure 

2.4 shows the terminology used for closed die hot forging process [2][5][30][31]. 
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Figure 2.4 Terminology used for closed die forging 

1)  Parting line:  

 The parting line is the plane that divides the upper die from the lower die called 

the flash line in impression-die forging; it is the plane where the two die halves 

meet. Its selection by the designer affects grain flow in the part, required load, and 

flash formation. 

 

2) Draft:    

Draft is the amount of taper provided on the sides of the part to ensure easy 

removal of forged components from the die cavity. Typical draft angles for 

aluminium and magnesium parts is 30 while that for steel parts is 50 to 70. Higher 

draft angles invites more machining as well as increased weight of the component. 

Draft angles on precision forgings are near zero. Draft allowances for various 

materials are given in Table 2.4 [2].  

Table 2.4 Draft allowance for forgings 

Materials Hammer dies Press dies 

External Internal External Internal 

Steels 

5 – 70 7 – 100 3 – 50 5 – 70 Aluminium alloys 

Titanium alloys  

Nickle – based superalloys 

Tolerances in all cases ± 10 ± 10 ± 10 ± 10 
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3) Webs and ribs:   

 A web is a thin portion of the forging that is parallel to the parting line, while a 

rib is a thin portion that is perpendicular to the parting line. These part features 

cause difficulty in metal flow as they become thinner. 

4) Fillet and corner radii:  

 Fillet and corner radii are illustrated in figure 2.4. Small radii tend to limit metal 

flow and increase stresses on die surfaces during forging and also separate the 

metal from die and produce void. Figure 2.5 shows the effect of smaller fillet radii 

on the forged part [32]. Fillet and corner radii for various materials are given in 

Table 2.5 [30]. 

           
Figure 2.5 Effect of smaller corner radii  

Table 2.5 Typical minimum edge and fillet radii for Rib / Web type forgings 

 

Material Corner radius (mm) Fillet radius (mm) 

Aluminium alloys  2.3 9.7 

Low alloys steels 3.0 6.4 

Titanium alloys 4.8 12.7 

Nickle – based superalloys 6.4 19.0 

Iron – based superalloys 4.8 17.0 

Molybdenum 4.8 12.7 
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5) Flash:  

 Flash formation plays a critical role in impression-die forging by causing pressure 

build up inside the die to promote filling of the cavity. This pressure build up is 

controlled by designing a flash land and gutter into the die. The land determines 

the surface area along which lateral flow of metal occurs, thereby controlling the 

pressure increase inside the die. The gutter permits excess metal to escape without 

causing the forging load to reach extreme values [33]. 

 

In closed die forging process, forging dies are subjected to high cyclic load and that lead 

to a high level of internal pressure, stress concentrations in die cavity, localized 

deformation and finally premature failure of dies. So, the fatigue life of dies is very 

important in forging process. To improve fatigue lifecycle of dies and to control the flow 

lines, grain size and proper distribution of the forging load on the dies [2][3][30] it is 

required to follow the guidelines given in the literatures and the ASM hand book [2][34] 

[35] and the same are given below: 

1) The blocker is slightly narrower than the finisher in the top view by approximately 

0.5 to 1.0 mm and has larger fillet & corner radii to enhance metal distribution. 

2) The areas of the various blocker cross sections are augmented from those of the 

finisher by the flash allowance. 

3) To enhance the metal flow toward the ribs, an opening taper may be useful from the 

centre of the web toward the ribs. 

4) In the case of steel forgings, whenever possible, the ribs in the blocker sections 

should be narrower but slightly higher than those in the finisher sections to reduce 

the die wear. 

5) Undercut radius = 5 mm  

6) Internal and external draft angle are 70 and 50, respectively. 

 

7) Fillet radius and corner radius are in the range of 5 mm to 8 mm and 2 mm to 4 

mm, respectively.  
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8) As per theory [4], while calculating surface area of the die block, it should be ensured 

that the distance between the outer peripheries of impression and the die edge should 

not be less than 1.5 times the maximum depth of the impression. 

As per the above guidelines, the top and bottom dies of anchor shackle have been made. 

According to the geometry of the forged component, the rectangular cross-section of the 

dies have been selected. Figure 2.6 shows the actual photograph of top and bottom dies 

of anchor shackle.  

 

Figure 2.6 (a) Top die 

                

Figure 2.6 (b) Bottom die 

Figure 2.6 Top and Bottom die of anchor shackle 
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2.3 Literature Review for Preform Design and FEA analysis of forging process 

 

To reduce the manufacturing cost and improve the material utilization the die design and 

preform design are utmost important in closed die hot forging process. Closed die forging 

operation is complex and to express with quantitative relationships is also difficult. 

Quality of finish forged part depends on so many forging parameters like metal flow, 

friction between workpiece material and tool interface, the amount of heat generated and 

transferred during plastic flows. It is necessary to determine the accurate volume of 

preform including flash to transform the initial simple geometry of preform into a 

complex geometry of the finished forged part without causing material failure [36][37].  

It is very difficult to determine the accurate preform volume for the defect-free forged 

part and it requires years of experience and skill [38][39]. If preform volume is incorrect, 

the filling of die cavities may be partially incomplete or excessive forging loads may 

occur. So, to determine the theoretical preform volume and optimize it with FEA analysis 

the following literatures review as per the Table 2.6 have been carried out. 

 

Table 2.6 Literature review on preform design and FEA analysis of forging process 

Sr. No Author Name Title Journal / Book  and Year Reference 

No. 

1 Mathala Prithvi 

Raj et al.  

Yield improvement in hot forging of 

differential spider 

Materials Today: Proceedings, 

volume 26 (2020) 3107 – 3115  

36 

2 Harshil Parikh, 

Bhavin Mehta et 

al. 

Forging process analysis and preform 

design 

FIA (2000), forging.org. 37 

3 Johannes Knust et 

al. 

Preform optimization for hot forging 

processes using genetic algorithms 

The International Journal of 

Advanced Manufacturing 

Technology, 89(5-8) (2017), 

1623–1634 

38 

4 Hong – Seko Park 

et al.  

Preform Optimization for Bevel Gear of 

Warm Forging Process  

Procedia CIRP, volume 72 

(2018) 340 – 345 

39 

5 F. H. Osman and 

A. N. Bramley 

Preform design for forging rotationally 

symmetric parts 

Annals of the ClRP, volume 44 

issue 1 (1995) 227-230 

40 

6 Guoqun Zhao et 

al. 

Preform design of a generic turbine disk 

forging process 

Journal of Materials 

Processing Technology, 

volume  84 (1998) 193–201 

41 

7 Mei Zhan et al.  Influence of the shape and position of the 

preform in the precision forging of a 

compressor blade  

Journal of Materials 

Processing Technology, 

volume 120 (2002) 80-83 

42 
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8 Marek Hawryluk 

and Joanna 

Jakubik 

Analysis of forging defects for selected 

industrial die forging processes 

Engineering Failure Analysis, 

volume 59 (2016) 396 – 409  

43 

9 Victor Vazquez 

and Taylan Altan 

New concepts in die design D – Physical  

and computer modeling applications  

Journal of Materials 

Processing Technology, 

volume 98 (2000), 212-223 

44 

10 B.I. Tomov, V.I. 

Gagov 

Modeling and description of the near-net-

shape forging of cylindrical spur gears 

Journal of Materials 

Processing Technology 92–93 

(1999) 444–449 

45 

11 B.I. Tomov, V.I. 

Gagov, R.H. 

Radev 

Numerical simulations of hot die forging 

processes using finite element method 

Journal of Materials 

Processing Technology 153-

154 (2004) 352–358 

46 

12 Z. Gronostajski et 

al.  

An analysis of the industrial forging 

process of flange in order to reduce the 

weight of the input Material 

Archives of metallurgy and 

materials, volume 60 (2015) 

849 – 853  

47 

 

F. H. Osman and A. N. Bramley [40] used an upper bound modelling based technique to 

design preforms for forging of rotationally symmetric parts and they had concluded that the 

metal flow had been improved and less energy had been required for the filling of cavity in 

the final stage of forging.  

Guoqun Zhao et al. [41] used the finite – element – based inverse die contact tracking method 

to design the preform die shapes of a generic turbine – disk forging process. The optimal 

ratio of height – to – diameter of the billet was also determined for the preforming stage to 

achieve a sound preform shape. Finally, the preforms design simulation results show that 

the newly designed preform die shapes achieved a net-shape part that avoids the folding 

defects and reduced the die wear. 

Mei Zhan et al.  [42] studied 3d rigid - viscoplastic finite element method (FEM) to find the 

influence of the shape and the initial position of the preform in the precision forging of a 

compressor blade and it has been concluded that 3D FEM used effectively to determine an 

advisable shape and initial position of the preform.  

It has been concluded from the table 2.6 that the simulation technique has been becoming 

the necessary tool for researchers to design and structure the closed die hot forging process.  

With the development of simulation technology in the recent years, the researchers used the 

FEA technique for design the forging die and the preform of the forged part. The design of 

preforms for forging processes is an important element of improving product quality and 
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lowering the production costs due to the material lost as flash or to the losses connected with 

incorrectly manufactured parts [43].  

 

To minimize the material requirement of the anchor shackle it is necessary to control the 

preform volume precisely. Figure 2.7 shows the geometry of the anchor shackle. The 

geometry of the anchor shackle is complex and calculating the actual theoretical volume is 

difficult. The approximate theoretical volume of the finished forge part is 72346 mm3. It is 

required to add 3% burning loss and 27% flash volume into the finish part’s volume to 

determine the final volume of the preform, so the minimum required volume of the preform 

is 94050 mm3 for the forging of anchor shackle [15][19][44]. The length of the forged part 

is 107 mm and with the help of the volume constancy rule 36 mm diameter of cylindrical 

geometry of preform is finalized [45][46]. 

 
Figure 2.7 Detail drawing of anchor shackle 

The above volume of preform is fairly accurate and anchor shackle manufacturer uses 

cylindrical preform with the size of 36 mm diameter and 110 mm length. To reduce the 

rate of rejection and the wastage of material in the form of flash it is necessary to optimize 

the volume of preform. Various methods and FEA simulation software had been utilised 

by the researchers for the optimization of preform volume [47], so to analyze the effect 

of preform volume with FEA analysis, four preforms have been designed. Figure 2.8 

shows the dimensions of preforms.  
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The preform details are:  

Preform 1 : Ø36 mm × 100 mm long 

Preform 2 : Ø36 mm × 105 mm long 

Preform 3 : Ø36 mm × 110 mm long 

Preform 4 : Ø36 mm × 95 mm long 

 

                         Preform 1                           Preform 2                 Preform 3                     Preform 4 

     

Figure 2.8 Drawing of preforms 

Detail analysis of anchor shackle is explained in chapter 3. 

2.4 Literature Review for Improve the Die Life with the Help of Coating 

 

The closed die hot forging process is divided into four stages. Figure 2.9 shows the stages 

of the closed die hot forging process [35]. In the first stage, the preform is heated above 

the recrystallization temperature in the furnace. In the second stage, it is transferred from 

the furnace to the bottom die. The simple geometry of preform is converted into the 

complex geometry of the finished part during the third stage. The blow of the top die is 

occurred and the gravitation energy is converted into the impact energy in the third stage. 

The finished part is removed from the die and the water-based lubrication is applied on 

dies that causes thermal loading due to surface contraction. In the final fourth stage, the 

forged part is transferred to the mechanical press and placed into the trimming die where 

excess flash material is removed [35][48][49]. During the closed die hot forging process 
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high mechanical and cyclic thermal loads are acting on the die so that excessive wear will 

take place [48][50]. 

 

Figure 2.9 Stages of closed die hot forging process 

The failure of die in closed die hot forging process are due to abrasive wear, plastic 

deformation, thermal fatigue and mechanical fatigue [51]. About 70% of die failure is 

due to abrasive wear [52] so to predict the die life it is necessary to analyze the wear 

mechanism. To improve the die life by improving the wear resistance of die material with 

the help of the coating following literatures review as per the Table 2.7 have been carried 

out. 

Table 2.7 Literature Review for Improve the die life with the help of coating 

Sr. No Author Name Title Journal / Book  and Year Referenc

e No. 

1 Lennard Lippold 

et al.  

Prediction and Detection of Wear 

Mechanisms on an Industry-Oriented Hot 

Forging Die 

Advanced Materials Research, 

volume 1140 (2016) 91 – 98  

48 

2 M. 

Zwierzchowski 

Factors affecting the wear resistance of 

forging tools 

Arch. Metall. Mater., volume  

62 (2017), 1567 – 1576  

49 

3 Siamak Abachi et 

al.  

Wear analysis of hot forging dies Tribology International, 

Volume  43 (2010) 467– 473 

50 

4 Changhyok Choi 

et al.  

Estimation of plastic deformation and 

abrasive wear in warm forging dies 

Journal of Materials 

Processing Technology, 

volume  212 (2012) 1742 – 

1752 

51 

5 R Rajiev  and        P 

Sadagopan  

Plastic deformation analysis of wear on 

insert component and die services life in 

hot forging process  

Indian journal of engineering 

& materials science, volume 22 

(2015) 686 – 692  

52 
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6 Mayur Deshpande 

and Taylan Atlan  

Selection of die materials and surface 

treatments for increasing die life in hot 

and warm forging 

Paper no 644-FIA Tech 

Conference, (April 2011) 1 – 

32  

53 

7 Andrzej Macioł et 

al.  

Prediction of forging dies wear with the 

modified Takagi–Sugeno fuzzy 

identification method 

Materials and manufacturing 

processes, volume 35 (2020) 

700 – 713  

54 

8 M. Hawryluk Analysis of a forging die wear by 3D 

reverse scanning combined with SEM and 

hardness tests 

Wear, volume 476 (2021), 

203749 

55 

9 M. G. De Flora & 

M. Pellizzari  

Behavior at elevated temperature of 

55nicrmov7 tool steel 

Materials and Manufacturing 

Processes, volume  24 (2009) 

791 – 795 

56 

10 Mehmet CAPA et 

al.  

Life enhancement of hot forging dies by 

plasma nitriding  

Turk J Engin Environ Sci, 

volume 24 (2000) 111 – 117  

57 

11 M. Kolbe Practical tests of coated hot forging dies The 6th International Tooling 

Conference (published 2006) 

151 – 159  

58 

12 Ravindra Kumar 

et al.  

Impact of Forging Conditions on Plasma 

Nitrided Hot-forging Dies and Punches 

Journal of Materials Science 

Research; volume 1 (2012) 11 

- 18 

59 

13 S. Legutko et al.  Investigation of the influence of hybrid 

layers on the life time of hot forging dies 

METALURGIJA, volume  52 

(2013) 185 – 188  

60 

14 Rachapol 

Iamtanomchai and 

Sasithon Bland 

Study of wear and life enhancement of hot 

forging dies using finite element analysis 

Proceedings of the World 

Congress on Engineering, 

volume II (2015) 1 – 6  

61 

15 M. Podgrajšek et 

al.  

Failure analysis of forging die insert 

protected with diffusion layer and PVD 

coating 

Surface and Coatings 

Technology, volume 276 

(2015) 521-528 

62 

16 Nurşen 

Saklakoğlu et al.  

Evaluation of microstructure and wear 

behavior of Fe-based hardfacing layer on 

the 1.2714 steel 

UCTEA Chamber of 

Metallurgical & Materials 

Engineers (2016) 574 – 578  

63 

17 Dong-Gyu Ahn et 

al.  

Improvement of the wear resistance of hot 

forging dies using a locally selective 

deposition technology with transition 

layers 

CIRP Annals - Manufacturing 

Technology, volume 65 (2016) 

257 –260 

64 

18 Z. Gronostajski et 

al.  

Improvement of tools durability by 

application of hybrid layer of 

nitrided/PECVD coating 

Archives of metallurgy and 

materials, volume 60 (2015) 

1609 – 1615  

65 

19 Jerzy Smolik The influence of thickness of CrN coating 

on the durability of hot forging dies 

Central European Journal of 

Engineering, volume 1 (2011) 

210 – 216  

66 

20 A.Dubois et al.  New environmentally friendly coatings 

for hot forging tools 

Surface and Coatings 

Technology, Volume 344 

(2018) 342 – 352  

67 

21 Marek Hawryluk 

et al.  

Influence of the application of a 

PN+Cr/CrN hybrid layer on the 

improvement of the lifetime of hot 

forging tools 

Journal of Materials 

Processing Tech., volume  258 

(2018) 226 – 238 

68 
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Siamak Abachi et al. [50] analyzed the hot forging process performed on mechanical 

crank press and suggested 6.5 x 10-23 Pa-1 value of wear coefficient for the die material 

AISI L6 by comparing the results of finite volume method with the measurement of worn 

die. Taylan Altan et al. [53] studied the warm forging/extrusion process for the 

manufacturing of pinion. They had developed a method for the measurement of abrasive 

wear and plastic deformation of the die which was made from DURO – F1 material and 

concluded that without predicting the plastic deformation it was impractical to predict the 

abrasive wear of the die during the extrusion process. They also suggested that the 

forming process can be improved effectively by the FEM analysis. 

 

R Rajiev and P Sadagopan [52] analyzed the closed die forging process with the help of 

commercially available Deform software and suggested an average wear coefficient of 

9.39 x 10-13 Pa-1 for the H13 die insert used on a mechanical screw press.  

 

Andrzej Maciol et al. [54] presented a modified Takagi – Sugeno fuzzy identification 

method for the prediction of forging die wear based on the useful data collected from the 

experts in the absence or limited availability of data. M. Hawryluk et al. [55] developed 

the 3D reverse scanning method combined with SEM and hardness tests for the quick 

determination of die wear during the hot forging process. They selected W360 die 

material with 0.2 mm gas nitrided with 1200 HV hardness for the production of truck 

valves on the crank press machine. They concluded that this method is very precise and 

economical than the conventional methods used for the wear measurements of a hot 

forging die.  

 

A lot of work has been done in the area of wear analysis and reducing the wear rate of 

hot forging die to increase its life by correcting / improving the die design, preform 

design, or reducing forging load. There is also a scope of improving the die life by 

increasing the surface hardness of hot forging die. M. G. DE Flora and M. Pellizzari [56] 

studied the wear behaviour of 55NiCrMo7 at elevated temperatures. They compared the 

31 HRC hardness with the 41 HRC hardness of the same die material. They performed 

rolling sliding hot wear tests on the AMSLER tribometer at 600 0C and 700 0C. The high 

hardness material showed the better wear behavior at 600 0C but at 700 0C the thermal 
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crack nucleation rate is found to be higher for less hard material while harder steel showed 

higher crack length.  

 

Mehmet CAPA et al. [57] enhanced the life of AISI H 13 hot forging die by plasma 

nitriding, using a 350 kN mechanical press. They maintained the nitriding parameters like 

vacuum pressure, temperature, N2 / H2 ratio and varied the nitriding time from 2 to 16 

hours. They found the highest die life is for the 10 hours of plasma nitriding process. The 

die life has increased more than eight times than the die without plasma nitriding.  

 

M.Koble et al [58] performed the practical test of a coated hot forging die to improve the 

quality of the forged part. They used multilayer coating with the composition of TiC / 

TiCN / TiN for 4 μm thickness. No adherences occurred between the part and the coated 

die. Also, enhanced die life is observed with the use of graphite-containing lubricant. 

 

Ravindra Kumar et al. [59] studied the effect of plasma nitriding on the performance of  

AISI H13 forging dies and punches used in the fully automatic and semi-automatic hot 

forging process. They observed that the performance of dies and punches increased by 

four times with a semi-automatic process whereas two and half times increase is observed 

with a fully automatic process. They also concluded that the performance of dies and 

punches depends on the service condition like die and punches temperature, effective 

cooling process and the repetition time of the blow. 

 

S. Legutko et al. [60] investigated the effect of hybrid layers (nitrided layer/ PVD coating) 

on the lifetime of the hot forging dies and concluded that the die life has been increased 

three to four times. It was observed that the CrN coated dies and punches have less wear 

and higher life than the TiAlN coated dies and punches.   

 

R. Iamtanomchai and S. Bland [61] examined the wear and enhanced the hot forging die 

life with the help of FEA and 0.1 mm deep nitriding surface hardening process. The 

microhardness was increased up to 69 HRC of SKD61 die material and the die life was 

increased by 104 % to 126%.  
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M. Podgraaajsek et al. [62] done a failure analysis of hot forging insert protected by 

diffusion layer and PVD coating.  They concluded that only the PVD layer was not 

sufficient to improve the fatigue resistance but with the help of the improved plasma 

nitriding process and die designing the service life of the die insert was extended.  

N. Saklakoglu et al. [63] used four hard-facing electrodes to improve the wear resistance 

of AISI 1.2714 die material. They used the tungsten inert gas welding (TIG) process for 

the deposition of Fe based hard-facing layer on the die material. They reported that the 

electrode (Capilla 733) with a higher value of C with Cr, Mo and W exhibited the best 

wear resistance property.  

 

Dong-Gyu Ahn et al. [64] developed a locally selective deposition technology with a 

transition layer (TL) using a direct energy deposition (DED) process to improve the wear 

resistance of hot forging dies. They found that with this method the wear resistance and 

the quality of the product improved dramatically. 

 

2.5 Findings from Literature Survey 

According to the literature review, more than 70% of tool replacements are due to 

premature die wear. Another 25% are due to mechanical fatigue, and the remaining 5% 

are due to plastic deformation and thermal-mechanical fatigue. Therefore, the die wear is 

the dominating tool failure factor for the forging tool replacement during the mass-

production. A lot of work has been done in the area of wear analysis and improving the 

wear coefficient of hot forging die to increase its life by correcting / improving the die 

design, preform design, or reducing forging load with the help of FEA technique. 

Several researchers studied the effect of hybrid layers like nitrided/PECVD coatings [65], 

CrN [66] coatings, alumina sol-gel coating [67] and the PN + Cr/CrN [68] coating to 

enhance the life of hot forging dies and they found that the die life was increased with 

these methods. 

Most of the researchers considered mechanical press, hydraulic forging machine, 

automatic or semiautomatic forging press, or the screw press for the investigation. 
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2.7 Problem Definition 

Cost of forging tools and its life have proved to be the most important factors in the 

overall process cost. Die costs range from 10% to 15% of the whole process cost and 

prediction of forging load and effective stress in closed die hot forging operation is 

difficult. Most forging operations are of a non-steady-state type in terms of metal flow, 

stresses and temperatures these variables vary continuously during the process. With the 

help of FEA simulation, optimization of the preform volume can be achieved to minimize 

the forging load, effective stress and improved die life. Die life can also be improved by 

coating the die surface using processes like PVD, CVD, Plasma nitriding, etc.   

2.8 Objective and Scope of Work 

The aim of this research work is to investigate the hot forging of anchor shackle to 

improve the die life, when forged on a belt type one ton hammer along with improved 

material yield to increase the profit of the manufacturer. The major objectives are as 

follows: 

 

a) Development of die and preform design for improvement of die life and material 

utilization.  

b)  Optimize the preform volume to improve the material yield 

c)  Improvement of die life in hot forging process by increasing the hardness of the 

die surface using an appropriate coating technique 

 

 

2.6 Research Gap  

It evolves from the literature review that there is no investigation of forging die life using 

belt type one ton drop hammer is reported. Moreover, the local forging industry using 

belt type one  ton drop hammer requires die life improvement to make the forging process

 more  economical. The proposed work is  in  the context  of  forging of  anchor  shackle 

using  a  belt  type  one  ton  drop hammer  with  an  aim  to  improve  die  life  leading  to  

more economical forging. 

 



                2. Literature Survey 

2.9 Methodology of Research  

To achieve the objectives of this research work the methodology developed is given in 

figure 2.10. First of all, the die material is selected from the literature survey and the 

experience of the die maker of the industry. As per the guidance of die maker and the die 

design rules mentioned in the standard the anchor shackle die is developed. 

 

Figure 2.10 Methodology of research work 

The preforms have been designed and modeled in CreO 4.0 and the closed die hot forging 

process is analysed using the finite element analysis software. The DEFORM 3D is 

utilised for the simulation of the closed die hot forging process. The preform volume has 

been optimised to improve the material yield by ensuring the fully filled die cavity 

through the simulation process. After analyzing the simulation result, the actual die is 

developed with the vertical machining centre (VMC - for technical details refer Appendix 

B). Once the die is developed then the die life has been compared between as received 

DIN 1.2714 die steel and plasma nitrided DIN 1.2714 die steel for the forging of 3000 

pieces of anchor shackle. CMM is used to measure the dimensions of die cavity before 

and after the forging process. The regression analysis has been done in MATLAB to 

determine the die life for the plasma nitrided DIN 1.2714 die steel.  

41 
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3.1 Introduction [13] [69] 

To survive and sustain in the current scenario of the forging business, it is utmost 

important to control the material utilization and the rate of rejection of the forged parts. 

To identify the causes of forging defect a design support system is required. It is possible 

to link a forging defect to the conditions which can cause it with the help of defect matrix. 

Table 3.1 shows the relation between the defect and its causes with the tick mark [70] i.e. 

improper preform design is responsible for the defect of partially filled cavity as well as 

the fold. 

Table 3.1 Defect Matrix 

            

            Causes  

Defect 

Improper 

Preform 

Design 

Improper 

Die Design 

Temperature Operator 

Skill 
High Low 

Partially fill 

cavity 
√ √   √ 

Fold √ √    

Die shift     √ 

Improper grain 

flow 
 √    

Surface crack   √   

Flakes    √  

 

Through simulation technique the identification of defects and its possible causes and 

hence their avoidance is possible. Process modeling is a technique where the computer is 

used as a ‘virtual forging shop’. Large number of ‘simulated’ experiments can be done 

on the computer at remarkably higher speeds and relatively low costs. The defects to be 

partially filled cavity, fold and improper grain flow are accurately analyzed with the help 

of simulation techniques. Although different mathematical techniques are available for 

computer simulation of the forging processes, finite element method is the most preferred 

one because of its mathematical robustness and accuracy.  
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3.2 Closed Die Forging Process Analysis Approaches [69] 

Numerous methods are utilized for the analysis of the metal forming processes. These 

methods are mainly classified into two categories: 

  1) Analytical methods  

2) Numerical methods. 

 
3.2.1 Analytical Methods 

Analytical techniques have been developed to improve the process designer’s ability to 

evaluate a process and to predict various aspects of the metal forming process. Early 

methods relied on certain assumption and provide an approximate solution. simple 

analytical techniques, such as the slab method, the slip-line method, the upper bound 

method, and heuristics are used to predict forming load, critical ratios, workability limits, 

and die design features. However, these techniques are of not much use in the analysis of 

metal forming process like closed die hot forging involving complex shapes. So, 

numerical methods like FEA are extensively used in the analysis of closed die forging of 

complex shapes.   

 
3.2.2 Numerical Methods  

Among the available numerical methods, the following methods are mostly used: 

1)  Finite difference method (FMD) 

In finite difference method, the governing partial differential equations are formulated 

as difference equations. The temperature gradient can be modelled using this method. 

But the applicability of this method is limited to cases with simple boundary 

conditions only. 

2) Finite element method (FEM) 

In this method, the workpiece is split into a finite number of discretized elements over 

which the behavior is described by differential equations. The elements are connected 

at common points termed as nodes. The discretization technique makes this method 

as the best method for analysis of complex forming situations such as closed die 

forging process. 
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Though analytical models of forging of axisymmetrical components are available, the 

formulation of the same is not feasible for a complex shape like that of anchor shackle. 

Hence  DEFROM 3D software, based on FEA, is selected for simulation of the hot forging 

process of anchor shackle.  

DEFORM 3D is a Finite Element Method (FEM) based process simulation system 

designed to analyze various forming and heat treatment processes used by metal forming 

and related industries. The global stiffness equation for the workpiece is generated by 

assembling the individual elemental equation. The governing equation defining the 

relation is [13][69] 

                                                  �Δ� = � …………………………………………………………… (3.1) 

Where, 

� represents the global stiffness matrix 

Δ� = incremental velocity 

� = global force vector 

For deciding metal flow and its direction, minimum work rate principle is followed and 

the following flow stress equation is utilized [13]: 

                                           � = c � ̅n �̅�m + y  …………………………………………………….(3.2) 

Where, 

�  = Flow stress 

c  = Material constant 

� ̅ = Effective plastic strain 

 � ̅� = Effective strain rate 

y = Initial yield value 

According to the yield criterion, yielding of the material begin, when the second 

deviatoric stress invariant reaches the critical value, i.e. the Von Mises yield criterion. 

For Von Mises yield criterion [13], 

Effective stress, � = 
+

√-
.(+ − -)- + (- −  1)- + (1 −  +)-  -------------------(3.3) 

Effective strain, � ̅= 
√-
1

.(�+ − �-)- + (�- −  �1)- + (�1 −  �+)-   --------------------(3.4) 



 3 – FEA Analysis of Anchor Shackle in DEFORM-3D   
 

 

       45 

    The governing equation for rigid-viscoplastic FE formulation is [69]: 
2 = ∭ 4 (5 ̇67 )89 − ∬ ;6<6 8= 

 

Where, 

(5 ̇67) is work function 

;i is the surface traction. 

The constraint for material incompressibility on the admissible velocity fields is 

removed using the large positive penalty constant K [69]: 

2 =∭ ̅ >�̇̅ 89 + �∭5� ̇ > 5� ̇ 89 − ∬ ;6 ><6 8= = 0 

Where, 

5 ̇�   is volumetric strain rate 

The first integral defines the plastic work due to deformation and the second term 

maintains volume constancy by multiplying the change in volume with a large penalty 

constant. The third integral defines the work due to surface traction. 

 
By simulating manufacturing processes on a computer using tools like DFORM 3D 

allows designers and engineers to: 

 Reduce the need for costly shop floor trials and redesign of tooling and processes 

 Improve tool and die design to reduce production and material costs 

 Shorten lead time in bringing a new product to market 

Unlike general purpose FEM codes, DEFORM 3D is tailored for deformation modeling. 

A user friendly graphical user interface provides easy data preparation and analysis so 

engineers can focus on forming, not on learning a cumbersome computer system. A key 

component of this is a fully automatic, optimized remeshing system tailored for large 

deformation problems. For the FEA analysis, 300 0C temperature of dies, 0.3 coefficient 

of friction for lubricated forging, fine meshing of dies and 35 0C environment temperature 

are to be assumed. Table 3.2 shows the variables considered for simulation and forging 

process.  
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Table 3.2 Process variables 

Sr. No. Temperature Transfer time Numbers of Blow 

1 1050 0C to 1100 0C 18 to 22 second 3 

 

3.3 Preprocessing of Preform 1 for Closed Die Hot Forging Process (Part 1) 

Deform 3D software is used for finite element analysis of the closed die forging process 

for all four preforms. Closed die hot forging is divided into two parts for FEA analysis. 

In the first part, the closed die hot forging process is analyzed and then in the second part, 

die stress is analyzed with the help of simulation process to determine the effect of 

preform on forging force and induced die stress during closed die hot forging process. 

The FEA process is similar for all the preforms so, for preform 1it is explained as a case, 

in this chapter.   

The closed die hot forging process is divided into five stages for accurate analysis [35] 

[71]: 

 

1. First stage:, The perform is transferred from the furnace to the top of the bottom 

die. It is purely the heat transfer stage. The austenitic temperature of the preform 

is considered. There is no plastic deformation is taking place during this stage. 

 
2. Second stage: The preform is strategically positioned in the blocker cavity. It is 

also a pure heat transfer stage. Heat transfer between the preform and bottom die 

is considered in this stage. It is known as the dwell period. The total time for this 

stage is 10 seconds.   

3. Third stage: The plastic deformation of the preform is taking place in the blocker 

cavity. In this stage, the simple geometry is transformed into prerequisite 

geometry.  

 

4. Fourth stage: At the end of the third stage preform is transferred to the finisher 

cavity. It is the second stage of the dwell period. The total time for this stage is 20 

seconds. 
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5. Fifth stage: In the final stage again plastic deformation is taking place in the finisher 

cavity. For the complete filling up the die cavity, the total number of blows of a one-

ton hammer is calculated by the FEA software. 

Figure 3.1 shows the anchor shackle forging sequences, which are followed during the 

closed die hot forging process.   

 

 

Figure 3.1 Forging methodology of anchor shackle  

The equipment used for the forging of anchor shackle on one ton hammer machine, 

powered by a 50 h.p motor. A 150 ton mechanical press is used for the trimming of the 

flash of the anchor shackle. Figure 3.2 depicts the stages of anchor shackle forging along 

with required equipments.  
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Figure 3.2 (a) Billet shearing Machin Figure 3.2 (b) Preform transferred from furnace to bottom die  

                       
Figure 3.2 (c) Preform in the bottom die cavity   Figure 3.2 (d) Preform in the finisher die cavity 

          

                                         Figure 3.2 (e) Visual inspection of the preform  
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Figure 3.2 (f) Triming of the preform on mechanical press machine 

Figure 3.2 Anchor shackle forging process and equipments used                       

The CAD models of the anchor shackle and dies are prepared in CreO 4.0, and those 

models are converted into “.stl “file and imported into DEFROM – 3D. The CAD 

models of top and bottom dies are shown in figure 3.3.  

         

    Figure 3.3 (a) CAD model of  Top die               Figure 3.3 (b) CAD model of Bottom die 

Figure 3.3 CAD models of top and bottom die of anchor shackle 

3.4 Stage 1 - Transfer from Furnace to Dies 

This Step is solely a heat transfer simulation, wherein model for a 20 second transfer of 

the preform 1 from the furnace to the die is depicted. Transfer time taken is an average of 

transfer times of one batch of 200 pieces. 
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3.4.1 Setting of Simulation Controls 

In SIMULATION CONTROL the operation is selected to Transfer from Furnace. Units 

are set to SI and that only Heat Transfer is activated. The total transfer time to the dies is 

20 seconds. Since this is a heat transfer analysis, the steps need to be defined as a function 

of time and not die stroke. Divide this operation into 50 time steps, so that each step 

corresponds to 0.4 sec. 

 
Set the Number of Simulation Steps to 50 and the Step Increment to Save at 10. Change 

the Solution Steps Definition to a Constant Time Increment of 0.4 sec.  

 
3.4.2  Inserting  New Objects 

For this simulation, only anchor shackle is imported during the setup of the initial furnace 

transfer. Import the model of anchor shackle as preform 1 and change the Object Type to 

Plastic as shown in Figure 3.4. Also, at the start of the simulation, the preform 1 will be 

coming out of the furnace, so define the Temperature as 1050 0C. 

 

Figure 3.4 preform 1 

3.4.3 Importing Preform 1 Material 

Assign the material AISI 1015 from the material library into the problem.  Tables 3.3 and 

3.4 show the chemical composition and mechanical properties of AISI 1015. 

Table 3.3 Chemical composition of AISI 1015 
 

C Mn Si P S 
0.16% 0.47% 0.25% 0.02% 0.03% 
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Table 3.4 Mechanical properties of AISI 1015 
 

Density 
(x 1000 
kg/m3) 

Poisson’s 
ratio 

Tensile 
strength 
(MPa) 

Elastic 
Modulus 

(GPa) 

Yield 
strength 
(MPa) 

Elongation 
(%) 

Reduction 
in area 

(%) 
7.7 – 8.03 0.27 – 0.3 424.03 190 – 

210 
324.05 31.0 69.7 

 

3.4.4 Meshing the Preform 1 

In this initial heat transfer simulation, the anchor shackle will be getting transferred from 

the furnace to the dies. Since the anchor shackle is the only object that will be gaining or 

losing heat, it is the only object that currently needs a mesh. Within DEFORM 3D, there 

are two different types of mesh that can be generated - Relative mesh and Absolute mesh. 

 Relative Mesh - Using the relative mesh setting, the user specifies the number of 

solid elements to be generated. No matter how complex the shape of the part gets, 

the number of elements will remain essentially constant. 

 
 Absolute Mesh - Using the absolute mesh setting, the user specifies the size of the 

elements, and the system determines the total number of elements that is required. 

As part complexity increases, the number of elements tends to increase. Relative 

mesh is the default setting and is what was used when meshing objects in the previous 

steps. Using absolute mesh tends to increase simulation accuracy since a specified 

mesh resolution is maintained throughout the simulation. As part complexity 

increases, the number of elements increases to better describes the surface of the part. 

 
Absolute mesh technique is used to mesh the anchor shackle for this series of steps. To 

define the mesh using the absolute setting, the user has to specify a minimum element 

size to use for the mesh. This smallest element is typically determined by measuring the 

smallest feature on a die that the part will have to form around. When a process has 

multiple operations, such as a forging die, the smallest die feature in any operation, not 

just the first, should be used to define the workpiece mesh. 
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Using Absolute mesh type with Element Size as 4 and the size ratio to 1 are consider as 

per the guide line of DEFROM – 3D manual [72], the number of mesh elements are 5112 

along with the tetrahedral elements. Table 3.5 and Figure 3.5 shows the mesh results of 

preform 1. Finer meshing gives more refine result however due to the hardware limitation 

the current mesh size was taken. 

Table 3.5 Mesh result of Preform 1 

Number of 

nodes 

surface 

polygon 

Mesh elements 

Tetrahedral elements 

size 

ratio 

Minimum 

element size 

1192 1210 5112 1 4 mm 

 

 
Figure 3.5 Meshing of Preform 1 

3.4.5 Defining Preform 1 Heat Transfer Boundary Conditions 

For the initial transfer from the furnace to the dies, only the thermal boundary conditions 

for the anchor shackle are needed to apply.  

Here, select the Heat Exchange with Environment boundary condition. In the 

DISPLAY window, the preform 1 has been shown with selected feature lines as shown 

in Figure 3.6. Thermal boundary conditions need to be defined for all surfaces that are 

exposed to the environment.  

 
When defining Heat Exchange with Environment boundary conditions, the 

Environmental Temperature is required for the simulation. 35 0C is considered as the 

environmental temperature for FEA analysis. 
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Figure 3.6 Heat transfer boundary condition for preform 1 

After the boundary condition step, the setup is completed, then the data base is generated 

and simulation starts. The progress of the simulation is monitored by looking at the 

message file. 

3.4.6 Post – Processor 

After running and monitoring the simulation the Post Processor is started and 

Temperature is selected as the variable and the step global Scaling option. In the post-

processor the variation in the temperatures observed is from 809 0C to 1050 0C. Figure 

3.7 shows the post processor result of heat transfer simulation for the preform 1. 

 
Figure 3.7 Heat transfer from Preform 1 (Post Process result) 
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3.5 Stage – 2 Dwell on Bottom Die 

In Stage 1, Anchor shackle was transferred from the furnace to the dies. Once the anchor 

shackle gets onto the bottom die, it  rests for 10 seconds prior to forging for the proper 

alignment of preform in the blocker die cavity. This dwell is modeled in this step. The 

last step of the previous simulation (the step corresponding to the end of the furnace 

transfer) will be loaded into the Pre-processor and the dwell operation will be set up. Start 

the pre processor for this simulation with the last step no. 50 to load the database for step 

-51. 

 
3.5.1 Importing Die Material 

Top and bottom die CAD models are imported first and the remaining procedure follows. 

DIN 1.2714 material is not available in the material library of the DEFROM 3D. Hence, 

it is necessary to define the die material as new material in order to meet the software 

requirements, though DIN 1.2714 is not a new material. Subsequently, the DIN 1.2714 

die material property is defined as the property of new material in the database and then 

the new material is assigned to top and bottom die. Table 3.6 and 3.7 shows the chemical 

and mechanical properties of DIN 1.2714. Die material is assumed as rigid for the 

modelling and simulation.  

Table 3.6 Chemical composition of DIN 1.2714 die steel 
 

C Mn Si Cr Ni Mo V P S 
0.54% 0.65% 0.25% 1.13% 1.68% 0.4% 0.12% 0.012% 0.008% 

 

Table 3.7 Mechanical properties of DIN 1.2714 die steel 
 

Density           
(x 1000 
kg/m3) 

Poisson’s 
ratio 

Tensile 
strength 
(MPa) 

Elastic 
Modulus 

(GPa) 

Yield 
strength 
(MPa) 

Elongatio
n (%) 

Reduction 
in area (%) 

7.84 0.27 – 0.3 1470 205 1045 5 - 25 69.7 
 

3.5.2 Die Meshing and Thermal Boundary Conditions 

 

Since the preform 1 will be interacting with the dies, the temperature of the dies needs to 

be defined. In DEFORM 3D, die temperature can be assigned in two different ways: 
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1) A die can be given a constant temperature that will not change during the 

simulation. When using this technique, a mesh on the die is not needed and the 

temperature is specified in the die’s general section. 

 
2) A die can have a temperature field that changes throughout the simulation. This is 

the more accurate of the two techniques, but a mesh is required on the die.       

 
3.5.2.1 Top Die 

The preform 1 is resting on the bottom die during dwell operation and it will not 

be in contact with the top die so there is no need of mesh for top die. However, to 

reduce the error meshing of the top die is done in this stage 2. Temperature of top 

die is 300 C. The default settings are used to generate the mesh and to define 

boundary conditions for Heat Exchange with Environment. Table 3.8 and 

Figure 3.8 shows the mesh result of top die. 

Table 3.8 Mesh result of top die 

Number of nodes surface polygon 
Mesh elements 

tetrahedral elements 
size ratio 

7023 6186 31957 2 

 

 

Figure.3.8 Meshing of top die 
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3.5.2.2 Bottom Die 

The die is modeled warm and 300 C temperature is assigned to the bottom die. 

The default settings are used to generate the mesh. Table 3.9 and        Figure 3.9 

shows mesh results of bottom die. Heat Exchange with Environment boundary 

condition is assigned during the simulation process.  

Table 3.9 Mesh result of Bottom die 

Number of nodes surface polygon 
Mesh elements 

tetrahedral elements 
size ratio 

7023 6186 31957 2 

 

 

Figure 3.9 Meshing of Bottom die 

3.5.3 Preform  Positioning 

The anchor shackle needs to position properly on the top of the bottom die so that during the 

simulation of the forging process no mismatch is observed in the final forged part. Figure 

3.10 shows the resting of preform 1 on top of the bottom die. 
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Figure 3.10 Preform 1 is resting on bottom die 

3.5.4 Inter – Object Relationships 

The relationships between the workpiece and the dies need to be defined. Bottom Die – 

Preform 1 relationship is selected. Since this simulation is set up for only heat transfer, 

so only heat transfer mode is selected and Free resting of preform 1 on bottom die is 

considered.  

 
The software determines a suitable contact tolerance (i.e. 0.158 mm) and the contact is 

generated. Contact between the anchor shackle and the bottom die is then generated. 

 
3.5.5 Setting Simulation Controls 

In the SIMULATION CONTROL, the Preform 1 rests on the bottom die for 10 seconds. 

A time step of one sec is opted and requires a total of 10 steps. Number of Simulation 

Steps is changed to 10 and the Step Increment to Save to 5 and the Starting Step Number 

is -51. This dwell simulation is the continuation of the furnace transfer simulation (Steps 

-1 to 50), and will be added to the end of the Anchor shackle.DB database so that the 

same file contains both simulations.  

 
Once the dwell setup is completed, the database is generated and the simulation starts. 

The progress of the simulation is monitored by looking at the Message file. 
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3.5.6 Post – Processor 

When the simulation has finished, start  DEFORM-3D POST, and see how the heat 

transfer take place with the selected environment. The same is shown in figure 3.11. 

 

 

Figure 3.11 Heat exchange with environment  

 

3.6 Stage 3 Forging Blow for Blocker 

In the previous steps, a billet underwent a furnace transfer and a dwell on the bottom die. 

The last step of the Dwell has been loaded into the Pre-processor and the first forging 

blow is set up. The steps followed are: 

 
 Load the data of last stage 60 from the previous stage -2 for step no -61. 

 Setting the simulation control, in which both heat transfer as well as deformation 

modes are considered. Set the Number of Simulation Steps to 100 and the step 

increment to save to 5. Change the Primary Die to the Top Die because it is the 

moving die, and under Solution Steps Definition, set “With Constant Die 

Displacement” to 0.565 mm.  
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3.6.1 Setting Die Movement 

 The forging operation is performed on a one ton hammer. Die movement in this 

case is given only to the top die and is taken as +X direction.  

3.6.2 Revisiting Inter – Object Relations 

 In stage 3 the contact between the work piece and the dies is established so friction 

condition needs to be defined between the workpiece and the dies since 

deformation will now be occurring. In addition, the thermal data needs to be 

modified so that a forming heat transfer coefficient is used instead of the free 

resting coefficient used in the previous step.  A suitable contact tolerance is 

determined and then contact is generated.  

 As per previous steps save the problem and generate the database for simulation 

and run the simulation. 

 
3.6.3 Post – Processor 

In this stage, the simplest geometry of preform 1 is converted into the prerequisite 

geometry of the anchor shackle. At step number 161, both top and bottom dies are in 

contact with each other and the plastic deformation of preform 1 is taking place. It is 

shown in figure 3.12. At the end of the forging blow, top die moves up and it is shown in 

figure 3.13. 

   

Figure 3.12 First Hammer blow 
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Figure 3.13 End of the first hammer blow  

 
3.7 Stage 4 Preform 1 Transfer from Blocker to Finisher 

In Stage 4, preform is transferred from the blocker cavity to the finisher cavity of the 

bottom die. Once the preform gets onto the bottom die, it will rest for 20 seconds prior to 

forging for the proper alignment of preform in the finisher die cavity. This dwell is 

modeled in this step. The last step of the previous simulation (the step corresponding to 

the end of the first hammer blow) will be loaded into the Pre-processor and the dwell 

operation will be set up. Start the pre processor for this simulation with the last step no. 

161 to load the database for step -162. 

 

3.7.1 Preform  Positioning 

The anchor shackle needs to be repositioned properly in the finisher die cavity so that 

during the simulation of the forging process no mismatch will be found in the final forged 

part. Figure 3.14 shows the resting of preform 1 in the finisher cavity. 
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Figure 3.14 Preform 1 transferred from blocker to finisher cavity 

3.7.2 Inter – Object Relationships 

The relationships between the workpiece and the dies need to be defined. Select the 

Bottom Die – Preform 1 relationship. Since this simulation is set up for only heat 

transfer, so only heat transfer mode is selected and consider Free resting  of preform 1 

on bottom die.  

 
A suitable contact tolerance is determined and the contact is generated. Contact is 

generated between the preform and the Bottom Die. 

 
3.7.3 Setting Simulation Controls 

In the SIMULATION CONTROL, the Preform 1 rests on the bottom die for 20 seconds. 

A time step of 2 sec is selected with a total of 10 steps. Change the Number of Simulation 

Steps to 10 and the Step Increment to Save to 5 and the Starting Step Number is -162. 

This dwell simulation is the continuation of the furnace transfer simulation (Steps -162 to 

-172), and will be added to the end of the Anchor shackle.DB database so that the same 

file contains both simulations.  
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Then, the database is generated and the simulation is started. The progress of the 

simulation is monitored by looking at the Message file. 

3.7.4 Post – Processor 

Once the simulation process is completed, start DEFORM-3D POST, and see how the 

heat transfer take place with the environment. Figure 3.15 shows the temperature 

distribution of the preform just placed on the finisher die. 

 

 

Figure 3.15 Heat exchange with environment  

3.8 Stage 5 Forging blow for Finisher  

Here, the last step of the Dwell – 2 will be loaded into the Pre-processor and the Second 

forging blow will be set up. 

 
 Load the data of last stage -172 from the previous stage – 4. 

 
 Setting the simulation control, in which both heat transfer as well as deformation 

modes are considered. Set the Number of Simulation Steps to 100 and the step 

increment to save to 5. Change the Primary Die to the Top Die because it is 

moving die, and under Solution Steps Definition, set With Constant Die 

Displacement to 1.173 mm.  
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3.8.1 Setting Die Movement 

 The forging operation is performed on a one ton hammer, The die movement is 

given only to top die and is taken as +X direction. Figure 3.16 shows the setting 

of die movements in the pre processor. 

 

3.8.2 Revisiting Inter – Object Relations 

 Friction condition needs to be defined between the workpiece and the dies during 

the deformation process. In addition, the thermal data needs to be modified so that 

a forming heat transfer coefficient is used instead of the free resting coefficient 

used in the previous step.  A suitable contact tolerance is determined and then 

contact is generated.  

 

            Figure 3.16 Top die movement 

The database is then generated for simulation and the simulation process is run. 

3.8.3 Post – Processor 

In this stage, the simplest geometry of preform 1 is converted into the final geometry of 

the anchor shackle. At step number 269, both top and bottom dies are in contact with each 

other and the plastic deformation of preform 1 is taking place. Total number of forging 

blows are automatically calculated by the software and accordingly the number of steps 

are executed. For all the preforms, the number of blows set in the software is three for 

obtaining the final geometry of anchor shackle. From -172 to 306 steps, total 134 steps 
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are taken and the hammer blows are set in step numbers 269, 285 and 296. Figure 3.17 

shows the obtained geometry of the anchor shackle at the end of the simulation process. 

 
Figure 3.17 Preform 1 geometry at the end of third hammer blow   

3.9 Preforms Figure at the End of Simulation and Post Processor Work 

Similarly, all the preforms are simulated and the following results are obtained:          

Figure 3.18 (a) shows the simulation of the formation of preform 1 from a simple 

cylindrical geometry to a complex geometry of the anchor shackle. The anchor shackle 

forged using the same sized preform is given in figure 3.18 (b). The observation of the 

die filling at the end of the simulation process is given in the table 3.10. 
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Figure 3.18 (a) Simulation result of Preform 1      Figure 3.18 (b) Forged part of preform 1 

Figure 3.18 Comparison of final geometries of preform 1 

Table 3.10 Observation of the Die filling for Preform 1 

Preform 
Dimensions(mm) Observations 

Diameter Length Die  filling 

1 36 100 Fully Filled 
 

Figure 3.19 (a) shows the simulation of the formation of preform 2 from a simple 

cylindrical geometry to a complex geometry of the anchor shackle. The anchor shackle 

forged using the same sized preform is given in figure 3.19 (b). The observation of the 

die filling at the end of the simulation process is given in table 3.11. 

 

                 

Figure 3.19 (a) Simulation result of Preform 2       Figure 3.19 (b) Forged part of preform 2 

Figure 3.19 Comparison of final geometries of preform 2 
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Table 3.11 Observation of the Die filling for Preform 2 

Preform 
Dimensions(mm) Observations 

Diameter Length Die  filling 

2 36 105 Fully Filled 

 

Figure 3.20 (a) shows the simulation of the formation of preform 3 from a simple 

cylindrical geometry to the final complex geometry of the anchor shackle. The anchor 

shackle forged using the same sized preform is given in figure 3.20 (b). The observation 

of the die filling at the end of the simulation process is given in table 3.12. 

 

               

  Figure 3.20 (a) Simulation result of Preform 3     Figure 3.20 (b) Forged part of preform 3 

Figure 3.20 Comparison of final geometries of preform 3 

Table 3.12 Observation of the Die filling for Preform 3 

Preform 
Dimensions(mm) Observations 

Diameter Length Die  filling 

3 36 110 Fully Filled 

 

Figure 3.21 (a) shows the simulation of the formation of preform 4 from a simple 

cylindrical geometry to a complex geometry of the anchor shackle. The anchor shackle 

forged using the same sized preform is given in figure 3.21 (b). The observation of the 

die filling at the end of the simulation process is given in table 3.13. 
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Figure 3.21 (a) Simulation result of Preform 4 
 

 

Figure 3.21 (b) Forged part of preform 4 

Figure 3.21 Comparison of final geometries of preform 4 

Table 3.13 Observation of the Die filling for Preform 4 

Preform Dimensions(mm) Observations 

Diameter Length Die  filling 
4 36 95 Partially Filled 

At the end of the simulation of the closed die hot forging process, the forging force and 

effective stress (Von Mises) for all preforms are obtained.  
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Figures 3.22 and 3.23 show the simulated forging force and effective stress of preform 1 

at the end of the third blow of hammer.  

    
Figure 3.22 Forging force of preform 1 

 
Figure 3.23 Effective stress of preform 1 
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Figures 3.24 and 3.25 show the simulated forging force and effective stress of preform 2 

at the end of the third blow of hammer.  

 

Figure 3.24 Forging force of preform 2 

 
Figure 3.25 Effective stress of preform 2 
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Figures 3.26 and 3.27 show the simulated forging force and effective stress of preform 3 

at the end of the third blow of hammer. 

 

Figure 3.26 Forging force of preform 3 

 

Figure 3.27 Effective stress of preform 3 
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Figures 3.28 and 3.29 show the simulated forging force and effective stress of preform 4 

at the end of the third blow of hammer. 

 

Figure 3.28 Forging force of preform 4 

 

Figure 3.29 Effective stress of preform 4 
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3.10 Observation Tables for the Closed Die Hot Forging Process after the End of 

Simulation  

 

Table 3.14 shows the simulation results for preform 1, 2, 3 and 4.  

Table 3.14 Result table of all preforms  

Preform 
Preform Size 

(mm) 

Preform 
Volume 

(mm
3
) 

Step 
No 

Max. 
Effective 

Stress 
(MPa) 

Forging 
load 
(kN) 

Forging 
Force 
(kN) 

No. of 
Blows in 
finisher 

1 Ø 36 x 100  101736.0 296 865 1.73 x 10
4
 186 3 

2 Ø 36 x 105  106822.8 295 688 1.73 x 104 203 3 

3 Ø 36 x 110  111909.6 294 826 1.77 x 104 232 3 

4 Ø 36 x 95  96649.2 292 778 1.45 x 104 195 3 

 

 

Figure 3.30 Comparison of the forging load and effective stress for all preforms 

 

From the table 3.14 and figure 3.30, it can be seen that the forging load is minimum for 

preform 4 while effective stress is lower for the preform 2.  
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3.11 Finite Element Analysis for Die Stress (Part 2) 

For forging force and die stress simulation, the last step of the first stage of closed die 

forging process is needed to be upload [9][98][99][100][101][102]. Here, the die material 

is taken as elastic, instead of rigid, otherwise the simulation process is similar to the             

part 1. At the end of the die stress analysis, forging force and die stress are determined.  

Figures 3.31 and 3.32 show the induced effective stress and forging force on the bottom 

die at the end of die stress simulation of preform 1. 

 

Figure 3.31 Effective stress on bottom die for preform 1 

 

Figure 3.32 Forging force on bottom die for preform 1 
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Figures 3.33 and 3.34 show the induced effective stress and forging force on the top die 

at the end of die stress simulation of preform 1. 

 

Figure 3.33 Effective stress on top die for preform 1 

 

 

Figure 3.34 Forging force on top die for preform 1 
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Figures 3.35 and 3.36 show the induced effective stress and forging force on the bottom 

die at the end of die stress simulation of preform 2. 

 

 
Figure 3.35 Effective stress on bottom die for preform 2 

 

Figure 3.36 Forging force on bottom die for preform 2 
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Figures 3.37 and 3.38 show the induced effective stress and forging force on the top die 

at the end of die stress simulation of preform 2. 

 

 

Figure 3.37 Effective stress on top die for preform 2 

 

Figure 3.38 Forging force on top die for preform 2 
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Figures 3.39 and 3.40 show the induced effective stress and forging force on the bottom 

die at the end of die stress simulation of preform 3. 

 

 

Figure 3.39 Effective stress on bottom die for preform 3 

 

 

Figure 3.40 Forging force on bottom die for preform 3 
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Figures 3.41 and 3.42 show the induced effective stress and forging force on the top die 

at the end of die stress simulation of preform 3. 

 

Figure 3.41 Effective stress on top die for preform 3 

 

 

Figure 3.42 Forging force on top die for preform 3 
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Figures 3.43 and 3.44 show the induced effective stress and forging force on the bottom 

die at the end of die stress simulation of preform 4. 

 

Figure 3.43 Effective stress on bottom die for preform 4 

 

 

Figure 3.44 Forging force on bottom die for preform 4 
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Figures 3.45 and 3.46 show the induced effective stress and forging force on the top die 

at the end of die stress simulation of preform 4. 

 

Figure 3.45 Effective stress on top die for preform 4 

 

 

Figure 3.46 Forging force on top die for preform 4 

 



 3 – FEA Analysis of Anchor Shackle in DEFORM-3D   
 

 

       81 

3.12 Observation Tables for the Die Stress Analysis at the End of Simulation 

Table 3.15 shows the simulation results of die stress analysis for preform 1, 2, 3 and 4.  

Table 3.15 Die stress analysis for all preform  

Part 

Preform 
Size 

(mm) 

Preform 
Volume 

(mm
3
) 

Max. Effective Die Stress 
(MPa) 

Forging Force (kN) 

Bottom Die Top Die Bottom Die Top Die 

Preform 1 Ø 36 x 100  101736.0 4220 2940 243 259 

Preform 2 Ø 36 x 105  106822.8 2950 2960 222 256 

Preform 3 Ø 36 x 110  111909.6 3210 3270 306 306 

Preform 4 Ø 36 x 95  96649.2 2560 2410 235 217 

 

Figure 3.47 shows the simulation results of the required forging force for the preforms of 

anchor shackle as well as the stresses induced on the anchor shackle dies. 

 

Figure 3.47 Comparison of simulation results for the closed die hot forging process of   
                    anchor shackle 
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3.13 Conclusion: 

Anchor shackle manufacturer use an arbitrary preform size (preform 3, Ø 36 x 110 mm) 

to reduce the rate of rejection of forged parts. From the results of the analysis given in 

table 3.15, figures 3.20 and 3.47, it is found that by selecting the preform 3 the wastage 

of material in the form of flash, effective stress induced on the dies and the required 

forging force are relatively more as compared with that of the preform 4. From the 

simulation data given in the table 3.13, it is found that preform 4 is the best choice as far 

as controlling of excess flash material and induced stresses on the dies are concerned. 

However, it is observed that the intermediate stage of the simulation of the forging, using 

preform 4, shows a defect of partially filled cavity and fold, though the simulation of the 

final forging shows a completely filled cavity. This situation has led to selection of 

preform 4 for a trail run to produce one thousand forging of anchor shackle.  
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4.1 Introduction [73] 

It is well known that the forged products exhibit excellent mechanical properties with a 

small amount or no material being wasted. To economize any process tooling cost need 

to be kept under control and forging is not an exception. Cost of forging tooling is one of 

the most important factors in the overall process cost. Die costs range from 10% to 15% 

of the whole process cost. This includes cost of die material, machining the dies and 

subsequent heat treatment. Set up times can range anywhere from under 10 minutes to 

over 3-4 hours, which results in additional direct wages in material handling, tool rework 

and other overhead costs.  

 Failure of dies in manufacturing operations generally results from one or more of the 

following causes: pressures, sliding velocities, hot hardness, improper design, defective 

material, improper heat treatment and finishing operations, overloading, misuse and 

improper handling [72]. Among them, the three basic cause of premature die failure are 

overloading of the die, wear and overheating. Although fewer die failure can be attributed 

to overloading than to wear or overheating, an overloaded die wears rapidly and may 

break subsequently. Overloading can be avoided by the careful selection of die steel and 

its hardness, apart from proper application of working pressure and die design, to ensure 

correct metal flow. 

The factors affecting die failure can be subdivided into [50]: 

 Tooling Issues – this is related to die material selection, heat treatment, surface 

engineering, die design and manufacture 

 Billet Issues – this is in the contest of billet preparation and steel type 

 Process Issues – this is with reference to forging temperature, lubricant type and 

application, forging cycle times and other forging practices 

Design of forging dies is as important as the proper selection of die materials. In order to 

withstand the forces in forging, a die must have proper cross sections and clearances. 

Sharp corners, radii and fillets, as well as sudden changes in cross-section, act as stress 

raisers and can have detrimental effects on die life. 
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4.2 Modes of Die Failure 

Depending on the conditions of the process and the characteristics of the material and 

surface conditions, one could encounter various modes of die failure, which is shown in 

figure 4.1 [50] [71].  

 Wear (abrasive, adhesive and erosive) 

 Thermal fatigue or heat checking 

 Mechanical fatigue 

 Plastic deformation 

 
Figure 4.1 Modes of die failure 

4.2.1 Abrasive Wear 

Abrasive wear is the removal of material of the die surface caused by the sliding of a 

rough, hard surface against a softer material. In hot and warm forging, abrasive wear is 

compounded by the presence of hard particles in the interface or variations inherent to 

the billet. In other words, abrasive wear can be defined as a die failure phenomenon where 

the die loses its original geometry over a period of time due to a constant abrasive action 

of particles across the die surface under high pressures during forging. Figure 4.2 shows 

the abrasive wear mechanism. 

 
Figure 4.2 Abrasive wear mechanism 
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4.2.2 Adhesive Wear 

It is based on the notion that touching asperities adhere together and that plastic shearing 

of the junctions so formed ‘plucks’ off the tips of the softer asperities leaving them 

adhering to the harder surface. Subsequently these tips can become detached giving rise 

to wear particles or fragments. Sever damage of this type can result in the tearing of 

macroscopic chunk of material from the surface and this situation is sometimes known 

as ‘galling’. However, this was reported that adhesive wear mechanism has less 

contribution towards the wear failure during hot forging process. Figure 4.3 shows the 

adhesive wear mechanism. 

     

Figure 4.3 Adhesive wear mechanism 

4.2.3 Erosive Wear 

Erosion is a form of hot mechanical wear on the die surface, resulting mainly from the 

motion of the melt. 

4.2.4 Thermal and Mechanical Fatigue 

Thermal fatigue (heat checks) is defined as the crack appearance due to the repetitive 

changes of temperature, especially when there is temperature difference between the die 

surfaces and its interior. Any temperature differences between the surface and the interior 

results in stress and strain differential due to thermal expansion. When the resulting stress 

exceeds the hot strength of the material, yielding of surface layers occurs. Extended 

cycling will result in crack initiation and subsequent growth of thermal cracks.  
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4.2.5 Plastic Deformation 

This mode of failure occurs at regions of the die that are subjected to extreme pressure 

and temperatures as well as long contact times, where in the local stresses result on die 

stresses that exceed the local hot yield strength of the die material. Typical areas of the 

die that tend to show this mode of failure are sharp corners of the dies and thin 

protuberances that trap a lot of heat during the forging process. 

4.3 Contribution of Wear Mechanisms in Die Failure 

 

In hot forging, dies fail mainly due to wear (adhesive and abrasive), plastic deformation 

and fatigue (mechanical and thermal). Of these, wear  and mechanical failures are the 

most common forms of failure. Abrasive wear is more common compared to adhesive 

wear in forging operations. The reason is presence of lubricant film and/or scales and 

oxide layer in forging operations prevent adhesive wear mode. Failures like gross 

cracking and mechanical fatigue can be contained by good tooling design and material 

selection. Thermal fatigue acts as a catalyst to accelerate abrasive wear. Figure 4.4 shows 

the percentage contribution of the types of wear for the failure of the hot forging dies.  

 

Figure 4.4 Percentage contribution of types of wear for the hot forging die failure 
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4.4 Types of Die Failure [71] 

Wear is inherent in the flow and spreading of hot metal in the impression of a forging 

die. Wear is particularly severe if the design of the forging is complex or difficult-to-

forge, the metal being forged has a high hot strength, or there is scale on the work metal. 

Although wear cannot be eliminated, its effects can be minimized by good die design, 

careful selection of die composition and hardness, and a forging technique that includes 

proper heating and correct die lubrication. As a die becomes hotter, its resistance to wear 

decreases. Overheating causes most of the premature die wear that occurs in forging. 

Overheating is likely to occur in areas of the die impression that project into the cavity. 

In addition, overheating may result from continuous forging. Since forging temperature 

typically range from 3700 to 12600 C, temperature of the die block will also cover a broad 

range. In forging steel, thin projections or plugs may reach 4250 to 5500 C, but the 

temperature within the die block usually lies in the range of 1500 to 3500 C. Dies for 

forging steel and other metals that must be forged at high temperatures are susceptible to 

heat checking, or the development of minute cracks in the die impression. Figure 4.5 

shows the various types failures for a hot forging die.  

 
Figure 4.5 Types of failure in die 
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Die wear is mostly influenced by the hardness of the die material and other material 

properties such as toughness and ductility. Selection of proper die material is very 

important for reducing the production costs and setting narrow tolerance on the forged 

part. 

The selection of the die material is a very significant decision in the production of precise 

components by forging. Appropriate selection of die materials is imperative to get 

acceptable die life at reasonable cost. 

The property of the die materials can be locally influenced by the surface engineering 

techniques such as heat treatments and surface coating techniques. By using a suitable 

surface engineering technique, die life can be increased drastically [72]. 

4.5 Surface Treatment and Coatings[71][72] 

Surface-engineering of dies are techniques and processes used to induce, modify and 

enhance the surfaces properties giving it more wear, corrosion and fatigue resistance. 

These techniques do not modify the soft and tough interior of dies. Figure 4.6 shows the 

typical surface depths of various surface treatments. Die coatings and surface treatments, 

used in forging industry, primarily increase the abrasive wear resistance of dies by 

increasing the hardness of the surface layers of the die. Figure 4.7 shows some results 

from forging experiments that clearly illustrate the efficacy of surface treatments. These 

results were obtained from forging trials performed with eccentric crank press. This 

section lists different surface treatments applicable to precision forging applications and 

issues affecting the die performance. 

Most surface treatments used in dies and tools are diffusion–based. These processes rely 

on diffusion of chemicals into the surface, modifying the surface chemistry and the 

mechanical properties of the surface layer. The thickness of the surface treated layer in 

these types of diffusion processes rely on the time and temperature at which the hardening 

is performed. The time-temperature dependence is of the form shown in equation 4.1. 

                                                                    D = K √t ……………………………… (4.1) 
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Where ‘D’ is the depth of the hardened case, ‘K’ is a temperature dependent constant and 

‘t’ is the time of exposure. 

 

Figure 4.6 Thickness of various coatings and surface treatments 

 

Figure 4.7 Comparison of wear amounts of surface treated upsetting tools after 1000 

                  forging cycles with lubricant (Deltaforge-31)  
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Different diffusion based surface hardening techniques which may be applicable to 

forging dies are: 

 Carburizing and pack cementation 

 Nitriding 

 Carbo-nitriding and Nitro-carburizing 

 Boriding 

 Toyota Diffusion Process 

 Thermo-reactive diffusion 

Die surface treatments such as nitriding, weld overlays (or hardfacing) and chemical and 

physical vapor deposition of heat resistant ceramic materials have been observed to 

increase the life of the hot work dies substantially. Most die surface treatments are used 

to increase the hardness of the surface, as the die wear decreases with increase in 

hardness. 

Nitriding is the most commonly used surface treatment for hot forging dies. Boriding 

(also called boronizing) and surface welding are also used in many cases. Surface welding 

is also used to rebuild worn dies. The vapor deposition techniques such as PVD, CVD 

are more commonly used for cold forging applications but have some success in hot and 

warm forging applications [53]. The cost of surface treatment is an important criterion in 

the selection of the coating process. Figure 4.8 [53] provides a rough understanding of 

the relative costs of various surface treatments. 

4.5.1 Nitriding [53] 

In nitriding, the increase in hardness is due to the diffusion of nitrogen into the die surface. 

Nitriding is observed to reduce the wear rate by as much as 50%. Furthermore, the nitride 

layer also improves thermal fatigue resistance of the dies because it imparts compressive 

residual stresses. It also improves the tempering resistance due to the diffusion layer. 

Although there is improvement of hardness and fatigue resistance (due to residual 

compression), nitriding decreases the toughness of the die surface. As a result, chipping 

of the nitrided edges can occur in some applications especially around sharp corners. 
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The nitrided surface can be obtained by gas, liquid and plasma (Ion) mediums. Nitriding 

is usually performed at temperatures between 4000 C to 5600 C. The nitrided surface is 

made of two zones. 

 

Figure 4.8 Approximate relative cost of surface treatments  

The most outer layer is called the compound zone (hard white color) which is made of 

intermetallic compounds of nitrogen and iron (Fe4N). The inner layer is called the 

diffusion layer which has fine precipitates of iron and other alloy elements which cause 

the increase in hardness in this zone (Fe3N). The proportion of nitrogen decreases until 

the original structure (base metal) is observed. The formation of a white compound layer 

is usually undesirable as this hard brittle layer may spall during forging operation. The 

thickness of the brittle white layer depends on the nitriding technique used. Nitriding 

causes a hardness distribution in the forging die as shown in figure 4.9 [53]. 
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Figure 4.9 Hardness distribution of the new nitrided die before forging  

The depth and hardness of the nitride layer depends not only on the nitriding process 

parameters such as temperature, nitrogen medium composition, nitriding time but also on 

the composition of the material being nitrided. Die materials containing high amounts of 

chromium, vanadium and molybdenum can form nitride layer which is shallow and very 

hard. Low alloy chromium steels such as 6G and 6F2 form a deeper nitride layer which 

is tougher but not as hard [71]. 

Some studies on nitriding have investigated the effect of alloying elements on hardness 

profiles. The hardness profile [HV0.5 Vickers hardness scale] for three of the materials 

tested is shown in figure 4.10 [71]. The three materials tested are manufactured by Bohler 

Udderholm. W300 and W302 are equivalent to AISI H11 and AISI H13, respectively. 

W360 is a specialty hot work tool steel. Silicon content in the die material was found to 

have major effect on the depth of nitriding. It was also observed that addition of 1% Al 

was found to increase the hardness of the dies. Nitriding of dies cause near-surface 

residual compressive stresses which can improve fatigue resistance of die materials. It 
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can be observed that the residual stresses are compressive in the nitride layer near the 

surface. The nitriding parameters can be optimized to get favorable residual stress 

distribution on the die surface [71]. 

 

Figure 4.10 Microhardness [HV0.5 Vickers hardness scale] profiles of Bohler W 300IB          

(1.2343), W302 (1.2344) and W360 IB  

Ion-nitriding, also known as plasma nitriding and glow-discharge nitriding, is yet another 

form and probably the most recently developed method of alloying the surface layers of 

ferrous parts with nitrogen. In this process, a part to be nitrided is placed in a reaction 

vessel into which an atmosphere containing nitrogen and hydrogen are introduced. The 

part is heated by electric resistance to 500 0C. The die is made the cathode and the reaction 

vessel the anode in an electric circuit. A glow discharge between the vessel and the part 

causes ionization of the gases, causing nitrogen ions to impinge upon the surface of the 

part. Because these ions have much greater energy than those in gas or liquid nitriding, 

penetration and thus surface nitriding is much quicker in ion-nitriding. Among other 

advantages of this form of nitriding is the ability to control and minimize the extent of 

brittle "white-layer" formation. In fact, with proper atmosphere control, nitriding surfaces 

of Fe4N can be formed. This compound is very ductile, and thus parts with hard, wear-

resistant, and tough surfaces may be produced. The major drawback of this method is the 

need for a special reaction vessel whose size limits the size of parts that can be treated 

[72].  
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Efficacy of nitrided tools were tested by Dean et al. using extrusion type testing and 

indicates that the nitriding reduces wear as much as 50% [72]. 

The cost of coating the dies is an important factor that influences the final decision on 

selection of coating method. Plasma Nitriding is found to be the most common and 

economical surface treatment for the hot work die steels, so for the Anchor shackle dies the 

plasma nitriding process is selected for the improvement of surface hardness. The process 

parameters of plasma nitriding are as follows: 

 Temperature                       : 480 0C 

 Process Time                      : 18 Hrs. 

 Gas Pressure                      : 3 – 4 Torr 

 Gas Ratio N2 : H2              : 1 : 3 

 After Nitriding – 

 Surface Hardness              : 1000 – 1100 Hv (65 to 67 HRC) 

 Case Depth                         : 200 – 250 microns 

4.6 Die Cavity Measurement with CMM 

A Hexagon make CNC CMM (Coordinate measuring machine) available in the 

Advanced Metrology Laboratory, Birla Vishvakarma Mahavidyalaya is used (figure 

4.11)  for the measurement of die cavities of untreated dies and the plasma nitrided dies. 

The die life is compared for 3000 pieces of anchor shackle forging using a one-ton 

hammer machine. This CMM has a full-featured geometric measurement package. It 

translates the high-level commands required to measure parts into the detailed steps 

necessary to drive a CMM. This CMM has measurement uncertainties upto 1 µm. It 

provides maximum precision and process stability with short measuring times for the 

narrower tolerances. 

Different kinds of probes are available in this machine for the measurement of complex 

surfaces. A red colored Ruby stone is used for scanning the surface. The out put readings 

are available in the form of .pdf and .igs files.   
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Figure 4.11 Hexagon make CNC CMM used for the die cavity measurements 

Figure 4.12 shows the position of reference point for the measurements of die cavity. The 

same position of the reference point is kept throughout the measurement process for both 

dies, with and without plasma nitridin.   
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Figure 4.12 Position of the reference point for the CMM measurement 

Figure 4.13 shows the location at which the maximum wear take place in the Anchor 

shackle die. C1, C2 and C3 are the diameters of the body of the Anchor shackle while C7 

and C8 are the diameters of the eyes of the Anchor shackle. Figure 4.14 shows the parts 

of the Anchor shackle.  

 

Figure 4.13 Locations where maximum wear is taking place 
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The P2 to P3 and P4 to P5 are the thickness of the eye and P3 to P4 is the distance between 

two eyes. The P3 to P4 dimension (22±0.5) is critical as per shown in figure 4.15 and 

required to maintain as per the tolerance specified in the part drawing. If this dimension 

is not maintained then during the assembly on the site the set up time increases resulting 

in a delayed schedule of assembly, which reduce the profit.  

 

                               Figure 4.14 Parts of Anchor shackle 

                    

Figure 4.15 Critical dimension P3 to P4 
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CMM is used to measure the die cavity before and after the forging of 3000 pieces of 

Anchor shackle for both with and without plasma nitriding dies. The hot forged part 

shrinks at the end of the trimming process. So, to achieve the dimensions as per the part 

drawing it is a must to add a shrinkage allowance of 2.5% by volume to the preform 

volume. The die cavity is formed based on the preform dimensions so that the dimensions 

of die cavity are larger than the drawing dimensions.  

 

The critical dimensions identified to decide the life of the forging die are C1, C2, C3, C7, 

C8, P2 to P3, P3 to P4 and P4 to P5. These dimensions are measured before and after 

forging using CMM of 3000 pieces of anchor shackle. Table 4.1 shows the readings of 

CMM measurements for the bottom die without plasma nitriding, before forging of 3000 

pieces.   

Table 4.1 CMM measurements for Bottom Die without Plasma Nitriding, before forging 

Sr. 

No. 
Reference 

Drawing dimension 

mm 

Dimensions 

with shrinkage 

allowance  

mm 

Actual 

dimensions 

before forging 

mm 

1 C1 15.5 to 15.7 15.887 to 16.093 15.828 

2 C2 15.5 to 15.7 15.887 to 16.093 15.855 

3 C3 15.5 to 15.7 15.887 to 16.093 15.391 

4 C7 37.8 to 38.2 38.556 to 38.964 38.341 

5 C8 37.8 to 38.2 38.556 to 38.964 38.203 

6 P2 to P3 15.5 to 15.7 15.112 to 15.307 14.902 

7 P3 to P4 21.5 to 22.5 22.037 to 23.063 24.337 

8 P4 to P5 15.5 to 15.7 15.112 to 15.307 14.905 

 

Figure 4.16 shows that the dimension at the critical locations are within the tolerance 

limit for the bottom die without plasma nitriding process and before forging of 3000 

pieces. 
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Figure 4.16 Measured values of the critical dimensions of the bottom die (without plasma 

nitriding), before forging  

 

Table 4.2 shows the readings of CMM measurement for the top die without plasma 

nitriding before the forging of 3000 pieces.   

Table 4.2 CMM measurement for Top Die without Plasma Nitriding, before forging 

Sr. 

No. 
Reference 

Drawing dimension 

mm 

Dimensions with 

shrinkage 

allowance 

mm 

Actual 

dimensions 

before forging 

mm 

1 C1 15.5 to 15.7 15.887 to 16.093 15.565 

2 C2 15.5 to 15.7 15.887 to 16.093 15.638 

3 C3 15.5 to 15.7 15.887 to 16.093 15.597 

4 C7 37.8 to 38.2 38.556 to 38.964 38.328 

5 C8 37.8 to 38.2 38.556 to 38.964 38.34 

6 P2 to P3 15.5 to 15.7 15.112 to 15.307 14.902 

7 P3 to P4 21.5 to 22.5 22.037 to 23.063 24.449 

8 P4 to P5 15.5 to 15.7 15.112 to 15.307 14.796 

0 5 10 15 20 25 30 35 40 45

C1

C2

C3

C7

C8

P2 to P3

P3 to P4

P4 to P5

C1 C2 C3 C7 C8 P2 to P3 P3 to P4 P4 to P5

Actual dimensions before

forging in mm
15.828 15.855 15.391 38.341 38.203 14.902 24.337 14.905

Dimensions with shrinkage

allowance in mm
15.99 15.99 15.99 38.76 38.76 15.209 22.55 15.209

CMM Measurements for Bottom Die without Plasma Nitriding before 

Forging

Critical Locations 
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Figure 4.17 shows that the dimension at the critical locations are within the tolerance 

limit for the top die without plasma nitriding process and before forging of 3000 pieces. 

 
Figure 4.17 Measured values of the critical dimensions of the top die (without plasma 

nitriding), before forging  

Table 4.3 shows the readings of CMM measurement for the bottom die without plasma 

nitriding after the forging of 3000 pieces.   

Table 4.3 CMM measurement for Bottom Die without Plasma Nitriding, after forging 

Sr. 

No. 
Reference 

Drawing dimension 

mm 

Dimensions with 

shrinkage 

allowance 

mm 

Actual 

dimensions 

after forging 

mm 

1 C1 15.5 to 15.7 15.887 to 16.093 16.187 

2 C2 15.5 to 15.7 15.887 to 16.093 16.925 

3 C3 15.5 to 15.7 15.887 to 16.093 15.287 

4 C7 37.8 to 38.2 38.556 to 38.964 39.284 

5 C8 37.8 to 38.2 38.556 to 38.964 39.207 

6 P2 to P3 15.5 to 15.7 15.112 to 15.307 15.628 

7 P3 to P4 21.5 to 22.5 22.037 to 23.063 23.384 

8 P4 to P5 15.5 to 15.7 15.112 to 15.307 16.025 

0 5 10 15 20 25 30 35 40 45

C1

C2

C3

C7

C8

P2 to P3

P3 to P4

P4 to P5

C1 C2 C3 C7 C8 P2 to P3 P3 to P4 P4 to P5

Actual dimensions before

forging in mm
15.565 15.638 15.597 38.328 38.34 14.902 24.449 14.796

Dimensions with shrinkage

allowance in mm
15.99 15.99 15.99 38.76 38.76 15.209 22.55 15.209

CMM Measurements for Top Die without Plasma Nitriding before 

Forging

Critical Locations
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Figure 4.18 shows that the dimension at the critical locations are out of the tolerance limit 

for the bottom die without plasma nitriding process and after forging of 3000 pieces. 

 
Figure 4.18 Measured values of the critical dimensions of the bottom die (without plasma 

nitriding), after forging 

 

Table 4.4 shows the readings of CMM measurement for the top die without plasma 

nitriding after the forging of 3000 pieces.   

Table 4.4 CMM measurement for Top Die without Plasma Nitriding, after forging 

Sr. 

No. 
Reference 

Drawing dimension 

mm 

Dimensions with 

shrinkage 

allowance 

mm 

Actual 

dimensions after 

forging 

mm 

1 C1 15.5 to 15.7 15.887 to 16.093 16.733 

2 C2 15.5 to 15.7 15.887 to 16.093 16.86 

3 C3 15.5 to 15.7 15.887 to 16.093 16.746 

4 C7 37.8 to 38.2 38.556 to 38.964 39.588 

5 C8 37.8 to 38.2 38.556 to 38.964 39.758 

6 P2 to P3 15.5 to 15.7 15.112 to 15.307 16.139 

7 P3 to P4 21.5 to 22.5 22.037 to 23.063 23.088 

8 P4 to P5 15.5 to 15.7 15.112 to 15.307 15.899 

0 5 10 15 20 25 30 35 40 45

C1

C2

C3

C7

C8

P2 to P3

P3 to P4

P4 to P5

C1 C2 C3 C7 C8 P2 to P3 P3 to P4 P4 to P5

Actual dimensions after forging in

mm
16.187 16.925 15.287 39.284 39.207 15.628 23.384 16.025

Dimensions with shrinkage

allowance in mm
15.99 15.99 15.99 38.76 38.76 15.209 22.55 15.209

CMM Measurements for Bottom Die without Plasma Nitriding after 

Forging

Critical 

Locations
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Figure 4.19 shows that the dimension at the critical locations are out of the tolerance limit 

for the top die without plasma nitriding process and after forging of 3000 pieces. 

 
Figure 4.19 Measured values of the critical dimensions of the top die (without plasma 

nitriding), after forging  

Table 4.5 shows the readings of CMM measurement for the bottom die with plasma 

nitriding before the forging of 3000 pieces.   

Table 4.5 CMM measurement for Bottom Die with Plasma Nitriding, before forging 

Sr. No. Reference 
Drawing Dimension 

mm 

Dimensions 

with shrinkage 

allowance 

mm 

Actual 

dimensions 

before forging 

mm 

1 C1 15.5 to 15.7 15.887 to 16.093 15.651 

2 C2 15.5 to 15.7 15.887 to 16.093 15.646 

3 C3 15.5 to 15.7 15.887 to 16.093 15.609 

4 C7 37.8 to 38.2 38.556 to 38.964 38.473 

5 C8 37.8 to 38.2 38.556 to 38.964 38.461 

6 P2 to P3 15.5 to 15.7 15.112 to 15.307 14.758 

7 P3 to P4 21.5 to 22.5 22.037 to 23.063 24.598 

8 P4 to P5 15.5 to 15.7 15.112 to 15.307 14.703 

0 5 10 15 20 25 30 35 40 45

C1

C2

C3

C7

C8

P2 to P3

P3 to P4

P4 to P5

C1 C2 C3 C7 C8 P2 to P3 P3 to P4 P4 to P5

Actual dimensions after forging

in mm
16.733 16.86 16.746 39.588 39.758 16.139 23.088 15.899

Dimensions with shrinkage

allowance in mm
15.99 15.99 15.99 38.76 38.76 15.209 22.55 15.209

CMM Measurements for Top DIe without Plasma Nitriding after 

Forging

Critical Locations
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Figure 4.20 shows that the dimension at the critical locations are within the tolerance 

limit for the top die with plasma nitriding process and before forging of 3000 pieces. 

 
Figure 4.20 Measured values of the critical dimensions of the plasma nitrided bottom 

die, before forging  

 

Table 4.6 shows the readings of CMM measurement for the top die with plasma nitriding 

before the forging of 3000 pieces.   

Table 4.6 CMM measurement for Top Die with Plasma Nitriding, before forging 

Sr. No. Reference 
Drawing Dimension 

mm 

Dimensions 

with shrinkage 

allowance 

mm 

Actual 

dimensions 

before 

forging 

mm 

1 C1 15.5 to 15.7 15.887 to 16.093 15.622 

2 C2 15.5 to 15.7 15.887 to 16.093 15.568 

3 C3 15.5 to 15.7 15.887 to 16.093 15.698 

4 C7 37.8 to 38.2 38.556 to 38.964 38.448 

5 C8 37.8 to 38.2 38.556 to 38.964 38.302 

6 P2 to P3 15.5 to 15.7 15.112 to 15.307 14.593 

7 P3 to P4 21.5 to 22.5 22.037 to 23.063 24.542 

8 P4 to P5 15.5 to 15.7 15.112 to 15.307 14.821 

0 5 10 15 20 25 30 35 40 45
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C7

C8

P2 to P3

P3 to P4

P4 to P5

C1 C2 C3 C7 C8 P2 to P3 P3 to P4 P4 to P5

Actual dimensions before

forging in mm
15.651 15.646 15.609 38.473 38.461 14.758 24.598 14.703

Dimensions with shrinkage

allowance in mm
15.99 15.99 15.99 38.76 38.76 15.209 22.55 15.209

CMM Measurements for Bottom Die with Plasma Nitriding before 

Forging  

Critical Locations
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Figure 4.21 shows that the dimension at the critical locations are within the tolerance 

limit for the top die with plasma nitriding process and before forging of 3000 pieces. 

 

Figure 4.21 Measured values of the critical dimensions of the plasma nitrided top die, 

before forging  

Table 4.7 shows the readings of CMM measurement for the bottom die with plasma 

nitriding after the forging of 3000 pieces.   

Table 4.7 CMM measurement for Bottom Die with Plasma Nitriding, after forging 

Sr. No. Reference 
Drawing Dimension 

mm 

Dimensions 

with shrinkage 

allowance 

mm 

Actual 

dimensions 

after 

forging 

mm 

1 C1 15.5 to 15.7 15.887 to 16.093 15.73 

2 C2 15.5 to 15.7 15.887 to 16.093 15.686 

3 C3 15.5 to 15.7 15.887 to 16.093 15.775 

4 C7 37.8 to 38.2 38.556 to 38.964 38.666 

5 C8 37.8 to 38.2 38.556 to 38.964 38.668 

6 P2 to P3 15.5 to 15.7 15.112 to 15.307 14.776 

7 P3 to P4 21.5 to 22.5 22.037 to 23.063 24.698 

8 P4 to P5 15.5 to 15.7 15.112 to 15.307 14.838 
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P2 to P3
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C1 C2 C3 C7 C8 P2 to P3 P3 to P4 P4 to P5

Actual dimensions before

forging in mm
15.622 15.568 15.698 38.448 38.302 14.593 24.542 14.821

Dimensions with shrinkage

allowance in mm
15.99 15.99 15.99 38.76 38.76 15.209 22.55 15.209

CMM Measurements for Top Die with Plasma Nitriding before 

Forging

Critical Locations
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Figure 4.22 shows that the dimension at the critical locations are within the tolerance 

limit for the bottom die with plasma nitriding process and after forging of 3000 pieces. 

 
Figure 4.22 Measured values of the critical dimensions of the plasma nitrided bottom die, 

after forging 

 

Table 4.8 shows the readings of CMM measurement for the top die with plasma nitriding 

after the forging of 3000 pieces.   

Table 4.8 CMM measurement for Top Die with Plasma Nitriding, after forging 

Sr. No. Reference 
Drawing Dimension 

mm 

Dimensions with 

shrinkage 

allowance 

mm 

Actual 

dimensions 

after 

forging 

mm 

1 C1 15.5 to 15.7 15.887 to 16.093 16.396 

2 C2 15.5 to 15.7 15.887 to 16.093 16.106 

3 C3 15.5 to 15.7 15.887 to 16.093 16.294 

4 C7 37.8 to 38.2 38.556 to 38.964 38.482 

5 C8 37.8 to 38.2 38.556 to 38.964 38.619 

6 P2 to P3 15.5 to 15.7 15.112 to 15.307 15.018 

7 P3 to P4 21.5 to 22.5 22.037 to 23.063 24.053 

8 P4 to P5 15.5 to 15.7 15.112 to 15.307 15.005 
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P2 to

P3

P3 to

P4

P4 to

P5

Actual dimensions after forging

in mm
15.73 15.686 15.775 38.666 38.668 14.776 24.698 14.838

Dimensions with shrinkage

allowance in mm
15.99 15.99 15.99 38.76 38.76 15.209 22.55 15.209

CMM Measurements for Bottom Die with Plasma Nitriding after 

Forging

Critical Locations



4. Die Failure Mechanism and Die Cavity Measurements with CMM 

 

    106 

Figure 4.23 shows that the dimension at the critical locations are within the tolerance 

limit for the top die with plasma nitriding process and after forging of 3000 pieces. 

 

Figure 4.23 Measured values of the critical dimensions of the plasma nitrided top die, 

after forging  

0 5 10 15 20 25 30 35 40 45

C1

C2

C3

C7

C8

P2 to P3

P3 to P4

P4 to P5

C1 C2 C3 C7 C8
P2 to

P3

P3 to

P4

P4 to
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Actual dimensions after forging

in mm
16.396 16.106 16.294 38.482 38.619 15.018 24.053 15.005

Dimensions with shrinkage

allowance in mm
15.99 15.99 15.99 38.76 38.76 15.209 22.55 15.209

CMM Measurements for Top Die with Plasma Nitriding after Forging

Critical Locations
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Results and Discussions:  

Closed die forging operation is complex and to express it with quantitative relationships 

is pretty difficult. Quality of finish-forged part depend on the forging parameters like 

metal flow, friction at workpiece and tool interface, the amount of heat generated and 

transferred during plastic flow. It is necessary to determine the accurate volume of 

preform including flash to transform the initial simple geometry of preform into a 

complex geometry of the finished forged part without defects like cold shut, partial 

filling, cracks and scale pits. If preform volume is incorrect, the filling of die cavities may 

be partial or excessive forging loads may occur. The main objective of this thesis is to 

improve part quality, optimize the forging load and effective die stress and improve the 

die life. These objectives are achieved by controlling preform volume and increasing the 

surface hardness of die through plasma nitriding process. 

Preform volume is analysed with the help of DEFROM 3D. As the preform volume 

increases, the quantity of flash is also increased. Figure 5.1 and 5.2 shows the formation 

of flash at the end of simulation process. The flash for the preform 4 is minimum while 

that of preform 3 is maximum. The FEA results are summarised in table 5.1. 

                            

               Figure5.1 (a) Preform 1                                       Figure 5.1(b) Preform 2       

           Figure 5.1 Simulation of flash formation for preform 1 and preform 2 
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                   Figure5.2 (c) Preform 3                                Figure5.2(d) Preform 4 

Figure 5.2 Simulation of flash formation for preform 3 and preform 4 

Table 5.1 Simulation results for all preforms 

Preform 
Dimensions(mm) Observations 

Diameter Length Die  filling 

1 36 100 Fully Filled 

2 36 105 Fully Filled 

3 36 110 Fully Filled 

4 36 95 Partially Filled 

 

From the FEA results of the preforms, preform 4 (ø36 x 95 mm) is the first choice for 

saving the material because the flash quantity is minimum but at the intermediate stage 

of the simulation a partially filled die cavity is observed and it is also conformed through 

experiments. Out of the 1000 pieces of anchor shackle forged using preform 4, 50 pieces 

are rejected due to partially filled cavity i.e. 5% rejection. The causes of defective forging 

may be either insufficient volume of the preform or the positional error when adjusting 

the preform in the die cavity by the forger during the closed die forging operation. The 

simulation result shown in figure 5.3 depicts that there is partial filling of the die cavity 

after the intermediate stage when preform 4 is used. Figure 5.4, depicting the actual 

forged part (intermediate stage), also shows that the forgings produced using preform 4 

has an unfilled cavity formed at the same location specified by the simulation                     
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(Figure 5.3). Moreover, a rejection rate of 5% is not acceptable economically as well as 

per the forging industry standards. This has led to the conclusion to use preform 1 instead 

of preform 4. 

 

Figure 5.3 Simulation result of preform 4   

                           
Figure 5.4 Actual forged part of preform 4 (Inter mediate stage) 

Preform 1 (ø36 x 100 mm) is found to be the best choice as the flash quantity is medium 

and there is no partially filled die cavity found during the simulation as well as from the 

experiment. When 1000 pieces of anchor shackle are forged as per the size of preform 1 

only 5 pieces i.e. 0.5% are rejected and it is only due to the positional errors of the forger. 

So preform 1 is selected for the forging of anchor shackle. Figure 5.5 shows the 

comparison of the simulation results with the actual closed die forging process for 

preform 1.  
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Figure 5.5 (a) Simulation result of preform 1 

 

Figure 5.5 (b) Actual forged part of preform 1 

 

Figure 5.5 Comparison of Simulation result with Actual forged part of preform 1 

Flash is an essential part of closed die hot forging process and its size is very crucial for 

ensuring filling of die cavity. Flash is also a significant factor for the optimization of the 

preform size. So accurate flash design is required to ensure die filling during closed die 

hot forging operation. Good flash design results in improved material yield along with 

reduced wastage of material in the form of flash. Table 5.2 shows the volume of preforms 

1, 2 and 3. 
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Table 5.2 Comparision of volumes for all preforms 

Preform Dimensions (mm) Volume (mm3) 

Dia. Length 

1 36 100 101736 

2 36 105 106822.8 

3 36 110 111909.6 

Taking preform 3 as base, the saving in volume while using preform 1 is given below, 

                

     

                                             =      (111909.6 – 101736) x 100 / 111909.6    =  9.09%  

Material cost of AISI 1015 is ₹50/kg.  

For the preform 3 cost of the material calculated is ₹ 45 and that of preform 1 is ₹41.  

Saving in the material cost if preform 1 is used is: 

 

Saving in the Material cost = (Cost of preform 3 – Cost of preform 1) x 100  

                                                                   Cost of preform 3  

                                           = (45 – 41) x 100 / 45   = 8.9% 

By saving 9.09% volume of the preform, the material cost is reduced by 8.9% resulting 

in enhanced profit to the manufacturer of anchor shackle. Hence, Preform 1 is selected 

for the forging of 3000 pieces of anchor shackle. 

Forging force and effective die stress are also analyzed with the help of DEFORM 3D 

simulation software. Figure 5.6 shows the forging force and effective die stress (Von 

Mises) for preform 1.  

Saving in the volume =   (Volume of Preform 3 – Volume of Preform 1) x 100                    

                                                              Volume of   Preform 3   
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Figure 5.6 Forging force and effective die stress for preform 1 

Table 5.3 shows the results of FEA for all preforms. Larger the preform volume needs 

higher forging force. The effective die stress rises when the geometrical dimensions of 

preforms are increased.  

Table 5.3 Simulation results of the maximum effective die stress and forging force for all preforms 

Part 

Preform 

Size 

(mm) 

Preform 

Volume 

(mm
3
) 

Max. Effective Die 

Stress (MPa) 
Forging Force (kN) 

Bottom 

Die 

Top 

Die 

Bottom 

Die 
Top Die 

Preform 1 Ø 36 x 100  101736.0 4220 2940 243 259 

Preform 2 Ø 36 x 105  106822.8 2950 2960 222 256 

Preform 3 Ø 36 x 110  111909.6 3210 3270 306 306 

Material wastage is less when preform 1 is selected because the flash formation of the 

preform 1 is minimum but chances of the failure of the bottom die is increased because 

effective stress induced on it is maximum. So, to reduce the material wastage and improve 

the die life the plasma nitriding process is selected. It helps to increase the surface 

hardness from 42 HRC to 65 HRC, upto 250 microns depth. 

Hexagon make Coordinate Measuring Machine (CMM) is used to measure the die cavity 

critical dimensions before and after the forging operation for keeping the reference point 

as same (Refer the figure 4.11 and 4.12).   
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Locations at which the maximum wear is occurred have been identified through CMM 

measurement as specified in figure 4.13.  

C1 to C3 and C7 & C8 represent the circle diameters whereas the P2 to P3, P3 to P4 and 

P4 to P5 represent the thickness where the maximum wear take place during the closed 

die hot forging process of anchor shackle.  The forged part shrinks after the trimming 

process; hence, the die cavity dimensions were larger than the drawing dimensions of the 

final part. Table 5.4 shows the allowable dimensions at critical areas, identified for the 

anchor shackle dies. 

 

These dimensions were measured with the CMM before and after the forging of 3000 

pieces for the bottom die without the plasma nitriding process. The minimum wear was 

0.359 mm and the maximum wear was 1.12 mm. As shown in figure 5.7 at the C3 location 

the plastic deformation was observed and so that the wear value was negative while at 

location P3 to P4 due to the abrasive wear the thickness was decreased and because of 

that, the wear was negative. Figures 5.8 (a), (b) & (c) show the increment of the 

dimensions for the bottom die cavity without plasma nitriding after the forging of 3000 

pieces of anchor shackle. 

Table 5.4 Dimensions Measured by CMM for Bottom Die without Plasma Nitriding 

Sr. 

No. 
Reference 

Drawing 

Dimension 

 (mm) 

Before 

Forging 

 (mm) 

After 

Forging 

(mm) 

Difference 

 (mm) 

1 C1 15.5 to 15.7 15.828 16.187 0.359 

2 C2 15.5 to 15.7 15.855 16.925 1.07 

3 C3 15.5 to 15.7 15.391 15.287 -0.104 

4 C7 37.8 to 38.2 38.341 39.284 0.943 

5 C8 37.8 to 38.2 38.203 39.207 1.004 

6 P2 to P3 15.5 to 15.7 14.902 15.628 0.726 

7 P3 to P4 21.5 to 22.5 24.337 23.384 -0.953 

8 P4 to P5 15.5 to 15.7 14.905 16.025 1.12 
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Figure 5.7 Location C3 & P3 to P4 

 
Figure 5.8 (a) Comparision of dimensions at location C1, C2 & C3 before and after forging 

 
Figure 5.8 (b) Comparision of dimensions at location C7 & C8 before and after forging 
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Figure 5.8 (c) Comparision of dimensions at location P2 to P3, P3 to P4 & P4 to P5 before and after forging 

Figure 5.8 Opening of bottom die cavity (without plasma nitriding) after the forging of          

                 3000 pieces 

 

Table 5.5 shows dimensions measured with the CMM before and after the forging of 

3000 pieces for the top die without the nitriding process. The minimum wear was 1.103 

mm and the maximum wear was 1.418 mm. Figures 5.9 (a), (b) & (c) show the increment 

in the dimensions of top die cavity without plasma nitriding after the forging of 3000 

pieces of anchor shackle. 

Table 5.5 Dimensions Measured by CMM for Top Die without Plasma Nitriding 

 

Sr. 

No. 
Reference 

Drawing 

Dimension 

(mm) 

Before 

Forging 

(mm) 

After 

Forging 

 (mm) 

Difference 

(mm) 

1 C1 15.5 to 15.7 15.565 16.733 1.168 

2 C2 15.5 to 15.7 15.638 16.86 1.222 

3 C3 15.5 to 15.7 15.597 16.746 1.149 

4 C7 37.8 to 38.2 38.328 39.588 1.26 

5 C8 37.8 to 38.2 38.34 39.758 1.418 

6 P2 to P3 15.5 to 15.7 14.902 16.139 1.237 

7 P3 to P4 21.5 to 22.5 24.449 23.088 -1.361 

8 P4 to P5 15.5 to 15.7 14.796 15.899 1.103 

15.5 to

15.7

21.5 to

22.5

15.5 to

15.7

P2 to P3 P3 to P4 P4 to P5

Before Forging 14.902 24.337 14.905

After Forging 15.628 23.384 16.025
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Figure 5.9 (a) Comparision of dimensions at location C1, C2 & C3 before and after forging 

 

 
Figure 5.9 (b) Comparision of dimensions at location C7 & C8 before and after forging 

 
Figure 5.9 (c) Comparison of dimensions at location P2 to P3, P3 to P4 & P4 to P5 before and after forging 

Figure 5.9 Opening of top die cavity (without plasma nitriding) after the forging of  

                   3000 pieces 
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For both the top and bottom dies, after forging 3000 pieces, if the dimensions of forged 

parts are out of the range then it is considered as die failure due to the abrasive wear. To 

improve the die life the plasma nitriding process is selected for the die material DIN 

1.2714. The forging process is performed under the same operating condition such as   

300 0C die temperature and 1050 0C preform temperature with a soaking time of 30 

minutes for dies with and without plasma nitriding. 

Table 5.6 shows dimensions measured with the CMM before and after the forging of 

3000 pieces for the bottom die with the nitriding process. The minimum wear is 0.04 mm 

and the maximum wear is 0.207 mm. Figure 5.10 (a), (b) & (c) shows the little increment 

in the dimensions of bottom die cavity with plasma nitriding after the forging of 3000 

pieces of anchor shackle. For the location at P2 to P3, P3 to P4 & P4 to P5 the lines 

coincide with each other which shows the effect of plasma nitriding on wear. At these 

location the maximum wear is reduce from 1.12 mm to 0.135 mm after the plasma 

nitriding process. 

Table 5.6 Dimensions Measured by CMM for Bottom Die with Plasma Nitriding 

Sr. 

No. 
Reference 

Drawing 

Dimension 

 (mm) 

Before 

Forging 

(mm) 

After 

Forging 

(mm) 

Difference 

(mm) 

1 C1 15.5 to 15.7 15.651 15.73 0.079 

2 C2 15.5 to 15.7 15.646 15.686 0.04 

3 C3 15.5 to 15.7 15.609 15.775 0.166 

4 C7 37.8 to 38.2 38.473 38.666 0.193 

5 C8 37.8 to 38.2 38.461 38.668 0.207 

6 P2 to P3 15.5 to 15.7 14.758 14.776 0.018 

7 P3 to P4 21.5 to 22.5 24.598 24.698 0.1 

8 P4 to P5 15.5 to 15.7 14.703 14.838 0.135 
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Figure 5.10 (a) Comparison of dimensions at location C1, C2 & C3 before and after forging 

 
Figure 5.10 (b) Comparison of dimensions at location C7 & C8 before and after forging 

 

Figure 5.10 (c) Comparison of dimensions at location P2 to P3, P3 to P4 & P4 to P5 before and after forging 

Figure 5.10 Opening of bottom die cavity (with plasma nitriding) after the forging of  

                   3000 pieces 
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The hardness of the die material is increased from 42 HRC to 65 HRC after the plasma 

nitriding process. As shown in figure 5.11 at locations P3 to P4 due to the higher hardness 

the plastic deformation is observed instead of the abrasive wear. The thickness at this 

location is increased and the positive value of wear is found. 

 

Figure 5.11 Location P3 to P4 for Bottom Die 

Table 5.7 shows dimensions measured with the CMM before and after the forging of 

3000 pieces for the top die with the nitriding process. The minimum wear is 0.034 mm 

and the maximum wear is 0.774 mm.  

Table 5.7 Dimensions Measured by CMM for Top Die with Plasma Nitriding 

Sr. 

No. 
Reference 

Drawing 

Dimension (mm) 

Before 

Forging (mm) 

After Forging 

in (mm) 

Difference 

(mm) 

1 C1 15.5 to 15.7 15.622 16.396 0.774 

2 C2 15.5 to 15.7 15.568 16.106 0.538 

3 C3 15.5 to 15.7 15.698 16.294 0.596 

4 C7 37.8 to 38.2 38.448 38.482 0.034 

5 C8 37.8 to 38.2 38.302 38.619 0.317 

6 P2 to P3 15.5 to 15.7 14.593 15.018 0.425 

7 P3 to P4 21.5 to 22.5 24.542 24.053 -0.489 

8 P4 to P5 15.5 to 15.7 14.821 15.005 0.184 

 

Figure 5.12 (a), (b) & (c) shows little increment in the dimensions of top die cavity with 

plasma nitriding after the forging of 3000 pieces of anchor shackle. For the location at P2 

to P3, P3 to P4 & P4 to P5 the lines coincide with ether other which shows the effect of 

plasma nitriding on wear. At the location P3 to P4 the maximum wear reduce from                       

-1.361 mm to -0.489 mm after the plasma nitriding process. 
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Figure 5.12 (a) Comparison of dimensions at location C1, C2 & C3 before and after forging 

 

Figure 5.12 (b) Comparison of dimensions at location C7 & C8 before and after forging 

 
Figure 5.12 (c) Comparison of dimensions at location P2 to P3, P3 to P4 & P4 to P5 before and after forging 

Figure 5.12 Opening of bottom die cavity (with plasma nitriding) after the forging of  

                   3000 pieces 
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As shown in Tables 5.8 and 5.9 the wear of top and bottom dies are reduced after the 

plasma nitriding process at all the critical locations of die cavities. At location C3 plastic 

deformation is found for without plasma nitriding bottom die after the forging of 3000 

pieces of anchor shackle and because of that it is irrelevant to compare the percentage 

reduction in wear between with and without plasma nitriding bottom dies after the forging 

of 3000 pieces of anchor shackle. The overall reduction in wear after the plasma nitriding 

is 80%. The anchor shackle is used in the transmission line and it is necessary to maintain 

the 21.5 to 22.5 mm dimension at locations P3 to P4 to maintain the efficiency during the 

assembly of parts at the construction site of the transmission line. This dimension is 

within the range after the 3000 pieces forged from the plasma nitrided dies. 

Table 5.8 Percentage Reduction in Wear after Plasma Nitriding for Bottom Die  

Sr. 

No. 
Reference 

Bottom Die 

Percentage 

Reduction in wear 
without plasma 

nitriding    

wear in mm 

with plasma 

nitriding wear  

in mm 

1 C1 0.359 0.079 78% 

2 C2 1.07 0.04 96% 

3 C3 -0.104 0.166 -- 

4 C7 0.943 0.193 79.50% 

5 C8 1.004 0.207 79% 

6 P2 to P3 0.726 0.018 97.50% 

7 P3 to P4 -0.953 0.1 90% 

8 P4 to P5 1.12 0.135 88% 

 

Table 5.9 Percentage Reduction in Wear after Plasma Nitriding for Top Die  

Sr. 

No. 
Reference 

Top Die 
Percentage 

Reduction in 

wear 

without plasma 

nitriding   

wear in mm 

with plasma 

nitriding wear  

in mm 

1 C1 1.168 0.774 34% 

2 C2 1.222 0.538 56% 

3 C3 1.149 0.596 48% 

4 C7 1.26 0.034 97.00% 

5 C8 1.418 0.317 78% 

6 P2 to P3 1.237 0.425 66.00% 

7 P3 to P4 -1.361 -0.489 64% 

8 P4 to P5 1.103 0.184 83% 
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Table 5.10 shows the dimension at location P3 to P4 measured from the forged part at 

intermediates stages with the help of a digital vernier caliper (Mitutoyo). Die life can be 

predicted with the help of regression analysis [64]. Figure 5.13 shows the regression 

analysis model for the dimension measured at P3 to P4 location of the forged part at the 

intermediate quantity. A quadratic equation is used to predict the die life. Figure 5.14 

shows the prediction for the die life after the plasma nitriding process. 6000 pieces can 

be forged from the plasma nitrided DIN 1.2714 forging dies, which is twice than that of 

forging dies without plasma nitriding.  

Table 5.10 Forged Part Dimension  

Intermediate stage Quantity in 

nos. 

Dimension at P3 to P4 location in 

mm 

100 22.3 

500 22.3 

1000 22.3 

1500 22.32 

2000 22.32 

2200 22.33 

2400 22.35 

2600 22.35 

2800 22.38 

3000 22.38 

    

       
Figure 5.13 Regression Analysis model for the Die Life 

y = 1E-08x2 - 2E-05x + 22.303

R² = 0.9564
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Figure 5.14 Prediction of Die Life 

Table 5.11 shows the overall forging cost for 6000 anchor shackle using a die set 

without plasma nitriding.  

Table 5.11 Overall forging cost when untreated dies are used  

Sr. 

No. 

Description Charges in 

Rupees 

Remarks 

1 Forging cost (including 

labor, Electricity and furnace 

oil charges)  

Rs. 20000 /- For the first 

batch of 3000 

anchor shackle 

2 VMC Cost Rs. 12000 /- 

3 Forging cost (including 

labor, Electricity and furnace 

oil charges) 

Rs. 20000 /-  

For the second 

batch of 3000 

anchor shackle 4 Die recut charge Rs. 3000 /- 

5 Die material cost Rs. 2500 /- 

6 VMC charge Rs. 12000 /- 

Total       Rs. 69500/-   
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Table 5.12 shows the overall forging cost for 6000 anchor shackle produced using 

plasma nitrided dies. 

Table 5.12 Overall forging cost when plasma nitrided dies are used 

Sr. 

No. 

Description Charges in 

Rupees 

Remarks 

1 Forging cost (including labor, 

Electricity and furnace oil 

charges)  

Rs. 27000 /-  

For 6000 

anchor shackle 

2 VMC Cost Rs. 12000 /- 

3 Plasma Nitriding  Rs. 20000 /- 

Total Rs. 59000/-   

 

So the profit increase is: 

 

 

 

The hot forging process analysed using DEFORM 3D with DIN 1.2714 die material and 

AISI 1015 workpiece material along with surface hardness improvement of dies by the 

plasma nitriding process resulted in a total increase in profit of 24% and an increase in 

die life of 100%. 

Increase in profit  = (69500 – 59000) x 100 / 69500  

                  = 15.10%  

                         

So, by plasma nitriding die set 15.10% profit increase is possible. 
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6.1 Conclusion 

 

The objective of this research is to investigate the closed die hot forging process on belt 

type one ton drop hammer for the manufacturing of anchor shackle and suggest the 

improvements which could increase the life of dies, quality of forged parts along with 

minimization of defect and wastage of material. Die life is a major concern vis – a – vis 

the tooling cost. The die life is not only dependent on the selection of preform and die 

design but also depends on the hardness and the toughness of the die material. Literature 

survey is carried out to find the die material which is economical and easily available in 

the market. From the literature review it is found that better hot working tool steels such 

as DIN 1.2714 are commercially available and is in used (which can retain their hardness 

at a higher temperature) compared to H12 and H13 which are used currently as the 

forging die material. FEA simulation is used to design the dies and preforms volume. If 

preform volume is incorrect, the filling of die cavities may be partially incomplete or 

excessive forging loads may occur. The effects of changes in preform volume are also 

investigated. The forging force analysis is useful for the selection of appropriate forging 

hammer and the number of blows for ensuring a completely filled die cavity. The stress 

analysis is also useful in identifying the regions of high stresses on the dies. 

 

Wear and plastic deformation of the dies are found to be major factors that contribute to 

die failure. Die materials coating and surface treatments are available commercially to 

enhance the die life, as per the literature survey. The cost of coating the dies is an 

important factor that influence the final decision on selection of die steel material and 

coating as they are usually expensive.  Among the coating process, plasma nitriding is 

economical and in this investigation it is used to increase the hardness of DIN 1.2714 die 

steel material. The wear and plastic deformation of both uncoated and coated dies are 

measured and compared with the help of a CMM. Preform 3 is used currently and is taken 

as the base for all comparisons among preforms.  This investigation has lead to the 

following conclusions: 

 

 

1) All four preforms taken are analyzed by FEA and found through simulation that all 

of them gives defect free final forgings. Subsequently preform 4 is listed for forging.  
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2) Among the one thousand forgings made with the least volume preform 4 and an 

uncoated die, fifty forgings (5 %) are rejected due to partially filled cavity, though 

simulation of the same was showing no defect. This rejection could be attributed to 

inconsistent positioning of preforms in the blocker and or in the finisher die cavity.  

Relatively smaller preform size attributes to higher forging force and hence induced 

stresses on the forging dies. However, changing from preform 4 to preform 1 using 

the same die and forging thousand pieces resulted in the rejection of only 5 pieces 

(0.5 %).  This rejection rate is acceptable by industry standards, i.e. normally the 

rejection rate is 1%. The reason could be additional material covering the 

inconstancy of positioning by the operator. Since, with preform 1 the forgings are 

produced with 0.5% rejection, and is well meet in the rejection levels accepted by 

the forging industry. Moreover, larger sized preform 1 eases out the induced stresses 

on the dies as well as the forging force. Preform 2 having larger size compared to 

preform 1 is not considered for actual trial. Forging force and die stress are minimum 

for the optimum volume of the preform and also the optimum die life is obtained. 

Die stress and forging force are minimum for preform 1(ø36 mm x 100 mm) and it 

has been considered as optimal volume for the anchor shackle. So, the preform 

selected for the further investigation is preform 1.  

 

3) Use of preform 1 instead of preform 3 gives a direct benefit as material cost reduction 

by 8.9 %.  

 

4) More number of blows used by operator while the preform volume is insufficient to 

ensure complete filling, though not possible, resulting in reduced die life. As the 

number of blows increases than what is normally required, the preform becomes 

colder, resulting in higher forging force. Higher die stress results in faster fatigue 

failure, hence, lower die life. 

 

5) Comparison of wear resistance of coated and uncoated dies reveals that the wear 

resistance of plasma nitrided die is increased by 80 %.  Three thousand pieces are 

forged using the plasma nitrided die and the data generated is used for regression 

analysis to predict the die life and it is found to be 6000 pieces. This shows that the 

plasma nitrided dies life may be twice than that of uncoated dies. 
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6) Another oblique advantage of coated dies is reduced the die setting time, eliminate 

the cost of regenerating the deformed die cavities, reduced labor cost, and may 

produce 6000 pieces resulting in an overall profit increase of 15 %.  

 

7) Ultimately, coated dies with preform 1 can increase the overall profit upto 23.9 % 

through improving the yield of material and by increasing the die life.  

 

 

6.2 Future Scope: 

 

1) To improve the surface hardness with the help of combining plasma nitriding and 

PVD coatings need to explore. 

 

2) Other coatings (such as TiAlSiN) with different compositions should be formulated 

and evaluated for wear behavior. 

 

3) Attempts could be made to study the effect of these treatments/coatings on fatigue 

strength of hot die steels. 

 

4) Toughness tests could be performed for both treated and coated die steels to study 

toughness behavior. 
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Appendix A  

Technical Details of Plasma 

Nitriding Process 

 

 



Technical Details - vapandya@bvmengineering.ac.in - Birla Vishawakarma Mahavidyalaya Mail

https://mail.google.com/mail/u/0/?tab=rm&ogbl#label/PVD/QgrcJHsHkJsSxzcdrQnLNzXNczLLfPtsvgb

 <Atul.Kulkarni@ionbond.com> Tue, Nov 24, 2020, 3:11 PM
to me, Laxmikant
Kulkarni, Atul

Dear Mr. Vishal,
 
The Plasma Nitriding Process parameters are as follows –
 
Temperature                     : 480oC
Process Time                      : 18 Hrs.
Gas Pressure                      : 3 – 4 Torr
Gas Ratio N2 : H2              : 1 : 3
 
After Nitriding –
Surface Hardness             : 1000 – 1100 Hv
Case Depth                         : 200 – 250 microns
 
 
Regards,
Atul
 
Dr. Atul Kulkarni
General Manager - Operations
 

 

 

www.ionbond.com

VISHAL
Typewritten text
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Appendix B 

Technical Details of VMC  

Machine 
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Technical specification of VMC machine: 

 Make   : Jyoti 1050 P 

 Table size  : 1200 mm x 530 mm 

 X – axis travel : 1020 mm 

 Y – axis travel : 510 mm 

 Z – axis travel : 510 mm 

 Spindle speed : 120 to 150 m / min 

 Feed rate  : 5 m / min 
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