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ABSTRACT 

Precision cold forming process modelling, thermal contact conductance and optimum 
shrink-fitted die with profiled interference were studied. The aims of this work have 
been achieved using analytical, numerical and experimental approaches to the 
relevant subjects. Several features of the work are presented: (i) an application of 
systematic modelling IDEFO language, (ii) an equivalent asperity of surface that 
enables FE simulation of surface deformation and (iii) a shrink-fitted die with 
profiled interference, which enables compensation for component-error and 
necessary die surface pre-stresses. 

Cold forming process was modelled systematically by IDEFO language in general. 
The most often used iterations, including design and error-compensation procedures, 
were constructed; basic activities, inputs, resources and constraints were defined and 
decomposed. These provide a general procedure for precision cold forming design 
and a base for the following research of this work. 

A thermal contact conductance (h -value) experimental investigation was conducted 
based on steady-temperature measurements and devices. h -value as a function of 
surface texture and interfacial pressure was experimentally investigated; typically, 
the value changes from 10 kWm-'K-' to 150 kWm-2K-' for changes in surface 
texture from Ra = 0.3 - 0.5 

, um to R. =3-5, um , depending on interfacial pressure 
(<180 MPa). Based on surface measurements and mathematical work, an equivalent 
asperity for isotropic surface was presented to represent surface geometry. 
Uniqueness of the equivalent asperity enables simulation of surface deformation by 
FE technology. Surface textures under interfacial pressure up to 300 MPa were 
successfully predicted by FE simulations, results being in agreement with surface 
measurements. h -value is defined as a function of either contact area ratio or local 
interfacial pressure; a FE model and an approach of integration of local h -value 
were developed; value of h was successfully predicted by the established FE model 
and integration. 

A profiled interference for shrink-fitting die was designed for component-errors 
compensation and die surface pre-stress. This was achieved by considering the 
relationship between die pre-deflection and the profiled interference by FE 
simulations and a minimisation procedure. Both, the equation and minimisation 
procedure to determine the profiled interference were established analytically. 
Uniform die surface direct compensation is combined with shrink-fitted die. 
Component-errors can be controlled to within a few microns. 
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Chapter One 

Introduction 

1.1 Nomenclature 
C Material constant determined by experiment 

m Material constant determined by experiment 

N Number of loading cycles to initiate cracks 

S Strain or stress amplitude during a loading cycle 

a Length of crack 
AK Stress intensity 

a' The largest tensile principle stress 

c General strain in the direction of a* 

Subscripts 

1 Constant one 
2 Constant two 

I- 1.2 Cold forming development and trends 
Cold forming is a process in which raw material is transformed into the near-form of 

an engineering component at room temperature. Precision cold forming refers to the 

configuration in which "ready-to-assembly", nett-form or near nett-form component, 

as more often used in literature, are manufactured. Nett-forming [1] is a relative term 

and is open to interpretation depending on the current expectation of a particular 

forming process. However, the features of all precision forgings operation are 

improved surface finish, without a draft, without flashes or webs, inclusion of shape 

details that traditionally are incorporated by machining and, higher and consistent 

dimensional accuracy. 
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1.2.1 Work-materials development 

Minimum material consumption, high dimensional accuracy, good surface quality, 

mechanically high-strengthened components, and most importantly, higher 

productivity, have led to rapid growth of precision cold forming technology [2]. Fig 

1.1 shows types of work-materials usable vs. time in cold forming. Earlier cold 
forming activities mainly concentrated on manufacturing gold, silver, copper and 

brass components. Modem cold forming of both, ferrous and non-ferrous metals, 
become feasible due to the invention of phosphate coating by Singer [2]. Today, not 

only aluminium and its alloys, but also low-carbon steels, special heat- and 

corrosion-resisting steels, medium-carbon steel, and even stainless steel and some 

non-metal materials are cold formed. It is predicted that more materials that are 

currently not formable will be cold formed in the near future due to the development 

of tool materials, effective lubricants and progress of processing configurations. 

1.2.2 Processes development 

A trend in cold forming is the development of new, complex and multi-stage cold 
forming processes and the required tooling. Traditionally, cold forming has been 

restricted to small, symmetrical parts made from low carbon steel or non-ferrous 

metals because the stresses required to deform the work-material at room 
temperature was relatively high [2]. In recent years, larger, more complex parts have 

been successfully cold-formed as a result of the improvement of forming equipment 

and the development in die- and work-materials, heat treatment, die coatings and 
lubricants, and the progress in new process design. Fig. 1.2 shows typical cold- 
formed automotive components [12-14]. Most of these had been hot-forged 

components in earlier decades. This new cold-forming process development was 

possible, in part, because of the design support provided by numerical simulation 

techniques. 

1.2.3 Development of numerical simulation techniques 
Conventionally, developing tooling for a new cold-formed component is a difficult, 

time-consuming and expensive task [15]. Preliminary tool design is followed by 

validation trials. The formed component is measured and the tool geometry is 
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modified to iterate towards the designed component form. This procedure is 

expensive due to tooling modifications for every iteration. This characteristic of cold 
forming rendered it only suitable for mass-manufacturing of engineering 

components. Fortunately, numerical simulation techniques provide the scope for 

shortening this costly iterative procedure. Process simulation is applied to enable 
detailed process information, such as stress- and strain-distributions, pressure 

contour, displacement, forming-force history and final formed component-form. This 

technique can also predict forming problems such as laps, folds and micro-cracks 
[16]. The geometry of the final component-form provides information necessary to 

modify the tooling instead of costly validation trials; the stress-distribution in tools 

may be used to assess the viability of tool design. Obviously, numerical simulation, 

as a tool, has partly replaced conventional trial-and-error cold forming process 
design. Numerical simulation is occasionally refereed to as numerical 

experimentation. However, necessary trial iterations are still required because of 
difficulties in acquiring accurate input data for FE simulations. Numerical simulation 
has become a development tool in R&D, as well as a design tool in forging. 

Numerical simulation is also employed to predict tool life and component 

microstructure, and different numerical simulation methods are being used in current 
precision cold forming; these will be reviewed bellow. 

1.3 Technological requirements of precision cold forming 

Component-forms achievable by cold forming depend on the techniques to be used, 
for example, the tooling developed by Vazquez et at [ 17] made the hot-formed inner- 

racer to be cold-formable; more accurate profile of spur gear with smaller forming 

load was obtained by the novel cold forming processing design by Choi [12]. 

Development of new techniques may mean more available precision cold-formed 

components. 

Materials First of all, cold forming processing design significantly depends on 
knowledge of materials, including both tool- and work-materials. Currently available 

work-materials require more advanced tool-materials and tool construction 
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techniques [5,7]. Although there are many advantages of cold forming over other 
forming processes, the cold forming tool must be able to sustain larger stresses and 

severe friction on die surface during forming. Thus, a tool-material for cold forming 

has to be tough, hard and wearing resistant. 

The availability of high performance tool-materials is important to the practice of 

cold forming. The formability of work-material is also a key factor of cold forming 

design. Knowledge of forgeability of work-material continues in progress. In fact, 

the development of tool-material and lubricant would result in new cold-forgeable 

materials that were not cold forgeable before. For example medium-carbon steel and 

stainless steel are now available cold forming work-materials [6-11]. The forgeability 

of material is dependent on the forging process configuration, strain-path and the 

stress-state. The hard and brittle composite material AI/SiCp was successfully cold 
formed into a gear [18] without defects by the introduction of a high hydrostatic 

stress into forming process. The relation between formability and forming strain-path 

and the stress-state is worth investigating. 

Tooling Tool design and forming process design, closely related, are important 

economically and for accuracy. Tooling configuration is often a dominant factor 
determining work-material flow pattern. A typical such example was provided by 

Vazquez et al (17], in which carefully designed tool structure enabled material to 
flow in expected pattern, thus quite complex component was cold-formed. Cold 

forming process and tool design normally includes forming sequences design [19], 

tool materials selection, tool geometry and forming-parameters determination [12]. 

The tool design and the processes rely on a clear understanding of stress and strain 
distribution in the tool during cold forming and the work-material flow pattern in the 

die-cavity. The design of an advanced nett-forming process has to consider the 

means by which high dimensional accuracy can be achieved. 

Lubrication The resistance to deformation of the work-material at low working 
temperature leads to high contact pressures, resulting in high/severe friction and 

wear. Further, billet surface expansion in cold forming could be as high as 3000% 
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[20]. Lubrication procedure should be used for cold forming process. Conventional 
lubricants, such as gear, worm and ISO VG oils [21], or mineral oil hydrocarbons 

[20], are not always suitable in this case. The application of conversion coatings, 
such as zinc phosphate, zinc iron phosphate, calcium aluminate and aluminium 
fluoride coatings [20], acting as lubricant carrier, is necessary. 

Error-compensation A fundamental problem faced by precision cold forming is 

form-error compensation. A cold-formed component is often not an exact negative of 

the die cavity surface. A difference between component-form and die-cavity form is 

inevitable; component-form error is the result of this difference. Component-form 

error arises from tool behaviour during cold forming, tool- and work-material 

properties, as well as the process-related parameters. Although cold forming takes 

places at room temperature, plastic deformation energy and energy generated by 

friction at the tool/billet interface may lead to increases in tool and billet temperature; 

temperature as high as 600 °C have been reported [1]. This temperature increase 

will lead to thermal expansion and subsequently contraction of both, the tool and 
billet. Thus thermal properties of tool-material, work-material and thermal contact 

properties at the tool/billet interface will also influence the final component accuracy 
[22]. The overall component-form error is the result of die elasticity, temperature, 

billet elasticity and Secondary Yielding which refers to the possible yielding after 

withdraw of punch during forming and was reported by Rosochowski and Balendra 

[23]. The traditional component form-error compensation approach is by modifying 
the die cavity geometry with reference to direct measurement of component-form 
errors, or changing the forming physical parameters, such as lubrication conditions 
[24]. 

Forming equipment. Forming equipment parameters also influence the cold forming 

process. Several press parameters will effect the final component accuracy, the most 
important of these being machine frame stiffness, perpendicularity of slide stroke 

against bolster top surface, parallelism between slide bottom and bolster top surfaces 

and clearance at slide guide. They may influence the motion accuracy of slide, and 
further affect the accuracy of formed component [25]. 
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The feasibility of cold forming relies on tool-material properties, forgeability of 

work-material and suitable lubrication conditions; the expected product depends on 

tool geometry design and effective approach to component form-error compensation. 

However, these technique requirement analyses are only part job of process design 

decisions. The practical process decisions in cold forming include choosing a 

forming sequence, tooling configuration, selection of equipment, lubricant and post- 

forging treatment, such as heat treatment or machining. 

1.4 Research and development of precision cold forming 

1.4.1 Research in cold forming processes 
The application of cold forming has grown because of the development of modem 

cold forming technologies. Different kinds of forming configurations for cold forging 

have resulted in more precision components appearing in the market. 

Onodera [26] showed the current range of automotive components manufactured by 

Aikoku Alpha Corporation. - refer to Fig. 1.3. These quite complex nett-form 

components illustrate the combination of extrusion, upsetting, and other cold forming 

processes to form multi-stage cold-forming operations. Shivpuri et al [9] investigated 

the cold forming of fuel injector nozzle for combustion engine from stainless steel. - 

refer to Fig. 1.4a. It had previously been manufactured by machining from AISI 

8620. High injection pressures are required to fuel to achieve better combustion in 

the engine. These high pressures impose severe strength and corrosion-resistant 

requirements on the sac region of the nozzle. Thus stainless steel M501 or the 

equivalent was selected as work-material. Numerical techniques were employed to 

simulate the feasibility of different forming processes, the conclusion being that 

direct extrusion, reverse coining, double extrusion, to form the sac region were not 

practical. The successful multi-stage forming sequences are shown in Fig. 1.4b. 

However, work-material was assumed to be rigid-plastic and tool material to be rigid 
for the FE simulations, which would influence the accuracy of simulation results. 
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Osakada et al [27] presented a novel approach in which axially driven container was 

used to improve die-cavity filling of cold extrusion processes, including radial 

extrusion and backward/forward can-can extrusion. - refer to Fig. 1.5. The container 

oscillates with given frequency and amplitude, during forming. It was claimed that 

the movement of container improved metal flow into the die cavity. The approach 

was validated by FE simulation and experiments. Fig. 1.6 compares forging forces 

under different container movements with the same filling conditions and punch 

stroke. The reduction of forming force can be observed. It was assumed that the 

friction coefficient at tool/billet interface was 0.25 for radial extrusion and 0.13 for 

forward/backward can-can extrusion; lubricant conditions were not specified. 
Although a "movable container" was referred to [27], it was, in fact, in direct contact 

with the billet in both extrusion cases, as shown in Fig. 1.5. Thus the inner surface of 

the container is part of die surface. This kind of "movable container" under very high 

contact pressure is difficult to design in practice and more energy may be consumed 
due to the relative movement between billet and the container. Practical tool 

configurations of this complex structure with actively "movable container" relative 

to billet is difficult to design. 

Aida Engineering Ltd. of Japan [28] combined sheet forming and cold forming to 

produce near nett-formed components with reduced forming force. Fig. 1.7a shows 

examples of such components that were formed by blanking, drawing, ironing and 

sizing. Its benefits are obvious, drawing to replace usual extrusion, sizing to achieve 
dimensional accuracy with reduced forming load. Fig. 1.2b and Fig. 1.7b- d show a 

complex automotive components manufactured by machining and by cold forming 

[13]. The forming sequence of the flanged cylinder is shown in Fig. 1.7d. Fig. 1.7c 

compares between machined and cold-formed components. Cold forming not only 

reduces the weight of this component, but also increases the strength of the 

component due to work hardening. 

Choi [12] studied the cold forming of spur gears, one of which is shown in Fig. 1.2a. 

Conventional guiding type and clamping type processing, as shown in Figs. 1.8a-b, 

requires large forming forces, often with filling defects at top of tooth even for 
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aluminium alloys. It was predicted that if alloy steel (SCM415) spur gears were cold 
formed in the same way, greater forming forces and more defects could be expected. 
The newly designed two-step cold-formed steel spur gear process is schematically 

shown in Fig. 1.8c. During the first step, a toothed punch moves down, forcing the 

work-material to flow in a controlled manner in the toothed die-cavity. The ejector is 

changed during the second step, in which the toothed punch continues to move down 

to the lowest position. FE simulation was used to obtain the best up part geometry of 

the ejector and the toothed punch stroke at which to change the ejector.. Limited by 

the software and hardware, teeth of the gear were ignored during FE simulation to 

enable two-dimensional analysis possible. Thus, the spur gear was simplified into a 

cylinder. The errors caused by this simplification were difficult to predict. The final 

successful product is shown in Fig. 1.2a. The change of ejector during forging 

process is quite a big disadvantage of the design, as it requires quite complex tooling 

configuration. 

Complex configuration would be required to let punch move down and rotate 

precisely at the same time under forging load. The toothed punch is, thus, not usually 

used to cold form helical gear, as reported by Park and Yang [29j due to the spiral 
form of teeth. A type cold forging process, as shown in Fig. 1.9, was employed 

successfully to cold form steel helical gears. The billet, product and tooling 

configuration are shown in Figs. 1.9a-b. 3D FE simulation was used to simulate the 
forging process. 

Lee et al [30] investigated the cold forging of a constant-velocity joint housing used 
in the transmission system of car, as shown in Fig 1.9c. The billet is shown in Fig. 
1.9d. Two different forging sequences labelled case II and I respectively, are shown 
in Fig. 1.9e. In sequence I, the billet was forward extruded to form a shaft in the first 

operation and upset in the second. The head was compressed by closed-die forging to 
form a flange with a radius approximately to the outer diameter of the cup. After 

annealing, so as to give the preform the required degree of cold formability, 

backward extrusion was performed. A second annealing was necessary due to work 
hardening. The fourth operation was a deep backward extrusion. And finally for a 
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more accurate component, an ironing operation was carried out. In sequence II, a 

closed-die-forging operation was used to replace the upsetting and the first backward 

extrusion in sequence I, thus saving one annealing process. FE simulation was used 

to validate the formability of the forging sequence design. However, the socket 

details inside the housing were ignored to enable 2D FE simulation. At the same 

time, rigid-plastic FEM was used. Thus, elasticity of the billet and tool was ignored. 

This approach is only suitable for the case where high form-accuracy is not required 

and determined. 

Forward-rod/backward-can extrusion is popular forming configuration in the cold 

forming industry. Controlling material flow in two directions in a specified given 

ratio is a difficult task. Kuzman et al [31] used FE simulation to investigate this 

complex forming process. The forming force in this case determines material flow 

pattern. The required forming force for backward extrusion varies much more rapidly 

than that for forward extrusion. Thus, as shown in Fig. 1.10, forward extrusion 

occurs first. The situation remains till the forming force is large enough to initiate 

backward extrusion. Then flows in both directions occur simultaneously. In the 

circumstance where the extrusion force does not reach a sufficiently high value, 

backward extrusion would not occur. The most forming force sensitive parameters in 

extrusion are work-material properties, frictional condition and extrusion ratios. 

Different parameters were used in FE simulation for modelling material flow. It was 

concluded that material property does not influence the direction of material flow. 

Friction is the most important process parameter that affects material flow. The 

results of FE simulation are shown in Fig. 1.11. If process conditions are favourable 

for the formation of both, the rod and cup, the friction value must lie inside the 

triangle confined by three dotted lines. This calibration curve was validated by 

experiments. However, it is still difficult to design a material flow pattern for the 

combined extrusion process due to the dependence on friction coefficient. Friction 

coefficient changes continuously with lubrication conditions, surface geometry, wear 

and even temperature. 
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Vazquez et al [17] designed the process for the forming of the inner race used in 

vehicle transmission systems. The function of the component is quite similar to the 

inner race of a bearing. The component and the corresponding tooling are shown in 

Fig. 1.12. First the conical ring moves down to configure the die cavity. Then both 

inner punches move toward each other and outer punches retract; material flows 

radically to form the race. Finally both the outer punches move toward each other 

and inner punches retract to let material flow both outward and inward to form the 

final product. Rigid-plastic FE simulation and physical modelling were used to 

simulate the die-cavity filling. How the required high dimensional accuracy was 

achieved was not mentioned. 

Yoshimura and Tanaka [10] described many precision cold-formed automotive 

components of steel and aluminium, as shown in Figs. 1.13a d. The typical tooling 

configuration for bevel gears is shown in Fig. 1.13e. The technique requires 

controlling the speed ratio of the upper and lower punches. The optimum speed ratio 

was established in iteration. Although technical details were not reported, the 

products have shown to appear to be successful nett-forms. 

The parts discussed above are only a few of the examples presented in the late a few 

years on cold forming processes investigation and industrial practice. As a result of 

developments in cold forming, components with more complex geometry, higher 

form-accuracy, and tougher strength requirement are being manufactured by 

precision cold forming processing. The direct consequence of these efforts is the 

rapid development and appearance of more and more complex cold forming 

processes and tooling configurations, especially multi-stage processes, and the 

combination of different basic cold forming operations. 

1.4.2 Development of work-materials 
Kaiso et al. [32] reported the application of cold forming for the production of a 

structural component for machinery, from medium carbon steel with or without 

spheroidisation. Usually, medium carbon steel is softened, by carbide spheroidising, 
before cold forming; in the absence of such treatment cracks might be initiated 
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during a cold forming operation. The cold forgeability of medium carbon steel that 

had not been completely spheroidised was studied using a cold upsetting test. The 

fracture limit increases with the increase in strain-path slope of the circumferential 

strain versus axial strain diagram. Better cold forgeability, by shortened 

spheroidising, was observed in the specimen with greater strain-path gradients. This 

suggests that the cold forgeability of incompletely spheroidised steels can be 

improved by suitably designed strain-paths. Thus the prospects of manufacturing 

medium carbon steel structures by cold forming are high. Similar research was 

conducted by Janicek and Maros [35]. However, how to apply the experimentally 

proven strain-paths to the design of cold forming process requires further 

investigations. 

Metal matrix composites (MMCs) have mechanical properties which are superior to 

unreinforced metal. The mechanical, physical and chemical properties can be tailored 

for different applications by incorporating different types of reinforcements. 
Components with special performance could be obtained by cold forming metal 

matrix composites. Cold die-forming of Al-based metal matrix composites reinforced 

with 10% - 15% volume of SiC particulates have been successfully conducted in the 

manufacturing of gears [18]. Normally, MMCs exhibit brittle behaviour, and non- 

uniform deformation will lead to the initiation of fracture during processing. Plastic 

deformation under high hydrostatic pressure was adopted to enable the forming of 

components from these brittle composites without initiation of defects. 

Microstructural analysis has revealed a reduction in grain size, a decrease in defects 

and the fracturing of the secondary phase and SiC particulates. Large crystal 
distortion due to plastic deformation enhanced the mechanical properties, for 

example, the hardness of the gears formed from MMCs material had been found to 
increase from HB80 to HB138. Microstructural analysis has shown that microvoids 

and cavities were reduced by cold forming. However, it would be difficult for an 

engineer to apply isostatic pressure into a cold forming process to achieve the 

required minimum pressure of 650 MPa. 
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Bay [3], Yoshimura and Tanaka [10] and Siegert et al [33] summarised the wide 

applications of cold forming of aluminium, aluminium alloys and steels. The needs 
for cold-formed aluminium alloy components in industry have paced the ongoing 
development of cold-forming technology. Precipitation hardened alloys components 

which have significant strength to weight ratios are currently comparable in 

performance to those manufactured from unalloyed steel. Fig. 1.14 shows a pre- 

stressed die design, used in cold forming of aluminium and aluminium alloys, and 

the typical aluminium and al-alloy components. Not only aluminium and aluminium 

alloys, steels are also widely applied as cold forging work-materials. Typical steel 

cold-forging components are shown in Fig. 1.13 as examples. 

Components, produced by compaction of metal powder, have relatively poor 

mechanical properties due to porosity, but quite complex component geometry can 
be achieved with fewer die-filling problems than in forging from billets. Further, 

cold forming the preforms manufactured in this way, can have a minimum or even no 

porosity. The mechanical properties of the metal-powder products manufactured in 

this way are comparable, and in some cases even superior, to those of cast and 

wrought products. Thus, combining powder-compaction technology with cold 
forming can produce geometrically complex high quality products [34]. The cold 
forming of these powder-compacted preforms is different from that of conventional 

materials; the variation of forming force with height reduction during upsetting is 

shown in Fig. 1.15, and is different from that for upsetting common engineering 

materials, particularly volume variation during upsetting. More research on 
forgeability and properties of this kind of powder-compacted preforms to achieve 

precision cold-forming products is required before mass production. 

The classical approach for producing high strength fasteners is by cold forming 

annealed steel wire into the required geometry, followed by, usually, a time- 

consuming quench-and-temper heat treatment process to achieve the target 

mechanical properties. If fasteners are made from work hardening carbon steel, the 

required mechanical properties of fasteners are obtainable by suitably designed cold 
forming process. Thus, wire annealing and quench-and-temper heat treatment 
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processes can be saved. Goss [7J investigated successfully this new fastener cold 
forming process. Not all kinds of fasteners can be produced in this way and reach the 

expected component properties by plastic deformation because of the limitation of 

types steel stock which can be provided. 

A measure of cold forgeability of work-material remains elusive; an effective 

measure would assist designers of cold forming process. Janicek and Maros [35] 

proposed an approach for experimentally determining cold forgeability of work- 

material; there are similarities with the approach adopted by Kaiso et al. [32]. This 

approach was used to investigate the forgeability of heat-resistant steel 
X25CrNi24.20, corrosion-resistant steels XBCrNiTi8.11 and X6CrNiTi8.11. Plastic 

deformation (compression) of work-material in upsetting is usually limited by free 

surface cracking. Thus, the strain-state, under which free surface cracks are initiated, 

can be a measurement of ductility of the work-material. The upsetting test is thereby 

a coarse approach for characterising cold formability of work-materials. For 

example, the maximum obtainable reduction in height in upsetting operation, such as 
heading, is limited by the onset of cracking on the free expanding surface. The 

maximum reduction depends upon upsetting conditions and material ductility. 

Failure limit diagrams (FLD) were produced using upsetting tests. For these tests, a 

cylindrical specimen with an axial notch on the free surface was used. The devised 

FLD for one of the material is shown in Fig. 1.16 with the symbols defined in the 
diagram. Strain-path below the dashed line is feasible without the onset of fracture. 

Theoretically, when the strain-path traverses the dashed line, surface cracks would 

occur. The strain-path is defined by the forming conditions, such as contact 

conditions, current geometry of the workpeice and properties of the material. Using 

this approach, the forgeability of three materials was assessed. However, upsetting 
test experience suggests that specimen would not remain exactly axisymmetrical due 

to anisotropy; notches are rarely of the same configuration to be repeatable means of 
initiating fracture. This being the case, it is difficult to measure sizes referred to and 
to establish the initiation of fracture. The applicability of the findings to cold forming 

process design, for example, to determine the maximum reduction ratio of forward 

extrusion without initiation of cracks, requires further research. 
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The introduction of cold plastic working of polymeric materials depends on the 

development of techniques to overcome elastic recovery and dimensional changes 

with the lapse of time. The cold-rolled solid polymer billet was subjected to heat 

treatment in boiling-water bath after forging into a component [36]; this procedure 

reduced elastic recovery of cold-formed polymer components. Fig. 1.17 shows the 

elastic recovery after cold-upsetting the cold-rolled specimen with different area 

reduction ratios, and examples of cold-formed products, the dimensions and forms of 

which were similar to the corresponding metal products. Obviously, using billet with 
big area reduction of pre-rolling treatment, recovery after forming can be efficiently 

reduced. This investigation showed that a cold rolled preform is an essential 

requirement for the cold forming of polymers. However, there is a gap between the 

scopes of current processes and the requirement, in terms of accuracy. 

Since the appearance of cold forming processes, the range of cold forming work- 

materials has expanded continuously. Progress has been made since the days when 

soft gold and silver were cold formed; hard medium-carbon steel and stainless steel 

are currently cold formed. The range of work-material depends not only on 

knowledge of the forgeability of materials, but also on the development of tool- 

material, lubrication, and the forming process configuration. 

1.4.3 Tool materials and tool life 

Tooling is one of the main cost contributors to a precision cold forming operation. 
Significant research has been conducted on tool materials and tool life. 

Investigation of tool materials includes research into the behaviour of available 

materials and the formulation of new materials. In cold forming tool design and 
fabrication, high strength, strong fracture toughness and tough wear-resistant tool- 

materials (substrate) are requirements; further coatings, such as TiN, TiC and CrN 

are used to enhance abrasion resistance. The behaviour of the substrate and the 

coating may be understood by tool designer separately; however, the combination of 

substrate and coating, may have an unpredictable characteristic. Although most cold 
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forming process analysts assume that the cold forming tool is rigid or elastic during 

forming processes, plastic strain can occur locally in the tool. This local cyclic plastic 

strain is responsible for the initiation and propagation of tool cracks that finally lead 

to the fatigue failure of tools. Attention should be paid that elastic stress may also 

cause fatigue of tool material. Verleene, et al [37] investigated the combined 

substrate-coating behaviour, especially the plastic characteristics. Brinell hardness 

tests and inverse FE simulation techniques were combined to obtain the hardening 

law of the tool material AISI M2 with TiN coating. The main results are shown in 

Fig. 1.18. The hardening curves of the tool material AISI M2 and coating TiN, the 

FE geometry model are shown in Fig 1.18a. The comparison of hardening curve of 
AISI M2 coated with TiN and that without coating is shown in Fig. 1.18b. The 

combined hardening curve is not that of AISI M2, nor of TiN. The coating, although 
just being a few microns thick, plays an important part in die surface strength. 
However, it should be noted that in this research, the experimental results were 

obtained by recording the indentation load and the diameter of indentation on the test 

specimen. The measured indentation diameter was compared with that predicted by 

FE simulation to enable modification of the hardening law. The constitutive equation 

which enabled the matching experimental results to the FE simulation was assumed 

to be valid data. For most cases, the indentation would be not clear enough for 

accurate measurements. Besides, the trial-and-error modification hardening law in 

simulation will be quite time consuming and analyst-dependent, and the errors from 

measurement and FE simulation are difficult to control. 

New tool materials are a great attraction to both tool designer and process researcher. 
Berns et al [38] developed a new cold forging tool material with two phases -a hard 

phase (HP) of particles distributed discretely in a continuous second phase produced 
by powder compaction. The HP phase is carbide; the second phase is a mixture of 
high-carbon and high-speed steel powder and hot-working tool steel powder. It was 

established that the overall material properties were closely related to the distribution 

pattern of HP particles. The basic idea was to find an optimised distribution of this 

two-phase material by simulating different distribution patterns of hard particles 

within the metal matrix. Both micro- and macro- FE simulations were used. 
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Continuum mechanics FE simulation was used to model the cold forming process to 

locate crack-risk location and its stress-state at a macroscale; meso-micromechanics 

FE simulation was used to simulate the stress-strain-state further. The distributions of 

the hard particles were simplified into a few patterns, - dispersion, net, double- 

dispersion and band patterns, in unit cell-, which identifies in the crack-risk location. 

The boundary condition of the unit cell depends on the stress-state obtained at the 

macroscale level. Usually, the unit cell is simplified as a plane stress or plane strain 

problem. The simulation showed that a double-dispersion distribution pattern of hard 

phase would provide the best fracture toughness. In order to validate this analysis, 

samples of the material were used as die-inserts for cold heading of bolts. Compared 

to a conventional die-insert, 6-8 times more forgings were formed before failure of 

the die-insert made from the new material. The detailed metallurgical process was 

not reported; the double-dispersion distribution pattern of the hard phase in metal 

matrix in practice remains unknown. Besides, the optimisation with FE simulation 

was confined to the selected distribution patterns of HP particles, which may not 

include the best consideration. In fact, the number of patterns of randomly distributed 

HP particles is infinite. Thus, the conclusions drawn are somewhat dependent on the 

selected distribution patterns of HP particles. 

Besides the development of new tool-materials, research on techniques for improving 

available tool materials and coatings is being undertaken. Seidel et al [39] reported 

on a technique for ion-implanted hard coatings for cold forming tool surfaces. Hard 

coatings, formed by physical-vapour deposition (PVD) or chemical-vapour 
deposition (CVD) to improve wear resistance were effected with nitrogen, chromium 

and carbon ions. The mechanical property of a coating after ion-implantation 

treatment depends upon the coating material and the type of ion-implantation. 

Chemical-vapour deposited TiC-TiN coating implanted with N2 showed significant 

reduction in the adhesion of the work-material to the tool surface. Comparison 

between ion-implanted coatings and unimplanted coating showed that after 20000 

production cycles, no detectable transmitted material could be found on the 

implanted tool surface; by contrast, the work-material adhered to the unimplanted 

tool. Physical-vapour deposited Cr2N coatings implanted with Nz showed 
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substantial wear resistance. By comparative testing [39], it was showed that ion- 

implanted hard coatings would be attractive to future process designers. It has also 

been shown that the implanted material has a low coefficient of friction. 

For the production of high-volume, cold-formed components of complex geometry, 

fatigue cracking of the active tool elements is the leading cause of disruption [40]. 

The tool life is usually much shorter than in the case of failure by wear [41]. 

Generally, a combination of cold forming process FE simulation with fracture 

mechanics is the approach used in cold forming tool life and fatigue analysis [40-42]. 

FE simulation is used to determine risk location and strain parameters. Software 

which can be used to simulate finite elastic-plastic deformation would enable the 

determination of the risk location and strain parameters during cold forming process 

simulation. However, most researchers [40-42] used a two-step approach to 

determine risk location and strain parameters. Rigid-plastic FE simulation is 

performed to obtain tool surface load as function of time, which is followed by the 

use of an elastic-plastic package, which is initialised using the tool surface load to 

determine risk location and risk stress/strain on the tool. The analysis of tool 

stress/strain, as function of time, leads to complex loading conditions. The choosing 

of the most risk load case, for example, the loading condition at end stroke for closed 

die forging, is controversial [40]. "Using the load at the end of the stroke could lead 

to misleading results in the stress analysis of the tooling" [40]. The load at 98.8% 

rated stroke was, therefore, used. The investigation conducted by Knoerr, et al [41] 

and Nagao, et al [42] contained examples of this type of analysis. Knoerr [41] 

investigated the fatigue cause of an axisymmetric forward extrusion tool. Nagao [42] 

carried out the similar research on an asymmetric forward extrusion tool. The 

conclusions were similar: the formation of plastic zone at transition radii is 

responsible for the initiation of cracks and the maximum tensile principle stresses 

propagate the initiated cracks. However, in both process and tool stress simulations, 

the tool geometry [42] was simplified significantly, from an asymmetric body into an 

axisymmetric body to enable 2D FE simulations. Although fatigue analysis is 

recognised as a capable tool for the prediction of tool life, more detailed material 

data, and the data under different heat-treatment conditions, providing the criterion 
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conditions for the cracking initiation and growth, is required [43-44]. Tool material 
data is scarce. 

Tool fracture analysis includes the initiation and propagation of cracks. Together 

crack initiation and propagation cycles are the total tool life. The most often used 

theory of initiation of crack is Wohler's approach [43,44], which has the form: 

SN' =C (1-1) 

The failure crack growth starts when the stress intensity is AK, as described by 

Paris' law: 

da 
= dN 

C, (äK)nf' (1-2) 

This equation is based on fatigue analysis theory under standard symmetrical cyclical 
load conditions [44]. Cold forming processes are too complex to enable the 

application of this theory for predicting tool life. Several crack initiation criteria have 

been derived for specific problems, as summarised by Pedersen [45]. The first is the 

effective plastic strain criterion: when effective plastic strain reaches a critical value, 

crack is initiated. The second measurement of fatigue damage is the plastic work per 

unit volume. And the last is referred to as Latham-Cockroft criterion: 
i 

Jcrdc=C2 (1-3) 
0 

The value of equation (1-3), used to judge crack initiation, was often referred to as 
damage value in literature [16]. All these criteria are being used in the fatigue 

analysis of cold forming tools and dies. Obviously, FE simulation is the only way to 

compute the damage value both economically and accurately. This is why nearly all 

cold-forming tool fatigue analyses is performed using FE simulation [40-49]. Falk 

[46] presented a local strain and local energy approach to determine the number of 

cycles of operation to initiate cracks in cold-forming tools, which required FE 

simulation to determine the local stress and local strain. Regardless of the criterion 

used for tool life prediction, the basic material constants are always the first essential 
data. Data on fatigue life of tools is not reported extensively. There is evidence of 

more research on tool life predictions than the basic tool-material behaviour. 
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In the research conducted by Pedersen [47], the plastic work, tensile elastic energy 

and mean plastic strain energy were taken into account to compute the damage value. 
Strip-wound pre-stressed-ring tool construction was used in FE simulations. 
However, no commercially available FE packages accommodate the analysis of 

strip-wound tools. Thus, the strip-wound construction was simplified to a general 

solid ring. Strip-wound containers have got to be defined in geometrical terms to 

enable the prediction of its behaviour during a forming cycle. To date, this definition 

has not been reported. 

Ahn, et al [48] combined fracture growth theory (1-2) with FE simulation to 

investigate the crack-growth process. The effective stress intensity factor can be 

derived by FE simulation. Both, the crack propagation rate and the propagation 
direction can be simulated using local displacement fields. Crack develops in a 

zigzag radial path, which is similar to the trend found in experiments, as shown in 

Fig. 1.19. However, in the simulation of stress intensity factor, the contact pressure at 

the shrink-fitted interface was assumed to be constant, according to Lame's 

formulation. It is well known that the contact pressure at the shrink-fitted interface 

changes with time since the die-cavity contact pressure contour is not constant. 
Besides, the root cause of zigzag development of cracks was not revealed. 

Basic knowledge of cold forming tool fatigue has been well developed. Plastic 

strains initiate cracks and maximum tensile stresses develop cracks [40-42]. A few 

improvements to tools to enable tool working under high pressure have been reported 
in recent years, - as shown in Fig. 1.20. The stress ring approach shown in Fig. 1.20d 

is the most popular construction technique to increase the strength of tools for cold 
forming [48]. However, such solid stress rings are limited by possible shrink-fitting 
interference. Strip-wound containers, involving quite large interference, 

manufactured by STRECONTechnology, are shown in Figs. 1.20a-c. Uniform 

interference strip-wound (Fig. 1.20a), profiled-interference strip-wound (see Fig. 

1.20b) and with axial pre-stressed construction (Fig. 1.20c) have also been developed 

[47-49]. Nagao, et al [42] presented an solid optimum stress-ring construction with 

profiled shrink-fitting interference, the FE mesh of which is shown in Fig. 1.20e; this 
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constitutes a substantial advance on the conventional use of stress-rings for cold 
forming tool design. Other methods of improving the fatigue strength of cold 

forming tools are to use high wear resistant and fracture toughness material for the 

die insert. 

Cold forming tool material and tool life enhancements techniques can now enable the 

production of cold extrusion tool with a life of 20,000-100,000 components. 
However, for the objective of producing of components with larger dimensions, 

greater complexity, higher accuracy, better surface finish and tougher work-material 

of cold-formed nett-form component, improvement for longer tool life and more 

advanced tool-material remains a challenge. Progress in the configuration of cold 
forming process is dependent on tool-material development. New tool construction 

techniques will lead to improvement of existing processes or the development of new 

cold forming process. 

1.4.4 Cold forging lubrication, coating and friction 

Cold forging lubrication approaches. The tribological conditions between tool 

surfaces and billets during cold forming, especially for the production of nett-form 

components, are extremely severe due to large surface expansion and high interfacial 

pressure, combined with elevated temperatures. The cold forming of steel is effected 

with surface expansions of as much as 3000%, interfacial pressure at the 

tool/workpiece interface approaching 2500 MPa and an average tool temperature of 

200'C with local peak temperatures of 600°C [50]. Direct metal-to-metal contact 

may lead to adhesion or pick-up. Conventional lubricants, such as gear and mineral 

oils [20-21], are insufficient for such applications. Successful cold forming 

operations, therefore, require more advanced lubricants. The basic requirements of 
lubricants for cold forming are to lower friction and prevent pick-up or galling; 

conversion coatings provide suitable lubricant carriers. 

Different lubricants are required, depending on the different contact conditions. Bay 
[50] summarised the use of lubricants for cold forming. Complex surface-treatment 
of billet for lubrication is required for cold forming of C-steel and low alloy steel. 
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Initially, billets are cleaned, mechanically or chemically, in order to degrease and 
descale. The most often used mechanical cleaning approaches include blasting, 

peeling and scale breaking, suitable for different kind geometry of billets; chemical 

cleaning is effected by using water soluble salts and pickling. The phosphating 

process is applied during which zinc-phosphate or zinc-iron-phosphate coatings are 
formed on the billet. Phosphate coatings have to be used in conjunction with 
lubricants for cold forming. Due to physical and chemical reactions, the coatings 

adhere better to the billet. This improved adhesion prevents the breaking away of the 

lubricant film during sliding under high contact pressure and considerable surface 

expansion during forming. There are three types of lubricants for C-steel cold 
forming: soap, solid and oil lubricants. Normally, reactive soap lubricants are 

chemically bonded while oil and solid lubricants adhere physically. The billet surface 

structure, after lubrication treatment, is shown in Fig. 1.21 a. With this structure, the 

lubricant can sustain large surface expansion and contact pressure without damage. 

However, this surface pre-processing and the post-processing present environmental 

control problems, and are also expensive. 

Lubrication procedure for cold forming of aluminium and aluminium alloy is quite 

similar to that of C-steel. Treatments and lubricants are a foundation of both, material 

and forming process. Fig 1.21b summarises the choice of lubrication for cold 
forming aluminium and aluminium alloys. 

Cold forming lubrication research Seidel [39] reported the research on ion- 

implanted hard coatings, which is reviewed in detail in section 1.4.3; this could also 
be considered as part of research into lubrication. A tool-material with sufficient self- 
lubrication is perfect for cold forming and the working environment. Ohmori, et al 
[51] developed the ball penetration test to assess the galling prevention function of 
different oils used in cold forming, as shown in Fig 1.22. The maximum radius of 
ball passing through the workpiece hole without galling defines the galling 

prevention capacity of the lubricant. Compared with conventional backward 

extrusion tests, ball penetration test is easy to perform and both, the specimen and the 
tooling, are inexpensive. Test results show that the data from the ball penetration test 
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could be correlated to the data from backward extrusion tests. However, in practice, 

ball and workpiece are discrete; and occasionally it is difficult to assess whether 

galling has occurred or not. It also difficult to obtain the exact maximum value of 

ball diameter under given lubrication conditions. 

Temperature at the interface may rise as high as 400'C during cold forming [22]. 

This high temperature will change the chemical and physical properties of lubricants 

and the carrier, which could modify the performance of lubricants. Steenberg, et al 

[52] investigated the lubrication film temperature during back-extrusion of stainless 

steel cans and its influence on the lubrication. Different punch force histories were 

observed due to different lubrication temperatures at which the phase transition of 

lubricant and the carrier may occur. Phase transition of lubricant leads to different 

lubrication performance, and would result in different friction coefficient; as a 

consequence, the forming force would change. From the microanalysis of lubricant 

and the carrier after forming, it was concluded that the interface temperature might 

reach as high as 450 °C when the extrusion ratio=2. The result is reliable because 

phase transition occurs at this temperature. However, this is only indicative. 

Dubar, et al [53] developed a new experimental device to assess the performance of 

different coatings, as shown in Fig. 1.23. The device consists of a coated cylindrical 

sample which is rotated while a semicylindrical slider exerts a local pressure. The 

revolution number, electric contact resistance between slider and the sample and the 

torque required to drive the cylinder were recorded, as shown in Fig. 1.23, for 

particular contact forces and rotation speeds. The revolution numbers nt and ns 

shows the anti-damage ability of the coating under given contact conditions. 

However, the anti-damage ability against surface expansion was not taken into 

account in this test. It is difficult to simulate the real contact conditions, including 

contact pressure, temperature, relative sliding and surface expansion during cold 

forming by local contact alone. 

Meng and Wen [54] established a plasto-hydrodynamic lubrication model in which 

cold upsetting of a cylindrical billet was considered; this revealed the influence of 
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plastic deformation upon lubrication film. The results of simulation showed that 

pressure in lubricant could reach a value that is much higher than the yield strength 

of the work-material, and thus a concave depression full of hydrodynamic lubricant 

was formed between the tool and workpiece. However, the thickness of the 

lubrication film is usually of the order of microns and billet dimensions are of 

millimetre scale. In such a case it would be difficult to match the mesh of film with 

those of billet when FE simulation is applied [54]. 

Additives to lubricants may result in enhanced performance. Dong, et al [21] found 

that while cold-forming stainless steel products, the addition of organic borate into 

different gear oil (150*), worm oil (46") and ISO VG oil (68*) or MoS2 greatly 

improved performance thereby reducing wear. Stick-slip phenomenon which 

occurred was eliminated after adding suitable organic borates. 

Nishimura, et al [55-56] evaluated friction at tool/billet interface by cold injection 

upsetting process, the conceptual diagram of which is shown in Fig. 1.24. Upper- 

bound analysis was used, and the frictional factors corresponding to different 

lubrication condition were expressed as the function of flange diameter DF 

(Fig. 1.24). Thus frictional data, more practical than data from ring compression test, 

was obtained for different lubricants, such as Dag, JF, MoS2 and under dry 

conditions. The influence of strain rate, temperature and the lubricant mass, upon 
friction was also investigated. The frictional factor appeared to be independent of 

strain rate [55-56]. However, all these results were based on upper-bound analysis, 

which simplifies the behaviour of the tool and work-material; the tool was regarded 

as rigid while the work-material was rigid-plastic. Mechanical contact is a function 

of the material property. The influence of elasticity and work-hardening on the 

contact process was ignored in this research. 

The friction coefficient/factor influences not only the forming process, but also the 

accuracy of component. The evaluation of friction upon tool/billet interface will be 

still a focused research point in the future. 

23 



1.4.5 Application of FE simulation in cold forming 

1.4.5.1 FE development and general objectives 
The application of FE simulation technology to model forming, mainly as research 

and development tool, started in the late 1960s [57]. During 1970s and earlier 1980s, 

two-dimensional steady forming process, such as drawing/extrusion of round bar and 

wide sheet rolling, which did not require remeshing, were analysed. FE simulation of 

more complex processes requiring remeshing to continue the analysis was developed 

much later. Mesh quality influences not only the accuracy of FE simulation outcome 
but also convergence of the process of simulation. Mesh deformation due to non- 

uniform metal flow, may terminate the analytical process unless remeshing was 

attended to. Between 1980s and 1990s, some of non-steady metal flow processes 

were simulated by manual remeshing. Since automatic meshing and remeshing 
technology was developed in the late 1980s and earlier 1990s, FE simulation of 
forming processes has been increased. Commercially available FE packages, such as 
Marc, Autoforge and DEFORM, remesh automatically; ABAQUS, to date, can 

automatically remesh for explicit analysis only. Remeshing does not only redefine 
the nodes and elements in the domain of workpiece geometry; all field variables, 

such as strain, stress, temperature and displacement, must be equivalently 

reorganised according to the new nodes and elements, as well. This reorganisation of 

all data is a time consuming and error-prone process [58]. To date, automatically 

remeshing is available for both, two-dimensional and three-dimensional problems 
[29]. Fig. 1.25 shows the mesh of a three-dimensional FE simulation of helical gear 

at a given moment. With the development of software and hardware, FE simulation 
is not considered as just as R&D tool to support forming process design [58]. 

Development trends are shown in Fig. 1.26. The rapid development of FE simulation 
techniques are based on their capability of providing information which enables 

critical design approaches; Fig. 1.27 shows the information available from FE 

simulation and its advantages [57]. The main objectives of FE simulation can be 

summarised as follows [58]: 

" checking die cavity filling 

" preventing flow induced defects such as laps, folds, etc. 
" predicting processing limits that should not be exceeded in order to avoid defects 
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" predicting and improving grain flow and microstructure 

" reducing die try-out, leads times and reducing rejects. 

1.4.5.2 Classification 

FE simulation is often classified according to the materials constitutive equations. 

The use of different constitutive equations in FEM results in different FE simulation 

methods [59]. Work-material may be plastic or elastic-plastic; stress-strain curve 

may or may not include the influence of strain-rate and temperature; tool material 

may be rigid, elastic or elastic-plastic. For example, rigid-plastic FE simulation, in 

which the tool material is considered rigid and the work-material as plastic, is widely 

used in simulation of hot forging process, in which both the elasticity of the tool and 

billet are ignored. This allows high computational efficiency. For precision cold 
forming process simulation, the most common analysis involves thermo- 

mechanically coupled elastic-plastic FE simulation, in which the elasticity of both, 

tool- and work-materials, and temperature are considered in order to determine the 

component dimension accurately. If the analysis involves fatigue behaviour, work- 

material elastic-plastic properties, as well as tool-material elastic-plastic properties 

should be considered [35,38,40-49], although different techniques are employed for 

computational efficiency. To date, most commercially available FE packages allow 

users to define different materials properties, as well as subroutines for user-defined 

material descriptions. 

1.4.5.3 Applications 
Process si, nulation and design As was discussed in section 1.4.1, nearly all cold 
forming processes, such as extrusion (forward/backward and radial extrusion), 

upsetting, ironing or sizing, and the combination of these, have been simulated using 

FE techniques. Process design, using simulation support, enables the balancing of 

many complex parameters to define a workable process; it also enables failure 

diagnostics. These parameters include the number of intended operations and 
forming sequences, required tools displacements, final component geometry, starting 

work-material dimensions, available forming equipment, and the final component- 

form error [60]. Besides, identifying the inherent latent process problems, such as 
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laps, unfilling or overfilling, overloading and cracking problems, are important aims 

of FE process simulations as well. Typical investigations and practical examples 
have been reviewed in section 1.4.1. FE simulation has been used to develop 

complex processes, such as inner race [17], helical gear [29], spur gear (12] and 
bevel gear [15]. 

Microstructure simulation Welo [61] presented an approach for establishing 

relationship between grain size and plastic strain. Initially, the axisymmetric 

extrusion of the process was simulated by FEM. After metallographic analysis of the 

extruded component, a correlation between strain distribution after forming and the 

grain-size was established. This suggests that by combining FE simulation with 

experimental measurements, the microstructure of components as function of plastic 

strain, can be defined; subsequent analysis relied on this correlation [61]. Grain size 

was empirically expressed as the function of strain; the tool form was optimised to 

obtain the most uniform grain size distribution in the component. The reliability of 

simulation depends on experimental data. Prior to the simulation of work-material 

microstructure, sufficient experimental data defining the correlation between 

microstructure and plastic strain has to be conducted. Specific research is required as 

this is absent from publications. 

Microstructure may also be simulated using a combination of meso-mechanics and 

continuum mechanics FE techniques. Continuum mechanics FEM is used to 

determine the local stress or strain state of cold formed components in macroscale; 

meso-mechanics FEM is used to further analyse the local microstructure evolution 

under this stress state at meso-level. The element cell is given the distribution pattern 

of different phases prior to the simulation [38]. An optimum cold forging tool 

material was developed with 30% increase in fracture toughness; this was reviewed 
in section 1.4.3. 

Cracking initiation simulation Micro-crack initiation prediction [18,63] by FE 

simulation has also been performed based on Cockcroft and Latham's crack 

criterion; a technique was presented to simulate crack initiation in cold-formed 
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components during forming. Thus, it is possible to predict both surface and internal 

crack defects in cold-formed components. However, the FE analyst faces the same 

problem as that encountered for simulation of microstructure. Effective prediction of 

crack formation, sufficient experimental data is required, particularly the material 

constants. This is why damage value was taken as a minimum objective of 

optimisation instead of the assessment of crack initiation [18]. 

Material separation simulation Material separation is defined as the propagation of 

the initiated crack. Thus material separation simulation refers to the modelling of 

crack growth. Taupin, et at [64] reported on material separation criterion and the 

corresponding material separation simulation technique. From fracture propagation 

point of view, investigation of material separation in blanking is of general 

significance. The McClintock fracture criterion was implanted in the FE package, 
DEFORM. The material damage value thus was evaluated according to McClintock 

criterion from element to element during FE simulation. If the damage value of an 

element was found to be equal to or greater than the specified critical value, this 

element would be deleted to form a local material separation (crack) after the 

subsequent remeshing. The coalescence of the local separations leads to the overall 

material separation. Fig. 1.28 shows material separation under different tool 

clearances. The material critical damage value was obtained by a reverse iteration 

method from FE simulation, i. e., modifying material critical damage value, until the 

simulation results have a good correlation to the experimental observation. The 

corresponding damage value was then defined as a material constant. However, only 

the geometry at the fracture location was compared visually with that of experiment, 

without comparing the parametric values reported, such as blanking force. This kind 

of fracture propagation simulation needs extremely fine meshes. Deleting an element 

will lead to finite variation of material volume and a finite length of crack at an 
instant instead of gradual growth of a crack; this conflicts with volume constancy 

considerations in plasticity theory and crack growth theories. Thus, this approach, if 

used in other cold forming operation, may introduce errors if the mesh is too coarse. 
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Tool design and tool life improvement FE simulation of cold forming processes 

provides tool stress and strain information during forming; these are necessary for 

the analysis of tool fatigue strength. Thus, the proximity considerations to failure 

types would be revealed at design stage. Different approaches for improving tool 

strength can be validated by FE simulation, or based on FE simulation to determine 

the optimum tool structure [40]. 

Optimisation Due to the complex boundary conditions of processes and non-linear 

constitutive models of materials, it is impossible to obtain analytical solution of a 

practical finite plastic deformation problem in cold forming; FE simulation can be a 
key tool for determining the related parameters or field variables. Joun [65] 

investigated the optimisation of axisymmetric forward extrusion, aimed at 

minimisation of extrusion force. Rigid-perfectly plastic work-material was used in 

the optimisation and co-ordinates of tool profile were selected as design variables. 
The result showed that friction is a major factor affecting the optimal die contour. 
Work hardening of work-material was ignored in the analysis. Duggirala, et at [66] 

conducted research to determine the optimal design for cold forming an automotive 

outer race; minimum damage value was set as the reference. Genetic algorithm 

optimisation technique, which is based on probabilistic transition rules, was used in 

the optimisation. Genetic algorithm is a searching approach to minimise objective. A 

relatively better scheme can be determined by comparison of objectives from current 

available schema and is kept; genetic algorithm operator reproduces new schema by 

reproduction, crossover or mutation from the current schema [67]. New comparison 
is conducted among the reproduced available schema for the better scheme again, 

until the process converges. Six die and process related geometric parameters were 

chosen as design variables for a forging process. Forming limits, avoiding defects, 

permissible forging force, were selected as constraints. The optimum result showed 
that the damage value of the component under optimised processes was reduced from 

the original 0.203 to 0.117. However, the original two-step cold forming process, as 

shown in Fig. 1.29, was increased to four steps. Forming cost would greatly be 

increased. On the other hand, the permissible damage value of the material used was 

unknown. If it was less than 0.203, the above optimisation is significant. If it was 
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much great than 0.203, then optimality is not of significance. Only two options were 

considered; whether either of these was the most suitable for the comparative study is 

not known. 

Cold forming process optimisation is an expensive design process since the objective 
function is often forming process related, and hence repeated FE simulation 

validation of the design result is required [65-66]. 

State-of-the-Art. FE simulation of cold forming has advanced at a rapid pace over 

the past two decades. Ongoing developments and new applications continue to 

become available. The current process models account for elastic and plastic 
deformation, thermal influences, forming equipment and different contact conditions. 
Developments are in process that will allow users to analyse crack initiation and 

propagation, microstructure evolution, residual stress and spring back as well as 

thermo-mechanical influences. Full three-dimensional simulation is becoming 

available for more complex geometries. Automatic three-dimensional remeshing 

techniques are available on some FE packages. However, some basic research which 

supports the application of FE simulation, such as material data to describe material 
forgeability, fracture behaviour and specific techniques, for example profiled stress 

ring to improve die life and component accuracy, await further research. It can be 

expected that more complex three-dimensional cold forming processes can be 

simulated without cost and technical problems in the near future [58-59]. 

1.4.6 Cold forming component-errors and compensation methodology 
1.4.6.1 Component-errors factors 

Component-error analysis and error compensation is of critical importance to the 

implementation of precision cold forming. Component-errors are caused by different 

factors. Lange pointed out that factors affecting dimensions, form, surface, position, 

strength, and weight due to process, material, tool, machine, and process layout are 

numerous, and hence a thorough analysis is not possible [68]. A schematic 

representation in Fig. 1.30 gives several interacting factors with regard to workpiece 

accuracy. 
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First the material related factors such as the random fluctuations in work-material 

chemical composition, microstructure and grain sizes will affect the flow curve of the 

work-material. The result is a spread of the deformation forces and springback. 
Variations in the forming forces affect the elastic deflection of the tool and the 

forming machine directly and hence the dimensional accuracy (such as bottom and 
flange thickness). Dimensional accuracy can generally be improved though (1) 

careful heat treatment of billet, perform, or interstage; (2) favourable lubrication 

conditions; and (3) more rigid tooling. 

Product accuracy is also sensitive to the initial sizes and volume of the billet. Volume 

fluctuations in the parting of bars are a result of variations in the cross sections, and 
the variations in the parted-off lengths (caused by the process). Volume variations in 

forming with closed dies result in force fluctuations with changing of elastic 
deflections of the tool and the machine. The danger of overloading exists when the 

used volume becomes larger than permissible. 

Tools affect component accuracy in different ways. The accuracy of tools is very 
important for the accuracy of deformed products since forming is in a way coping in 

which the tool can be considered as analogy storage for the dimensions and shape. 
Deviations from desired values in the tool show up as systematic errors in the 

products. In production the dimensions of the tool change because of wear and 
deflection or deformation. The wear can be reduced by using wear-resistant tools and 

good lubrication. As a general rule, in tools subject to very high normal pressure 
there is a large region of linear wear pattern, -wear proportional to time, after an 
initial plastic deformation. Failure of the tool starts at the end of the linear region. 
Production tools must be changed before reaching this stage [68]. The tool 

deformation can be elastic or plastic. Plastic deformation occurs generally at the 
beginning of the production. The plastic deformation continues until the tool material 

gets sufficiently work-hardened. Selection of materials with large Young's modulus 
for cold forming tool is desirable with a view to decreasing tool deflection and 
increasing component accuracy. 
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Forming equipment parameters such as ram guidance, stiffness behaviour controlled 
by travel and force, and fluctuations in the work capacity of machines controlled by 

energy affect the accuracy of the formed products. A forming tool is generally made 

of two parts, one part is amounted on machine bed; the other is attached to the slide 

of the forming machine. Thus a proper guidance of the slide is important for good 

relative positional accuracy; or offset, different wall thickness, eccentricity of 

products may occur. The positional error of a tool is the sum of positional error of 

equipment during contact (without load) and the positional error due to drifting 

(under loading), resulting tilt. Guidance clearance, local elastic deflection of the 

guide and sideward tilt of the slide are root causes of positional error. An absolutely 

rigid press dose not exist. The frame and drive system components deform depending 

on their stiffness and forming load. For variations in the force transmitted because of 

changes in billet volume, lubricant, material properties, and so on, fluctuation in 

elastic deflections of the press will be smaller in a more rigid press. This is why rigid 

presses are used in processes of die-forging and coining. When a screw press is used 
in cold forming, the fluctuations in work capacity also influence the production 

accuracy, in particular the thickness dimensions of the products. The energy used for 

forming in every cycle is determined by the stroke that can be adjusted through 

control system of the machine [69]. Thus, in case of screw presses, either a stroke- 
limiting procedure or control of the screw speed can be used to control the work 

capacity. 

Forming process design and layout greatly affect component form-error. The 

various factors of manufacturing that contribute toward achieving the designed 

accuracy are material, annealing, descaling, lubrication, temperature, interstage 
design and finishing process. By proper design of the initial billet shape, the 
interstage, and the finish form, more can be achieved as far as accuracy is concerned 
than by a single machine finish forming. Cold forming conditions, especially 

working temperature caused by heat conduction from the billet affect the spread of 
forming force, 12-15% at beginning with a reduction at stable stage, and further 

affect the component accuracy. Changes in the lubricant conditions caused variations 
of up to 20% in the average forming force, while the thickness of the phosphate 
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coating in the case of steel had no appreciable effect [68]. It is the job of process 
designer to design process sequences to achieve the necessary quality level without 
large investments. From the point of view of optimum tool utilisation, it is advisable 

to make the allowable tool wear and deformation as large as possible. 

Dean [1] also defined major factors such as die wear and lubrication that influence 

the component dimensional accuracy, as mentioned as following. 

Workpiece/billet: The consistency of the weight of both, billet and lubrication will 

directly effect dimensional accuracy, especially for closed die forging operations. 

Excessive material results in oversized components under given press shut-height; 
insufficient material may lead to underfilling defects. Thus, the accuracy of the 

weight of the billet has to be controlled within ± 0.5 per cent of the nominal 

specifications. Billets are weighed before further processing and may be graded so 

that heavier billets are used later in the process when tool wear results in cavity 

growth. Variation in lubrication treatment of the billet may lead to variation in 

friction coefficient which may also result in variation in component accuracy. 

Tooling: Tooling design refers to the dimensions of tools which form the surfaces of 

die cavity. Die cavity, in turn, defines the accuracy of formed component. Elastic 

deflection of tools during use should be considered; thermal expansions of both, tools 

and workpiece, as well as the contraction of workpiece after ejection from die-cavity 

due to cooling, have to be taken into account in the tooling design. 

Process-machine interaction must be considered especially when a multi-stage 

mechanical press is used. Shut-height of the different stations defines the forging 

stroke of the station. Thus the shut heights must adjusted for every station, 
independently. However, shut-heights set under zero-load condition change during 

forming owing to the elastic deflection of both, press and tooling. Adjustments at one 

station, by altering the forming load at that station, may alter the press/tool distortion 

and, therefore, the shut-height at other stations. This makes the adjustment a difficult 

iterative task. Zhang and Dean [72] developed an approach which would enable 
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right-first-time tool setting to be achievable. The forging-stroke of a station consists 

of the compression of the billet in height, the corresponding die deflection, and the 

forming equipment deflection at the location. Deformation/deflection consistent 

condition at a station results in a non-linear equation. Thus, the consideration of n 

stations leads to a non-linear simultaneous equation group. The solution of the 

equation predicts the correct shut heights at each station. Due to the nonlinearity, 

computer-modelling technique has to be applied to model the tool loads and 

press/tool deflections. It is still difficult to apply this approach widely in present, due 

to the difficulties in modelling of forging force simply and quickly for general 
forming processes. Analytical approximation of forming loads of upsetting and 

extrusion was applied in the modelling [72). 

Workpiece-tool interaction includes the correct initial positioning of billet and the 

friction coefficient on the interface, which influence the final component dimensional 

accuracy [1]. Correct positioning of billet in die cavity is determined by the form 

tolerance of billet under normal feeding operation. Positioning influences material 
flow in die cavity and the forging load [70]. The thermal behaviour of the interface 

also affects component form. Different thermal contact property leads to different 

temperature in tool and workpiece. Thermal expansion or contraction of workpiece 

and tool change the dimensions of component [22]. 

The advantage of this component-errors-factors classification is that forming 

equipment, tooling, billet and the interaction between them are considered at the 

same time. However, the influence of forming equipment usually can be minimised 
by adjustment based on experience and skill. The iteration for modification of 
die/tool geometry is a much more time- and money-consuming task. From this point 

of view, the details of die-cavity factors that influence component-form error should 
be emphasised. Die-cavity related factors are considered as main contributing factors 

[22-24,74-76). 

Die-elasticity is one of the main factors influencing cold forming component-form 

errors. While a billet with simple geometry and given volume is forced to deform in 
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a die cavity, the die surfaces are expected to sustain high contact pressure owing to 

the flow-resistance of the work-material and friction at the billet/tool interface. The 

die/tool surfaces will deflect under this high contact pressure. Therefore, the final 

component form is not exactly a negative copy of the die cavity. A dieltool cavity 

deflection is, in part, replicated on the final component form. Contact pressure at 

tool/billet interface is a function of location. Thus, die deflection is also a function of 

die/tool surface location and time, and usually reaches its highest value at the 

moment when the tool reaches its final position [40] in closed-die forming. The 

influence of die-elasticity on component accuracy is not only determined by die- 

elasticity; factors enhancing or weakening this influence are billet accuracy, press 

shut-height adjustment, friction condition at the tool/billet interface and work- 

material properties. All factors which influence die surface contact pressure will 

influence die deflection, and further influence the die-elasticity related component- 

form error. 

Secondary Yielding was presented by Rosochowski and Balendra [23]. For closed- 

die-forming, high forming loads are applied to achieve complete filling of the die 

cavity, which results in high contact pressure on die surfaces. This pressure deflects 

die, thus storing elastic energy. This die deflection and elastic energy increase with 

the increase of forming load till the forming load reaches a maximum. When the 

tools retract the contact pressure at tool/billet interface decreases; work-material 

return to elastic state and a new equilibrium is established at the billet/tool interface. 

Under specific conditions, it is possible for the product to be subjected to stresses 

corresponding to plastic state in this new equilibrium state. This process occurs over 

a short time-span compared to the whole forming process, However, since this 

deformation occurs after the termination of force applied, the dimensional accuracy 

of component is affected. The variation of the dimensions of the component due to 

Secondary Yielding depends, on an extent, on the elastic energy stored by the tools 

and material properties. Thus billet weight accuracy and forming stroke adjustment 

accuracy will effect the extent of secondary yielding. Secondary yielding would not 

occur in all cold forming process. Work-material properties are assumed to remain 
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the same during the initial plastic deformation and the subsequent secondary 
yielding; this has yet to be verified. 

Temperature has an influence on component-form errors; this has been considered 
by most researchers. Local temperature due to plastic deformation may reach as high 

as 600'C [1], and research on cold forward extrusion shows that thermal influence 

upon component accuracy is of the same order as that resulting from die deflection 

[22]. The influence of temperature upon component accuracy can be partitioned into 

several components. Thermal expansion of the tools is a component which results in 

the production of oversized products. Temperature increasing in both, products and 

tools, is determined by the thermal properties of work-material and tool-materials as 

well as by the thermal contact properties between these. Temperature elevation of 

product and tools is also sensitive to forming cycle time. High rate of production will 
increase the influence of temperature change on component accuracy. 

Spring-back was often neglected because of simulation cost considerations. Plastic 

flow leads to work-hardening of the work-material and consequently results in high 

stresses in the billet. During retraction of the forming tool and ejection, the 

component will gradually return from a plastic to an elastic state. All elastic 
deflection during forming will be restored and the recovery, depending on the stress 
distribution before ejection, is non-uniform. Recent investigations show that the 

change on dimensions due to spring-back is comparable to that due to die expansion 

elastically [22]. This change in dimension depends mainly on the property of the 

work-material and the flow stress reached during forming. In fact, local elastic 

recovery is determined by the local flow stress and elastic constants from plasticity 
theory [71]. The higher the flow-stress and the lower the Young's modulus, the 

bigger the dimensional change due to elastic spring-back will be. 

Cooling of cold-formed component after ejection from die cavity also influences 

component dimensions. Most of the energy expended to plastically deforming the 
billet is transformed into heat and is transferred to the tools; the average temperature 

of product after ejection is higher than that of the environment. The temperature 
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change in an aluminium component ranges from a few tens to hundred Celsius 

degrees in forward extrusion [22]. Thermal properties of the work-material and 

temperature variation determine the shrinkage of the product after cooling down. The 

thermal properties, thermal contact properties and mechanical contact properties, as 

well as forming cycle time would influence cooling shrinkage. 

Forming equipment kinematic accuracy also influences the accuracy of the 

products. The die-cavity component-errors factors referred to in the preceding text 

are based on perfect tool motion. However, the accuracy of tool motion relates not 

only to the construction and assembly accuracy of tooling but also the press stiffness 

and kinematic accuracy [25,68]. Fig. 1.31 shows the main equipment-related 

contributors to the accuracy of the formed component. The most important 

parameters, from a product-accuracy point of view, are perpendicularity of stroke to 

the top surface of the bolster, parallelism between slide bottom surface and the top 

surface of the bolster, slide guide clearance and stiffness of the press frame. These 

parameters directly influence the motion of the tool and therefore, influence the 

accuracy of the formed product. Accurate guiding systems with high stiffness are 

recommended to reduce the influence of these factors on product accuracy. 
Component-form errors caused by inaccuracy of forming equipment may involve 

such form-errors that may be difficult to compensate by the re-definition of die- 

cavity. 

1.4.6.2 Component-form errors compensation methodology 
Forging equipment related component-form errors could usually be minimised by 

careful adjustment of tooling configuration and forging machine, such as adjustment 

of shut height, and main accuracy-related parameters. Die-cavity related component- 
form errors could only be compensated for by die-cavity compensation. Owing to 

this reason, most investigation upon cold formed component-form error 

compensation is focused on die-cavity factors [24,74-76]. 

Generation of form-errors during cold forging Assuming that A is a point on 
perfect component surface, thus is also a point on die surfaces without compensation, 

36 



as shown in Fig. 1.32a. After the tool reaches its limit position, the position of A 

moves to AZ due to die deflection, including elastic-deflection and thermal 

expansion, and the distance AA2 shows the component-form error due to die 

deflection at position A. During withdrawal of the tool, the die surface contracts to 

release the stored elastic energy, and thus leads to the point A2 (i. e., A21) on die 

surface to retract to A, . The horizontal-distance between space points A and A3 

shows the component-form error after Secondary Yielding at position A. The 

component-error caused by die deflection is always in opposite direction with that 

caused by die surface contraction during Secondary Yielding. After ejection, the 

component will expand due to elasticity of the work-material. Then the component 

cools to environmental conditions. The distance of point AS on the component 

surface corresponding to perfect component surface position A defines the overall 

component-errors at position A. An example of component-form error cumulation is 

shown in Fig. 1.32b [75]. Conceptually, the radial component-form errors in this 

example could be expressed as AB + BC + CD = AD, where AB is die-deflection, 

BC is caused by Secondary Yielding and CD is the result of spring-back and 

cooling contraction after ejection, AD is the final radial component error. It would 

be difficult to attain a constant radial component-form error along the component 

height. If Secondary Yielding occurs in the process, the resulting errors are opposite 

to those sustained by die deflection. In the same way, errors caused by spring-back 

are opposite to those caused by thermal contraction during cooling. 

Errors-compensation. The first requirement for error-compensation is the analysis 

of deflection and expansion data as a function of die-surface location, from which the 

modified die-cavity surface contour can be defined. Experimental research in die- 

cavity compensation concerns the determination of die-cavity compensation data. 

Errors-compensation activities in cold forming have, in the past, been iterative 

[24,75]. It is essential, as the first stage, to measure the component-form after 
forming trials. These are compared with the specifications to determine component- 
form error [24]. If these errors exceed the permissible tolerances, the die surface 

contour or other forming parameters would be modified to enable new forming of 
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