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Abstract

The success of warm forming process is identified by a complete filling of die
cavity without occurrence of defects. Outcomes are highly influenced by the shape of
the initial billet or workpiece. The traditional design of billet shapes, which is based
on either practical experience or a trial-and-error approach by forward simulation, is
inefficient and costly. Therefore, this study aims to develop an efficient methodology
for a warm-forming process design of bimetallic components using a reverse
simulation approach. This approach is able to directly predict the shape of billet by

starting from the final shape of formed bimetallic component.

The significance of this study is to develop an integrated algorithm that can be
used effectively for reverse simulation. The weld interface of the bimetallic component
was assumed to be a sticking condition at the beginning of the reverse simulation.
When such simulation was being performed, the two metals had to be separated
gradually, and their mating surfaces then restored to a sliding condition. The reverse
shape could be determined by the proposed algorithm, which was established with a
significant modification based on the “backward tracing method”, proposed by Part et
al. in 1983 as well as reasonable assumptions about the constancy of volume and
convex expansion of lateral deformation surfaces. An original idea of billet-height
minimization routine was incorporated into the finite-element package for tracing the
hollow cylindrical shape as the desired shape of original billet. The straight-line-repair
(SLR), boundary-edge-mirror (BEM), nearest-die-profile-repair (NDPR), and profile-

offset (PO) methods were developed to reconstruct the reverse shapes, while at the



same time, avoiding the concave-shape problem and compensating for both excessive
and insufficient volume. These procedures were adopted sequentially under specified

conditions in order to maintain the desired volume of the suitable reverse shape.

Three axisymmetric components were taken as examples to evaluate the
effectiveness of the developed approach. Two such shapes were made of aluminium
alloy 6063 (AA6063), while the third was a bimetallic component composed of
AA6063 and stainless steel AISI 316L (SS316L). The flow stress data of these two
specimen materials were obtained by uniaxial compression tests, which were
conducted at elevated temperatures ranging from 20 to 900 °C with intervals of 100
°C, except for the larger interval between 20 and 200 °C. These material data, as well
as the friction factors acquired by the ring compression tests were identified as
significant information for process modelling. The bimetallic joint was achieved
successfully by solid-state welding. The strength of the joint was an average more than
10% greater than that of AA6063. The thickness of the diffusion zone was 4 um, which
was extremely small compared to the height of the base metals. The deformation
behaviour of the bonding interface had practically no effect on the flow stress of the
bimetallic component. In other words, the materials behaved in accordance with their
own properties except at their joint. Therefore, at the start of modelling the reverse
simulation for warm-forming bimetallic components, the key step was to identify a
large shear-friction factor as a nearly sticking condition at the weld interface. During

the procedures of reverse simulation, the value of this shear-friction factor could be



reduced in stages, dependent upon the forming load obtained from the increment of

forward simulation.

The cylindrical billets predicted by the reverse simulation approach in the three
case studies were verified by forward simulation and practical experiments under
compatible process conditions. The results confirmed that the proposed methodology
was capable of predicting the billet shapes for warm forming not only axisymmetric
components, but also bimetallic components. It is believed that the developed
approach can be applied for actual production with substantial savings of raw materials

and a reduction of numerous uncertain and iterative trials during the process design.
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1. Introduction

1.1  Warm forming

In a typical manufacturing process, a raw material starts either shapeless or has
a simple geometry which is subsequently transformed into a useful part through
various operations in the process. The finished products usually have a more complex
shape with a well-defined profile/appearance, dimensional accuracy, surface finish,
and mechanical properties. Metal forming is one among many kinds of manufacturing
processes. It aims to transform metal into a desired final shape without damage from
applied forces. The formed components can also achieve the above requirements by
plastic deformation. Unlike elastic deformation, the plastic deformation is not

recoverable, and the change of component shape is permanent.

An initially simple shape of a workpiece such as a solid billet or sheet blank is
plastically deformed by tools (or called forming dies) to obtain the final profile of the
component or product. Based on the geometry of the workpiece, metal-forming
processes are usually classified into two major groups. They are:

- Massive or bulk forming — Typical deformation processes include forging,
rolling, extrusion, and wire drawing. A deforming material or workpiece is
mostly in either a solid blank, bar, or billet form so that a considerable change in
its thickness, height, width, length, and/or diameter occurs during its
deformation. The workpiece undergoes a large permanent (plastic) deformation,

leading to a significant change in its raw thickness and shape of cross-section. It



is also worth noting that the magnitude of the workpiece undergoing elastic
deformation is relatively small, and thus elastic strain recovery after deformation
is insignificant in the forming analysis.

- Sheet-metal forming — Typical processes include blanking, piercing, bending,
stretch forming, deep drawing, and roll bending. A sheet blank as a workpiece
is permanently deformed into a desired three-dimensional shape without
appreciable changes in its thickness and surface characteristics. The recoverable
portion of elastic deformation is particularly considerable against the permanent
change of plastic deformation. Thus, the elastic-strain recovery and spring-back

effect should also be concerned.

Temperature is one crucial factor in determining the formability and properties
of formed components because most materials behave differently under various
temperature conditions. Mostly, the yield stress (i.e., a threshold value of stress
required for starting plastic deformation) of a metal increases with the increasing strain
(or deformation) at ambient temperature and with increasing strain rate (or defor-
mation rate) in high-temperature environments. This general principle governing the
forming of metals at various temperatures is basically the same. Thus, another common
way of classifying metal forming is according to workpiece pre-heat temperature,
namely cold forming, warm forming, and hot forming. This classification can

contribute a great deal to the understanding and improvement of the processes.

Cold forming refers to the plastic deformation, which is usually carried out

below the recrystallization temperature of the forming material, generally at room



temperature (i.e., no heating is involved). Even though the formability of most metals
room temperature is poor, no oxidisation on surfaces and high dimensional accuracy
of cold-formed components are the main benefits that can save subsequent machining
and processing costs. The cold-formed materials can also obtain stronger mechanical
properties such as higher yield and tensile strengths compared to those of the raw
materials due to the strain-hardening behaviour. The process is often applied mainly
to make axis-symmetric or nearly axis-symmetric parts in large volumes by the
extrusion process. Under these circumstances, using cold forming to manufacture the
metal parts or components may involve a large number of dies and multi-stage
operations. Therefore, its efficiency is very low. Figure 1.1 shows a stainless-steel
watch case produced by a multi-stage cold-forming process. On the other hand, when
the deformation is carried out above the recrystallization temperature of the forming
material, it is called hot forming. Although the process requires smaller forming loads,
drawbacks of low dimensional accuracy and poor surface finish of products cannot be
avoided because of thermal expansion and heavy oxidization (or contamination),
respectively. Normally, hot-forming ferrous materials like stainless steel should be
undertaken at around 1100 °C. To have a compromise between cold forming and hot
forming concerning economic production and quality products, warm forming is
proposed. As the name implies, the warm forming is carried out at the temperature
range that is higher cold-forming temperature but well below hot-forming temperature
(i.e.,, the room and material recrystallization temperatures) [1]. Under suitable
conditions, warm forming is feasible for forming the preheated metal efficiently into

the final shape within a single-stage operation. Typically, the warm-forming



temperature ranges for plain steel, low-alloy steel, or stainless steel and aluminium

alloy are from 550 to 900 °C [2] and 200 to 300 °C [3], respectively.

Fig. 1.1 The conventional cold-forming sequence of a stainless-steel watch case.

Most investigations and reports indicate that warm forming is widely used in the
automotive industry for mass-producing complicated parts and critical mechanical
components such as turbine disks, differential gears, shafts, hubs, connecting rods, and
joints. Figure 1.2 shows various automotive components that are manufactured by

warm forming [4].



Fig. 1.2 A wide range of automotive components can be made by warm forming

[4]

The warm forming described in this thesis is basically the warm bulk-forming
process. It is well-known that bulk forming (or forging) requires a larger force and
energy to process the plastic deformation. By increasing forming temperature to a
point above room temperature, the stress required for the same amount of deformation
can be greatly reduced. If the workpiece is a bulk metal, the benefits are provided by
raising the temperature. This is the reason why bulk forming was selected as the

particular warm forming focus in this study.

Warm forming makes use of sequential dies with the die cavities or impressions
that are designed based on the profile of the finished component (i.e., closed-die
forming) to form the workpiece or preform into the desired shape without the excessive
flash formation and underfill [5,6]. Normally, as a near-net-shape process, the warm-

formed component still needs to be undergone some subsequent fabrication processes



such as welding, machining, and polishing to reach the ultimate profile and dimensions
of the final product [7]. To fulfil the mechanical requirements such as strength and
toughness for load-bearing applications, the material flow of the warm-formed
components can also be optimised to obtain the desired grain structures. Therefore,
warm forming is nowadays increasing its presence in the automotive, aviation, and
timepiece industries for the production of complex components as those are
concerning the cost-effectiveness as well as quality and reliability [8]. A typical warm-

forming process for manufacturing a watch bezel is shown in Fig. 1.3.

Warm
forming

—

A pre-heated workpiece is A watch bezel is produced
placed into the die

Fig 1.3 A stainless-steel watch bezel is produced by warm forming.

1.2 Bimetallic components

The metal-forming industry is facing a situation where the market trend is
towards greater demand for light, strong, and economical products. In fact, each
material has its unique properties and characteristics, and hence no single metal or
alloy can perfectly satisfy all these requirements. For example, titanium alloys and

aluminium alloys are lighter than alloy steel for making the armours of weaponry.



However, the titanium alloys are costly whilst the aluminium alloys do not have
sufficient strength and wear resistance. An alternative solution is the use of bimetal, in
which two different metals or alloys are joined together. This takes advantage of their
strengths, usefulness, and cost-effectiveness. Therefore, the functions of bimetallic
components can be optimised to target specific requirements such as applicable
performance, weight, and cost [9-14]. Figure 1.4 presents various bimetallic tools,
products, and components that can provide increased performance and additional

functionality.

High-strength and good-wear-resistant
tool steel for the die-cavity

*~———____ Good-thermal-conductivity

copper for the outer shell

(@) Mold/die

Strong and good-wear-resistant
— stainless steel for the attacking face

T Lightand tough titanium

for the club head

(b) Head of golf club

Light aluminium alloy for

/ the inner core

*—___ High-strength and good-wear-
resistant steel for the teeth

(c) Gear

Fig. 1.4 The bimetallic tools, products, and components used in various aspects.



1.3 Significance of warm-forming process design

Warm forming is able to change the workpiece from simple geometry to
complicated one as the finished component. In this process, a heated workpiece is
compressed between opposing dies so that the material is forced into the die cavity.
The material flow and stress distribution regarding the acting force on the workpiece
are highly influenced by the areas between the contacting die and workpiece surfaces.
In other words, the geometry of the dies becomes a critical design factor in the warm-
forming process. For a single-stage forming operation, the die geometry, particularly
the die cavity is usually governed by the shape of the formed component. On the other
hand, the design of the billet (i.e., workpiece) shape and selection of the suitable
forming process conditions to fulfil overall goals of quality, time, and cost reduction
is actually the most primary task in this case. Nevertheless, in certain cases, the
finished component is not simple, which is not expected to be formed by a single-stage
operation. Transition shapes (i.e., preforms) are thus required to modify the trajectory
of metal flow that changes the shape of the workpiece to form the finished component.
Consequently, most forming requirements such as no crack, no internal and external
defect, limited flash, minimum strain variation, and complete die filling are highly
related to the shapes of workpieces or preforms and could be achieved by their proper

design.

The main concern of warm-forming process design is to understand the material
flow during operation. There are multi-variables correlated with each other that can

greatly affect the success of the warm-forming process such as raw material properties,



forming temperatures, punch speeds, as well as lubrication and heat transfer between
the die and workpiece interfaces [15]. For instance, the increasing temperature can
help to reduce the flow stress of formed material resulting in a lower applied load and
better formability, but against this may be difficult to control the dimensional stability
of the product after thermal expansion. According to a study of the forming processes
for 6061 aluminium-alloy wheels, it was found that the temperature of the workpiece
increased when the punch speed was changed from 0.1 to 0.2 m/s. The lower punch
speed caused a larger chilling near the contact region between the die and the
workpiece. On the other hand, the die-chilling effect was less extensive at higher punch
speed since it took less time to complete the forming operation. A high ratio of contact
area at the tool-workpiece interface in the forming of a wheel also affected the friction
and the heat transfer, and hence the workpiece temperature [16]. Another study
focusing on tool-workpiece friction indicated that the selection of forming lubricants
and die coatings for warm forming needed to be considered together because
interactive effects were found in their different combinations. Concerning the
environmental protection and extension of tool life, the oil-graphite-free lubricant and
graphite-based coating were the suggested choice when forming temperature was 650
to 900 °C. [17]. The correlations among various process variables associated with the
die geometry result in complicated problem formulations of forming analysis. It is
extremely difficult to determine a workpiece from the infinite range of transition

shapes possible in the deformation sequence of the forming process.



Traditional process design relies largely on experience and intuition. However,
the empirical guidelines found in design handbooks may be insufficient or not suitable
for complicated formed components. In order to properly make use of the typical
experience-based process-design approach, computer-aided engineering (CAE)
technology such as the finite-element method (FEM) and finite-element analysis (FEA)
are employed effectively to simulate the metal flow and predict the defect formation
during forming operations. This also provides a virtual forming platform to evaluate
the feasibility of the process, and hence the number of physical trial runs can be
reduced. Commercial finite-element (FE) simulation packages such as DEFORM [18],
QForm [19], and MSC.SuperForge [20] are able to provide such information on the
analysis of the bulk-forming design process. The FE simulation can provide certain
valuable information regarding the warm-forming process in terms of metal flow
velocity, required forming load, stress and strain distributions, and thermal gradient.
However, demanding computational hardware (mainly the microprocessors and
memory) and time, as well as significant expertise in forming analysis and process
improvement, are required also. Although the simulation results associated with
iterative optimization methods as well as design knowledge and experiences are very
supportive and beneficial for workpiece design improvement or modification, the
workpiece design and modification procedures are basically a process of the trial-and-
error scheme, which may be time-consuming for some difficult cases, but is more cost-
effective than through the physical problem solving and trials. Clearly, the more
efficient method is to build a knowledge-based or expert system, which captures the

heuristic knowledge and expertise in forming-process design from academic research
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and/or other industrial experiences and scientific work. Certain techniques and
analytical methods such as expert systems and genetic algorithms are developed and
used for various forming processes and their workpiece or preform designs. More
extensive reviews and discussions on the limitations and weaknesses of current

workpiece-design methods are given in the next chapter.

1.4 Reverse simulation for bulk-forming process

Regarding the aforementioned current techniques for process design of warm
forming, a more efficient and systematic approach has to be developed that can assist
in determining an acceptable workpiece shape directly so that the work is undertaken
at a faster pace and further helps to reduce the lead-time for producing new-formed
components. Consequently, a proposed reverse simulation approach implements the
core concept of reversing the metal flow and velocities in the conventional forward FE
simulation, which starts from the final shape of a workpiece (i.e., the final formed
component) with its reverse (i.e., negative) node velocities [21-26]. When the die is
moving backward and the contact boundary nodes are being released during a number
of reverse steps, the simulation can gradually predict an initial workpiece shape. In
other words, the workpiece shape predicted by the reverse simulation can be more
acceptable rather than various uncertain trial-shapes need to be verified with the
forward simulation as discussed above. Figure 1.5 illustrates the fundamental concepts
of forward simulation and reverse simulation used for the workpiece design of the

bulk-forming process.
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Fig. 1.5 The forward simulation approach and reverse simulation approach used for

workpiece design of bulk-forming process.

Since the study of the reverse simulation of warm-forming bimetallic

components is unique, there is a significant gap in the literature addressing this issue

of using the reverse simulation approach. In addition, the demand for and consumption

of bimetals is rapidly increasing and will provide a very wide range of applications of

bimetallic components used in automotive, marine, aerospace, and military industries.

Therefore, intensive study in this area is certainly an urgent need in such process

modelling.
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1.5 Objective of study

The primary objective of this study is to develop an efficient methodology for
the warm-forming process design of bimetallic components using the reverse
simulation approach, which is based on several empirical and physical rules with the
finite element procedure. The study aims to demonstrate the implementation of the
proposed idea to control the material flow and distribution as well as the methods of
shape reconstruction in the reverse simulation to predict the workpiece or billet shape
in the axisymmetric bulk-forming applications, especially warm-forming bimetallic
components. The predicted workpiece should have a minimum height and should be
able to fill up the die cavity completely with a controlled amount of flash in a manner
that avoids the occurrence of forming defects such as folds or overlaps. The reverse
simulation certainly predicts the shape of a workpiece without a trial initial geometry
of the workpiece and should prove to an efficient methodology. This research work
also attempted to investigate and improve the process modelling of warm-forming
bimetallic components. In order to achieve the objective of this study, the tasks were
carried out as follows:

- To design and manufacture the special tooling for performing the isothermal
uniaxial compression test, ring-compression test, welding experiments of
dissimilar metals, and warm-forming experiments.

- To obtain flow stress data at elevated temperatures of the specimen materials as
well as the values of friction factors at the interface between workpiece and die,

to be used for process modelling and numerical simulation.
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To study the mechanical properties of different base metals and even their
bimetals, especially the tensile strengths of the bimetallic joints and interfaces
(i.e., the joint efficiency).

To investigate the intermetallic bond of diffusion zone found in the bimetallic
joint that may significantly influence the modelling of warm-forming bimetallic
components.

To establish an algorithm for determining the reverse shape of the workpiece or
preform based on the backward tracking method and finite element formulation
of rigid-plastic materials.

To develop a procedure for defining the desired shape and contact boundary
conditions, shape reconstruction, and determination of the condition of the
bimetallic interface in the reverse simulation.

To implement the reverse simulation for the warm-forming axisymmetric
component and a bimetallic component with various final shapes of finished
products.

To verify the predicted results of reverse simulation by forward simulation and

physical experiments.

1.6 Layout of dissertation

Chapter 1 — Introduction provides background information about warm forming,

bimetallic components, and reverse simulation including their definitions, advantages,
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and applications. The main objectives of the study, as well as the sequence of the

research work are outlined.

Chapter 2 — Literature Review presents the relevant information on the
workpiece or preform design from industry, handbooks, and research work. This
reviews the fundamentals of bulk forming as well as the previous studies of workpiece
and preform-design in order to realise their principles, assumptions, advantages,
limitations, etc. The difficulties and complications related to their applications are

addressed, especially in the reverse simulation approach.

Chapter 3 — Theoretical Background gives the theory and equations governing
the bulk-forming process. It includes the yield criteria, general assumption,
constitutive equations, modelling method, boundary conditions, etc. which are related

to the FE simulation performed in this study.

Chapter 4 — Reverse Simulation Approach proposes the idea of a workpiece-
design approach using reverse simulation involving the concept of controlling the
material flow and distribution. The key concepts of the backward tracking method and
determination of contact boundary conditions to be used in this study are described.
The methods are then incorporated into various empirical and physical rules governing
the typical bulk-forming process for reconstruction of reverse shape. The specific
considerations on the development of warm-forming bimetallic components and

determination of the condition of the bimetallic interface are mentioned.
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Chapter 5 — Research Methodology explains the information on the experimental
work including the specimen materials and preparation, tooling set up, and test
procedures. This chapter also discusses how to consolidate the useful findings and
achievements used in process modelling. The finite-element formulation for the two-
dimensional axisymmetric bulk-forming process and the numerical treatment for

reverse simulation are described in detail.

Chapter 6 — Results and Discussions presents and discusses the results of
computer simulation by DEFORM-2D using the proposed workpiece-design approach.
Physical experimental verification is presented as the findings include flow stress data,
friction factors, joint efficiency of bimetal, suitable process conditions of warm-
forming bimetallic components, and the prediction of the billet shapes for warm

forming the base metal as well as bimetals.

Chapter 7 — Conclusions summarises the results from this study and makes some
suggestions for the further investigation of warm-forming process design of bimetallic

components using the reverse simulation approach.
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2. Literature Review

2.1 Forming-process design

The manufacturing industry was always concerned about a low cost, high quality,
and short lead-time to remain competitive strength as components and products were
being developed. For the components produced by bulk forming, the characteristics
were determined in terms of structural integrity, dimensional accuracy, free of internal
and external imperfections, mechanical properties, and surface finishing. In order to
achieve the required quality of bulk-forming, potential candidates for material and the
appropriate operations must be studied. In addition, the production cost including
material, tooling, and operation costs had to be reduced. To find the optimal solution
quickly, it was indeed a difficult task due to the many design and process variables

involved in a bulk-forming process [8].

Many design and process variables were involved in the forming system that
included raw material properties, shapes of workpieces and finished components,
friction conditions, punch speeds, forming temperatures, tool design, etc. Figure 2.1
presents a closed-die forming process considered as a system [8]. The effects of these
variables on various operations and shapes of finished components might be different.
For example, the influence of workpiece temperature on the forming process using a
hydraulic press was greater than using a drop hammer process due to ram speed,
operation time, die chilling, and heat transfer. Also, due to the absence of

recrystallisation of microstructure, cold and warm formed components can attain better
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mechanical properties, which were beneficial from the strain or work hardening effects
against hot-formed components with recovered grain structures. In consequence,
understanding the effects of these variables on material flow was very important to

design a successful forming process that yielded higher product quality at a lower cost.

Billet (1) Process (2, 3, 4, 5) Product (6)
1 Billet/workpiece 5 Forming equipment/press
2 Tooling/die 6 Formed product/component
3 Material/tool interface 7 Production environment
4 Deformation zone

Fig. 2.1 The closed-die forming process considered as a system [8].

Suitable but not optimal process parameters, as well as suggested tool and
workpiece design could be determined or selected based on previous practices,
empirical rules or design guidelines, and/or expert systems [27]. For instance, the
suggested forming temperature for automotive-grade aluminium alloy type 5754 was
in the range of 300 to 350 °C [28]. The graphite-based lubricant was mostly

recommended for aluminium alloy [29]. The die material could be the hot-working
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tool steel AISI H13 [30], and the manufacturing method for the dies could also be
based on existing techniques, such as electrical discharge machining (EDM), computer
numerical control (CNC) machining, EDM wire cutting, and high-speed machining.
Therefore, the approaches to determining effective shapes of workpieces or preforms

and die configurations would become more significant for new forming product design.

The die geometry, particularly the shapes of the die cavities involved in the final
stage of the bulk-forming process was highly dependent on the shape of the finished
component. The design of the dies could be helped by the suggestions from the
guidelines, handbooks, or experience. However, the design of workpiece or preform
(i.e., transition shapes of the formed components) shape was definitely a challenging
task for engineers and researchers because of numerous interactions among different
forming factors and process variables towards affecting the results of shape prediction.
The interactions among significant process variables in closed-die forming are shown

in Fig. 2.2 [8].
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Fig. 2.2 The interactions among significant process variables in the closed-die

forming [8].

The experiences on workpiece design of researchers or from industry provided
useful suggestions and recommendations but might not be applicable or suitable,
especially for a new type of components or products. Although velocity fields of
material flow, as well as different forming information such as temperature, stress, and
strain distributions used to evaluate the success of the bulk-forming process, could be
acquired and analysed with the aid of computer simulation, the workpiece shapes and
die configurations had to be determined at the beginning and could be further improved
based on the results of simulation trials. The combination of experience and computer-
simulation-aided approach was still essentially a process of trial and error and usually

required demanding and expensive computer workstation environments in terms of
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microprocessor and memory hardware, computational time, and expertise. Therefore,
an automatic and efficient workpiece-design system was highly desirable in the metal-
forming industry; one that was able to determine the shape of the workpiece directly

to improve component quality, minimise costs and reduce production lead time.

2.2 Workpiece design by empirical methods

Extensive knowledge and thorough understanding of workpiece design were the
keys to success in producing good components and remaining competitive. They were
accumulated from years of work experience and industry practices, which were usually
the invisible assets owned by a metal-forming industry or enterprise. Existing strategic
approaches to the design of workpieces or preforms were limited at the research level.
Systematic methods for the applications in industrial sectors should be developed.
Thus, this section mainly focused on the fundamental principle of workpiece-design
procedures. It was conceivable to consolidate and compile the information as the
guidelines facilitating the die design at single-stage forming since the die cavity or
impression was usually close to the profile of the finished component. The general
procedure of bulk-forming die design is shown in Fig. 2.3. It normally started from
studying the technical and geometrical requirements of the formed component to

selecting appropriate process parameters [31,32].
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Fig. 2.3 The sequence of designing forming dies.

As mentioned in Chapter 1, most formed components needed subsequent
machining and polishing processes to become the ultimate products because of high-
precision dimensional control and/or shaping undercuts and re-entrant angles. It was
therefore necessary to give additional dimensional allowances towards machining and
tool wear in designing the formed component. The mating allowances should be
sufficient and usually added on external surfaces required for machining. Tool wear
allowances were provided as the tolerances dependent upon the size of die cavities

being enlarged after wear. Thermal expansion allowances might also be included
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because the warm or hot forming processes lead to shrinkage after die chilling of the

workpiece.

2.2.1 Design of forming die

Empirical methods had evolved from extensive past experience in metal forming
to aid the design of final-stage dies. Some applicable geometrical features within the
die cavities were proposed for general grain structure and direction controls of material
flow from a workpiece to the finished component. These features and terminology of
the dies used in closed-die forming are shown in Fig. 2.4 and their details are described

as follows [33-37].

External draft angle Internal draft angle

U

2 | P
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Fig. 2.4 Various die features in typical closed-die forming.
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Parting line (or parting surface) — during the bulk-forming process, material
flows towards cavities, and the parting line, which was on the plane of separation
where the two halves of (i.e., top and bottom) die met. The design of the parting line
could affect the flow pattern and hence influenced forming properties. The parting line
was typically located around the cross-section with the greatest dimensions of the
formed component. In the simplest case, the straight or single-plane part line was
located at the middle of the simple symmetric or axisymmetric components. On the
other hand, the irregular curved surface might be applied to complicated shapes. Also,
an unbalanced load resulting in misalignment of the die set during the forming process

must be avoided when designing the parting line.

Flash, land, and gutter — Some excessive flow of material (i.e., the flash material)
was required, in which the material was restricted to flow into a gutter. Such a proper
flash design could not only relieve the unnecessary forming load but also pushed the
material into the intricate sections of the die cavity to achieve complete die filling.
However, the flash was surplus, which should be trimmed after the bulk-forming
operation. Typically, extra volume (about 2 to 5% of formed-component volume) was
sufficient to flow across the flash land and provided an allowance for filling the die
cavity. The length of flash land was around twofold larger than the flash clearance,
which was 3% of the maximum thickness of the formed component. The functions of
the gutter were to store the excess flash and relieve flow pressure. Its width and depth
should be adequate to reduce excessive forming load produced by the sliding friction

between the surfaces of flash and gutter.
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Draft angles — The draft angles were necessary for forming dies so as to remove
the workpiece from the dies easily. Because of the thermal shrinkage that occurred
during cooling in non-isothermal forming processes, internal draft angles were usually
made larger than external draft angles. Generally, the external and internal draft angles

were about 3 to 5 degrees and 7 to 10 degrees, respectively.

Fillets — The fillets smoothly connect surfaces, which provided the essential
function in ensuring the smooth flow of material in die cavities as well as other regions
(e.g., flash land). As a general rule, if it was permitted subject to the geometrical
constraints and requirements of formed components, large fillet radii were preferred
to obtain satisfactory material flows and prevent stress concentrations at the corners,

which could easily reduce the tool or die life.

2.2.2 Transition stages of workpieces

In most cases, a complicated shape could not necessarily be formed without
defects and excessive die wear in one operation from the initial billet to the finished
component or product. In other words, transition stages (i.e., preforming stages)
became necessary, so as to control the material flow and distribution. Principally, the
material of the workpiece had to flow in the direction toward the least resistance
according to the minimum work-rate criterion. To control the material flow in an
optimal situation, the material should be distributed gradually and evenly throughout

filling up the die cavity. The detailed design considerations are presented below [31].
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(i)  Number of transition stages/steps

Locating the workpiece — particular workpieces or preforms had to be placed in
corresponding die cavities of different stages stably without slippage and rotation so
as to avoid inconsistent and uneven die filling. Normally outer profiles of the
workpiece, preform or blank were approximately equal to these of the finished
component with an offset-width around 0.1 to 0.2 mm depending on the materials of
the workpiece and die. This ensured that the workpiece could be placed inside the
impression of the bottom die without shifting. Either blanking or fine-blanking was
able to produce such workpieces or blanks with identical cross-sectional profiles

efficiently.

Friction and tool wear —tool or die wear could be caused by overstressing, cyclic
contact pressure, and/or usually sliding friction between the workpiece and tool
surfaces during the material flow. An appropriate workpiece design was able to reduce
the friction and material flow over the die surface and hence reduce the tool wear. In

other words, sharp corners on the workpiece or preform should be removed.

Tool fracture — the tool profiles with insufficient die-closing contact surface
might cause the tool fracture because the impact load was generated in high-speed
deformation, especially in drop forging (one type of bulk-forming processes). The rate
of the deformation influenced by the ram speed of the forming press must be

considered to prevent tool fracture.
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Mechanical properties — the plastic strain (i.e., amount of the permanent plastic
deformation) as well as the strain rate were the major magnitudes to reflect the best
measure of the mechanical properties of formed components. Since the strain rate
could affect the heat generation during the material deformation, the change of internal
grain structures would be varied, when the material temperature was elevated to the
threshold level. Increasing the number of transition stages could be a strategy in this

manner to control the strain and strain rate achieving the desired mechanical properties.

(i)  Forming volume and stock size

Basically, a volume of material from most metallic workpieces (except porous
metals) was nearly constant throughout the forming process. This was a very
convenient assumption frequently applied for forming process and workpiece design.
The volume was calculated from the full forming envelope (e.g., a block or a cylinder)
including the flash draft and fillet radii from the ideal forming shape. Computer-aided
design (CAD) systems could help process designers or toolmakers to acquire this value.
For the simplest shape of the workpiece that could be fabricated easily, like cylindrical
billets or round blanks, their cross-sections should be consistent (i.e., round shape or
same cross-sectional profiles). Thus, the critical stock size standards of a bar (for
making a billet) and a plate (for making a blank) were their diameter, height, and
thickness/gauge, respectively. For instance, the ratio of diameter to height was always
used to represent the shape of the cylindrical billet, in which this ratio was concerned

to prevent buckling and barrelling effects.
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Traditional workpiece design methods used in bulk-forming industry were
mostly based on existing guidelines and procedures derived from practical experience.
These might be unable to deliver sufficient information used for analysing the overall
process operations, especially for the material-flow prediction. The problem cases of
forming new materials such as bimetals as well as unusual component shapes would
be more difficult and limited to propose design recommendations. On the other hand,
computer technology was widely used in the manufacturing industry. Computer
modelling or simulation was obviously an indispensable tool that assisted in bulk-
forming analysis and process improvement before the actual operation. Therefore, the
computer-aided simulation approach incorporated with some techniques and

experience might be more applicable for workpiece or preform design.

2.3 Computer FE simulation

In the early 1990’s, computers were still expensive and not popular in the
consumer market. Thus, physical models, which were made of other affordable and
cost-effective materials such as clay and plasticine as the substitute material of metal
were used to simulate and predict the material flow. An actual material was then
employed to carry out an experiment for verification of the feasibility of the process.
This method could provide sufficient information such as material flow and die filling
for bulk-forming analysis. However, in order to obtain more reliable and reasonable
results, the substitute material should possess mechanical properties similar to those

of the original material at a specific temperature. For instance, a strain rate sensitive
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material, plasticine at room temperature was selected to model, alloy steel AISI 4130
at 1200 °C for the analysis of axisymmetrical heavy forging with the theory of
similarity. The friction model was formulated using ring compression tests, in which
the tissue paper was acted as the lubricant with a specific friction coefficient of 0.3.
The verification was implemented eventually that a dome-shaped heavy component

was formed successfully as similar to the prediction [38].

Compared to the virtual forming platform established by computer simulation,
the physical modelling method was costly, infeasible, and inefficient because the
specimens and equipment had to be prepared carefully for each trial. It might not be
realistic if suitable substitute materials could not be found. In spite of that, this method
was a direct alternative for workpiece-design verification under the practical forming

environment.

Computer simulation considered all the significant process variables involved to
model real bulk-forming processes starting from a billet or workpiece to the finished
component. The FEM based simulations had the capacity to predict detailed
information about material flow, and hence the die filling and occurrences of defects.
A computer with the simulation software thus acted as a virtual forming machine for
engineers or researchers to try out their billet, workpiece, or preform designs before a
practical tooling trial run was processed. For example, the thermo-mechanical coupled
FEM simulation was used to improve the preform design in gear blanking forming.

The quality component was formed by the modified preform successfully. The results
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showed that improved fill characteristics, decreases of forming load and pressure as

well as prolonged tool life were achieved [39].

By making use of a commercial FEM code, DEFORM-2D and DEFORM-3D, a
study of the flashless forging of connecting rods at both isothermal and non-isothermal
conditions was carried out. Different workpiece design configurations, which were
divided into crank-end, pin-end, and I-beam sections were optimised independently
with multi-shape parameters. The numerical modeling and computer simulation were
helpful in the design practices for the bulk-forming process, in which the simulation
provided more information about the process such as load requirements and material
flow at different stages of the process. This resulted in effective material savings of
such flashless forging when the volume of the preform could be controlled strictly.
Besides, the non-isothermal analysis was significant and necessary in warm and hot
forging design [40]. The FE simulation approach was widely used to assist in the
workpiece or preform design and process optimisation through the investigation of
process variable data provided and extracted from the software. Examples of industrial
applications included the modification of Tee-shaped preform design in forming a
solid spur gear and cylindrical cup features [41], and the determination of optimal
preform shape for forming aerofoil section with benefits of minimin material removal,

production-cost reduction, and dimensional-accuracy improvement [42].

The FE simulation was definitely an effective approach to evaluate the

workpiece or preform design. Unfortunately, it still needed a trial workpiece even it
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was a virtual computer model or a CAD file as well as the corresponding knowledge

and experiences on modifying the trial workpiece after the simulation analysis.

2.4 Expert systems for workpiece design

Building a database system to capture practical expertise and know-how from
academic research outcomes and various experiences in the industry could provide a
foundation for workpiece design in bulk forming. An expert system was established in
this way [27,43,44]. 1t was usually an artificial intelligence program composed of a
quantity of design rules and guidelines gathered from numerous sources to solve the
related problems. The system was typically divided into two sub-systems, which were
the knowledge base and inference engine. The knowledge base represented the
workpiece design rules in terms of major geometrical and process parameters in
different forming stages. The inference engine or called inference mechanism would
apply these data and information from the knowledge base to provide the solution of
suggested workpiece shapes. There also was a user interface that allowed the operators
to control and interact with the system in natural text or graphical representation. An
additional knowledge acquisition tool could be used to modify or update the
information to the knowledge base. The mechanism of the inference engine was built
using the “if-then” rules approach that searched the data set from the knowledge base
and provided information on designing a specific workpiece with an explanation based

on the input requirements [45-47].
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To facilitate the knowledge base of an expert system for tool design, existing
technical knowledge and expertise in related aspects from industry experience and
research outputs were required. Based on this concept, an intelligent knowledge-based
system used for forging process and corresponding tool design was developed [48], in
which this system could make the comparison between the target forged component
and reference forged components recorded in the data library to evaluate the weighting
of different process parameters and geometrical factors in affecting the process success
significantly. The subsequent experimental work was carried out to verify the

weighting effects on upsetting and forward extrusion.

Another intelligent forming workpiece design system entitled “blocker initial-
guess design”, was developed using the expert system approach also. This system was
established by historical data sets of design criteria and guidelines, which were

extracted from the industry literature and many researchers [49].

An expert-system-based computer-integrated manufacturing system for cold
forming was established. It captured the empirical process design guidelines and
computer simulation results to provide useful information to support the forming die
design. A strategy for cold-forming process planning was also implemented into the
system to assist the operations of the overall shop floor, and hence all design work
from component design to actual production process could be undertaken

simultaneously [50,51].

The expert systems might be limited for assisting in the workpiece design that

the finished shapes of the formed components were relatively simple and could be
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categorised easily such as cylindrical shapes, H-shapes, and axisymmetric shapes. On
the other hand, the systematic and rigorous scientific knowledge of workpiece design
could not be collected and managed in a timely and efficient manner due to the

complexity of interactions among the design variables in the bulk-forming process.

2.5 Artificial neural networks for workpiece design

The human brain contains neurons, which were only used for recognition, but
also for processing new information and learning from experiences to generate concept
and internal representations. They were able to interpret information from different
conditions. Researchers and scientists had been investigating the behaviours and
functions of the training processes and attempting to imitate them by using artificial
neural networks, in which the neural networks were typically composed of inter-
connected units acting as the models like real neurons. Figure 2.5 presents the
architecture of an artificial neural network, which was determined based on the
imaginary artificial neuron units as illustrated in Fig. 2.6. The training rules governed
how each connection (i.e., the weight) was modified. This weight represented the
influence between the units so that the goal (output pattern) was reached efficiently.
Activation of each input unit multiplied by the weight on its connectors and each of
these products added together to obtain a total input. The total input was then converted
into the final output by applying the specified activation function. In other words, the
computational mechanism was dependent on both the weights of the connection and

activation function used [52,53].
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Fig. 2.5 Basic artificial neural network.
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Fig. 2.6 Schematic representation of an artificial neuron.

In order to obtain the neural network that could achieve the objectives, the
weights of connections needed to be determined properly. In the training process, an
algorithm, such as the back-propagation algorithm was employed to repeatedly adjust
the weight values, which could minimise the variation between the target and actual

output activation. The weights indeed represented the strength of connections among
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the units and involved in gaining the knowledge to make informed decisions for the

determination of billet geometry [54].

Using the back-propagation algorithm, empirical and/or scientific design
knowledge of workpiece design in bulk-forming coming from the results of physical
work and FE simulation could be acquired for training the neural networks, in which
this trained network could interpolate the predicted workpiece (or blocker) shapes
within the category of forging plane-strain symmetrical H-shaped components. This
would greatly reduce the number of FE simulations and physical modelling for the

process design [55].

The artificial neural network combined with the Taguchi method was
implemented for minimising objective functions of proper combinations of design
parameters in multi-stage upsetting, which also considered the workability limited by
ductile fracture integrated with the FE simulation. Both orthogonal array and
simulation results were employed to train the networks, and thus the finished
component was formed successfully without any fracture from the design of optimal
preform. This presented an effective and analytical approach for such kind of

workpiece design [56].

A multi-stage cold forging process design system was established based on the
induction of a knowledge-acquisition procedure, in which the multi-layer neural
network model and the back-propagation algorithm were applied to learn the training

examples acquired from FE simulation results. The geometry of the desired T-type
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component and pre-defined process condition were the input parameters when the

output was to predict the shape of the axisymmetric workpiece [57].

It was evident from the above examples that the neural networks could be applied
for the workpiece or preform design of bulk forming, whereas the following elements
were essential in enabling this function. (i) The design parameters as the inputs of the
neural networks had to include a series of pre-defined geometrical variables, which
could be correlated to the shapes of both workpiece and final formed component; (ii)
The neural networks had to be trained by the presented information and existing
knowledge such as the empirical design guidelines as well as the results from bulk-
forming experiments and simulation trials; (iii) The connection weights of the neurons

had to be determined by suitable mathematical models or algorithms.

Artificial neural networks might provide useful design information for a specific
task, in which the shape of components could be classified such as forming plane strain
symmetrical H-shaped components, and axisymmetric cold forging. On the other hand,
for complicated shapes or newly designed components, it was extremely difficult both
to constrain the number of variables used to describe the geometry and to identify the
key variables or parameters. The existing information and knowledge for the inputs
might not cover wide ranges of metal (e.g. the bimetal in this study), component shapes,
and/or forming operations. The unexcepted or abnormal results would be obtained in
some situations when excessive or redundancy layers of the neural network were
applied, even though this could provide additional training to the system reaching more

accurate solutions [58]. These major drawbacks of artificial neural networks needed to
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be considered carefully before they were applied to general-purpose workpiece design

in bulk-forming.

2.6  Genetic algorithms for workpiece design

Nowadays the mechanisms driving the natural behaviours could not be fully
recognised, whereas certain features and characteristics were well-known. In biology,
one of the key elements in natural evolution was chromosomes, which were the organic
molecules as the tools to encode the configuration of living human beings. The
chromosomes carried genes, which defined the specific properties of an organism. A
researcher, Holland, and his co-workers investigated the secrets and features of the
natural evolution in the early 1970’s. They believed that the structure of natural
evolution could be a scientific technique for problem-solving or idea generation when
it was properly incorporated with computer algorithms. In this way, nature had been
done through a progressive evolution employing two critical processes: natural
selection and sexual reproduction. Then Holland and his co-workers carried on the
algorithms that decoded and operated on strings of binary digits which were called
“chromosomes”. Since the root was based on the genetics research and study, this

methodology was called as the genetic algorithms [54,55].

When the genetic algorithms were used for workpiece design in bulk forming,
the design or geometrical parameters were the possible solutions of the problem, which
were represented by chromosomes. The target chromosomes were chosen by an

evaluation of the fitness of each chromosome so that those chromosomes with good
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evaluations led to reproduce more frequently than those with bad evaluations.
Eventually, the desired chromosomes with high fitness were selected in the population
after several evolutionary consequences, and the required workpiece design could be

obtained.

A workpiece-design method using genetic algorithms was proposed. It was able
to predict the optimal preform shapes for several axisymmetric examples with
isothermal flow formulation. Continuous and discrete design variables such as the ratio
of the external radius to the internal radius as well as the friction coefficient were
considered. The objective function was associated with the quality of the formed
component, in which the barrelling effect in upsetting a cylinder was reduced greatly
and the total deformation energy in a single-stage upsetting process was minimised by
using the prescribed preform shapes. This study concluded that the genetic algorithm
approach provided promising results and information that could be devoted to solving

practical industrial problems related to multi-stage bulk forming processes [59].

Another example of using genetic algorithms was to determine an optimal model
block (i.e., the billet) for the hot non-symmetric profile extrusion with aluminium alloy
6062. Two dimensions of the die-hole layout were selected as the design variables,
which were used to form the chromosomes. The study showed that the approach was
able to predict the billet, in which the objective function was to balance the velocity of
material flow in the process. It indicated that the construction of the optimal design
model with genetic algorithms for technological variables and parameters was

effective and feasible [60].
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As a consequence, the following strategies were required when genetic
algorithms were applied to the bulk-forming preform design. (i) The chromosomes
were represented as a binary string of 0’s and 1’s containing the design variables,
which usually included the preform dimensions and the number of deformation stages;
(if) The desired chromosomes were found in the population by the fitness function,
which was essentially an objective function. To formulate the objective functions,
some quantitive forming requirements such as minimum deformation energy,
complete die filling, and minimum variation of effective plastic strain could be taken
into account in the evaluation; (iii) A probability function could be used to generate
new chromosomes. Thus, the computation time and cost could be reduced when the

population size was controlled by this sub-function.

Likewise, for the complicated shapes of formed components, the problem of
defining the workpiece in terms of geometrical parameters was the same as that
encountered in the design approach based on the artificial neural networks. High
computing time and cost was also a major problem because the evaluation of genetic

strings required a great deal of FE analysis.

2.7 Forward simulation approach for workpiece design

This referred to the fact that the bulk-forming process was not only influenced
by the tool geometry, but also by the shape of the initial billet or workpiece as well as
other process parameters such as forming temperatures, friction conditions, and punch

speeds. A desired or optimal shape of workpiece could be found through a lot of
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physical experiments, which were performed based on the existing knowledge and
information as well as the findings or outcomes accumulated from the iterative trials
within a range of modification of geometrical parameters and process conditions. This
kind of practical trial-and-error process was obviously inefficient, expensive, and
time-consuming. A traditional forward simulation approach of the bulk-forming
process started from the billet, workpiece or preform, and then arrived at the final
shape of the formed component. The simulation could serve as a virtual press and
could be combined with an iterative optimisation subject to specific criteria or
technical requirements, for example, more uniform stress, strain, and temperature
distributions. It was possible to search for and determine the most suitable workpiece
design. The following describes the optimisation of workpiece design with respect to

different but reasonable forming objectives.

(i) Complete filling of die cavity

The most important requirement of the successful bulk-forming process was
certainly that the workpiece material could fill up the die cavity completely without
the occurrence of forming defects like fold, crack, and damage on the workpiece. This
primary requirement could be converted into an objective function required by the
iterative algorithm for workpiece design through the FE simulation. A shape-
optimisation method that minimised the objective function regarding the gap distance
between the shapes obtained in the simulation and desired final shape of the finished

component was proposed. The die profiles were adequately modelled by spline
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functions when the displacements of the defined knot vertices on the spline in normal

direction were selected as the design variables [61,62].

Another example also made use of the optimisation method, in which each
optimisation iteration required both the preforming stage and final stage of one
completed upsetting simulation to compare and minimise the difference between the
desired and actually achieved final shapes of the formed component. The model could

obtain the acceptable workpiece design after taking several iterations [63-65].

These two examples of workpiece-design approaches also indicated that the
shape optimisation regarding the achievement of complete die filling as the objective
function could be used with the forward simulation. This was able to provide a suitable
workpiece design with minimum variation between the simulated and required shapes

of the formed component.

(i) Uniform stress and strain distributions

The mechanical properties of the formed components could be affected by stress
and strain distribution or homogeneity of the microstructure. This was also a criterion
for evaluating the quality of a workpiece design. In addition, the reduction of friction
between the material and tool surface as well as stress concentration could be
contributing to the tool-life improvement because localised stress increase and energy
dissipation were avoided [37]. This should be taken under consideration in the both

workpiece and tool design.
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A commercial bulk-forming simulation package, FORGEZ2, which was
associated with an optimisation technique was employed to determine the tool profile
in a polynomial expression. This was able to obtain an axisymmetric hot-forged
component with the most homogeneous recrystallised grain sizes, which was defined

as a function of component strain and working temperature [66].

A systematic and practical procedure was applied to design the workpiece for a
complex rib-web type forging, in which the sensitivity analysis was used to achieve
the optimal workpiece shape through the iteration of FE simulation with the Fourier-
transform filtering method. The objective function was to minimise the variation of
strain distribution within the formed component that the forming defects such as under-
filling and folding eliminated. This study demonstrated the overall methodology used

for both two-dimensional and three-dimensional workpiece design problems [67].

A study made use of commercially available software DEFORM-3D to design
the optimal billet in forging a front axle beam. The optimisation approach was
implemented to minimise the billet mass, length of flash land, and flash radius through
aset of FE simulations. In other words, the minimisation of volumes of flash and billet

helped to reduce the overall forming load resulting in tool-life improvement [68].

A method that involved the minimisation of damage accumulation on the
forming die was proposed for the workpiece design in hot forging gear annulus. A high
local stress concentration found at the corner of the die cavity was selected as the
damage accumulation, which was calculated in each simulation. The optimal

workpiece design was modelled by different geometrical parameters, which were
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combined with the specific damage mechanics approach to tool fracture as well as the
analysis of the ductility of tool material. Consequently, the die life was prolonged

significantly more than ten times [69].

As a summary, optimisation techniques associated with FE simulation had been used
to design the billets, workpieces, and preforms subject to different process
requirements. Nevertheless, the approach required iterative calculations of the forward
simulation, and the resulting high computing time and cost constitutes. This might
hinder their applications in engineering practices contributing to various bulk-forming
problems request by the manufacturing industry such as warm-forming bimetallic
components. Since the possible shapes of workpieces or preforms had to be predefined
based on the limited configurations, which could be expressed by the restricted
geometrical parameters or variables, the optimal workpiece shape could only be
selected from among all simulation results after evaluation of forming quality and
performance. The general procedures with optimisation approach for workpiece
design are briefly outlined below. (i) The major geometrical variables or parameters
were selected to define the workpiece shape or the die profile; (ii) The objective
function (i.e., minimisation or maximisation) was properly formulated to evaluate the
performance of optimisation; (iii) The shape of the trial workpiece was predefined
based on the know geometrical constraints and/or preliminary results of FE simulation.
Some criteria and iterative algorithms were necessary to ensure the new trial workpiece,
which could converge to the optimal solution; (iv) Computer FE simulation software

such as commercial software package or self-developed code was used to simulate
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bulk-forming processes under the specified work conditions; (v) These steps were
repeated to evaluate the quality of trial workpiece in each iteration until the desired

workpiece shape, which could achieve the objective function was obtained.

2.8 Reverse simulation approach for workpiece design

The concept of the reverse simulation was derived from the idea of patently
reversing the simulation flow by starting from the final shape of a formed component
with the die moved inversely negative velocities. The corresponding boundary nodes
between the workpiece elements and die surfaces were detached from the die gradually
based on some reasonable rules or design criteria derived from natural deformation
behaviours. After a number of iterated steps, the simulations predict an original billet
or an initial preform while the component was unable to be formed in a single-stage

forming process [24-26].

The plastic deformation normally caused by grain-boundary sliding or
dislocation that was dependent on the previous stress-strain history, and thus the bulk
forming was a load path-dependent process highly influenced by the stress-strain
behaviour of formed materials. In other words, the bulk-forming process was not
considered as strictly reversible in action. Appropriate treatments for modelling a
reverse process, which should be close to the realistic forming practices and
deformation behaviours, were therefore important for using the reverse simulation to
predict the workpiece shapes. The studies in this area using different methodologies

and approaches are discussed as follows.
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2.8.1 Backward tracing method

The early reverse simulation approach used in bulk-forming process was the
backward tracing method proposed in 1983. The first study was performed with the
FEM to determine the preform shape of shell nosing [21,70]. The backward tracing
method was an approach for resolving the geometry of the workpiece at individual
backward increments from the final shape of the finished component. The design
criteria of the searching algorithm gathered from the basis of deformation behaviours
as well as empirical knowledge was imposed for controlling the boundary conditions
and determining the trial perform for each step of the backward tracing process. The
FE simulation was conducted repetitively dependent upon the perceived similarity
between the shapes of the target formed component and the current component
obtained by the traced trial preform was reached. This method was able to predict
workpieces or their initial geometry if the boundary conditions could be specified at
each time increment in the backward tracing method. Similar approaches were applied
to several industrial applications or processes such as improvement of uniformity of
strain distribution in a peripheral region of disk forging [71], determination of initial
temperature distribution in thermo-viscoplastic deformation problem [72], optimal
preform design in flashless forging two-dimensional airfoil section blade [73], flat
front shape design in axisymmetric extrusion [74], and preform modification in net-
shape forming of shell nosing products [75]. Extended development of the backward
tracing method applied for a three-dimensional problem in the upsetting process was

conducted [76]. These studies had shown that the backward tracing method was an
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efficient preform design approach for the case of upsetting a rectangular block. Further
investigation of this method should focus on the following aspects. (i) Reducing the
computational time and cost due to numerous iterative FE simulations; (ii) Developing
a more effective algorithm to identify the boundary conditions; (iii) Diversifying the

application fields such as warm-forming bimetallic products or components.

2.8.2 Optimisations of target process variables

Optimisations of target process variables such as minimisation of strain rate
difference aimed to predict the optimal shape of the workpiece that can improve the
deformation uniformity and other technical or process requirements of the formed
components by the reverse simulation approach. For example, the process criterion,
which minimised the effective strain rate variation of the H-shaped plane strain and
axisymmetric formed component was selected to formulate the algorithm for releasing
the contact boundary areas from the inversely-moved die in the backward tracing
procedures. The node with the lowest velocity among the workpiece elements was
leading to the minimum influence on the material flow. It could be detached from the
die surface in the increment of each reverse step [77]. Another study presented a
similar application for the closed-die forging of a disk and a ball-joint socket. The
modified algorithm of backward deformation optimisation was employed to search the
reverse path between the initial and final shapes of the workpiece based on the
minimum variation in accumulation plastic strain during the deformation of the

workpiece in FE simulation [78]. The backward tracing method and the optimisation
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approach for releasing the node of contact boundary were the core mechanisms to
process the reverse simulation. However, the validity and accuracy of the predicted
shapes of workpieces should be taken into consideration with the experimental
verification, particularly for dealing with new materials or bimetals and complicated

forming processes.

2.8.3 Fuzzy logic

Fuzzy logic was a cognitive problem-solving methodology, in which many
electronic devices and software applications with embedded information processing,
decision making, and fuzzy control were developed. This rule-based technology was
able to represent knowledge and systematically process uncertainty and imprecision
information by using the rules with approximate or subjective reasoning. The early
study of fuzzy logic was conducted in the middle 1960s [79,80]. In traditional simple
logic, an event such as “the student goes to school by bus”, must have the answer of
true (yes) or false (no) only. However, most information and problems regarding the
decision making might deal with uncertainties having different degrees regardless of
precision and accuracy such as long, heavy, and bulky for describing a cargo. In this
situation, the membership functions were required to model these dominant
uncertainties of the input information, in which the degrees of goodness and
correctness were evaluated like probability. For example, a simple membership
function based on the weight of the cargo in tonnage to measure the degree of

heaviness could be formulated as:
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0 . Weight <20

Degrees of heaviness (weight) = Mot—ZO: 20 < Weight <40

1 : Weight > 40

Another membership functions could be defined to measure the degree of other
similar information such as length and capacity. Such a number of membership
functions were then generated to evaluate the correctness of the different input
information, in which the fuzzy rules and membership functions were generally
established by the existing knowledge and expertise captured from literature, practical

experiences, experimental and simulation results, etc.

The shape of a steel billet for the multi-stage axisymmetric H-section disk
forging was optimised using fuzzy logic in conjunction with the backward tracing
method. The input variables including the effective plastic strain deviation of the
formed component as well as the distance of a boundary node from the symmetry plane,
axisymmetric axis, or separation line, in which these variables were formulated the
membership functions to determine the billet shape based on the fuzzy decision-
making rules. These rules were also used to measure the node releasing priority to
identify the updated contact boundary conditions at each step of backward increment.
The presented billet-design method was able to deliver the formed component with a

more uniform plastic strain distribution [81].

The fuzzy logic was an alternative method used with reverse simulation for
searching the optimal workpiece shapes in the bulk-forming process. The process

variables and the geometrical parameters expressing the degree of complexity
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associate with the component shape were evaluated by the membership functions. The
applicable fuzzy rules constructed according to the related design information and

knowledge also played key roles in determining the output (i.e., the workpiece shape).

2.8.4 Change of contact time

In the forward simulation of bulk forming, the boundary condition was defined
where a specific surface of the die would contact the workpiece, in which the contact
time was identified and could be further modified based on the target process variables
for the reverse simulation. This traced the inverse deformation path to achieve a more
desirable shape of the initial billet or workpiece. By making use of this concept, the
specific rules and guidelines were established based on the material flow attributes and
different situations of die filling to change the contact time and sequence of the
boundary conditions from forming a trial workpiece in the forward simulation. The
new boundary conditions were found subsequently by applying this updated sequence
in the reverse simulation [82,83]. It was significant that the trial workpiece design was
needed in this procedure for recording the change in boundary conditions during the
forward simulation, and it was also necessary to develop a scientific model for

changing the recorded sequence of boundary conditions.
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2.8.5 Reduction of shape complexity

The fulfilment of the geometrical requirements was one criterion of workpiece
design and generally understood that the complete die filling or avoiding the under-
filling problem would occur at the final step of the simulation (i.e., the end of the bulk-
forming process). The function of shape complexity of the workpiece was basically
related to the geometrical difference between the initial billet or workpiece and the
final shape of the formed component, a smaller value of this function meant that the
workpiece shape was simple and not like the finished component. In the forward
simulation operation of most practical bulk-forming processes, the value would be
increased after the material deformation. On the other hand, in the reverse simulation
operation, the value would be decreased or minimised as the workpiece was being

returned to the simple shape.

A workpiece design method applied this concept was proposed to carry out the
FE simulation with the backward tracing method that defined a shape complexity
factor of the workpiece design. Obviously, the cylindrical billet was the simplest shape
having the smallest value of this factor. When the billet was deformed during the
forward simulation, the value was increased accordingly. The specific technique for
releasing die contact nodes in the sequence was employed, in which the detached node
resulting in the minimum shape complexity factor would be released for each reverse
step, this algorithm was repeated until a few nodes remained in contact. The
workpieces predicted by this method were properly employed for forging an integrated

blade and rotor turbine disk blank [23]. In addition, positive benefits in forming load
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and deformation uniformity were realised. The reverse simulation approach using the
concept of minimising shape complexity had great potential for further study and
development. Likewise, high computational time and cost were again the
shortcomings, which needed to be overcome for more industrial bulk-forming

applications.

2.8.6 Upper bound element technique

The upper bound elemental technique (UBET) was proposed in the 1970’s [84-
87]. It mainly obtained upper bound solutions by dividing a workpiece into elementary
and mostly regular regions for two-dimensional plane strain and axisymmetric forming
problems. This technique provided a more efficient simulation for predicting an
approximate material flow and required forming loads. The intensive application of
UBET was associated with the reverse simulation approach to resolve design problems
in axisymmetric forging. It was able to predict the forging loads, material flow,
workpiece shape, and local die pressure. The surface profile of the workpiece was
attained by the reverse of velocity vectors with the material flow toward the objective
function as minimising the overall energy-dissipation rate. Unfortunately, there was

no attempt to control the contact boundary conditions [88].

On the other hand, certain prescribed rules for controlling contact regions were
used to define the boundary conditions for the UBET reverse simulation. The
backward tracing method was also employed in the FE simulation to determine the

inverse loading path in forging a connecting rod. This workpiece design procedure was
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reliable could be used as a practical design technique, in which the predicted workpiece
shapes were successfully verified by both forward simulations as well as physcial

experiments [89].

The UBET-based reverse simulation could be used to predict workpiece in an
early design stage due to its relatively high efficiency in terms of reduction of
approximation. The validity of the predicted shapes of the workpiece at different
forming stages could be examined by the forward simulation quickly and the physical
work under the same process conditions eventually. The updated contact boundary
conditions were defined for each particular trial of UBET-based during the reverse
simulation process. Like the previously mentioned reverse simulation approach, this
procedure needed to be repeated until the desired workpiece shape was achieved. An
axisymmetric gear blank with the minimum flash was forged from a cylindrical billet,

in which its shape was optimised using the FEM-UBET method [90].

A concept of simple comparison factor was proposed. It was used to quantify the
shape complexities of the deformed workpieces, which were obtained from different
contact boundary conditions by detecting nodes from the reverse die surface among
all contact nodes. The smallest complexity factor representing the simplest workpiece
shape (i.e. close to the billet shape) was selected as the deformed shape for the next
step of reverse increment. The velocity field at the nodes was considered in this study
with the tetrahedral elemental upper bound analysis, which was different from that on

the element boundaries in the UBET [91]. Nevertheless, such a reverse simulation
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approach was still time-consuming with limited computation resources because a large

number of FE contact nodes were involved in the calculation.

The UBET based reverse simulation approach was relatively fast as it could
provide an approximate shape of a workpiece for bulk forming design. The predicted
shape could be verified by the forward simulation and experiment, and further
modifications were made according to the results. The extensive study making use of
the tetrahedral elemental upper-bound analysis was able to deal with the problems with
more complex geometries with comparatively short computational time. On the other
hand, as similar to the abovementioned reverse simulation approaches, a mathematical
model, algorithm, or method was required to control the contact boundary conditions

during the node detaching process.

2.8.7 Summary of reverse simulation approach

In a practical bulk-forming process or forward simulation, the deformation
occurred after dies contacting with the workpiece and moving forward (or downwards).
The determination of contact boundary conditions for the forward simulation operation
could be performed directly according to the relative positions of the workpiece and
die geometries. Nevertheless, this situation did not occur during the reverse
simulations. Consequently, one of the major research directions of the reverse
simulation was to establish an algorithm, which could define a desired reverse shape
back to the simplest geometry of the initial billet or workpiece. The reduction of shape

complexity was usually used in the algorithm to specify the detached nodes and
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regions of the workpiece. Hence, the appropriate contact boundary conditions could
be properly defined in the reverse simulation. In previous studies [23,77,82,83], the
optimisation approach was consistently demonstrated to be applied in such an
algorithm but high computing time was required by the large number of numerical
iterations involved. In this situation, a more efficient workpiece-design system using
the reverse simulation approach had to be developed. The following points should be
considered. (i) An optimisation algorithm was used to iteratively modify or update the
reversed shape that the variation between results in the reserve deformation and
forward deformation at specific time steps could be minimised; (ii) The reverse
simulation should enable to deal with more complicated formed components that were
widely applied to general and industrial forming applications. (iii) The desired shape
of workpiece needed to be determineded because it influenced the deformation in
terms of design requirements such as a low shape complexity and reasonable shapes;
(iv) A more effective strategy for defining contact boundary conditions at each reverse

increment through the reverse procedures should be developed.

2.9 Problem identification

In the bulk-forming industry, the conventional billet or workpiece design was
mainly based on the existing design experience and relevant knowledge from
guidelines, literature, and handbooks. Such industrial approaches might be time-
consuming or unsuitable when a new type of design or forming problem was

encountered as there was no existing design knowledge.
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The expert systems capturing the existing industry experience and valuable
knowledge were capable of helping designers judge or design forming workpieces or
preforms as well as process conditions. Unfortunately, these systems might only be
effective in some typical or tailor-designed cases that the formed components could be

classified by different types of predefined features.

The FEM based computer forward simulation could substitute the physical
experimental trials to predict the deformation process and behaviours with different
variables from the initial workpiece to the final shape of finished components. The
simulation validated an existing empirical design, and the results provided guidelines
for the modification of the design if the required forming quality was not achieved.
The drawback was noticeably the expensive trial and error procedures yet better than

practical experiments.

The optimal workpiece could be determined subject to specific requirements
such as complete die filling and consistency of mechanical properties. Optimisation
techniques could be combined with FE simulation to establish systematic design
systems. The shape of the trial workpiece was modified gradually through the iterative
optimisation process. The methods based on artificial intelligence techniques such as
genetic algorithms and neural networks could be combined with the FE simulation for
the workpiece design. The previous studies showed that these approaches were
successful to assist in designing forming tools, and workpieces or preforms subject to
some technical requirements such as complete die filling, and uniform stress and strain

distributions. However, the lack of effective methods for representing geometrical

55



features of the formed components as well as spending a lot of time and cost on
iterating the optimal results in FE simulation might not be an efficient approach for

bulk-forming process design.

To conclude the literature review, the ordinary bulk-forming process design
approach was based on the forward simulation. It might be inefficient and time-
consuming, but they could provide analytical information on material flow and
forming variables, which were beneficial for the process improvement. On the other
hand, the reverse simulation approach had the potential to provide an even more
efficient and effective way, in which the process started from the final shape of the
finished component and ends with an initial workpiece. Comparing to the iterative
optimisation used in the forward simulation, this design apporach did not require an
initial geometry as the trial workpiece. Therefore, both time and cost for bulk-forming
process design were reduced, if appropriate algorithms or modelling techniques could
be implemented. In previous studies, the reverse simulation approach mainly made use
of the backward tracing method associated with different techniques such as UBET,
and fuzzy logic to control the contact boundary conditions during the node detaching
process. It would be capable of dealing with the more complicated bulk-forming
problems. As a consequence, it was believed that the reverse simulation approach after
some modification had great potential toward the application for warm-forming

process design of bimetallic components.
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3. Theoretical Background

3.1 Fundamental of plasticity

The mechanics principles of plastic deformation mainly applied to metals and
alloys are described by the plasticity, which is deduced from experimental studies of
the stress and strain response under simple loading conditions. This theory assumes
that the material is an ideal plastic body by ignoring the Bauschinger effect and the
size effect. Also, it is valid only at temperatures where recovery, creep, and thermal
effect can be neglected. The basic theory of classical plasticity is described by Hill
[92], and also by some researchers [93-97]. In this chapter, determinations of stress
and strain are introduced. The governing equations for plastic deformation and
principles that are the foundations for the analysis are described. Finally, the process
modelling of bulk-forming is outlined which involves the yield criterion, flow rule,

incompressibility, and frictional boundary conditions.

The stress & , strain ¢, and strain-rate ¢ are the fundamental magnitudes that
are employed to describe the deformation mechanics of a solid body that deforms from
one shape/configuration to another under an external force. Although it is very difficult
to describe the one-dimensional deformation with complete mathematical
formulations, their determinations can be made on the case of a simple uniaxial tensile
test. In the test, a dog-bone-shaped specimen has an initial length 1,and an initial cross-
sectional area A,. This specimen is stretched in the axial direction by the force P to

the length | and the cross-sectional area A at time ¢ . The response of the material is
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recorded as the load-displacement curve, and converted to the stress-strain curve. It is

assumed that the deformation is homogeneous until necking occurs.

In the infinitesimal deformation theory, the stresses and strain-rates (or
infinitesimal strains) are stated with respect to a fixed coordinate system in the material

configuration at a time under consideration [70,98-100]. They are defined by:

stress o = P (3.1)
A
strain rate ¢ ::— (3.2)
o . dl
infinitesimal strain dng (3.3)

where the dot represents the time derivative. The stress defined in equation (3.1) is
called true stress or Cauchy stress. The total amount of deformation is measured by

integrating infinitesimal strain as:

g:jlldgz |n(|'—] (3.4)

0

and is called true, logarithmic, or natural strain [96].

In the Lagrangian description of finite deformation, the measures of stress, strain,
and strain-rate are expressed as follows. Let the position of a mass point in the

deformed configuration x at time be designated by:

x=g(X,t) (3.5)
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where X and t are the reference position of a mass point and time respectively. In the
uniaxial tensile test, let X be directed along the longitudinal axis of the specimen.

Then:

x=X+(II_|°JX (3.6)

0

Extension is defined as the displacement gradient relative to the reference position and

is expressed by:

= =e (3.7)

This is the engineering strain [7].

The Lagrangian strain component E,, is defined by:

1( ox ox 1 2 a1
Eﬂ_i[&&—lj—g[(l+e) —1}_e+2e (3.8)

The strain-rate components are the time derivatives of strain components given by

equations (3.7) and (3.8). They are:

g=— (3.9)
I0
and
OX OX
=———=(1 é 3.10
HoX oX (1+e) (3.10)
since
>'<=8—Z (3.11)

X =constant
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The Piola-Kirchhoff stress tensor is defined as force intensity acting in the
deformed configuration that measured per unit area of the reference configuration,
while the Cauchy stress is defined as force per unit area in the deformed state. In the

uniaxial tensile test, the engineering stress:

1n= 5 3.12
o A (3.12)

corresponds to a component of the non-symmetric (or first) Piola-Kirchhoff stress
tensor. Correspondence between stress and strain-rate measures is established such
that the work rate per unit volume, W, in the reference configuration is the product of

stress and strain rate. From equations (3.11) and (3.12),

Pl X oy,

0 AO_I:GHO_XZE 11 (3.13)
0

Therefore, the stress measure corresponding to the Lagrangian strain rate E,, is:

On
S, = 3.14
H l+e ( )

The stress given by equation (3.14) corresponds to a component of the symmetric (or

second) Piola-Kirchhoff stress tensor [70,96,97].

Regarding the analysis of metal-forming processes, flow formulation complies
with infinitesimal deformation theory, while solid formulation considers finite
deformation.The strain-rate tensor [, ], where i, j = x, Yy, z is symmetric and the

tensor components are given as:

g = (3.15)
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éy:Ey (3.16)
. ou
=—2 3.17
6 =— (3.17)
'Xy :l(%_;_% - Vxy (3.18)
2\ oy Ox 2
1 Ny Lo, | _ Ty (3.19)
Y200z oy 2
1(ou ou %
Ey=—| —=+—=2 =% 3.20
Z(GX oz 2 (3:20)

where u; and y, are velocity and shear strain rate components respectively. Using

suffix notation, equations (3.15) to (3.20) can be expressed as:
.1
é ZE(U” +u;;) (3.21)

where a comma denotes differentiation with respect to the subsequent coordinates.

The Cauchy stress tensor [o; ], where i, j =1, 2,3 or x, Yy, zis also symmetric

and is defined by the nine components as:

O Oy O3 Oy 7

X yx x
[ Gj =0y, 0y o4 |= Ty Oy Ty (3.22)
O3 Oy O3 Ty Ty O,

The stress may also be specified by the three principal components, or by the three

tensor invariants. The principal stresses o,, o,, o, are the roots of the cubic equation:

o’-lo?-l,c-1,=0 (3.23)

where 1, I,,and I, are quantities independent of the direction of the coordinate axes

and called the three invariants of stress tensor o; . They are given by the relations:
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l,=0,+0,+0,=0,+0,+0, (3.24)

_ 2 2 2 _
I, = —(axay +o,0, +UZO'X)+TXy +T, +T, = —(0,0,+0,0,+0,0;) (3.25)

2 2 2
|,=o0,0,0,+2t,7,7, 0,7, -0,1,"—0,7,° =0,0,0, (3.26)

The first (linear) and second (quadratic) invariants have particular physical meanings

for the theory of plasticity [70].

3.2 Yield criteria

The vyield criterion represents the limit of elasticity under any possible

combinations of stresses. It is expressed by:
f (aij ) = F (constant) (3.27)

A function of stresses f (aij) is called yield condition. Any proposed yield criterion

must be verified by experiment to check its suitability.

For isotropic materials, plastic yield is only related to the magnitude of the three
principal stresses and not their directions. Then any yield criterion can be expressed in

the following form:

f(1,1,,1,)=F (3.28)
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This the experimental fact that the yielding of a material is to a first approximation,
not affected by a moderate hydrostatic pressure, or tension, it follows that yielding
depends on the principal components o,', o,"', ;' of the deviatoric stress tensor:

oy '= oy — §ijap (329)
where

o, =%(O‘1+62 +073) (3.30)

is the hydrostatic component of the stress, and 5, =1 for i = j and &, =0 for i = j
is the Kronecker delta. The principal components of the deviatoric stress tensor are

dependent, since o, '+ o, + o, "' is identically zero.

The yield criterion then reduces to the form:

f(3,,3,)=F (3.31)

where
J,==(0,'0,'+0,'0,+'0,'0,") (3.32)
J,=0,'0,'0, (3.33)

Two simple criteria have been in extensive use for the analysis of metal

deformation. Tresca criterion (shear stress criterion) given in 1864 is:

o, — o, =constant (3.34)
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with o, > o, > ,. It may alternatively be written in the form of equation (3.31) in

terms of J, and J,, but the results are complicated and not useful.

Another criterion was proposed by Huber in 1904 [95], by von Mises in 1913
[96], and by Maxwell in a letter to his friend Thomson (or called Kelvin) in 1856 [97].
It has been traditionally called the von Mises criterion or the Huber-Mises criterion.
This is also the yield criterion mainly used in this study. The criterion states that
yielding occurs when J, reaches a critical value. In other words, the yield function of

equation (3.31) does not involve J,. It can be written in the alternative forms:

1 ' ' ' 1 ' '
J :E(Ul “+0,"+0, Z)ZEGH ;' =k* (3.35)

or

2

+(oy—0,)" =6k (3.36)

(01—02)2+(02—03)
or
(GX -0, )2 + (O'y -0, )2 +(o, -0, )2 + G(Z'Xyz +7,,° 47, ) = 6k? (3.37)

where k is a parameter regulating the stress scale and depending on the material
property. In the suffix notation used in equation (3.35), a recurring letter suffix
indicates that the sum must be formed of all terms obtainable by assigning to the suffix

the values x, y, z (or 1, 2, 3).

The constant in both yield criteria may be determined from simple states, such

as in uniaxial tensile test. At yielding in simple tension, o, =Y (yield strength of
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material) and o, =0, =0. As a consequence, equations (3.34) and (3.36) may be

written as:
o, —0, =Y (3.38)
and
(0,-0,) +(0,~03) +(0,—0,)" =2Y? (3.39)

respectively. Parameter k in equations (3.35) to (3.37) can be identified as the shear

yield stress by considering yielding in simple shear:

k= (3.40)

&1 <

according to the von Mises criterion.

It should be noted that the yield criteria defined by equation (3.39) must depend
on the previous process of plastic deformation (i.e., strain hardening). If it is assumed
that the hardening occurs, only plastic work is done. Then it assumes yield criterion is
independent of the hydrostatic component implies that there is no volume change

during plastic deformation.

The stress state is completely determined by the values of the three principal
components. Then any stress state may be represented by a vector in a three-
dimensional stress space, where the principal stresses are taken as Cartesian
coordinates. Figure 3.1 is a geometrical representation of a plastic state of stress in
(0,,0,,0,) space. OS is the vector (0,,0,,0,) and its component OP is the vector

representing the deviatoric stress (o, 0," 0,")- OP always lies in the plane ~ whose

65



equation is o, + o, + o, = 0. The hydrostatic component (o, ,o,,0, ) Of the stress is
represented by PS , which is perpendicular to the plane . A yield criterion, which is
independent of the hydrostatic component of stress, is represented by a locus ¢ in the
plane ~. The yield locus corresponding to the shear stress criterion is a regular
hexagon, while it is obvious from the relation in equation (3.35) that the locus of the
distortion energy criterion is a circle of radius J2k or \/2/3Y . By selecting the values
of the constant in equation (3.34) and k in equation (3.36), according to equation
(3.39), the two criteria can be made to agree with each other and with experiments of

uniaxial tensile test. Their loci are illustrated in Fig. 3.2.

Plane &

Yield surface

Fig. 3.1 A geometrical representation of a plastic state of stress in (o,,0,,0,)

space.
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Fig. 3.2 Yield loci on the plane 7z for distortion energy criterion and maximum

shear stress criterion.

3.3 Plastic deformation in bulk forming

The process modelling of bulk forming requires analytical knowledge regarding
material flow, heat transfer as well as process details related to friction, heating and
cooling of material, and characteristics of forming equipment. The purpose of
modelling a bulk-forming process is to investigate the mechanics of plastic
deformation processes without spending on costly experiments. Besides, the following
major objectives are taken into account.

- The kinematic relationships such as the shape, velocities, strain-rates, and strains
between the undeformed stage (i.e., billet, blank, or preform) and the deformed
stage (i.e., final product) should be established so that the material flow during

the forming process can be predicted. This objective includes the temperatures
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and heat transfer prediction, since these variables greatly influence local metal-
flow states.

- The formability or workability determines whether the shape of workpiece is
possible to be deformed without causing any surface or internal defects (i.e.,
cracks or folds) during the forming operation.

- The stresses, the forces, and the energy required to achieve the forming operation
should be predicted. This information is necessary for tool design and for
suitable equipment selection, with adequate forming force and energy

capabilities, to perform the forming operation.

Therefore the process modelling of bulk forming provides the means for
determining how the material flows, how the desired geometry can be obtained by
plastic deformation, and what the expected mechanical properties of the formed

components are.

For understanding the variables of a bulk-forming process, it should consider the
process as a system, as illustrated in Fig. 2.1 as well as the interaction of significant
variables in bulk forming are shown in Fig. 2.2 in Chapter 2. Obviously, for a given
billet or preform material and part geometry, the deformation speed influences strain-
rate and flow stress. Deformation speed, die temperature , and part geometry influence
the temperature distribution in the formed component. Finally, flow stress, friction,

and workpiece geometry determine material flow, forming load, and forming energy.
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3.3.1 General assumption of process conditions

This is the fact that the real process of bulk-forming is very complicated. In order
to achieve a meaningful mathematical description of material deformation, several
simplified but reasonable assumptions of process conditions should be made. The
bulk-forming operation is designed to achieve the desired process conditions which
control the material behaviour of workpiece. The process variables include the
geometry of both workpiece and tools, the speed of tools, the lubrication conditions
between the workpiece and tools, and the temperature of both workpiece and tools.
With the intention of making appropriate assumptions for modelling a bulk-forming
process, it is important to understand which variables are significant to influence the

process critically.

The tool velocity can affect the strain rate, operating time and heat transfer. A
bulk-forming operation under different strain-rate conditions, which may result from
using different forming machines (or presses), and hence different forming loads and
energy are required. For instance, the maximum load in a drop hammer process, which
is a high strain rate process, may be lower than that of a hydraulic press. The
phenomenon is different from the result of material tests (i.e., compression tests or
tensile tests), which show that a higher load is required at a higher strain-rate condition.
This is caused by different heat transfer conditions in these two cases. In the hydraulic
press operation, the ram speed is slow and the flash area cools more obviously. On the
other hand, the temperature of workpiece remains nearly no changes in the drop

hammer process because the operation time as well as the contact time are very short
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[5,8,70]. Therefore, while the deformed workpiece has been removed from the dies,
the tool temperature can decrease for a considerable period of time until the next

operation is performed.

The temperature involves the operation temperature and heat generation of
deformed material. The initial temperatures of the workpiece and tools may be
established according to the process design. Besides plastic deformation generates heat
which remains in the deformed material or flows into dies, atmosphere or un-deformed
material. The temperature may increase several hundred degrees in some forming
stages, such as drawing and extrusion, which are processed at a high speed (i.e., a
higher strain rate). This generated temperature modifies the constitutive relation
(relationship between stress and strain) for the workpiece. Therefore it should be a
significant factor in determining the maximum deformation speed that can be used to
produce good-quality formed components without excessive tool damage. It also
affects the lubrication condition and hence tool life [70]. The main factors influencing
the magnitude and distribution of the temperature include the workpiece and tool
temperatures, the heat generation due to the plastic deformation, the friction and the

heat transfer between the workpiece, tools and environment.

The lubrication is highly related to the friction effects between the workpiece
and die interface. In the bulk-forming process, the applied force is transferred from the
dies to the workpiece. Therefore, the friction conditions at the workpiece-die interface
influence the formation of surface stresses acting on the interface and hence the

material flow. Additionally friction can generate heat that changes the distributions of
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temperature and conclusively affect the material behaviour as well as forming load and
energy. Indeed appropriate lubricants for particular forming applications should be
used that can control the frictional conditions. In general the lubricant is applied simply

to prevent sticking and reduce the sliding friction and thus prolong the tool life.

It is noticeable from above. The appropriate assumptions of the bulk-forming
process conditions are important and should be taken into account according to the
characteristics of the process. In this study, the assumptions are made as follows:

- The elastic deformation is neglected since its amount is extremely small
compared with the plastic deformation in bulk-forming process.

- The deforming material is regarded as a continuum (i.e., the bimetal is two
continua). Metallurgical aspects such as grains, grain boundaries, and
dislocations are not considered.

- Uniaxial compression test data are correlated with flow stress in multi-axial
deformation conditions.

- Anisotropy and Bauschinger effects are disregard.

- The volume of material remains constant.

- The temperature effects are not taken into account (i.e., isothermal warm-
forming conditions) in which the temperature is well controlled and its effects
are small on the specimen materials.

- The velocity of die is constant that mean the process is mainly applied with using

the hydraulic press.
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- The tools are rigid body since the deformation of tools compared with that of
workpiece is negligible.

- Friction exists at tool-workpiece interface.

3.3.2 Flow formulation for modelling material behaviour

The bulk forming is a large plastic deformation problem which can commonly
be solved by two kinds of formulation, i.e., solid formulation and flow formulation
[70]. The solid formulation considers the behaviour of the material as a classical
elastic-plastic solid [101,102]. The formulation can predict a complete stress-strain
history which is thus useful for the analysis of residual stress. Nevertheless, this
formulation has the limitation to the magnitude of strain and rotation increments,
which may make the method rather expensive in computation. When analysing warm-
forming process, elastic strain of a workpiece is negligible since it is usually very small
compared to plastic strain. By neglecting elastic strain, a deforming material can be
treated as a nearly fluid to simplify the formulation. It is then possible to relate the

stress & to the strain rate ¢ in the following general form.

o =Cé (3.41)

where the quantity C may be dependent on the effective strain &, the strain rate £and

temperature T. That means:

C=f(z.6T) (3.42)
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The formulation based on the above simplification is known as a flow
formulation [103]. It can provide useful information with lower computing costs than
the solid formulation. However, the stress distribution of flow formulation is only
determined by current strain-rate distribution at identical time increment. The solution
is not affected by the previous stress state. Therefore, it is not able predict the complete
stress-strain history for the analysis of residual stress. Fortunately some improvements
have been made to flow formulation to deal with residual stress [104] whereas the solid
formulation has also been improved so that it can deal with large strain increments

[102].

Theoretically, the plastic deformation can be defined as follows:
a.  Constitutive equations — these equations describe the relationship between stress

and strain during plastic deformation.

b.  Yield criterion — the criterion is a function of the stress tensor, which predicts a
stress state required for plastic deformation. The von Mises criterion is used in

this study.

c.  Equilibrium equations — the stress along the boundary surface S is in

equilibrium, if the body force is negligible.

o..=0 (3.44)

73



d.  Compatibility equations — these equations, which are relationships between
displacements and strains, maintain the continuum requirement without fracture

or crack formation.

& :%(u. +uy,) (3.45)

i

e. Boundary conditions — surface tractions, displacements (or velocities) and

temperature distribution are the main boundary conditions in the bulk-forming.
oyn; =t 0n S¢ (3.46)
v,=v’on S, (3.47)

where &, and o, are the components of the strain-rate tensor and deviatoric stress
tensor, respectively. ¢ and & are the effective strain rate and effective stress,
respectively. n; is the unit normal to the corresponding surface, &, is the volumetric
strain rate, and a comma means partial differentiation. It is supposed that a body of
volume V is bounded by a surface S with the traction t, prescribed on a part of the
surface S. and the velocity v, prescribed on a part of the surface S,. The body is
composed of a rigid-plastic material which obeys the von Mises yield criterion and its
associated flow rule. If the inertia effects and body forces area assumed to be absent,

then the actual stress o , and velocity field v satisfy the above conditions.

In flow formulation, the relationship between stress and strain (or strain rate) is

represented by a flow rule which is associated with a yield criterion. These definitions
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and the virtual work principle are used to construct the weak form formulation, which

describes the system in terms of energy, for modelling the bulk-forming process.

3.4 Flow rule associated with von Mises yield criterion

As mentioned in previous section, to analyze the bulk-forming process, it is
necessary to develop a yield criterion and a flow rule. The yield criterion in terms of
mathematical relationships predicts when the plastic deformation (i.e., the yield
occurs). The flow rule a relationship of stress and strain during plastic deformation,

describes how and where the material will flow.

Two criteria that are commonly used for the yielding prediction are Tresca
(maximum shear stress) criterion and von Mises criterion. In flow formulation, it is
assumed that the normality principle is fulfilled. Some singularity points may be
encountered by using Tresca criterion, and hence require special treatment in any
generalised formulation. On the other hand, von Mises criterion can be easily applied
to the analysis and prediction of yielding for most engineering metals with sufficient
accuracy [105]. Therefore, the von Mises criterion is commonly used in flow
formulation for modelling the bulk-forming process. The derivation of equations can

be found in Section 3.2.

The flow rule is a kinematic assumption for plastic deformation/flow. It gives
the ratio or relative magnitude of the components of the plastic strain increment tensor

de; . An alternative expression of plastic strain increment is in terms of strain rates
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&; - The increment &, may be represented by a vector with nine components in a strain
space. The flow rule therefore also defines the direction of the plastic strain increment
vector &; in the strain space. The plastic flow equations representing increments of

strain related to stress are written in the form:

oG
£ = Pp—0o 3.48
i paaij (3.48)
where
G= G(o‘ij’gij) (3.49)

is a plastic potential function and p is a proportional positive scalar factor, which is
nonzero only when plastic deformation occurs. The simplest case of defining the
plastic potential function assumes that the plastic potential and the yield function F

coincide (i.e., G=F). Therefore,

Equation (3.50) is called the correlation flow rule because the plastic flow is related to

the yield criterion.

For an isotropic material, the yield function F inequation (3.50) can be defined

by von Mines yield criterion.
F=J,-k (3.51)

Evaluating the derivative in equation (3.50) gives:

Gk _0y :i(ia,_ o, -]:a.' (3.52)

60'”- 60”. o

76



Using equations (3.50) and (3.52), the flow rule is written as:

éij = paij ! (353)

For a von Mises material model, the effective stress & is shown as:

0=4/3J), = ‘,go-‘i ‘o (3.54)

and the effective strain rate € is expressed as:

= 2. .
£=\5é (3.55)
Using equations (3.53), (3.54) and (3.55) obtains the scalar p:
p=2% (3.56)
20
Thus,
, 20 .
O-ij :gg—;gij (357)

which is the Levy-Mises equation, and it is similar to equation (3.43).

For a rigid-perfectly plastic material, the elective stress is expressed in the form:

o =Y = constant (3.58)

Consequently, the flow rule associated with von Mises yield criterion defines the
relationship between the deviatoric stress and strain rate for the rigid perfectly plastic

material as:

o;'===¢ (3.59)



In this study, the workpiece is assumed to be a rigid-perfectly plastic material (i.e.,
there is no elasticity and no work hardening or softening). This is a reasonable
approximation for most formable materials at warm and high temperatures [106]. In

terms of the deviatoric stress o

; '+ the power of plastic deformation is written as

IV(G“- + 0,0y J¢dV (3.60)
and due to the incompressibility &, =0,

G0y &5 =0y€; =0 (3.61)

Using the equation (3.59), flow rule associated with von Mises yield criterion, the

power of plastic deformation for rigid-perfectly plastic material becomes:
2Y . .
.[V ggé‘ijgijdv (362)

Substituting the effective strain rate, equation (3.55) into the power of plastic

deformation gives:

2, r—
[, \gv &6,V (3.63)

Therefore, the problem of modelling plastic deformation is written as follows:

minimise [ \EY &6,V

(3.64)

subject to: incompressibility, and

boundary conditions of velocity
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3.5 Incompressibility

A kinematically admissible velocity field that satisfies the compatibility
equations should also meet the incompressibility requirement (i.e., the volumetric
strain rate equals zero, &, =0). This requirement has been added into the model as a
constraint which ensures that the minimum energy dissipation is only dependent on
internal shear deformation if friction effects are not taken into account. Two methods,
the Lagrange multiplier, and the penalty method, are most frequently used to deal with

the incompressibility constraint in minimization problems.

3.5.1 Lagrange multiplier

Consider a function IQ f (x)dx that is to be minimised subject to a constraint
condition, g(x)=0, which is differential in domain €. The Lagrange multiplier
method defines a function M tobe M (x)= L[f (x)+Ag(x) Jdx , where A is a new
variable called the Lagrange multiplier. The variables, x and A, are then solved by
equations, &M /ox =0, and oM /04 =0, to find the minimum value. It can be seen that
the total number of unknowns has increased when using the Lagrange multiplier

[103,107].

3.5.2 Penalty method

For the same example of minimization problem, IQ f (x)dx and the constraint

g(x)=0. The penalty method defines a function I(x):fg{f (x)+a[g(x)]z}dx,
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where o is a large positive real number [103,108]. In order to minimise the function
- - 2 - - -, .
I (x), it is necessary to ensure j [g(x)] dx is close to zero as a is a large positive
Q
number. This can only be true if g(x)=0 is close to zero everywhere in the domain
I, this almost satisfies the constraint g(z) = 0. However, if o is small, the constraint
cannot be satisfied. On the other hand, if o istoo large, numerical errors may increase.
Therefore, it is necessary to use an appropriate o value. The value is determined by

experience.

Due to the drawback of increasing unknown variables by using the Lagrange
multiplier method, the penalty method is used to deal with the incompressibility

requirement in this study. The penalty method is then transferred into:
L. 2 — .2
minimise JV \EY &;&;aV +fv a(é,) dv (3.65)
subject to: boundary conditions of velocity

where the penalty constant a may be interpreted as a constant to the bulk modulus [94]

because the mean stress o, is related to the volumetric strain rate &, by:

o, =ag, (3.66)

3.6  Frictional boundary conditions

The material flow, surface of the formed component, internal defects, pressure
applied on the dies, as well as the load and energy requirements are greatly affected

by the friction between the workpiece and dies. Therefore it is necessary to take the
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friction effects into consideration in the analysis model in terms of a quantitative

friction factor. Work done by friction may then be expressed by a rate form:
[EAUGS (3.67)

where ;] is the relative velocity vector used to reflect that the shear friction stress 7
should be in the opposite direction to the relative motion between the workpiece and

dies. S, is expressed as the contact surface.

The most common form of friction law is known as Coulomb’s law, F, = uF,,
where F, isthe friction force and F, is the normal force. The form may be expressed
in a stress field by f. = uo, in which f, and o, are friction stress and the normal
stress, respectively. u is called the friction coefficient. This law is generally found
applicable at low contact pressures compared to material strength before a great deal
of deformation occurs. However, in the bulk-forming process contact pressures are
generally high. The Coulomb’s law may drastically overestimate the friction [109].
Due to the yielding process, the tangential stress required to induce slip which causes
deformations is dependent on the shear strength of the material. Moreover, the friction
at the interface cannot exceed the shear strength, and velocities are the variables used
to model plastic deformation. A model, Tresca friction model (or shear friction model)
[104 in terms of the yield shear stress k and the relative velocity vector u; ; is used to

reflect the shear friction stress 7' in the form:

7! =mk . (3.68)
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Where m is a friction factor between 0 and 1 to represent a fraction of the yield shear
stress, and k = Y/\/§ (equation 3.40) since Tresca yield stress is involved. In order to

obtain the m , a ring compression test should be used.

Finally, the problem of modelling plastic deformation involving friction effects

can be stated as:

e . 2 .. . 2 foor
minimise jv \EYﬂ/gijgij dv +fv a(é,) dv +Lf 7'urdS (3.69)
subject to: boundary conditions of velocity, and constraints of shear contact friction

where the constraints of shear contact friction enforce the relative velocity vector u;,

in the tangential direction at the frictional interfaces.
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4. Reverse Simulation Approach

4.1 Overall review

During the past fifteen years, many researchers had implemented innovative
ideas about reverse simulation for various bulk-forming applications [24,25,110-113],
especially for the prediction of the original shapes of workpieces and preforms.
Although their results clearly demonstrated that the predicted shapes could be tested
in a forward simulation and the trend of the deformation and the estimated forming
loads were similar to those of the reverse simulation, most approaches were limited in
their abilities to incorporate domain knowledge for specific bulk-forming problems.
For example, Chang et al. [24,25] made use of reverse simulation to predict an initial
rectangular billet section for a two-dimensional plane-strain forging problem. Its
approach could find a deformation path, which always led towards a simple
distribution from the final forging geometry to an initial billet, such that a rectangle
was set as the target shape of the initial billet, and the main focus was to determine the
difference between the deformed shape and a rectangle using the second moments of
the area about the x-axis, and y-axis, which was the criterion for measuring how the
material spread over the orthogonal axes of the shape from its centroid. In other words,
the nearly rectangular billet could be obtained with the closest value of the second
moments of the area to the value of the deformed workpiece. This work was sound and
ingenious, but only applicable for particular simple plane-strain forging problems.

Some versatile, but relatively complicated component geometry such as hollow shapes
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(i.e., the component with a center hole) might create difficulty in applying this method
to trace the natural and reasonable deformation path, since independent deformation
occurred near the center region. Also, the concave-shape problem of reverse shape, as
shown in Fig. 4.1, was not taken into account, which would cause the defects of
internal folding or/and buckling. In this case, significant improvement or modification

would be beneficial for further development.

Final shape
of formed —
component
Reverse
simulation
Concave-shape problem
caused by lower reverse
velocity at workpiece and
Reverse shape die interfaces
of formed —
component

Fig. 4.1 The concave-shape problem was found in former reverse simulation.
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Zhao et al. [112] used the inverse die contact tracking method to design the
preform shapes for a representative plane-strain cross section of the track link blocker
forging, in order to reduce the scrap material lost as flash. A candidate preform was
employed to establish a record of the boundary-condition time sequence through
forward simulation into the final forge shape. This recorded time sequence was then
modified according to the material flow characteristics and the state of die filling that
satisfied the requirement of material utilization and forging quality. The modified
boundary condition sequence was applied to control die node separation during the
reverse deformation, and therefore the blocker preform shape from the buster dies
could be obtained by the section analysis. There was a great improvement in terms of
die filling, flash size, strain variance, frictional power, and die load. Perhaps the
proposed techniques were only able to improve the preform shape in the specific
forging problem, as the candidate preform was required. Therefore, a more effective
and direct approach should be developed to enhance the industrial viability and

reliability of reverse simulation.

The overall reverse simulation approach of this study is shown in Fig. 4.2. This
emerged from a number of physical rules and practical experiences regarding the bulk-
forming process, which are incorporated into the backward tracing method introduced
by Part et al. [21] for starting the reverse deformation step, and several adaptive
strategies proposed by Chang et al. [24,25] for determining contact boundary
conditions. In deducing the methods and techniques for significantly modifying the

former reverse simulation, the following empirical and physical rules are applied:
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- Nearly same outer profiles or cross sections of workpiece and final component.
- Compensation of material for incomplete die filling.

- Elimination for excessive material flowing into improper regions of die cavity.
- Assumption of constant volume of non-porous solid metal.

- Convex expansion of lateral deformation surface.

Material flowing with a higher velocity at the lowest resistant region of die cavity.

By combining both the former reverse simulation procedures [21,24,25] and original
developed methods and techniques throughout the workpiece and preform design of

bulk forming, the improved reverse simulation approach should be able:

To predict the initial hollow billet or workpiece shapes with minimal height for

bulk-forming hollow axisymmetric components.

- To reconstruct the abnormal reverse shape, with such concave and inwards
deformation surfaces.

- To further extend for the applications of warm forming bimetallic components,

in which a new method regarding the interface frictions for determining the

sliding and sticking conditions between two dissimilar metals will be conceived.
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sliding and sticking conditions
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\ techniaues /

The overall reverse simulation approach of this study

Fig. 4.2 The overall reverse simulation approach of this study.

4.2 Basic concept of reverse simulation

Reverse simulation is made use of as an effective approach to predict workpiece
(i.e., billet or preform) shapes in the bulk-forming process [21-26,110-113]. It arises
from the idea of simply reversing flow simulation by starting from the final shape of
the formed component with the die velocity reversed. Once the boundary contact
surfaces are being released as the die is moved backwards, the formed component
reverts its original shape. Figure 4.3 illustrates the idea for predicting billet and
preform shapes using the reverse simulation approach. If the component cannot be

formed by one single stage, the predicted shape will act as the preform of the previous
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stage, which is then used to predict further preform or billet shapes. It is important to
remark that this idea can also be applied for the warm-forming process design of

bimetallic components.

Start

y

Final shape of the warm-formed

v
Run the reverse simulation Design the preforming
v die according to the
Obtain the predicted shape predicted shape

A

The predicted shape is a
preform

Is the shape
simple?

¢ Yes

The predicted shape is a billet or a blank

v

Finish

Fig. 4.3 The workflow of the reverse simulation approach in predicting the shapes

of billets and preforms.

In accordance with the generally accepted behaviour of the material flow in the
bulk-forming process, the deformation of the workpiece depends on the previous
loading history due to the strain-hardening effect. This means that the process may not
be reversible strictly. This is because the actual distributions of stress and strain of the
finished product, as well as the field of temperature, are not able to be identified readily.

Therefore, it is necessary to model the reversible bulk-forming process, which should
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be as close as possible to the realistic behaviour of deformation, even for bimetals, by

reasonably assuming the operation conditions and material characteristics as follows:

- The die velocity remains constant during the bulk-forming process whether it is
upwards or downwards. This can be expressed as the die moves along the axial
motion of the conventional hydraulic press.

- The bulk-forming process is performed under isothermal conditions so that the
effects of temperature change on the workpiece and the heat transfer between
the die and formed material are not taken into account. This assumption can be
applied to most bulk-forming operations in which the working temperature is
well controlled, like warm-forming bimetallic components, or the die velocity is
fast enough to overcome the die-chilling effects, especially for warm forming
small and intricate parts such as watch cases and buckles.

- The die is defined as a rigid body and not deformable. In the real situation, the
deformation of the tool, generally elastic deformation compared with the plastic
deformation of the workpiece, is extremely small or negligible. This is
physically reasonable for most bulk-forming processes.

- The near-net shape forming process is worked as the closed-die forming process
with less flash against the flashless forming. A few surplus materials have to be
extruded into the flash gap at the end of the forming stroke. In other words, the
flow of material can start from the flash regions at the beginning of the reverse

simulation.
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- The specimen material is rigid-perfectly plastic and thus the elastic recovery
does not take place after the deformation. This means that the material has no
elastic deformation but suddenly begins to deform plastically when the yield
criterion is satisfied. Both strain hardening and softening are disregarded also.
This is appropriate for most metals and alloys such as stainless steel and
aluminium alloy worked at their warm or hot conditions.

- The specimen material is isotropic, homogeneous, and incompressible. This
simplification of material conditions is easily justified since there is no effective
way to verify such identity attributes and their effects are not significant in the
bulk-forming processes.

- The extrinsic lateral surface of deformed specimen material is convex. This
phenomenon is often regarded as the friction, which exists between the contact

surfaces of the workpiece and die.

In traditional forward simulation, the conditions of contact vary continuously
according to the deforming workpiece as well as the die profiles. They are used to
determine the boundary conditions, which are able to provide a desired shape in the
bulk-forming process. Nevertheless, this situation does not occur in the reverse
simulation, in which the contact surfaces of the workpiece are being detached from the
die during the process. Thus, a methodology of defining the desired shape for reverse
simulation is necessary and then the contact boundary conditions can be determined.
In this study, the primary aim is to find the simplest shape of the billet (e.g., a block,

or a cylindrical bar) or the preform (e.g., a flat blank with identical cross-section over
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its entire height) as the original workpiece by using the reverse simulation. An
approach of controlling the material flow and distribution is proposed that can
determine the reverse shape effectively at each time incremental step. Based on a
number of empirical and physical rules governing the typical bulk-forming process, it
is required to set a desired shape and to reduce the shape complexity of the workpiece
for the ongoing process. The desired shape is then used to identify a contact region to

be released from a die surface and therefore the boundary conditions can be established.

In order to assess and demonstrate the feasibility of the proposed idea for the
warm-forming process design, several empirical and physical rules will be employed
to control the material flow and volumetric distribution in three two-dimensional
axisymmetric forming case studies, warm forming bimetallic component being one
among them. The solid and hollow cylindrical billets with the closest volumetric
distribution to the workpiece geometry are selected as the desired shape in the reverse
simulation for each incremental change. Possible boundary conditions are then
determined by releasing the contact regions, which are finite-element nodes detached
from the die surfaces according to the desired shape (i.e., the cylindrical billet). The
procedure is iterated until all contact regions are released from the die surfaces. If the
predicted shape is very close to a cylindrical billet, the dimensions of the initial
workpiece (i.e., diameter and height) can be identified readily. When the predicted
shape is still complicated, a preform is required, which is treated as the starting shape
to run another stage of reverse simulation until a simple shape close to a cylindrical

billet is obtained, as shown in Fig. 4.4.
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The 1st stage of
Reverse reverse simulation

ulati
simulation The final shape of the

—> .
formed component is used
to predict the preform.
Finished product Preform
The 2nd stage of
Reverse | reverse simulation
imulation . .
> <u_a 0 The predicted preform in the
1st stage is used to predict
the initial workpiece.
Initial workpiece Preform

(cylindrical billet)

Fig. 4.4 The reverse simulation is carried on provided that the predicted shape is not

as simple as a cylindrical billet [24,25].

4.3 Backward tracing method

In the real case, excluding the geometric designs, the deformation of the
workpiece in bulk-forming process is highly dependent on its loading (or stress and
strain) history, material properties, and working conditions which can influence the
contact boundary to the die and further determine the material flow. However these
three factors may interact with each other and they cannot be fully considered before
the finished product is formed. In other words, the stress, strain, and temperature
distributions on the workpiece cannot be identified properly at the last stage of the

forming process. Only the final shape of the formed component can be defined.
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Therefore, the modelling of the bulk-forming process in reverse construction needs
some assumptions that treat the process as the loading independent (i.e., the material
is rigid-perfectly plastic without strain hardening or softening) under the isothermal
conditions. The finite-element simulation and the backward tracing method can then

be used as a solution for reversing the bulk-forming process.

The rigid-perfectly plastic model is taken up to describe the workpiece material
in the finite-element simulation. Both strain hardening and softening effects are
neglected in the model. Also, all deformed regions of the workpiece have the same
stress value, which is a constant obtained by physical experiments. The solution is not
being affected by the magnitude of the flow stress. Thus, the process is independent of
stress and strain state which defines loading history. This is nearly compatible as most
hot or warm forming processes for particular materials such as stainless steel and

aluminium alloy in real situations.

The reverse simulation incorporated with finite-element techniques can be
considered for the situation of deformation including the coordinates, velocity fields,
and displacements of nodes at each particular time incremental step. However, the
geometrical configuration of the workpiece and the contact-boundary conditions vary
during the entire forming process. As a consequence, the process is still influenced by
these factors and loading. The backward tracing method can be implemented to
overcome this problem since it allows tracing back the deformed shape step by step as
a route followed by the velocity fields of nodes and forward loading. This method was

proposed by Part et al. [21] in 1983 and it refers to the prediction of the workpiece
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configuration at any stage in a deformation process, while the final shape of the formed
component and process conditions (e.g., die velocity, working temperature, and

friction factor) are given. The principal concept of the method is illustrated in Fig. 4.5.

Configuration of deforming

workpiece, X
Configuration
A attime t,,
X0+1 R
Configuration
at time t,
Q
X, —f----——-=-—- === —~= eV
1
! v
p(l) ___________
01
Configuration PR =
attime t, )
0-1
P(n YA
Xo1 -
P vy,
= Time, t
t0—1 tO tO+1
~—
At

Fig. 4.5 The concept of backward tracing method and update of the geometrical

configuration during forward loading and backward tracing [21].

At the time t =1, the geometrical configuration X, of a deforming workpiece
is represented by a point Q. During the forward simulation, the point Q is arrived by

moving from point P, whose configuration is given as X, , at time t =t, , through
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the velocity field v, , during a time increment At =t; —t, ,, and thus the expression

of the configuration X, at time t=t, is:
Xy =Xg4 +V, At (4.1)

Therefore the problem of the reverse simulation is to determine the velocity field Vv, ,
based on the known information on X, at point Q. The essentiality of the backward
tracing method is to take the forward simulation at point Q so that the velocity filed

V, is obtained. The first estimate of PY can be made according to:
PY =x, — v, At (4.2)

This reverses the configuration of Q by using the negative velocity field —V,. Then
the next velocity field v§, can be calculated by the forward simulation based on the

PY and used to form QY by:
QW =PY 1 v At (4.3)
If the Q¥ is not sufficiently close to the original Q, then P can be estimated by:
P® =x, + VAL (4.4)

The solution for velocity field at P? is then v® and the second estimate of

configuration Q? can be obtained by:

Q¥ =pP® +vAt (4.5)
The iteration is carried on till:
QM =P™ vV At (4.6)
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Becomes sufficiently closed to the original Q. The criterion for terminating the

iteration can be made by:

o - x| <e (4.7)

Where € is the limit of the difference and is generally set to 5 x 10°, and x{" , which
represents the geometrical configuration of Q™ . Finally, the configuration of reverse
deformation can be defined by the point = Figure 4.6 is a flow chart that describes
the backward tracing procedure systematically. If the boundary conditions can be
defined at time t,,, the v{", will be acquired based on equation (4.6). Repeated
calculations of the solutions for times t,_,, t, 5, ... will lead to a backward tracing of

the entire deformation process.
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!
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Fig. 4.6 The flow chart for the backward tracing procedure implemented into the

finite-element deformation analysis [21].
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The formulation of the above backward tracing concept will be incorporated
further with the techniques to determine contact boundary conditions. It should be
noted that the boundary conditions affect the solutions of the velocity field v{", greatly
and subsequently to the point P™ This is due to the fact that there are infinite numbers
of deformation paths from the points P to Q, which broadly represent the bulk-
forming process from a simple shape to its final shape. Figure 4.7 illustrates that two
different shapes of preforms with various contact boundary conditions can also be
transformed into the same final shape through the complete die filling. It is noted that
the application of forward simulation and the backward tracing method become
straightforward if the change of the boundary conditions during the process can be
determined. In many cases, the change of the boundary conditions during loading
depends upon the preform shape itself. Therefore, the method to determine the contact

boundary conditions is so important to control a backward deformation that aims

towards a simple geometrical configuration of the workpiece in the reverse simulation.
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The contact boundaries are set at
the top and bottom regions

The same final shape can be achieved
although the preform shapes and
their contact boundary conditions are
different

The top region is free

Fig. 4.7 Two different shapes of workpiece with various contact boundary

conditions can form the same geometrical configuration of finished product.

In this study, some of the ideas proposed by Chang et al. [24,25] and several sets
of empirical and physical rules governing the bulk-forming process were used to
determine the contact boundary conditions as the most rational solution, so as to
control the reverse geometry of the deformed workpiece. The effects of metallurgical
response and phenomena such as strain hardening, strain-rate sensitivity, dynamic
recovery, and temperature softening were disregarded. With the implementation of the
backward tracing method, it is possible to predict the deformation path of the

workpiece in a reverse direction effectively if the boundary conditions are all known.
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The location of the dies and the geometrical configuration of the workpiece
during the forward simulation can be used to determine the contact boundary
conditions. In other words, the die profiles have to construct a preferred preform shape
for bounding the material flow to form a final shape of the finished product. The
following section gives the basis for defining this desired shape in the reverse
simulation in order to determine the contact boundary conditions rationally. Therefore,
the material flow and strain distribution of deforming workpiece are able to be
controlled in the reverse condition to revert the original simple shape which is an initial

cylindrical billet or a preform.

4.4 Determination of contact boundary conditions

The desired shape can be defined as the final destination of the deformation in
both forward and reverse simulations. In forward simulation the desired shape is
exactly the geometrical configuration of the finished product (i.e., the final shape),
which should be used to examine whether a selected billet or a designed preform
achieves the requirement or not for complete die filling without any forming defects.
In the contrast, the reverse simulation process starts from a complete die filling
condition to predict possible preforms or a billet without knowing the desired shape.
It is thus necessary to develop strategies for defining the desired shape in the reverse
simulation. Since the performs, especially the billet, should have the universal
geometrical characteristics of simple material distribution as well as shape such as a

block or a cylindrical bar compared to the final shape of the product, the desired shape
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defined can be based on reducing the complexity of the material distribution. This
interpretation is reasonable as previous mentioned in the primary aim of reverse the
simulation, which is to find the simplest billet or preform shapes for being the

workpiece.

An axisymmetric closed-die forming process, shown in Fig. 4.8, has been used
to illustrate how a desired shape is defined for reverse simulation. In this figure, the
deformed shape “C” is the preform of the final shape “D”, and it also represents a
reverse deformation. Figure 4.9 compares these two interrelated shapes by overlapping
them together. Some contact regions of the final shape “D” have been located at the
outside profile of desired preform shape “C”. If these outside regions of the shape “D”
(i.e., regions “a”, “b”, and “c”) are released to determine new contact boundary
conditions for a reverse increment of the simulation, it should result in a shape which
is close to shape “C”. Thus, the reverse simulation is able to achieve the goal that the
workpiece reverts towards a simple shape (i.e., to reduce the complexity of shape “D”).
On the other hand, releasing the inside regions “d” and “e” tends to increase the
complexity of shape “D”. This should be improper to predict a shape close to the exact

reverse shape “C”.

101



/

Initial billet
shape “A”
Deformed
shape “B”
Deformed
shape “C”
Deformed
shape “D”

Fig. 4.8 A general deformation sequence of workpiece material in an axisymmetric

closed-die forming.
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Fig. 4.9 The reverse shape should trend to the desired preform shape “C” once the

outside contact regions, “a”, “b”, and “c” are released after a reverse increment.
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As mentioned in the previous sections, the determination of contact boundary
conditions applies not only to the die profiles, but also to the locations of the
deformation workpiece. In the example of Fig. 4.10, different locations of the desired
shape (i.e., the profile of shape “C”) influence outside contact regions, and hence the
contact boundary conditions are varied. From the point of view for normal material
distribution, the simplest shape, which is the initial billet shape “A”, will be changed
to the most complex of the final shape “D” after the process. The shape “C” can be
stated as one among the intermediate complex shapes between the shapes “A” and “D”
in the deformation sequence. This means that the development of defining the
unspecified shape “C” as the representation of the desired shape in the reverse

simulation can be based on the reduction of complexity of the final shape “D”.

Desired preform

¥/ shape “C” _\

X\_Final shape "

LLDH

Fig. 4.10 Different locations of the profiles of desired preform shape “C” can result

different outside contact regions, and hence different reverse shapes.

In addition, it is necessary to consider when and which contact regions should
be released since these influence the shape of reverse preform critically. Figure 4.11

shows examples of different reverse shapes obtained by releasing different contact
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regions. The shape with the lowest complexity among them is the most effective

solution. This is consistent with the primary purpose of workpiece design.

Example 1
(Released regions at top, =
left and right sides)

Example 2
(Released regions at —>
left and right sides)

Example 3
(Released regions at —>
top side)

Fig. 4.11 Different contact boundary conditions can result different reverse shapes.

The most suitable contact boundary condition should be able to reduce the shape
complexity effectively. It may be achieved by searching for all possible combinations
of reverse shapes. Nevertheless, this may be very time consuming, especially for the
complex shape analyzed by the finite-element simulation. For a relatively large time
increment, several nodes or regions may need to be released in order to reduce the

complexity of the workpiece after a reverse step. On the other hand, to consider the
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use of a relatively small time increment and releasing only one region per increment,
the same regions or nearby regions are possibly released within the same time step.
The exact time at which the region should be released is uncertain. Thus, some physical
rules or guidelines still have to be established for solving this specific problem in the
meanwhile that the releasing node procedure may not necessarily be required for each
small increment. The determination of either the node or region releasing operation
has been taken into account as described in later sections. Since a smaller time
increment can increase the prediction accuracy of the simulation, the difference
between the shapes resulting from the most suitable combination for a larger time
increment and that following one-region-released condition in the small increment can
be smaller and acceptable. Therefore, a more practical solution is to assume that only
one region is released at each reverse increment. Figure 4.12 illustrates this concept is
implemented to the reverse simulation approach. The determination of the region with
a potential to reduce the shape complexity depends on the desired shape. This concept
can also be extended for the application of the reverse simulation of the material flow
in warm-forming bimetallic components, once the interface condition between two

materials has been identified.
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Fig. 4.12 Using one-region-released conditions in many small time increments is

more efficient than searching for possible reverse shapes in a large time increment.

It is normally understood that the contact region furthest from the boundary of
the desired shape is regarded as the most complex region. This region should be
released in advance so as to reduce the shape complexity, and hence the reverse shape
will then become closer to the desired shape (i.e., the simple shape). In most closed-
die forming processes, the billets or preforms are formed in the dies such that the bulk
of the material flows towards the die cavity. The excessive material is extruded through
a restrictive narrow gap (i.e., the flash land) and appears as a flash around the formed
component at the parting line of the die. In other words, the amount of the contact
region increases along the cavities and the material eventually reaches the deepest area.

Once the material fills up the cavities completely, the flash is produced by the surplus
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material. This contacting sequence is inverted in the reverse simulation. The contact
regions are detached from the flash and subsequently along the cavities from the
deepest area. According to the above concepts, the contact region with the furthest
distance to the boundary side of the desired shape is released to form a new boundary
condition and then to obtain a new reverse shape. Figure 4.13 shows various desired
shapes identifying different contact regions with the furthest distances to their profiles

in each case.

Profile of the

/ desired shape

Contact region with t
furthest distance to
desired shape

Fig. 4.13 Various desired shape can indentify different contact regions with the

furthest distance to their profiles.

If the situation is that all contact regions are located inside the desired shape, the
region-releasing procedure cannot be performed. If this assumption is made, there are
only two possible contact boundary conditions, one-region-released and keeping the
same contact condition as previously (i.e., the no region-released condition), which is
taken into account since the exact time to release a region is unknown and cannot be
defined in advance. Thus, a measure of the shape complexity is necessary and used to

select a simple reverse shape for the next time increment.
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The desired shape in the axisymmetric bulk-forming is usually a cylindrical
billet which is the ideal material distribution shape and the most convenience for ease
of manufacture. Therefore, two major geometric variables, height and diameter are
involved to describe the billet. Indeed the difference between the desired shape and the
deformed workpiece is one of the methods used to measure the complexity of the shape.
It is understood that different contact boundary conditions result in different reverse
shapes, and hence the desired shapes for the next time increment are different in such
a case. Each desired shape also varies from the previous one in the last time increment.
Figure 4.14 shows the outside regions used to determine the shape complexity. This
requires measuring the total volumetric distribution and surface areas of the outside

regions of the axisymmetric deformed component.

Profile of the

/ desired shape

Outside region that is
used to determine the
shape complexity

Fig. 4.14 The outside regions are used to determine the shape complexity.

Based on the above, Part et al. [21] and Chang et al. [24,25] proposed concepts
for determining contact boundary conditions and controlling the reverse geometry of
the deformed workpiece, the reverse simulation approach for the prediction of billet
and preform shapes in the bulk-forming process can be developed, in which the

noticeable tasks listed as follows have to be achieved.
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- To devise a method for defining the desired shape at each time increment, the
development of this method should be based on reducing the shape complexity
according to the rational material flow and distribution. Generally, the workpiece
with a cylindrical shape is the simplest and most primitive for the axisymmetric
forming.

- To develop a method for locating the defined desired shape, this method should
be linked to the minimum shape complexity such that the difference between the
desired shape and the deformed or reverse shape can be diminished after the
appropriate location of the desired shape has been determined. Therefore, the
reverse shape can be close to the desired shape.

- Likewise, to select the most suitable reverse shape among various possible
shapes after reverse increments, the measurement of shape complexity should be
involved in this selection process to ensure that the predicted billet is sufficient

to consider the simplest shape.

The contact boundary conditions can be determined for the reverse simulation
once the methods or techniques used to deal with the above tasks are established
firmly. Figure 4.15 gives a flowchart of the reverse increment. Indeed, this proposed
concept is general and can be applied universally for various bulk-forming processes.
Although the demonstrated examples presented in the next chapter are axisymmetric
components, the methodology described in this thesis should also be sufficiently
rigorous to meet the needs of three dimensional bulk-forming billet and preform design

problems. The following sections will describe methods based on the empirical and
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physical rules to achieve the requirements of using the proposed idea in the reverse

simulation approach for axisymmetric bulk-forming problems.

Start from the final or intermediate reverse shape

v

Define the
desired shape

v

Perform the region
release analysis
[

v v
Keep the same as previous Release one contact
contact condition region
[ I
v

Carry out the backward
tracing procedures

v

Get the possible
reverse shapes

v

Measure their shape
complexities

v

Select the most suitable
(simplest) reverse shape

v

Verify the desired shape | Reconstruct the
by forward simulation | reverse shape

Is the result conformed to the
finished or intermediate

Next reverse increment

Fig. 4.15 A reverse increment with control of contact boundary conditions.
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45 Control of material flow and distribution

The material flow and distribution of the workpiece vary during bulk-forming.
As a general empirical rule, the initial shape of the workpiece (i.e., the initial billet) or
the desired shape needs to be a simple geometry, such as a cylindrical bar (for
axisymmetric forming), a circular or rectangular block (for two-dimensional plane
strain forming), or a preformed blank with an identical cross section (for three-
dimensional forming of an arbitrary shape), as shown in Fig. 4.16. The reverse
simulation should be able to find a deformation path which will always lead towards a
simple geometrical distribution from the shape with a simple material flow and
distribution to determine the contact boundary conditions in the backward tracing
process. In this study, the demonstrated examples are presented for axisymmetric bulk
forming. A circular cross section or a ring cross section (i.e., a hollow circular cross
section with a center hole) is supposed to be the cross section of the billet that is the
desired shape to be reverted ultimately. In the simplest way, the cross-sectional area

and volume of the cylindrical or hollow cylindrical geometry are shown as follows:

D2 _g>2
AC=( 1 jﬂ' (4.8)

V=Ah (4.9)

Where A is the cross-sectional area, D is the outer diameter, d is the inner diameter,
V is the volume, and h is the height. Figure 4.17 shows the configurations of desired

shapes for both solid and hollow axisymmetric formed components.
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Cylindrical
billet —

—

2D axisymmetric
forming

Rectangular

billet (block) ——
—

2D plane-strain
forming

Preformed
blank with an

identical cross —TT——

section

—>

3D forming of
arbitrary shape

Fig. 4.16 Different kinds of billets and blanks used in different types of bulk

forming processes.
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h I
h
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The desired shape The desired shape (hollow
(cylindrical billet) for cylindrical billet) for forming
forming axisymmetric hollow axisymmetric
component component

Fig. 4.17 The configurations of desired shapes for both solid and hollow

axisymmetric formed components.

As a matter of fact, the height of the billet (or the workpiece) should always be
minimised because this is able to reduce the amount of deformation greatly, and hence
decrease the forming load and energy consumption. Besides, if the shape of the raw
material or stock is a plate, a blanking or fine-blanking process can be used to produce
the initial workpiece. In this case, using thinner plate or material is more efficient and
economical from a mass production point of view, since the total volume of scraps can
be reduced remarkably. In order to evaluate the volume in a continuous domain, its
integration form may be required. In this study, a concept based on the assumption of
constant volume is essential to control the material flow and distribution by
minimizing the h of the billet, when the values of D and d are defined in the reverse

increment.
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The volume of a cylindrical shape (or volume of a solid revolution) in the
integration form about the x-axis, V, and the y-axis, V, at the centre of gravity (X, Y,)

are expressed as:

Vo=a[ " () - (%) ]ax (4.10)

x.—h/2

V=" () - (%) ay (4.11)

Ye—h/2
Where x, =d/2, x, =D/2 at the y-axis direction, and y, =d/2, y, = D/2 at the x-
axis direction. The values V, and V, of a shape can be calculated by means of
Gaussian quadrature from the finite element model or computer aided design (CAD)
software. In practice, only the value of V, (i.e., the shape is created by the revolution
along the y-axis) is considered since the x-axis and y-axis are supposed to be the
horizontal axis and vertical axis respectively in most two-dimensional finite element

software packages.

In accordance with the assumption of constant volume, the material is
incompressible in the bulk-forming process. Then the main purpose is to minimise the
value of h, subject to the limits of D and d, while the volume is a constant and the
centre of gravity is able to be acquired from a finite element model. Indeed, the limits
of D and d are bounded by the shapes of previous reverse increments excluding the
flash regions. This means the D and d cannot be larger or smaller respectively than
their limits. Figure 4.18 shows an approach using the reverse shapes to define the limits
of D and d. The largest D and the smallest d within the range of permissible limits

are usually chosen. Therefore, it is only necessary to reduce the height of the billet (or
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the workpiece) along the y-axis during the simulation so that the requirement of the
simplest shape for the reverse simulation can be satisfied. Therefore, an appropriate
approach can be used to search for the desired shape, such as a cylindrical shape (a
rectangle in two-dimensional representation), based on the consideration of the simple

material flow and distribution.

3D representation of the
final shape

Final shape Reverse shape 1 Reverse shape 2
(A hollow component)

Fig. 4.18 The limits of b and d can be defined by various reverse shapes.

The reverse simulation aims to predict an ideal cylindrical shape (i.e., a rectangle
in two-dimensional representation) with an ideal outer diameter D, and ideal inner
diameter d, about the y-axis incorporated into the constant volume of the formed
component. In order to ensure the acquisition of minimum difference of material
spreading between the ideal and deforming shapes, the values of h and k. need to be

minimised. Their equations are as follows:
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h=——"—x (4.12)

kr=\/[(Df—df)—hf]—[(DZ—dz)—hz} (4.13)

Where h is the ideal height of the billet. For a cylindrical shape (or a hollow

cylindrical shape), the value of D, —d ? is a function of A . That is:

D’-d? _AA (4.14)
T

The equations (4.12), (4.13), and (4.14) can be used to construct all possible ideal
cylindrical shapes as the desired shape with the constant volume of the deformation
workpiece. An ideal desired shape can be defined based on reducing the value of h
to represent the material flow and distribution. In Fig. 4.19, the point P ( D?*-d? h),
representing the material distribution of the deformed workpiece, has the closest point
Qonthe h versus D*—d? curve. The desired shape is then defined by the D?-d?
and h at point Q. During the reverse simulation, the h and d should increase, and

the D should decrease physically.
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=

Q(Drz_drzih')
Vy = constant
[ie., (D*-d?)h = constant]

= D’ _d°
Fig. 4.19 The h versus D*—d? curve for hollow cylindrical shape with the

constant volume Vy .

It is necessary to locate the defined desired shape for determining the contact
boundary conditions in the reverse simulation. The minimization of h of the billet (or
the workpiece) is also required to reduce the shape complexity. In fact, the mid-point
of the minimum h should be the centre of gravity (i.e., the centroid) of the shape.
Therefore, the centroid can be used to locate the desired shape for specifying the
outside contact regions for releasing the contact regions, as mentioned in the previous
section. Figure 4.20 shows an example of two desired shapes with the mid-points of
their h are set on the centroids of corresponding reverse shapes in different reverse

stages.
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No contact region is

released at the reverse stage
® 1 because all contact
reaions are inside the

Reverse stage 1 ——  Profile of the reverse shape

— - Profile of the desired shape

® Centroid of the reverse shape

@ Contact region to be released

Reverse stage 2

Fig. 4.20 The centroid is used to locate the desired shape.

Once the desired shape and its location are defined, the determination of the
contact boundary conditions and shape complexity can be performed. The new contact
boundary conditions are determined by releasing a contact region which is furthest
from the desired shape. In fact, the contact region is released by detaching the node(s)
from the die surface in the finite element model. Possible contact boundary conditions
can be obtained and several reverse shapes are predicted. The selection of the most
suitable predicted shape for next reverse increment involves measuring the shape
complexity. The shape complexity is defined by the magnitude of the volume and the
surface area outside the desired shape, which has to be located in the die properly, as

described in the preceding section. The shape with the smallest magnitude (i.e., the
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simplest shape) is then selected for carrying out the verification of reverse shape in
which a forward simulation starts from the selected shape to perform the deformation
process. If the result conforms to the final or intermediate shape, this selected shape
can be forwarded to the next reverse increment. Otherwise, the shape has to be
reconstructed by various methods, which are described in the next section. They are
originally developed upon a number of empirical and physical rules governing the

typical bulk-forming process.

The proposed method based on the assumption of constant volume and
minimization of the workpiece height is used to set the desired shape for controlling
the material flow and distribution. This method minimises the height with respect to
the outer diameter and inner diameter of the hollow cylindrical shape, and hence

reduces the shape complexity of the workpiece during the reverse simulation.

4.6 Empirical and physical rules for reconstruction of reverse shape

The empirical and physical rules are deduced from general bulk-forming
practices in terms of the deformation behaviour of material, billet, and preform design,
and the nature of boundary conditions at the interface between the workpiece and die
surface by making specific assumptions. These can establish various methods to
reconstruct the reverse shape in order to ensure that the reverse shape can be fully
deformed into the finished or intermediate shape at the particular forward increment.
In this study, the following empirical and physical rules were employed strategically

to prevent occurring the abnormal reverse geometry of the workpiece.
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Empirical rules

(i)

(i)

(iii)

Nearly same cross sections of workpiece and final component — The area
of each cross section (or outer profile) along the height of the workpiece
or billet should be nearly the same as that of the finished product
augmented by the few areas necessary for flash.

Compensation of material for incomplete die filling — An adequate volume
of material should be added to a certain region of the workpiece, where the
material is insufficient to flow into the particular zone of the die cavity and
causes the incomplete die filling.

Elimination for excessive material flowing into improper regions of die
cavity — This is in contrast to the compensation of material. The excessive
volume of the workpiece material, which flows into the improper regions
of the die cavity, especially the flash regions, should be eliminated. Also,
the volume of material at those regions is related directly to the amount of
waste material, and the flash is subsequently removed by a trimming die.
Therefore, the excessive material should be removed from an economic

point of view.

Physical rules

(i)

Assumption of constant volume — This reasonably assumes that the
deformed material is non-porous and incompressible, and thus the mass
and volume of the workpiece remain constant during the plastic

deformation. This assumption is practically realistic for many bar-type and
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plate-type metals to be used in bulk forming such as stainless steel and
aluminium alloy.

(i)  Convex expansion of lateral deformation surface — The interfacial friction
existing between the contact surfaces of the workpiece and die retards the
flow or radial displacement of the die-contact material. As a consequence,
the materials at the other non-contact regions, particularly the middle
region of the workpiece, expand more rapidly, thereby forming a convex
lateral surface outwards.

(iii) Material flowing with a higher velocity at the lowest resistant region of die
cavity — Likewise, due to the frictional effect acting on the interface
between the workpiece and die, the material first fills up the die cavities or
regions that have the lowest resistance and friction rather than the high-
resistant regions (e.g., flash land). In other words, the material flows with

a high velocity at those lower resistant regions.

As mentioned above, the material should be compressed convexly (i.e., in a
barrel shape) along the vertical die action in the bulk-forming process, due to the
existence of friction between the contact surfaces of the workpiece and die. According
to the backward tracing procedures, the Vv, and At are taken for calculating the
backward configuration or the reverse shape of X, at time t=t,, . After the
calculation, a concave-shape problem of the profile of X,, may occur, as illustrated in

the example given by Fig. 4.21.
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The material is normally
compressed as a convex-shape.

95

Forward
simulation it
& Normal intermediate shape
Reverse
simulation

Final shape (x,) \

Backward configuration (X, )

The concave-shape problem is
found in the reverse shape.

Fig. 4.21 The concave-shape problem occurred in the reverse shape.

Although the previous study by Chang et al. [24,25] did not address this problem,
such a situation is not realistic and has to be solved together with other problems
involving abnormal reverse shapes. There are two possible methods for reconstructing
these concave-shape problems arising in the reverse simulation.

- Straight-line-repair (SLR) method — The concave boundary edge (i.e., the

concave boundary surface in three-dimensional representation) is replaced by a
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straight line (i.e., a flat surface in three-dimensional representation), which links
up the two governing nodal points with a minimum distance.

- Boundary-edge-mirror (BEM) method — The concave boundary edge (i.e., the
concave boundary surface in three-dimensional representation) is mirrored along
a virtual straight line (i.e., a virtual plane in three-dimensional representation).
This straight line (or plane) is the same as that of the SLR method, which

imaginably connects the two governing nodal points with a minimum distance.

In Fig. 4.22 the identical concave-shape problem (which presents in Fig. 4.21)
is resolved by the SLR and BEM methods respectively. This is the fact that using the
BEM method should be more reasonable and realistic as the material is compressed
convexly in practice. Nevertheless, it is necessary to consider the final volume of the
reconstructed reverse shape in choosing these two methods. The method with the
volume that is much closer to that of the final shape (i.e., the finished product) should
be preferable. In other words, for the example given in Fig. 4.22, the reverse shape
restored by the SLR method should be opted. Its accuracy and reliability are then
examined by a forward simulation. It is so important to be aware that only the concave-
shape problems encountered along the x-axis (i.e., the horizontal axis) need to be
resolved. If the concave shapes occur at the top or bottom regions of the workpiece
that are oriented substantially the same direction of the y-axis (i.e., the vertical axis),
these can be ignored because the concave shapes at those regions are possibly attained

in the actual closed-die forming process.
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Reconstructed by
SLR method

(Volume = 1525.79 mm?)
Chosen solution

Reconstructed by
SLR method

(Volume = 1528.32 mm?3)
% Reconstructed by VVolume of final shape =
BEM method 1525.91 mm3

(Volume = 1527.87 mm?)

Another concave-shape
problem occurs

Reverse shape having a
concave-shape problem

(Volume = 1523.67 mm?®)

Reconstructed by SLR - Straight-line-repair
BEM method BEM - Boundary-edge-mirror
(Volume = 1528.76 mm?) - - - Concave boundary edge

Fig. 4.22 Straight-line-repair (SLR) method and Boundary-edge-mirror (BEM)

method used for resolving the concave-shape problem of reverse shape.

The physical rule for the convex expansion of lateral the deformation surface
follows the consistent material flow and distribution along the vertical forming
direction. This rule implies that the reverse shapes cannot be concave or have inwards
surfaces. Both the SLR and BEM methods are useful to resolve the concave-shape
problem. However, it is noted that some concave boundaries may be quite complicated

and require more than one shape reconstruction, as in Fig. 4.22. The cycle of shape
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reconstruction for an identical region should be limited so that the process of reverse
simulation can be carried out without obstruction. The suggested number of cycles in
this study is five. If the shape updated by the SLR or BEM method still remains the
concave-shape problem after five cycles of shape reconstruction, the time increment

of the current reverse step should be halved for the iteration to converge.

The reconstructed reverse shape is subsequently taken to process the forward
simulation with a downward stroke of the die, its displacement being properly opposite
in a sense to that reverse of stroke so that the reliability of the reverse shape can be
verified. The verification method to be used in this study is totally different from that
used in the original backward tracing method [21-25]. The traditional method
calculates the difference between the X, and x{" , which may involve the comparison

of the coordinates of each node. If ‘xo—xg”)

>, (where § is the limit of the
difference and is normally set to 5 x 10-%), which means the reverse shape is not so
close to the final shape, and further iterations of the reverse simulation at that
increment and die position are required until the value of § is smaller than the limit.
This original scheme will be very time consuming, particularly for the complicated
shapes and finite element models with numerous nodes. On the other hand, the
proposed verification method based on the empirical rules for compensation and
elimination of material should be more straightforward and efficient. It supposes the
X, and x{" are overlapped, and hence protrusions (i.e., excess of material) and
indentations (i.e., lack of material) can be found by the Boolean operation in the finite

element model or CAD model in terms of the volume and surface area. Figure 4.23
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illustrates this method for the shape comparison and verification. The preselected
allowances of the protrusion and indentation are 0.5% and 0.25% of the volume of
final shape, respectively. These values of percentage should be good enough to control
the material flow and distribution. While the x{" is verified with the accepted amounts
of protrusion and indentation while the next reverse increment can go ahead.
Otherwise, the time increment of the current reverse step needs to be halved for the
iteration and reiteration. Certainly, the value setting of the allowance for protrusion

and indentation affects the accuracy and efficiency of the reverse simulation.

Final shape Indenta}i?n
(%) o™
The shape to be
verified
(n)
(xg Protrusion
(Xi)n) —X)

N

Fig. 4.23 An example of shape comparison between X, and x{" .

The volume of the final shape in the example presented in Fig. 4.22 is 1525.91
mm?3, and thus the volumes of allowances of protrusion and indentation are 7.63 and
3.81 mm?, respectively. Figure 4.24 illustrates the same example of Fig. 4.22 for the
shape comparison, which demonstrates how the protrusion and indentation can

represent the difference between two similar shapes.
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Overlapping

3D view — Protrusion (x” —x,) 3D view — Indentation (x, —x{")
Volume = 1.23 mm3 Volume = 1.74 mm3

Fig. 4.24 The protrusion and indentation used in shape comparison.

In certain cases, reverse shapes probably have more than one concave-shape
problem at various regions by the side of x-axis. Both SLR method and BEM method
should be used to restore such abnormal regions. However, it is essential to be certain
that the reconstructed revere shape cannot be penetrated into the die. Under situations
of both these applied methods usually cause the inevitable die-penetration problem
such that, another method, the nearest-die-profile-repair (NDPR) method can be
employed. Figure 4.25 demonstrates how this suggested method can be applied to

resolve the die-penetration problem.
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problems at two regions

Solve the
concave
shape
problem

at Region 1
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at Region 2
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Fig. 4.25 The nearest-die-profile-repair (NDPR) method can be used if the

reconstructed shapes have the die-penetration problem.

The verification of the reverse shape has to be performed at each reverse

increment in order to ensure that the predicted reverse shape or its reconstructed shape
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is able to be formed as the intermediate shape or the final shape of the product. This
requires volumes of the protrusions and indentations that are lower than the preselected
allowance. If this fails with a number of excessive and lacking material regions, the
profile-offset (PO) method can be used to compensate the lacking volume and to
eliminate the excessive volume, as illustrated in Fig. 4.26. This method directly adds
and subtracts the exact volumes of materials at particular regions of the workpiece by
offsetting its boundary profiles under the assumption of constant volume. If the
reconstructed shape updated by the PO method is still not able to satisfy the
requirement, an acceptable volume of protrusions and indentations, the time increment
of the current reverse step should be halved for the iteration and reiteration to converge.
As a consequence, the overall algorithm of reverse simulation with the procedures of

reverse-shape reconstruction can be established as shown in Fig. 4.27.

PO Verification of
reverse shape

Overlap of
X, and x.”

Restore

Original

Subtract Add Protrusion Indentation
material material ~ (Excess material) (Lacking material)

Fig. 4.26 The operation of profile-offset (PO) method.
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Fig. 4.27 The flowchart of reverse simulation with the procedures of reverse-shape

reconstruction.
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The initial step of the reverse simulation is straightforward. The process may
only involves reversing the material flow at flash regions because the flash should be
formed finally in an usual bulk-forming process. After that, the further steps of reverse
simulation have to take into account of the detachment of the nodes as the material
may flow or reverse from other regions and cavities rather than the flash land. In the
actual forming process, according to the minimum work-rate principle, the material
should always flow in the path of least resistance. This means the material first fills up
the die cavities or regions that have the lowest resistance and friction rather than the
high-resistant regions (e.g., flash land). It is a fact that the material flows with high
velocities at those lower resistant regions. Therefore, the velocity of the material flow
can be used to determine such resistance of die cavities and regions, as well as the
sequence of detachment of nodes. Based on this physical rule, the material at the
cavities or regions with the highest resistance (i.e., the lowest velocity) should be
released in the beginning of the reverse simulation. In this situation, a prolonged-cavity
die (i.e., the cavities of die are prolonged) is applied to determine the appropriate
detachment of the boundary nodes. The detachment criterion is to compare the
velocities of material flowing to various regions and the flash land. Figure 4.28 is an
example, which shows the velocity fields of the material after a forward simulation. If
the velocity of the material flow at particular regions is equal or slower than that at the
flash land, the nodes at that region and the flash land will be detached. Otherwise, only
the nodes at the flash land are detached. In other words, the lowest-velocity nodes are
detached. Once the node of specific regions has been detached, the material at that

region keeps flowing in a reverse direction continuously. This node-detachment
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process triggers while the reverse increment cannot perform the automatic node
detachment under the backward tracing process and one-region-release process. If
there is more than one cavity, the nodes with the lowest velocity of materiel flow are

detached.

Prolonged
cavity

Original die Prolonged-
/ cavity die

Velocity field of material at
prolonged cavity

=N

Velocity field of formed material

Velocity field [mm/s]

A= 0.00 F= 7490
= 1498 G= 89.88
= 29.92 H= 104.86

= 4494 = 119.84
= 59.92
* Since the velocity of material at the flash land
is slower than that at the prolonged cavity, the Velocity field of material
material at flash land should be released first. at flash land

Fig. 4.28 A comparison of the velocity of materiel at the flash land and the

prolonged cavity with using the prolonged-cavity die.
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4.7 Warm-forming bimetallic components

The process of warm-forming bimetallic components involves two major
activities: (i) welding, and (ii) shaping two dissimilar metals together. These two
activities must be carried out concurrently within the process over a short duration of
time. As far as the success of the process is concerned, both heat and pressure are very
important factors. The sufficient heat energy and plastic deformation are not only used
for shaping the components, but are also necessary to generate the intermetallic bond
between the dissimilar metals as known as solid-state welding [10-12] (e.g., hot-
pressure welding and forge welding). It is noted that sufficient plastic deformation
absolutely exists at the mating surfaces of two dissimilar metals, while in the warm-
forming process. In other words, the temperatures of materials during welding and
forming become the most significant and have to be determined carefully by physical

experiments.

Additional preparation and consideration for reverse simulation of warm-
forming bimetallic components are required such as determination of material
temperatures and the evolution of the condition of bimetallic interface (i.e., a sticking
condition returning to a sliding condition), because the flow properties and mechanical

behaviour of each metal are totally different.

In this study, in order to simplify the process modelling, it was assumed that the
bulk-forming process would be carried out under the isothermal conditions. This also
corresponds to the warm-forming bimetallic component, in which a compact sample

component (i.e., smaller than @50 x 10 mm) is formed with a faster die velocity (i.e.,
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equal or faster than 40 mm/s). Since the cycle time of the process is less than 0.25
seconds, the effects of the die chilling as well as the drop of temperature are
disregarded. Although the heat transfer is not taken into account, the discrepancy of
flow stress of the two dissimilar metals causes the heterogeneous material flow, which
have to be minimised by appropriate selection of the forming temperatures. In this way,
different forming temperatures have to be chosen for each metal in both the forward
and reverse simulation. The welding temperature of the quality-weld threshold
determined by the experiments is recognised as the forming temperature of the softer
metal (e.g., aluminium alloy), which has a smaller overall flow stress in comparison
with another end configured to the bimetallic component. Accordingly, the suitable
forming temperature of the stronger metal (e.g., stainless steel) has to be selected
consistently with the experimental flow stress data of those dissimilar metals so that

the couple can flow together with parallel velocity fields.

At the beginning of warm-forming the bimetallic component, two dissimilar
metals are separated as their contact interface is under a dry sliding condition. When a
pressure is applied on them, their cohesion appears to be as strong as an intermetallic
bond that is like a sticking condition. Therefore, at the start of the modelling of the
reverse simulation for warm-forming bimetallic components, the key step is to identify
a larger shear-friction factor m (e.g., 0.9) as a nearly sticking condition at the weld
interface of the final shape of the finished product (i.e., X;). During the procedures of

reverse simulation, this m is reduced to the sliding condition in stages, which depends
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on the forming load F to be obtained from the increment of forward simulation. The

shear-friction factor m, of the reverse shape is expressed as follows:

I:I
_ Q)]

mO*l - mO F
1(0+1)

F
_ (n+1)

m=m_, SN (4.15)

I(n+2)

Where M, is the shear-friction factor of the first reverse shape X, ;, M, is the shear-
friction factor of the final shape X, F|(0) is the forming load required for forming X, ;
into X, by forward simulation, and F|(0+1) is the forming load required for forming X,
into X,,,; by forward simulation. The equation (4.15) should be subject to
Finy < Fnio - Also, the initial shear-friction factor m; should be determined by the
experiment such as a ring compression test, and hence the reduction of m can be
stopped, whenever the value of m_  reaches to m;. The process of changing the
interface conditions (from the nearly sticking condition of the weld interface to the
sliding condition of the two separated dissimilar metals) is illustrated in Fig. 4.29. The
remaining procedures and algorithm for tracing the reverse shape are almost the same

as those used for bulk-forming the single metal.
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Nearly sticking condition
represented by a high shear

Sticking/sliding condition friction, m, (e.g. 0.9)

represented by a shear
friction, m, (< m)) Metal A

Metal B

—

One reverse (a) Final shape of warm
increment formed bimetallic
(b) The first reverse component X,
shape X,
n+2 reverse
increments . -
Sliding condition
represented by a shear friction, m,
Sticking/sliding condition (obtained by ring compression test)
represented by a shear
m— -
- A number of (d) Two separated
reverse increments dissimilar metals
(c) The n+2

reverse shape X

Fig. 4.29 The process of changing the interface conditions during the reverse

simulation of warm forming bimetallic component.
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4.8 Summary of reverse simulation approach

The methodology for the workpiece design makes use of the reverse simulation
approach to predict a reverse path of the deformation as well as the initial positioning
of the model. This approach is based on the concept that both the material flow and
distribution are used to determine a desired shape which is the simplest hollow
cylindrical shape with diameters (i.e., inner and outer diameters) and a height for
axisymmetric or hollow axisymmetric bulk forming in this study. After defining the
desired shape and its location, the new contact boundary conditions for a reverse
increment can subsequently be determined by using appropriate strategies and
methods. Since the time to release the contact region and area is unknown and cannot
be defined in advance, the keeping the same as previous contact condition is also taken
into account. Therefore, several possible reverse shapes may be obtained in each
reverse increment. A measure of the shape complexity is then used to select the
simplest shape. By repeating the above procedure until all nodes are separated from
the dies, a reverse shape with a simple material flow and distribution can be predicted.
If the reverse shape is not cylindrical, it acts as a preform and further reverse simulation
is required. The die profile of the secondary reverse simulation is determined by the
reverse shape which is found in the previous reverse simulation. The procedure is

repeated until a simple geometry (i.e., a cylindrical billet) is obtained.

The reverse simulation approach adopted for the workpiece design provides an
efficient and effective procedure that is able to control the material flow and

distribution and contact boundary conditions because using the assumption of constant
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volume of cylindrical shapes and minimum height of billet as a control criterion
depends on the centre of gravity as well as the coordinates of the shape. The method
seeks a reverse path which achieves the reduction of the shape complexity from the
final shape of finished product according to the selection of the material flow and
distribution close to a simple geometry at each reverse increment. The approach is
finally incorporated with several shape reconstruction methods including SLR, BEM,
NDPR, and PO methods established by the empirical and physical rules governing the
bulk-forming process. These methods can help to reconstruct the reverse shape
exhaustively and to ensure that the predicted shape is able to be formed into the final
shape. With the additional procedures including the determination of material
temperatures, as well as the evolution of the condition of the bimetallic interface, the
reverse simulation approach can also be implemented to warm-forming bimetallic

components without problems.
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5. Research Methodology

5.1 Background

In this study, various mechanical tests and physical experiments were required
to process and verify the proposed reverse simulation approach. The acquired material
data and the determined processing conditions can be utilised for modelling the bulk-
forming process, particularly warm-forming bimetallic components regardless of
whether the forward simulation or reverse simulation is desired. The tests and
experiments performed are listed as follows:

- Uniaxial compression test — The uniaxial compression test is generally used to
obtain the flow stress data of the specimen materials at different strain rates and
elevated temperatures. In order to avoid the necking correction during the tensile
test, compression test was adopted in this study for the data acquisition, and
hence it can be conducted with large strains that are comparable to those found
in bulk forming process.

- Ring compression test — The ring compression test is a common test used to
evaluate the friction condition at the interface between the specimen materials
and die. The ring-shape (i.e., hollow cylindrical) specimens are upset to different
reductions with a lubricant or under a dry condition. An increase of the inner
diameter of ring means the friction is small, whereas the friction becomes higher

as the inner diameter of the ring decreases.

139



Welding experiment of dissimilar metals — The investigation of welding
dissimilar metals is necessary to know about how to produce good-quality
bimetallic welds or components as well as the selection of more appropriate
process conditions for process modelling. Two types of solid-state welding
processes, hot-pressure welding and forge welding were used for joining
dissimilar metals (i.e. bimetals) in this study. The reason for selecting solid-state
welding rather than fusion welding (e.qg., electrical arc welding and laser welding)
is that the diffusion occurs without any melting of the parent metals, and
metallurgical changes of the joints are minimised [10-12,114-118].

Experiment of warm forming bimetallic components — This experiment aimed
to study the effects of the process parameters in bulk-forming bimetallic
components at elevated temperatures. This helps to determine the suitable
forming temperature and ram speed (i.e., the die velocity) for attaining the
complete die filling of the bimetals.

Physical experiments for verification of reverse simulation result — The physical
experiments were conducted to verify the results obtained by reverse simulation.
The process conditions of the experiments, such as the geometries of the
workpiece and die, die velocity, forming temperature, and lubrication (i.e.,
friction factor) should be the s