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Abstract

Fundamental issues and engineering application aspccts of Pressurc-Assisted Injection
Forging (PAIF) of thick-walled tubular components were studied experimentally and
analytically. Achievements from this study met its pre-defined goals and arc demonstrated

with the following facts:

Pressurising materials were selected and qualified under six different loading conditions,
based on which a simplified configuration for confined compression tests was proposed, and

particularly, a unique biaxial testing machine was developed and used satisfactorily. The test
data were subsequently used to establish constitutive descriptions of the materials and to

facilitate the FE modelling to simulate the forming processes.

An upper bound analysis of Pressure-assisted injection forging of thick-walled tubular
components with hollow flanges was conducted and formulated solution for the forming

process was developed, by which the maximum forming-force for a given component

geometry can be predicted with sufficient accuracy.

Failure modes and process range for pressure-assisted injection forging of thick-walled
tubular components were studied experimentally and numerically, as a result, eight standard
failure forms were categorized and three forming limit diagrams were established, which

were validated experimentally and can be used as a guidance for the process design.

By combining above results achieved, an approach for synthesising concurrent design and
manufacture of thick-walled tubular components with pressure-assisted injection forging was
developed, in which technical details of the process and step by step procedure towards

producing sound tubular components were provided. The development represents a
significant progress towards engineering and industrial applications of the pressure-assisted

injection forging (PAIF) technology.

Using the forming limit diagrams as a design guideline and following the approach for

synthesising. concurrent design and manufacture, an engineering component — hollow gear

shaft was formed successfully.
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1.1 Background

Developing manufacturing technologies, by which tubular components can be
manufactured in a manner that they are light in weight and strong in structure, has
been a target for the automotive and aerospace industries over the last century. As a
result, manufacturing of tubular components has taken a firm root with

manufacturing industries.

During the last few decades, a lot of work have been published, with regard to the
development of process configurations, extension of process limitations and
optimisation of process parameters etc. in metal forming, which contributed a lot to
the development of manufacturing technologies. However, development of methods
and technologies for manufacturing tubular components with high strength to weight

ratios, and high cost-effectiveness is still insufficient. For example, to date, the
manufacture of tubular components for the NASA space shuttle, which would
require the highest degree of the perfection and reliability to withstand excessive
forces, still involved multiple processes, such as bending, curving and forging of the
tube separately first, then the complex shapes could only be achieved by the
subsequent welding or other assembling processes. Obviously, such a manufacturing
approach not only costs too much, but also takes longer time. On the other hand,
these shapes and performance requirements of the parts reflect the demands on the
effectiveness of the manufacturing and provide the new opportunities/directions to

develop manufacturing processes to meet these challenges.

To-date, research and applications in the forming of tubular components have

concentrated on the forming of thin-walled tubes. These components are usually
unable to sustain heavy working-loads. Under such circumstances, industry still
largely uses solid components, which are of low strength-to-weight-ratios. Thick-
walled tubular components would be an ideal option to provide a balance between
the strength and the weight of the component-structure. Manufacture of this type of

components is currently effected largely by forging, cross rolling, rotary
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swaging/radial forging or cold extrusion plus welding. These processes, however,
either require complex machinery or increased numbers of opcrations. An alternative
to the processes named above for manufacturing thick-walled, tubular components
was, therefore, proposed and proven to be a more efficient means to produce this

type of tubular components [1-3]. The process is so called Pressure-assisted Injection
Forging (PAIF).

It is clear that PAIF is the latest development of injection forging with many new
areas to be explored. Fundamental studies and engineering application aspects of
pressure-assisted injection forging of thick-walled tubular components were,
therefore, planned. As it will be introduced in the following Chapters 3 to 7,
respectively, the studies include: (1) selection of pressurising materials (P-Ms) for
PAIF; (2) qualification of mechanical properties of the selected P-Ms for PAIF; (3)

development of analysis methods for PAIF; (4) definition of the failure modes and

forming limit diagrams for PAIF and (5) forming of engineering components with
PAIF.

1.2 Definition of the Project

1.2.1 Objectives

The overall objective of the proposed study is to establish systematic theory and
technical details of Pressure-assisted Injection forging (PAIF) of thick-walled tubular
components. Based on the analysis of insufficiencies of previous research and
technology development of PAIF, the following measurable objectives have been
defined for this project:

(1)  Evaluation of aspects of the engineering of the PAIF with reference to

pressurising materials (P-Ms).
(2)  Qualification of mechanical properties of P-Ms, and development of new

constitutive-descriptions of these materials.



Chapter 1 Introduction

B ASA SRR SRS S44 LR ASAS RS Ehairbd BRAH SIS HAMA RIS AN BARSSAIN H R RO VR R AR A N R HEEA B AL G0 AR 0 E T SR BAA A 000 Be SRS 0 a b0t g OISR RA SRR RI N R RSN 0D AS ARG R RO R R dd b0 4§ FEI RO PRSH R H NI M RS I F At N R RS R R R R R B AR NSNS D RS BB A TR R B M B R R AR RN i vk

(3) Development of new methods, including upper bound solution, FE and
experimental procedures for the analysis of PAIF.
(4)  Definition of the process ranges of PAIF as a function of forming sequences,

P-Ms and work-materials (W-Ms).

(5)  Testing methods and procedures to form an engineering component.

1.2.2 Methodology

By combining fundamental research in mechanical properties of pressurising
materials (P-Ms), forming experiments with FE simulation, research was conducted
to analyse the feasibility of P-Ms, define application-ranges of PAIF and develop an
approach for synthesising concurrent “design and manufacturing” of engineering

components.

Initially, a wider range of investigation on the polymers as possible P-Ms was carried
out, which was followed by initial tests on the all possible P-Ms (available from the
market) under different confined pressures, with a view to qualifying the feasibility
of the materials as the P-Ms for PAIF. Subsequently, mechanical properties of the
selected P-Ms were qualified with five types of the tests i.e., uniaxial tension,
uniaxial compression, planar tension, planar compression and bi-axial tension tests.
Based on the above tests, mechanical properties of the selected P-Ms were defined
using the known constitutive models. The FE modelling was initiated based on the
measured material-constants. The developed FE simulation models were further
conditioned with forming experiments. In addition, an upper bound solution for PAIF
was also developed with a view to delivering a quick tool for process analysis. By
combining experiments, FE simulations and analytical calculations, with reference to
the stability of tubular billet and initiation of forming defects, the process range was
defined as a function of forming sequences, P-Ms and W-Ms. Based on these
exercises, a general approach for design and manufacture was defined. Using this
approach, tubular components with secondary elements - hollow-gear-shafts were

formed.
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1.2.3 Programmes

The PhD study was planned to cover the research in four major areas:

Qualification of pressurising matcrials

P-Ms were selected from all possible sources. These were subjected to initial tests

under confined pressures to establish their feasibility as a P-M for PAIF, for which a
simplified configuration for testing was developed. Three selected P-Ms were

subjected to further tests to establish descriptions of their mechanical properties with

reference to confined pressures.

Design, construction and trials of research equipment

In order to carry out the further qualification of mechanical properties of the selected
P-Ms under biaxial tension conditions, a biaxial tension test machine was needed.
The development included design review, patent search, concept development and

detailed design. Test trials were carried out before the construction was finalised.

Development of analysis methods

FE Modelling and analytical procedures were defined for PAIF., Both numerical and
analytical models were then verified experimentally. With respect to the forming of
hollow flanges, the conditioned FE models were used for two groups of analyses: (a)
to examine material deformation, strain and stress distributions for variations of die-
cavity geometries, and (b) to compare different pressurising and injection schemes
for each combination of the selected P-Ms and W-Ms. The analytical model -upper
bound solution, was used to predict the maximum forming load and to analyse the
process parameters for PAIF. Based on the analysis-results, a synthesis algorithm for

deriving forming-sequences for complex component-forms was developed.

Forming experiments
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Different lubrication schemes were studied with a view to establishing an “optimal”
lubrication scheme for PAIF. With reference to the forming of hollow flanges,
further experiments were conducted respectively for: (a) conditioning FE models, (b)

examining effectiveness of P-Ms, (c) verifying the process-range defined, and (d)

verifying the forming-sequences designed.

1.3 Scope of the Thesis

In this thesis, following the introduction to the PhD study in Chapter 1, literatures
concerning the relevant work, with regard to the methods, components, formability
and defects in the manufacture of tubular components are reviewed in Chapter 2.
The selection of pressurising materials is described in Chapter 3. The experimental
equipment, materials and techniques, with reference to the qualification of
mechanical properties of the selected pressurising materials, are introduced in
Chapter 4. Theoretical analysis methods developed for pressure-assisted injection
forging are depicted in Chapter 5. Based on both, experimental and theoretical
analysis results, failure modes and forming limit diagrams for pressure-assisted
injection forging of thick-walled tubular components are defined and presented in
Chapter 6. With the design and manufacture approaches developed in Chapters 3, S

and 6, forming of a gear-shaft was presented in Chapter 7. Suggestions to the future

work are given in Chapter 8.

1.4 References

[1] R Balendra and Y. Qin, "Pressure-assisted Injection Forging of thick-walled
tubes", Int. J. of Mach. Tools Manf,, Vol. 35, No. 11, 1995, pp. 1481-

1492,



Chapter 1 Introduction

SRS SRS AL R DA S0 4 00 A DA A A0 A0 B RATE A BB SAR LA DAL PR LI LD DI S L AL PRI PR S04 S 4 B 1000 540 b Pl b bAAR SR S RSN SR SRS L0 0 pa RO T A R B R A AN S S AR N LA SRR AR R N AR A A B S AR SN A R R PR b 0 MLV AR AR A D R DR R b i b LB B IR Ll

[2] Y Qin and R. Balendra, “Technical evaluation of pressure-assisted injection
forging of thick-walled tubes”, Advan. In Manuf, Tech. IX, London, 1995,
pp62-60.
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pressure-assisted injection forging of thick-walled tubes”, Proc. 5" ICTP,
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Chapter 2 Literature Review

Chapter 2

Literature Review

In this chapter, after identification of the demands on l

- tubular components in Section 2.1, the development of

both methods and technologies of manufacturing tubular

Injection forging process is described in Section 2.3,

including the latest development of Injection Forging,

: classifications. Definitions of formability, component :

~ defect-forms and extension of process ranges of

is reviewed in detail with respect to the forming process

- components is concisely reviewed in Scction 2.2. :

1.e., Pressure-Assisted Injection Forging (PAIF), which

injection forging are addressed in Secction 24. |

Following the discussion on the modelling of injection :

. forging processes and testing pressurising materials in .

Sections 2.5 and 2.6, respectively, the main research -

issues identified during the literature review are

- summarised in Section 2.7. References are given in .

Section 2.8.
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Chapter 2 Literature Review

Nomenclature

d diameter of billet

W wallthickness of tube

t thickness of flange or free-gap height of pdz
r exit-radius of injection chamber

] length of billet

D punch pressure component

L specific length of billet, 1/d_

D specific flange diameter d;/d_

T specific flange thickness or aspect ratio of pdz, t/d_
R specific exit-radius, t/d_

P total punch pressure

c stress/strength

€ strain

1L coeflicient of friction

Subscripts

o original/outer

1 current

: injection

a applied (at the punch/billet interface)

b transmitted (at the injection-chamber/die-cavity interface)
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2.1 Demands on Tubular Components

Tubular components are those products having a hollow section with or without
secondary elements (flanges etc.). The use of this typc of components can not only
save the engineering materials, but also reduce the weight of the structures and/or, at
the same time meet some specific requirements. It is well known that tubular
components are among the variety of the products of manufacturing technologies, by
which one or more than one raw material can be converted into products to serve and
satisfy our society and people’s increased demands. The start of such manufacturing
technologies can be dated back to the 5000 to 4000 BC with the production of variety
of articles made of either metallic or non-metallic materials [1-2]. The subsequent

development of manufacturing technologies has historically influenced the

civilization of every human society and improved people’s daily life greatly. Their
products have, therefore, been firmly bounded with us and widely used in many
areas. As described by Kalpakjian “A ballpoint pen, for example, consists of about a
dozen parts, a lawnmower about 300 parts, a grand piano12, 000 parts, a typical
automobile 15,000 parts, a C-5A transport plane more than 4 million parts, and a
Boeing 747-400 about 6 million parts.” [1]. Tubular components as one family of the
many products of these manufacturing technologies are, of course, not exceptional.
Tubular components had been manufactured 200 years ago by the basic extrusion
process. The first hydraulic press was used to produce lead pipes to meet people’s
requirement at that time [2]. Nowadays, tubular components are used in almost
everywhere, from house hold utilities (such as central heating pipes, wire covers and
daylight lamp tubes) to industrial applications (such as tubular drive shafts, tubular
steering columns and tubular stabilizer bars manufactured by cold extrusion, radial
forging or swaging) for vehicles etc. [3-5]. In addition, many hydroformed tubular

components, as those shown in Figs. 2.1 to 2.3 [6-14], are also successfully used by

industries.

Automotive and aerospace industries are, however, still under pressures to produce

environmentally friendly cars and airplanes. It means that these vehicles should be
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lighter in weight and less in consumption of fuels, as a result, to rcduced the
pollution to the environment. To achieve such a goal, more tubular components,
which are of high strength to weight ratios, have to be manufactured to replace the

still largely used solid components, which are of low strength to weight ratios.

Since capability of manufacturing tubular components is largely prescribed by the

levels of the development of the technologies, it is of great interest, for the defined
research, to carefully examine what have been achieved in this field during the last

decades.

2.2 Methods and Technologies for Manufacturing Tubular

Components

In order to carry out a wider range of investigation on the development of the
technologies for manufacturing tubular components, a classification of the tubular

components 1s required.

2.2.1 Classification of tubular components

Tubular components can be classified using several different criteria, such as by
component feature (seamless or seamed), by its use (for structural materials or for
transportation of radio signals) and by its special quality (precision forged or not) etc.
[15]. According to their geometric axis, tubular components also can be classified
into two types of the tubular components with straight axes and the tubular
components with bent axes [9]. Based on the different materials used, the tubular

components can also be divided into metallic and non-metallic tubular components,

etc.

In this thesis, attention is paid to the tubular components made of metallic materials

by means of tube forming. Further to the several classifications made by Dohmann
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and Avitzur [9, 15] for tubular components, a systematic classification of the tubular
components has been developed, which is presented in Fig 2.4. This classification
takes into account the dimensions of the tubular components (i.e., from thin-walled
to thick-walled), shapes of the tubular components (i.e., from the simplest form, a
plain tube, to the complex form, the tube with hollow flange), as well as suitable

forming methods (i.e., from the ancient tube extrusion to the newest PAIF).

2.2.2 Methods and technologies for manufacture of tubular componcnts

As shown in Figure 2.4, the methods and technologies of manufacturing (forming in
particular herein) tubular components are well related to their dimensions and

shapes. For example, for a thin-walled T tube, shown as component-form (1), 1t can
be manufactured by either tube hydroforming [8-10] or tube rubber-forming [16-19].

The component-form (2) is a thin-walled tube with bent axis (sub-frame for Ford
Mondeo), which is preferably manufactured by tube hydroforming [8-9, 12, 14]. The
component-form (3) is a thick-walled bend, which can be formed by three tube
bending methods (stretching bending, draw bending and compression bending). The
component-form (4) is a thick-walled plain tube, which can be produced by more
than three tube forming methods (rotary tube-piercing, tube extrusion and tube
drawing/sinking). The component-form (5) is a thick-walled tube with locally wall-
thicken profile, which can be manufactured by tube spinning. The component-form
(6) is a thick-walled tube with local or end portion reductions in diameters of the
tube, which can be formed by tube swaging or tube rotary swaging. The component-
form (7) is a thick-walled tube with both inward and outward solid flanges, which
can be produced by two different methods (injection forging with the support of
mandrel and combined radial with axial forging. The component-form (8) 1s a thick-
walled tube with hollow flange which may only be manufactured by pressure-
assisted injection forging (PAIF). All of these tube forming methods and
technologies are described in the following, Sections 2.2.2.1 to 2.2.2.8, respectively.

12
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2.2.2.1 Tube hydroforming

Tube hydroforming is one of the relatively new metal-forming processes. “About 30
years ago, the first hydroformed parts, fabricated by expanding a straight or pre-bent
tube, were manifold elements and components of similar geometry for sanitary use.”
[9, 20]. Nowadays, it is gradually gaining more importance as its potentials and
benefits are being realised by industries [8-14, 21]. In tube hydroforming, the tubular
billet or pre-bent tubular billet is placed between the desired top, bottom and

movable side forming dies first. Then one end of the tube is sealed by a punch and

the other end may be connected to a hydraulic horizontal cylinder. When the cylinder
pumps the liquid into the tubular billet, it is pressurised. As a result, the tubular billet
deforms gradually and locally within the expected zones, as the movable die over the
selected zone is moved away radially from the original shape of tubular billet.
During such a tube hydroforming process, no axial compressive force is applied to
feed in the tubular billets into the deformation zone and the tubular billets are mainly
subjected to a radial internal pressure applied by the pumped liquid. Hence, the
forming of tubular billets is mainly accompanied by thinning the thickness of the
tubular billet radially and locally. Fig. 2.5 illustrates such a similar process in which

a side movable die 1s not involved [12].

Although such a tube hydroforming process offers several advantages as compared
with the conventional manufacturing via stamping and welding [8, 22-25], it also has

some drawbacks, such as low cycle time, very expensive equipment and high skill
requirement to the operators [8]. It is also only suitable for the manufacturing of the

thin-walled tubular components, with a specific wall thickness of w/d,<0.13 [8-10,
26].

2.2.2.2 Tube rubber forming

As Thiruvarudchelvan pointed out [18], “Rubber-forming had its beginnings in the

latter part of the 19" century. Rubber was used over metal dies to eliminate
Y

scratching of the sheet-metal surfaces during blanking or forming, In the early part of
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the 20" century, rubber pads were used to bulge metal barrels. By 1925 many
possibilities of rubber forming such as shearing, forming, bulging and embossing,
had been explored” [18]. In the second quarter of the 20™ century, several rubber-

forming processes were used industrially. One of these processes is the Guerin
process [27-28], which was used during the Second World War (1939-1945) for the
forming of aircraft panels. The development of the polymer-industry since the 1960s

[29-30] has promoted the research and development work of the techniques of rubber

forming (flexible-tool-forming) worldwide over the last four decades [18]. The
process of rubber-forming tubular components is, in principle, similar to the tube
hydroforming, except that the radial forming load is applied by the internally filled
and compressed rubber, rather than by liquid. Since the drawback of the leakage
accompanied with tube hydroforming can be avoided in rubber-forming, the tooling
and equipment used for rubber tube forming cost less than those for hydroforming.
However, tubular components that can be formed by rubber forming technique 1s
even thinner (with a specific wall thickness of w/d,<0.083) than those (with a
specific wall thickness of w/d,<0.13) by the tube hydroforming [16-19, 26, 31].

2.2.2.3 Tube bending

There are three tube bending methods, i.e., stretch bending, draw bending and
compression bending as shown in Fig. 2.6 [1-2], that can be used to produce
component-form (3) in Fig 2.4 and the similar components. In stretch bending, the

form block (die) is fixed and two chucks are used to apply the forming load to bend

the tube into the desired shape. In draw bending, the form block is rotational. A
pressure bar and a clamp are used to effect the bending process. In compression

bending, the form block similar to that used in stretch bending is fixed. A wiper shoe

and a block are used to carry out the work. Although these three tube bending
processes are somewhat different from each other and the tooling is specialised
individually, they are characterised by two common features. One is that the tubular
billets for all three tube bending processes have to be prepared in a same manner
prior to the bending processes. Another is that the components produced after the

bending processes have the same diameters as originally. In other words, all the
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tubular billets prepared to be bent are equally and internally packed with some loose
materials or flexible mandrels to prevent the collapse and buckling of the tubes
inwardly during the bending processes. All the tubular components produced after
these tube bending processes have only changed the geometrical axis shapes from
straight lines into curved ones. But it doesn’t alter the outside diameters of the
tubular billets after bending processes, due to the constant tooling conditions.
Therefore, the methods of tube bending might be only used in the circumstance,
where the geometric shape of tubular billets need to be altered but without the

change of their outside diameters.

2.2.2.4 Tube rotary-piercing, extrusion and drawing/sinking

In order to produce thick-walled tubular components similar to the component-form
(4) as shown in Fig 2.4, three forming technologies, rotary-tube-piercing, tube
extrusion and tube drawing/sinking, as shown in Fig. 2.7 (a), (b) and (c), respectively
[1-2], may be used. The forebears of these tube-forming technologies plus the tube
bending, spinning and swaging technologies can be traced back to the Neolithic, 1n
Mesopotamia and other areas around the Mediterranean. When gold was found by
early man, it was in relatively pure form in nature and could be hammered into shape
[2], which evoked the subsequent evolution and development of metal forming
technologies throughout human history. “The rotary-tube-piercing process (the
Mannesmann process, developed in 1880s) is carried out by an arrangement of
rotating rolls [1]”, as shown in Fig. 2.7 (a), where two rolls and a mandrel are used.
This process is based on the principle that when the solid rod is subjected to cycling
compressive stresses, a cavity begins to form at the centre of the rod. It is a hot-
working process starting from a solid billet and it is suitable for producing long,
thick-walled, plain and seamless tubes. “Extrusion as an industrial process was
invented around 1800 in England during the Industrial Revolution when that country
was leading the world in technological innovations. The invention consisted of the
first hydraulic press for extruding lead pipes.” [2]. In tube extrusion process, a
container and a ram with a mandrel (for direct extrusion) or with a punch/die (for

indirect extrusion) of a tube are normally used Fig. 2.7 (b). Indirect extrusion is also
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called backward extrusion or reverse extrusion. According to different working
temperature of the work-piece, tube extrusion can also be divided into hot, warm and
cold extrusion. When cold extrusion is conducted at a high speed, the process is also
called impact extrusion. Extrusion process can start either from a tubular billet or a
solid billet, and can be used to produce not only the circular tubes, but also the other
components with hollow or semi-hollow cross sections, as well as the solid cross
sections. The PhD study is mainly focussed on the extrusion of the circular tubes. In
tube drawing process Fig. 2.7 (¢), a die and a mandrel are involved. When the tube
drawing, sometimes, is conducted without the use of a mandrel, the process is also
called tube sinking. This process begins from a tubular billet produced originally by

some other processes, such as tube extrusion and rotary-tube-piercing, and can be

used to reduce the diameters or wall thicknesses of the seamless and plain tubes.

2.2.2.5 Tube spinning

The manufacture of thick-walled tubular components with locally wall-thicken
profiles, similar to the component-form (5) as shown in Figure 2.4, is related to the
use of tube spinning. Similar to tube drawing, tube spinning process starts with a
tubular billet produced by either tube extrusion or rotary-tube-piercing. In tube
spinning, a roller tool and a mandrel (to support the inside wall of the tube for
external spinning) or a die (to surround the tube for internal spinning) are used (Fig.
2.7 (d)). This process can be used to reduce the wall thickness and increase the length
of a tube by means of the roller tool applied to the work-piece over the cylindrical
mandrel or die. Unlike injection forging with the support of mandrel, both inward

and outward local wall thicken profiles can not be formed simultaneously in a single

tube spinning process. In other words, the products produced by the tube spinning

can only have either an inward wall thicken profile (by internal spinning) or an

outward wall thicken profile (by external spinning) after a single spinning process.
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2.2.2.6 Tube swaging/rotary swaging

Tubular components similar to the component-form (6), as shown in Fig. 2.4,
normally have local or end portion reduction in diameters of the tube and can be
manufactured by tube swaging [1-3]. Tube swaging is also known as tube rotary
swaging, as shown in Fig. 2.7 (e). In this process, a mandrel and a set of rollers as the
rotational forming tools caged are usually used. When the rotation of the rollers
(dies) 1s instead with the rotation of work-piece to feed it into the hammering dies,
this process is also called rotary forging or rotary forming [2-5]. Similar to tube
drawing and spinning, it starts with a tubular billet and can be used to reduce the
diameter of a tube locally or at the end of the tube to create a tapered section. By

taking advantage of the specially shaped mandrels, such as longitudinal or spiral
grooves on them, both internally and externally shaped tubes can be swaged. In

addition, without using the internal mandrel, this process also can be used to reduce
the diameter of a solid stock. The process for swaging tubular billet is, however,
usually limited to the manufacturing of the tubular components whose diameter 1s
less than S0mm and whose length is smaller than that of the mandrels used in the
process. Although the products produced by swaging have improved mechanical

properties and good dimensional accuracy, the tooling and machinery used in this

process are quite complex and expensive.

2.2.2.7 Injection forging with the support of mandrel and combined radial with
axial forging

The thick-walled tubular components with solid flanges (inward, outward or both)
,similar to the component-form (7) in Fig 2.4, may be formed with two different
methods starting with tubular billets. One is the process which combines radial
forging with axial forging [5], whose tooling and machinery costs are very high.
Another 1s the radial extrusion process plus an inner support provided by a mandrel
to prevent the tubular billet from collapse [32-34]. Although the latter is cheaper than

the former, neither of the two tube forming technologies can be used to produce the
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thick-walled tubular components with hollow flanges, similar to the component-form

(8) as shown in Fig 2.4,

2.2.2.8 Injection forging with the support of the pressurising matcrial (PAIF)

Considering the deficiencies with the above methods and technologies of
manufacturing tubular components, many efforts were devoted to the development of
new methods and technologies to manufacture the tubular components, similar to the
component-form (8) in Fig. 2.4. Early attempts showed that injection forging with
the support of a pressurising medium may be a solution for producing thick-walled
tubular components efficiently [35-37]. It is, therefore, necessary to review the

research and engineering applications of the injection forging of engineering

components.

2.3 Injection Forging Process Configurations and Applications

Although earlier interests in injection forging were generated in the early 1960s [38-
40], as a new configuration was proposed to achieve a nett-shape definition for
complex component-forms, further development of this concept was somewhat
restrained until the 1970’s [41-43]. Such a delay was caused by the insufficient
development of tool-materials (particularly cold-forged steels), work-matenals,
lubrication procedures and tool construction techniques. The significant progresses in
this technology were only made during the 1980’s when some complex component-
forms, such as cruciforms for universal joints [44-45] were produced successfully
with this processing option. Although forming of these component-forms has since
breached the conventional formability limits and extended the ranges of nett-shape
manufacture, to date, injection forging of tubular components is still a relatively new
process [46-47]. There are several names, such as injection forming, injection

upsetting, radial extrusion, side extrusion, transverse extrusion and lateral extrusion
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used to describe the similar process configurations [48-52]. The name of injection

forging is used throughout this thesis.

2.3.1 Dcfinition of injection forging

Injection forging is a process being recognised as an efficient method to produce

engineering components with low cost in machinery and tooling, high quality in

component-performance and dimensional accuracy among the other metal forming
technologies [41]. Injection forging is, usually, defined as a nett-shape or near nett-
shape manufacturing process, in which work-material is contained in an injection
chamber and injected into a die-cavity to form a desired engineering component-
form. A simplified process model of injection forging is shown in Fig. 2.8. The
work-material-flow in this process is characterised by the simultaneous movement of
work-material along both radial and axial directions to fill the die-cavity which is
largely prescribed by the exit-geometry [53-54]. When injection forging is conducted
without the use of the flange-ring-die, refer to Fig. 2.8, it is, alternatively, called
injection upsetting. When injection forging is combined with other metal forming
processes, such as backward or forward can extrusion, it is also called combined can

with radial extrusion, and so on [55].

2.3.2 Configurations of injection forgoing

As mentioned previously in Section 2.3, injection forging has been developed
significantly over the last three decades. Ultimate goal is to achieve the nett-shape or
near-nett-shape components without the post-processing. For example, in addition to
the development of cold and warm forging technologies with this objective in mind
[56-63], configurations of injection forging processes have been developed gradually
from the injection of solid billets to the injection of tubular billets [32-41]. Three
popularly used configurations of injection forging are shown in Fig. 2.9, which
respectively uses a solid billet, a tubular billet with a mandrel and a tubular billet

with a pressurising medium [64].
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2.3.2.1 Injection of solid billets

Early development of injection forging was mainly in the forming of solid
components. In 1963, Cogan [38] attempted to produce solid flanges from solid
billets by injection forging. For the similar configuration, other attempts, such as
those reported by Pugh in 1964 [65], Alexander in 1965 [39], and Parsons in 1973
[66], were conducted by applying an active counter-pressure, which was being
achieved using fluids and matrix materials, with a view to preventing the initiation of
fractures on the front edge of the flanges. The fundamentals of these developed
configurations were based on the assumption that the superimposed hydrostatic

pressure would extend the threshold of formability of the flanges. As a result, a
multi-axial extrusion configuration of a solid billet was attempted in 1974, in which

the billet contained in a closed die was extruded along several axes to produce solid
or hollow branched components in a single operation [67]. Following this process

configuration, the L, T and X-shape component-forms were cold-extruded from

cylindrical aluminum billets on a special testing machine [64].

With reference to die-structure-forms and component-forms produced, injection
forging of solid billets was further divided into four groups [44], i.e., solid radial
extrusion, tubular radial extrusion, radial can extrusion and radial extrusion of a
flange, as shown in Fig. 2.10. With reference to tool-kinematics, another
classification was made by Aliev [50], shown in Fig. 2.11, from which, deformation
mechanisms and forming forces associated with different configurations were
initially compared. A more detailed classification of injection forging solid billets
was conducted with respect to the direction of work-material-flow relative to tool-
movement, loading arrangement and the type of products produced [68] and it was

suggested that radial extrusion can be applied to open-die, semi-open-die and closed-

die extrusions.

2.3.2.2 Injection of tubular billets with mandrels

Although engineering components are usually manufactured from solid billets,

because of the well developed processing technologies, many engineering products
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may also be produced from tubular raw material to meet all the performance
requirements in such a manner that the specific energy consumption is reduced and
the work-material utilization efficiency is improved. With this intention, research in
the-injection forging of tubular billets was initiated in 1977 [43] with a view to
investigating the failure-forms and energy requirements. In this investigation, a solid-
mandrel was used (similar to Fig 2.9 (b)), by which either the entire length or the
length contained by the injection chamber of the tubular billet could be supported to
either prevent the inward flow or allow the inward flow of the work-material

respectively during the process.

Another effort was made to classify the failure-forms and define the process-ranges
for similar process configurations [32-33, 43, 51, 69], with reference to the number
of injection punches used, constraints to the tubular billets and flow-directions of the
work-materials [32, 69]. Fig. 2.12 shows such a classification [32] by which the
forming of solid annular flanges from tubular billets was addressed. In this
classification, the terms of "one end constraint" and "both end constraint" were used.
The former is for the free-ended injection and the latter is for end-constrained or
double-ended injection forging. The mandrel-forms of both a plain rod and a rod
with locally reduced diameter were also used as a criterion to allow the sub-division

of the process into the outward-flow-forming, inward-flow-forming and free-flow
forming (Fig. 2.12).

In the later 1980’s, injection forging of tubular billets was progressed to produce
solid-flanged-tubular-components with axially varied geometries, as shown in Fig.
2.13. In this process configuration, the combination of the radial extrusion and the
axial extrusion of the tubular billets was conducted simultancously. The results
obtained demonstrated the feasibility of using a single-stage injection forging to
replace a multi-stage forming of a similar engineering component [47]. The ratio of
work-material-flow in the radial direction and that in axial direction at any stage of
the forming was controlled by the die-cavity geometry and friction conditions

between the work-material and the die-surfaces.
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In 1993, another effort was made to combine the radial extrusion with inside ironing
process with a view to preventing the non-uniform diameters of the tubular
components [70]. In this process, radial-extrusion was conducted at a point along the
length of a tubular billet, while a punch was used to iron the billet, by which the
forming of components from thin-walled tubes was addressed. Using this
configuration in the forming of thick-walled tubes may prove to be more difficult due

to the unacceptable high pressure produced at work-material and die-surfaces.

2.3.2.3 Injection of tubular billets with a pressurising medium

Although some of the engineering components (thin-walled) might have been

successfully injection forged from the thin walled tubular billets with the support of a
pressurising medium, injection forging of thick-walled tubular billets into the thick-
walled engineering components with the support of a pressurising medium, to date,
was not well explored. More attention will, therefore, be paid to the injection of
thick-walled tubular billets with the support of a pressurising medium, in the
following Section 2.3.2.3.1.

2.3.2.3.1 Configuration and development of injection of thick-walled tubular
billets with the support of a pressurising medium

Injection forging of thick-walled tubular billets, with the support of a pressurising
medium is the latest development of the technologies. It is developed with a view to
producing the tubular components similar to the component-form (8) (Fig. 2.4) and
(Fig. 2.9 (c)). In this process, pressurising medium is inserted into the tubular billet
and the compound billet is then contained in the injection chamber before being
injected into the die-cavity. The injection chamber provides additional stability to the
compound billet and larger amount of both work-material and pressurising-material
can, therefore, be injected into the die-cavity by the forces applied by both injection
and pressurising punches. Hence, thick-walled tubular components with hollow

flanges can be produced. The principle of using the pressurising medium can be
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traced back to the early of 1960s, when metal-forming had been conducted with the
assistance of fluids [71] and elastomers (polyurethane) {72]. More recent progresses
in this process have been made since 1985 when more complex tubular components,
like tee-forms, have been formed by elastomers [16-19] (Fig. 2.14 (b)). In this
process, the T-piece was formed using a number of urethane plugs [16, 18], a stepped
punch as well as a tubular billet, which was pre-chamfered at each of the two ends of
the billet and following a designed forming sequence of the operation. These
configurations may be regarded as injection forging, since the process configuration
was characterised by the simultaneous injection of the tubular billet and radial

bulging of the tubular billet to form hollow flanges [18]. These successful examples
have encouraged the research in the field of metal forming technologies to introduce
the pressurising media into injection forging to form thick-walled and hollow flanged

tubular components, which used to be considered being unachievable, with the
conventional metal forming technologies. In the latest process configuration, two
concentric punches may be required and independently controlled in order to apply

much higher pressures to both work-and pressurising-materials [35-37].

2.3.2.3.2 Forming processes and classifications

As mentioned in Section 2.2.2.8, pressure assisted injection forging (PAIF) was
proven to be a feasible solution for producing thick-walled tubular components with
hollow flanges. Such component-forms can not only overcome the drawbacks with
either thin-walled tubes, which are unable to sustain heavy working load or solid
components, which are sometimes material-wasteful, but also provide a balance
between the strength and the weight of the components. This process configuration,
however, may involve different forming sequences and parameters to those which
are used in the forming of thin-walled tubes, since bulk flow of the work-material 1s
inevitable in the forming of thick-walled tubes. The success of this process would,

therefore, largely depend on the understanding of the technical details, such as
forming process classifications, formability, and component defect-forms of the

process, etc. Efforts were, therefore, devoted to address these issues subsequently.
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Actually, there are many metal forming processes, such as rolling, bending and so
on, for which many classifications were proposed, such as those proposed by Lange,
Kalpakjian and Mikell [1-2, 73], respectively. For example, using the predominant
stresses of forming processes as the criterion, Lange classified metal forming
processes into five groups, i.e., compressive forming, tensile forming, combined
tensile and compressive forming, forming by bending and forming by shearing [73].
Other efforts were also devoted to further classify forming processes for more
specific metal forming fields, such as radial extrusion and injection forging. For
instance, with reference to the number of the punches, movement of the dies and
mandrel-forms, radial extrusion was further classified into radial extrusion, radial
extrusion combined with die movement and upsetting [32]. According to billet

forms, configurations of injection forging were also further divided into injection

forging of solid billets and tubular billets, respectively [74-75). However, no
literature has been found with the attempt to address the process classification of

pressure-assisted injection forging (PAIF).

According to different pressurising media used, processes of pressure-assisted
injection forging of engineering tubular components may be further classified into
tube injection-hydroforming [8-10, 21, 76], tube injection-rubber forming [16-19, 28,
31, 77] and tube pressure-assisted injection forging [35-36]. In tube injection-
hydroforming, a liquid pressurising medium is used, which is similar to that used 1n
the tube hydroforming. In the tube injection-rubber forming, a rubber medium, which
is similar to the one used in the tube rubber forming, is used. In pressure-assisted
injection forging, a polymer medium is preferred. With reference to the different
thicknesses of tubular components produced, the processes of pressure-assisted
injection forging may also be classified into two groups. One is the pressure-assisted
injection forging of thin-walled tubes with the specific wall thicknesses of

w/d,<0.13 [16-19, 26, 31]. In this group, the processes of tube injection-

hydroforming and tube injection-rubber forming are included.

In the tube injection-hydroforming, tube injection-rubber forming and pressure-
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assisted injection forging (PAIF), the work-material flows are characterized by the
simultaneous axial injection and radial expansion. Therefore, tube hydroforming may
be further classified into tube hydroforming and tube injection-hydroforming,
Similarly, tube rubber forming may also be further divided into tube rubber forming
and tube injection-rubber forming. The later (both tube injection-hydroforming and
tube injection-rubber forming) from both further classifications is treated as the

pressure-assisted injection forging, in this thesis.

2.3.2.4 Classification of injection forged component-forms

Injection forging, may be used to manufacture various engineering components in a
manner, by which the components produced are of high quality, low cost and
complex forms, such as components with symmetric or asymmetric flanges, branches

and other secondary elements. Owing to its feasibility to achieve nett-shape or near-
nett-shape definition of component-forms [62], it was reported that when a four-
pronged cruciform (also called universal joint) was produced by injection forging,
the manufacturing cost was two-thirds of the cost by conventional hot-forging [78],
mainly due to the reduction of work-material consumption - from 133g to 53g
(component-weight reduced by 40%) and the elimination of the post-forming
machining requirements. In addition, the combination of injection forging with other
forming processes also enables the forming of complex component-forms in a single
operation [44, 50, 78-80], rather than multi-stage operations with conventional cold

forging to achieve similar component-forms.

2.3.2.4.1 Component-forms with the configuration of injection forging of solid

billets

The main component-forms produced by this configuration are the backward-
/forward-can-shaped and multi-branched components when this process
configuration was combined with other metal forming-processes, such as backward
can extrusion, forward can extrusion as well as radial can or rod extrusion [51, 55-56,

79, 81]. Also, when injection upsetting combined with subsequent forward can
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extrusion [71, 73-74, 82] and solid back extrusion, a multi-branched and flanged
component can also be produced [83]. The sound results from these combinations
showed the feasibility of producing complex component-forms and enabled the
reduction of intermediate forming operations, the number of tools and, hence, the

reduced cost of manufacturing these components.

2.3.2.4.2 Component-forms with the configuration of injection forging of
tubular billets with the support of a mandrel

Regarding to this process configuration, the main component-forms produced are the

tubular components with solid flanges in a manner of improved work-material
utilization and component performance [32-33, 43]. By using different types of
mandrels, the flange can be formed inwardly, outwardly and both. According to
different die-arrangements, the flange can also be formed at one of the two ends of

the tubular billet or away from the end of the tubular billet [32-33, 43, 46, 51, and
84].

2.3.2.4.3 Component-forms with the configuration of pressure-assisted injection
forging

Using the configuration of injection forging of thick-walled tubular billets with the
support and pressure transmission of the pressurising media, the main component-

forms are similar to the component- form (8), as shown in Fig. 2.4 and 2.9 (c) [35-37,
74, 82].

Classification of such a variety of engineering components produced/achievable by
injection forging was promoted by two facts: one was the deficiencies with the
previous classifications of the component-forms produced by cold forging; another
was the dramatic achievements with the injection forging technology its self. For

example, Lange [73] classified the cold-forged and only axis-symmetric components
without addressing the components produced by injection forging. Later, some

components, which were considered to be difficult or impossible to produce by
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conventional cold forging, were also grouped by Keller [83]. However, with the
development of injection forging technologies, some of them, such as spiders for
universal joints [62, 78], bodies for diesel injectors [59], pipe flanges [47], solid
flanges with square cross-sections [85], alternator pole parts with claws [80] and
staggered branches [86], have alrcady been formed by injection forging or its
combination with other metal forming processes. In addition, extruded helical gears
without shafts were also reported by King [87]. Some components formed by the
Manufacturing Engineering Research Group at the University of Strathclyde, are
shown in Fig. 2.15. Among these, forming of hollow-gear-shafts is a latest effort to
produce engineering components. With the consideration of all possible variables,
such as billet-geometry, tool-constraint, tool-kinematics, and the combination of
injection forging with other forming processes, a new and more systematic
classification of component-forms, which are formable by injection forging, was

proposed, as shown in Fig. 2.16 [74].

2.4 Definition of Formability and Component Defects

There are many metal forming processes [1-2, 73] by which raw work-materials can
be converted into various engineering component-forms. The capability of these
forming processes is largely prescribed by the factors, such as process
configurations, forming tool geometries and work-material properties. Several terms,
such as "ductility", "formability" and "workability" are associated with the definition

of the capacity of the forming processes [88].

“* Ductility is the ability of work material to deform plastically without fracture

in a standard test, which is usually expressed by some measure of limiting

strain.
* Formability is the ability of a material to deform plastically without the

occurrence of a defect in a forming process.
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* Workability is also the ability of a material to deform plasticity without the

occurrence of any defect in a bulk forming process.”

It is clear that the above three definitions were originally different from each other.
For example, the term of "formability" was mainly used for the sheet metal forming
[88-89], where localised thinning and wrinkling of the work-material are two major
defect-forms, and which were used to define the ability for sheet metal forming. The
term of "workability" was largely used for bulk metal forming processes [89].
Although several other similar definitions were discussed by Hosford and Dieter [90-
91], the term of "formability" is currently widely used to all forms of work-materials

in metal forming analysis.

The formability of a metal forming process is prescribed by the initiation of forming
defects, which are invariably influenced by several factors, such as work-material
properties, process conditions and process configurations. Regarding the work-
material only, the formability usually refers to the initiation of ductile fracture of the
work material ‘in bulk forming, which can be determined by the formability test-
methods [15, 73, 90-91]. A defect within a component may be further defined as that,
due to which, the properties of a component do not conform to the design
specifications and makes it less suitable or unsuitable for the purpose for which it
was designed [77]. In metal forming, a variety of defect-forms may be developed. In
order to classify such defect-forms and define formability, several attempts were
made with such objectives in mind. Devedzic, in 1986 [92] proposed some
formability limit criteria in which possible defect-forms were classified into seven
types as shown in Fig. 2.17. This classification, however, only referred to general
defect-forms and did not consider the influences of different characteristics of
forming process operations. In order to establish further sub-classifications, which
are able to address the differences between forming processes, as was attempted for
the forming process classifications [73], classifications of the defects in cold and
warm forged components were attempted [88, 93]. In these classifications, the work-

material fractures of both internal and external ductile cracks of the components,
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surface imperfections (like surface roughening, scratching and laminations), flow
imperfections (like dimensional errors, folding, under-filling, non-concentricity, fins,
flashes and buckling), and other undesirable changes in physical properties of the
work-material were considered. These may be the general inclusions of the defects
which may occur in cold and warm forging. In addition, two more detailed
classifications were also reported by Kudo and Arentoft [94-95] with reference to
either a particular defect-form (similar to the classification of fractures with reference
to cold forging [95]), or a particular process (similar to the classification of die-

filling flaws with reference to closed-die forging of H-shape profiles [95]).

Definition of a "defect" in a component/workpiece may vary with different
processes. Even if within one process, it may also vary with different machine-tools,

work-materials and other auxiliary media used. An accurate definition of defects 1s,
therefore, required with reference to either different forming processes or different
manufacturing requirements. For example, the term of "accuracy" of a component
usually has relative meaning for different processes. A given form-error may be
treated as a defect in a nett-shape manufacturing process, but it may not be a defect

as for other forming processes.

In one word, many factors could determine the initiation of the defects in a
component during a forming process. A forming process may, thercfore, be
considered as operations conducted in a system, in which the operations are
conducted under designed working conditions (such as friction and temperature) (64,
96-98] and for achieving the designed manufacturing requirements. Defects may be
initiated due to any undesirable factors in the system, such as equipment, materials
and process conditions. The correctness of a procedure, including the preparation of

billet and the design of forming sequences for performing an operation, is also
another key factor. All the factors, which may influence the formability of the

component formed, may be classified as following five groups:

Equipment
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Machine and tools: Both static and dynamic behaviors of the machine used would
influence the behavior of tooling and consequently the component-quality [98], such
as the concentricity of component and dimensional errors. The performance of the
tools would directly influence the forming capability of a process and component-
quality, in particular, the die-cavity-geometry [53-54], tool material property, tool-
surface-quality like coating and wear. With a wider perspective, the formability of a
component should also refer to the state of a tool, specifically, any defects, like
fracture of the die, because the defects in the forming tool will definitely result in the

failure of a forming process and a component-defect [88].

Work-materials

It is clear that, except for billet geometry (including preformed), work material

properties, such as its metallurgical property (composition), mechanical and physical
properties always have significant influences on the initiation of defects [42]. For
instance, when a work material possesses a better ductility, the onset of a defect
would be delayed or avoided and the work material would present a better

formability during a forming operation than that for a work material possessing a

worse ductility [42].

Process conditions

Friction, temperature and velocity: Friction always influences material flow and tool
deflections. Some times it facilitates a metal forming operation and the component-
quality, such as using friction to improve the stability of the work-piece during
upsetting or injection upsetting [96-97]. Some times, it, reversely, undermines a
forming process’ efficiency, such as extra applied force is required to overcome the
friction losses and more commonly the damage of the work-piece surface due to
friction [64, 96]. Temperature also influences material deformation and tool
deflections in such a manner that when a proper temperature range is set, mechanical
properties of the work material will be improved and component form-errors will be

reduced [97]. The deformation of a rate-dependent material would also be
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significantly influenced by the velocity of the loading on the work material [99].

Process operations

Preparation of the billets and forming procedure: one of the process operations is to
prepare the billets including design, manufacture, billet lubrication and relative

location of the billets [40]. Another one is the design of the forming procedures in
which forming sequences of the work material, number of forming stages and the
nature of each of the stages [35, 82, 98], e.g., the loading and unloading which may

be involved in each stage of the forming operation. Any incorrect step would result

in the 1nitiation of the component-defects [35, 82 and 98].

Pressurising-materials

Liquid, rubber or polymers: Factors mentioned above which could influence the
onset of component-defects, may be applicable to any metal forming operations.
Factors of this group of influencing the onset of component-defects herein may only
be applicable for the pressurising-medium-assisted forming processes, such as tube
injection-hydroforming, tube injection-rubber forming and pressure-assisted injection
forging (PAIF). The proper timing and amplitude of the pressurisations in
pressurising-medium-assisted forming would result in the defect free components.
For the processes of using rubbers or polymers as the pressurising media, their
mechanical properties also have a direct influence on the initiation of component-
defects. For example, when the pressurising material could perform effectively
beyond certain levels of the radial strains [35-37, 75] (refer to Fig. 2.9 (c)), the
corresponding hollow flanged components would be formed without defects.
Otherwise, diameter of the hollow flange must be restricted or the result in of the

defects within the components [75].

Obviously, information on the formability is essential to the design of any metal
forming processes. In this thesis, much attention was paid to injection forging, for

which past work on the definition of the formability, component failure forms and
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process ranges is reviewed in the following Sections 2.4.1 to 2.4.2

2.4.1 Classification of formability and component defects of injcction forging

With reference to different process configurations i.e., injection forging of solid

billets, injection forging of tubular billets and pressure-assisted injection forging of
thick-walled tubular billets (Fig. 2.9), efforts have been devoted to identify failure-

forms of the components and define the process ranges.

2.4.1.1 Injection forging of solid billets

With respect to injection forging of solid billets (bulk work-materials), three types of
component defect-forms, i.e., folding, fracture and @ -shear, were well examined. For

example, earlier efforts could be traced back to the 1960s, when some early
experiments illustrated several kinds of the defect-forms for larger aspect ratios ((die
cavity gap/flange) height/billet diameter, i.e., T=t/d,) of the primary deformation
zone (pdz) as shown in Fig. 2.8 [40, 42, 48, 100-101], from which, a predominant
cause of the component defect-forms was found to be the instability of the free
length of the solid billets. The critical aspect ratios for the development of the
component defects were also defined to be the range of T=1.5-1.64 [42, 50, 81, 101].
Such an understanding of the process, however, didn’t address the influence of the
variation of process conditions, with the aspect ratios of the pdz. Subsequent
experimental and FE simulation results on the injection forging of solid billets
revealed that geometrical, metallurgical and interfacial conditions would either
individually or combinationally influence the stability of the free-standing solid
billets and, therefore, the stable process ranges [64, 102-103]. The FE simulation
results showed that when the interface friction condition between billet and anvil was
similar to that for conventional forging, instability of solid billet initiated, when
aspect ratio beyond a certain value of T>1.64 for injection upsctting. When injection

upsetting was conducted on a smooth anvil (z<0.03), instability (lateral sliding of

the base of the solid billet) was always occurred and resulting in the asymmetric

deformation of the billet. In addition, with the increases of the radius of the exit-
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geometry of the injection chamber, the instability of the billet increased accordingly.
The dimension of the exit-geometry of the injection chamber was, therefore, another
factor influencing the instability of the billet. Other research also showed that an
annular folding occurred when the aspect ratio beyond T=1.4 during double-ended
injection forging [104-105]. More recent research revealed that even under stable
condition, folding could occur as well, due to the simultaneous rotation of the work

material issuing from the injection chamber and radial expansion of the base of the
billet. Due to which, the stable pdz aspect ratios were further reduced to T=1.2-1.3
[735, 106-107].

For injection forging of solid billets, another component defect-form is fracture
associated with the injection forging of flanged components, due to the high tensile
stresses imposed on the front edge of the issuing flange [40, 50, 75, 101, 105]. The
onset of this component defect-form imposes a limit on the dimensions of the
flanges, i.e., D=2.0-3.0. The value of D is a function of pdz aspect ratios, flange
geometries and the characteristics of the work materials [42, 100-101, 54, 108].
Experimental investigation was also conducted to compare the fractures and
deformation profiles for aluminum, pure lead, and plasticine [109]. Small exit radii

and poor friction conditions also cause the initiation of the fracture of the work

material at the exit of the injection chamber [54-55].

The intermittent 8 -shear surface is the incidence-occurrence of which is dependent
on the severity of the exit geometry of the die cavity and the subsequent die-filling
constraints [53-54]. During closed-die injection forging, more than one intermittent

0 shear surfaces may initiate [53-54], due to the lateral constraints to the flow of the

issuing work-material and the development of the folds on the free surface [107]. In
addition, “Macrographic examination of test specimens revealed that the shear is of
relatively high intensity in comparison to that which occurs in the remaining shear
zones: the severity of shear would work-harden the material to a level at which the
performance of the injection-forged product could be impaired; however, hardness

tests conducted along the path of the #-surface and FE analysis did not confirm
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these observations.” [75].

Based on all the studies [40, 42, 48, 50-51, 53-55, 64, 81, 100-109], with respect to
different component defect-forms, a forming failure diagram for injection forging of

solid billets was proposed which is shown in Fig. 2.18.

2.4.1.2 Injection forging of tubular billets with the support of mandrel

Component defect-forms were studied through years regarding this process
configuration [32, 43, 50-51, 79]). Research results showed that work-material
folding was one of the major component defect-forms. Particularly when the specific

wall thickness T (free gap height of the die-cavity/wall-thickness of the tubular
billet) was bigger than double of the wall-thickness of the tubular billet, a folding

defect was most likely to initiate [51, 79]. With the decrease of the free gap heights
of the die-cavity, the initiation of this type of component defect-forms was delayed
but unavoidable. When the free gap height gets further smaller (t<<w), other
component defect-forms-local reduction and fracture would occur at the front edge of
the flange. Investigations on the component defect-forms for the free-ended and
constrained forming processes also showed the similar results [33, 110-111). These
results concluded that the main limitations to the radial extrusion of tubular
components resulted from the tendency of the work-material to develop convolution
defect-forms. The studies also revealed that a major factor which limited the
application of this technology was the reduction of the flange thickness. Because
these component defect-forms reported originally referred only to the free injection
upsetting of tubular billets, it was, therefore, suggested that a further injection
forging of the work-material may help to eliminate some of the defined defect-forms,
such as irregular peripheral surfaces, irregular plane surfaces and non-uniform flange
thickness, but at the expense of a higher die-surface stresses [75]. The nature of the
folding in the issuing work-material also has been studied. The results illustrated that

several mixed process parameters, such as inner diameter of the tubular billet, inner

diameter of the flange, thickness of the flange and the extent of injected work-

material, influenced the nature of the defect-form of folding [32, 46, 69, 112-113].
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The results also showed that during injection forging, the tendency of work-material
folding was reduced with the incrcases of the inward flow of the work-material.
Owing to the further development of FE simulation, engincering and physical
modeling techniques, the forming limit diagrams with reference to different defect-
forms for this process configuration were defined [32, 46, 69, 112-113], from which
an upper threshold ratio (t/w =1.6-1.8) for the flawless injection forging of tubular
components was determined. One of the formability limit diagrams for this process

configuration is shown in Fig. 2. 19,

2.4.1.3 Injection forging of tubular billets with the support of pressurising

materials

The formability for the forming of thin-walled tubular components by PAIF was
studied [31, 114-115). Results showed that the tendency of the work-material to

collapse was the main limitation to the process. The component defect-forms with
the forming of thick-walled tubular components by PAIF are different from that with
the forming of thin-walled tubes [36-37]. Component defect-forms of folding,
buckling, necking, thinning and weakened sections may occur, with reference to
different forming sequences, pressuring materials and aspect ratios. For example,
when an incorrect forming sequence was used, defect-forms of necking, thinning or
work-material accumulated might occur [35, 64]. If a pressurising material had a low
capability to produce enough diametrical strains, force transmission efficiency of the
process could be reduced [36, 75]. When either a too small (T<0.5) or a too big
(T>1.64) aspect ratio of pdz was used, defect-forms of either fracture/folding or
buckling might occur, respectively [35-37, 64, 75, 102-103].

2.4.2 Extension of formability and process ranges

2.4.2.1 Extension of formability of injection forging of solid billets

To date, many efforts have been made to study the formability of injection forging

processes and to classify the component defect-forms, with a view to extending the

formability and process ranges. Back to the 1960s, in order to eliminate the major
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component defect-forms of fracture with cold extrusion of solid billet to form solid
flanges, a hydraulic compensating pressure was applied to the leading-edge of the
flange to prevent the initiation of the fracture, and hence, to extend the process

formability. This concept was attempted with a number of experiments. The method

proposed and the experiments conducted were based on a good understanding of the
mechanism of the initiation of the fracture, i.e., the excessive tensile stress promoted
the onset of the fracture on the circumference of the flange [39]. In the 1970s, in
order to overcome the limitation (fracture initiated in the periphery of the issuing
work-material) with single ended injection forging, a multi-axial tooling
configuration was used and a branched component was formed. Due to the refined
control of the tool movement in both axial and radial directions during this process,
billet instability and particularly fracture on the periphery of the issuing work-
material was suppressed, and therefore extending the process range [67]. A similar
effort was made by changing the forming-tool kinematics (relative movement
between forming-dies, punches and work-piece) to regulate the work-material
deformation and the force parameters, from which the formability of the process was
extended [50]. The principle of the approach may be interpreted by the follows.
When the process begins with a small aspect ratio of the pdz, the stability of the billet
could obviously be improved. With the progresses of the process, the aspect ratio of
the pdz could be increased progressively by the relative retraction of the injection
chamber from the forming die. A component with large flange-thickness could
therefore be formed under a more stable condition of the billet throughout the
forming process [50, 75]. The research also reported that, based on an extra cost for
the use of double ended tooling, formability of the process could also be improved
[50]. In 1988, another attempt was made to eliminate the fracture in the leading edge
of the flange by using a “truncated-conical” forming-die to replace the use of
hydrostatic pressure on the rim of the issuing flange [108]. This attempt was
conducted based on the understanding of the relationship between the component
defect-form (fracture), die-cavity geometry as well as work-material flow state [108].
In 1993, some shaped anvils, such as anvils with radial grooves or concentric steps,

were used to prevent both the instability of the billet and the initiation of the fracture
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in the rim of the issuing flange. This alternative approach demonstrated the
feasibility of the improvement of formability of the process [52, 116]. Recently,
based on further understanding of the process (free-ended injection forging of solid
billet), i.e., even if under a stable work-material flow condition, component defect-
form of folding was initiated due to the combination of work-material rotation in the
die cavity and the radial expansion of the billet base, approaches of using either a
pre-shaped billet or a two-stage forming sequences were proposed and used to extend
the formability of the process [107, 117-118]. For instance, using the approaches
proposed, the process range of injection forging of solid billet could be extended
from T=1.2-1.3 to T=1.4-1.5 using pre-shaped billets and to T=1.5-1.64 using
preformed billets [117-118], as shown in Fig. 2. 20.

2.4.2.2 Extension of formability of injection forging of tubular billets

In addition to the attempts made to extend the formability for injection forging of
solid billets, efforts were also devoted to the extension of the process ranges of
injection forging of tubular billets. For example, based on the experimental and FE
simulation results for quantifying the forming limit of injection forging of tubular
billets with the support of the mandrels, a two-stage forming procedure was proposed
to extend the formability of the process [112-113, 119]. Design rules for the pre-
forms of the flawless forming flanged tubular components were established. That 1s,
the mandrel was designed with a conical re-entrant geometry by which the work-
material inward flow was allowed when a pre-forming ring was used to restrict the
outward flow of the work-material during the pre-forming stage. After filling the
conical die-cavity around the mandrel, the pre-forming ring was removed and the
flange was formed by the subsequent injection of the work-material. It was reported
that, using this process configuration/procedure, tubular components with large-
flange-thickness were produced successfully, e.g., the limiting ratio of t/w was

successtully extended from 1.8 up to 3.6 [75, 113] as shown in Fig. 2.21.
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2.5 Process Modelling

Metal forming processes may be modelled using several different methods, such as

experimental and physical modelling, analytical and numerical methods.

2.5.1 Experimental and physical modclling

Experimental modelling method may be referred to physical modeling method, by

which the work-material deformation was simulated [120]. Subsequently, in order to
investigate the initiation of component defect-forms for radial extrusion of tubular
billets with the support of mandrels, modelling materials (waxes) were used to

simulate the process. The results showed good agreement with metal forming
experiments [32, 69], as shown in Fig. 2.22. Physical modelling method might also
have the capability to simulate more complex component-forms, for which either
analytical or numerical methods might be difficult or impossible to deal with at the

present [121].

2.5.2 Analytical modelling

Analytical methods include Slab, Slip-line field and upper bound methods. Slab
method was used to analyse the approximate stress of radial extrusion [122], in
which, the work-material was assumed to be rigid-plastic; the Tresca’s yield criterion
was used and that the friction in both injection chamber and die-cavity was
considered using a constant friction factor. The work-material was divided into four
zones that were analysed using equilibrium-equations, respectively. Slip-line field
method is mostly suitable for investigating sheet metal forming processes, such as
sheet drawing, extrusion, rolling and forging. A number of applications of this theory
are shown in [123]. It also was used in the analysis of injection forging/upsetting
processes [39, 49], as shown in Fig. 2.23. The upper bound method seems to be the

quite popular one to be used in the analysis of injection forging processes over the
past few decades. Tracing back to the 1960s, the initial application of upper bound

theorem was the analysis of a hydrodynamic compression forging of a flange. During
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this analysis the flange was treated as an expanded thick-walled tube and the power
requirement due to the plastic deformation of the work material was defined [38].
Other early theoretical models for analysing injection upsetting were also developed
based on some assumptions, i.e., both the work-material flow within the die cavity
was in a steady state and the friction losses along the injection chamber were
insignificant, throughout the injection processes [39, 49]. Further effort was made
with a view to extending the previous upper bound solutions [39, 49] in the following
two aspects: one was to take into account the friction losses along the tool-workpiece
interfaces; another was the incorporation of the velocity discontinuities along the
internal shear surfaces, i.e., the interface between any two of the adjacent zones of
the work-material divided. From this modelling, the maximum force requirement for

the injection upsetting of a solid flange against a hydrostatic pressure was derived,

although the external hydrostatic pressure was ignored in this analysis [124]. Other
applications of the upper bound method can also be found in the prediction of
maximum forming loads for extrusion of solid flanged tubular components and
forming of multi-branched components [69, 111]. One of the analytical models using
upper bound theorem is shown in Fig. 2.24. Forming of rotationally asymmetric
segmented flanges was also analysed using an upper bound method to study the
effect of the segment angle on the load characteristic of the process. It was found that
with the increase of the segment angle, the extrusion load was decreased dramatically
[85]. Based on two different velocity fields assumed for radial extrusion of a same
component, after the comparison of the difference between the maximum forming

loads for the two corresponding velocity fields, the optimal upper bound solution for

this process was derived [125]. Also, in order to develop a simple and reliable

analytical model for the heading of engineering material processes, experimental

data, lower bound solution and upper bound solution were used to predict the free

surface profiles, strain-stress histories and fractures initiated at the equatorial-free
surface [100].

2.5.3 FE modelling

Finite element method (FEM) is one of the most powerful numerical methods [73,
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88, 126-130] for engineering analysis. Although the use of the method may rely
heavily on the expensive software and also may be time-consuming for some
complex-3D analysts, finite element techniques have been uscd to simulate bulk
metal forming since the early 1970s. For example, FEM was used to simulate the
injection forging of engineering components (flanges), with a view to predicting the
injection forging pressure under the process conditions of D=1.4, T=0.2 and a flange
compensation pressure of 154 MPa [131]. The predicted pressure was within 6% of
the results obtained from the earlier experimental study [38]. Another process of the
combined radial with forward can extrusion was simulated using a rigid-plastic FE

code of PLADAN [55]. In this simulation, work-material flow patterns and tool
stresses were defined for small aspect ratios of pdz (T<0.5) and large radii of the
injection chamber exit. In the early 1990s, FEM began to be used in the simulation of

the development of component defect-forms for injection forging of tubular billets
[32], through which the drawbacks with the existing modelling methods were
revealed. In order to overcome the deficiencies with the previous research [32], a PC-
based FE simulation package was subsequently developed for the analysis of the
injection forging of tubular components when a rigid-plastic work-material
description was adopted [112-113]. These efforts enabled the simulation of the
development of component defect-forms with injection forging of tubular billets, that
were observed experimentally but failed to simulate by previous research [32]. Using
this FE code, a two-stage forging process of pre-forming plus subsequent forming
was simulated [112-113, 119, 132-133] in which the pre-forming stage was designed
to eliminate the initiation of component-defects. Furthermore, from the significant
differences between experimental and FE simulation results in punch-force-histories
for long billets and small exit-geometries, the fact that traditional descriptions of
friction may no longer be suitable for the friction conditions at the billet and injection
chamber interface was recognised [134]. As a whole, based on the progresses of
FEM being able to consider multi-factors, such as friction conditions on the anvil,
aspect ratios of the pdz, exit-geometry of the injection chamber and inhomogenity of

the work-material, the initiation of different types of component defect-forms during

injection forging either solid or tubular components was simulated using ABAQUS
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[64, 82, 102-103, 107, 117-118, 134]. Some of the FE simulation results are shown
in Fig. 2.25 [75]. As aresult, with the improvement of FE simulation techniques, not
only more realistic patterns of work-material flow were modelled, but also the
qualification of work-material flow patterns for different process conditions was
conducted. Moreover, the improved FE techniques also enabled the preform-designs

for extending the formability limits of injection forging as well as to design the

optimal forming sequences for pressure-assisted injection forging of thick-walled
tubular components {82, 107, 113, 117-118].

It is clearly that FE simulation has been widely used to analyse the bulk metal
forming processes successfully. Simulation of the development of component defect-
forms, particularly the defect-forms with pressure-assisted injection forging of thick-

walled tubular components was, however, not fully explored.

2.6 Testing of Pressurising Materials

Efficiency of pressure-assisted injection forging of thick-walled tubular components
is largely prescribed by the performance of pressurising material used. Since, unlike
forming thin-walled tubes, in the forming of thick-walled tubes, bulk metal flow
within the work material and much higher pressurisation within the pressurising
material are inevitable. Therefore, a fine control on the deformation of both work-
and pressurising materials are required. In other words, a quantitative understanding
of the mechanisms of controlling both work and pressurising material flow 1is
essential to the process (PAIF) to be used successfully and industrially. Obviously,
only a wider range of investigation on the mechanical properties of the pressurising
materials (for PAIF) would be helpful to achieve this goal. The investigation should
include the examinations of the selected pressurising materials under not only
uniaxial tension/compression and planar tension/compression conditions, but also

confined compression and biaxial tension conditions.
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In order to carry out the initial examination on the selected pressurising materials
under confined compression condition experimentally for PAIF, an investigation on
the relevant experimental methods and techniques was conducted. During the last
few years, some efforts have been devoted to the development of experimental
techniques and facilities to study the mechanical properties of either metallic or non-
metallic material under tri-axial loading states [135-138]. An electromechanical tri-
axial testing facility was developed to test composite materials [135]. It mainly
comprises three primary subsystems-the reaction frame, test fixture and the computer
control system. It was successfully used to perform the biaxial and tri-axial tests.
However, this facility was only suitable for a thin cruciform shape specimen and its
maximum bearing capacity is only 94kN which is far less than that the forming force

-300 to 450 kN required by the author’s study. Another method for dynamically

proportional, multi-axial compression tests on RTV630 silicon rubber was also
reported [136]; a split Hopkinson pressure bar (SHPB) [136-137] was used to
generate a uniaxial compressive pulse and a standard hydraulic pressure vessel used
to supply lateral force for a thin rubber disc specimen. In addition, another
experimental set-up was also introduced [137] for imposing dynamic multi-axial
compression on a brittle material-ceramic by using a shrink-fit metal sleeve to supply
the lateral force on the ceramic specimen. All these approaches are, however, not

suitable for examining materials under larger scale deformations.

Another investigation was also conducted with a view to finding a suitable machine
to conduct the biaxial tension tests of the selected pressurising materials for PAIF.
Several attempts were reported regarding the development of equipment and
methods in the qualification of mechanical properties of several non-metallic
materials under biaxial tensile loading conditions [139-140]. For example, four pairs
of pulleys and eight pairs of ropes were used as a stretcher to pull a biological
material specimen [139], which was sutured by the ropes separately along each
loading direction. By this design, loads may not be evenly applied along the
clamping area of the specimen. Particularly, the clamps used are not suitable for a

high level stress test, because the tearing failure may occur at the sutured points,
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even before the material at the tested area reaches its ultimate strength. A square
loading-frame and two notched aluminium-plates were also used to test composite
panel specimens under the biaxial loading conditions (either biaxial compression or
combined compression with tension along the different loading directions)
successfully [140]. The device is, unfortunately, unable to carry out biaxial tension
tests. Also Buet-Gautier and Boisse’ s device consisted two cross-placed deformable
parallelograms and four clamps made up of a solid plate with three cap screws for
each of them, which were used to hold each side of the cross-shaped woven
specimen [141]. More closely, a biaxial stretcher designed as an attachment for an

Instron tensile test machine was used to stretch polymer (PVC) sheet effectively with

a maximum draw ratio of 4*4 by Hitt and Gilbert [142], which is, unfortunately,

much more smaller than the draw ratio of 10*10 which the rubber may undergo 1n

the author’s study. Moreover, the complex clamps used in their stretcher are not
effective enough for holding rubber specimens. As a result, a suitable machine for
testing rubber like materials, which may undergo large-scale deformations under the

biaxial tensile loading conditions, for the author’s PhD study was not found within
the UK.

2.7 Summary Comments from the Literature Review

Injection forging has been developed dramatically over the last few decades due to
the following facts. Development of physical, analytical and particularly the
numerical modeling techniques has contributed a lot to the prediction of the
processing requirements, to the profound understanding of the mechanisms of
controlling work-material deformations and to the production of the sound
eng'ineering components. More importantly, the potential advantages of injection

forging have encouraged and facilitated the development of the technology itself.

First of all, injection forging as a nett-shape or near-nett-shape manufacturing

process, has lower work-material consumption and less secondary processing
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requirements than conventional forging (e.g., intermediate bulk metal-removal is not
needed for the injection forged components, the amount of the scrap metal can,
therefore, be reduced). Secondly, energy requirement for injection forging to convert
the work-material into a component is less than that required for conventional
forging, particularly for the forming of tubular components. Thirdly, more complex

component-forms can be achieved by injection forging than that by conventional

forging, with reduced process-chains.

Pressure-assisted injection forging (PAIF) is the latest development of injection

forging. This process configuration possesses not only the above outstanding
advantages as the other injection forging processes have, but also the feasibility to
produce thick-walled tubular components with hollow flanges, like the component-

form (8) in Fig. 2.4 and 2.9 (c), which used to be considered as unachievable by
conventional forming processes. The successful manufacture of this type of
components by PAIF would not only breach the formability of the existing forming
processes, but also provide an ideal balance between the strength and the weight of
the component structure. However, the engineering application of PAIF is still
largely limited by the lack of the technical details and the systematic process design
procedures. Deficiencies of the previous research development regarding this process

may be summarized as follows:

2.7.1 Opportunitics and challenges

Although numerous engineering tubular components were produced successfully by
either forging/extrusion or conventional tube-forming methods over the last few
decades, industries, particularly automotive and aerospace industries, are still under
pressure to produce these components more efficiently, with a view to reducing the
costs. Demands, on the further extensive use of tubular components, which are of
high strength to weight ratios to replace the still largely used solid components,

which are of low strength to weight ratios, provide the opportunities and challenges

to the research and development in the field of injection forging.
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2.7.2 Development of injection forging

Injection forging is recognized being one of the most efficient forming processes.
Configurations of the process have been developed from the injection of solid billets
to the injection of tubular billets. The corresponding component-forms were achieved
from the solid components to tubular components successfully. Thick-walled tubular
components with hollow flanges and flanges with secondary elements, unfortunately,

have not been tested by industries, due to the insufficiencies of the development with

this technology, referred to Section 2.3.

2.7.3 Development of pressure-assisted injection forging (PAIF)

The previous research suggested that pressure-assisted injection forging (PAIF)
might be a solution for producing this type of tubular components economically and
efficiently. The successful application of this process to industries would rely largely
on the understanding of the process and its mechanics. To date, process
classifications for the conventional forging have been found from a number of
sources. A classification for PAIF was, however, not found yet. The similar case was
also found, for the definition of formability and component defects for PAIF, 1.e.,
formability and component defects for injection forging of solid billets and injection
forging of tubular billets with the support of mandrels were well studied, however,
limited sources were found on addressing these issues for PAIF. Formability and
process ranges for injection forging of both solid and tubular billets were extended
with several different methods, such as using compensating pressures, preformed

billets, two-stage forming, etc. Nothing has been found for PAIF, on these 1ssues.

2.7.4 Process modelling

Although injection forging of both solid and tubular billets was modeled either
physically or numerically, process modelling would still need to be extended to
enable the prediction of the forming limits for more complex component-forms. It
has also been revealed that both numerical and physical modelling of the forming of

complex component-forms may face some difficulties due to the limitations of
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currently available FE codes in the modelling of hybrid materials, like in PAIF.
However, further to the previous physical and numerical modelling, analytical
modelling seems to be another option for the analysis of injection forging, for
industrial applications. Analytical modelling, particularly upper bound method, was
used to analyse injection forging of both solid and tubular billets through years for
predicting the maximum forming loads. No upper bound solution was found for

pressure-assisted injection forging (PAIF) of thick-walled tubular components with

hollow flanges.

2.7.5 Forming of engineering components

Separated gears from the shafts may be manufactured by several different means,
1.e., machining, cold/warm/hot *forging and pre-pieced forging, successfully. These
are, however, based on not only a huge cost for machinery, tooling and heat
treatment for manufacturing individual components, but also the subsequent
assembly by welding or keyway-assembly. A method by which an engineering

component, i.e., a hollow gear-shaft could be formed as one integral part and with a

single stroke would be desirable. Injection forging, particularly PAIF, could be a

solution to achieve this goal.

2.7.6 Testing of pressurising materials

Over the last few years, many efforts have been made on the development of
experimental methods and techniques for testing either metallic or non-metallic
materials under tri-axial compression conditions. For example, a cylindrical ceramic

specimen was tested, with a shrink-fit metal sleeve (supplying lateral forces)
successfully; a thin circular (¢=19mm*3.15mm/6.35mm) rubber specimen was

examined with a fluid-filled pressure vessel and a split Hopkinson pressure bar

(applying axial load) efficiently; and a thin cruciform shaped specimen was
evaluated with an electromechanical testing facility (applying both lateral and axial
forces) sufficiently. However, none of these techniques are suitable for the testing of

rubber like materials under larger scale deformations for PAIF.
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Some progresses of developing equipment and technologies of testing non-metallic
materials under biaxial loading conditions were also made during the last few ycars.
For instance, a biological material specimen was tested with a biaxial strctcher
(consisting of four pairs of pullys and eight pairs of ropes) efficiently. Buckling of a

composite panel (specimen) under combined tension and compression loading
condition was examined using a square loading frame and two-notched aluminum
plates successfully. A polymer (PVC) sheet was also evaluated with another biaxial

stretcher (an attachment of an Instrom tensile test machine) satisfactorily. None of
these facilities are able to qualify the mechanical properties of the sclected

pressurisng materials under biaxial tensile loading conditions for PAIF.
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