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ABSTRACT 

 

This PhD-Thesis focuses on initial investigations of tube hydroforming (THF) as a 

new technology in the field of micro-part manufacture.  

THF has been widely adopted in the automotive industry for approximately fifteen 

years and is now commonly used in many other industries. In the forming process the 

semi-finished part is formed with the aid of a forming liquid which acts inside the 

hole of the tube.  Under the influence of hydrostatic pressure and additional mechan-

ical loads the tubular blank is forced to conform to a given die cavity giving the part 

its final shape. 

In comparison to "conventional" procedures for the manufacturing of hollow-shaped 

constructional work pieces, as for instance the welding of deep-drawn metal sheets, 

THF offers many advantages by enabling the production of parts having: 

• Complex and variable cross sections in their longitudinal axis 

• High strength due to cold-work hardening and homogenous grain structure 

• High rigidity achieved by closed cross-sections 

• Narrow tolerances in their outer dimensions 

• Optimized transitions for fluid transport 

Further on, THF especially offers a considerable time saving potential for manufac-

turing hollow shaped components compared to currently used techniques based on 

the removal of material. However, current state-of-the-art manufacturing of hydro-

formed parts is still restricted to conventional parts which well exceed micro-part 

dimensions. 
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Micro-THF as a new technology would add all these advantages to the micro tech-

nology sector and can establish access to other new fields and application. Examples 

of micro-hydroformed components are all hollow straight as well as bent components 

with complex shapes which currently cannot be (mass-)produced with any other mi-

cro manufacturing technology; components such as elements for micro-fluidic chips, 

micro heat exchangers and fluidic sensors or tubular parts for endoscopes etc.  

The research performed aimed at carrying out the fundamentals of process design 

necessary for hydroforming micro-parts.  Investigations were carried out on tubular 

parts having an outer diameter smaller than 1 mm and a length of ca. 10 mm.  Exten-

sive studies regarding material properties of micro-tubes especially its forming abili-

ties were conducted and procedure limitations identified and analysed.  In order to 

examine extended forming limits and to approach the so-called size effects which 

arise from scaling down a traditional forming process to micro-level, the process has 

further been investigated under the influence of laser energy. A diode Laser was used 

to increase the temperature of the tube material during forming, reducing the flow 

stress and increasing the ductility in the required area of the part.  Additionally, nu-

merous theoretical design studies had been performed which led to the development 

of the entire forming machine components.  

As a result of the intensive research and development work carried out, process spe-

cific fundamentals suitable for an industrial application were established as well as 

the world’s first micro tube hydroforming prototype machine was constructed that 

successfully manufactured hollow shaped micro components. 
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σv Effective stress [N/mm2] 

σN Normal stress [N/mm2] 

εt True (logarithmic) strain [-][%] 

εu Uniform strain  [-][%] 

εz Elongation at fracture  [-][%] 

E Young's modulus  [N/mm2]; [GPa] 

pi  Internal pressure [N/mm2]; [MPa] 

pi, max Maximum internal pressure [N/mm2]; [MPa] 

pi, min Minimum internal pressure [N/mm2]; [MPa] 

pib  Bursting pressure [N/mm2]; [MPa]  

pn Contact pressure between tube wall and sealing 

punch [N/mm2]; [MPa] 
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Tube dimensions 

d0 Initial inner diameter of tube [µm]; [mm] 

D0 Initial outer diameter of tube [µm]; [mm] 

D1 Instantaneous or final outer diameter of tube or die 

cavity diameter [µm]; [mm]  

D1b Final outer diameter of tube at bursting [mm] 

t Wall thickness of the tube, in general or local [µm] 

t0 Initial wall thickness of the tube [µm] 

L0 Initial length of tube [mm] 

Lf Length of tube in contact with die where friction 

occurs [mm] 

rc Corner radius of formed tube [µm] 

 

 

Specific flaring and bulge test parameters 

df Maximum achievable flaring diameter (after a 

crack occurred in flaring test) [mm] 

εf Relative expansion ratio in the flaring test [-]; [%] 

εb Relative expansion ratio in the hydraulic bulge 

forming experiments [-]; [%] 

Δd Increase in inner tube diameter, df - do [mm] 

va Spindle displacement rate during flaring tests 

(velocity of the conical forming tool) [mm/min] 

α Semi-angle of the conical forming tool [°] 

hh Height of the tube holder (flaring test) [mm] 

s Spindle stroke of the conical tool during flaring 

test [mm] 
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Laser parameters 

Pout,l Laser source output power [W] 

wf Focal radius laser beam [mm] 

AN Numerical aperture [mm] 

γ Opening angle laser beam at fibre [°] 

n refractive index of the immersion medium [-] 

Δxdef Amount of defocusing [mm] 

wdef Radius of laser beam at defocused position [mm] 

λ Wave length of the laser source [nm] 

 

Other parameters 

Ap Projected component surface (orthogonal to 

the press closing direction) [mm2] 

tf Forming time [s] 

Vfl Volume flow [ml/min.] 

ϑf Forming temperature [°C] 

Ti Initial tube specimen  [-] 

T1 Tube specimen N° 1 [-] 

s Standard deviation  

x Stroke of the axial punch [mm] 

µ Friction coefficient [-] 

dk grain size [µm] 
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  CHAPTER 1

INTRODUCTION 

1.1 Background of the research - problems and development needs 

The on-going trend towards miniaturization of products in many fields of daily life 

requires a large number of small metallic parts combined with a wide spectrum of 

part geometries/shapes. The growing demand for miniaturization encompasses a 

wide range of needs in the electronic and medical field for instance. Increasingly 

more functional devices are sought after as well as high precision medical equipment 

such as sensor technology and optoelectronics require mechanical parts such as lev-

ers, connector pins, resistor caps, tiny screws, contact springs and lead-frames [1].  

Due to high production rates, achievable accuracy, minimized or zero material loss 

and excellent mechanical final part properties etc., metal-forming processes became 

more and more established for the manufacture of the above-mentioned micro-parts, 

in particular for bulk production. As a consequence, a lot of research has been done 

in the recent past which predominantly dealt with sheet and bulk forming [2]. So far, 

no investigations have been conducted to enable the forming of hollow-shaped micro 

parts, although there is an increasing demand for tubular micro-components in par-

ticular in the field of medical engineering. Elements for micro-fluidic chips, micro-

needles, hose couplings for medical technology and implanted micro-tubes for drug 

delivery or tubular parts for endoscopes are only a few examples. Non-medical ap-

plications of micro-tubular components concern, for example, elements for micro 

heat exchangers, fluidic sensors and shafts for micro motors and cameras [3,4]. 

Against this background, tube hydroforming (THF) as a “new” technology for the 

manufacture of hollow-shaped micro-parts would not only offer a considerable time-
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saving potential compared to techniques based on the removal of material. Further-

more it would lead to an enhanced spectrum of part geometries due to the possibility 

of forming hollow micro-components with complex shapes [3], which cannot be re-

alized using conventional machining technologies. 

At present, mass production of tubular hydroformed components is limited to the 

manufacture of parts with cross sections above about 20 mm in width [5]. The typical 

work areas and the limits of tube hydroforming are presented in Table 1 [6]. For 

tubes covering the shown dimension ranges the process parameters as well as work-

piece parameters such as attainable strains are largely known. But so far, no system-

atic studies - which would be of particular interest for micro-technology - on the hy-

droforming of tubular micro parts with outer diameters smaller than 1 mm can be 

found in the literature. Also, no solutions have been suggested yet. 

Against this background, it shall be hypothesised in the here presented research study 

that hydroforming is a viable process for the manufacture of tubular micro-

components with lengths of approx. 10-20 mm and diameters between approx. 0.75 

and 1 mm at production rates of approx. 6 parts per minute. 

 

Main parameter Most common area in mm Maximum values in mm 

Length of tube up to 500 (2,000) 12,000 

Tube diameter 20 - 120 600 

Wall thickness 0.5 - 4 50 

Table 1: Work areas and limitations of tube hydroforming [6] 

Problems in the micro range 

The development and design of a tube hydroforming process for the manufacture of 

micro-parts require that specific issues/problems when scaling down a process on a 

one-to-one basis have taken into account [7,8].  
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Basic research in the field of microforming, e.g. [7-11], has shown that scaling down 

a process from macro to microscale is subjected to so-called size effects (cf. Chap. 

2.1 The state of the art of micro-manufacturing). As a consequence general process 

knowledge of conventional forming processes (bending extrusion, upsetting and oth-

ers) cannot simply be transferred to microscale [12].  

Since an ordinary 'macro' component has in general much larger workpiece dimen-

sions in comparison to the grain size of the material from which it is made, conven-

tional macro-mechanics (continuum) FE modelling is effective for simulating typical 

'macro' forming processes [13]. However, if at microscale only a few grains are lo-

cated in the forming zone, microstructural effects like strain non-uniformity and lo-

calization, grain size, grain structure (e.g. the direction between the crystal slip sys-

tem and the local stress direction and the effect of adjacent grains with significant 

plastic mismatch) have shown an important influence on forming results [7,8,11,12]. 

The effects can be generally understood and often anticipated by means of numerical 

analysis applying special single crystal models, but this cannot be done for polycrys-

tals [13]. This in turn still leads to the situation that the design of micro metal form-

ing processes is often based on the empirically and experimentally gained know-

how.  

According to [7], the following 3 issues/groups also have to be considered when 

miniaturizing a production process: 

1. Process 

2. Tools 

3. Machines/Equipment  

The process itself is strongly coupled with the material, which has to be kept in mind 

when designing a micro forming process. Effects concerning the tribology, spring-

back, the scatter of the results and further the accuracy of the produced parts have to 

be taken into consideration. Also these effects determine the applicability of FEA-

based simulations for micro-process design and layout which are further reasons for 

the above mentioned mostly empirically obtained know-how [8]. 
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Regarding the tooling, main problem is the manufacturing of the high-precision 

forming tools [7]. In particular the realization of an adequate surface quality of the 

dies and/or the inner shapes of its forming radii may be difficult. Other problems 

which have to be addressed are found in the forming loads which may have an im-

portant influence on the stiffness of the tooling and in turn on the accuracy of the part 

to be produced. A tool deflection of a few microns may lead to a much higher rela-

tive tolerance of finished micro parts compared to the same deflection which has a 

less important influence on the production accuracy of a component having macro 

dimensions. 

An essential problem for micro forming machines is the handling of the ini-

tial/formed part with the required precision and safety in an appropriate time [8]. 

Regarding a bulk production the machine has to transfer the micro part within a few 

seconds and position it in the die with an accuracy of a few microns. Another prob-

lem is the weight of the micro-formed components which might be too low to over-

come adhesion forces and in particular the finished part which is often moistened 

with forming fluid probably might stick to the grappler of a handling system. 

1.2 Aims and objectives of the study 

Based on the observations made, the aims and objectives of the study shall be sum-

marized by the following: 

Overall aim:  

To develop fundamentals of a hydroforming process for the production of tubular 

micro-parts by theoretical and experimental work and to derive concepts for tools 

and for a micro hydroforming machine capable of economical mass production. 

From this three specific aims can be derived: 

• Establishment of material properties assessment methods 

• Demonstration of a micro-THF prototype process 

• Manufacture of 6 tubular micro-parts per minute 
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The objectives of the proposed work are: 

• Investigation of the tubes' relative expansion ratios and the change in forma-

bility of micro-tubes compared to macro-sized tubes which feature a geomet-

rical similarity 

• Investigation of "conventional" testing methods to find out, if and/or how far 

they can also be used for the examination of micro-tubes 

• Verification of technological laws and formulas used to design a macro hy-

droforming process if they can also be applied (and if, how far) for the devel-

opment of a down-scaled process.  

• Verification of an increase in formability and a decreased influence of size-

effects during warm forming. 

• Examination and quantification of size-effects, since as mentioned above, the 

development and design of a micro-forming process in general require that 

these 'negative' size-dependent effects have to be taken into account.  

1.3 Approach 

To achieve the aims and objectives of the study, the following research phases were 

planned and realized: 

(1) State-of-the-art review of the tube hydroforming technology, understanding of 

the physical and technological background, design models and rules, etc. 

(2) State-of-the-art review in micro-forming, study of scaling effects, material be-

haviour in the micro range, micro-forming and miniaturized production pro-

cesses, etc. 

(3) Investigation and quantification of the forming ability of micro-tubes and the 

change of formability compared to macro-sized tubes by applying the 'flaring 

test' and the 'bulge test' to get information about workpiece, machine and pro-

cess parameters, such as maximum achievable expansion ratios, maximum in-

ternal pressures, forming loads, etc. 

(4) Introduction of thermal laser energy to get information about enhanced materi-

al formability and/or reduction of scaling effects 
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(5) Development of tool and machine concepts based on the fundamentals gained 

from the experimental investigations 

(6) Carry out first hydroforming experiments on a prototype machine to be able to 

draw a conclusion to the achieved research results 

1.4 The research performed 

To create a fundamental basis, first of all, the mechanisms that characterize the con-

ventional tube hydroforming process had to be understood and analysed. Analysed, 

in terms of e.g. which laws and principles, design rules, relationships etc. can proba-

bly be applied on a one-to-one basis in the micro-range. 

In order to be able to describe and analyse the forming behaviour of the investigated 

micro-tubes, extensive material analyses such as tensile and hardness tests of the tube 

specimens as well as grain structure investigations had been performed prior to the 

experiments. 

The material analyses were followed by experimental investigations. To examine the 

forming behaviour of the selected micro-tubes, two kinds of testing methods had 

been conducted: 

(1) Standardized, mechanical cone test (flaring test) 

(2) Free expansion test of micro-tubes (hydraulic free-bulging test)  

First test was mainly used to get initial information about a general forming ability of 

chosen micro-tubes and amounts of forming loads to be expected. Although its ap-

plicability as an easy-to-use “method” for the examination of tubular raw material 

provided for miniaturized hydroforming processes in the future should be verified. 

Whereas the intention of the latter test was to investigate the forming behaviour, and 

the mechanical properties of tubes respectively, more in depth and closer to reality. 

Compared to the flaring test, hydraulic free-bulging tests enable the examination of 
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tubular material under bi-axial stresses without frictional influence. Furthermore, 

hydraulic free-bulging is even part of a hydroforming process.  

Additionally, to investigate extended process limits due to the increase in formability 

and due to a decrease of size-effects, both flaring as well as bulge tests were accom-

panied by laser-assistance to conduct warm-forming experiments. 

Based on the results obtained from the theoretical and experimental work, studies 

were performed in order to design a micro-THF tool and a prototype machine sys-

tem. 

Concluding, first micro-hydroforming experiments were carried out using the proto-

type machine to verify the applicability of the conducted testing methods and to draw 

a conclusion on the process, tools and the machine. 

1.5 Thesis organization 

Finally, the outline of this thesis proposal by chapters is: 

Chapter 1: Introduction, background of the research and problem statement 

Chapter 2: Literature review, state-of-the-art of micro-manufacturing and the tube 

hydroforming technology, hydroforming fundamentals 

Chapter 3:  Selection of micro-tube dimensions and materials, analyses of the mate-

rial 

Chapter 4: Experimental investigations of the tubes’ formability with flaring tests 

(tests at room temperature as well as laser-assisted warm forming tests) 

Chapter 5: Experimental investigation of tubes' mechanical properties with hydrau-

lic free-bulging (tests at room temperature as well as laser-assisted 

warm forming tests) 

Chapter 6: Forming machine development: Concept studies for forming tools and 

micro-hydroforming machine components 
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Chapter 7: Forming experiment using the prototype machine system and analysis 

Chapter 8:  Conclusions and future work 
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  CHAPTER 2

LITERATURE REVIEW 

2.1 The state of the art in micro-manufacturing 

The persistent trend towards higher miniaturization, particularly in the field of elec-

tronics production, but also in the areas of micro electro-mechanical systems 

(MEMS) and micro systems technology (MST), is not only induced by consumers, 

who wish for more convenient electronic devices including more integrated func-

tions, i.e. mobile phones, digital cameras. The increasing demand on minia-

ture/micro-metal-products is also driven by technical applications such as actuator 

and sensor technology mainly within the automotive sector, medical equipment and 

optoelectronics. Typical examples of mechanical parts which contain all these prod-

ucts, besides electronic components, are pins for IC-carriers, fasteners, micro-screws, 

lead frames, micro-cups and connectors, as well as medical implants.  

There are various techniques which can be used for manufacturing micro-products. 

MEMS-based manufacturing involves, largely, techniques such as photolithography, 

chemical-etching, plating, LIGA, laser fabrication, etc. while non–MEMS-based 

manufacturing often involves techniques such as mechanical machining, EDM, laser-

cutting/patterning/drilling, embossing, injection-moulding, extrusion, stamping, etc. 

[15]. In most cases mass production can be realized by applying these technologies, 

but with regard to high final part accuracy, costs are comparable high and cycle times 

often very long.  

Due to its advantages like good surface quality, minimized or zero material loss, ex-

cellent material properties and high accuracy at concurrent high quantity, in the first 
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instance metal forming technologies are predestined to substitute machining process-

es for the manufacturing of micro parts in serial production.  

Influence of “size-effects” 

The forming of small/miniature metallic parts is not new. Industry has experienced 

this for many years. But if it comes to a reduction of sizes down to tens or hundreds 

of a micrometre, challenges arise. When scaling down process and process dimen-

sions, according to the similarity theory, so called size-effects appear [16]. Compared 

to conventional forming processes, some parameters remain constant. For instance, 

the microstructure of the material is independent of the dimensions of the process. 

Further on, the topography of the material stays also constant [17]. As a result, the 

ratio of the component dimensions or surface and the microstructure changes with 

miniaturization. Further, the forming behaviour, tribological conditions and operation 

accuracy are influenced by the size-effects. This leads to the fact that the existing 

know-how of conventional forming processes cannot be transferred unrestrictedly to 

micro-scale. Thus, fundamental studies have been studied intensively over the last 

ten years [1,7-9,11-14, 16,18]. Major issues concerned the understanding of material 

deformation mechanisms and material/tool interfacial conditions. Other examinations 

were related to materials property characterization, process modelling and analysis, 

qualification of forming limits, process design optimization, etc., with emphasis on 

the related size-effects. The following summarizes major key aspects mentioned by 

[19]: 

• Conventional metal-forming process-configurations such as forging, extrusion, 

stamping, coining, deep-drawing, etc., may be equally used for the forming of 

miniature/micro-parts, process capabilities are likely to be constrained more, due 

to additional material, interfacial and tooling considerations in micro-forming. 

• The types of material which could be formable at micro-levels are prescribed 

more significantly than for forming at macro-levels by the micro-structures and 

grain-boundary properties of the materials. The forming limits for these materials 
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are, therefore, somewhat different, compared to those for the forming of macro-

parts. 

• Size-effects may exist in material property and tool-material interfacial property 

characterization, depending largely on the micro-structures of the materials, which 

leads to the requirement of the definition of these parameters with reference to the 

actual materials and interfaces to be used. 

Machines and forming tools 

Traditionally, micro-manufacturing (non-MEMS manufacturing) was effected with 

large scale equipment, such as that for micro-mechanical-machining, micro-EDM 

and micro-metal-forming [15]. To perform micro-manufacturing tasks with the 

equipment, significant efforts have been made to improve the precision of mechani-

cal structures, compensate for any mechanical and thermal errors, as well as increase 

functionality, resolution and reliability for online geometrical inspection.  

During last 15 years bench-type machines or so called miniature manufacturing sys-

tems have been gradually developed and introduced to industry. The development of 

such machines/systems has attracted a lot of interest from research organisations and 

industries. Various new concepts are being experimented upon to design and fabri-

cate prototypes of the machines and systems. A main consideration is that conven-

tional facilities for manufacturing miniature/micro-products are not compatible, in 

sizes, to the products to be made in miniature/micro-manufacturing [15]. 

2.2 Tube hydroforming 

Hydroforming is a general term for a forming technology where a pressurized fluid is 

used as the forming media. The method can be applied to either sheets or tubular 

geometries, where the latter is the topic of this work. 
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2.2.1 History of the technology 

In the past, Tube Hydroforming (THF) has been called with many other names de-

pending on the time and place it was applied and investigated [20]. Two early terms 

for THF, for instance, were Bulge Forming of Tubes (BFT) and liquid bulge forming 

(LBF). Hydraulic Pressure Forming or Hydrostatic Pressure Forming (HPF) was 

used for a short time by several investigators. One of the first general used terms was 

Internal High Pressure Forming (IHPF, german Innenhochdruckumformen IHU) 

which has mostly been used in Germany. Throughout this paper, the well-established 

acronym THF will be used. 

Even though THF processes have been in industrial use since only approximately 

one and a half decades, the development of the techniques and the establishment of 

the theoretical background go back to the 1940s. Grey et al. investigated the manu-

facture of copper T-fittings by using hydraulic pressure and axial load. He applied 

for and achieved an US patent [21] which should give an indication of the coming 

period of THF. 

First experimental and theoretical investigations on instability of thin walled-

cylinders have been accomplished in the 1960s by many researchers in different 

countries. Mellor [22] presented fundamental investigations on thin- and thick-

walled cylinders leading to theoretical improvements in LBF operations. Use of hy-

drostatic pressure, in particular for bulging of tubular parts, was initially reported by 

Fuchs [23] and Ogura et al., [24] in the late 60s. 

In the 1970s, studies on new shapes, materials, different tooling configurations and 

new machine concepts, both experimentally and theoretically, continued by various 

researchers. For instance, to provide internal pressure, materials like polyurethane, 

rubber and elastomer were applied by Al-Qureshi, [25]. Woo [26] and Sauer, [27] 

investigated the free expansion of rotationally symmetrical workpiece shapes in or-

der to determine material parameters and their influence on the forming behaviour. 

Applying the Membrane Theory and the Levi and von Mises correlations, initial 

computer-based programs to model THF processes could be designed.  
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In 1987 Klaas [28] applied the Membrane Theory, the Theory of Shells and the Con-

tinuum Theory of Plasticity for the study of relations between loads, stresses and 

strains for spherically formed tubes under the simultaneous influence of internal 

pressure and axial forces at the tube ends. In the late 1980s, the forming technology 

started to spread industrially, especially in Germany, after theoretical studies [29, 30] 

with ‘real and new’ industrial applications had been conducted.  

After Schmoeckel et al. [31] had developed an algorithm for a pressure-dependent 

determination of axial stroke and force parameters based on the Membrane Theory, 

one began more and more using computer controls in experimental works, e.g. [32]. 

Also in the early 1990s, researchers started utilizing the capabilities of continuously 

developing the Finite Element Method in their analytical works. Dohmann [33], for 

instance, experimentally investigated the wall thickness distribution of rotationally 

symmetrical expanded components and compared the results to FE simulations. In 

the late 1990s, use of FEA was now a standard tool for THF process simulations: 

most of the research work is aimed towards the investigation of component materials 

and dimensions and the selection and control of the process parameters, examples 

can be found in [34].  

Present applications 

In today's industrial production, THF technology is widely used for forming light-

weight or complicated shaped components. Series parts can predominantly be found 

in the automotive industry with a constantly increasing number of applications [6]. 

Typical THF components are chassis parts, including the engine cradle, front and 

rear axles, exhaust systems, space frame structure body parts and assembly compo-

nents such as camshafts. Fig. 1a represents a rear axle frame made of four hydro-

formed aluminium tubes combined with other hydroformed light materials, in order 

to realize a low axle weight and improved driving kinematics. The axle is been man-

ufactured on one of the first fully automated production lines.  

Besides the products in the automotive industry, further THF applications are to be 

found in the areas of sanitary products Fig. 1b&d such as T-fittings which have been 
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one of first hydroformed products as mentioned above. Also hydroforming has 

gained increasing interest in the aerospace industry in the production of some com-

plicated structural parts [35] and in the bicycle industry Fig. 1c, due to the demand 

for weight reduction in these fields. However, the automotive industry is currently 

the driving factor in the research and development work carried out on the area of 

hydroforming technology by research facilities, supplier industry and users. Their 

research and investigations during the past few years have supported the increasing 

application of this technology which offers decisive advantages regarding the manu-

facturing of complex shaped lightweight components [36]. 

 

 

Fig. 1: Hydroformed components for automotive and non-automotive applications: 

a) BMW 5er series rear axle, b) T-fittings and Y-shaped tubes (American Hydro-

formers Inc.), c) Road handlebar (Yeu Chueh), d) Water Tap (H & H Tube's) 

Pre-forming of complex shaped tubes for THF process 

In order to achieve the desired shapes, many THF operations - such as for the manu-

facture of the products represented in Fig. 1c&d - require a pre-forming of the tube. 

Bending processes (in general rotary draw bending for complex bent components and 

press bending for less complex shapes with large bend radii) are necessary to ensure 

that the initial tube can be inserted into the hydroforming die [37]. However pre-

forming not only comprises the bending of the semi-finished tubular material by it-

self, it usually includes crushing operations as well as annealing operations to re-

move residual stresses [34].  
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2.2.2 Hydroforming fundamentals 

2.2.2.1 Process principle 

In the process of tube hydroforming a straight or a bended tube is been formed under 

the influence of a hydrostatic pressure accompanied by mechanical loads. Initially 

the tube is placed into the die cavity of a split forming tool. The shape of the cavity 

corresponds to the final shape of the component. Following process steps include the 

closing of the dies as well as the sealing of the tube ends performed by axial sealing 

punches. A forming fluid which passes the boreholes of the punches is inserted and 

pressurized by a hydraulic power unit affecting the expansion of the component (in-

ternal pressure pi). Axially compressed by the sealing punches tube material can ad-

ditionally be forced into the main forming zone of the die cavity (axial force Fa). 

During the course of the process the internal pressure is continuously increased under 

the simultaneously controlled action of Fa until the formed tube entirely touches the 

inner surface of the die. Fig. 2 shows the sequence of a typical tube hydroforming 

process including the filling of the tube, the forming under internal pressure and ad-

ditional axial feeding and the relief of the loads. 

 

Fig. 2: Tube hydroforming principle [38]  
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2.2.2.2 Tube materials and testing methods 

Process designers have to select materials, which optimally meet the component re-

quirements. User-specified combinations of strength and good formability are re-

quired. Thus, for today's industrial hydroforming processes suitable and reliable test-

ing methods to obtain material parameters which characterize the forming behaviour 

of the initial workpiece are essential [39]. However, the testing methods are also used 

as a tool for quality control of the incoming tubular raw material to reduce the num-

ber of scrap parts during manufacture [40]. As the formability of tubular material 

depends on the material composition, rolling process, state of heat treatment etc. 

even smallest differences - especially between materials of two or more delivery 

batches - can lead to different achievable expansion ratios for instance, which cause a 

run of defective parts, due to early bursting during the hydroforming process. 

Currently, predominantly traditional material testing methods are used [6] which are 

standardized and thus easy to perform.  

One of the most commonly used methods to describe the forming behaviour of the 

tubular material is the standardized uniaxial tensile test. Though, the suitability of the 

test is often limited due to the fact that the typical biaxial stress state of the THF pro-

cess is not reproducible. For roll-formed products, a distinction has to be drawn be-

tween the application of this test to the initial sheet material before roll-forming and 

its application to the welded and roll-formed workpieces. If testing the initial sheet 

material, changes in material properties caused by the manufacturing process remain 

unconsidered [39]. The same applies to drawn tubular components formed from bulk 

material. Consequently, samples for tensile tests are predominantly taken from the 

finished tubular part in a longitudinal as well as in a tangential direction. However, 

this requires the specimens to be flattened before testing which influences the mate-

rial properties [39]. Major characteristics obtained by tensile tests are: yield strength 

σyp, ultimate tensile strength σUTS, uniform strain εu, elongation at fracture εz, strain 

hardening coefficient n and elastic modulus E.   
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Further standardized methods [6] for testing the semi-finished products are:  

(a) the expansion (or flaring) test, cf. Chap.4: expansion performed by a conical 

tool 

(b) the ring expanding test: a cut tube section is expanded by a conical tool until 

fracture occurs 

(c) ring tensile test: a cut tube section (ring) is expanded until it breaks 

(d) the flattening test (flattening of the tube or tube cross section by compressive 

forces)  

All tests are predominantly used to determine the formability and for the detection of 

defects on the surface and cross section of tubes.  

To improve the characterization of tubes suitable for hydroforming applications, a 

process-specific burst test (also 'bulge test', cf. Chap.5) has been developed and nu-

merous investigations have been carried out e.g. by [28,34,40]. According to Fig. 3, 

a tube specimen is clamped at both tube ends and is pressurized by a forming liquid 

until the tube bursts. During the test tube expansion and internal pressure are meas-

ured. With this method, the maximum attainable circumferential expansion of the 

tube can be determined.  

pi

sealing punch clamping device

bulged tube

 
Fig. 3: Tube bulge test, schematically 

Further common testing methods are hardness tests and non-destructive methods 

which work with ultrasonic or Foucault current. Detailed information regarding those 

tests can be found in the literature, i.e [6,39].  
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2.2.2.3 Process Design 

When developing a THF part, an in-depth analysis of the boundary conditions is es-

sential. An optimal component design considering the process limits (described later 

in this chapter) increases the reliability and the economy during the working process. 

The boundary conditions must be specifically applied so that the forming of the 

workpiece with its given wall thickness, cross section ratios etc. is guaranteed. The 

result depends on numerous parameters, like e.g. the initial tube dimensions, tube 

material, expand geometry and the controlling of the loads [41]. Their interaction 

during the process to the point of the final result is very complex.  

In order to successfully accomplish the THF process and to achieve the aspired form-

ing result, it must be known, in which way axial force and internal pressure e.g. as a 

function of the feeding path or the time have to be applied and/or increased. General-

ly the forming process consists of four steps: 

1. Sealing and Filling 

After placing the initial workpiece into the die cavity the dies are closed. In 

order to obtain the sealing, the axial punches move towards the tube ends and 

simultaneously insert the forming liquid which is then pressurized. However 

the internal pressure pi is still beneath the yield start. 

2. Free Forming 

Due to the increase in pressure now, the material starts to flow. The pressure 

is raised until scarcely below burst limit. Axial loads Fa are further increased, 

in order to keep the system close. The punches are continued to move for-

ward to feed material into the forming zone. At the end of this step the work-

piece largely conforms to the shape of the die cavity. 

3. Calibration 

During calibration, the tube totally conforms to the shape of the die cavity. 

The pressure level is high. Due to material friction, minor feeding is possible. 

The axial strokes and the axial loads respectively are used to prevent leakage. 

The calibration pressure pi, max is significantly influenced by the ratio of the 
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smallest component radius rc to the wall thickness t0, the stress condition in-

side the component as well as the current yield stress of the tube material. 

4. Pressure Relief 

When forming is completed the pressure is released. After decreasing the axi-

al loads and the press force, the dies are opened and the hydroformed part can 

be removed.  

2.2.2.4 Prediction of forming loads 

For the design of a suitable process control for a hydroforming operation the deter-

mination of the forming loads is essential. Nevertheless, the prediction of the form-

ing parameters requires appropriate fundamentals first of all. As already mentioned 

above, technological principles had been developed by plasto-mechanical approaches 

as well as by means of FE simulations, which can all be found in the literature, e.g. 

by [28,42-50].  

However, important fundamentals which are meanwhile established in practical ex-

periences for a first determination of necessary loads and which are of a high interest 

for a 'new' micro hydroforming process shall be presented in the following. In con-

ventional THF technology all introduced theoretical fundamentals serve in many 

cases as a basis for a more detailed determination of process control. 

Yield pressure at process start 

During the hydroforming process the forming loads internal pressure pi and the axial 

force Fa cause stresses in the tube wall, which can be referred to as plane strain for 

the sake of simplicity in case of thin-walled components. For the cylindrical shape of 

the component the stress state can be described by a stress acting in circumferential 

direction, tangential stress σt and a transverse so-called longitudinal or meridional 

stress σz. Regarding the process start with a cylindrical tube under axial force Fa and 

internal pressure pi (Fig. 4), the circumferential and axial stresses can be derived 
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from the force equilibrium at a tube section for a thin walled tube according to [28] 

as follows: 

(1) 

(2) 

Do

to
Fa

Fa

pi

σt

σz

σz

σt

 

Fig. 4: Tube section under internal pressure and axial 

compression according to [28] 

Expansion of the tube is ensured under the assumption according to [28] that the ef-

fective stress σv, which results from the combination of these stresses, corresponds to 

the local yield strength σyp of the tube material: 

ztztv σσσσσ −+= 22  (3) 

Determination of the closing force 

The parameters of the forming machine and units mounted on the tool are derived 

from the maximum loads necessary for the forming process. Moreover, they deter-

mine the design of the hydroforming tool with regard to rigidity and strength. 
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Decisive for the closing force Fc of the hydroforming machine is the projected com-

ponent surface Ap located orthogonal to the press closing direction and the maximum 

internal pressure pi, max. The following applies for the minimum required closing 

force Fc, min: 

(4) 

The maximum value pi, max determines also the pressure intensifiers to be used. The 

characteristic data of the drives for the axial punch stroke is given from the necessary 

axial force Fa. For the determination of the amount of stroke, the amount of tube ma-

terial to be supplied during the forming process is to be determined. 

Internal pressure 

In tube hydroforming process, the internal pressure pi versus the time needs to be 

determined. Its variation depends mainly on the material properties and strain hard-

ening behaviour, on the tube wall thickness, and on intricate sections sizes of the 

component such as small corner radii. Hence, the amount of internal pressure pi as a 

function of time should satisfy the following criteria [34]: 

• Sufficiently high to start the plastic deformation of the tube. A minimum re-

quired internal pressure pi, min must be present to avoid buckling and/or wrin-

kling of the tube due to axial forces Fa at the beginning of forming. 

• Sufficiently high to prevent the tube from wrinkling during intermediate 

forming stages due to excessive compressive axial force Fa. 

• Sufficiently high to form the tube wall into intricate sections of the die cavity 

during calibration. The so called calibration pressure pi max is dependent on the 

wall thickness t0, corner radius rc and flow stress of the material (however, 

usually ultimate tensile strength σUTS is used instead). 

• Low enough not to cause instabilities by necking or bursting of the tube wall. 

The amount of the burst pressure pib may not be exceeded. 
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Maximum internal pressure 

At the end of the forming process the tube wall has to be formed into corner radii of 

the die cavity which have not been formed during the main expansion of the tube. 

This requires the raise of the internal pressure up to its maximum value pi, max. One 

possibility to determine pi, max has been developed by [34]: 

(5) 

with the yield strength σyp, the ultimate tensile strength σUTS of the tube material, the 

wall thickness t (Fig. 5) at the formed radius and the outside corner radius rc of the 

die cavity which is to be formed.  

 

 

Fig. 5: Corner radius region in THF processes determined according to [34] 

Another equation [51] empirically deduced to determine the maximum necessary 

internal pressure is: 

(6) 

with the initial tube wall thickness t0. Using Eqn. (6), the course of internal pressure 

versus the ratio of the die cavity radius rc to the tube wall thickness t0 for a stainless 

steel micro-tube had been developed, Fig. 6. It is obvious form this figure that the 
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smaller the ratio rc/t0 the higher is the necessary amount of internal pressure to form 

the radius rc. 

 

Fig. 6: pi /σUTS-ratio versus rc /t0 -ratio according to [52] 

Bursting pressure 

For the prediction of the internal pressure pib at the moment of the bursting of 

straight tubes within the state of free expansion, the statement investigated in [28] 

under the use of the membrane theory 

(7) 

has shown to be applicable. Here, σUTS is the tensile strength of the material. Hence, 

the amount of pib should not be exceeded as long as the tube is not in contact with the 

surrounding die cavity. Only when large areas of the expanded tube received align-

ment to the die cavity the internal pressure is to be increased higher than pib. 

Fig. 7 shows the comparison of bursting pressure obtained from experiments and 

predictions by Eqn. (7) for axisymmetric bulge parts of different tube material, wall 

thickness and diameter. Experimental information is obtained from [28] and from 

formability tests at Engineering Research Center, Ohio State University published by 
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[34]. As can be seen, predictions agree with the experimental findings within a rea-

sonable range. 

 

Fig. 7: Comparison of pib /σUTS ratios of macro-tubes obtained from experiments and 

predictions for different materials, tube diameter and wall thickness values after [34] 

(diagram also contains results developed by [28]) 

Calculation of axial force Fa 

Simultaneous with internal pressurization, compressive axial forces are generated by 

the axial sealing punches in order to seal the tube ends as well as to compensate the 

thinning in the expansion zone by moving tube material into those regions. In today's 

tube hydroforming applications, hydraulic cylinders are used as axial drives to apply 

the axial forces into the tube walls. The forces provided by the axial cylinders should 

be: 
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• Sufficiently high in order to countervail the internal pressure at pressurization 

start. The sealing force Fp is the equivalent to the reaction force on the pro-

jected punch face due to internal pressure pi. 

• High enough to overbear the friction between outer tube surface and die 

walls. The axial force will be equivalent to the value of friction force Ff.  

• Sufficiently high to cause the tube wall deforming. Fu is the component 

equivalent to the longitudinal stress acting on the tube cross section area. For 

practical purposes, flow stress, or the ultimate tensile strength σUTS respec-

tively, of the tube material is used in calculations [34]. 

According to [53], a typical end position of a tube being bulged is represented in Fig. 

8. Hence, the axial force Fa acting on the tube ends can be made up from the force 

equilibrium in Fig. 8: 

(8) 

The sealing force Fp results from the reaction force of the internal pressure acting on 

the punch front. The following applies: 

(9) 

with the outer diameter D0 and the wall thickness t0 of the tube end in the feeding 

zone. 

 

Fa = Fp + Ff + Fu 
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piFp
Fa

Fu

axial sealing punch tube end

forming tool 
(feeding zone)

Ff

 

Fig. 8: Feeding zone with forming loads according to [53], schematically 

As the tube wall comes into contact with the die shape with progressive expansion, 

with the axial force Fa also the friction force Ff must be overcome in this area. When 

Coulomb’s frictional behaviour is taken as a basis, the following friction force is 

given: 

(10) 

with the coefficient of friction µ, the instantaneous tube diameter D1 in the die and 

the length lf where frictional movement occurs [53].  

The force Fu is the axial force component that is initiated in the tube wall which to-

gether with the action of the internal pressure maintains the plastic flow of the tube 

material. By means of derivations using the upper bound theory it can be shown [49], 

that for thin walled tubes (if wall thickness to tube diameter ratio t0/D0 is below 0.3): 

(11) 

with the yield stress σyp, the tube outer diameter D0 in the feeding zone and the tube 

wall thickness t0 at this area. 

For practical use according to [54], a rough estimation of Fu can also be made by: 

Ff = µ σN D1 π lf 

Fu = 1.12 π D t0 σyp + π (D0 - t0) t0 pi 
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(12) 

with α = 1.2…2.0, the initial tube dimensions D0 and t0, and the ultimate tensile 

strength σUTS. 

Finally, two important issues should be added: 

• Generally, the internal pressure pi and the position (stroke) of the axial punch 

x are controlled and varied versus the time t to obtain the desired part geome-

try within the process limits. Hence, the axial force Fa of the axial punches 

results from the selected process control with pi(t) and x(t).  

• For a suitable design of the axial punches the maximum amount of axial force 

Fa is of interest to ensure that these can be built with an adequate durability. 

This maximum force Fa generally arises at the end of the hydroforming pro-

cess during the calibration of the component with pi, max. 

Process Limits and Process Failures 

A successful executed THF process requires that all processing parameters are situat-

ed within a process window, Fig. 9, in order to avoid the typical failure modes [28].  

The reason is that the workpiece shapes attainable with hydroforming processes are 

limited by the occurrence of failures like wrinkling, necking or bursting of the tube 

wall and buckling of components with long, unsupported workpiece areas 

[27,28,45,49,55,56].  

To meet the process window, all process parameters must satisfy the following re-

quirements: 

• The axial force Fa must be large enough to ensure a safe sealing of the hollow 

profile. 

• The maximum internal pressure pi may not lead to a necking of the tube wall. 

 Fu ≈ α σUTS πt0 (D0 - t0) 
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• The maximum applicable axial force Fa, max must always lie underneath the 

buckling load. 

Both, the mechanical loads and the internal pressure can only be increased up to 

boundary values, until following failure modes may occur [53]: 

• Depending on the initial tube parameters (dimensions and specifics), a critical 

axial compression stress σz leads to buckles or wrinkling. 

• A critical internal pressure pi leads to necking of the tube’s wall, if the pres-

sure is further increased, cracks arise. 

• If the chosen bending angle is too large, crinkles and defects along the tube’s 

(oval) cross section appear. 

process 
window

buckling
bursting

leakage

internal pressure

ax
ia

l f
ee
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elastic 
stretching burstingbucklingwrinkling

 

Fig. 9: Process window (left) with load conditions according to [28] and common 

failure modes [53] which limit the THF process: wrinkling, buckling and bursting 

Regarding a forming process with tension-compression stress, the following can be 

stated. The larger the failure free area, the larger is the ratio axial compressive stress 

to tangential tensile stress, σz/σt. This ratio also influences the decrease in wall-

thickness t0. The process control must maintain a sufficiently high axial compression 

stress σz, in order to minimize the tangential stress σt and to force tube material to-

wards the die cavity. Also the initial tube parameters influence the process limits. 
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The reliability on buckling and local wrinkling depends on the tube parameters 

length l0, diameter D0, wall thickness t0 and tube material [28].  

An exact prediction of the occurrence of such failures is comparatively time-

consuming due to the usually complex forming operations. Based on the assumption 

of simplifying basic conditions, certain predictions can be made concerning necking 

of the tube wall and buckling of the workpiece, e.g. [27,45]: 

• For the start of necking in the case of rotationally symmetric expansion of 

straight tubes, a criterion was investigated in [27] that was established under the 

assumption of a constant ratio of the axial to tangential stress σz /σt = const. Ac-

cordingly, this form of necking occurs when the logarithmic strain in wall thick-

ness direction  

(13) 

corresponds to the negative strain hardening coefficient -n of the tube material 

with the wall thickness t0 of the initial tube, and the local wall thickness t of the 

expanded tube. The requirement σz /σt = const. does not apply generally to con-

ventional hydroforming processes. However, fundamental investigations have 

shown that it can be used for a first estimation [49]. 

• In conjunction with FEA-process simulations, today forming limit diagrams 

(FLDs) are used for the prediction of the start of necking. Also here the simplify-

ing assumption is made that the ratio of expansion growth is constant during the 

forming process. 
 

• From practical experience it is known, that possible rotationally symmetrical 

expansions of straight tubes obtained by hydroforming are feasible from about 

12% (aluminium alloys) up to 40% and more (stainless steel). Depending on the 

component geometry and length increased values may be achieved [55]. 
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2.2.3 Laser-assisted process 

In general, high deformation rates can lead to cracks and rupture very easily during 

forming processes. Thus, heating has been widely used for assisting in forming pro-

cesses, largely due to improved material flow and reduced strength at the elevated 

temperature. Due to the dependence of the yield strength on temperature, forming at 

elevated temperatures eases processing of the materials.  

Fig. 10 shows an example of the flow curve for an austenite stainless steel (AISI 

304) steel at different forming temperatures. With an increase in heat the true stress 

decreases. 

Thus, introducing heating leads to reduced forming loading and helps to process ma-

terials with extend forming ability including component/part-forms and dimensions 

or aspect ratios.  

 

Fig. 10: Reduction of the yield stress during warm forming: Yield stress de-

pending on the deformation degree during cold and warm forming [56] 

Heating with laser is especially effective for forming sheet metals or thin sections 

from bulk materials. Since forming mostly takes place at localized areas of the work 

piece only, selective heating is sufficient and is advantageous in most cases. It offers 

a possibility to heat only the areas of the work piece where strongest deformations 
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are required. In today’s production technologies the laser can be used in the process-

es such as bending, deep drawing, stamping, can-extrusion, etc. [58-61]. Transparent 

tools made of sapphire permit the guidance of the laser radiation directly onto the 

workpiece within the closed tool set during the processes [15]. 

Due to the high lateral resolution by minimized focusability down to a few microns, 

laser processes have in particular become established within the manufacture of min-

iature and micro-parts [5,56,59-61]. 

Thus, especially for the hydroforming of micro-tubes the impact of selective laser 

heat could help increasing the forming ability in the forming zone (provided that an 

increase in formability of micro-tubes takes place under heat influence which to find 

out is subject of the study). 

Size effects in microforming 

As already mentioned in Chap. 1, the forming behaviour, the tribological conditions 

and operation accuracy are influenced by the size-effects. They appear to be the most 

important (process limiting) factors in microforming. Therefore, the influence of the 

microstructure on the forming result is one of the main aspects to consider. With de-

creasing size, the influence of single grains and their orientation has to be taken into 

account, in particular if only a few grains are present in one dimension [8]. Also ani-

sotropy and / or the texture of the material must be taken into account. From litera-

ture it is known that those parameters often lead to reduced process stability and reli-

ability. As suggested in [62] a possibility to reduce the impact of size-effects is to 

influence the microstructure during the forming by heating the workpiece. According 

to [63,64], the above-mentioned flow stress at higher temperatures is been reduced 

by a higher number of activated slip systems inside the grain structure. Due to that, 

anisotropic material behaviour is reduced which results in a less inhomogeneous 

forming with improved repeatability. 
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Looking at the above mentioned facts, laser heat seems the most suitable choice for 

the heating of the micro-tube during the forming process compared to other methods, 

as it offers 

• Local heating of the tube, allowing to limit the heat impact to the forming zone 

(heating of the entire micro-tube e.g. by magnetic induction probably could have 

enlarged the risk of instabilities such as wrinkling due to reduced material stiff-

ness during axial feeding)  

• Energy input and thus the forming temperature can easily be controlled via the 

current of the used laser source 

• Laser radiation allowing minimal process time as well as handling time of the 

tube during experimental investigations which could not be achieved with heat 

transfer from e.g. pre-heated tools 

Description of the forming ability during hot forming as an example of steel 

Normally, in forming processes with increased temperature mostly high-alloyed steel 

and steel with higher strength (higher C-content) are formed. The temperature range 

of usually 600°C … 800°C is named as the area of warm forming. Besides that, some 

manufacturers apply lower temperatures, especially for impact extrusion processes. 

In some cases, forming between 160°C to 350°C shows a significant improvement of 

the formability without noticeable change of the basic material. For austenitic steel, 

in particular stainless steel, 200°C - 450°C is a common temperature range [65].  

Since austenitic stainless steel, and in particular AISI 304 stainless steel is object in 

this study, it is essential to point out some of the general and specific characteristics.  

If the chrome concentration arises over 12.5%, steel becomes rustless and with that 

non-corroding. Alloying elements such as molybdenum and nickel support this ef-

fect. Depending upon the content of alloying elements and carbon the stainless steel 

differs in its metallurgical structure. Three main groups are differentiated in /1/ ferrit-

ic, /2/ martensitic and /3/ austenitic steel. In general, the cold-formability of austenit-

ic steel is better than the one of ferritic steel. However, due to the strain-hardening of 
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austenitic steel during cold forming its power requirement is larger compared to the 

cold forming of ferritic steel. Parallel to the strain-hardening of austenitic steel, an-

other hardening effect occurs: the austenitic (face-centred cubic, fcc) structure 

changes to martensitic (body-centred cubic, bcc) structure [65].  

The hardness of the martensite leads to an increase in strength. This hardening de-

pends on the content of nickel. The higher the nickel content, the smaller is the cold 

hardening [65]. 

 

Fig. 11: Function of temperature-yield stress of stainless steel AISI 304 [66] 

An increase in temperature to approx. 350°C can affect the forming of stainless steel 

favourably [65]. The flow curve [66] of AISI 304 at a degree of true strain εt = 0.5 is 

characterized by a plateau of reduced yield strength σyp between ca. 200°C and 

400°C, Fig. 11. Thus, with regard to experimental investigations, the area of steady 

material ability is a tremendous advantage if the forming temperature probably can-

not be hold absolutely constant. 

σyp 

AISI 304/X5CrNi18 9 

true strain εt = 0.5 
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  CHAPTER 3

SELECTED MATERIALS AND MATERIAL ANALYSIS 

This chapter addresses three major topics regarding the materials used during the 

study. 

• The first part of the chapter addresses the methodology concerning: How ad-

equate tube materials and dimensions have been selected for a later miniatur-

ized THF process. Finding appropriate material is important because there is 

no material database existing and there are no reports which characterize the 

mechanical properties such as the forming ability of micro-tubes, which 

would simplify the choice of those tubes suitable for micro-hydroforming ap-

plication. And as can be seen later, mechanical properties of the same materi-

al changes depending on the delivery.   

• The second part of the chapter gives an overview of the used tube materials 

and dimensions and focuses on the approach to systematically applying sev-

eral testing methods to collect significant information about the formability of 

the chosen micro-tubes.  

• And finally, part three deals with the material analysis to verify and/or extend 

the manufacturer’s information regarding the mechanical properties of the in-

vestigated micro-tubes, e.g. the ultimate tensile strength obtained in tensile 

tests, elongation, hardness etc. Additionally, microstructural analyses had 

been performed to get information about grain sizes and possible anisotropies 

with the objective to be able to understand obtained forming results. 
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3.1 Considerations on tube selection 

In principle, all materials and alloys used for deep drawing or stamping can be used 

for hydroforming applications as well [67]. Hence, micro-tubes made of material 

typically used for micro-forming applications were analysed in a first step. 

 

Fig. 12: Ratio t0 / D0 versus pi / σyp  

It can be shown with Eqn. (1), Chap. 2, that for a tube expansion without the support 

of an axial stress, the ratio between the needed pressure for the tube expansion and 

the yield strength of the material, pi/σyp is proportional to the ratio of tube wall thick-

ness to tube outer diameter t0/D0. This relationship is shown in Fig. 12 [67], supple-

mented with the range of t0/D0 ratios used in current applications for the conventional 

hydroforming of tubes [69]. Thus, micro-tubes had been investigated with the same 

t0/D0 ratio compared to those being used in conventional THF processes, Fig. 12. 

It was found that micro-tubes available on the market have dimensions in the range 

of t0/D0 = 0.05 up to 0.16, which is identical to the ratios of hydroforming tubes for 

conventional applications. Smallest offered tube diameters are about 0.2 mm and 

smallest wall thicknesses about 0.015 mm. Available micro-tubes of two different 

manufacturers/suppliers are exemplarily shown in Fig. 13 and Table 2.  

0

0.1

0.2

0.3

0.4

0.5

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

in
te

rn
al

 p
re

ss
ur

e 
p i

 / 
yi

el
d 

st
re

ng
th

 σ
yp

 

wall thickness t0 / tube diameter D0 

conventional hydroforming 



  

36 

Regarding the typical maximum values of internal pressures presently used in con-

ventional THF applications (200 up to 400 MPa), it seemed that this pressure can 

also be applied to micro-parts. 

 
 

Fig. 13: Manufacturer’s ('Minitubes', France) avail-

ability range of mini- and micro-tubes [70] 
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Table 2: Stainless steel micro-tube dimensions and materials available from 'Rieck' [71] 
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3.2 Used materials and sequence of experimental investigations 

Fig. 14 gives an overview of the investigated tube materials as well as the sequence 

of the studied experiments: 

 

Fig. 14: Investigated tube material and sequence of experiments 

Nanoflex (X1CrNiMoCuTiAl 12-9-4-2) 068x005 (0.68mm OD x 0.05mm WT)

AISI 304  065x008 (0.65mm OD x 0.08mm WT)

AISI 304  07x005 (0.7mm OD x 0.05mm WT) 

AISI 304  08x01  (0.8mm OD x 0.1mm WT)

AISI 304  10x006  (1mm OD x 0.06mm WT)  hard drawn

AISI 321  10x015  (1mm OD x 0.15mm WT)

AISI 304  10x006  (1mm OD x 0.06mm WT)  annealed

1  Mechanical Forming Tests

AISI 304  07x005 (0.7mm OD x 0.05mm WT) 

AISI 304  08x01  (0.8mm OD x 0.1mm WT)

AISI 304  10x006  (1mm OD x 0.06mm WT)  hard drawn

2  Flaring tests, at RT (manual data acquisition) 

2a  Flaring tests, laser-assisted (manual data acquisition)

AISI 304  08x01  (0.8mm OD x 0.1mm WT)

AISI 304 (batch A)  08x004  (0.8mm OD x 0.04mm WT)

 

3  Flaring tests, a) at RT / b) laser-assisted  

AISI 304 (batch B)  08x004  (0.8mm OD x 0.04mm WT)

Copper CW024A  R200   08x01  (0.8mm OD x 0.1mm WT)

Copper CW024A  R250   08x01  (0.8mm OD x 0.1mm WT)

AISI 304 (batch A)  08x004  (0.8mm OD x 0.04mm WT)

AISI 304 (batch B)  08x004  (0.8mm OD x 0.04mm WT)

Copper CW024A  R200   08x01  (0.8mm OD x 0.1mm WT)

Copper CW024A  R250   08x01  (0.8mm OD x 0.1mm WT)

4  Bulge tests, a) at RT / b) laser-assisted  
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Initial trials were performed on micro-tubes that had been offered by a supplier for 

free. The delivered samples in lengths of a few centimeters were used for experi-

ments such as bending tests, simple tensile tests, and mechanical expansion tests. The 

overall objective was to obtain primary and general information about the tubes' 

forming ability. The tubes used for these tests are summarized under point ‘1’, Me-

chanical Forming Tests (it should be noted here that due to minimal order quantities, 

approx. 500 to 1500 m, it was not possible to obtain amounts of tubes in lengths of 

approx. 1 m from the suppliers and/or manufacturers with which more extensive ini-

tial experiments compared to the samples in lengths of a few centimeters could have 

been performed). 

After the initial trials, a selection was made and the micro-tubes presented in section 

‘2’ were investigated applying the flaring test, described in detail in Chap. 4.3. For 

simplicity reasons, a mechanical load gage was used initially and all forming data 

was recorded manually. The aim of the first tests was to collect information about 

suitable tube diameters and wall thicknesses (for the flaring test, bulge test and the 

following hydroforming trials) as well as wall thickness / diameter aspect ratios t0/d0, 

forming loads, expansion diameters and scattering of the investigated micro-tubes.  

Furthermore, the assumed most suitable micro-tube (AISI 304 0.8x0.1) was investi-

gated under warm forming conditions, Fig. 14, experiments ‘2a’. A laser beam was 

used to increase the temperature to up to 300°C. First information about enhanced 

process limits as well as (probably reduced) influence of size effects should be gath-

ered. The temperature of 300°C was chosen since it was firstly approximately in the 

centre of the area suggested by [65], cf. Chap. 2.2.3  Laser-assisted process and sec-

ondly in the centre of equal yield strength (the 'plateau' of the AISI 304 flow curve) 

which could be - as already mentioned above - a tremendous advantage if the form-

ing temperature probably cannot be hold absolutely constant and scatters slightly 

during the experiments.  
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Based on the experience gained with the test series ‘2/2a’, a few hundred metres of a 

stainless steel micro-tube with an outer diameter D0 of 800 µm were ordered for fur-

ther experiments. The wall thickness t0 of the stainless steel tube (AISI 304) was 40 

µm. After the first lot was used up during the study, new material had to be ordered 

expecting the same chemical composition and the same mechanical properties. In the 

course of the investigation the two lots are denoted as “-a” for the first lot (AISI 304-

a), and “-b” for the second lot (AISI 304-b) respectively. Additionally, two sets of 

copper micro-tubes had been purchased to extend the investigations to non-ferrous 

material. 

 

 

Fig. 15: Universal testing machine 'Zwick BX100/SN5A ' with flaring test setup  

According to Fig. 14, both stainless steel batches (AISI 304-a and AISI 304-b) as 

well as the copper tubes (CW024A) differed in their mechanical properties. In test 

series '3', the material properties were investigated by applying the flaring test at a 

universal testing machine ‘Zwick BX100/SN5A’, Fig. 15. Trials were performed at 

room temperature and laser-assisted heating at 300°C.  
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In test series '4' hydraulic free bulging tests were performed with AISI 304 and 

CW024A micro-tubes at room temperature and laser-assisted heating at 300°C.  

Major aspects of the bulge test were: 

1. It should be examined if the forming results (e.g. maximum expansion diameters, 

elongations etc.) obtained by the flaring test can be reproduced by the free hydrau-

lic bulging. If so, then the flaring test could be used as an alternative (easy-to-

handle) testing method in the future in contrast to the hydraulic bulge tests. 

2. Obtained forming results (forming diameters, maximum achievable internal pres-

sures, elongations etc.) should be the basis to define the dimensions of a “demon-

strator part” to be hydroformed in a micro-hydroforming prototype machine (clos-

er described in Chap. 6).  

3.3 Material analyses 

As mentioned, AISI 304 and CW024A tubes were selected as test specimen materi-

als. The austenitic stainless steel AISI 304 (ref. to EN 10088-3: 1.4301 and/or 

X5CrNi 18-10) features a high ductility and excellent drawing and forming proper-

ties. The material is commonly used in applications like the automotive and construc-

tion industry, the chemical industry, cooking and food processing equipment, kitchen 

sinks, hospital surgical equipment, hypodermic needles, feed water and other tubing 

and sanitary fittings to name a few. Typical mechanical properties of material used 

for forming applications are 500 – 700 MPa ultimate tensile strength σUTS, 360 MPa 

yield strength, 50% elongation at break and a Vickers hardness (HV10) of ~200 [72].  

The CW024A copper also corresponds to the following designations: C106, UNS 

C12200, ISO Cu-DHP. CW024A is phosphorous de-oxidised non-arsenical copper 

that is 99.9% pure. It is typically used in applications like refrigeration, gutters and 

roofing, gas plants, hydraulic air and oil lines, air conditioning, heater units, plumb-

ing pipe and fittings. It is typically supplied as round tube, half hard sheet and soft 

sheet. C106 / CW024A material has an excellent response to cold working. Hot 

working is good, but as an example with forging of brass rated as 100, the hot forge-
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ability of C106 / CW024A is rated at 65. Annealing can be done by rapid cooling 

after heating to approx. 370 – 650°C. Mechanical properties vary widely according 

to condition (soft/half hard etc.), however typical values are 50…340 MPa proof 

stress, 200…400 MPa ultimate tensile strength σUTS, 5…50% elongation and 40 to 

120 HV Vickers hardness [73].  

To verify the material properties of the delivered micro-tubes, tensile tests, hardness 

measurements and microstructural investigations were performed on them. However, 

the material tests were only conducted on the tubes which were investigated in the 

‘main’ test series 3 and 4 of the study and on the stainless steel tubes AISI 304 

0.8x0.1.  

The mechanical properties of the test materials were determined by tensile tests to 

verify the manufacturer’s information. The experiments were conducted on a univer-

sal testing machine Zwick BZ100/SN5A. For each material tube samples of 40 mm 

in length were taken for the tensile tests. The free clamping length L0 of the samples 

was 12 mm. Before each test, a small piece of wire was introduced into each tube 

end (outer diameters of the wires corresponded to the inner tube diameter) so that the 

tubes could not be crushed in the clamping area. Every measurement was repeated 

three times and each average value was taken as the result, Table 3. For comparison, 

the table also includes the values taken from the manufacturer’s test reports. 

It is conspicuous that the ultimate tensile strength (593 MPa) of the second delivery 

batch (batch B) of AISI 304 08x004 is far below the value (700 MPa) determined by 

the manufacturer and thus much lower than the ultimate tensile strength σUTS of de-

livery batch A, which was 730 MPa (manufacturer's information), and 690 MPa 

(measured) respectively. Furthermore, in both cases (batch A and B) higher yield 

strengths and thus lower elongations were measured.  
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AISI 304 800 -20/0 100±1 not listed / 
1157 

not listed /   not listed / 
7.8 

work-
hardened / 
372 

AISI 304 
(batch A) 

800 ±20 40±0.5 730 / 690 344 / 477 53.7 / 
36.7 

not listed / 
205 

AISI 304 
(batch B) 

800 -7.5/+6.4 40±3 700 / 593 329 / 408 53 / 31.2 not listed / 
165  

CW024A 
(R200) 

800 -10/0 100±5 not listed / 
236 

 not listed / 
37.3 

not listed / 
45 

CW024A 
(R250) 

800 -10/0 100±5 247-250 / 
296 

 30 / 13.7 not listed / 
49 

Table 3: Tube dimensions, tolerances and mechanical properties 

Regarding the copper tubes, the values of the minimum required ultimate tensile 

strengths σUTS could be achieved. The σUTS of the R200 (R200 means at least a σUTS 

of 200 MPa) was 236 MPa and the one of the R250 (≥250 MPa) was determined to 

296 MPa. Also, the indicated elongations of the copper materials did not match the 

manufacturers' data.  

A reason for the differences compared to the manufacturers' information could not be 

found.  All tensile tests were undertaken with identical test conditions during the 

study. However, it must be stated that sample lengths have been investigated which 

differed from the tube lengths used in the manufacturer’s tensile tests. 

For the hardness determinations a testing machine GNEHM, type Brickers 220 was 

used. As the program HV1 was chosen. The load duration was 12.5 seconds at a test 

load of 9.805 N. Again, every measurement was repeated three times and the mean 

values were taken as a result. Measured values are listed in Table 3. Due to recrystal-
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lization annealing, the hardness values of the 08x004 stainless steel tubes were –as 

expected- well below the value of steel tubes with a wall thickness of 100 µm which 

were delivered in work-hardened condition. The measured hardness of the C106 / 

CW024A copper tubes are also represented in Table 3.  

To analyse the grain structure and measure the grain size, samples were embedded in 

plastic moulding on the one hand in thickness direction (longitudinal tube direction) 

and on the other perpendicular to the longitudinal tube direction and afterwards pol-

ished. Finally the materials were micro-etched using a mixture of aqua regia (nitro-

hydrochloric acid) and “Vogel’s” pickling inhibitor for the stainless steel tubes, and 

Cu m5 (mixture of distilled water, hydrochloric acid and ferric-III-chloride) for the 

copper tubes respectively. The recipes had been taken from [74]. 

A digital microscope, type Keyence VHX-600 was used to visualize the grain struc-

tures, Fig. 16. In longitudinal direction of the AISI 304 0.8x0.1 tube, (1) left, a de-

formation texture caused by the drawing process of the material can clearly be seen, 

whereupon a significant anisotropic behaviour is expected during the formation tests. 

On the contrary, the AISI 08x004 micro-tubes, (2) and (3), show a consistent poly-

crystalline grain size distribution, grain shape distribution and structural arrangement 

in both the longitudinal and the section perpendicular to the longitudinal tube direc-

tion. Grain sizes of the AISI 304-a were determined to 8-9 ASTM (American Society 

for Testing Materials) which corresponds to grain diameters between 22 µm and 16 

µm, and 7-8 ASTM (between 35 µm and 22 µm) of the AISI 304-b respectively, and 

which all indicates ‘fine-grained’ microstructures.  

On the four micrographs in Fig. 16 below, (4) - (5), the grain structures of the copper 

micro-tubes are visualized. The R250 copper tubes are characterized by a distinctive 

smaller grain size compared to the R200 grain structure. Grain sizes were determined 

to approx. 9 ASTM for the R250 copper tubes which indicates a fine-grained struc-

ture and corresponds to grain sizes of approx. 15 µm.  R200 grain sizes refer to 

ASTM 6 - 7 which are mean grain size diameters in the range of 30…45 µm.  

 



  

45 

 
 
 
 
 
 
 
 
 
 

(1) Stainless steel AISI 304 0.8x0.1 
 
 
 
 
 
 
 
 

(2) Stainless steel AISI 304-a 08x004 
 
 
 
 
 
 
 
 

(3) Stainless steel AISI 304-b 08x004 
 
 
 
 
 
 
 
 
 
 

(4) Copper CW024A R 200 0.8x0.1  
 
 
 
 
 
 
 
 
 
 
 

(5) Copper CW024A R 250 0.8x0.1  

Fig. 16: Metallographic micrograph sections of the test materials, a) longitudinal 
tube direction, b) circular cross section of the tube
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In the copper structures, the so-called crystal twins can be observed.  Such crystals 

can be found in both the R200 and the R250 copper tube structures that are marked 

with white ovals in Fig. 16 below. From literature is known, e.g. [75,76], that espe-

cially metals and alloys with fcc (face-centred cubic) lattice such as copper and stain-

less steel often contain those twins. In this case, two possible ways for their for-

mation need to be considered: /1/ thermally formed twins so-called recrystallization 

twins, resulting from a recrystallization of the material and /2/ mechanically formed 

twins which arise due to an external load.  In both cases those twins are generally a 

hint of a remarkable anisotropy which could lead to a likely inhomogeneous forming 

behaviour later on.  
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  CHAPTER 4

DETERMINATION OF TUBES' FORMABILITY WITH 

FLARING TESTS 

4.1 Introduction 

As mentioned in Chap. 3, there has not been any research to characterize material 

properties on micro-tubes formability, particularly for circumferential ductility in 

biaxial stress state. However, this should be of substantial interest for the selection of 

applicable micro-tubes material for the tube hydroforming process. The current in-

formation available on micro-tubes formability is based only on uniaxial tensile tests 

though the hydroforming process applies multi-axial stresses. 

In this study a testing method was used to investigate the tubes' formability under 

more realistic conditions which apply multi-axial stresses that are present in the hy-

droforming process. 

4.2 Aim of the test 

Since the ductility of a material is an important parameter that determines the form-

ing limit of a hydroforming process, its evaluation is essential.  

In order to evaluate the material behaviour, especially the circumferential ductility of 

micro-tubes, the flaring limit was investigated experimentally. The flaring limit is 

related to the circumferential ductility of a micro-tube and was determined as a prop-

erty that defines the maximum flared expansion. In the study, the flaring limit was 

defined as the relative expansion ratio εf as: 
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εf  = (df /d0)-1 (14) 

Where d0 and df are the initial micro-tube and final maximum expansion diameters, 

respectively. 

4.3 Short description of the flaring test 

Previous researchers have studied the material behaviour of tubes by means of the 

expanding test (now commonly referred to as a flaring test). Manabes and Nishi-

muras investigations [77,78] initially dealt with the effects of the mechanical proper-

ties and sizes of tubes, lubricants and cone-angles on the flaring process.  

In the publication of Almeida et al. [79] and Alves et al. [80] the emphasis is fo-

cussed on deformation modes, forming limits and on establishing formability princi-

ples for the benefit of those who design thin-walled tubular parts in daily practise. 

Theoretical (numerical) investigation based on finite element method supported by 

experimental investigation validated the experiments.  

The stress-strain distribution was meanwhile studied analytically combining the vol-

ume incompressible condition, Levy-Mises equation and the Theory of Plasticity by 

Lu [81] and Fischer et al. [82] to clarify the deformation behaviour during flaring.  

Since all above mentioned studies dealt with tubes with outer diameters D0 >20 mm, 

there has been a lack of information considering the material behaviour of micro-

tubes. Thus far, no research results obtained from flaring tests regarding micro-tubes 

of the materials investigated in this study have been published. As the formability is 

one of the most important parameters that determine the forming limit during the 

hydroforming process, the flaring limit was investigated which provides information 

about achievable expansion ratios in the micro tube hydroforming process.  
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4.4 Experiment procedure 

The mechanical expansion experiments conducted refer to DIN EN ISO 8493. Ac-

cording to this standard, seamless and/or welded tubes may be applied to the test 

which, however, is usually applied to tube diameters larger 1 mm.  Additional infor-

mation can be found in [83]. 

In this study, standard tubes featuring an outer diameter D0 ≤ 1 mm have been inves-

tigated. Furthermore, all selected tubes covered the t0/D0 ratio range according to 

Fig. 12.  The sample to be expanded consists of a tubing section whose length L0 is 

large enough that there is still sufficient length outside the tube holder after the pro-

cedure.  The expanded area cannot extend into the area of the tube holder. 

The samples are taken from the ends of the tubes. Their cut faces lie perpendicularly 

to the longitudinal axis of the tubes.  The exact length of a tube was measured using 

a digital sliding calliper.  In order to reduce the influence of a comparatively rough 

tube ends surface that could influence an early material failure (notch effects caused 

by grinding marks) the specimens were ground down with sandpaper (1200 grit) to 

set their nominal lengths.  To guarantee an identical treatment of each specimen, the 

specimens of each test series were all together placed into a multi-holder and were 

then ground down to the same extend and to an equal length.  The sample edges 

should not be rounded (deviating from the standard test for macro-tubes) in order to 

avoid a reduction of the wall thickness at the beginning of the procedure.  However, 

all samples are slightly de-burred to the same extent. 

The experiments were performed at room temperature using the universal testing 

machine Zwick BZ100/SN5A under an upper spindle displacement rate of va = 1.2 

mm/min.  The principle kinematics and geometry definitions can be seen in Fig. 17.  

The conical tool with the semi-angle of α is fixed in the chuck collet of the machine 

and aligned with the longitudinal axis of the micro-tube placed in the tube holder. 

Prior to inserting the sample into the holder, it was cleaned precisely using pressur-

ized dry air.  Before conducting each experiment, the conical tool and the end of the 

micro-tube were cleaned with isopropanol.  
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Fig. 17: Conical tooling and the flaring test schematically 

Before each test, the expand cone was oiled and moved until it just touched the inner 

edge of the micro-tube.  After resetting the micrometre gauge and the load microme-

tre, the conical punch is pressed into the sample, until at least one tear appeared at 

the outer diameter of the expanded sample.  During the test neither the sample nor 

the conical tool was allowed to turn.  The sample surface was continuously observed 

Experimental setup 

Flaring test, schematically 

Tube dimensions:   Initial tube length L0  
 Initial inner tube diameter d0  
 Initial wall thickness of the tube t0  
 Inner tube diameter after forming df 

Tool dimensions: Semi-angle of the conical forming tool α 
 Height of the tube holder hh  
Kinematics: Axial forming load Fa 
 Spindle displacement rate va 

 Axial displacement of the forming tool s 

t  o

Ødo

aF

L o

s v a

α

Ødf

h
h
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from a visual range of approx. 250 mm with normal visual acuity, particular in the 

main expansion area.  In appropriate steps, the axial load affecting on the tube’s end 

was read off from the indicating calliper and its value was recorded as one with the 

corresponding axial displacement.  The press was stopped either at the point a frac-

ture appeared or if buckling and/or wrinkling occurred, also if the flaring diameter 

could not be increased any further. 

After backing out the conical tool from the tube and taking the tube out of the holder, 

the expansion diameter at the border of the flaring zone was measured using a Zeiss 

reflected-light microscope with charge-coupled device camera AxioCam MRc.  

A remark on the measuring techniques of the expansion diameters 

The two techniques to determine the forming diameter are shown in Fig. 18. Appli-

cation of each type of technique depended on the appearance of the widened tube 

end. Two cases had been distinguished:  

1. No crack or only a very small crack/beginning of crack appeared after form-

ing. => Diameter could be determined via "diameter" or "radius" measure-

ment mode of the microscope' measurement programme. 

2. As a result of the high radial tensile stresses inside the tube wall a few tube 

ends practically 'exploded' so that the crack(s) wide opened. => A line along 

the inner edge of the tube wall could be manually designed and the measure-

ment programme determined the surrounded area. The expanded diameter 

was then calculated via the according circumference of the determined area 

minus the distance of the crack width(s).  

Since the measurement points had been manually set, the inaccuracy in measurement 

was assumed to be in the entire micrometre range. Thus, the measured values had 

been rounded up to the nearest 1/100 mm. 
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Fig. 18: Determination of the achieved expansion diameter with the integrated 

measurement programme of the Zeiss reflected-light microscope 

4.5 Laser-assisted flaring test 

After the cold-forming flaring tests have been conducted, the next aim of the investi-

gating was on the influence of heat by means of laser-energy on the forming behav-

iour. Since applications of micro forming technologies are limited by problems aris-

ing from size-effects, several researchers have investigated micro-forming processes 

under the assistance of heat to approach to these problems. Experimental investiga-

tions with laser heat have shown that the variation in the material behaviour could be 

reduced, leading to more process stability and reliability. Laser energy increases the 

temperature of the material during forming and the formability in the required area of 

the work piece and reduces the flow stress as well as the anisotropy of the material 

[62]. 

With the objectives defined above, laser-assisted flaring tests were performed in or-

der to obtain information about: 

•   improved formability 

•   reduced forming loads 

•   reduced scatter 
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The experimental setup was consistent with the flaring test performed at room tem-

perature. The heat energy was introduced using the laser source described in Chap. 

4.5.1. For measurement of the forming temperature ϑf a pyrometer was used, defined 

in section 4.5.2.  

4.5.1 Description of the laser source 

A laser source with the following specifications had been used for the experiments: 

Name: „Hochleistungs-Diodenlaser System 25W“ 

Manufacturer: Albers Laser, Konstanz, Germany 

Type:  101 

Semiconductor: GaAs (Gallium Arsenide) 

Maximum power: 25 W 

Wave length: 810 nm (Infrared) 

Operation mode: CW and pulse …10 kHz 

Numeric aperture : 0.2 

Fiber coupling: 200 µm 

Focussing lens: 50 mm 

Image scale:  1:1 

To transmit the laser beam to the tooling, a fibre optical cable was used.  For holding 

the focusing lens a cylindrical device was mounted at the end of the fibre cable. The 

image scale of the focusing unit was 1:1, which means the distance “beam exit (fibre) 

– focussing lens” corresponded to the distance “focussing lens – focal point”. The 

cylindrical focussing unit was then attached to a clamping device which was mount-

ed on the test table. To set or to change the focal diameter by varying the focal 

length, the entire focussing optics could be moved along its longitudinal axis by 

simply loosening the screw of a clamp. The adjustment of the spot was realized with 

the aid of an integrated pilot laser beam.  This visible pilot laser point was adjusted 

so that it corresponded to the given tube diameter. The experimental setup is shown 

in Fig. 19. 
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Fig. 19: Experimental setup (early laser-assisted trials) 

4.5.2 Description of the pyrometer used for temperature measurement 

For the temperature measurement of the laser-assisted tests a stationary digital py-

rometer type Cella Temp PZ 27 had been used.  By using a special filter, the high 

energy of the laser could be isolated against the much lower infrared radiation of the 

object, so the measurement was not tainted.  According to the manufacturer’s speci-

fications the pyrometer was designed for measurements on metals starting from low 

temperatures of about 100°C.  In preliminary test however, only a measurement 

range starting at 160°C until 1200°C could be measured accurately.  Within the tests, 

sheet metal surfaces were heated by varying the laser radiation and the temperatures 

were recorded.  Results had been verified by using two other laboratory-infrared 

thermometers.  Specifications of the pyrometer used can be seen in the following 

table. 

Specification sheet of the pyrometer type Cella Temp PZ 27 (Fa. Cellar) 

Sensor: photodiode 

Spectral range: 1.8 ... 2.2 µm 

Focus: 0.2 … 0.4 m 

Uncertainty of measurement: 0.75% of measured value or 5 K (whichever is 
the greater value at an emission degree ε = 1.0 
and ϑa = 23°C) 

Repeatability:  1K 
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4.5.3 Laser-assisted procedure  

To meet the specified performance criterion of a forming temperature ϑf = 300°C, 

which was defined in the test program, the laser settings were determined in prelimi-

nary tests.  First problem was that a heated micro-tube having a wall-thickness in the 

range of a few micrometers cools down abruptly due to heat conductance when it 

comes into contact with the cool surface area of the forming cone.  Therefore, before 

starting the expansion process the cone was moved down, to get in contact with the 

tube end and was charged with a preliminary axial load Fa = 0.2 N. The focal point 

of the laser beam was then focused predominantly onto the area of the conical form-

ing tool, just touching the tube end a little.  At a laser power of approximately Pout, l = 

15 W the flaring test was started after the temperature ϑf had stabilized to slightly 

above 300°C. By carefully selecting the focus diameter by defocusing it was possible 

to keep the forming temperature to an acceptable constant level.  The uniform heat-

ing of the forming cone was verified by directing the pyrometer on the sides and 

back of the cone during laser impact. 

4.6 Test program 

Table 4 gives an overview of each test series which were conducted to determine the 

forming potential and the work piece characteristics of the examined tubes.  A mini-

mum of ten specimen tubes per test series were tested. 

At first, in test series 2 stainless steel tubes AISI 304 with different outer diameters 

D0 as well as different wall thickness / diameter ratios t0/D0 were investigated.  All 

ratios corresponded to Fig. 12 (mentioned in the previous chapter), and covered the 

range of t0/D0 = 0.05 … 0.16. Their tensile strengths were each in the range σUTS = 

1100 ... 1200 N/mm2 according to the information in the manufacturer’s inspection 

certificate (0.7x0.05), and the information stated by the supplier (1.0x0.06).  As the 

early access to these tubes was limited the tensile strength of these micro-tubes could 

not be verified in the materials testing laboratory.  
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As the supply of the 0.8x0.1 tubes was sufficient enough for a larger number of tests, 

tensile tests and additional to the flaring tests conducted at room temperature, warm-

forming flaring tests could be conducted as well.  According to the test program (se-

ries 2a), the forming behaviour under the influence of laser heat at 300°C was inves-

tigated. Mechanical properties of the examined tube materials can be found in Table 

3, Chap. 3.3  Material analyses. 

Since only a mechanical force gauge to determine the axial load of the forming cone 

was used in test series 2/2a and the procedure parameters axial load Fa and stroke s 

were manually recorded, only three curves were created.  Although, the results of all 

ten investigated tube samples were taken into account of the evaluation of the statis-

tics.  Only the initial exploratory tests were conducted using manual recordings and 

the mechanical gauge, all subsequent later tests were performed using the automated 

universal testing machine. 

Based on the initial experiments carried out within the test series 2/2a a tube with an 

outer diameter D0 of 800 µm was favoured.  The tubes were not too small so that 

they could be handled (cut, ground, be seen etc.) in an effective way.  Secondly, they 

meet the requirements of real micro-parts, which two of its three room dimensions, 

according to the common definition in the area of micro-manufacturing, should be 

within the range of 1000 µm.  Since the 1.0x0.06 tube showed a distinctive enhanced 

formability compared to the 0.8x0.1 tube, because of the smaller wall thick-

ness/diameter ratio t0/D0, the tubes to be ordered should match an aspect ratio similar 

to the one of the 1.0x0.06 tube which was t0/D0 = 0.06 which should have the addi-

tional advantage of reduced forming loads due to a smaller wall thickness. 

As a result, a stainless steel micro-tube having an outer diameter D0 = 800 µm and a 

wall thickness t0 = 40 µm made of AISI 304 had been ordered.  Additionally two 

varieties of micro copper tubes had been purchased which together with the stainless 

steel tubes would be the subjects of test series 3.1 and 3.2.  

Within test series 3.1 stainless steel tubes made from AISI 304, and with the same 

size but different mechanical properties were investigated.  They came from two dif-
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ferent delivery batches.  In each case, the forming temperature was varied and the 

expansion diameter as well as the forming load was determined. 

Test Program 

Flaring Test 

Test parameters Procedure parameters 

Material 
Tensile 

Strength 
[N/mm2] 

Tube dimensions 

[mm] 

Wall 
thickness 
/ Diame-
ter ratio 

Temperature [°C] Flaring 
Diameter  

[mm] 

Axial load 
[N] 

Tform 

 σUTS D0 t0 t0/D0 RT 300 df Fa 

Test series 2:  Variation of tube dimensions  =>   

Determination of Flaring Diameter d1 and Axial Load Fa 

AISI 304 

1171 0.7 0.05 0.071 O 

 df= ? Fa = ? 1157 0.8 0.1 0.125 O 

n.k. 1 0.06 0.06 O 

Test series 2a:  Variation of the forming temperature ϑf    =>    

D 

Determination of Flaring Diameter d1  and Axial Load Fa 

AISI 304 1157 0.8 0.1 0.125 O O df = ? Fa = ? 

Test series 3.1:  Variation of the forming temperature ϑf – AISI 304   =>    

Determination of Flaring Diameter d1  and Axial Load Fa 

AISI 304-a 690 
0.8 0.04 0.05 

O O 
df = ? Fa = ? 

AISI 304-b 593 O O 

Test series 3.2:  :  Variation of the forming temperature ϑf – Copper CW024A   =>    

Determination of Flaring Diameter d1  and Axial Load Fa 

CW024A 

(R200) 
236 

0.8 0.1 0.05 

O O 

df = ? Fa = ? 
CW024A 

(R250) 
296 O O 

Table 4: Test program of the flaring test 
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Analogous to the investigations of the stainless steel tubes in test series 3.1, the or-

dered micro-tubes made of copper were subjects of the flaring test in test series 3.2. 

Again the material, CW024A, and the dimensions were the same; however the 

strengths of the tubes varied.  Forming tests at room temperature and at 300° C were 

carried out. 

4.7 Test results and process parameters 

The process parameters and test results of each micro-tube investigated are shown in 

Fig. 21 - Fig. 27.  At each figure the respective test series, the studied tube material, 

the tube dimensions and the tool parameters are represented at the top left.  For a 

better understanding the schematic illustration of the kinematics already pictured in 

Fig. 17 is located in the upper right angle.  The middle screen shows the records of 

the process parameters obtained from each conical expansion test series.  The form-

ing results including microscope pictures of individual tube specimens can be taken 

from the lower third of each figure.  

4.7.1 Visualization and description of the results - test series 2 / 2a 

Expansion diameters 

Stainless steel tubes with the dimension 1.0x0.06 showed the largest mean expan-

sion. The relative expansion of its middle flare diameter of 1.43 mm was 63%, which 

is equivalent to an absolute expansion of 550 µm.  The mean expansion of the tubes 

with the dimensions 0.8x0.1 and 0.7x0.05 amounted to 300 µm (50%), and 250 µm 

(42%) respectively. Scatter around the achieved mean flare diameter df, mean was 10% 

(1.0x0.06), 11% (0.8x0.1) und 14% (0.7x0.05).  

The effect of laser heat 

In line with test series 2a, scatter could significantly be reduced during the warm 

forming process, Fig. 20. The use of laser heat and the simultaneous forming at 
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300°C caused a decrease down to 3% (11% at room temperature) around the achiev-

able mean value of the expansion diameter. Also, the mean expansion diameter 

df,mean could be increased from 50% at room temperature to 55% at a temperature ϑf 

of 300°C, although the maximum expansion diameter of 960 µm achieved at room 

temperature could not be reached during warm forming. The largest measured ex-

pansion was 940 µm.  

    

Fig. 20: Increase of the mean measured expansion diameter and reduction of scat-

ter of the 0.8x0.1 AISI 304 micro-tube under the influence of thermal laser energy, 

test series 2 (cold formed, left) and test series 2a (warm formed, right) 

With regard to the forming loads, cf. Table 5, an expected significant reduction of the 

maximum axial loads Fa during laser-assisted flaring compared to the values 

achieved at room temperature was not observed.  The forming loads measured of 

Fa(RT) = 160 N for laser assisted and Fa(300°C) = 167 N for room temperature were 

comparatively equal. 
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Scatter around mean axial load 

However, scatter around Fa, arithm could significantly be reduced from 19% at room 

temperature - which was even a rather low value compared to the scatter around      

Fa, arithm of both the 0.7x0.05 (40%) and 1.0x0.06 (41%) micro-tube - to 6% during 

warm forming.  

 

Material AISI 304 0.7 x 0.05 
[mm] 

0.8 x 0.1 
[mm] 

1.0 x 0.06 
[mm] 

0.8 x 0.1 
[mm] 

Test series 2 2 2 2a 

Forming temperature ϑf RT RT RT 300°C 

Arithmetic mean axial load 

1

1
i

n

ax axarithm
i

F F
n =

= ∑  [mm] 
95 160 216 167 

Maximum axial load Fa,max [N] 117 175 266 172 

Minimum axial load Fa,min [N] 78 143 177 162 

Scatter around arithmaF                             
absolute [mm] / relative [%] 

38 / 40 31 / 19 89 / 41 10 / 6 

Table 5: Forming loads of flaring test series 2 and 2a 
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Test parameters:  
Stainless steel AISI 304 
Tube 0.7x0.05 
 
Tube dimensions:   L0 = 6.2 mm 
 d0 = 0.6 mm 
 t0 = 50 µm 
Tool dimensions: α = 30° 
 hh = 5.5 mm 

 
 
 
Procedure parameters: 
Spindle displacement rate: va = 1.2 mm/min. 

 
 
 
Forming results: 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 21:  Micro-tube AISI 304 0.7x0.05 - Forming results and procedure parameters 
with point of fracture at constant spindle displacement rate va, test series 2 

0

20

40

60

80

100

120

0 0.1 0.2 0.3 0.4 0.5

Lo
ad

 F
a /

 N
 

Stroke  s / mm 

oo7.oo5.1

oo5.oo7.2

oo7.oo5.3

Ti:  Initial tube 
T1: Specimen No.1 (007.005.1) 
T2: Specimen No.2 (007.005.2) 
T3: Specimen No.3 (007.005.3) 

 

Forming temperature: RT 

Ti T1 T2 T3 

t  o

Ødo

aF

L o

s v a

α

Ødf

h
h



  

62 

Test parameters:  
Stainless steel AISI 304 
Tube 1.0x0.06 
 
Tube dimensions:   L0 = 7 mm 
 d0 = 0.88 mm 
 t0 = 60 µm 
Tool dimensions: α = 30° 
 hh = 5.5 mm 

 
 
 
Procedure parameters: 
Spindle displacement rate: va = 1.2 mm/min. 
 
 

 
 

Forming results: 
 
 
 
 
 
 
 
 
 
  

 

 

Fig. 22: Micro-tube AISI 304 1.0x0.06 - Forming results and procedure parameters 
with point of fracture at constant spindle displacement rate va, test series 2 
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Test parameters:  
Stainless steel AISI 304;  
Tube 0.8x0.1 
 
Tube dimensions:   L0 = 6.2 mm 
 d0 = 0.6 mm 
 t0 = 50 µm 
Tool dimensions: α = 30° 
 hh = 5.5 mm 

 
 
 
 
Procedure parameters: 
Spindle displacement rate: va = 1.2 mm/min. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 23: Micro-tube AISI 304 0.8x0.1 - Forming results and procedure parameters 
with point of fracture at constant spindle displacement rate va, test series 2 
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4.7.2 Visualization and description of results - test series 3.1 and 3.2 

In test series 3.1 the experiments were performed on tubes of the same material and 

same dimensions. Micro-tubes made from AISI 304 stainless steel were investigated, 

with an outer diameter D0 of 800 µm and a wall thickness t0 of 40 µm.  The entire 

test parameters can be seen in Fig. 24 and Fig. 25 (upper section).  

4.7.2.1 Stainless steel tubes AISI 304 – delivery batch A 

The load/stroke curve of the 08x004 micro-tube from delivery batch A determined at 

room temperature, Fig. 24 (centre), shows a conspicuous progression compared to 

the courses determined within test series 1, and 1b respectively.  Due to the global 

loss of stability, bulging (deformation) occurred in the area of the excess length of 

the tube.  Since this phenomenon could already be observed in tests in line with se-

ries 2/2a, if the excess lengths were not chosen appropriately, the test tube length L0 

was shortened as a result.  However, at an average axial load Fa = 56.5 N with a 

standard deviation s = 1.2 N (scatter 3.2 N) a load maximum was reached, but bulg-

ing throughout still occurred. The penetration of the tube end proceeded until the 

cone had forced the expanded and bulged tube towards the upper surface of the tube 

holder respectively.  In none of the penetrated tube samples cracks appeared, conse-

quently maximum possible expansion diameters df could not be achieved. Additional 

information about failure modes and the explanation of stability and/or instability 

cases can be found later in Chap. 4.8.1, Explanation of the forming behaviour. 

Expansion diameters – delivery batch A 

The mean measured value of the achieved forming diameter df was determined to 

1.005 mm with a standard deviation s = 0.0093 mm, which relates to a relative ex-

pansion of 40%. The second series AISI 304 08x004 tubes according to the test pro-

gram, Table 4, was carried out at a forming temperature ϑf = 300°C.  Again laser heat 

was used to obtain the temperature. Astonishingly, the mean value of the maximum 

achievable flaring diameters could not be increased, in contrast to the above investi-

gated AISI 304 0.8x0.1 tubes in line with test series 2/2a.  However, it must be noted 

that again loss of global stability (bulging or buckling) inside the tube walls occurred 
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and throughout all tests had to be stopped before cracks occurred so maximum ex-

pansion diameters could not be obtained.  The relative expansion ratio εf was 0.36 

which led to a mean value of the forming diameter df = 0.980 µm with a standard 

deviation s = 0.0085 mm.  

The average value of the maximum achieved axial load Fa amounted to 43.6 N until 

bulging occurred with a standard deviation s = 0.3 N. In other words, any bulging 

took place within a range of only 1.1 N around the arithmetic mean of Fa.  As can be 

seen in the expansion diameter / axial load diagram in Fig. 24, with one exception a 

slight reduction of scatter of measured maximum expansion diameters during warm 

forming could also be attained. 

4.7.2.2 Stainless steel tubes AISI 304 – delivery batch B 

Compared to delivery batch A, a much lower axial load Fa was required to induce the 

workpiece failure of the AISI 304 micro-tubes of delivery batch B, cf. diagram Fig. 

25 (centre).  Failure appeared only twice at both room temperature and a forming 

temperature ϑf of 300°C in terms of loss of global stability.  The cases of failure are 

exemplarily figured as pictures of formed micro-tubes, Fig. 25 (below left).  At room 

temperature a mean value of Fa was determined to 45.7 N with a comparatively high 

standard deviation s of 5.2 N and a scatter of 37% which, nevertheless, corresponds 

approximately to the values of both the 0.7x0.05 and the 1.0x0.06 AISI 304 stainless 

steel tubes identified in test series 2/2a.  Note, that all three types of AISI 304 tubes 

offer a similar wall thickness/diameter ratio t0/d0 in the range of 0.05 to 0.07.  

Due to laser-assistance, scatter of the forming load Fa could again be decreased, Fig. 

25 expansion diagram below right. The arithmetic mean Fa was 29 N with a standard 

deviation of 2.9 N. Furthermore, the effective forming loads during warm forming at 

300°C could be reduced to an amount of approximately 2/3 compared to the mean 

value obtained at room temperature.  
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Expansion diameters – delivery batch B 

The mean flare diameter df achieved at room temperature was 1.030 mm (standard 

deviation s = 0.020 mm) which relates to an expansion of 43%.  Corresponding to 

the investigated tubes of delivery batch A, again the expansion could not be in-

creased during warm forming at 300°C. Attained diameters measured on average 

0.990 mm (standard deviation s = 0.024 mm) which is an increase of 37.5%, similar 

to the determined value of AISI 304 batch A tubes. 

Though it must be noted, that comparatively high maximum expansion diameters and 

low minimum expansion diameters were measured at both cold formed and warm 

formed AISI 304 batch B micro-tubes, which can clearly been seen in the diagram 

below right in Fig. 25.  As a result, scatter around arithmetic mean expansion diame-

ter of batch B tubes was twice as large as of delivery batch A, at room temperature as 

well as at 300°C.  

4.7.2.3 Copper CW024A R250 

With one exception, all tube samples of R250 could be expanded until at least one 

crack occurred. On average, this case of failure started at an axial load Fa of 60.8 N 

with a standard deviation s = 8.9 N. 

The arithmetical mean measured value of the forming diameter was d1 = 1.18 mm 

with a standard deviation s of 0.084 mm which is a relative expansion of 97% (!), or 

an absolute increase of Δd = 580 µm related to the initial inner tube diameter respec-

tively. The maximum reached flare diameter d1 was 1.30 mm. The flare diameter of 

the micro-tube, whose penetration had been stopped due to the instability case, 

measured only a df = 1.07 mm.  

Warm forming 

As it could already be observed within test series 3.1, the expansion tests of stainless 

steel AISI 304 micro-tubes, Laser-assisted heating of the tube’s end to 300°C did not 

increase the obtained flare diameter.  On average this was 1.14 mm (standard devia-

tion s = 93 µm), which implies a reduction of approx. 3.5% compared to the mean 

measured value at room temperature.  The initial diameter d0 tube end could be  
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Test parameters:  
Tube: Stainless steel AISI 304; 08x004 (batch A) 
Tube dimensions:   L0 = 5.6 mm 
 d0 = 0.72 mm 
 t0 = 40 µm 
Tool dimensions: α = 30° 
 hh = 5.5 mm 

 
Procedure parameters: 
Spindle displacement rate: va = 1.2 mm/min. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Forming results: 
 
 
 
 
 
 

Fig. 24: Micro-tube AISI 304 0.8x0.04 (batch A) - Forming results and procedure param-
eters with point of fracture at constant spindle displacement rate va , test series 3.1
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Test parameters:  
Tube: Stainless steel AISI 304; 08x004 (batch B) 
Tube dimensions:   L0 = 5.6 mm 
 d0 = 0.72 mm 
 t0 = 40 µm 
Tool dimensions: α = 30° 
 hh = 5.5 mm 

 
Procedure parameters: 
Spindle displacement rate: va = 1.2 mm/min. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Forming results:  
 
 
 
 
 
 
Fig. 25:  Micro-tube AISI 304 0.8x0.04 (batch B) - Forming results and procedure parame-
ters with point of fracture at constant spindle displacement rate va , test series 3.1 
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Test parameters:  
Tube:  Copper CW024A R250; 0.8x0.1 
Tube dimensions:   L0 = 7.0 mm 
 d0 = 0.6 mm 
 t0 = 100 µm 
Tool dimensions: α = 30° 
 hh = 5.5 mm 

 
Procedure parameters: 
Spindle displacement rate: va = 1.2 mm/min. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Forming results:  
 
 
 

 
 
 
 
 
Fig. 26:  Micro-tube Copper CW024A R250 - Forming results and procedure parameters with 
point of fracture at constant spindle displacement rate va , test series 3.2 
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Test parameters:  
Tube:  Copper CW024A R200; 0.8x0.1 
Tube dimensions:   L0 = 7.0 mm 

 d0 = 0.6 mm 
 t0 = 100 µm 
Tool dimensions: α = 30° 
 hh = 5.5 mm 

 
Procedure parameters:  
Spindle displacement rate: va = 1.2 mm/min. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Forming results: 
 
 
 
 
 
 
Fig. 27:  Micro-tube Copper CW024A R200 - Forming results and procedure parameters 
with point of fracture at constant spindle displacement rate va , test series 3.2
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expanded by 540 µm, complying with a relative expansion of still 90%.  As repre-

sented in Fig. 26 in the expansion diagram below right, scatter could not be reduced 

compared to the R250 micro-tubes formed at room temperature. 

Additionally, a decrease of the range of variation of the achieved maximum axial 

load Fa during warm forming could not be observed.   

4.7.2.4 Copper CW024A R200 

Expansions 

The mean value of the flare diameter achieved at room temperature was determined 

to d1 = 1.15 mm with a standard deviation s = 47 µm. This corresponded to an ex-

pansion of 550 µm, or a relative expansion ratio εf = 0.92 respectively.  

In warm forming, the tube end was widened by an average of 520 µm corresponding 

to εf = 0.87, which resulted in a mean flare diameter d1 of 1.12 mm.  Just as the scat-

ter around the mean forming diameter of R250 micro-tubes, the range of dispersion 

also could not be reduced, this can be seen in the expansion diagram below right in 

Fig. 27. 

Forming loads 

The mean axial load Fa of investigated R200 micro-tubes was determined to 51.5 N 

with a standard deviation s of 8.6 N.  Through warm forming at 300°C this value 

reduced to Fa = 36 N with a standard deviation s = 7.6 N. However, the range of dis-

persion could not be decreased during laser-heating compared to the forming tests 

obtained at room temperature. 
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4.8 Discussion 

4.8.1 Explanation of the forming behaviour 

All investigated micro-tubes show similar characteristics for their load-stroke curves.  

However apart from these similarities, the results of the investigation can be divided 

into two cases, stability and instability, and described according to [84].  

If the test could be performed just before a crack occurred, it could be described as 

the stability case.  In this case three phases were defined; (1) the elastic deformation, 

(2) bending deformation and (3) steady-state deformation.  The instability case is 

characterized by two forming phases; (4) fracture and (5) local buckling.  

 

Fig. 28:  Load / Stroke curve of a flaring test exemplarily presented by a micro-

tube made from copper CW024A (initial outer diameter D0 = 800 µm and wall thick-

ness t0 = 100 µm) according to [84] 
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As it can be seen on the load-stroke curve as an example of CW024A R250 in Fig. 

28, at the first stage, points A to C, the load Fa grows steeply as the conical punch 

was axially pushed into the tube. Some flaring tests were stopped in different defor-

mation modes in order to measure the expanded diameter during the procedure.  

Hence, it could be found out that the deformation mode of this first stage was elastic.  

Thereafter, the axial load Fa gently inclines from points C to E. In this second stage 

the leading edge of the micro-tube began to slide along the conical surface of the 

tool.  The tube walls were now bent outwards, still without its inner surface com-

pletely contacting the conical punch. The third stage is the region from points E to G. 

The curve progression is again almost linear.  The inner micro-tube surface was now 

in plane contact with the cone and with further increasing the load Fa it slid along the 

conical tool surface. 

Steady-state expansion deformation occurred until signs of necking (thinning of the 

wall) along the circumferential edge of the tube, followed then by at least one crack 

at the edge of the micro-tube, point G, caused by the loss of local material stability.  

The first of the instability cases occurred if the tool further penetrated into the tube.  

The amount of load Fa suddenly dropped and the fracture got larger along the merid-

ian direction of the expanded flange, point H.  The axial tool movement was stopped 

and the expansion diameter as well as the wall thickness was then measured under 

the microscope.  Multi-fractures could be observed at the tubes’ edge, especially dur-

ing the tests with copper tubes at RT.  A high number of 50% of the R200 samples 

formed at room temperature showed more than one crack at their cutting edges, Fig. 

29.  

Second of the two instability phenomena observed which limited the expansion of 

the tube during the experiment was the loss of global or local stability.  If for exam-

ple the excess length of the micro-tube was not selected appropriately, bulging 

caused by the loss of global stability stopped the steady-state expansion.  These cases 

were mainly observed with the AISI 304 08x004 micro-tube, delivery batch A.  It 

was not possible to cut the tubes in appropriate lengths, so that no global buckling 

occurred.  Without exception, every sample was bulged under the axial load Fa be-

fore a load maximum could cause the beginning of cracks; refer to Fig. 24 below left.  
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In other cases, lateral buckling caused by the minimal tilting tolerance of the micro-

tube inside the specimen holder, especially in combination with high axial loads de-

termined the end of the flaring. In many cases, this phenomenon happened to the 

AISI 304 1.0x0.06 micro-tubes in line with test series 2, where maximum axial loads 

of more than 200 N could be attained.  

4.8.2 Formability of examined copper tubes at RT 

It can be seen from and Fig. 27 that the R250 can be expanded further than the R200 

copper micro-tube, Fig. 26. This can be explained by its considerable smaller grain 

size, cf. Fig. 16, which enables the micro-tube a more uniform expansion along its 

radial direction.  As can be seen in Fig. 29, right, the R250 copper tube features an 

almost similar wall thickness along its expanded circular cross-section.  On the con-

trary, the cross-section of the R200 copper tube is characterized by areas with com-

paratively large wall thickness as well as regions with thin wall thickness.  

               

Fig. 29:  Effects of grain size and grain structure on the forming behaviour of ex-

panded copper micro-tubes, R200 w/coarse grain size (left), R250 w/fine grain size 

right 

The bigger the grain size compared to the micro dimension of a micro-tube, especial-

ly to the wall thickness, less grains are placed in the cross-section, which is illustrat-

ed in Fig. 30.  
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Fig. 30:  Unidirectional orientation of the gliding planes (perpendicular to the 

hoop stress direction), schematically [85] 

This results in a reduced probability with regard to a uniform distribution regarding 

the orientation of the grains across the circular cross-section [85].  Thus, zones exist 

in which forming is more and sometimes less possible, depending on the orientation 

of the gliding planes inside the grains.   

The more grains in the circumferential cross sections the larger the probability of a 

uniform different orientation of the crystal slip systems (orientation of the gliding 

planes) which in turn effects a more uniform yielding of the material.  This effect 

explains the more uniform wall thickness of the R250 copper tube compared to the 

R200.  More gliding planes had been present to ensure an enlarged radial expansion 

(with that a larger expansion diameter) of the R250 compared to the R200. This find-

ing corresponds to the research results recently obtained by [13] in line with similar 

investigations on formed stainless steel micro-tubes. In some particular areas of the 

tubes' cross sections with larger grain sizes localized necking was evident. However, 

in areas with more uniform smaller grain sizes, no obvious localized necking but a 

more uniform reduction of the wall thickness had been observed. In addition, in most 

areas close to the failure only one large grain across the thickness of the material 

could be detected.  

Differences in formability of AISI 304 08x004 micro-tubes (batch A and B) at RT 

In contrast to the copper tubes, the more solid 08x004-a compared to the 08x004-b 

tubes showed a lower expandability.  Despite the higher elongation measured in the 

tensile tests, 36.7% and 31% for the AISI 304 batch A, and batch B respectively, the 

Unidirectional orientation of 
three adjacent grains 



  

76 

08x004-a achieved a smaller flaring diameter. As already mentioned above and 

shown in the photograph in Fig. 24, below left, an early loss of global stability which 

led to buckling of the micro-tube, was assumed as the reason.  The maximum flaring 

until cracks occurred was not possible with this specimen. 

4.8.3 The influence of laser heat on the forming behaviour 

It is remarkable that the influence of laser heat has not led to the assumed effects, to 

be specific to an increase in expansion diameter compared to forming at room tem-

perature.  As found out in test series 2a, the mean measured flare diameter of micro-

tube AISI 0.8x0.1 could be increased and the scattering of all measured expansions 

could be reduced under the influence of laser energy, cf. diagram in Fig. 23 below.  

However, these effects could not be repeated with both the stainless steel and copper 

micro-tubes investigated within test series 3.1, and 3.2 respectively.  

Stainless steel tubes 

The AISI 304 08x004 stainless steel micro-tubes with the influence had a lack of 

increased expandability and scatter; a few theories were hypothesised and investigat-

ed further.  It was thought that the local impact of the laser energy could contribute to 

premature material failure.  If this concept was correct one should have been able to 

observe cracks predominantly in the area receiving the lasers energy but this was not 

observed, batch B tubes, Fig. 31 (right).  Additionally regarding the batch A tubes 

which failed before cracking, verified under a microscope no signs of unequal heat 

distribution effects could be observed. 

As a reason for the decrease in expansion diameter under the influence of laser heat, 

it is assumed that due to the considerably smaller wall thickness (AISI 304 0.8x0.1: 

100 µm; AISI 304 08x004: 40 µm) the axial punch force caused an easier shift of 

material in radial direction.  Conversely, the thicker the tubes' wall the more axial 

load can be transmitted into a material yield in longitudinal tube direction. Thus, the 

material was "compressed" and similar to the conventional tube hydroforming pro-
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cess fed towards the main forming zone which enabled a higher expansion.  It is fur-

ther assumed that this effect was additionally supported by the longitudinally orient-

ed texture of the single grains; cf. Fig. 16 in Chap. 3.3, top left.  The elongated grains 

(emerged due the manufacturing process) limit the amount of elongation possible in 

the longitudinal direction.  Elongation measured during tensile test was only 7.8%, 

cf. Table 3, Chap. 3.3.  However, as the elongated grains decrease elongation possi-

bilities they conversely greatly increase the compressibility of the material without 

bulking or bulging.  Thus, the tube material of AISI 304 0.8x0.1 could be easier 

(com)pressed together by axial load then widened under the influence of the rate of 

radial load of the 60° cone as the thinner tube material AISI 304 08x004 delivery 

batch A and B which resulted in an increase of expansion diameter of the 0.8x0.1 

tubes. 

 

  

 

 

 

 

Fig. 31: Achieved expansion diameters at 300°C forming temperature, AISI 304 

delivery batch A left and batch B right and incident angle of laser beam 
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Copper tubes 

In the research with the copper tubes and laser heat; the results observed were differ-

ent to the behaviour of the stainless steel tubes. There was no increase in flare diame-

ter and no reduction of scatter. The ductility of copper reduces with the increase in 

temperature.   

4.9 Conclusion 

As mentioned, the information derived by uniaxial tests, e.g. tensile tests information 

from suppliers, was insufficient to define hydroforming limits on micro-tubes.  

Therefore, a testing method to identify the forming behaviour of the tubular micro-

material based on multi-axial stretching was necessary.  The first investigation about 

expansion ratios was completed by applying the flaring test. 

It could found that mechanical material specifications like the yield and tensile 

strength and also criteria like grain sizes, grain structures as well as tube dimensions 

play an important role with regard to the maximum achievable diameters of micro-

tubes.  However, further research could be done (ideally by metallurgists) to investi-

gate and in turn to be able to interpret these "micro-specific" issues in depth.  With 

regard to an engineer who has to design a forming process, for him it is more im-

portant to get information about effective expansion limits.   

For an engineer who has to design the tools with all its dimensions for his forming 

machine is interesting mostly after having accomplished the flaring test, how large in 

diameter may the die cavity be, how large is the formability of the micro-tube used 

for THF?  One gathered information about achievable expansion diameters, one has 

found maximum values and one has mean values now.  But if an engineer designs a 

tool based on either one of those values, he also needs to take a look at the scatter, 

especially at the minimum obtained expansions of the tube investigated to give him a 

good idea of yield or failure rate.  In other words, if a designer builds a tool only 

based on the achieved mean values, and do not consider for example three or more 

very low outliers, he will produce a high failure rate during manufacture.  That 



  

79 

means designers have to orientate themselves basically on the lowest expansion di-

ameter or accept a high failure rate.  It's obvious that especially the copper micro-

tubes show a large scatter range, for example R250 with a lowest expansion diameter 

which was 0.11 mm and even 0.13 mm below its according arithmetic mean values 

at RT and 300°C respectively.  

However, the flaring test is of limited use to make a conclusive statement regarding 

possible expansion during "real" micro-hydroforming process.  Dissimilar to the flar-

ing test, the tube hydroforming process has no compression loads in the main area 

forming zone which could help to increase the expansion of the tube.  Furthermore, 

the mechanical flaring test involves some tribological issues that do not exist in THF.  

Thus, to be able to get more "realistic" expansion ratios, the tube material has to be 

examined with a closer to reality hydroforming simulation, which will be a hydraulic 

free-bulging experiment.  This will also verify if during mechanical flaring test the 

scatter was influenced by the tribology. 
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  CHAPTER 5

DETERMINATION OF TUBES' MECHANICAL PROPERTIES 

WITH HYDRAULIC FREE-BULGING 

5.1 Introduction 

The earlier investigations could contribute to a better understanding to what may be 

expected to be found in real micro tube hydroforming applications.  These earlier 

experiments including initial material, tensile, flaring tests and laser heat assisted 

flaring tests can differ from real world tube hydroforming.  Missing from these tests 

are the identical multi-axis stresses present in the hydroforming process.  In THF the 

load application and tribology as included in the flaring test are not present so further 

investigation was necessary to get a clearer understanding. 

   

Fig. 32:  Forming limit curves of identical materials estab-

lished by different test methods [86]  
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As can be seen in Fig. 32, different test methods on the same specimen can result in 

significantly different forming limit curves which warrant the need for further study. 

5.2 Aim of the test 

Therefore, a method is needed to approximate the real conditions in THF.  The best 

way to determine characteristic parameters for tube hydroforming (for example the 

maximum possible expansion diameter of a micro-tube) is the use of a technological 

process that comes as close as possible to the real forming process.  In this case, con-

trary to the flaring test, a forming liquid should be used to obtain the same tribologi-

cal conditions as exist in the real forming process.  In current hydroforming process-

es, many tubular components are made by a simple calibration process.  In those cas-

es, the tube ends are not forced towards the die cavity, and as a result there is an al-

most pure plane stress condition.  The bursting test with fixed tube ends is able to 

produce such a stress state.  The test enables accurate characterization of tubes using 

the real loads of a real hydroforming process.  The free expansion is even part of the 

hydroforming process, until the expanded tube touches the cavity just before apply-

ing the calibration pressure.  

In this study the bulge test was used to attain two objectives: determining the form-

ing limit and prediction of forming loads. 

• Forming limit: As mentioned in Chap. 2, the ductility of a material is one of 

the most important parameters determining the forming limit in the hydro-

forming process, thus its evaluation is of high relevance.  The expansion limit 

was investigated as it is related to the circumferential ductility of a micro-

tube; as it is a property that determines the maximum achievable expansion.  

Similar to the flaring limit obtained during the flaring tests the expansion lim-

it was defined as the relative expansion ratio εb in the hydraulic bulge form-

ing experiments as: 

 (15) εb = (D1/D0)-1 
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where D0 and D1 are the initial tube and final maximum expansion diameters 

which could be achieved, respectively. 

• Forming loads: As previously mentioned in Chap. 2.2.2,  Hydroforming fun-

damentals, the design and optimization of hydroforming processes requires a 

mathematically empirical formula for the prediction of a suitable process con-

trol to determine the amount of forming loads during the hydroforming opera-

tion.  As mentioned previously, the prediction of the internal pressure pib at 

the moment of fracture within the state of free expansion of a tube, Eqn. (7)  

00

02
tD

tp UTSib −
= σ

 

has shown to be valid in conventional 'macro' tube hydroforming processes.  

The bulge test was also conducted to prove if the validity of the formula can 

be transferred 1:1 into a down-scaled micro process.
 

5.3 Short description of the burst test 

The burst test involves a Free Hydraulic Bulging (FHB), which means the tube is 

expanded freely by internal pressure only, without getting into contact with a die.  

Besides the determination of a maximum pressure at which the specimen fails, other 

parameters such as the change in wall thickness and the maximum radial expansion 

can be observed.  All values are important because they reflect on both strain-

hardening properties and the size possible for a bulged tube.  However, it must be 

taken into account that the test method is sensitive to the loading path.  The defor-

mation properties are dependent on the tube end conditions, free or fixed tube ends, 

which in turn are defined by the forming application.  If the ends are free to move, 

the tube will self-feed, drawing material in as the pressure builds or if the ends are 

fixed, two-dimensional tensile strains will develop.  If the ends are fed in, tensile and 

compressive strain fields will develop [34].  This study only investigated fixed tube 

ends as the first micro-hydroforming machine would not support axial feeding but 

only fixed tubes. 
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5.4 Experimental tooling and procedure 

For the bulging of tubular specimens a standalone tool - closer described in Chap. 

5.4.2 - was designed. The tool had been developed for the sole purpose to investigate 

tubular specimen of different material, wall thickness and diameters.  No tooling 

changes are necessary for different material or wall thickness changes, only one sim-

ple modification -the exchange of upper and lower die half- is needed for use of dif-

ferent tube diameters.  

5.4.1 Tooling requirements 

Since the intention was that the tooling should be practice-orientated and in the fu-

ture be used by industrial and research institutions, simplicity, low cost and easy op-

eration were the main criteria in the design process.  Further, the tool should be easi-

ly adaptable to different hydraulic pressures without requiring expensive and compli-

cated pressure circuits usually comprising pressure control valves, flow control 

valves, relief valves, check valves and related plumbing, etc.  Only a connection to a 

pressure transducer was required to be able to monitor the values of the forming 

pressure levels during the procedure.  

Requirements for the tool set included tube sizes D0  from 0.65 mm to 1 mm (availa-

ble size ranges from all manufactures) internal pressures pi up to 4,000 bar, provi-

sions to lock the tube ends in place and a window to observe the tube expansion dur-

ing the bulging.  

With regard to a reliable sealing of the tube ends extra care had to be taken to tool 

deflections, to avoid pressure losses.  

5.4.2 Design and function of the tooling 

Based on the above requirements an experimental apparatus was manufactured for 
the bulging of tubular specimens, Fig. 33.  The stand-alone test rig designed consists 
of a solid frame (pos. 1) including a square window.  The tube to be investigated is 
contained by a set (an upper and lower) of dies (pos. 2 and 3) which are placed in the 
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square window.  In this way, expansion tests for different tube diameters can be 
conducted by an easy exchange of the die inserts with different clamping radii. 

 

Fig. 33: Part's list and CAD of the test rig designed 

 

Both die halves are positioned by using alignment pins to assure a centrically posi-

tioning along the longitudinal axis of the tubular specimen.  Further on, the die 

halves are clamped by two screws carrying the closing force Fc, which would usually 

be applied by the hydraulic press.  To ensure that the longitudinal axis of the tube 

falls in line with the axes of the female threads which carry the sealing punches, a 

stop plate (pos. 4) allows the exact alignment of the die-package to the tube’s centre 

line.  After the tube has been placed into the die cavities, the ends of the tube are 

lightly pressed against the 60° countersinks of the die inserts by conical sealing 

punches (pos. 5 and 6) having an outer angle of 58°, Fig. 34. After this pre-sealing 

the cavity of the tube is flooded with forming liquid until all the air has been elimi-

nated.  Filling is done through the bore hole of one of the two punches.  As the con-

nection nuts (pos. 7) of the punches are then tightened to a defined axial force Fa, a 

circular line contact (Fig. 34, shown as cross-section, coloured in red) creates stress-

es which, in turn, produce localized yielding and thus the sealing of the tubes.  By 

this, no further sealing components such as rubber elements are necessary (ref. to 

Chap. 6.4.4  Concept studies for axial sealing punches).  
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Fig. 34: Sealing principle of the 58° sealing punch angle and 60° angle of 

the die inserts 

 

To meet the requirements for a sufficient sized free expansion zone the die inserts 

cover a circular hollow area of 10 mm diameter to the inserted micro-tube.  This co-

vers the range of the required minimum bulge width suggested by [40], and the area 

of the ‘window’ schematically shown in Fig. 35 is large enough to monitor the ex-

pansion during the process using a camera or other instruments.  To avoid plastic 

deformation of the tubes at the edges of the clamping in the area of the transition 

region to the free expansion area the edges were fitted with small 0.2 mm radii. The 

clamping width is determined to 3 mm on each side  (according to Hielscher [40] 

who suggests a clamping zone: 1/6 * D0), which is wide enough to assure that no 
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axial stresses caused by the conical sealing punches occur which, in turn, may force 

tube material into the free expansion area. 

R 0.2

Ø10

3

tube sample

clamping width

free expansion area

upper tool half

lower tool half3  

Fig. 35: Geometry and dimensions of the tooling, schematically 

 

FE analysis of the tool components 

The design of the tool was accompanied utilizing FE analyses.  The simulations in-

tend to minimize the risk of leakage due to vertical shifting of the tool halves caused 

by lateral forces induced by the sealing punches. As a boundary condition, a maxi-

mum internal pressure pi of 4000 bar was defined. The resulting deflections of the 

frame of the test device are shown in Fig. 36. 

A ‘Mises’ stress simulation of the test device frame showing the maximum in the 

area of the internal threads of the screws which are responsible for the clamping of 

the tool halves, represents Fig. 37 (frame cut by symmetry conditions).  

 

(dimensions in millimetres) 
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Fig. 36: Tool frame deflections under a load of 4000 bar internal pressure 

 

 

Fig. 37: 'Mises' stress FE simulation of the test rig designed 
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From the results obtained by the FE analyses of the test device frame it could be con-

cluded that the distortion of the frame would not cause any appreciable shifting of 

the die inserts inside the frame window in which the inserts are placed. So leakage 

due to vertical shifting of the tool halves caused by lateral forces induced by the seal-

ing punches was not to be expected. Further on, suitable tool materials and frame 

dimensions could be defined after the study. 

Besides the frame components of the test device, another important part to be ana-

lysed by means of FEA is the conical sealing punch and its hole, which is shown in 

Fig. 38.  

 

Fig. 38: Conical sealing punch with the injection drilling 

Fig. 39 shows the simulation results of the punch tip under internal pressure pi of 

1,000 bar and under the influence of a maximum clamping torque of 30 Nm.  Clearly 

recognisable is the main stress area in which the punch presses the tube towards the 

inner 60°cone of the tool.  Here, the localised yielding and plastic flow of the tubular 

material occurs and broadens to the above mentioned annular area seal.  

Diameter =  2 mm  

Diameter = 0.2 mm (electro discharge machined) 
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Fig. 39:  Equivalent stress Distribution (N/mm2), Conical punch with boring 

diameter 0.2 mm 

In principle there are materials which are able to withstand the stresses from these 

studies. Both sealing punches had been manufactured using the tool steel 1.2379 

which was also hardened to 60 HRC. 

The design of the free expansion zone 

From literature, e.g. [28,40] it is known that attention should be drawn to the design 

of the length of free expansion zone and the clamping zone of tubular material. FEA 

analysis and burst tests showed that the expansion length is one of the most im-

portant issues.  Because of changed stress conditions, the strains in axial direction 

increase when the length of the free expansion zone decreases.  Even at high radial 

expansion diameters and expansion lengths (four times the initial tube outer diame-

ter) very good results could be obtained.  If the expansion length included three times 

the outside diameter, still acceptable results had been achieved.  The experimental 

evaluation by [40] is illustrated in Fig. 40.  With expansion lengths twice the outer 

tube diameter, significantly different results arose in comparison to the experiments 

with larger expansion length / outer diameter ratios.  From about 10% radial expan-

sions the necessary internal pressure as well as the maximum achieved expansion 

increased.  The results for the triple and quadruple outer diameter were almost equal. 
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Fig. 40: Variation of the expansion zone length [40] 

Additionally to the experiments at room temperature experiments with laser-heated 

tubes should be conducted.  The introduction of the laser beam and pyrometer for 

measuring the temperature of the heated, a sufficient area or ‘window’ had to be con-

sidered to allow for these devices.  The window should also provide enough space to 

be able to use a sensor and/or a camera for online measurement of the expanded tube 

diameter. 

When designing the tool, the dimensioning of the clamping length turns out as a 

compromise.  On the one hand, the clamping length to decrease the reaction forces 

on the projected clamping area of the tube caused by the internal pressure should be 

minimized.  Thus, the risk of an opening of the die halves and with that a leakage 

may be reduced.  On the other hand, a sufficiently long clamping zone generates 

higher sticktion.  Thereby, axial movement of the tube which in turn could cause 

leakage would be prevented.  Additionally, if the clamping length is not long enough 

and not enough sticktion is present, axial displacement (tube feeding) could influence 

the forming area and result in wrinkling and/or buckling due to compression forces. 

5.4.3 Peripheral machine components 

The hydraulic pressure system used for this tool set is composed of an electronically 

driven spindle press, a 3/2-port hydraulic control valve, a check valve and a safety 
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head with rupture disc and associated plumbing.  The maximum forming pressure for 

the system is 4,000 bar (400 MPa), which should be sufficient for burst tests of micro 

tubes with a maximum diameter of 1 mm according to Fig. 6 in Chap. 2.2.2.4  Pre-

diction of forming loads.  The flow rate of the spindle press was proportional to the 

DC input signal of the controller, and was 0.07…9 ml/min.  According to a flow rate 

pre-set in the low range, a forming time of about 5…10 seconds was to be expected, 

depending on the dimensions of the tubes examined.  It must be noted that during the 

experiments the exact flow rate had not been determined, since a flow meter was not 

adapted to the tubing system. 

In order to control the pressurization, control and data acquisition LabVIEW soft-

ware was used, described in Chap. 6.8 Control system.  To enable the measurement 

of the internal pressure of the liquid that effects the expansion of the tube, a pressure 

transducer (measuring system: DMS) had been integrated into the high-pressure cir-

cuit. 

5.4.4 Tube dimensions and material 

For the selection of tube dimensions four criteria were relevant.  Firstly, the size 

range of the tubes should correspond to the installation space of the tool, in particular 

to the given tube diameter of the die halves.  Secondly, the tubes should be formed 

with pressure level according to Eqn. (7) that could be achieved by the pressure in-

tensifier.  Thirdly, the application of this formula requires, therefore, that thin-walled 

tubular workpieces are formed to meet the requirements of the shell theory.  The 

shell theory assumes that there is a biaxial stress state.  The stresses in wall thickness 

direction can be neglected according to [28], since these are small compared to other 

stresses.  Therefore, the tube samples should have the inner diameter/wall thickness 

ratio d0/t0 ≥ 20 proposed by [88]. 
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Test program 

Burst test 

Test parameters Procedure parameters 
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 σUTS L0 D0 t0  RT 150 200 250 300 350 400 450 500 pi 

Test series 1:  Variation of the material  =>  Determination of bursting pressure pb 

AISI  
304-a 

690 

10 0.8 

0.04 not 
meas
ured 

O 

        pib 
= x 

AISI  
304-b 

593 0.04 O 

CW024A 

(R200) 
236 0.1 0.07 

(set 
to 
mini-
mum) 

O 

CW024A 

(R250) 
296 0.1 O 

Test series 2:  Variation of the temperature - Stainless steel   =>   Determination of bursting pressure pb 

AISI  
304-b 593 10 0.8 0.04 

not 
meas
ured 

 O O O O O O O O 
pib 
= x 

Test series 3:  Variation of the temperature - Copper   =>   Determination of bursting pressure pb 

CW024A 

(R200) 
236 

10 0.8 0.1 

0.07 
(set 
to 
mini-
mum) 

 O O O O O O 
(*) (*) 

pib 
= x 

CW024A 

(R250) 
296  O O O O O 

(*) (*) (*) 

Table 6: Test program of the hydraulic free bulging 

5.4.5 Test program 

Table 6 provides an overview of the experimental parameter combinations.  Per vari-

ation, at least ten samples were formed. The test program was divided into three test 

series. The tests to determine the strain capacity and the workpiece characteristics at 
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room temperature were summarized in test series 1.  The overall goal of this first 

investigation was to determine the maximum possible expansion diameter D1 and the 

bursting pressure pib at room temperature.  In one series the sample material was var-

ied, in another the tube sections of stainless steel AISI 304 were examined from two 

different deliveries.  The tubes made of copper material differed in the previous an-

nealing treatment.  All material parameters can be found in Chap. 3.2  Used materi-

als and sequence of experimental investigations.  The variation of the materials was 

carried out on micro-tubes with outer diameter D0 = 0.8 mm.  The wall thickness of 

the stainless steel tubes was t0 = 0.04 mm, t0 = 0.1 mm of the copper tubes respec-

tively. 

The goal of test series 2 and 3 was to identify the maximum achievable flare diame-

ters D1 and burst pressures pib of the tubes when heated by laser energy.  Eight dif-

ferent temperatures from ϑf = 150°C to ϑf = 500°C in steps of Δϑ = 50°C were ex-

amined. A total number of 24 micro-tubes had been formed, three at each tempera-

ture step.  To measure the forming temperature a pyrometer had been used.  Since the 

pyrometer had only a range from about 150°C, no experiments could be carried out 

in the temperature range RT < 150°C accurately.  In contrast to the studies of the test 

series 1, investigations with stainless steel tubes of the delivery batch A (304-a) 

could not been accomplished due to numerous previous initial trials during the study, 

such as flaring tests and tests for the handling and cutting of tubes, the material sup-

ply had been depleted. 

5.4.6 Procedure of the bulge test 

Preparation of the specimens 

Every tubular test piece was directly cut from the wrought material delivered in 

lengths of one meter.  To ensure a flawless seal when pressurized, the specimens had 

exactly to be cut in specific lengths.  The appropriate length has been determined in 

preliminary tests.  If the tube was too long tube samples bore the risk of premature 

tearing at the collar of the conically expanded end by crossing the strain capacity of 
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the tubular material.  If the sample length was chosen too small, no circular line con-

tact causing an insufficient sealing surface between the 58° / 60° cones of the punch-

es and the tool respectively.  Hence, the tubes were cut to 16.50 to 16.75 mm in 

length L0 depending on the tube material and dimension used and the two ends of the 

tubes were deburred and finely ground (down to 1200 grit) to obtain a low roughness 

depth and that minimized the risk of notch effects.  

Execution of the test 

The experiments were carried out by placing the specimen into the bottom die half.  

It must be noted that some of the tubes drifted along their longitudinal axis due to 

asynchronous tightening of the lock nuts of the sealing punches.  In order to increase 

the static friction, the tube ends were additionally fixed with superglue in the contact 

area.  During pre-tests, in some cases the clamping force for the tube to be pressur-

ized was not sufficient enough. As a result, under the axial force Fa the tube was 

pushed towards the free-forming zone and thus the tube ends could not be sealed.  

After closing the die halves, placing the die in the frame and tighten the screws 

which generate the closing force, the tube was first pre-filled to avoid blisters in the 

forming liquid.  Having fixed the clamping screws the fluid was pressurized.  With 

moving the spindle press at the pre-set volume flow Vfl the internal pressure rose to 

expand the free expansion zone of the tube between the two supporting dies until 

bursting.  The internal pressure was recorded ten times a second for precise pressure 

changes and exact bursting point.  Reaching that point, the bulge test was stopped. 

The experimental setup is represented in Fig. 41. 
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Fig. 41: Experimental setup for the hydraulic free bulging experiments 

The measurement of the expanded micro-tubes 

After taking the tubes out of the forming tool halves, the circumferential expansion 

diameters were measured by means of a Zeiss reflected-light microscope with 

charge-coupled device camera AxioCam MRc which had also been used for the flar-

ing tests.  
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Fig. 42: Measurement of the expanded micro-tubes 

The procedure for determining the expansion diameter D1 is illustrated in Fig. 42.  

Since the tube is under the influence of several hundred bar of internal pressure pi, 

the tube is literally exploded.  In most cases the bursting led to a relatively large gap-

ing fracture.  The tubes' initial circular cross section changed to a slightly elliptical 

shape in the area of the fracture.  Thus, the expansion diameter had to be determined 

in several steps.  Firstly the forming diameter was measured in the top view (Fig. 42 

above) from both sides just in the area without fracture but as possible nearby the 

beginning and end of the crack.  It was assumed that the expansion diameter within 
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the length of the longitudinal fracture (between points A & B in the top view) was 

almost similar.  The second measurement was performed in side view.  As can be 

seen in the lower photograph in Fig. 42, two parallel lines in longitudinal tube direc-

tion have been put into the picture.  The start and end of each line was the position of 

the two constructed lines perpendicular to the longitudinal direction of the tube 

which had been constructed into the first photograph.  A second expansion diameter 

was now measured in between those parallel lines.  Finally, the maximum achieved 

expansion diameter was determined by the arithmetic mean value of both the estab-

lished diameters in top and side view, respectively. 

Similar to the flaring test measurements, the measurement points had to be set manu-

ally.  As with the flaring tests, since the uncertainty of measurement was to be as-

sumed in the range of 1 to 10 µm the measured values have been rounded up to the 

nearest 1/100 mm. 

5.4.7 Laser assisted investigations 

Again the laser source according to the specifications represented in Chap. 4.5.1 had 

been used for the investigations. 

To transmit the laser beam to the tooling, an optical fibre cable was used.  For hold-

ing the focusing lens a cylindrical device was mounted at the end of the fibre.  The 

image scale of the focusing unit was 1:1, which means the distance “beam exit (fibre) 

– focussing lens” corresponded to the distance “focussing lens – focal point”.  The 

cylindrical focussing unit by itself was then attached to a clamping device which was 

mounted on the test table. To set or to change the focal length, the entire focussing 

optics could be moved along its longitudinal axis by simply loosening the screw of a 

clamp. 

For the temperature measurement of the laser-assisted experiments again the station-

ary digital pyrometer type Cella Temp PZ 27 (Cellar) had been used. A closer de-

scription as well as the specifications can be found in Chap. 4.5.2. 



  

98 

During the tests, the aim was to achieve a most uniform heating of the deformation 

zone as possible. Using the 50 mm focussing lens, mentioned in the above laser spec-

ifications, with a magnification ratio of 1:1, the focal radius was wf = 0.2 mm, in due 

consideration of the specifications of the laser source.  With regard to the demonstra-

tor part “camera shaft” (Fig. 55 & Fig. 80), the length of the main forming zone of 

the shaft comprises about 2 mm.  It was therefore considered to try to evenly heat up 

the micro-tube in a useful range of about 2 mm. Therefore, to enlarge the laser-

affected zone of the heated micro-tube the laser beam had to be defocused by enlarg-

ing the distance between focusing lens and micro-tube.  

The required shift of the focusing unit relative to the focal point was determined by 

calculation using the technical data of the laser.  The numerical aperture AN, which 

describes the ability of an optical element to focus light is generally the product of 

the sine of the half object-side opening angle γ and the refractive index n of the im-

mersion medium.  

(16) 

In this case, of the optical fibre, the numerical aperture is described by the sine of the 

acceptance angle of the fibre and corresponds to the beam opening diameter of the 

fibre end face. 

With n = 1 for air and AN = 0.2, we obtain a half-acceptance angle γ = 11.54° accord-

ing to Eqn. (16).  

The desired defocusing Δxdef results from the trigonometric relation 

 (17) 

with the desired radius of the defocused focal point wdef = 1 mm and can thus be de-

termined to 

Δxdef = 4.89 mm. 
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Laser Procedure 

After inserting the tube specimen into the tooling, the focal position was identified 

by measuring the maximum achievable temperature at the spot.  Then for defocusing, 

the laser optics in the holder had been moved by the above calculated amount Δxdef = 

4.89 mm relative to the determined focus position.  After having turned on the pilot 

laser, the appearing focal spot became visible approximately in the size of the theo-

retically determined value (2* wdef  = 2 mm). 

 

Material: 

AISI 304 

Focal point centre 1 mm off-centre 2 mm off-centre 

ϑmax 
[°C]  

Δt [s] ϑmax 
[°C] 

Δt [s] ϑmax 
[°C] 

Δt [s] 

Tube front side 

1st measurement 250 8.4 235 9.8 200 16.3 

2nd measurement 250 8.3 235 10.0 200 16.1 

3rd measurement 250 8.4 235 9.6 200 16.5 

Tube back side 

1st measurement 236 8.7 223 11.5 191 18.1 

2nd measurement 236 8.5 223 11.9 191 17.9 

3rd measurement 237 8.6 223 11.8 191 18.1 

ϑmax    Maximum achieved temperature 

Δt        Time of temperature rise until reaching ϑmax,  

Table 7:  Verification of heat conductance 

To verify an appropriate choice of the allegedly enlarged focal spot and due to that a 

uniform heat input into the main forming zone, preliminary tests were undertaken 

before having started the laser-assisted bulge tests.  Hence, a tube specimen made 

from stainless steel AISI 304 (batch B) was marked with very fine strokes at a dis-

tance of exactly 1 mm over its long side using a fine marker.  After placing the spec-

imen into the tooling, it was filled with the forming fluid and pressurized to 115 bar 
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(11.5 MPa).  The laser power was set to Pout,l = 3 W cw (continuous wave) and the 

laser beam was positioned into the centre of the micro-tube’s longitudinal side.  To 

measure local temperatures of the heat-affected zone, the measuring spot of the py-

rometer was shifted from the centre along the millimetre scale attached to each side 

of the tube axis.  The procedure was repeated measuring the local temperatures at 

back side of the tube, i.e. 180° faced away from the laser spot. Measured values are 

shown in Table 7. 

It can be concluded that in the range of 1 mm to each side around focal point the 

largest difference in temperature was 27°C (centre point, front side - 1 mm aside, 

backside). However the difference between the temperature in the focus at the front 

and the area 2 mm off-centre at the back of the tube was already 59°C. With regard 

to the demonstrator part camera shaft with its length of a main forming zone of ap-

prox. 2 mm, the difference of 27°C was considered as ‘not marginal’ but acceptable 

for the range of about 2 mm. 

Starting time of laser impact 

Laser energy could not be introduced simultaneously with pressurization. The reason 

was that at hydrostatic pressure equal or near zero, the forming fluid began to boil 

when the temperature arose over 100°C due to laser impact. A remedy could be 

found by a time-delayed onset of laser impingement. However, the laser starting 

point was not chosen time-dependent but pressure dependent.  Corresponding values 

of pre-pressurization can be found under point 'procedure parameters' in Fig. 50 - 

Fig. 52.  

Effects of laser light absorption in copper  

The absorption curve (Fig. 43) of copper shows a hyperbolic inclination in the band 

of wave length λ = 0.5 … 1 µm.  It is obvious, that the laser light of the used laser 

source with a wave length λ of 810 nm will mostly be reflected, vs. above specifica-
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tion sheet of the laser source.  As a result, even at nominal laser power of Pout,l = 

25W only a maximum forming temperature of approx. 300°C could be achieved.   

 

Fig. 43:  Absorption curves of different metals (German Copper Institute) 

To achieve higher temperatures the focal lens had to be moved from its defined defo-

cal length Δxdef = 4.89 mm closer (reduced to Δxdef = 2.6 mm) towards the copper 

tube sample.  The focal spot reduced and with that the fluence increased, which in 

turn afforded higher heat impact.  Even though, the danger of laser burn-through 

magnified whereupon the pre-pressurizing of copper tube bulge tests was increased 

in comparison to the pre-pressurized stainless steel tubes. 

To verify the heat conductance, the above-mentioned temperature tests accomplished 

with stainless steel tubes were repeated now with copper tubes.  The laser power was 

set to 24 W. Subject of the experiment was the R250 copper tube.  The measure-

ments were undertaken three times. Mean measured maximum values are represented 

in  Table 8. 

During the experiments the laser power was set to 25 W whereby a maximum tube 

temperature ϑmax of approx. 400°C on average could be achieved.  It must be con-

cluded that compared to the stainless steel tubes the heat conductance was more in-

homogeneous.  
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Material: 

Copper R250 

Focal point centre 1 mm off-centre 2 mm off-centre 

ϑmax 
[°C] 

Δt [s] ϑmax 
[°C] 

Δt [s] ϑmax 
[°C] 

Δt [s] 

Tube front side 277 2.0 251 3.1 200 5.4 

Tube back side 228 6.2 206 22.5 153 53.3 

ϑmax    Maximum achieved temperature 

Δt        Time of temperature rise until reaching Tmax,  

 Table 8: Verification of heat conductance, copper tubes 

Acquisition of temperature data 

For data acquisition, the temperature of the tube specimens which was measured by 

the pyrometer was recorded ten times a second with the windows based software 

Cella Mevis. 

5.5 Forming results 

5.5.1 Experimental results established from investigations performed at room 
temperature 

In Fig. 44 - Fig. 47 the forming results and process parameters are compared.  The 

test parameters, including the investigated material and the tube dimensions as well 

as the procedure parameters can be taken from the top half of the figure.  The dia-

gram shows the recorded data of the forming pressure pi versus the forming time tf 

until it came to workpiece failure due to bursting.  Examples of investigated micro-

tubes before and after expansion are represented in the lower half of the image.  Be-

low, the diagram visualizes the achieved forming diameters D1 of the tube specimens 

versus the applied maximum internal pressure piB at bursting.  
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Forming Pressures 

As it can be seen from the diagrams on top of Fig. 44- Fig. 47, the curve progres-

sions of the recorded forming pressure vs. forming time of both the AISI 304 (both 

batches) and the copper micro-tube material show similar characteristics.  The form-

ing pressure pi grows steeply with linear inclination until maximum pressure piB was 

obtained.  There were four exceptions in the AISI 304 stainless steel tubes, two each 

in batch A and batch B, the issue was due to leakage.  Another leakage at process 

start, cf. ΔT in pi/t-Diagram Cu R 200, Fig. 46 no issue of liquid sealing was ob-

served at any time.  Nevertheless, the achieved forming time when bursting occurred 

shows a comparatively large range of variation.  It can be seen from all four dia-

grams conducted at room temperature that the end forming time scattered in a range 

of 50% relative to its determined mean values.   
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Test parameters: 
 

 

Procedure parameters: 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Forming results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 44: Forming results and procedure parameters with point of fracture and mean 
expansion diameters - stainless steel AISI 304 (batch A) 
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Material: Stainless steel AISI 304 (batch A) 
Tube dimensions: L0 = 16.5 mm, D0 = 0.8 mm, t0 = 40 µm 

T1: Section of fracture 

T1: AISI 304 tube (batch A) formed 
at RT 

Ti:  Initial tube 
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Test parameters:  
  

  

Procedure parameters: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Forming results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 45: Forming results and procedure parameters with point of fracture and maxi-
mum achievable expansion diameters - stainless steel AISI 304 (batch B)
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Material: Stainless steel AISI 304 (batch B) 
Tube dimensions: L0 = 16.7 mm, D0 = 0.8 mm, t0 = 40 µm 

T13: Section of fracture 

T13: AISI 304 tube (batch B) 
formed at RT 

Ti:  Initial tube 
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Test parameters:  
 

 

Procedure parameters: 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

Forming results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 46:  Forming results and procedure parameters with point of fracture and 
achievable expansion diameters - Copper CW024A (R 200)
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Material: Copper CW024A (R 200) 
Tube dimensions: L0 = 16.75 mm, D0 = 0.8 mm, t0 = 100 µm 

Volume Flow: Vfl = 0.07 ml/min. (minimum set) 

T2: Cu tube (R 200) formed at RT 

Ti:  Initial tube 

T2: Section of fracture 
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Test parameters: 
 

 

Procedure parameters: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Forming results: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 47: Forming results and procedure parameters with point of fracture and 
achievable expansion diameters - Copper CW024A (R 250)
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Material: Copper CW024A (R 250) 
Tube dimensions: L0 = 16.75 mm, D0 = 0.8 mm, t0 = 100 µm 
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Achieved bursting pressures 

The average values of the bursting pressures pib conducted at room temperature can 

be established from the pi/t-diagrams and are summarized in the following: 

• Stainless steel AISI 304, batch A: mean bursting pressure pib = 67.8 MPa 

with a standard deviation s of 0.68 MPa (scatter 1.8 MPa) 

• Stainless steel AISI 304, batch B: mean bursting pressure pib = 54.9 MPa with 

a standard deviation s of 0.57 MPa (scatter 1.9 MPa) 

• Copper CW024A (R 200): mean bursting pressure pib = 49.4 MPa with a 

standard deviation s of 0.81 MPa (scatter 2.4 MPa) 

• Copper CW024A (R 250): mean bursting pressure pib = 73.5 MPa with a 

standard deviation s of 2.22 MPa (scatter 6.5 MPa) 

Deformation modes and distribution of the fracture localisation 

In all room temperature experiments, the internal pressurization led to a uniform ra-

dial expansion at each point along the tube length.  However, depending on the mi-

cro-tube, different bulge formations could be observed.  Pressurization of AISI 304 

tubes caused a clear uniform bulging from the opening radius of the tool to the mid-

dle of the free expansion length.  In contrast, copper micro-tubes almost showed no 

bulging along their tube lengths. The corresponding deformation modes can be found 

in the microscope photographs in Fig. 44 - Fig. 47. 

However, what applied for both, the copper and the stainless steel tubes is that prior 

to the workpiece failure, a local disproportionate bulging appeared just in the burst-

ing area.  As can be seen in the schematic (Fig. 48), the bursting area of the investi-

gated AISI 304 stainless steel tubes was not necessarily in the middle of the tube. 

While the cracking of batch B tubes took place predominantly in the center of the 

free expansion zone, i.e. in the middle of the tube, the cracks of the batch A tubes 

were spread relatively uniform over the tubes' longitudinal axis. Regarding the exam-

ined copper tubes, without exception, bursting occurred in the center of each tube. 
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tubes’ centre  (longitudinal direction)

pi

tube clamping  zone  crack distribution AISI 304 batch ‘A’ 

 crack distribution AISI 304 batch ‘B’ 

area of free expansion
 

Fig. 48: Distribution of the crack formation of AISI 304 micro-tubes along their 

longitudinal axis (batch A above, batch B below) 

Achieved forming diameters 

The D1/pib diagrams in Fig. 44 - Fig. 47 show the achieved forming diameters at 

room temperature of the micro-tube versus the applied maximum internal pressure at 

bursting.  The established mean values are summarized in the following: 

• Stainless steel AISI 304, batch A: mean outer forming diameter D1b = 0.95 

mm (corresponds to a relative expansion of 18.4%) with a standard deviation 

s of 5.6 µm (scatter 20 µm) 

• Stainless steel AISI 304, batch B: mean outer forming diameter D1b = 1.03 

mm (corresponds to a relative expansion of 28.3%) with a standard deviation 

s of 20.7 µm (scatter 80 µm) 

• Copper CW024A (R 200): mean outer forming diameter D1b = 0.9275 mm 

(corresponds to a relative expansion of 15.9%) with a standard deviation s of 

8.6 µm (scatter 20 µm) 

• Copper CW024A (R 250): mean outer forming diameter D1b = 0.826 mm 

(corresponds to a relative expansion of 3.2%) with a standard deviation s of 

7.2 µm (scatter 20 µm) 
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5.5.2 Forming results achieved at variable forming temperature 

As an example how the tests were accomplished, Fig. 49 shows the curvatures of 

both the temperature and the forming pressure pi of a micro-tube made of stainless 

steel AISI 304 batch B.  In the represented case, the stainless steel specimen burst 

when a forming temperature ϑf of 350°C was reached.  Similar to the curve progres-

sion of the investigated micro-tubes at room temperature, the internal pressure shows 

a linear increase until workpiece failure due to bursting.   

 

 

 

 

 

Fig. 49:  Internal pressure and forming temperature versus the 
forming time, exemplarily shown as an example of an expanded stain-
less steel micro-tube made of AISI 304 

The starting point of the pressure curve is the point of pre-pressurization, i.e. in the 

case of the stainless steel tubes at 20 bar (2 MPa).  As mentioned previously, the py-

rometer used for temperature measurement only offered a limited measurement range 

starting from approx. 150 °C.  As a result, the beginning of data recording was de-

layed.  In this example, first data could be recorded starting at above 200°C as can be 

seen on the starting point of the temperature graph. 
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Test parameters: Procedure parameters: 
 
 

 

 

 

 

 

 

Forming results: 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 50:  Warm forming results and procedure parameters with point of fracture and 
achievable expansion diameters - Stainless steel AISI 304, batch B
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Test parameters: Procedure parameters: 
 
 

 

 

 

 

 

Forming results: 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 51:  Warm forming results and procedure parameters with point of fracture 
and achievable expansion diameters - Copper CW024A, R200 

Copper CW024A, R 200 
Tube dimensions: 
L0 = 16.60 mm 
D0 = 0.8 mm 
t0 = 100 µm 

Volume Flow: VFl = 0.07 ml/min. (minimum set) 

T2: Section of fracture 

T2: Copper CW024A (R 200) 
formed at 300°C 

Ti:  Initial tube 

Laser power PL: 20 - 25 W cw (continuous wave) 
Focal length f’: 50 mm 
Defocussing Δf’: 2.6 mm 
Laser impact: simultaneous to pressurization 
Pre-pressurization: 9 MPa 
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Test parameters: Procedure parameters: 
 
 

 

 

 

 

 

 

Forming results: 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 52: Warm forming results and procedure parameters with point of fracture and 
achievable expansion diameters - Copper CW024A, R250
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t0 = 100 µm 
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formed at 300°C 
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Laser power PL: 20 - 25 W cw (continuous wave) 
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Fig. 50 - Fig. 52 show the test parameters and forming results in comparison to the 

variable process parameter forming temperature ϑf.  The test parameters include the 

investigated material and the tube dimensions of each test series shown in the upper 

third of each figure.  According to the test program, Table 6, the forming temperature 

was increased in each test series by steps of 50°C.  The obtained values of at least 

three specimens per temperature step had been recorded.  The correlative diagrams 

visualize the maximum bursting pressures pib of the corresponding forming tempera-

tures as well as the determined forming diameters D1b at the point fracture occurred. 

Bursting pressure at variable forming temperature – AISI 304, batch B (test series 2) 

In Fig. 50, the pib/ϑf - diagram shows the obtained bursting pressures versus the re-

spective forming temperature of the investigated AISI 304 stainless steel tubes (batch 

B).  The values measured at room temperature are taken from the studies of test se-

ries 1 and then placed into the diagram.  Adding the values achieved at forming tem-

perature range 150…500°C it can be seen that with an increase in temperature the 

curvature of the bursting pressure pib declines steadily from approximately 550 bar 

(55 MPa) to approximately 400 bar (40 MPa) where it roughly stays constant in a 

temperature range between 250…400°C.  Scatter of obtained bursting pressure pib 

values was ~200 bar (20 MPa).  Horizontal shift of each temperature measuring point 

(of each 50°C point/step) was approx. 20°C.  After a temperature of approximately 

400°C, declination of the pressure curve continued in the same rate as before the 

constant area between 250…400°C. The last measuring point at a temperature ϑf of 

approximately 760°C was accidentally recorded, as a result of a too high laser output 

power setting.  

In summary, it can be determined that the mean value of internal pressure at room 

temperature of 549 bar (54.9 MPa) reduced to approx. 400 bar (40 MPa) at a forming 

temperature ϑf  between 250…400°C which corresponds to a relative decrease of 

27%. 



  

115 

Achieved tube expansions at variable forming temperature– AISI 304, batch B 

The determined forming diameters D1B are visualized versus the forming temperature 

ϑf in the second diagram, at the bottom of Fig. 50.  It is obvious that the curvature of 

the expansion diameters correlate to the maximum internal pressures measured at 

each 50°C step when fracture occurred.  A drawn average line and/or trend line re-

sembles the course of measuring points shown in the pib / ϑf graph figured above.  

Thus, the achieved maximum expansion diameters could not be increased during 

laser-assisted warm forming procedure.  

To be able to gain a comparative value in terms of a reduced forming feasibility at 

room temperature, apart from the test program ten micro-tube samples were formed 

at a temperature approximately in the mean range of the “temperature plateau”, i.e. in 

the range of 330 to 350°C.  The achieved forming diameters d1b as well as the aver-

age value of 0.93 mm when bursting occurred are illustrated in the diagram on the 

right, Fig. 50 , bottom.  As one can see, this correlates to a relative expansion of 

16.4%, in fact a reduction of approx. 44% compared to the achieved forming diame-

ter obtained at room temperature. 

Bursting pressure at variable forming temperature - Copper CW024A  

In Fig. 51 and Fig. 52, the first of the two diagrams shows the maximum obtained 

pressures when bursting occurred versus the forming temperature.  The measurement 

points at each 50°C step show a slight horizontal shift as could already be observed 

during warm forming experiment of the stainless steel micro-tubes.  The established 

trend lines of both the investigated R200 and R250 copper tubes show a steadily de-

crease.  Within the investigated temperature range, the decrease seems to be linear.  

The vertical shift of the measuring points associated with each temperature step indi-

cates no reduction in scatter compared to the tests accomplished at room temperature.  

As a result, the maximum achieved internal pressures of both investigated R200 and 

R250 tube materials reduced from 494 bar (49.4 MPa) and 735 bar (73.5 MPa) - both 

at RT - to approx. 350 bar (35 MPa) at 400°C, and 530 bar (53 MPa) at 350°C re-

spectively. 
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Achieved tube expansions at variable forming temperature 

The measured forming diameters D1 of the investigated copper tube samples are rep-

resented in the appropriate graphs in Fig. 51 and Fig. 52.  As the R200 copper tubes 

still could be enlarged at room temperature to a mean expansion diameter of approx. 

0.93 mm, which was a relative increase of almost 16% though its formability de-

creased during warm forming.  A tendency towards reduced achievable forming di-

ameters D1b is recognizable.  With regard to the appropriate R250 diagram, in some 

cases during warm forming some tubes slightly increased forming diameters.  Both 

investigated copper tubes still show a relatively large scatter that obviously could not 

be reduced during the laser-assisted forming compared to cold forming investiga-

tions. 

5.6 Discussion 

Interpretation of the curve progression of bursting pressure pib vs. forming time tf   

Compared to results from existing research from investigations applied to macro-

tubes, the inclinations of all established pib/tf curves show a distinctive difference. 

From literature, i.e. [87,89] it is known that an instantaneous pressure corresponding 

to the beginning of tube yielding, the volume of the tubes starts to increase rapidly. 

As a consequence, internal pressure drops which can be identified typically as a de-

crease in the curve progression. Thus, it is possible to identify the yielding point of 

the investigated macro-tube material with the help of the bulge test.  However, the 

results have shown that for down-scaled FHB processes it is not possible to identify 

the yielding point of the investigated micro-tube material due to the fact that the 

bulging of the tube wall is too low in relation to the small tube volume. Perhaps a 

lower flow rate of the pump would have solved the problem. 

Large range of dispersion in forming time 

The forming time when bursting occurred shows a comparatively large range of dis-

persion. It can be seen from the four diagrams established at room temperature that 
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the end of forming time approximately scattered in a range of 50% relative to its de-

termined mean values.  It was assumed that unequal amounts of remaining air inside 

the tubes could be significant reasons for the difference in forming time.  Due to the 

compressibility of air probably different time to build up internal pressure was need-

ed.  In any case the time shift is not a critical aspect of the burst test but its influence 

needs to be noted. 

As mentioned previously, in two cases of each investigated stainless steel batch the 

curve progressions showed a curved progression due to leakage.  It was assumed that 

leakage was probably caused by an unevenly tightening of the lock nuts of the seal-

ing punches so that the clamped tube was moved in longitudinal direction.  So a cir-

cular contact line could not be properly achieved to produce localized yielding and 

thus the sealing of the tubes.  Another case of leakage could be observed in line with 

the R200 tests. Just at the beginning of pressurization leakage occurred, cf. Fig. 46 

pi/t diagram.  However, after a time delay ΔT of approximately one second the ac-

cording curvature continued with a linear progression until workpiece failure from 

bursting occurred. 

Starting time of laser impact 

Because the forming fluid began to boil when the temperature was raised over 100°C 

due to laser impact, the laser energy was introduced with a specific time delay after 

the tubes were pre-pressurized to pi, start = 20 bar during the laser-assisted warm form-

ing tests.  The laser starting point was not time-dependent but pressure dependent.  

However, in most cases, the maximum bursting pressures were obtained at different 

forming time.  It was assumed that once again a remaining quantity of air inside the 

pre-filled tube was the probable reason. 

Interpretations of temperature scatter (around each 50°C step) 

Fig. 49 illustrates the correlation of the internal pressure pi and the forming tempera-

ture, and the correlation of the bursting pressure and forming temperature at work-
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piece failure (bursting). As the example of the AISI 304-b shown in this figure, 

bursting pressure pib of ca. 400 bar (40 MPa) was achieved after approx. 3.5 seconds, 

which correlated to an increase in temperature to approximately 350°C.  Due to dif-

ferent temporal bursting times observed during bulging tests at room temperature, cf. 

Fig. 44 - Fig. 47, all pi/t curves differ in their angle of inclination. Thus, both the 

pressures as well as the temperature curvatures of each repeated test differ in their 

intersection points.  It is assumed that this is the reason for the scatter around the 

aspired temperature values, cf. pi/ϑf and D1/ϑf diagrams in Fig. 50 - Fig. 52. It was 

not possible to repeat the maximum achievable forming temperature from test to test 

in spite of unchanged laser settings. 

Plateau at 304b warm forming similar to plateau of 304 yield curve 

As mentioned previously, during warm forming experiments regarding the AISI 304-

B batch a temperature measurement ϑf of approx. 760°C was accidentally recorded. 

If establishing an average line (trend line) in the pi/t diagram represented in Fig. 50 

which involves this measuring point the curve progression is similar to the AISI 304 

flow curve with its plateau of constant yield stress between ϑf of approx. 250°C and 

400°C, cf. Chap. 2.2.3, Fig. 11.  Similar to the flow curve an area of constant maxi-

mum internal pressure pib matches the same temperature range.  

Further on, Fig. 50 lower diagram shows the forming diameter/temperature ratios 

D1/ϑf. The curvature of the trend line that can be established is also similar to the 

AISI 304 flow curve.  

General remarks on warm forming of copper tubes 

Due to the reduced strength of the copper micro-tubes compared to the stiffer stain-

less steel tubes, special attention must be paid to fix clamping.  In a few cases, due to 

tightening of the sealing locknuts the tube was setup under minimal compressive 

stress in its free forming area, so the influence of laser heat caused early process fail-

ure due to buckling of the tube.  Two reasons can be found for this; first, volume 

dilatation caused by the impact of laser heat in combination with the compressive 
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stresses caused a bending moment; secondly, stiffness of the material due to heat 

impact was reduced so that the compressive stresses caused buckling of the softer 

material.  Unexceptional this phenomenon happened to copper tubes, which com-

pared to the stainless steel tubes, featured a low initial strength.  Consequently, the 

initial length L0 of the copper tube specimens had to be shortened compared to L0 of 

the tubes investigated at room temperature to avoid buckling.  The changed tube 

length L0 can be found as one of the test parameters on Fig. 51 and Fig. 52, top left.  

As one can see in the microscope pictures in Fig. 51 and Fig. 52, the warm formed 

tubes still show a slight deflection in comparison to the copper tubes formed at room 

temperature and to the AISI 304 tube expanded at 350°C, Fig. 46, Fig. 47 and Fig. 

50 respectively.  

Achieved relative expansion ratios of micro-tubes compared to ratios of macro-tubes 

In comparison with expansions of macro-tubes made of the here investigated materi-

al, micro-tube expansions attained a considerably smaller relative expansion ratio εb.  

Expansion tests of such macro-tubes, for example conducted by [67] with tubes with 

D0 = 57.2 mm, t0 = 0.6 mm and L0 = 203.2 mm or by [90] with tubes with D0 = 60 

mm, t0 = 1 mm and L0 = 240 mm, showed an achievable εb in the magnitude up to 

0.54.  The reduction in formability is most likely to be attributed to the down-scaling 

of the hydroforming process.  In general the tendency of the here developed results 

correspond also to findings summarized by [91], concerning sheet forming under 

tension, that the lower the ratio t0/dk of the wall thickness t0 to grain size dk the worse 

is the formability of the material.  Nevertheless it must be noted that regarding both 

copper micro-tubes the R200 tube with a significantly lower t0/dk ratio show a slight-

ly higher relative expansion ratio compared to the R250.  It is assumed that probably 

due to differences in anisotropic behaviour R200 tubes could more easily expand in 

radial tube direction compared to R250. 
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Comparison of the relative expansions: Flaring test - free bulging test 

One of the most important issues that was discovered during the study was the com-

parison of the relative expansions of the micro-tubes achieved in the free bulging 

tests vs. the conical flaring test.  All the results can also be found in the according 

chapters 4 and 5.  For clarity the results are compared against each other in Fig. 53.  

The average values of the achieved εb of both the stainless steel micro-tubes delivery 

batch A and B differ in a range of 35% to 50% from the average expansion ratios 

obtained by the mechanical flaring tests at room temperature, and at a forming tem-

perature of 300°C respectively.  

 

Fig. 53: Relative expansion ratios for hydraulically bulged stainless steel and 

copper micro-tubes in comparison with results obtained from conical flaring tests 
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However, regarding the investigated copper micro-tubes the difference between ob-

tained forming diameters was even more significant.  By applying the mechanical 

flaring test, the diameters of both the R200 and the R250 almost doubled compared 

to their initial tube diameters at room temperature as well as at a forming temperature 

of 300°C.  On the contrary, the examined micro-tubes only expanded in the range of 

3% to15% during hydraulic free bulging. 

It is assumed that for down-scaled testing methods factors like tribology play a more 

important role than in macro testing methods and the reduced ratio of tube wall 

thickness and diameter to the grain size of the tube material have a significant influ-

ence on the forming results. 

In summary, it can be stated that at least within the investigated tube materials and 

dimensions respectively, compared to macro-tube testing methods for tube hydro-

forming processes the flaring test cannot be used for a safe prediction of possible 

expansion diameters of the micro-tubes.  Though, the bulge test is able to deliver 

adequate material properties for the THF process and thus would be the more accu-

rate method to test different tubes and materials.  

5.7 Conclusion 

As already mentioned, todays' hydroforming processes generally use a mathematical-

ly empirical formula for the prediction of suitable process loads to determine the hy-

droforming operations.   

Thus, one objective of the bulge test was to see if the existing theoretical correlation, 

Eqn. (7) 

00

02
tD

tp UTSib −
= σ  

which was proved in Klaas' dissertation [28] to be applicable for conventional mac-

ro-tubes can also be reliably applied to micro-tubes in a down-scaled process.  As 
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already mentioned in Chap. 2.2.2.4  Prediction of forming loads, the formula enables 

the prediction of the bursting pressure pib for a known tensile strength σUTS of an ana-

lysed tube material.  

For comparison, pib/σUTS ratios of the achieved results were added into the diagram, 

Fig. 54, which also contains the ratios of macro-tubes with outer diameters larger 40 

mm analysed by [28] and [34].  It is obvious that all investigated micro-tubes do not 

significantly differ more from the theoretically calculated ratio (curvature) than the 

macro-tubes. Thus, with the obtained results it could be verified that Eqn. (7) can 

also be applied in the micro-scale as a first approximation, at least with regard to the 

examined stainless steel and copper micro-tubes.  

 

 

Fig. 54: Ratio pib/σUTS of micro- and macro-tube expansions (incl. results of mac-
ro-tubes developed by [28] and [34]) 

With regard to the development of a micro-hydroforming machine, especially to the 

determination of forming tool dimensions it is necessary to know about the forming 

abilities of the micro-tubes to be expanded.  In comparison to the simpler flaring test, 

the bulge test could clearly identify achievable expansion diameters of the investigat-
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ed micro-tubes.  Thus, with regard to the tool design the required information about 

maximum cavity widths of the die could be provided. 

It can be concluded that from engineering or manufacturing prospective one now has 

a much better understanding of the principles and behaviours present in micro-tube 

hydroforming.  With what was studied it is now possible with confidence to begin 

the development of a successful micro hydroforming machine.  

As for the laser assisted hydroforming process one has learned that though in many 

other methods of micro forming heat or laser assistance can be beneficial, at this time 

one has not seen satisfactory results that would warrant the added complexity to the 

first micro-tube hydroforming machine.  
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  CHAPTER 6

FORMING MACHINE DEVELOPMENT 

6.1 Introduction 

In this chapter, the results regarding the development of several micro-hydroforming 

machine concepts are presented.  To specify parameters for the layout and design of 

the machine concepts, a demonstrator part “camera shaft”, was taken as the exempla-

ry component that shall be producible with the final prototype machine, Fig. 55. 

 

Fig. 55: Demonstrator part “camera shaft” 

Requirements for the conceptual design of the micro-hydroforming machine compo-

nents based on the micro-dimensions of the demonstrator and/or derived from the 

previous studies are documented in a specification sheet (see Chap. 6.2).  The speci-

fication sheet contains functional requirements, like internal pressure, forces, strokes, 

speeds, etc. as well as structural design considerations, like precision, portability, 

stiffness, working space, accessibility, etc. 
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The development of the conceptual machine models was subdivided into the devel-

opment and evaluation of essential subassemblies and functions of a hydroforming 

machine, shown schematically in Fig. 56. Emphasis was on (a) principle of press 

frame concepts, (b) the development of a tool unit including die geometry, principle 

of sealing mechanism and studies on sealing punch geometries (c) concept study of 

closing mechanism, (d) layout of high pressure system and (e) design and functions 

of control system and sensors. 

Fa

pi

Fa

Fc
drive for closing 

mechanism

press frame

upper forming tool 

control 
system

sensors

high 
pressure 
system

lower forming tool 

drive for axial 
sealing mechanism

sealing punch

 

Fig. 56: Elements and functions of hydroforming machines 

 

Due to the comparatively high forming loads (up to 4,000 bar internal pressure pi), 

investigations on elastic deflection of forming tool elements and machine frame 

components resulting from these loads are particularly of interest when high accura-

cy of the formation is required. Thus, investigations concerning these issues were 

accomplished by use of FEA. 

State of the art 

At present, hydroforming presses exist solely for the manufacturing of conventional 

components, predominantly for the production of automotive parts [36].  Tubular 

components produced by these machines are characterized by cross section widths 
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above ca. 20 mm up to ca. 200 mm and larger, and lengths up to 3 m and more.  Sev-

eral new press concepts have been developed in the past for tube as well as for sheet 

hydroforming aiming at improvements regarding cycle time reduction by optimised 

movement of dies for loading and unloading the workpieces and regarding cost re-

duction by simplified press components, e.g. [92-95].  They basically differ in either 

the structure of press frame or principle of slide movement and the locking mecha-

nism used.  The following two basic principles of hydroforming presses are predom-

inantly in industrial use today [36]: 

(a) Traditional hydraulic presses have one or more large cylinders which both move 

the slide, carrying the top die, and apply the closing force during the hydroform-

ing process, Fig. 57a. There also exist industrial used systems with two press 

slides in one frame which enable a more flexible use of the hydroforming tech-

nology [93]; 

(b) Presses with a drive for a fast movement of the top die and with a mechanical 

locking or stop of the slide during the forming process, Fig. 57b. One or more 

short stroke cylinders are used to apply the closing force.  These short stroke 

cylinders can be located in the press bed or in the press slide.  The direction of 

fast die movement may be similarly directed or perpendicular to the direction of 

the closing force applied by the short stroke cylinders. 

 

Fig. 57: Principles of common hydroforming press concepts for industrial produc-

tion [36] 
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Due to the high amount of required vertical closing forces (up to 80,000 kN or more) 

and axial feeding forces (up to 4,000 kN), the drives to apply these loads are predom-

inantly based on hydraulic cylinders.  Also, the pressure intensifiers to pressurize the 

formed tubular component are hydraulic cylinders, increasing the pressure up to 

about 2,000 bar and in certain cases up to 4,000 bar [36].  A decisive reduction of 

cycle time was achieved during the past few years due to the reduction of filling time 

of the tubular component with the pressurizing media by using quick-filling-systems 

[94]. Depending on the machine size and the required machine stiffness, the press 

structure consists of three different frame types. Firstly, of a column frame with a top 

plate, a press bed and two or four cylindrical columns which also are used as guiding 

for the press slide, Fig. 58 (left).  Secondly, Fig. 58 (middle) shows a split frame 

which can consist of a top plate, a press bed and either two side walls or four side 

columns (no guiding function of the press slide). The last frame type is a one-piece 

frame design, Fig. 58 (right). 

 

Fig. 58: Examples of press frames for hydroforming machines 

Control systems for industrial hydroforming machines are based on conventional 

programmable logic controller systems, customized for the press control.  Common 

sensors are used for measuring strokes, speeds and forces of all moved axes and for 

measuring pressures of the hydraulic system and the forming pressure. 
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6.2 Specification on the machine design 

The following summarizes the main requirements for a hydroforming press and THF 

tooling [34]: 

• Appropriate die closing force 

• Appropriate bed size to hold the dies 

• Adjustable/movable axial punches with computer controlled positioning 

• Adjustable/movable rams for counter forces with free and position control 

• Optional: automatic workpiece handling 

• Appropriate internal pressure (2000 to 4000 bar or more) and fluid pumping 

capability with tight control 

• High strength of the tooling against stresses due to large internal pressure and 

axial loading 

• Good surface finish of the dies to minimize friction and increase formability 

• Flexibility by interchangeable die inserts 

• Good guiding systems (close tolerances, minimized clearance) 

Based on these general requirements and on the findings of the previous studies as 

well as on the micro-dimensions of the demonstrator part (Fig. 55) the specifications 

of the micro THF prototype machine are defined in the following table:  

 

 characteristic amount remark 

    

1 press frame  in general: high stiffness required to mini-
mize deflections/distortions 

1.1 die space min. 100 mm x 100 
mm x 100 mm 

width x depth x height 

1.2 admissible deflection  to be defined 

    

2 drive for press 
slide 

 closing of tooling during hydroforming (ver-
tical) 

2.1 principle  to be defined 

2.2 control  most likely cascade control: transition and 
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pressure (subordinate control loop) 

2.3 max. force ~16500 N acc. to Eqn. (4) and Eqn. (6) and the di-
mensions acc. to  Fig. 55  

2.4 max. stroke 120 mm derived from the die space 

2.5 max. speed ≥ 10 mm/s depending on the aspired cycle time of ca. 
6 parts per minute 

    

3 drives for axial 
sealing punches  
(2 pieces) 

 sealing of tube ends, material feeding, 
fixing of hydroformed part during opening 
of tooling; mounted to bottom die 

3.1 principle  to be defined 

3.2 control  transition controlled, amount of displace-
ment as a function of time 
independent control for each punch 

3.3 positioning accuracy +/- 0,015 mm depending on the precision of axial drives 
and on clearance of guiding 

3.4 max. force 800 N derived from the demonstrator part dimen-
sions acc. to Fig. 55 an applied sealing 
system, cf. Table 11 

3.5 max. stroke 3 mm  

3.6 max. speed  to be defined 

    

4 ejectors  not used (lifting of part most likely initially 
manually) 

    

2.5 pressure intensifier  filling and pressurizing the workpiece, 
mounted to one of the sealing punches to 
simplify high-pressure-piping 

the pressurizing medium is filled into the 
initial tube through a hole of one of the 
sealing punches; the air within the part will 
discharge through the gap between the 
opposite punch and the tube end  

5.1 principle  to be defined 

5.2 control (accuracy) +/- 5 % pressure controller, amount of pressure as 
a function of time  

5.3 max. pressure 4000 bar acc. to Eqn. (6), Table 3 and the dimen-
sions acc. to  Fig. 55 

5.4 volume flow ca. 0.05 to 10 to be defined 
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ml/min 

    

6 pressurizing media  (forming fluid) 

6.1 type  oil-water-emulsion or solution 

6.2 amount ca. 2 ltr. storage tank (without recirculation) 

6.3 temperature equali-
zation 

20°C +/- 1°C necessary to obtain a constant medium 
viscosity 

6.4 filtration 50 µm filter cartridge 

    

8 control system  programmable solution: position-controlled, 
pressure-controlled or vs. time 

    

 general specifica-
tions 

  

 assembly and disas-
sembly  

 needs to be easy (as the machine is a 
prototype; improvements (parts exchang-
es) of the machine should be done easily) 

 weight  lightweight as machine should be "porta-
ble" 

Remark: "to be defined" means, the feature has been defined during or after the design studies described in this 
chapter 

 

Table 9: Specification sheet of the THF prototype machine to be designed 

6.3 Press frame concepts 

In order to design a suitable press frame, different concepts had been created, ana-

lysed and evaluated.  The developed conceptual models result from studies which 

had been conducted and from the design work which had been optimized with the 

assistance of numerical analysis. 

Based on the functional requirements and structural design considerations expressed 

in Chap. 6.3.1., four frame concepts described in Chap. 6.3.2 Design studies, were 

assessed. 
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6.3.1 Requirements 

The die space of the frame should be large enough to contain relevant components of 

the forming tool.  Furthermore exchange facilities of a tool must be given.  To 

achieve this, an adequate stroke of the press drive must be taken into account.  Re-

garding both axial drives and part handling (insertion of the initial micro-tube and 

removal of the final part) the frame has to include sufficient accessibility. 

Deflections, caused by any stress during hydroforming process, must be controlled 

within a few microns range to obtain a high accuracy and a reproducibility of the 

components formed.  That means, the stiffness of the frame parts must be high 

enough to endure the forces generated during the process. 

The following design and performance-evaluation criteria were considered in the 

design of a micro-hydroforming prototype machine: stiffness, size, economic design 

and costs.  Typically, the evaluation step involves detailed calculation of the perfor-

mance of the design by using an analytical model.  ABAQUS-software was used to 

carry out FE-simulations of loaded frame components.  The dimensions of the criti-

cal elements of the frame were determined on the basis of the forming loads that are 

expected to be present.  These dimensions had been based on keeping the nominal 

closing force of a maximum of 16.5 kN. The maximum closing force was determined 

using Eqn. (4). 

Stiffness/Rigidity 

Stiffness is defined as the ability of a designed structure to withstand loads against 

deformation and displacement in structure.  The forming machine frame must meet 

these requirements to guarantee high quality of the hydroformed part.  The frame 

should be able to withstand an approximate load of 16.5 kN in the vertical (z-axis) 

direction.  Stiffness of the forming machine frame is generally of utmost importance 

for the high precision/accuracy requirement in micro technology. 
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Size 

The size of the forming machine depends mainly on the required die space, the stroke 

and the size of the actuator for tool closing, space required for handling and mainte-

nance of the machine parts and the formed component.  The determined stroke for 

tool closing and opening is 120 mm.  Another important consideration in the design 

is the “feeding” system.  Main aim was to design a robust and compact structure.  

Above all, it has to be as small as possible to make it "portable" and to reduce 

weight. 

Costs 

Costs remain important criteria in all engineering designs.  The following costs were 

considered: material, manufacturing, human cost and software.  

Economic design 

Flexibility and production time are important criteria in manufacturing.  In this study, 

through the economic design of the forming machine frame, the intention was to 

achieve a flexible, time and cost saving system while still considering the functional 

and the total life cycle factors. 

Functional requirements were that the frame has to be satisfactory and its design has 

to meet the required performance specifications.  The performance specifications are 

a major task in problem definition. 

The following specifications were considered: 

• the frame should be easy to manufacture at acceptable cost 

• assembly and disassembly of the frame should be easy and fast to save produc-

tion time and for transport purposes 

• the frame structure should be simple and easy to be assembled and disassembled 

without errors 
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• the frame structure should allow for the changing of machine components and 

forming equipment 

• the frame structure should be designed for easy inspection and maintenance of 

forming machine components 

6.3.2 Design studies 

Based on the listed requirements, following four different frame concepts were de-

veloped as illustrated in Fig. 59 and Fig. 60: 

• Concept 1: Two column frame  

• Concept 2: Four column frame 

• Concept 3: C-frame 

• Concept 4: Split frame 

Concept 1: Two column frame 

As shown in Fig. 59 (left) the frame for this first concept consists of a top plate 

which will carry the drive to move the slide plate, two cylindrical columns (linear 

shafts), a slide plate guided by these columns for the movement of the top die, and a 

bottom plate to carry the bottom die.  The vertical drive for the slide plate, and the 

top and bottom die are not shown in this figure. 

As discussed, the most important decision-making criteria are: stiffness, size, eco-

nomic design and costs.  The advantage of this concept is its simplicity.  However, a 

forming machine based on this concept provides a poor stiffness against torsion.  
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top plate

sliding column

bottom plate

slide plate

 

Fig. 59: Column frames: Concept 1, two column (l.) and Concept 2, four column 

frame (r.) 

Concept 2: Four column frame 

Similar to concept 1, this concept is also based on a column design, though now four 

instead of two cylindrical columns are used to connect bottom plate and top plate, 

Fig. 59 (right).  The four column frame is stiffer than concept 1, in particular regard-

ing the inclination of top and bottom plate of concept 1 under non-concentric loads 

(loads outside the plane between the two columns).  However, the stiffness against 

torsion is worse compared to the split frame, below, concept 4.  Furthermore, col-

umn-design requires larger top plates and bottom plates in comparison to closed-

frame constructions.  Hence, a design with comparable deflections requires more 

material and with that will incur higher costs to implement this concept.  Also the 

weight of this system will be higher which is contrary to the economic design evalua-

tion goals.  

Concept 3: C-frame 

Fig. 60 shows a concept with a double-C-frame which carries a top plate and a bot-

tom plate. This concept offers the advantage of a good accessibility to the die space.  

However, a major problem with this concept might be the inclination of the top plate 

and the bottom plate under load. The small stiffness against side forces could be in-
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creased by mounting shear walls on the backside (in the top and bottom area) of both 

C-shaped side walls. That way, the accessibility would not be affected. 

 

Fig. 60: ’C-frame’ with two C-shaped side walls 

Concept 4: Split frame 

This split frame concept consists of a top and a bottom plate with two side walls, Fig. 

61. It offers the advantage of an almost unrestricted accessibility to the die space 

from all sides due to its window-like O-shaped side walls.  

The frame structure seems to be more robust than the one of the other concepts and it 

is assumed that this concept has the highest stiffness.  
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Fig. 61: ‘Split frame’ with two O-shaped side walls 

6.3.3 Finite Element Analysis of the press frame components 

To attain more information about frame stiffness, deflection, declination etc. concept 

3 and concept 4 were further analysed by means of finite element method.  The fig-

ures Fig. 62 and Fig. 63 present results of both frame components for concept 3 and 

4 to determine the maximum strains, stresses and distortions under the influence of 

the maximum press load during the hydroforming process.  The commercial FEA 

tool ABAQUS was used to perform the simulations.   

Fig. 62 and Fig. 63 also illustrate prepared symmetrical and half-symmetrical models 

of the frame components analysed.  As a result, both frames investigated show an 

identical deflection of the centre of top plate to bottom plate which is about 2.5E-5 

mm.  However, the deflection of the C-frame consists also in an inclination of top 

plate and bottom plate of about 0,003°. 



  

137 

 

 

Fig. 62:  FE simulation of the C-frame concept 
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Fig. 63:  FE simulation of the split frame concept 

 

6.3.4 Conclusion - choice of the frame concept 

The overall satisfactory points in a decision matrix were used as a basis for deciding 

which of the concepts is most suitable for the design of the frame structure.  The split 

frame of concept 4 has the highest overall satisfactory points.  This explains the deci-
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sion to adopt this concept as the model structure for the frame design of a first proto-

type machine in this study. 

 

Two column 
frame 

Four column 
frame 

C-frame Split frame 

Stiffness/Rigidity 3 4 3 5 

Size 4 4 3 4 

Economic Design 4 4 5 5 

Costs 4 3 2 3 

Accessibility 1 3 4 3 

Overall 16 18 17 20 

 
Rating Description 
5 Complete satisfaction: objective satisfied in every respect 
4 Considerable satisfaction: objective satisfied in the majority of aspects 
3 Moderate satisfaction: balance between complete satisfaction and no satisfaction 
2 Minor satisfaction: objective satisfied to a small extent 
1 Minimal satisfaction: objective satisfied to a very small extent 

Table 10: Decision matrix for the forming machine design 

6.4 Forming tool module 

For fundamental investigations of the micro-hydroforming process, a forming ma-

chine had been designed as a module could be used for investigations into free ex-

pansion of micro-tubes and also used on initial tests regarding the hydroforming of 

tubes in a die cavity.  The idea was that the module to be manufactured can later be 

integrated into the close-to-production prototype machine.   

In the following sub-chapters, considerations on functionality, tool design and tool 

deflections are presented.  Concepts of major components of the module including 

the sealing punches with the axial drives and the die geometry are described and 

evaluated further on. 
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6.4.1 Design considerations and requirements to a flexible tool 

It was particularly aimed at designing a die (tool) which can quickly be exchanged 

enabling the manufacture of various shaped micro parts. A large variety of hydro-

formed component shapes manufactured in conventional industrial production [36] 

has been taken into consideration. Thus, to design a flexible tool, from these ‘macro’ 

applications and from miscellaneous published classifications of hydroformed com-

ponent shapes, e.g. [91,96], the following four shape-specific situations and its re-

quirements to the tool design have been derived:  

Situation 1 (schematically represented in Fig. 64): The tool must allow the forming 

of components having 

• varying component shapes / cross sections 

• equal component lengths L 

• straight geometries (direction of both sealing punches in the same longitudinal 

axis) 

 

Fig. 64: Schematic of the flexible tool design according to 'situation 1' 

The requirements to enable the flexibility of the hydroforming tool for situation 1, 

Fig. 64, consist of: 
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• The changeability of shape-specific die components (e.g. single die inserts or 

the complete forming tool with its basic die and shape specific inserts) 

• The changeability of axial sealing punches for various tube diameters (depend-

ing on the used principle for tube ends sealing) 

Situation 2 (schematically represented in Fig. 65): The tool must allow the forming 

of components having  

• varying component shapes / cross sections 

• varying component lengths L 

• straight geometries  

 

 

Fig. 65: Schematic of the flexible tool design according to 'situation 2' 

The requirements to enable flexibility of the hydroforming tool for situation 2, Fig. 

65, consist of: 

• The changeability of shape-specific die components (e.g. single die inserts or 

the complete forming tool with its basic die and shape specific inserts) 

• The changeability of axial sealing punches for various tube diameters (depend-

ing on the used principle for tube ends sealing) 
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• The adaptation of axial punch position (movement by the amount x) to the 

component length, and positioning of drive units respectively 

Situation 3 (schematically represented in Fig. 66): The tool must allow the forming 

of components having  

• varying component shapes / cross sections 

• varying component lengths L 

• bent part geometries (bent only in 'x-y-plane' => different direction of the sealing 

punches) 

 

Fig. 66: Schematic of the flexible tool design according to 'situation 3' 

For situation 3, Fig. 66, the requirements to enable the aimed flexibility of the hydro-

forming tool consist of: 

• The changeability of shape-specific die components (e.g. single die inserts or 

the complete forming tool with its basic die and shape specific inserts) 

• The changeability of axial sealing punches for various tube diameters (depend-

ing on the used principle for tube ends sealing) 

• The positioning of the drive units for axial sealing punches by adapting dis-

placement x and/or one angle α 
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Situation 4 (similar to Fig. 65, but with a second twist angle 'x-z-plane'): The tool 

must allow the forming of components having  

• varying cross sections 

• varying lengths 

• bent part geometries (bent in 'x-y-plane' and 'x-z-plane') 

For situation 4 the requirements to enable the aimed flexibility of the hydroforming 

tool in this most complex situation consist of: 

• The changeability of shape-specific die shape-specific die components (e.g. 

single die inserts or the complete forming tool with its basic die and shape 

specific inserts) 

• The changeability of axial sealing punches for various tube diameters (de-

pending on the used principle for tube ends sealing) 

• The positioning of the drive units for axial sealing punches by adapting dis-

placement and/or two angles α and β (β not shown in Fig. 66) 

6.4.2 Flexible die cavity 

Changeability of complete die 

One possibility to provide a basis for flexible die cavities is to be able to replace the 

top die and the bottom die, respectively (Fig. 67 left).   

 

Fig. 67:  Replacement of the complete one-piece die (left) and 'die insert' fitted into 

a basic die holder (right), only bottom dies are shown (left and right) 
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Depending on the principle layout of the tool which is generally used in today’s in-

dustrial production (concept 1 or 2 according to Fig. 68), the effort for mounting and 

dismounting differs due to the difference in the mounting of the drives for the sealing 

punches. 

 

Fig. 68: Concepts of industrial hydroforming production tools [97] 

Concept 1 shown in Fig. 68 offers the advantage of an easier design of the die ele-

ments due to the mounting of the drive (the hydraulic cylinder) onto the base plate of 

the tooling.  Concept 2 offers the advantage of a reduced influence of elastic die de-

flection on the position of the sealing punches relative to the die cavity. 

For concept 1 in Fig. 68, to change to a new part geometry by changing the die cavi-

ties is comparatively simple, if there is no modification in part length to be consid-

ered.  Regarding concept 2 in Fig. 68, changing to a new part geometry requires the 

disassembly and reassembly of the axial drives.  However, this concept enables a 

higher flexibility when parts with different lengths and /or bent shapes have to be 

produced. 

'Die insert' tools 

A 'die insert' tool consists of a basic die holder and a die insert which contains the die 

cavity corresponding to the desired shape to be formed and which is fitted into the 

holder, Fig. 67 (right). The axial drives for the sealing punches (hydraulic cylinders) 
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can be mounted to the basic plate of the tool (concept 1 in Fig. 68) or to the basic die 

holder (concept 2 in Fig. 68). 

Independently from these concepts for the mounting of the punch drives, one im-

portant advantage is that die insert and basic die holder can be made from different 

tool materials.  This enables the selective use of materials regarding machining prop-

erties, hardness etc.  Also, dismounting and remounting of axial drives is not re-

quired.  A disadvantage is the necessity to make adjustments for the accuracy of die 

insert and basic die holder and the reduced system stiffness due to additional gaps 

between tool elements. 

Divided inserts 

 

Fig. 69: Rapid interchange ability of separate inserts (Schuler) 

Divided inserts offers more flexibility, Fig. 69. In the modern mass production indi-

vidual inserts are built up to one cavity, thus the most complex shapes can be formed.  

In case of defects or wear only the appropriate elements have to be changed, whereby 

the spare part costs remain usually small.  This illustrates the platform-design-

strategy to save costs and to enhance flexibility.  The main disadvantage of this sys-

tem is the numerous interfaces between the individual inserts.  Forming quality could 

be distorted at the interfaces between inserts.  This can be disadvantageous in regard-

ing the end product accuracy as reproducibility is one of the main requirements.  Al-

so the multiple interfaces of inserts require a large number of fastening spots. 
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6.4.3 Concept for a hydroforming tool unit 

As a basis for a micro-hydroforming tool module, a design concept had been devel-

oped, which is illustrated in Fig. 70.  The system consists of a bottom and a top die 

(top die not shown here) which can be mounted to a press table, and press slide (not 

shown here) respectively.  The bottom die bears two guidance rods where the drive 

units with the slide carriage for the axial sealing punches are fastened.  Hence, to 

switch to another part geometry both die halves have to be changed.  Furthermore, 

due to the possibility to reposition the drive unit flexibly along the guiding pillar the 

system can be adjusted to different tool lengths. 

An important advantage of this fastening concept is that the drive units as well as the 

sliding carriages with the sealing punches are not mounted on a base plate, but fas-

tened at the end of the guidance rods which can clearly be seen in Fig. 70, in the up-

per and lower image. That means they are directly connected to the dies. Thus, a ver-

tical shifting of the tube ends relative to the sealing punches due to an elastic defor-

mation of the tool under the applied closing force Fc is minimized. A relative shift-

ing, even in the range of a few micrometres, may cause leakage during the pressuri-

zation. In other words, the vertical displacement of the tool/tube would be equal to 

the vertical displacement of the sealing punches under the load Fc which results in 

stable sealing. 
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Fig. 70:  Concept for the sealing of the tubes and movement of sealing punches [99] 

6.4.4 Concept studies for axial sealing punches 

The primary function of the axial sealing punches is to ensure the leakage-free seal-

ing of the ends of the pressurised tube during the hydroforming process.  The sec-

ondary function consists in supplying the pressurizing medium to the interior of the 

tube by a boring through the punch.  The third function comprises axial feeding of 

tube material towards the main forming zone into the die cavity to enable an extend-

ed formability.  For some industrial applications the sealing punches are designed to 

cover solely the primary and secondary functions.  

Depending on the sealing requirements (e. g. internal pressure, contact area and with 

that the contact pressure per unit area), the length of stroke and on geometrical and 

material conditions, the punch material, its heat treatment and geometry must be tai-

lored to the particular application.  To increase the punch life span, low die loads 

should be used and notch effects and contact pressure should be minimized.  If the 
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sealing punch is not strong enough it may break and the pieces may cause damage to 

the die [98]. 

In the following, different sealing punch concepts are presented, which are partly 

derived from existing designs and also represent new solutions. 

Conical punch design 

Fig. 71 shows the principle of the tube end sealing with a conical sealing punch.  The 

conical punch forms the tube end into the conical end of the hydroforming tool and 

seals the pressurized tube during the forming process by applying a sufficient high 

axial load.  According to the approved design of high pressure pipe connections it is 

suggested to use a cone angle of 60° for the hydroforming tool end and an angle of 

58° for the conical punch.  Movement of the punch towards the end of the tube re-

sults in an initial line contact, which has a theoretical area equal to zero, between the 

tube and the cones.  An increase in axial force creates stresses that produce localized 

yielding and plastic flow at the seal contact.  As the axial force is raised to a defined 

value, the line contact broadens to an annular area seal just wide enough to support 

the sealing thrust.  Using this conical punch design no further sealing components 

such as rubber elements are necessary, though such elements are needed in conven-

tional macro-hydroforming applications.  

Another advantage of this concept is its flexibility.  The conical punch is applicable 

for different tube diameters and tube wall thicknesses.  However, an axial feeding of 

tube material, as described above, is not feasible with this punch geometry.  

An important matter, and thus attention should be paid to, is that the conical punch 

may work similar to a wedge-acting tool which leads to lateral forces acting on the 

die halves. An elastic shifting of these tool halves due to these forces may cause a 

leakage of the pressurized tube. 
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Fig. 71: Conical punch design [99]  

Stepped punch design 

A punch design proved in conventional ‘macro’ series production is presented in Fig. 

72. Here the sealing occurs mainly due to a sharp corner surrounding the contact area 

between punch and tube end. When the punch gets in contact with the tube end, this 

corner is pressed into the tube front and creates the sealing.  

 

Fig. 72: Operating principle of a stepped punch [100] 

The advantage of this design is that it enables an axial feeding of tube material.  

However, due to the adjustment of the punch geometry on a defined tube diameter 

and a defined tube wall thickness, its flexibility is constricted.  As the sealing is 

achieved by the application of an axial force to the tube end, the use of this concept 

is restricted to hydroforming processes which require axial forces that are lower than 

the critical forces that cause wrinkling or buckling of the tube.  For the design of the-

sealing punch 

tube 
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se stepped punches and the choice of punch materials the stress concentrations at the 

shouldered corners have to be taken into consideration. 

Flange forming punch design 

The principle behind this punch concept is derived from conventional forming pro-

cesses to form flanges in tubes. Fig. 73 shows the sealing process using this princi-

ple. Under the axial load Fa and the stroke x of the axial punch, a flange is being 

formed between the front faces of the sealing punch and the die halves which seals 

the tube.  The major advantage of this concept in comparison to the conical sealing 

punch system is that there are no lateral forces created by the axial force of the seal-

ing punch.  Hence, higher axial forces can be applied through the punches thus im-

proving the sealing reliability of the pressurized tube.  Additionally this concept ena-

bles a certain flexibility as it can be used independently of the tube wall thickness.  

However, its application is reduced to a defined tube diameter and an axial feeding is 

not feasible.  Depending on the critical force causing wrinkling or buckling of the 

tube, the flange forming process may be conducted within a separate tooling before 

the insertion of the tube into the hydroforming die. 

 

Fig. 73: Flange forming punch design: a) start of flange forming (left) and b) end 

of flange forming and start of hydroforming (right) 
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6.4.5 FEA optimization of the sealing punch design 

A general problem of the axial sealing punches is the reduced durability of these tool 

elements due to the high amount of stresses generated by the applied loads.  From 

practical experiences it is known that this concerns particularly the punches with 

stepped design which are suitable for an axial feeding of tube material.  To optimize 

the design of these tool elements stress analyses were carried out by means of FEA. 

Fig. 74 shows the two-dimensional rotationally symmetric FE-model of the simulat-

ed punch geometry (outer diameter D0 = 0.8 mm; wall thickness t0 = 0.08 mm) with 

the applied loads as a half-section.  These loads consist in the internal pressure pi 

(black), acting to the inside of the boring which supplies the pressurizing medium 

into the tube as well as to the head of the punch and the contact pressure pn (red) be-

tween tube wall and punch, estimated as the sum of the tube materials yield strength 

(AISI 304) and the hydrostatic pressure resulting from the internal pressure pi. The 

FE analysis was simulated with a maximum internal pressure of 4,000 bar. 

 

Fig. 74: Stepped punch model and applied loads (pi black, pn red) [99]  
 

Fig. 75 on the next page shows the determined equivalent stress of punches with the 

boring diameters 0.2 mm (top) and 0.32 mm (middle) during the hydroforming pro-

cess under an internal pressure pi of 4,000 bar.  It is evident from these figures that 

the smaller the boring diameter, the lower are the maximum equivalent stresses.  For 

the investigated design, the maximum equivalent stress was reduced approximately 

18 % when using of the smaller boring diameter.  However, the smaller boring diam-

eters lead to an increased flow resistance regarding the flow of the pressurizing me-

dium which has to be supplied by these borings.  

pi 

pn 
pn 
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Fig. 75: Punch equivalent stress distribution in [Pa], 

punch with boring diameter 0.2 mm (top), 0.32 mm 

(centre) and combined boring 0.2 mm / 0.32 mm (be-

low), please refer to Fig. 76 for additional dimensions 
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An improved design with a combined boring of 0.2 mm / 0.32 mm was investigated 

Fig. 75 (bottom).  The results show that there is no increase of stresses in comparison 

to the 0.2 mm diameter punch shown on top. 

In principle there exist tool materials which are able to withstand the stresses result-

ing from these studies, e.g. the tool steel 1.2379 hardened to about 60 HRC.  Conse-

quently, for the use in the prototype machine two of the three here presented punch 

designs were manufactured using the above mentioned material.  The chosen geome-

tries of a stepped punch and a conical punch are pictured in Fig. 76 and Fig. 77, re-

spectively. 

 

 

Fig. 76: Design and dimensions of a stepped (cylindrical) sealing punch with a 

combined 0.2 mm / 0.32 mm boring  
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Fig. 77: Conical sealing punch for the prototype machine 

6.4.6 Realization of the tool unit 

The assembly of the complete tool unit with its essential components is pictured in 

Fig. 78.  It contains both top and bottom parts of the micro-hydroforming tooling as 

schematically represented in Fig. 79 (top). The tool inserts (Fig. 79 below) which 

include the die cavity are located within the basic tool blocks. Adjusting plates, cov-

ering the contact areas between the basic tool blocks and the integrated tool inserts 

were used to adjust the correct position of the die-insert elements to each other and to 

the axis of the sealing punches.  The assembly of the bottom tooling is fixed to the 

machine table.  Only the two brackets which cover the axial drives were additionally 

fastened onto the machine table.  The axial drives by themselves act on the sliding 

carriages with vertical clearance.  As described above (Chap. 6.4.3  Concept for a 

hydroforming tool unit) the slide carriages which cover the sealing punches were 

mounted on the horizontal guiding pillars.  Due to the clearance and the fact that the 

sealing punches are permanently aligned with the forming tool, vertical shifting of 

the tube ends against the sealing punches caused by elastic deformation of the tool 

under the applied closing force can thus be avoided. 
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Fig. 78:  Assembly of tool unit 

with both top and bottom tool 

blocks and parts list 
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Fig. 79:  Bottom basic tool block [101] of the micro-hydroforming tool (top left), 

cross-section (top right) [3] and die insert with cavity (right & left below) 

Elastic tool deflection in macro-hydroforming 

Referring to macro-hydroforming processes, a decisive factor for the magnitude of 

the elastic tool deflection is the level of applied internal pressure pi.  In general, at the 

end of the process, the internal pressure is increased to the target pressure pi, max to 

form the tube wall into the corner radii of the die cavity, this area may not have been 

formed during the main expansion of the workpiece.  The necessary level of internal 

pressure is influenced significantly by: the local yield stress σyp of workpiece, the 

wall thickness t0 of the formed component, the component shape, and the minimum 

corner radii rc of the die cavity.   

die insert located in the basic tool block 

bottom basic tool 
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Miscellaneous conditional equations (cf. Chap. 2.2.2.4  Prediction of forming loads) 

are available for the determination of pi, max, predominantly based on the correlation: 

(18) 

The level of applied internal pressure affects, besides the sealing force Fa, particular-

ly the required force Fc to close the top and bottom die during the forming process.  

Commonly, the opening and closing of the hydroforming tool is implemented by a 

press, predominantly hydraulically driven.  The minimum closing force required, 

which has to be applied by this press to avoid the loss of contact between the two die 

halves during the forming process, can be estimated according to correlation (4) 

with: 

𝐹𝑐,𝑚𝑖𝑛 =  𝐴𝑦 𝑝𝑖,𝑚𝑚𝑚 

with the projected area of the formed component Ap being perpendicular to the clos-

ing direction.  It is obvious from this correlation that the greater is the internal pres-

sure pi, max, the greater amount of force Fc is required.  In addition to the deflection 

caused by pi, max, the deflection due to Fc has to be taken into consideration also. 

From practical experience it is known that the elastic tool deflection in macro-

hydroforming processes caused by the acting loads can be about 0.5 mm [102].  Spe-

cific tool designs as well as adaptations in the design of the forming die cavities ena-

ble a reduction in faults within certain limits [3].  Scatter in the process loads as well 

as in the tube dimensions and material characteristics induce additional deviations in 

the dimensions of the hydroformed part.  Typical accuracies for conventionally hy-

droformed macro-parts are within the range of 0.1 mm and up to about 0.6 mm as 

reported in [102] for the example of a hydroformed sub-frame made from a tube with 

an outer diameter of 52 mm. 

  

𝑝𝑖,𝑚𝑚𝑚 = 𝑓(𝜎𝑦𝑦, 𝑡0, 𝑟𝑐) 
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Finite element analysis of die deflections 

In order to investigate the accuracy of the hydroformed part geometry, analyses were 

carried out for an example cross-section of the hydroforming die inserts already 

shown in Fig. 79.  

 

Fig. 80:  Dimensions of the hydroformed part 

The tool was developed for the forming of the cylindrical camera shaft.  According 

to the dimensions illustrated in Fig. 80, the selected section represents a die-cavity 

diameter of D1 = 1.04 mm, in which a tube with an initial diameter D0 of 0.8 mm and 

variable wall thicknesses t0 can be expanded.  

Once again the commercial system ABAQUS was used to execute the simulations.  

Subject of the simulation was a tube specimen made of AISI 304 with a wall thick-

ness t0 of 80 µm.  Linear-elastic behaviour of the die cavity was considered and elas-

tic-plastic behaviour with strain hardening of the tube material.  The required yield 

curve was taken from [103].  By means of a planar FE-model, cut by symmetry con-

ditions (Fig. 81 left), the influence of closing force and internal pressure on the tool 

deflection and on the hydroformed part accuracy was examined. Regarding the 

boundary conditions (BCs) of the model, the bottom die was fastened on the machine 

table (BC: fixed) whereas the top die was free to move (in vertical direction). 
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Fig. 81:  Schematic of the initial FE-model (left) and areas of investigated deflec-

tions (right) 

Two load cases and the resulting displacement of four positions of the die cavity (A-

D) had been investigated with the above mentioned model:  The positions A-D are 

illustrated in Fig. 81 on the right. To simplify these simulations, in the first instance 

the internal pressure was applied directly onto the inner surface of the die cavity 

without consideration of the tube expansion.  

As the result of the two load cases investigated, Fig. 82 [99] shows that the curve 

progression of the acting press force vs. process time essentially influences the de-

flections of the hydroforming die cavity during the forming.  The graphics on the left 

hand side illustrate the process control similar to a conventional hydroforming pro-

cess: a constant closing force during the whole hydroforming process.  On the other 

side an adapted process control with a closing force rising and lowering parallel to 

the internal pressure with an “offset force” has been simulated. 

It is evident from Fig. 82 that the conventional process control causes a more unfa-

vourable alternation of the tool deflection on the investigated die cavity (positions A-
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D) in comparison to the adapted process control.  Further on, the amount of dis-

placement was reduced by the use of an adapted process control, e.g. up to 50 % at 

position B in y-direction.  Therefore, the adapted process control is recommended for 

the control system of a micro-hydroforming machine.  The adapted process control 

can be utilized to reduce die deflection during the forming process and through this 

improve the formed part accuracy. 

 

Fig. 82:  Comparison: influence of conventional press force control, left and 

adapted force control on tool deflection, right 

To subsequently determine the accuracy of the final hydroformed part geometry and 

to be able to draw comparisons the above mentioned part accuracy achieved during 

conventional hydroforming processes further simulations with the mentioned FE-

model had been carried out.  Again an expansion of 30 % was simulated but now 

applied to the stainless steel tube (AISI 304) placed in the model.  The diameter of 
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the die cavity D1 was 1.04 mm, according to the expansion of 30 %.  Linear-elastic 

behaviour of the die cavity was considered and elastic-plastic behaviour with strain 

hardening of the tube material.  

Fig. 83 shows the simulations of the tube model at the end of the forming process 

under 4,000 bar and the relieved situation with the opened tool.  An adapted process 

control, as described above, was applied. 

    

Fig. 83:  Simulation results: Tube under internal pressure of 4,000 bar (left) and 

under relieved condition and open die halves (right) 

The resulting dimensions after relieve and simulation of spring back of the expanded 

tube are: 

Vertical diameter: 1.03692 mm (deflection: - 3.08 μm) 

Horizontal diameter: 1.03723 mm (deflection: - 2.77 μm) 

The conducted simulations show that accuracies in the range of about 3 μm are able 

to be achieved, disregarding any potential scattering due to variations in tube specifi-

cations, process control or friction conditions.  

According to the example above for part accuracy of hydroforming processes today, 

(between 0.1 mm, 0.2% respectively, and 0.6 mm, 1.15% respectively, referred to an 
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expanded tube diameter of about 52 mm), the determined accuracy of about 3 μm 

(0.3% of the expansion diameter) is in the equivalent range, which can be commonly 

achieved by conventional tube hydroforming, even in a comparatively low magni-

tude. 

6.5 Construction of the axial drives 

The primary function of an axial driving system is the axial movement of the sealing 

punches towards the tube ends to ensure a leak-free sealing of the pressurised tube 

during the hydroforming process.  The secondary function comprises of the axial 

feeding of the tube material into the die cavity during the forming process to enable 

an extended formability of the tube. 

Three axial driving concepts are introduced and hereafter evaluated. 

The driving system needed consider to accepting conical punches and also cylindri-

cal punches as the initial tests may utilize an axial feeding system.  Thus, the follow-

ing requirements differ in detail relying on the sealing concept adopted. 

6.5.1 Requirements on the axial driving system 

Sealing forces 

With regard to Eqn. (8) in Chap. 2.2.2.4  Prediction of forming loads the axial loads 

acting on the sealing punches consist of the axial force and the forces due to friction 

along with the sealing forces resulting from the internal pressure.  

With reference to the tube dimensions outer diameter D0 = 0.8 mm and wall thick-

ness t0 = 0.04 mm, the following axial forces required for the axial sealing and for 

the axial feeding respectively have been calculated: 
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Sealing principle Required axial 
force / N 

Axial feeding 

Conical punch 670 no 

Flange principle 163 no 

Cylindrical punch 350 yes 

Table 11: Required axial loads 

Precision/Accuracy 

For the axial feeding concept, the axial drive needs to have a very precise drive sys-

tem.  The mentioned axial forces as well as the displacement of the punches have to 

be determined and controlled versus the internal pressure.  An infinitesimal variation 

of the internal pressure effects a force/displacement change which also affects the 

punch in the same way. 

Using the conical punch sealing concept, the maximum required axial force of the 

punches can be directly generated to the tube ends. 

Speed 

When the process starts, the sealing punches are to be drawn near to the tube ends at 

an increased speed.  During the forming process for the case 'without axial feeding' 

the speed essentially amounts to zero.  In the case 'with axial feeding' the required 

speed corresponds to the speed of medium delivery realised by the pressure intensifi-

er.  For the here developed forming system, an increased speed of 360 mm/min and a 

speed of 16 mm/min during the forming time tf were determined. 

Stroke 

Inserting of stepped (cylindrical) punches into the forming tool during axial feeding 

is to be considered as a critical phase relating to wear, friction, buckling etc.  Hence, 

the stroke of the punches should be as short as possible.  The punches should never 
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leave the tool halves during a cycle, in particular after the forming process when 

moving backwards.  Otherwise punches may get jammed when re-entering the form-

ing tool halves, even with the smallest backlash.  However, the stroke needs to be 

long enough to ensure the proper handling of the part.  A maximum required stroke 

of 3 mm was defined. 

Stiffness/Rigidity 

Due to the comparatively low axial loads admitted and the quasi-static behaviour of 

the drives, requirements regarding stiffness/rigidity were secondary. 

6.5.2 Design studies on axial actuators 

Pneumatic actuators 

Pneumatic actuators are only suitable for the use of sealing punch drives in hydro-

forming applications when no axial feeding is required.  Due to the compressibility 

of the pressurized air, no reliable control of the stroke is feasible.  Hence, these sys-

tems are only applicable for the principles 'conical sealing' and 'flange sealing'. 

Common magnet valves are sufficient to control these kinds of actuators in order to 

drive the conical sealing punches towards the tube ends.  The major advantages are 

low costs, easy controllability (in terms of only advance and back the piston), less 

additional components are required, they are safe (pressurized air, max. 10 bar), 

clean and usually have a long work life.  Due to the fewer required components 

which are less complicated to apply and integrate, costs are expected to be compara-

tively lower. 

Relying to the controllability of pneumatic cylinders it must be stated, that adequate 

air regulators are available on the market.  Nevertheless, an imprecise axial feeding 

by using cylindrical sealing punches is to be adopted therewith.  The reason for this 

is the elastic behaviour of the pneumatic cylinder movement due to the compressibil-

ity of the compressed air. 
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Hydraulic cylinder 

Hydraulic drives are commonly used when high powered solutions are required.  In 

the present case, even the smallest hydraulic cylinders available on the market would 

be easily able to raise tenfold higher power than what is required.  Hydraulics’ are 

competitive and applicable for when comparatively higher forces are applicable and 

suitable for 'axial feeding' and 'non-axial feeding'.  A disadvantage that must be taken 

into account is that an operation would take place practically under a low degree of 

efficiency.  At the final control element, the valve necessary for regulating extremely 

high leakage currents would occur, which would cause a thermal warming of the 

hydraulics circuit as a consequence.  Accurate controlling might become very diffi-

cult to achieve. 

Linear actuators 

Linear actuators represent a further feasible concept to drive the axial punches.  Their 

principle enables an applications working with 'axial feeding' and 'without axial feed-

ing'.  They are suitable for stroke controlled application with sufficient precision in 

positioning, applicable for both 'axial feeding' and 'non-axial feeding' processing.  A 

possible drawback is that some electric motors are only suitable to a limited extent 

for a force controlling application without movement. 
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6.5.3 Conclusion - selected actuators for the axial drive 
 

Pneumatic drive Hydraulic drive Linear actuator 

Force generation 5 5 5 

Speed 5 5 4 

Controllability 2 3 5 

Stroke 5 5 5 

Precision/Accuracy 1 2 4 

Cost 4 2 4 

Overall 23 24 32 

 

Rating Description 
5 Complete satisfaction: objective satisfied in every respect 
4 Considerable satisfaction: objective satisfied in the majority of aspects 
3 Moderate satisfaction: balance between complete satisfaction and no satisfaction 
2 Minor satisfaction: objective satisfied to a small extent 
1 Minimal satisfaction: objective satisfied to a very small extent 
 

Table 12: Decision matrix for the axial actuators 

Resulting from the above evaluation electric drives are supposed to be the most ap-

plicable drive components for the sealing of the pressurized workpiece and for the 

feeding of material towards the main forming zone of the tube.  The selected linear 

actuators feature a recirculating ball-screw suitable for axial loads up to 800 N.  The 

positioning accuracy of the actuator is 15 μm, enabling a precise axial movement of 

the axial punches when forcing tube material into the die during the forming process. 

6.6 Development of the closing mechanism 

In the following, the requirements on the closing mechanism including its 

drives/actuators as well as three different closing mechanisms are explored. 
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6.6.1 Functional requirements 

The functional requirements of the closing mechanism include the requirements on 

force, stroke, speed, precision/accuracy, handling/assembling and maintenance.  

According to previous considerations and calculations, the following functions may 

be required: (a) the drive should be able to supply a press force of approximately 

15,000 N, relating to an internal hydro-static pressure of 4,000 bar, (b) the stroke 

should be able to afford enough space for a comfortable and fast tool displacement 

and part handling, (c) a speed of 50 mm/s is necessary to fulfil an aspired part pro-

duction of approximately 6 to 10 parts per minute, (d) precision for force control of 

the concept to be applied is expected to be comparatively high, whereas precision of 

stroke control is secondary.  

Considerations on the control issues 

A basic issue involved is the synchronization of the required press closing force Fc 

with the internal pressure pi. As already mentioned in Chap. 6.3.3 a FE analysis 

showed an unfavourable alternation of the forming tool deflections due to a constant 

closing force during the hydroforming process (Fig. 78). However, the amount of 

displacement could be reduced by applying an adapted control with a closing force 

rising and lowering parallel to the internal pressure pi. This strategy has been used to 

define the control precision by specifying the required amount of closing force ver-

sus pi.  

6.6.2 Concept studies 

Based on the above mentioned requirements, several types of press drives had been 

investigated which are described in the following. 
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Double toggle joint mechanism 

This concept, Fig. 84, comprises of an electric motor acting over a ball screw system.  

The nut fixed to the ball screw presses down an x-shaped element (nut pusher) which 

drives two toggle mechanisms.  Each single toggle joint mechanism consists of a 

force element and an upper and a lower lever arm. The upper lever arms are fixed to 

a horizontal element which is mounted via a bearing at the lower end of the ball 

screw and which always remains on its position.  By rotating the ball screw, the up 

and down moving force elements bend and stretch the lever arms whereupon the 

lower arm raises and lowers the press ram on which the upper tool block with the top 

die is fastened.  Depending on the geometry (length of the lever arms) and the posi-

tion of the moving components, the force of the spindle can be multiplied.  The guid-

ing system comprises four guiding columns, each carrying a roller type ball bearing 

bushing rolling up and down. 

 

 

Fig. 84:  Principle of the toggle joint mechanism as a press drive [104] 

The principle of the toggle joint mechanism is shown in Fig. 85 (left) below. When 

force is applied to the element f, forcing its movement, e moves as well and force 

applied is multiplied, because movement of the joint g produces a slight movement 

of e. This part e is in contact with the part and applies this amplified force.  The mul-

tiplication only depends on the dimensions and geometric features of the joint, cf. 

equation on the right hand side in Fig. 85.  
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Fig. 85: Schematic of a toggle joint mechanism 

Hydraulic drive 

The hydraulic drive concept consists of three main parts: a tie rod cylinder mounted 

on the top plate of the closed machine frame, a servo solenoid valve with on-board 

electronics and a power unit.  Most of the components are commercialised standard 

components, such as the pilot operated check valve, the mounting plate, hydraulic 

hoses and a number of connectors.  The only type of a non-standard-part would be a 

connexion-plate of the upper die, which can be screwed onto the thread of the piston 

rod.  

For the generation of the required press force, a pressure control is essential.  In gen-

eral, this may be achieved by the integration of either proportional pressure reduction 

valves or proportional pressure limitation valves.  For both systems one needs elec-

tronics (integrated or external) to control the magnetic current.  Another possibility is 

the application of steady valves as there are servo-operated valves and proportional 

solenoid valves (directional control valves). 

Linear actuator with ball-screw spindle 

Beside others, linear actuators based on ball-screw spindle systems are commonly 

used for axis drives of CNC-machines.  Two types are available on the market: sys-

tems with an axially moved, non-rotating spindle in combination with a rotating, 

axially unmoved ball screw nut, and systems with a rotating spindle which is axially 
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unmoved combined with a non-rotating, axially moved ball screw nut. The principles 

are represented in Fig. 86.  In general, the rotary motion of these systems is realised 

by electric servo motors.  To reduce machine component dimensions, the second 

system would be to be preferred in present case.  

 

   

Fig. 86:  Principles of spindle drives, above [Newport] and examples of linear actua-

tors, below [Nanotec] 

 

A suitable design of such ball screw spindle system for the developed machine con-

cepts requires a diameter of the spindle of about 63 mm, considering permissible 

stresses, surface pressures and limits of buckling.  These systems are suitable only to 

a limited extent for a force controlling application without movement, as it is neces-

sary in the present case.  An uneconomic oversized servo motor would be the conse-
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quence using such systems here to enable the required force control.  Additionally, 

non-uniform wear of the spindle will result from the fact that the maximum force is 

applied at one certain spindle position for any stroke. 

Decision matrix  
 

Double toggle joint 
mechanism Hydraulic system Linear Actuator 

Load (as high as 
possible) 

5 5 4 

Speed (high) 1 5 4 

Stroke 3 5 5 

Controllability 4 4 1 

Damping of Speed 5 5 2 

Economic Design 1 4 3 

Costs 2 4 3 

Accurate Positioning 4 4 4 

Overall 25 36 26 

 

Rating Description 
5 Complete satisfaction: objective satisfied in every respect 
4 Considerable satisfaction: objective satisfied in the majority of aspects 
3 Moderate satisfaction: balance between complete satisfaction and no satisfaction 
2 Minor satisfaction: objective satisfied to a small extent 
1 Minimal satisfaction: objective satisfied to a very small extent 
 

Table 13:  Decision matrix for the closing mechanisms 

6.6.3 Conclusion - selected components of the closing mechanism 

Features and functions of the selected hydraulic system 

Based on the above mentioned requirements and on the evaluation results, a tie rod 

hydraulic cylinder equipped with a position measuring system was selected.  To ap-

ply the hydraulic pressure to drive the hydraulic cylinder for tool closing, a custom-
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ized 60-liter power unit had been chosen which was positioned under the machine 

table.  The modular desktop-sized system enables a pressurization of 160 bar.  Be-

sides more than 50 standard parts; the major components of the hydraulic system are: 

a proportional pressure relief valve, a pressure control unit incl. a relief valve, a servo 

solenoid valve with on-board electronics, a pressure limiting valve as well as several 

check valves.  Functions of the components mentioned are later explained in Chap. 

6.8.2.3  Control module of the press drive. The complete system is shown in the hy-

draulic diagram at the end of this chapter, also 6.8.2.3. 

6.7 High Pressure System for forming fluid pressurization 

In general a high-pressure system consists of several main components: a pressure 

intensifier to fill the workpiece with the forming medium and to generate the forming 

pressure, valves and safety devices to control medium flow, high-pressure piping, 

equipment for media supply and maintenance (e.g. filters, tanks), pressurizing medi-

um and connection to the forming tool/workpiece.  All of the components mentioned 

are commercially available expect for the connection to the forming tool/workpiece.  

The pressurizing media typically consists of oil-water emulsions.  

The pressure intensifier is the primary component of the high-pressure system.  To 

reach a decision regarding a suitable system three common principles have been in-

vestigated: (a) hydraulic driven pressure intensifier, (b) pneumatic driven pressure 

intensifier (air driven pump) and (c) mechanical driven pressure intensifier (spindle 

pump). 

6.7.1 Requirements to a micro-hydroforming high-pressure system 

Major requirements for a high-pressure system to enable the forming of the demon-

strator part “camera shaft” and in the future similar micro-tubes consist of: (a) maxi-

mum pressure: minimum 4,000 bar, (b) “small” volume flow: 0.15 ml/s, (c) time for 

pressure generation: max. 3 sec, (d) pulsation-free high-pressure generation, (e) qual-

ity of controllability: +/- 5 bar. 
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6.7.2 High pressure intensifier - system studies 

Hydraulic driven pressure intensifier 

In conventional hydroforming processes the forming media is pressurised by an ordi-

nary hydraulic power unit in combination with a single or double-acting pressure 

intensifier.  

An intensifier consists of a stepped piston-cylinder arrangement with a fixed intensi-

fier ratio.  The low pressure fluid is pumped into the large cylinder (primary side) 

expelling the fluid from the small cylinder (secondary side) at an increased pressure. 

Common ratios vary from 1:5 to 1:30 depending on the secondary pressure required.  

The commercially available intensifiers are available which enable pressurisations up 

to 10,000 bar. 

input pressure

primary side 

output pressure
...10,000 bar

secondary side 

intensifier ratio 1:5 up to 1:30

 

Fig. 87: Single-acting hydraulic pressure intensifier 

With regard to a required process control, a pressure intensifier should be used which 

enables a sensitive internal pressure.  Thus, only a single-acting pressure intensifier 

(Fig. 87) can be applicable.  This is so that no additional valves in the high pressure 

range, which are necessary with double acting pressure intensifiers for switching 

between the chambers, affect the internal pressure unfavourably.  The main ad-

vantages are: a) continuous, pulsation-free pressure build-ups up to 10,000 bar are 
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possible, b) pressure intensifiers are continuously adjustable.  Though due to the very 

small flow volume required, an imprecise pressure adjustment/controlling is to be 

expected.  That demands a complex and costly build-up/assembling of a control sys-

tem with pressure regulators, valves etc.  Furthermore, according to conventional 

hydroforming machines used today an additional filling unit to fill the workpiece 

with medium before pressurisation is required.  High initial costs are expected which 

vary around €13,000 to €16,000 (only for intensifier) and may easily double or more 

for the additional control system and the filling system needed. 

Air-driven pump 

Air-driven intensifiers operate on the simple principle of an automatic reciprocating 

differential air piston.  A large air-operated piston is connected to a smaller high-

pressure piston to convert compressed air flow into fluid flow at high pressure.  A 

range of single (Fig. 88, left) are offered by several suppliers.  Maximum achievable 

outlet pressures add up to approximately 5,500 bar.  Intensifier ratios may increase to 

1:800. 

input
compressed air

output 
high pressure fluid

suction discharge

 

Fig. 88: Principles of air-driven pumps 

Contrary to a single acting pump consisting of an air piston and high-pressure piston, 

double acting pumps (Fig. 83, right) have two high-pressure pistons which have a 
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more continuous flow and pressure.  During operation the outlet pressure and flow 

can be controlled by regulating the air drive pressure with an air pressure regulator. 

Major advantages are a) working pressure up to approx. 5,500 bar, b) no additional 

hydraulic drive is necessary c) low noise level d) easy maintenance e) low initial 

costs (typically less than €10,000) and finally air driven intensifiers are f) suitable for 

water, oil and several different chemicals. 

As previously mentioned, when compressed air is applied to the pump, the pump will 

cycle at high speed to produce a high fluid flow.  This specific advantage of an air-

driven pump is one of the main drawbacks for the dimensioning of a micro-

hydroforming machine.  Regarding the minimised dimensions compared to the tradi-

tional hydroforming process, only a very small forming volume and with that a low 

volume flow is required.  Supplementary, no pulsation-free pressure build-up or im-

precise regulation is to be expected.  The outlet pressure of the fluid is indirectly con-

trolled by regulation of the air pressure. Relying on the high intensifier ratios com-

pared to the hydraulic drive system, adequate control accuracy is not to be expected. 

6.7.2.1 Spindle driven pressure intensifier 

Fig. 89 shows a commercial spindle driven pressure intensifier.  The high pressure is 

generated by a plunger which is driven by a mechanical drive consisting of an elec-

tric motor and a spindle gear.  Maximum hydraulic pressures up to approximately 

10,000 bar are achievable. 

 

Fig. 89: Spindle driven pressure intensifier 

cylinder with plunger 

spindle gear 

motor 
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The operation principle is shown in Fig. 90.  The spindle press works as follows:  In 

the first step the pump plunger has to advance to its end position.  After closing the 

discharge valve v2, followed by an opening of the inlet valve v1, the fluid fills the 

cylinder since the plunger moves backwards.  To pressurise the fluid, the pump 

plunger advances again until the required pressure is reached.  The relief valve 

avoids the pressure generation back into the fluid reservoir. 

fluid reservoir

output pressure 

tube specimen

valve v2

valve v1

relief valve

motor

spindle gear

 

Fig. 90: Operating principle of a spindle pressure intensifier 

Due to a comparatively easy controllability of the DC-servo motor, an accurate pres-

sure control is to be expected.  A further advantage is a low volume flow.  One po-

tential drawback is high costs particularly if the spindle press is supplied with inte-

grated feedback control system; they can be up to € 30,000 and also may have a pro-

longed time for tube filling. 

6.7.3 Conclusion - selection of the high-pressure generator 

Theoretically all investigated systems are suitable to apply the required pressure of 

4,000 bar.  However, the systems differ in accuracy of pressure control when small 
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volume flows under high pressure are to be expected.  Thus, and after evaluating all 

other criteria as mentioned in the decision matrix, the mechanical driven pressure 

intensifier (the spindle press) has been selected for the micro-hydroforming proto-

type machine. 

 

Hydraulic driven 
pressure intensifier 

Pneumatic driven 
pressure intensifier 

(air driven pump) 

Mechanical driven 
pressure intensifier 

(spindle pump) 

Max Pressure (4,000 
bar) 

5 5 5 

Small Volume Flow 1 2 5 

Pressure Generation 
within the calculated 
cycle (conveyor 
speed) /filling time 

4 2 4 

Pulsation free HP-
generation 

4 1 5 

Quality of Controlla-
bility 

3 1 4 

Capacity (small) 2 1 5 

Overall 19 12 28 

 

Rating Description 
5 Complete satisfaction: objective satisfied in every respect 
4 Considerable satisfaction: objective satisfied in the majority of aspects 
3 Moderate satisfaction: balance between complete satisfaction and no satisfaction 
2 Minor satisfaction: objective satisfied to a small extent 
1 Minimal satisfaction: objective satisfied to a very small extent 
 

Table 14:  Decision matrix for the high pressure generators 

To be applicable with all oil-water emulsions or solutions and all kinds of oil which 

do not solidify under high pressurization, all wetted parts of the pressure generator 

are manufactured of stainless steel.  Exclusively the packing of the piston is made of 

Teflon. 
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Further specifications of the spindle press are: 

 Working pressure: 4,000 bar 

 Swept volume: 7.5 ml  

 Capacity: 0.07…9 ml 

 Stroke: 100 mm 

 Type of actuation: DC-servo motor, DC-tacho integrated 

 Speed: 3,200 1/min 

Apart from the five main standard components (electromagnetic-operated 3/2-port 

pneumatic control valve, 10,000 bar high-pressure transducer, check valve, safety 

heads with rupture disc) the whole high-pressure cycle which was built up, comprises 

more than 30 further standard parts (tubing, fittings, collar screws, collars, etc.).  On-

ly the slide carriage was a component to be manufactured.  As a result, a total num-

ber of more than 60 standard and non-standard parts including the pneumatic com-

ponents to operate the 3/2-port hydraulic control valve are involved in the subassem-

bly to apply the internal pressure.  A detailed description and all functions of the 

components integrated can be found in Chap. 6.7 Control System. 

6.8 Control system 

6.8.1 Requirements 

The micro-hydroforming process bears the risk of a process failure if the parameters 

have been chosen inappropriate.  Therefore, the controlling system of the forming 

process is a critical component. 

For the design of a hydroforming process a multitude of workpiece parameters, tool 

parameters and process parameters, which all have a decisive influence on the final 

product, must be considered.  It was the aim to consider all the parameters and their 

effects to ensure the optimal process is achieved.  The exact variation of the process 

parameters such as the internal pressure pi, the axial loads Fa and/or axial feeding x in 
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combination with the press force Fc are essential to obtain a failure free forming re-

sult.  

Another issue to be considered is the question of the command variable used.  The 

process management may act on different variables.  In the first instance, relying on 

conventional hydroforming processes, the internal pressure was selected as the com-

mand variable.  According to this, the axial force and/or the axial displacement as 

well as the press force are to be assigned as pi-dependent variables. 

6.8.2 Realization of the machine control 

Regarding the mentioned requirements and keeping in mind that especially for exper-

imental use of a prototype machine, versatile data as well as data row combinations 

have to be integrated into the control software, LabVIEW was chosen as the ‘overall’ 

hydroforming machine system software.  LabVIEW (short for Laboratory Virtual 

Instrumentation Engineering Workbench) is a platform and development environ-

ment for a visual programming language from National Instruments.  The graphical 

language is named "G".  In particular for prototype applications and laboratory use, 

its free programmability and the feasibility of easily embedding manually generated 

data rows into the program were decisive selection criteria. 

LabVIEW for process control and SPS for an additional machine control system 

In order to provide ‘fixed’ machine parameters, an independent SPS machine control 

was integrated into the process control.  That means, the machine control is responsi-

ble only for the compliance of the set points given by the process control and has no 

influence on the process parameters. 

This machine control had been divided into logical subsystems including an individ-

ual subroutine and each subsystem was discarded into the process control. 
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The tasks that could be performed via these basic modules include: 

• initialisation of the machine (generation of the system pressure, query of the 

security arrangements) 

• filling the spindle pump cylinder 

• moving toward the ends of the tubes 

• inducing the filling operation and/or 

• sealing with defined axial forces (use of conical sealing punches without axial 

feeding) 

If process modifications were necessary, single basic modules (which are alike) re-

main untouched and were implemented unchanged into the modified process. 

The modules responsible for the compliance of the loads and the internal pressure 

were supposed to be carried out as external analogue control loops.  Analogous regu-

lator structures have the advantage that they are low-priced and can react quickly to 

monitoring variables.  Moreover they require no computation time so that the main 

computer control is released of this task.  The single sub-modules of the control sys-

tem include periphery hardware components which are presented and described in 

the following. 

6.8.2.1 Pressure intensifier control module 

As described in Chap. 6.7.2  High pressure intensifier - system studies the pressure 

intensifier, which is responsible for the generation of the internal pressure is driven 

by a 110-V-DC-servo motor.  To regulate the required volume flow and thus the nec-

essary servo motor speed a DC-Servo-controller was chosen.  Due to a 4-quadrant 

operation mode the controller is capable of driving the spindle motor in both direc-

tions.  In consequence its high frequency capabilities, the selected controller gives 

rapid and smooth reaction to assure a fast and fine trim of the pressure needed.  A 

further advantage is the feasibility of either a speed control or a torque control.  It 
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was first implemented to use speed control; however torque control may be a good 

alternative. 

As the pressure intensifier is only able to accomplish a few tube filling cycles per 

stroke, an individual control loop has been created to ensure a continuous tube fill-

ing.  This control loop (independent from the process control) is operated by a logic 

module ‘Siemens logo!’.  The program implementation had been accomplished by 

combining stored functions with a small SPS program.  Additionally the logic mod-

ule comprised the option for making easy time-consuming changes through a simple 

user interface so as not requiring any re-programing of the software.  However, all 

operations such as the program simulation or a creating/change of a program could 

be made on the controlling PC. 

Additional components integrated in the high-pressure control loop are: 

A high-pressure transducer (measuring system: DMS) for high-pressure up to 10,000 

bar has been integrated into the high-pressure circuit to enable the measurement of 

the internal pressure of the liquid medium that effects the expansion of the tube.  The 

acquisition is amplified by a strain gauge full bridge amplifier.  

A double-piston air operated valve, normal closed type, 4,000 bar, is mounted close 

to the pressure outlet of the intensifier and has the function to disconnect the machine 

from the high pressure circuit when: the forming has been completed, the intensifier 

moves backwards to refill its pressure chamber or a sudden pressure drop (due to 

early tube bursting) occurs.  In the last case, it acts as a «fail-safe» shut-off function.  

The two main common features of the high-pressure valves offered by a few suppli-

ers are the two types of actuation: either hand-operated or air-operated.  In order to 

meet the requirement of controllability, an air-operated valve was utilized; however 

it required a compressed-air circuit which had also to be integrated into the control 

system.  

To control the air-operated 4,000 bar valve via the computer a standard 3/2-port-

valve had been included in the compressed-air circuit.  In order to avoid an expan-

sion of the high-pressure back into the intake duct, a relief valve was mounted on the 
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intensifier inlet.  To avoid potential destructive or dangerous unintentional overpres-

sure in the high pressure system a safety head with rupture disc was integrated into 

the high-pressure circuit.  The disc inserted would burst at system pressures above 

4,000 bar. 

6.8.2.2 Control module of the axial drives 

The axial drive linear actuators (please see Chap. 6.5) had been selected to operate 

with two micro-step constant current drivers (bipolar-chopper drivers). Both drivers 

(for individual control of each actuator) are controlled via 5V output from the control 

computer attached to the machine. 

As the internal pressure is to be the command variable of the control system, the im-

pacts of the axial drives on the tube ends should respond to this.  This could be ac-

complished by using two different control facilities.  Either, one uses a force control 

(herewith the actual value is ascertained via load cell adapted to the sealing punches) 

or the actuators can be transition controlled.  That way, displacement transducers 

mounted on each punch for individual transition control measured the actual values. 

Which concept will turn out as the most adequate, could not found out during my 

studies and therefore must be determined in future experimental investigations. 

6.8.2.3 Control module of the press drive 

As discussed previously, a press with a hydraulic cylinder for tool opening and clos-

ing was selected.  

Since the machine presumably required “forming error compensation” due to occur-

ring deflections inside the frame and the forming tool, the control system was flexi-

ble enough to easily encompass these requirements.  

The hydraulic cylinder displacement transducer could be cascade-controlled.  That 

means that initially a transition control effects a steady positioning of the upper die 
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during the pressurisation of the tube.  Hence, a control valve was included into the 

hydraulic circuit for the regulation of the piston position of the hydraulic cylinder. 

In addition, a subordinate control loop operates the pressure controller, which ena-

bles the adjustment of the required press load as well as error compensation if need-

ed.  Thus, a second sensor (a pressure transducer to be implemented into the hydrau-

lic press circuit) became necessary to measure the current system pressure.  To regu-

late the set pressure a proportional excess pressure valve was further inserted into the 

circuit. Also a lock valve which avoids the piston and the upper tool from sinking 

down in an emergency case and a pressure limiting valve and a check valve were 

integrated in the hydraulic system.  The complete system is shown in the hydraulic 

diagram, Fig. 91. 
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Fig. 91: Hydraulic plan 
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6.9 Inclusion of laser heat assisted hydroforming 

One of the principal hypotheses investigated in this thesis was for the inclusion of 

laser heat with the expectations of increasing formability in the micro tube hydro-

forming process.  In some micro forming technologies the inclusion of heat has con-

tributed to increased formability though the research detailed in the previous chapters 

have conclude that the addition of laser heat does not increase formability enough to 

warrant the greater complexity and costs needed to include this in the prototype mi-

cro tube hydroforming machine.  Nonetheless, investigations were still carried out to 

how a system could be included in the first THF prototype machine. 

The main components needed to be investigated are: 

• modified moulds that permit the transmission of laser heat 

• appropriate laser selection 

• laser mounting and direction of energy transmission 

• integrating the laser into the control system 

6.9.1 Hydroforming moulds permitting transmission of laser heat 

It is easy to identify that traditional hydroforming moulds will not allow the trans-

mission of laser energy to the forming part.  As discussed earlier the moulds are 

made of structurally sturdy materials to prevent any deformation during the THF 

process so no portion of the forming part is visible during the forming process. 

A feasible solution is to construct special moulds with ‘sapphire windows’ in the 

mould allowing the laser light to pass those windows.  Sapphire combines the re-

quired transparency to laser radiation at all wavelengths λ > ultra-violet (UV) with 

brilliant mechanical properties such as high compressive strength, hardness and 

Young's Modulus making it especially suitable for metal forming.  Additionally a 

melting point of approx. 2050°C allows warm respectively even hot forming of e.g. 

steel without destroying the forming tool.  The cutting and shaping a sapphire to be 

inserted into a typical hydroforming mould will create the ‘window’ that can pass the 

laser energy to the forming part.  As the sapphire will now be the inner part of the 
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mould, where the tube will be expanded to form the part - the sapphire will need to 

be cut/machined, e.g. by laser ablation to become the forming section of the mould.  

Fig. 92 represents a CAD drawing of a mould prototype including a ‘sapphire win-

dow’. 

 

Fig. 92: Sapphire window (left) inserted 

into the tool (centre), and back side view of 

a possible forming tool (right) 

However, including a sapphire and the special machining to form the material and 

include it into the mould will already greatly increase the cost and complexity fabri-

cating moulds. 

6.9.2 Lasers selection for hydroforming 

For the purpose of laser heating a diode laser seems to be (from an applicant's point 

of view) the most suitable choice for the laser source as it offers several advantages 

in comparison to other laser systems: 

• Comparatively low purchase cost  

• Very high durability with often > 30,000 hours and low power degradation 

<<1% / 1,000 hours when operating at rated current which is an important re-

quirement regarding process stability in mass production 

• Robust, and compared to lamp-pumped lasers, long maintenance intervals 



  

187 

• Coupling and transport of radiation in fibre optical cables, this is of high im-

portance regarding the direction of the laser light to the forming tool, cf. fol-

lowing sub-chapter 

• Available with large output power (~up to 1,000 W) in combination w/low 

cost 

• Easy pumping by electric current, that means the laser energy input and thus 

the resulting temperature into the workpiece can easily be controlled via the 

current of the diode laser 

• Size, to meet the requirements of desktop size machine these lasers are avail-

able in 19" rack chassis which allows an easy positioning either in the elec-

tronic cabinet or underneath the machine table inside the housing 

• Available in the required wavelengths (usually in the range of λ = ~800 - 

1000 nm, however in case of an InGaAIP diode laser with λ = 635 nm also 

suitable for copper processing, cf. Chap. 5.4.7  Effects of laser light absorp-

tion in copper. 

6.9.3 Applying laser heat during hydroforming 

Adding the laser into the prototype machine is fairly straight forward.  The laser only 

requires a reliable power source and a secure mounting system free from vibration 

and twisting/deformation forces from the THF process. 

Directing the laser energy can be accomplished either by directly "guiding" the laser 

energy via an open beam through mirrors to the target location, or more feasibly di-

rect the beam via glass fibre to the laser optics to point to the appropriate location on 

the mould. 

The most likely area to position a ‘sapphire window’ would be in the bottom mould 

halve.  The lower mould halve is always stationary with few parts and complexity 

present on the lower half of the mould.  Therefore the laser energy would be directed 

from the bottom of the forming machine also making the installation of the laser less 

complex. 
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A possible mounting system could consist of an x-y- micro cross table and a third 

axis for the z-shift of the focal point.  The focussing lens (focussing optics) can easi-

ly be fixed on the linear axes which in turn can easily be moved by micrometre 

screws if a re-positioning/adjustment of the lens is necessary after changing moulds 

for manufacturing different parts. 

As the laser source as well as a fibre cable could entirely be placed underneath the 

machine table inside the housing, in the rare case of accidental discharge of the laser 

the machine and its casing should prevent the laser beam to come into contact with 

any person’s eyes.  Though on the final design a safety evaluation would need to be 

conducted to identify any safety risks and recommend if any additional light shield-

ing or laser safety goggles would be necessary. 

6.9.4 Integrating a laser into the control system 

The last point to consider is the inclusion of the laser control into the control system 

for the THF machine.  There are three points to consider: directing the laser energy, 

controlling the laser (turning it on and off during the appropriate sequence) and get-

ting the forming part to the appropriate temperature. 

Directing the laser energy should be fairly simple.  As a diode laser should direct the 

energy through fibre optics to the machine, thus directing the energy is a matter of 

mechanically moving or mounting the cable to point to the appropriate area on the 

mould.  The fibre optics will most likely have a unique position for every mould so 

need to be repositioned for any mould change. 

The THF control system would view the laser as another step in the forming process.  

It would need to turn on the laser then either: if measure the temperature of the part 

wait until the critical temperature is reached, or if using a simple duration of laser 

energy time wait - then in either case start the pressure build-up for the start of the 

hydroforming process.  The laser would be turned off through the THF controlling 

system before, during or at the completion of the hydroforming process.  Using the 
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above proposed diode laser system this turn on/turn off signal could easily executed 

via analog 0-5 V outputs or a digital signal controlling the current of the laser source. 

6.9.5 Conclusion of the laser inclusion 

As it requires time to heat the tube - inclusion of the laser heat will not only increase 

complexity and costs but can add a significant amount of time for producing any 

part.  Again for all these reasons with the minimal or negative increase in formability 

found in the earlier investigations it was concluded that a laser system was not neces-

sary to include in the first prototype machine. 

6.10 The prototype machine system realized 

6.10.1 Description of the prototype machine  

Based on the results obtained from the experimental work and theoretical considera-

tions, cf. Chap. 4-6.8, a close-to-production machine system for performing the min-

iaturized hydroforming process has been created.  The prototype machine with its 

main components is schematically represented in Fig. 93. 

The press frame which includes the forming machine is mounted on a machine table.  

The encased table covers the high pressure system (spindle press and additional 

components) for the generation of the internal pressure, a hydraulic power unit for 

the press cylinder and an air compressor necessary for the air-driven valves.  The 

control system, all electric and electronic devices and the computer are housed in an 

electric cabinet which is placed beside the machine, Fig. 94.  For safety reasons, a 

housing made of 10 mm polycarbonate windows encases the hydroforming machine 

and covers all pressurized machine components.  For maintenance as well as for 

manual workpiece exchange, the polycarbonate cover can be opened via a three-  
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Fig. 93: Micro hydroforming machine assembly 

 

 

 

Fig. 94: Close-to-production micro-tube hydroforming machine 
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piece front door.  Sufficient space on both the right and left side of the machine 

frame allows the future placing of a workpiece handling system. 

The machine developed facilitates hydroforming of tubes made of different material 

with initial outer diameters of less than 1mm and internal pressures up to 4,000 bars.  

To change to new product geometries flexible designed tool halves (with variable die 

geometries) can be exchanged quickly with a few easy steps.  Two independently 

controllable linear actuators with ball screw allow axial tube sealing loads of up to 

800 N of each sealing punch.  The positioning accuracy of the movement is below 

one micron which corresponds to smallest micro part tolerances used in micro-

manufacturing technologies today.  The machine system can be driven with both 

cylindrical for THF-processes with axial feeding as well as conical sealing punches 

with fixed/clamped tube ends.  However, the first machine experiments only utilized 

conical sealing punches, thus only forming trials without axial feeding are discussed 

in the following chapter.  Fig. 95 shows the lower tool assembly including the die 

insert with its shaping die geometry. 

 

Fig. 95: Arrangement of the lower tool components (left) and lower die cavity with 

size comparison (right) 

conical sealing punch 

interchangeable lower 
die with cavity 

interchangeable clamping 
insert 

tube placed in the cavity 
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6.10.2 Achievable precision of the machine 

Precision was one of the main requirements of the micro THF prototype machine 

system. With regards to the size-dependent effects it was tried to 

• reduce the numbers of gaps/interfaces between machine components which 

may cause elasticity 

• minimize clearance/bearing clearance 

It was an aim to manufacturing machine components in narrowest tolerances. How-

ever, a compromise must be made for instance between "small number of compo-

nents and adjustment feasibilities", especially regarding the tooling (adjustment 

plates for the tool inserts). Thus, it must be concluded that the precision of the ma-

chine will be limited to a certain extend by factors such as:  

• clearance fit, e.g. of the alignment pins between upper/lower tool 

• bearing clearance, e.g. guiding rods for the axial punches 

• deflexions caused by forming/machine loads inside the tool/machine 

• delivery condition (tolerances) of the micro-tubes, e.g. diameter tolerances 

The precision of the machine shall be determined by the itemization represented in 

Table 15 on the next page. By summarizing all of the individual machine and work-

piece tolerances, the maximum overall tolerance arises to 142 µm. With regard to a 

part to be manufactured, its achievable precision/accuracy may thus be in the range 

of 9 to 142 µm.  This means, if it is a part with a final circular cross-section, its ellip-

ticity may - in a worst case - amount to the calculated value of 142 µm. 
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Characteristic Tolerance [µm] 

Outer tube diameter tolerance, e.g. AISI 304 stainless steel 
micro-tube 08x004, D0 = 780-820 µm 

0 to 40 

Guiding pins between upper and lower tool half: 

boring was manufactured 8H7 (+15 µm / 0 µm); pin was 8h6 
(0 µm / -9 µm) 

0 to 24 

Displacement of the forming tool (FEA cf. Fig. 83 in Chap. 
6.4.6 Realization of the tool unit) 

3 

accepted manufacturing tolerance acc. to the CADs: +/-5 µm 0 to 10 

Guiding rods of the axial punches: 

Outer diameter of the rod was 14g6 (-6 µm / -17 µm), inner 
diameter of the slide carriage was 14H7 (+18 µm / 0 µm) 

6 to 35 

Unequal forming behaviour, difference in wall thickness after 
forming; e.g. copper R250, cf. Fig. 29 in Chap. 4.8.2 Forma-
bility of examined copper tubes at RT  

 0 to 30 

Resulting machine/part precision (sum of individual toler-
ances) 

9 to 142 

Table 15:  Approximate determination of the machine precision  



  

194 

  CHAPTER 7

FORMING EXPERIMENTS WITH THE PROTOTYPE 

MACHINE AND ANALYSIS 

This chapter describes the first "real" tube hydroforming experiments using the de-

signed prototype machine. The overall goal was to draw a conclusion at the end of 

the study on the miniaturized process, the designed tools and the other machine com-

ponents. Measurements of the forming diameters in different tube areas of the micro-

tubes should identify possible effects of elastic tool deflections on the final part ge-

ometry. 

Following a short description of the experiments, the analysis of the experimental 

investigations of a first hydroformed micro part is given.  

7.1 Investigated tube geometry and used materials 

In line with the tube hydroforming experiments three different tube materials have 

been investigated which had been formed in the die geometry 'camera shaft'. The 

forming geometry is represented in Fig. 96. 

Tube materials 

The experiments were conducted with the following materials 

• Stainless steel AISI 304 micro-tubes (batch B) - delivery status  

• Stainless steel AISI 304 micro-tubes (original batch B) - recrystallized 

• Copper CW024A (R200) micro-tubes - delivery status 
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Fig. 96: Investigated tube geometry 'camera shaft', 2D and 3D drawing 

 

Corresponding specifications of the materials as supplied can be found in Chap. 

CHAPTER 3. Tube properties of the recrystallization annealed AISI-304-b are listed 

in Table 16. 

 

Micro-tube 08x004  status: recrystallized annealed  

Material: AISI 304 Ult. tensile strength [MPa]: 513 

Outer diameter [µm]: 800 Yield strength [MPa]: 275 

Wall thickness [µm]: 40 Elongation at fracture [%]: 26.7 

  Hardness HV 1: 150.1 

Table 16:  Mechanical properties of the recrystallized annealed AISI-304 micro-tube 

7.1.1 Heat treatment of the AISI 304-b micro-tubes 

During all forming experiments with the AISI 304-b tubes, early workpiece failure 

occurred due to bursting.  Thus, the idea was to reduce potential dislocation density 

in the grain structure to a minimum by conducting an additional recrystallization 

annealing process causing a reduction of lattice defects in the crystallites which are 
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based on re-formation of the microstructure on the basis of nucleation and grain 

growth.  However, the following issues were expected to be encountered: 

• Formation of coarse grain size because of the low (initial) germination num-

ber due to only a low deformation degree of the tubes' delivery status 

• In turn non-uniform forming 

• Loss of strength of the final (hydroformed) part 

Tube specimens pre-cut in length and ready for the experiment were annealed over a 

two hour duration at 620°C.  

To analyse the influence of the heat treatment on the grain structure, tube sections 

were embedded in resin and their polished surface were micro-etched using a mix-

ture of aqua regia (nitrohydrochloric acid) and “Vogel’s” pickling inhibitor.  Com-

pared to the grain structure of the original tubes, the grain size increased to 45-60 µm 

on average corresponding to 6-5 ASTM which refers to the ASTM definition in the 

transition region of a fine-grained to a coarse-grained structure.  In the following, the 

recrystallized AISI 304 micro-tube is denoted as 'AISI 304-r' to clearly distinguish it 

from the other stainless steel micro-tubes used during the study. 

 

 

Fig. 97: Microstructure of the recrystallized AISI 304-r micro-tube  

7.2 Procedure of the tube hydroforming experiments 

Every tubular specimen was cut from the wrought material.  Depending on the di-

mensions of the die inserts and the conical clamping inserts the tubes had exactly to 

  10 µm  
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be ground to lengths of 26.4 mm.  Before each automated conducted test the tubular 

test pieces were manually placed into the lower die.  Once pre-filled, the sealing 

punches were charged with the specific axial force Fa according to Eqn. (8) and Eqn. 

(9) - (12) (see Chap. 2), respectively.  It should be mentioned that due to the fixed 

tube ends and application of the test without axial feeding one of the components of 

Fa - the friction force Ff  - did not need to be determined.  The tubes were pressurized 

with linear increase to the maximum internal pressure (calibration pressure) pi, max 

which had been established using Eqn. (6), cf. Chap. 2.  For each of the tube materi-

als, five samples were hydroformed.  

Before conducting the trials, all required and determined process parameters had 

been programmed into the LabView control system of the prototype machine. 

7.3 Forming results 

The test results and the process parameters of the hydroforming experiments are 

shown in Fig. 99 - Fig. 101. In each figure the tube dimensions and the applied pro-

cess parameters are represented at the top, microscope pictures of the formed tube 

specimens are shown below.  The lower pictures (of the stainless steel micro-tubes) 

show the resultant forming diameters D1 of each tube section (A-D), Fig. 98 (left). 

Corresponding values which express the circularity of the formed tubes can be found 

in Chap. 7.3.1.  

 

 

 

Fig. 98: Forming sections of the stepped tube diameters 

For the measurement of the forming diameters of each tube section a digital micro-

scope Keyence VHX-600 with charge coupled device camera was used.  Tubular 

A B 
C 

D 
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specimens had been measured at least three times in each forming section including a 

horizontal (x-) and vertical (z-) diameter, i.e. rotated ninety degrees and measured. 

7.3.1 Description of the test results  

Stainless steel AISI 304-b (delivery status) 

As can be seen from the microscopic pictures in Fig. 99 the stainless steel AISI 304-

B micro-tubes could not achieve the required relative expansion ratio εd which was 

given by the maximum diameter of the die in section (B). It was defined as: 

 (19) 

where D0 and D1(B)  are the initial tube and maximum die diameters in tube section 

(B), respectively. 

Before the tubes were able to expand to the aspired forming diameter D1(B) = 1.04 

mm in the main forming zone, fracture due to bursting occurred which corresponds 

to the results obtained during the hydraulic free-bulging, cf. Chap. 5.5.1  Experi-

mental results established from investigations performed at room temperature. (In 

these early forming tests the mean outer forming diameter D1b was 1.03 mm with a 

scatter of 80 µm). The areas of each tube in which bursting occurred were evenly 

distributed around the tube circumference (at different points around the circumfer-

ence), however always in the same section of the largest forming diameter.  As an 

example of the measured forming diameters of the analysed tube sections, cf. Fig. 

98, their values can be taken from both the tables (tube's horizontal diameters, and 

tubes vertical diameter, 90° twisted) on the right side of the microscope pictures in 

Fig. 99.  On average, the expanded tube diameters of all investigated tubes measured 

in: 

• Section A: D1(A) = 0.883 mm with a standard deviation of 0.024 mm and a 

mean concentricity tolerance T(A) = 22 µm 

• Section B: could not be measured due to crack formation 

εd = (D1(B) /D0)-1 
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• Section C: D1(C) = 0.984 mm with a standard deviation of 0.024 mm and a 

mean concentricity tolerance T(C) = 18 µm 

• Section D: D1(D) = 0.882 mm with a standard deviation of 0.022 mm and a 

mean concentricity tolerance T(D) = 26 µm 

Stainless steel AISI 304-b (recrystallized annealed) 

Applying Eqn. (6) and according to the reduced ultimate tensile strength of the re-

crystallized AISI 304-b stainless steel micro-tubes the process parameter calibration 

pressure pi, max was programmed to 154 MPa.  In contrast to the hydroforming trials 

conducted on the original material, the recrystallized (annealed) tubes of the same 

material with the now reduced pressure could be formed successfully without failure 

due to bursting, Fig. 100. All investigated micro-tubes were formed until their entire 

outer surface contacted with the forming die.  In these tests, the expanded tube diam-

eters of all investigated tubes measured in average: 

• Section A: D1(A) = 0.796 mm with a standard deviation of 0.042 mm and a 

mean concentricity tolerance T(A) = 77 µm 

• Section B: D1(B) = 1.043 mm with a standard deviation of 0.041 mm and a 

mean concentricity tolerance T(B) = 74 µm 

• Section C: D1(C) = 0.894 mm with a standard deviation of 0.038 mm and a 

mean concentricity tolerance T(C) =  71µm 

• Section D: D1(D) = 0.787 mm with a standard deviation of 0.052 mm and a 

mean concentricity tolerance T(D) = 95 µm 

Copper CW024A (R 200) 

In analogy to the investigated AISI 304-b stainless steel micro-tubes in their delivery 

status, also the R200 copper tubes (which also could not be widened to D1 = 1.04 

mm during the early free-bulging tests which corresponds to the maximum die diam-

eter) could not be hydroformed without occurrence of fracture, Fig. 101. Compared 

to the AISI-304-b stainless steel tubes, only very large forming radii between the 
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stepped forming diameters can be observed. The following tube diameters of the in-

vestigated copper micro-tubes in their individual sections according to Fig. 98 had 

been achieved: 

• Section A: D1(A) = 0.905 mm with a standard deviation s of 0.025 mm and a 

mean concentricity tolerance T(A) = 43 µm 

• Section B: could not be measured due to crack formation 

• Section C: D1(C) = 0.949 mm with a standard deviation s of 0.028 mm and a 

mean concentricity tolerance T(C) =  45µm 

• Section D: D1(D) = 0.882 mm with a standard deviation s of 0.030 mm and a 

mean concentricity tolerance T(D) = 15 µm 
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Hydroforming experiment 'camera shaft' 
Stainless steel AISI 304, batch B - delivery status 
 

Test parameters: Procedure parameters: 
 
 
 
 

 

 

 
 

Visualization of the forming results:  
 
 

 
 
 

 

 

 

 

 

 

Fig. 99: Forming results with test and procedure parameters of the hydroforming ex-
periment 'geometry camera shaft' - stainless steel AISI 304 (batch B - delivery status) 
  

T01: Forming zone with section 
of fracture, top view 

T01: Hydroformed tube 

Ti: Initial tube 

Material: stainless steel AISI 304-B 

Tensile strength σUTS : 593 MPa 

Tube dimensions: 
Tube length L0 = 26.4 mm (*) 
Outer diameter D0 = 0.8 mm 
Wall thickness t0 = 40 µm 

Calibration pressure pi, max = 178 MPa        
Axial sealing force Fa = 75 N 
Volume flow: VFl = 0.07 ml/min. 
Forming temperature:  RT 

Relative expansion ratio εd (**): 0.3 
 
(*)   overall length of die and clamping inserts   
(**)  According to Eqn. (19) and given die dimen-
sions 
 

T01: Forming zone, side view 
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Hydroforming experiment 'camera shaft' 
Stainless steel AISI 304, batch B - recrystallization annealed 
 

Test parameters: Procedure parameters: 
 
 
 
 

 

 

 
 

Visualization of the forming results:  
 
 
  
  
 
 

 

 

 

 
 
 
 
 
 
 
Fig. 100: Forming results with test and procedure parameters of the hydroforming 
experiment 'geometry camera shaft' - stainless steel AISI 304 (batch B - recrystallized)  

T13: Formed micro-
tube 

Ti:  Initial tube after 
recrystallization 

Material: stainless steel AISI 304-B  
(recrystallization annealed) 

Tensile strength σUTS : 513 MPa 

Tube dimensions: 
Tube length L0 = 26.4 mm (*) 
Outer diameter D0 = 0.8 mm 
Wall thickness t0 = 40 µm 

Calibration pressure pi, max = 154 MPa        
Axial sealing force Fa = 65 N 
Volume flow: VFl = 0.07 ml/min. 
Forming temperature:  RT 

Relative expansion ratio εd (**): 0.3 
 
(*)   overall length of die and clamping inserts   
(**)  According to Eqn. (19) and given die dimen-
sions 
 

T13: Hydroformed prototype 
with cut ends 

T13: Forming zone and 
measurement of the 
stepped forming diam-
eters, top view 

T13: Forming zone and 
measurement of the 
stepped forming diam-
eters, top view 
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Hydroforming experiment 'camera shaft' 
Copper CW024A (R 200) 
 

Test parameters: Procedure parameters: 
 
 
 
 

 

 

 

 

Visualization of the forming results:  
 

 
 

   
  
 
 

 

 

 

 

 
Fig. 101: Forming results with test and procedure parameters of the hydroforming 
experiment 'geometry camera shaft' - Copper CW024A (R 200) 

Ti:  Initial tube  

Material: Copper CW024A (R 200) 

Tensile strength σUTS: 236 MPa 

Tube dimensions: 
Tube length L0 = 26.4 mm (*) 
Outer diameter D0 = 0.8 mm 
Wall thickness t0 = 100 µm 

Calibration pressure pi, max = 70 MPa        
Axial sealing force Fa = 20 N 
Volume flow: VFl = 0.07 ml/min. 
Forming temperature:  RT 

Relative expansion ratio εd (**): 0.3 
 
(*)   overall length of die and clamping inserts   
(**)  According to Eqn. (19) and given die dimen-
sions 
 

T22:  Forming zone with 
section of fracture, 
top view 

T22: Forming zone, 
side view 

T22: Formed micro-
tube 
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7.3.2 Discussion of the hydroforming results 

In the failed forming results (due to bursting) using AISI 304-b and copper tubes, it 

can be seen that the achieved forming diameters are larger than the nominal diame-

ters of the forming tool die cavity, cf. Fig. 96.  A possible reason could be that the 

tensile stresses acting in circumferential tube direction changed to compression 

stresses after bursting of the tube samples which -after opening of the die halves- led 

to an opening (increase in diameter) of the tubes.  At first there were the tensile 

stresses in circumferential direction σt according to Eqn. (1) in Chap. 2.2.2.4 caused 

by the internal pressure pi in the early stage of the free hydraulic bulging, then after 

bursting there were compression stresses inside the tube walls in circular direction, 

the still closed forming tool halves embarrassed the tube to open.  After opening the 

die, the tube fracture widened through spring-back.  It is assumed that the compres-

sion stresses in hoop direction caused also an increase in diameter of the neighbour-

ing regions (diameters A, C & D) and the increase of the tube diameter was not only 

restricted to the area of the crack formation.   

However, apart from this assumption also an opening of the die halves during the 

forming process could have happened. The recrystallized annealed AISI 304-r tubes 

that could be pressurized up to its calculated calibration  pressure pi, max = 154 MPa 

showed two indentation lines along their longitudinal axis in the region of the largest 

forming diameter, cf. Fig. 100 T13: Forming zone top view, which indicates a possi-

ble opening. A hint on this assumption might also be the increase in concentricity 

tolerance in all formed tube sections of the recrystallized tubes compared to the AISI 

304-b and copper tubes. It is assumed that their forming pressure pib (fracture due to 

bursting occurred at less than 55 MPa, and less than 50 MPa respectively, according 

to the values achieved from the bulge test investigations, Chap. 5.5.1) of these tubes 

was not sufficient enough to attain an opening of the die. However, please note that 

in the hydroforming experiments described in this chapter no internal pressure had 

been measured. For the first hydroforming tests the software was only simple pro-
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grammed, not programmed to acquire data, only a ramp was driven to attain the pre-

set process variable pi, max. Exact values are hence not known. 

Another issue to consider is the coarse grain size of the recrystallized annealed stain-

less steel tubes. The danger of a non-uniform expansion has already been mentioned 

in Chap. 7.1.1 which probably has occurred here and which is probably responsible 

for the increased eccentricity of the recrystallized micro-tubes. 

Finally as a third reason for inaccuracy of the final part, spring-back behaviour must 

be named. Firstly elasticity of the micro-tube could have led to the eccentricity of the 

final part. As only or respectively less than one grain in the circumferential cross 

section of the AISI 304-r micro-tube was identified, it may be assumed that maybe 

also the elastic forming behaviour along the hoop was inhomogeneous/unequal.  

It must be mentioned that elasticity due tool elements like the adjusting and matching 

plates (refer to Fig. 79) which were necessary to adjust the tool inserts could have 

caused a specific inaccuracy of the final part. For alignment of the tool inserts adjust-

ing plates in sizes (thicknesses) of a few microns had been used which were stacked 

to ensure the correct position of the die inserts to each other and to the axis of the 

sealing punches. Also elastic deflections of the die insert by itself could have caused 

inaccuracy of the hydroformed part, please refer to below issue in the following con-

clusion. 

Another issue that should be mentioned was the difficulty to place the tube at the 

beginning of the hydroforming process (cf. Fig. 2) exact into the longitudinally cen-

tre of the die cavity. This was not as trivial as it seemed, since a certain number of 

tubes could not be sealed by the conical sealing punches. Reason was that if the ex-

cess length on both sides of the tubes was unequal the length of the smaller overhang 

was not sufficient enough to create the infinite small circumferential line contact to 

ensure the sealing of the tube end. 
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Lastly, the low number of trials (5 per material) with regard to a descriptive statistic 

must be noted.  This was due to the ending of the project and limitations to materials, 

no further experiments could be conducted. 

7.3.3 Conclusion of the hydroforming experiments 

The final hydroforming experiments at the end of the study have positively shown 

that in principle the first micro-hydroforming machine system is able to operate. To 

draw a definite conclusion, all accomplished considerations on machine components 

workpiece materials and dimensions must have been correct (in general). The most 

important points should be summarized in the following: 

• With regard to the sealing system the tube ends could successfully be closed, 

apart from the problems mentioned in the above discussion, so that the tubes 

could be pressurized. It was critical (please mind the dimensions of only a few 

microns) if the sealing punches which were pushed via the sliding carriage along 

the guiding with a certain amount of guide clearance. A successful sealing im-

plied that at any time the centre of the sealing punches' longitudinal axis was in 

the centre of the micro-tubes' axis. Just a slightly eccentricity towards each other 

could have led to an unequal circumferential contact pressure which could in 

turn have led to damage of the tube walls, especially in case of the just 40 µm 

thick AISI 304 micro-tubes.  

• The control system worked. With the successfully formed AISI 304-r micro-

tubes it could be shown that the pre-set process parameters matched the process 

window, cf. Fig. 9 in Chap. 2.2.2.  

• It also must be concluded that with all three investigated micro-tube (materials) 

a respectable accuracy as determined in Chap 6.10.2 Achievable precision of the 

machine could be obtained.  

• In the future, one difficulty must be overcome. As mentioned above, it was diffi-

cult to place a micro-tube exact in the longitudinal centre of the die so that an 

equal excess length on both tube ends is sufficient enough to enable a sealing by 

the sealing punches. A solution may be to integrate a locator for exact position-

ing to the tool that could be deleted before starting the process cycle. 
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  CHAPTER 8

CONCLUSION AND FUTURE WORK 

8.1 Conclusion 

This research project was intended to acquire basic knowledge about a miniaturized 

tube hydroforming (THF) process and tooling for the hydroforming of micro-

components with the overall aim to carry out fundamentals of process design for in-

dustry to be able to start (mass-) producing micro THF-parts in the near future.  

The following items were specific aims of this study: 

• Establishment of material properties assessment methods 

• Demonstration of a micro-THF prototype process 

• Manufacture of 6 tubular micro-parts per minute 

These items were specific objectives of the study: 

• Investigation of the micro-tubes' relative expansion ratios, as compared to ex-

pansion ratios of macro-sized tubes 

• Investigation of "conventional" testing methods to find out, if and/or how far 

they can also be used for the examination of micro-tubes 

• Verification of technological laws and formulas used in the design of macro 

hydroforming process - if these can also be applied (and if, how far) for the 

development of a down-scaled process.  

• Verification of an increase in formability and a decreased influence of size-

effects during warm forming 

• Examination and quantification of size-effects  
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Based on the intensively and extensively conducted theoretical and experimental 

research and development work, the following items are contributions as a result of 

this study: 

• The world's first micro tube hydroforming prototype machine was successful-

ly constructed and has produced the first tube hydroformed micro-

components (see chapter Forming experiments with the prototype machine 

and analysis); cycle time per hydroformed micro-tube was ca. 10 seconds, 

handling of the workpiece not included 

• A detailed description of a design study of machine / tool components (cf. 

chapter Forming machine development) serves as a methodology to enable 

design engineers further establishments and improvements of micro hydro-

forming machines of the 'next generation' in the near future. 

• With an identified material testing method (hydraulic free-bulging) a tool is 

provided to process designers of future industrial micro tube hydroforming 

applications to successfully and efficiently pre-determine the forming behav-

iour of micro-tubes and to in turn successfully choose appropriate tube mate-

rials and suitable tube dimensions, chapter Determination of tubes' mechani-

cal properties with hydraulic free-bulging. 

• The feasibility to effectively determine real/existent expansion limits of mi-

cro-tubes will enable tool/machine designers of future industrial processes a 

safe dimensioning of forming tool geometries with a minimized danger of 

early process failure and thus to assure a most economic production.  

• Existing theoretical correlations that serve in many cases as a basis for a de-

termination of a 'macro' tube hydroforming process operation were verified as 

also applicable for the down-scaled process which also will allow engineers 

to pre-determine future micro hydroforming process controls. 
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• Size dependent effects could be observed and were identified as reasons, why 

currently used material testing methods in the 'macro' range - such as the me-

chanical tube flaring test (see chapter Determination of tubes' formability 

with flaring tests) - to determine tube material properties may not be applied 

to the miniaturized process  

A remark on laser-assistance 

In the laser assisted micro-hydroforming investigations one has learned that though 

in many other methods of micro forming heat especially laser assisted heat can be 

beneficial, however no satisfactory results regarding a significant increase in forma-

bility and/or a major reduction in scatter of the results that would warrant the added 

complexity and cost to a micro-tube hydroforming prototype machine could be seen. 

8.2 Future work 

Based on the experience gained throughout this study on micro-tube hydroforming, 

there are many ideas for future work. Among these, the four most important sugges-

tions the author would like to express in the following: 

(1) During the study, the bulge test turned out as a comparatively simple and effec-

tive instrument to prove the suitability of micro-tubes for micro-hydroforming appli-

cations. By applying the test, the maximum internal pressure the tube is able to with-

stand without fracture as well as maximum expansion ratios could be determined. 

However, from the author's point of view, the test method should be enhanced. As 

established in conventional THF applications, the bulge test provides the basis for 

accurate FE analyses of THF processes. To conduct the simulations the development 

of the true stress versus the true strain curve from the bulge test is necessary. By in-

ducing a suitable device enabling the online measurement of the bulge height, the 

bulge height could be plotted as a function of internal pressure. Methods to hereafter 

determine the flow curve from the experiment are suggested and described in 

[105,106]. Obtained results of these investigations might serve as a basis for future 
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FEA simulations that from the author's point of view will need to be addressed in the 

future. 

(2) Since only hydroforming experiments with fixed tube ends had been conducted, 

the formability of the investigated tube material should also be studied with axial 

feeding, i.e. by using the cylindrical sealing punches, which already had been manu-

factured but not been employed yet, and hence to draw a conclusion on the exact 

design of those machine components and if the already conducted design considera-

tions were also correct. 

(3) As mentioned, the hypothesized manufacturing time of 6 micro-tubes per minute 

could be achieved. However, the cycle time per unit was only obtained excluding the 

handling time of the micro-tube (inserting of initial tube and removing of the final 

part). The feasibility to increase the flow rate to further reduce the filling time must 

therefore be investigated. For economical mass-production an 'automatic handling 

system' needs to be designed and constructed in the near future. 

(4) Even though all hydroformed micro-tube samples could be manufactured within 

the range of the predetermined precision (cf. Chap. 6.10.2) an improved final part 

precision needs to be achieved. A 'deflection compensation of the tooling' should be 

developed (e.g. based on a piezo-electric element that compensates tool deflections) 

which could be integrated into the tool block and be controlled via the machine con-

trol system. 

 

In closing, the author would like to express his deepest desire and hope that his re-

search efforts contribute to lay the foundation of the development of a new and mod-

ern manufacturing technology within the micro technology sector. He also wishes 

that he contributes to meet the requirements of a growing demand for miniaturized 

products of our daily life and that micro-THF as a new manufacturing method pro-

vides access to many other fields and applications, especially in the area of health 

care, medical devices and medical equipment.  
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APPENDIX:  

SPECIFICATION SHEET – MICRO-HYDROFORMING 

PROTOTYPE MACHINE 

A.1 Product specifications 
 

 characteristic amount remark 

    

1.1 initial tube   

1.1.1 outer diameter 0.8 mm  

1.1.2 wall thickness variable   

1.1.3 length 10 mm  

1.1.4 material variable  

1.1.4.1 yield strength  depending on material 

1.1.4.2 tensile strength  depending on material 

1.1.4.3 strain 53 %  

1.1.4.4 tolerances  depending on material 

    

1.2 hydroformed part   

1.2.1 geometry camera shaft ref. to Fig. 55 
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A.2 Final machine specification 
 

 characteristic amount remark 

    

2.1 press frame  high stiffness required 

2.1.1 die space 100 mm x 100 
mm x 100 mm 

width x depth x height 

2.1.2 admissible deflection  to be defined 

    

2.2 drive for press 
slide 

 closing of tooling during hydroforming (vertical) 

2.2.1 principle  hydraulic cylinder 

2.2.2 control  cascade control: transition and pressure (subor-
dinate control loop) 

2.2.3 max. force ~15000 N  

2.2.4 max. stroke 120 mm  

2.2.5 max. speed 10 mm/s  

    

2.3 drives for axial 
sealing punches  
(2 p.) 

 sealing of tube ends, material feeding, fixing of 
hydroformed part during opening of tooling; 
mounted to bottom die 

2.3.1 principle  elec.: linear actuator 

2.3.2 control  transition controlled, amount of displacement as 
a function of time 
independent control for each punch 

2.3.3 positioining accuracy +/- 0,015 mm  

2.3.4 max. force 800 N  

2.3.5 max. stroke 3 mm  

2.3.6 max. speed 25 mm/s  

    

2.4 ejectors  not used (lifting of part currently manually) 

    

2.5 pressure intensifier  filling and pressurizing the workpiece, mounted 
to one of the sealing punches to simplify high-
pressure-piping;  
the pressurizing medium is filled into the initial 
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tube through a hole of one of the sealing 
punches; the air within the part will discharge 
through the gap between the opposite punch 
and the tube end (in the beginning of the arising 
axial load  

2.5.1 principle  motor-driven spindle pump for the generation of 
a high pressure; the speed of the DC-motor is 
controlled by a DC-servo-controller (including a 
transformer and a rectifier) 

2.5.2 control +/- 2 % pressure controlled, amount of pressure as a 
function of time  

2.5.3 max. pressure 4000 bar  

2.5.4 volume flow 0.07 – 9 ml/min  

    

2.6 pressurizing media   

2.6.1 type  oil-water-emulsion or solution 

2.6.2 amount 2 ltr. storage tank (without recirculation) 

2.6.3 temperature equali-
zation 

20°C +/- 1°C necessary to obtain a constant medium viscosity 

2.6.4 filtration 50 µm filter cartridge 

    

2.7 deflection com-
pensation of tool-
ing 

 an output of the control system is to be provid-
ed; e.g. signals to a piezo-electric element 
which compensates tool deflection (principle to 
be defined, not realized during study) 

    

2.8 control system  should be flexibly programmable: position-
controlled, pressure-controlled or vs. time 
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A.3 Process sequence 
 

 characteristic amount remark 

    

3.1 course of process  see A.4 

    

3.2 values of manual 
input 

  

3.2.1 min. closing force. 10000 
(12000) N 

w. axial feeding (without axial feeding, conical 
punches) 

3.2.2 mean projected part 
area 

 necessary to calculate the increase of closing 
force in dependence of internal pressure  

3.2.3 rest position of seal-
ing punches (2 p.) 

+0.267 (left) –
1.304 (right)  

position during loading / unloading tube (de-
pending on hydroformed part 

3.2.4 initial forming posi-
tion of sealing 
punches (2 p.) 

ref.-point +/- 0 
mm 

first contact between tube ends and sealing 
punches 

3.2.5 time interval 7 sec. time for the forming process (including filling 
and calibration) 

3.2.6 load curve  flexible input of internal pressure and stroke of 
sealing punches as a function of time (within 
time interval), e.g. curves with 10 interpolation 
points 

3.2.7 curve for signal of 
“tool deflection com-
pensation” 

 flexible input as a function of time (within time 
interval), e.g. curve with 10 interpolation points 

3.2.8 stop criteria  necessary for automatic stop if failures occur, 
e.g.: 
- actual internal pressure is below a critical tar-
get (leakage), 
- sealing force exceeds a critical value (to avoid 
punch breakage), 
- pressure intensifier not filled before forming, 
- failures with part handling, 
- hydraulic oil temperature too high, 
- filtration system blocked, etc. 

    

3.3 sensors and data 
logging 

  

3.3.1 press slide position  sensors for upper position / lower position 
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3.3.2 closing force  sensor and data logging of target/actual values 

3.3.3 positions of sealing 
punches (2 p.) 

 e.g. incremental position sensor; data logging of 
target/actual values 

3.3.4 load of sealing 
punches (2 p.) 

 sensors for force measurement; data logging of 
target/actual values 

3.3.5 internal pressure  sensor for internal pressure measurement; data 
logging of target/actual values 

3.3.6 part detection  sensors for the detection of correct inserted part 

3.3.7 others  if required, e.g. sensors for oil temperature, 
medium management, etc. 
data logging for output as described at 2.7 
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A.4 Process sequence 
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stroke of drive for closing force

amount of closing force

stroke of axial punch 1

stroke of axial punch 2

internal pressure

output signal for „compensation 
of tool deflection“

y1
z2
g1
g2

gripping of hydroformed part 
and insertion of initial tube

cycle time (sec.)

1 2 5 6 7
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GLOSSARY 

ABAQUS Suite of software applications for finite element analysis 

AISI American Iron and Steel Institute 

ASTM American Society for Testing Materials 

BFT Bulge Forming of Tubes 

CAD Computer-Aided Design 

CCD Charge-Coupled Device 

CW Continuous Wave (continuous output beam) 

DC Direct Current 

DMS German acronym for Dehnungsmessstreifen (strain gauge) 

EDM Electro Discharge Machining 

ETH Eidgenössische Technische Hochschule (Swiss Federal Insti-
tute of Technologie), Zürich, Switzerland 

EU European Union 

FE / FEA Finite Element / Finite Element Analysis 

FHB Free Hydraulic Bulging 

FLD Forming Limit Diagram 

HPF Hydrostatic Pressure Forming 

IC Integrated Circuit (also reffered to as chip or microchip) 

IHU German acronym for Innenhochdruckumformen (Internal 
High Pressure Forming) 

IHPF Internal High Pressure Forming 

LIGA German acronym for LIthographie, Galvanik, Abformung 
(Lithography, Electroplating, Molding) 

LBF Liquid Bulge Forming 
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MASMICRO Mass-Manufacture of Miniature/Micro Products (EU research 
project under the FP6 Framework Programme) 

MEMS Micro Electro-Mechanical Systems 

MST Micro Systems Technology 

RT Room Temperature 

SPS German acronym for Speicherprogrammierbare Steuerung 
(Programmable Logic Controller, PLC) 

THF Tube HydroForming 
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