
 

ABSTRACT 
 

BUNGET, CRISTINA JANETA. Microforming and Ultrasonic Forming. (Under the direction of 

Gracious Ngaile.) 

 

The production of micro-parts has become more important and necessary in more fields, from 

electronics, computers, and micro-motors to micro-surgical tools and devices. Traditionally these 

precision mechanical parts are fabricated by machining. The net shape or near net shape 

processes, such as metal forming processes, are best suited for miniaturization because of the 

higher productivity and accuracy. But there are some limitations imposed by producing the tools 

and equipment, handling the parts, and more importantly with miniaturization there are size 

effects, which slow down the application of this process on a larger scale. The implementation of 

the microforming in mass production depends on the understanding and overcoming these 

effects. This research covers the size effects and presents a method to reduce the effect of the 

miniaturization, by superimposing ultrasonic oscillations on the microforming processes, with 

focus on micro-extrusion processes. 

Although the technology of ultrasonic forming is already used at macro-scale and some benefits 

have been realized such as the reduction in the forming forces and reduction of the friction 

between the die and the workpiece, the mechanism that explain these benefits are not yet 

understood. The principal objectives of this work are to develop an analytical model to determine 

the influence of the ultrasonic oscillations on the micro-extrusion processes, to design a set of 

tooling capable to superimpose the oscillations on the microforming and to observe through 

experiments the influence of the ultrasonic oscillations on the micro-extrusion processes. 

In order to study the tribological effects in microforming, finite element method was used to 

simulate the extrusion processes, starting with macro-scale and going down to micro-scale. The 

results of the simulations didn’t show significant differences between the surface expansion 

distributions for different sizes of the specimen. This is due to the fact that, at present, finite 

element codes do not include the billet surface topography in the frictional model. But it could be 

concluded that severe tribological conditions should be expected with miniaturization.



 

In order to gain better understanding of the influence of the ultrasonic oscillations on the micro-

extrusion, an analytical model was developed. The model proposed assumes that asperities will 

be elastically and plastically deformed by ultrasonic oscillations. In the cause of oscillation heat 

will be generated due to plastic deformation and sliding friction at the tool-workpiece interface. 

The developed model was used to predict temperature induced during deformation for forward 

micro-extrusion processes. A maximum temperature of 600º C was predicted, which agrees well 

with previous experimental observation. 

In order to verify the benefits of the ultrasonic oscillations on microforming, a set of tooling was 

designed and built. Finite element method was used to assist the design. Static, modal and 

harmonic analyses were conducted. Also a parametric analysis was conducted, in order to 

optimize the tooling for the experiments. 

After building the tooling a series of micro-extrusion tests were first carried out to observe the 

size effect on the friction in microforming processes and to evaluate the behavior of three 

lubricants. In the evaluation of the lubricants, the forming load and the surface finish after 

deformation were the two aspects considered. It was found that Lubricant-1 exhibited smaller 

forming load, and Lubricant-3 exhibited a better surface finish. When ultrasonic oscillations 

were superimposed on the micro-extrusion processes, the forming load decreased. A reduction of 

the forming load between 10 and 25 % was recorded. Also an improvement in the surface quality 

was observed.  

Overall, based on the test results, the ultrasonic oscillations were proved to have beneficial 

effects on the micro-extrusion processes. 
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CHAPTER 1 

INTRODUCTION 
 
 
Metal forming represents a group of manufacturing methods by which the given shape of the 

workpiece is converted to another shape, without changing in the mass or composition of the 

material of the workpiece. The initial part, a billet or sheet blank, is deformed between tools. The 

simple initial part is transformed into a geometrically complex part. In general, each new part 

demands the creation of a new tool or dies. Forming processes are less flexible to design changes 

than machining processes. The use of forming processes is a balance between the cost and times 

associated with creating the tool or die and lower the cost per part when making a large number 

of parts.  

The general trend towards miniaturization results in an increasing demand for metallic parts of 

the smallest dimensions, such as pins, fasteners, micro-screws. Traditionally these precision 

mechanical parts are fabricated by machining (material removal processes). The net shape or 

near net shape processes, such as metal forming processes, are best suited for miniaturization 

because of the higher productivity and accuracy. But there are some limitations imposed by 

producing the tools and equipment, handling the parts, and more importantly with 

miniaturization there are size effects, which slow down the application of this process on a larger 

scale. The implementation of the microforming in mass production depends on the understanding 

and overcoming these effects. 

This research will analyze the influence of the ultrasonic oscillations on the microforming 

processes, as a possible solution to overcome some of the drawbacks of the microforming 

processes. The ultrasonic forming technology is already applied to the macro-scale forming and 

some benefits were observed.  A thorough study is necessary to understand the effect of the 

ultrasonic oscillations on the micro-scale metal forming processes, with focus on micro-

extrusion. The study will include analytical and numerical derivations of selected micro-

extrusion process conditions, tooling design and testing. 
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CHAPTER 2 

REVIEW ON MICROFORMING AND ULTRASONIC FORMING 
 
 
2.1. Introduction in Microforming 
 
There is an increasing demand for metallic parts with very small dimensions, especially in 

electronics production, from cell phones, computers to medical equipment. Microforming is the 

technology to manufacture these small metallic parts with at least two dimensions in the sub-

millimeter range. This technology obtains smallest dimensions and closest tolerances (net shape 

or near net shape parts), at high productivity. Typical examples for such parts are pins for IC-

carriers, fasteners, micro-screws, lead frames, sockets, and any kind of connecting element 

(Figure 2.1). 

        
(a)                                                                           (b) 

Figure 2.1: Examples of extruded microparts (a) [Engel et al, 2002] (b) [Vollersten et al., 2004] 

In the past, such parts were produced by turning and milling. There are important applications 

for micro-scale mechanical systems, such as micro-resonators, micro-surgical tools and devices, 

micro-motors, micro-transmission components [Sawyer et al., 2004]. In order to obtain mass 

production with high precision at microscopic scale, microforming can be used. Using one die 

many times will result in low production costs [Ike et al., 1998, Hanada et al., 2003]. 

In the last 15 years there were some important studies conducted in microforming, most of them 

characterized by empirical process design, looking for solution to produce these parts [Messner 

et al., 1994]. More forming processes were studied and reduced to microscale. There are three 

main areas into which metal forming and thus, microforming of metals can be divided into 

[Vollersten et al., 2004]: 
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• Massive forming – There is a wide range of applications for micro-massive forming, as the 

raw part can easily be produced by wire drawing down the diameters tens of microns and 

then cutting the wire into small cylinders. The only drawback is the handling of pieces in an 

appropriate time and with the level of precision required. 

• Sheet-metal forming – Micro-sheet-metal forming has been investigated in terms of air 

bending and laser bending of metal sheets with a thickness of down to 0.1 mm. 

• Profile forming – Micro-profile is still an unknown area in terms of research. 

All of the microforming processes associated with these three areas are accompanied by specific 

tools, machines and simulations. An important observation of the investigators was that it is not 

easy to apply the knowledge from the classical forming processes. Although at a first sight the 

process appears simple, being nothing but geometrical matching of the die and workpiece, in 

reality microforming is different than mesoforming and macroforming. There were necessary 

experiments to understand the effect of miniaturization. Another big problem to solve is to find 

ways to produce the necessary tools. 

 
2.1.1. The Microforming System 
 
In order to understand the microforming process, its issues and to find solution, the analysis will 

start with the microforming system. This can be split-up, similar with conventional forming 

processes, into four groups. The four groups are material, process, tools and machines and 

equipment. Beside the problems that appear in a conventional forming process, like tool design, 

wear and appropriate treatment of the material, problems appear in microforming that are 

strongly coupled with miniaturization itself. These problems are observed in all four groups 

[Engel et al., 2002]: 

• Material – The material behavior changes with miniaturization, because of the size effects 

that occur when a process is scaled down from the conventional size to the micro-scale. The 

size effect is a characteristic of macro geometry of the billet, microstructure, surface 

topography and state of lubrication. When the process is scaled down, these remain 

unchanged which leads to a different metal flow behavior compared to conventional billet 

dimensions [Messner et al., 1994]. 
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• Process – The scaling down influenced the process, such as forming forces, the spring back, 

the scatter of the results of friction.  

• Tools – The main problem regarding the tools is their manufacturing. The tools for 

microforming are very small, with very close tolerances and a good surface quality. 

However, new manufacturing methods have been developed in order to overcome these 

difficulties. [Saotome et al., 2000, 2001-1, 2001-3] presented a model of photochemically 

machinable glass used to fabricate microdies by photolithography and anisotropic etching 

techniques. [Engel et al., 2002, Mohan et al., 2005, Hanada et al., 2003] present a review of 

the various techniques used to machine micro-dies, such as electric discharge machining 

(EDM) and fabrication of the diamond micro-dies chemical vapor deposition (CVD). 

[Uhlmann et al., 2005] discussed several existing variants of micro-electrical discharging 

machining: micro-wire EDM (µ-WEDM), micro die sinking, electrical discharge drilling, 

micro-electrical discharge grinding (µ-EDG), micro-electrical discharge milling, and micro-

wire electrical discharge grinding (µ-WEDG). Another important aspect is the composition 

of the material to be machined. Micro-dies are in the range where anisotropies from the 

microstructure of the material or inhomogeneity of multi-phase alloys can significantly affect 

material properties [Uhlmann et al., 2005]. 

• Machines and Equipment – The problems associated with machines or equipment grow with 

miniaturization. Micro-manufacturing demands micro-handling systems. Micro-handling is 

the manipulation of small parts with high accuracy. The clearance between the machine parts 

that are negligible for conventional forming processes may have a detrimental influence on 

the accuracy of the produced parts. The handling of material and parts is difficult, since the 

surfaces where they can be gripped are very small and the part weight is low compared with 

the adhesion forces; as a result, the parts do not separate from a gripper by themselves. 

[Sanchez-Salmeron et al., 2005] present e review of the variables associated with the 

handling of micro-parts. 

Figure 2.2 illustrates the variables that appear with miniaturization, related with the four groups. 
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Figure 2.2: Variables that appear with the miniaturization [Engel et al., 2002] 

The comparison of microforming processes with the conventional ones shows that some 

parameters remain constant when scaling down the dimensions. The microstructure of the 

material, for instance, is independent of the dimensions of the process. Another example is the 

topography of the surface, which is also invariant. As a result, the ratio between the dimensions 

of the part and the parameters of the surface will change with miniaturization. This leads to the 

problem of size effects which means that well known conventional forming processes are ruled 

out for microforming applications [Engel et al., 2002]. 

 
2.1.2. Microforming Processes Investigated 
 
Various metal forming processes were scaled down and the effect of the miniaturization was 

studied. [Geiger et al., 1996] conducted a series of tests in sheet metal forming, such as air 

bending and punching, in order to observe the effect if the miniaturization on the flow stress. The 

authors demonstrated that the flow stress decreases with miniaturization. Further investigation in 

sheet metal microforming were carried out by [Picart et al., 1999, Kals et al., 2000, Saotome et 

al., 2000-1, Geiger et al., 2001]. The coining process and various micro geometries of surfaces 

were investigated by [Ike et al., 1998]. [Neugebauer et al., 1999] carried out cold embossing test 
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of microstructures and superplastic embossing of different metals, various die materials and 

geometry. The experiments concentrated on the surface roughness achieved. The conclusion of 

the tests is that the quality of the embossed structures is primary determined by the precision and 

surface quality of the die. 

Thorough investigations were conducted regarding the effect of the miniaturization on the deep 

drawing [Saotome et al., 2001-2, Vollersten et al., 2004]. The authors conducted a series of deep 

drawing tests. The study concentrated on deep drawability in forming very thin sheet metals. The 

thickness t varied from 1 mm, going down to 0.05 mm. The Diameter of the punch (Dp) varied 

from 0.5 to 40 mm. The results showed that when the ratio Dp/t increases, the limiting drawing 

ratio (LDR) decreases. Further investigations were planned in the microforming of three-

dimensional microstructures from thin-film metallic glass [Jeong et al., 2003], rapid heating of 

metallic glass [Saotome et al., 2004], miniaturization of injection molded parts [Yao et al., 2004], 

and friction stir microforming of superplastic alloys [Mohan et al., 2005]. All these 

investigations showed a scale effect of the miniaturization and investigated the process in order 

to quantify these effects.  

To address these effects, important studies were done using a double cup extrusion test [Messner 

et al., 1994, Geiger et al., 1997, Tiesler et al., 1999, 2002-1, 2002-2, Engel et al., 2002, Engel, 

2006]. The next sections will present various studies of the miniaturization or size effects and 

approaches used in order to explain these effects. 

 
2.1.3. The Theory of Similarity 
 
As a result of the inability to apply conventional forming processes in the field of microforming, 

investigations were necessary so that these size effects could be quantified. The scaling down of 

a process is an accepted strategy to investigate microforming processes and miniaturization 

effects. In order that the experiments are easily evaluated, stress and strain rates should not be 

affected by the size of the process and therefore are constant. All the dimensions of the specimen 

and tools are multiplied by the geometric scale λ. The time scale is fixed to 1, the tool velocity 

has to be scale by λ. Starting from these preconditions, process forces should be proportional to 

λ2 and flow stresses size independent [Engel, 2002, 2006]. If the forces and stresses measured in 

the experiments differ from the theoretical values then the deviation is caused by the different 

dimensions and therefore a size effect has been identified. 
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2.1.4. The General Size Effects 
 
The scale down effect or the general size effects concern in particular the material behavior and 

friction, which are relevant for all forming processes. The influence of the miniaturization on the 

flow stress has been investigated by geometrically similar tensile, upsetting tests, air bending 

experiments and punching experiments [Geiger et al., 1997]. The experiments have shown that 

the flow stresses decreased with the increasing of the miniaturization. The decrease of flow stress 

can be explained by the ‘Surface Layer Model’ (Figure 2.3). 

  
                                                          (a)                                                                         (b)   

Figure 2.3: Variables that appear with the miniaturization [Vollersten et al., 2004] 

The surface layer model is based on the fact that on small scales, the material cannot be 

considered as a homogeneous continuum anymore – the decisive criterion being the ratio of grain 

size to billet or blank dimensions. The share of grains representing the surface layer becomes 

high compared to grains entirely surrounded by other grains for micro-parts. During the plastic 

deformation process, the grains located at the specimen surface and the grains located within the 

specimen volume are expected to behave differently because of the lower forces of constraint in 

the surface area of the specimen. One consequence of the miniaturization is an increasing of the 

ratio of surface grains to volume grains. As a result, the flow stress will be lower [Geiger et al., 

1997]. Figure 2.3 (b) shows the decreasing flow curves with the increasing of the 

miniaturization. The same model is adopted when the size effect is studied in sheet metal 

microforming in order to approximate the maximum force in micro-air bending and micro-

punching processes [Kals et al., 2000]. 



8 

2.1.5. Tribological Aspects 
  
From the investigations it was noticed that the friction increases with miniaturization when 

lubricated with oil, but is size independent in the case of no lubrication. For the investigation of 

the influence on the friction, scaled down Double Cup Extrusion (DCE) tests have been carried 

out (Figure 2.4). For these tests, the specimen diameter varied from 0.5 mm to 4 mm. The 

punches had identical shapes, one being stationary and one moving. Upper punch moves down 

and causes the material to form two cups of different heights [Engel, 2006]. 

In the theoretical case of no friction, both cups have the same height. The higher the friction, the 

more the forming of the lower cup is prevented. Extrusion oil is applied for lubrication. The cup 

height ratio is defined as: 

 1

2

hR
h

=  (2.1) 

where 1h is the height of the upper cup, and 2h is the height of the lower cup. 

 

Figure 2.4: Variables that appear with the miniaturization [Altan et al., 2004] 

The results of the tests indicated that the cup height ratio and thus friction increases with 

miniaturization (Figure 2.5). Foe example, under the same test conditions a specimen of 4 mm in 
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diameter exhibited a friction factor m = 0.02 while a 0.4 mm diameter sample exhibited a friction 

factor m = 0.4. The friction increased by a factor of 20 when the specimen diameter was varied 

from 4 mm to 0.4 mm. Studies have also shown an increase in scattering with increasing the 

miniaturization [Messner et al., 1994, Geiger et al., 1997, Tiesler et al., 1999, 2002-1, 2002-2, 

Engel et al., 2002, Engel, 2006]. 

 

 
 

Figure 2.5: Variables that appear with the miniaturization [Engel, 2006] 

The frictional behavior observed after these tests, can be explained by the model of ‘open and 

closed lubricant pockets’, also called ‘dynamic and static lubricant pockets’ [Pfestorf et al., 

1998, Tiesler, 2002-2]. When a forming load is applied to a lubricated workpiece surface, the 

asperities (roughness peaks) start to deform plastically, thus increasing the pressure of the 

lubricant, which is trapped in the roughness valleys in between or squeezed out. Roughness 

valleys that do have a connection to the edge of the surface cannot keep the lubricant. These are 

the so-called open lubricant pockets (OLPs). With increasing normal pressure, the lubricant 

escapes and is not able to support or transmit the forming load (Figure 2.6). The forming load 

acts only on the asperities which results in a higher contact stress, a higher degree of surface 

flattening and thus, a higher fraction of real contact area (RCA) and higher friction. Closed 

lubricant pockets (CLPs) on the contrary do not have a connection to the edge of the surface. The 

lubricant gets trapped in those pockets and pressurized during forming. The developing 

hydrostatic pressure will take a part of the external load, thus reducing the normal pressure on 
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the asperities, which results in lower friction. It can be summarized that closed lubricant pockets 

reduce friction in contrast to open lubricant pockets.  

 
Figure 2.6: Variables that appear with the miniaturization [Vollersten et al., 2004] 

Applying this model to the DCE test there must be a scaling effect on the ratio of open to closed 

lubricant pockets as shown in Figure 2.7. Due to the scale invariance of topography, it is obvious 

that there is a region of constant width (denoted by x in Figure 2.7) where the open lubricant 

pockets become effective. This can be confirmed by roughness measurements on the outer 

surface of the specimens after extrusion, showing distinct flattening of asperities in the region of 

x. By reducing the specimen size, the share of open lubricant pockets increases as well as the 

friction factor.  

 
 

Figure 2.7: Variables that appear with the miniaturization [Engel et al., 2002] 
 

2.1.6. Theoretical Study of the Changes in Frictional Behavior with Miniaturization 
 
In metal forming processes three friction laws are commonly used: 

• Coulomb Law:  
f f f

n n

F A
N A

τ τ
µ

σ σ
⋅

= = =
⋅

                                                     (2.2) 

f nτ µ σ= ⋅                                                             (2.3) 

where: N - Normal force, Ff - Frictional force, A - Contact area, µ - friction coefficient 
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Figure 2.8: The friction force 

• Constant Shear Stress Law: 

3f f m m kστ σ= ⋅ = ⋅ = ⋅                                                (2.4) 

where: m - friction shear factor; 0 1m≤ ≤ , f - friction factor, k - shear yield strength, σ - flow 

stress of deforming material 

• Wanheim/Bay Law – a generalized friction law (includes both the other laws): 

f RCf kτ α= ⋅ ⋅                                                           (2.5) 

where: αRC - real contact area ratio, f -  friction factor, k - shear yield strength 

Considering the generalized friction law ( f RCf kτ α= ⋅ ⋅ ), the assumptions made is that both f 

and αRC are affected by the miniaturization. 

RCf m
k
τ α= =                                                             (2.6) 

The geometrical effect can be expressed in terms of the scaling factor λ. Various geometries 

were chosen, similarly with the forming testes [Engel, 2006].  

Case 1. Cylinder, similar with DCE test (Figure 2.9) 

The parameters defined are RCA – real contact area, CLP – closed lubricant pockets, OLP – open 

lubricant pockets, λ – scaling factor, An – the nominal area, As – the rim area of contact width s. 

As is composed of fractions of RCA and OLPs and An-As is composed of fractions of RCA and 

CLPs: 

1s

n

A
A λ

=                                                                 (2.7) 

( )
s OP n RC s

n s CL n RC n s

A A A
A A A A A

α α

α α

= ⋅ + ⋅

− = ⋅ + ⋅ −
                                       (2.8) 

where: RCα  - the real contact area ratio, OPα  - the open lubricant pockets area ratio, CLα  - closed 

lubricant pockets area ratio. 
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1RC CL OPα α α+ + =                                                    (2.9) 

Macro-forming: 0OPλ α→∞⇒ =  

Micro-forming: 1 1OPλ α= ⇒ →  

      
                                                         (a)                                                       (b) 

Figure 2.9: Geometrical effect in the case of a cylinder similar with DCE test and  

OPLs ratio with miniaturization [Engel, 2006] 

Case 2. Cylinder, similar with the ring compression test (Figure 2.10) 

Case 3. For only one rim (round or square shape) (Figure 2.11) 

                                    
      Figure 2.10: Geometrical effect in the case                   Figure 2.11: Geometrical effect in the case 

  of a cylinder similar with ring test [Engel, 2006]              of one rim, round or square [Engel, 2006] 

Figure 2.12 shows the effect of the scaling factor on OLPs. The ratio of open lubricant pockets 

increase with the decrease of the scale factor, thus with the decrease of the specimen dimensions. 

When the scale factor approaches to 1, the ratio s

n

A
A

 will approach to 1. 
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Figure 2.12: Effect of scaling factor on OLP-fraction [Engel, 2006] 

[Engel, 2006] adopts a mechanical-rheological model which assumes that the friction factor is 

size dependent too, trying to relate to the experimental results. Figure 2.13 shows the effect of 

scaling factor λ on f, m and RCα . 

 

Figure 2.13: Effect of scaling factor λ on f, m and RCα  [Engel, 2006] 
 

2.1.7. Grain Effects 
 
The ‘Surface Layer‘ model presented earlier explains the decreasing in the flow stress with the 

increasing of the miniaturization, or with decreasing of the thickness for sheet microforming. 
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This effect is also related to the ratio of grain size to sheet thickness. There were two types of 

experiments conducted [Raulea et al., 1999]: 

• Uniaxial tensile test – the grain size was kept constant and the thickness was varied. 

• Bending test – the specimen thickness was kept constant and the grain size was varied. 

Similar with DCE tests, a thickness-to-grain-size ratio is introduced: 

s
A

ϕ =                                                               (2.10) 

where s is the specimen thickness and A is grain size on the specimen surface. There are also 

some other parameters defined: b0 – initial specimen width and s0 – initial specimen thickness. 

From the first set of experiments, the results clearly indicated that both yield and tensile strength 

decrease with decreasing thickness. For the second set, the results indicated a parabolic trend, for 

both yield and tensile strength. The minimum is when the grain size is equal with the thickness 

(Figure 2.14). The ratio φ is an indication for the number of grains over the specimen thickness. 

For φ < 1 there is a single grain over the specimen thickness, and for φ > 1 there are multiple 

grains. The results show that for φ < 1 there is an increasing trend of the stress with the 

decreasing of φ. This almost single crystal behavior is totally dominated by the orientation of the 

individual grains [Raulea et al., 1999]. 

 
                                          (a)                                                                              (b) 

Figure 2.14: (a) Variation of tensile and yield strength with sheet thickness 

                (constant grain size 0.016 mm2) [Raulea et al., 1999] 

                             (b) Variation of maximum load and force at yield point for bending 

                                             experiments (constant specimen thickness 1 mm) [Raulea et al., 1999] 
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2.1.8. Variation of Tooling Concept for Microforming 
 

The tools for microforming are very small, with very close tolerances and a good surface quality. 

Some problems specific for micro-tools are: the choice of proper manufacturing methods and 

proper design and handling of small parts (positioning and adjusting of workpiece and tooling 

components). The design must support positioning and adjusting of tooling components and 

work pieces. In metal forming, dies are used in the application of primary forming, deforming, 

separating, and joining. Die working surfaces may vary in size from a few square millimeters up 

to several square meters. 

In their research, [Cao et al., 2004] conducted some experiment in microforming using a small 

machine (or so-called desktop machine). This is an alternative new approach to those using full-

size heavy equipment for manufacturing micro-parts In order to measure the force-displacement 

response for the extrusion of micro-pins, segmented dies were fabricated using conventional 

drilling and polishing as shown in Figure 2.15 (a). The die is segmented to facilitate the removal 

of the pin after extrusion. 

   
                                  (a)                                                    (b)                                             (c) 

Figure 2.15: (a) Segmented die; (b)Forming assembly; (c) Tensile loading substage [Cao et al., 2004] 

The segmented die is then mounted onto a specially designed forming assembly shown in Figure 

2.15 (b). The assembly consists of a ram mounted on a yoke that slides along linear bearings, 

which guide the ram into the segmented die that is mounted and clamped in a die block. The 

guide rods for the yoke, the ram, and the segmented die are all hardened, and their surfaces were 

ground. The die cavity in which the extrusion dies are mounted was made using EDM. The 

forming assembly is then placed inside a loading substage (Figure 2.15 (c)), which is equipped 

with a load cell (capacity 2000 lbs) and an LVDT to measure the extrusion force and the 

corresponding ram displacement.  
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Figures 2.16 and 2.17 present the setup used for micro-extrusion tests carried out by [Tiesler, 

2002-1]. 

 
Figure 2.16: Experimental setup [Tiesler, 2002-1] 

1 – upper plate, 2 – base plate, 3 – die with container, 4 – ring to fix die, 5 – sintered guide bush for punch 

and ejector, 6 – pneumatic cylinder, 7 – adjustable stopper, 8 – adjusting mechanism for punch (see 

Figure 2.17), 9 – fixing screws, 10 – extension bolt, 11 – exchangeable unit for load cells, 12 – screw for 

load cell preloading, 13 – load cell, 14 – ejector, 15 – punch 
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Figure 2.17: Adjusting mechanism for punch [Tiesler, 2002-1] 

1 – sintered guide bush for punch, 2 – plate with punch guide bush, 3 – adjustment wedge, 4 – screw with 

fine thread for wedge adjustment, 5 – disk spring, 6 – holes for pillar guides, 7 – upper plate, 8 – holes for 

dial gauges, 9 – screw to fix plate after adjustment 

Section A - A
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Figure 2.18 presents a developed superplastic forward extrusion machine. The machine is small 

enough to be held in the hand, and is useful for desktop manufacturing and as a micro factory 

cell. The extrusion load is generated with a solenoid actuator and a dead weight. The load is 

measured with a load cell, and controlled and applied to the specimen [Saotome et al., 2000].  

 

Figure 2.18: Developed extrusion machine of the size to get on the hand [Saotome et al., 2000] 

Figure 2.19 presents a similar extrusion machine, used for superplastic backward extrusion of 

microgear shafts of 10-50µm in module [Saotome et al., 2001-3]. 

   

Figure 2.19: Superplastic backward extrusion [Saotome et al., 2001-3] 
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2.1.10. Summary of the Microforming and Key Areas of Future Research 
 
Due to the increasing demand for metallic parts with very small dimensions, at least two 

dimensions in the sub-millimeter range, and the requirement for this part to be produced at close  

tolerances (net shape or near net shape parts) and high productivity, the microforming can 

represent the future. Compared to other manufacturing technologies, microforming presents 

economical and ecological advantages. Research on microforming conducted by several 

researchers has revealed during the DCE tests, uniaxial tensile tests and bending tests a decrease 

of the flow stress with the increasing of the miniaturization. The bending test showed also an 

increase in yield strength with decreasing grain size. And an important observation is the 

increase in friction with the increase of miniaturization. 

In order to implement the microforming process, it is necessary to understand fully the effects 

that miniaturization produces: 

• Scaling effect – a more detailed understanding of the behavior of the mechanical processes 

must be obtained.  

• Tribological behavior – performing new frictional tests and a model to evaluate the influence 

of the scaling down effect. 

• Topography effect – performing new experiments for the different roughness for the 

specimen surface, in order to see the influence on the frictional behavior. 

• Effect of the microstructure on the process – since the process dimensions can be of the same 

order of magnitude as the grain size, the material can not be considered homogenous 

anymore. A thorough analysis should consider the effect of grain orientation, grain 

boundaries and the effect of different phases on the process. 

• Surface chemistry effects – because the surface to volume ratio increases with 

miniaturization, the surface chemistry has an important role in the process. 

• Increasing scatter with the miniaturization. 

 
In an attempt to overcome some of the drawbacks of the microforming processes, the 

superimposing of ultrasonic vibrations has been considered. The next section will present a 

review of the beneficial effects of the ultrasonic vibrations in the forming processes. 
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2.2. Ultrasonic Forming 
 
Ultrasound waves are mechanical vibrations in a solid or fluid, at a frequency higher than the 

range audible to humans – the lowest ultrasonic frequency is 20 kHz. Oscillatory metal working 

is said to occur if cyclic motion or stress is applied to the dies or the workpiece during the 

forming process. High power applications tend to use frequencies at the low end of the spectrum 

(i.e. from 20 kHz to about 100 kHz). This is because the power available is limited by 

mechanical stress in the vibrating parts. To maximize the effects, high power applications often 

use as much amplitude as possible. Typical amplitudes range is between 5 and 50 microns (0.005 

to 0.05 mm, or 0.0002 to 0.002 inches) [Cheers, 1995]. 

The ultrasonic oscillations are used in metallurgical field (for cleaning), polishing, casting, 

welding, drilling, cutting, grinding, etc. In other words, ultrasonic oscillations are used in 

machining operations and for plastic deformation [Biddell et al., 1974]. However, since the 

acceleration given by ultrasonic vibration is more than ten thousand times greater than that of the 

gravity, its pronounced effect on the deformation process of metals can be expected [Lucas, 

1996]. The range of metal forming processes includes tube, wire and cup drawing, extrusion, 

rolling and upsetting. 

 

2.2.1. Propagation of Ultrasonic Waves 
 
Elastics waves propagating in any medium may be of several types or modes. The wave mode is 

determined by the form of the trajectory along which the elements of the medium move under 

the action of the oscillating sound source. If the trajectory of movement of the particles of the 

medium is perpendicular to the direction of wave propagation then the wave is called a 

transverse, or shear, wave. In liquids and gases an elastic wave occurs as a result of the elasticity 

of the medium and the inertia of its particles. The same mechanism causes the formation of a 

longitudinal wave in a solid. In solids, together with longitudinal and transverse waves, it is 

possible for waves to propagate along the surface without penetration into the solid. Such waves 

are called surface or Rayleigh waves. 

The most frequently used are longitudinal ultrasonic waves, because they propagate in solids, 

liquids and gases and are also easily generated and detected. Their rate of propagation in many 

media is low and, consequently, the length of longitudinal ultrasonic waves is small under 
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normal conditions in comparison with the cross-section of the source. This makes possible to 

concentrate energy in the form of a conical beam with a small angle of divergence. Longitudinal 

ultrasonic or shear waves should not be confused with the oscillations of the body as a whole. 

Figure 2.20 (a) shows the oscillation of a rod as a whole, and Figure 2.20 (b) shows the 

oscillation of its individual particles caused by a longitudinal wave. Longitudinal elastic waves 

may be caused by vibration of a surface of the body. 

 
 

Figure 2.20: Movement of particles in longitudinal and 

 transverse waves passing through a rod 

The rate of propagation of longitudinal waves in a rod is determined by the formula: 

ρ
Ec =                                                                (2.11) 

where E is the modulus of elasticity of the material of which the rod is made, and ρ is its density.  

The rate of propagation of transverse waves is given by the formula: 

( )
1

2 1trans
n

G Ec
ρ ρ µ

= = ⋅
+

                                            (2.12) 

where G is the shear modulus and µn is Poisson’s ratio. Between the shear modulus, G, and the 

modulus of elasticity, E, we have the following relation: 

( )2 1 nE G µ= +                                                      (2.13) 
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The rate of propagation of transverse waves is about half that of longitudinal waves. Short 

transverse waves have the lowest velocity [Severdenko et al., 1972]. 

 
2.2.2. Methods of Producing Ultrasonic Oscillations 
 
There are many methods of producing ultrasonic oscillations. Depending upon the power, 

frequency and the media into which the ultrasonic waves are to be emitted, the proper emitter 

(radiator) is chosen for each concrete case. All of the ultrasonic emitters used may be divided 

into three main groups: mechanical, magneto-strictive and piezoelectric. To excite ultrasonic 

oscillations in gaseous media and in some cases in liquids mechanical emitters are generally 

used, while in liquids and solids piezoelectric and magneto-strictive emitters are most frequently 

used [Severdenko et al., 1972]. 

The magneto-strictive emitters are based on the magneto-restriction phenomenon or the Joule 

effect. A ferromagnetic material, a rod or a tube, placed in a magnetic field changes dimensions, 

becoming longer or shorter. These emitters are used as low-frequency ultrasonic emitters. In the 

first investigations of the superimposing the ultrasonic oscillations on the deformation process, 

magneto-strictive emitters were used [Pohlman et al., 1966, Izumi et al., 1966, Winsper et al., 

1969-1, 1969-2, Young et al., 1970-1, Biddell et al., 1974]. Their disadvantages are largely 

associated with inefficiencies caused by non-linearity in the magneto-strictive effect, eddy 

currents in the core and resistance losses in the wire coils. Also the laminated cores are not easily 

fitted to a vibrating tool.  

The piezo-electric emitters are based on the piezoelectric effect: in some crystals compression or 

tension produces free electrical charges on the faces. Using quartz crystals, it is possible to 

generate ultrasonic waves of fairly high power. Natural quartz crystals are strong and have stable 

properties. Quartz has also good resistance to chemical action and its piezoelectric effect is 

almost independent of the temperature. Because quartz has a relatively low piezoelectric effect – 

high voltages are necessary for the excitation of quartz emitters – different piezo-materials are 

used. Piezo-ceramic disks are clamped together between metal blocks.  Under the action of an 

applied alternating voltage the disks expand and contract, transmitting vibrations to the blocks 

[Cheers, 1995]. The piezo-electric emitters operate with much higher efficiency and they can 

maintain higher operating amplitude. The efficiency of this type of emitter is quite high, since 

the losses due to internal friction in the emitter and attachments are very small. Considering these 
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advantages and the disadvantages of the magneto-strictive emitters, piezo-electric emitters are 

preferred in the more recent researches [Siegert et al., 1996, Cheers, 1995, Lucas, 1996, Jimma et 

al., 1998, Littmann et al., 2001, Siegert et al., 2001]. 

 
2.2.5. Applications of Ultrasonic Oscillations in Metal Forming Processes 
 
The application of ultrasonic vibration in metal forming has been discussed for many years. The 

first use of ultrasonic or vibrational energy to metals was reported in 1953 by Garskii and 

Efromov. This was followed in 1955 by Blaha and Langenecker who superimposed high 

frequency vibrations on to the static load during tensile testing of a zinc single crystal specimen 

and reported a substantial reduction in the yield stress. This reduction was explained to be the 

result of the activation of dislocations. The experiments have been extended to polycrystalline 

materials and the same effects were observed. In 1957, Nevill and Brotzen expressed the 

hypothesis that the stress reduction can be explained by the superposition of the ultrasonic 

oscillations stress on the stress produced externally. In 1959, during forming experiments on 

aluminum single crystals, Langenecker showed a similarity between the effects due to oscillatory 

energy and temperature (Figure 2.21) [Dawson et al., 1970]. 

 
Figure 2.21: Stress – strain curves for aluminum single crystals with and without oscillations, at different 

temperatures [Dawson et al., 1970] 
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[Pohlman et al., 1966] carried on some experiments and they observed a considerable reduction 

of the external friction between tool and workpiece. The reduction of flow stress of compressive 

deformation was also observed experimentally by [Izumi et al., 1966]. The flow stress was 

observed to be considerably lowered by the ultrasonic oscillations superimposed on the 

compressive forming process. This phenomenon was attributed to dynamical effects of stress, 

velocity and acceleration due to vibration, and also thermal effects due to heat generation. 

Another observation was that all these factors are dependent on the amplitude of vibrations. It 

was found that as the amplitude becomes larger, the load decreases remarkably. Increasing the 

amplitude, the heat generation was observed to increase. During the experiments, for amplitude 

of 10 µm, the temperature of the workpiece reached local values about 300 °C. But there were 

differences between the temperatures generated when different materials were used. Thus, the 

sensitivity to the vibrations differed with materials. 

The influence of ultrasonic waves on friction was first examined by Lehfeldt, in 1968 [Cheers, 

1995]. A sphere excited by oscillations moves on a revolving plate similar to a record player 

needle on a record. Minimum friction forces have been observed when the sphere vibrates 

tangentially at the maximum amplitude. [Winsper et al., 1969-1] studied the superimposing of 

the ultrasonic oscillations on the wire drawing. The first study was reported by [Robinson et al., 

1963] and their tests showed that the drawing force has been reduced as much as 50 %. Various 

modes of imposing vibrations were investigated, especially longitudinal oscillations. But the 

mechanism of the reduction was not fully understood. In their work [Winsper et al., 1969-1] 

concentrated on the determination of the mechanism underlying this reduction. Between 1969 

and 1975 they published more studies of the ultrasonic oscillations effects on the forming 

process, trying to explain these effects [Winsper et al.,1969-1, 1969-2, 1970, Young et al.,1970-

2, Dawson et al., 1970, Young et al., 1971, Winsper et al.,1971, Biddell et al., 1974, Eaves et al., 

1975]. During experiments, they observed that in order to obtain a greater benefit from 

oscillatory energy, it is necessary that the length of the wire to be drawn to be equal to an integer 

number of the half wavelengths of the material, added to the length of the die ( 2n aλ⋅ + ) 

[Winsper et al., 1969-1]. The reduction in force was attributed wholly to a mechanism of 

superposition of the ultrasonic force on the static force. Later, the reduction was attributed to a 

combination of three different mechanisms: localized heating generated when the ultrasonic 

oscillations are superimposed, stress superposition mechanism, and the decreasing in the friction 
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forces acting at the die – workpiece (wire) interface [Winsper et al., 1969-2]. Applying vibration 

to a single die or to multiple dies during wire drawing, a greater reduction in the diameter of the 

wire was obtained. 

Continuing the studies, Winsper and Sansome found two possible effects that can explain the 

benefits of the ultrasonic oscillations superimposed on the forming process: volume effects and 

surface effects [Winsper et al., 1970]. The volume effects are related with the decreasing in the 

flow stress explained by the stress superposition mechanism and by the localized heating. The 

ultrasonic oscillations superimposed in the forming process propagated in materials are scattered 

and absorbed, resulting in energy loss or heat generation, especially local heat generation will be 

very high, contributing to the lowering the resistance of the material of the specimen. Also this 

energy will be absorbed in the dislocations, resulting in a lower flow stress. This reduction in the 

flow stress can be illustrated for a tensile test with superimposed ultrasonic oscillations (Figure 

2.22).  

 
Figure 2.22: Superimposed oscillations on the stress – strain diagram [Lange, 1985] 
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Figure 2.22 presents an idealized stress – strain diagram. On this diagram there are additional 

strain – time coordinates used to show the superposition of a oscillating stress. The amplitudes 

for the oscillating strain and stress are [Lange, 1985]: 

4ˆ Aπε
λ

=                                                               (2.14) 

4ˆ Ap Eπ
λ

= ⋅                                                           (2.15) 

The workpiece is elastically and plastically deformed up to the point A. In that moment, the 

superposition of the ultrasonic oscillations will reduce the stress up tot the point B. Without the 

vibrating stress, the plastic deformation will proceed back to A and beyond A, up to C. For the 

next periods of oscillations, the stress will vary between C and E. The point D will become the 

center of the period of vibration. The amplitude of the reduction is p̂ . 

The surface effects are related with the changing of the frictional conditions at the die-specimen 

interface. Due to elastic strain relaxation, the surfaces will be better lubricated. When the die 

oscillates, there is a gap between the die and the specimen that will entrap the lubricant. The 

entrapment of the lubricant and the separation of surfaces will reduce the frictional stress. After 

every cycle of oscillation, this gap will be closed. Due to this effect, there will be the elastic-

plastic deformation of the asperities at the contact surfaces. The temperature due to elastic and 

plastic deformation of the asperities can be determined. The increasing in the temperature at the 

die-specimen interface will influence the behavior of the lubricant. The friction force when 

superimposing the ultrasonic oscillations reverses the direction for every period of oscillations. 

Due to this friction force reversal, the friction force will not oppose to the forming process 

during the entire cycle.  

An important part of the ultrasonic system is the concentrator, or the tool attachment. This 

concentrator has the role to transmit the energy and to concentrate it in a small volume and need 

a characteristic shape. The shape was studied by [Young et al., 1970-1]. Different shapes and 

lengths were studied. The shapes founded to be appropriate were conical, stepped, and 

exponential. The length recommended was equal to a multiple of half of the wavelength.  Also, 

different types of vibrations applications were studied. Applying radial vibrations, [Young et al., 

1971] observed the same benefits.  
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The ultrasonic oscillations were also superimposed on the tube drawing, by [Winsper et al., 

1971]. The results of the experiments showed a reduction in the flow stress, a greater reduction 

in the diameters and a surface finish superior to that obtained without ultrasonics, particularly on 

the inside surface. 

The influence of ultrasound on the effectiveness of lubrication was investigated by [Severdenko 

et al., 1972]. After some tests and investigation of twenty-three lubricants, the influence of 

ultrasound on the effectiveness of lubricants in relation to the degree of deformation in upsetting 

aluminum samples, was determined with the formula: 

1 2

3 4

p pn
p p

=                                                             (2.16) 

where p1 and p2 are the average specific pressures under normal conditions without and with use 

of lubricant, and p3 and p4 are the average specific pressure using ultrasonic oscillations without 

and with lubricant. In these tests, all lubricants provided an increase in effectiveness with the use 

of ultrasound. The effectiveness of all the tested lubricants, n, increased when the ultrasonic 

oscillations were superimposed on the deformation process by 25 – 30 %. The results of the tests 

indicated that superimposing of the ultrasonic oscillations can have various effects on the 

lubricant: 

• Ultrasonic oscillations have positive effects in liquid friction, increasing significantly 

lubricant effectiveness as a result of a decrease in the resistance to shear in the lubricant. In 

liquid friction, the effectiveness of the lubricant is determined by its adhesive and strength 

properties. 

• In the same time, the ultrasonic oscillations can have a negative influence on lubricant 

effectiveness. Under the action of oscillations there is a breaking down of the long chain 

polymer molecules, as a result of which their viscosity and adsorption capacity drops.  

• Due to the heat generation, the temperatures are greater than under normal conditions. Thus 

the lubricant might break down and lose its lubricating capacity. 

• The purely mechanical action of oscillations may affect diffusion of the lubricant under the 

action of elastic oscillations, providing uniform distribution over the whole contact surface. 

As a result of the difference in elastic oscillations between the tool and the metal being 

deformed, a relieving of the load is periodically created between them. This aids in suction of 

the lubricant. The same role is played by the network of micro-cracks, which under the action 
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of oscillations change their dimensions and, as a result, act as pumps, sucking lubricant into 

the surface layer of the metal from which it no longer flows during deformation. 

[Severdenko et al., 1972] studied also the application of the ultrasonic oscillation on the rolling 

process, and found the same benefits. The rolls were subjected to longitudinal, torsional and 

radial oscillations. [Eaves et al., 1975] reviewed the application of ultrasonic vibrations to 

deforming metals and summarized the possible mechanisms which were believed to describe the 

observed effects:  

• Superposition mechanism of the oscillatory stress 

• Swaging effect 

• Changes in the coefficient of friction, occurred as a result of the pumping of the lubricant, an 

increase in the chemical reactivity of the surfaces or the lubricant, softening or melting of the 

asperities, separation of the surfaces, allowing a re-distribution of the lubricant 

• Reversal of the friction force during one cycle of the oscillations 

• Changing in the metallurgical properties due to the increase in temperature which may occur 

locally at dislocations, shear planes, or discontinuities.  

[Mollers et al., 1975] investigated the influence of ultrasonic waves on the deep drawing process. 

They found that the ultrasonic effect can be maximized by optimizing the angle between the 

drawing direction and the direction of vibration [Cheers, 1975]. An elaboration of the possible 

effects in wire drawing was given by [Kirchner et al., 1984]. Figure 2.23 shows the effect on the 

lowering of the flow stress. A specimen of aluminum was tested. The yield stress was reached at 

point A (400 MPa). The deformation process continued up to the point B (plastic deformation), 

when the specimen was subjected to ultrasonic oscillations (20 kHz). Immediately, the stress 

level dropped to 250 MPa (point C). When the ultrasonic excitation was discontinued (point D), 

the specimen followed an elastic line until it reached at the point E the stress – strain curve 

corresponding to the static test. At the point F, the ultrasonic oscillations were superimposed 

again and the stress level dropped again to point G (300 MPa). The differences in stress level 

between the points B and G and between B and E are the same. The stress level was reduced by 

approximately 40 % [Kirchner et al., 1984]. 
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Figure 2.23: Compression test of an aluminum alloy 6061 specimen [Kirchner et al., 1984] 

The influence of ultrasonics on micro metal forming was studied by [Siegert et al., 1996, 2001]. 

It was found that the surface roughness decreases when ultrasonic superposition is used. Their 

study designed a system for wire pulling using ultrasonic vibrations. In Figure 2.24 a simplified 

sketch of the system is presented. Some parameters of this system are: oscillations amplitude 40 

µm, frequency 40 kHz and material used copper wire (diameter 1.2  0.6mm). The conclusions 

drawn from their study were: 

• If the acoustic vibrations are parallel to the drawing direction, the surface of the workpiece is 

mainly influenced by the ultrasound. 

• The vibration leads to a separation between die and workpiece and improves the properties of 

the lubricant. 

• With the longitudinally oscillating at ultrasonic frequencies parallel to the drawing direction 

it is possible to reduce friction. 

• The reduction of the drawing force is mainly a function of the ultrasonic amplitude. 
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Figure 2.24: Wire Pulling with Ultrasonic Induction [Siegert et al., 2001] 

 [Cheers, 1995] and [Lucas, 1996] investigated the design of the dies, using both experiments 

and finite element analysis, looking for ways to improve the vibration control of the ultrasonic 

metal forming process. In order to o develop a new technique for forming metal aerosol cans; 

[Cheers, 1995] used ultrasonic vibrations to assist the forming process. Using special tooling and 

radial ultrasonic excitation of the die, the forming force was reduced. Figure 2.25 shows the 

system used for ultrasonic necking of metal cans in this project, including piezo-electric 

transducer, radial-mode die and tubular mounting system. 

 
 

Figure 2.25: Ultrasonic equipment selected / developed for the project [Cheers, 1995] 

Ultrasonic Generator 
Piezoelectric Transducer

Concentrator

Wire Drum 
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[Jimma et al., 1998] applied the ultrasonic oscillations on the deep drawing process. Their 

experimental results indicated an improvement in the forming process. The limiting drawing 

ratio (LDR) increased with 15-25 %, depending on the material used. The effect on the friction 

force was studied further. A theoretical explanation of the reversal and reduction of the friction 

force, and also experimental validation were given by [Littman et al., 2001, Kumar et al., 2004], 

for longitudinal and transverse vibrations. The reduction in friction force was found to be 

function of the amplitude and frequency of the oscillations. 

 
2.2.6. Summary of the Ultrasonic Forming and Key Areas of Future Research 
 
Although the experiments on superimposing the ultrasonic oscillations on the forming process 

indicated some benefits, as the reduction of the forming forces, the reduction of the flow stress, 

the reduction of the friction between die and workpiece and the production of better surface 

qualities and higher precision, the mechanisms that explain these benefits are not clear yet. 

The following are possible key areas of future research in ultrasonic forming: 

• Understanding the mechanism of the reduction of the flow stress (friction force reversal, or 

temperature increase, dislocations) 

• Analytical determination of the local heat generation at the tool – workpiece interface under 

ultrasonic vibrations 

• Application of ultrasonic in new areas of metal forming, such as microforming, and warm 

forming 

• Enhancement of tribological conditions using ultrasonic oscillations 

• Analysis of different types of oscillations and identify which type is more beneficial for a 

specified forming process 

• Study the effect of the ultrasonic oscillations on the lubricant (Mechanics and dynamics) 
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CHAPTER 3 

OBJECTIVES AND SCOPE OF THE CURRENT RESEARCH 
 
 
In an attempt to address some of the problems and non-researched areas as outlined in the 

previous chapter, the current work had, within the broad framework of ultrasonic microforming, 

the following as principle objectives: 

 
• Develop an analytical model to determine the influence of the ultrasonic oscillations on the 

micro-extrusion process (flow stress, load force, frictional conditions, and surface finish). 

• Determine the temperature increase due to the ultrasonic oscillations. 

• Study different types of oscillations and their application for different types of extrusion 

processes. 

• Evaluate the effect of the temperature rise on the lubricants. 

• Design a set of tooling capable to superimpose the ultrasonic oscillations on the micro-

extrusion process. 

• Conduct experiments to observe the influence of the ultrasonic vibrations on the micro-

extrusion process and to compare with theoretical study. 

 
To achieve these objectives a review of the state of the art in microforming and in ultrasonic 

forming was conducted. In the cause of developing analytical model, the mechanics of ultrasonic 

microforming was studied, several pertinent assumptions were laid out, and the laws of plasticity 

and energy balance were employed. Finite element analysis was used to study the surface 

evolution in microforming processes, to gain a better understanding of tribological conditions. 

Finite element analysis was also used to assist the design of the tooling, determining the mode 

shapes that are suitable for microforming system and ultrasonic forming, and also determining 

the harmonic response when applying a varying load. The design allows the exchange of tool 

inserts to facilitate different types of extrusion.  
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CHAPTER 4 

SOME TRIBOLOGICAL ASPECTS IN MICROFORMING AND THE ROLE OF 
NUMERICAL MODELING 

 
 

4.1. Introduction 
 
The comparison of microforming processes with the conventional forming processes shows that 

some parameters remain constant when the dimensions are decreased. The microstructure of the 

material and the topography of the surface are independent of the dimensions of the process. As 

a result, the ratio between the dimensions of the part and the parameters of the surface will 

change with miniaturization. Chapter 2 presented some effects of the miniaturization which need 

a better understanding. Among these, the most important are: the reduction in the flow stress at 

micro-scale and the tribological behavior that is different from the meso-scale or macro-scale. 

The reduction in the flow stress with decrease of the dimensions of the process was proved 

experimental [Kals et al., 2000, Engel et al., 2002, Vollersten et al., 2004, Engel, 2005].  

The understanding and determination of the friction phenomenon is very important in metal 

forming. The friction conditions at the tool-specimen interface influence the force, the mode of 

deformation, the properties of the finished specimen and the resulting surface roughness. Low 

friction is desirable. The parameters that influence the tribological conditions at the tool-

workpiece interface, presented in Figure 4.1, are:  

• Tool and workpiece parameters 

• Process parameters 

• Lubricant parameters 

The tool and workpiece parameters are represented by the properties of the die and workpiece 

materials, the geometry of the die, and the surface finish of the die and workpiece. These 

parameters influence not only how the part is deforming, but also how the lubricant flows and 

reacts with the surfaces. The lubricant parameters that influence the tribological conditions are 

composition, viscosity, amount of the lubricant, compressibility etc. The process parameters are 

the pressure exerted by the die on the workpiece, the sliding velocity and length, the surface 

expansion generated during the deformation process, and the temperature increase due to the 

deformation process. All these parameters influence the viscosity, the amount of the lubricant, 
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and the extent to which the lubricant must spread out without the possibility to break down 

[Altan et al., 2004]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1: Parameters that influence the tribological conditions at the tool – workpiece interface 

[Ngaile, 2006] 

 
One of the tool and workpiece parameters with great influence on the friction is the dimension of 

the process. The experiments carried out by [Kals et al., 2000, Engel et al., 2002, Vollersten et al., 

2004, Engel, 2005] showed a significant increase in friction with decrease of the dimensions of 

the process. An explanation of this effect is the fact that when the size of the specimen decreases, 

the surface to volume ratio will increase.  The surface to volume ratio was computed for Double 

Cup Extrusion (DCE) and Forward Extrusion (FE) processes.  

The diameter of the specimens varied from 0.5 to 50 mm, and the diameter to height ratio of 1:1 

was used. Figure 4.2 shows the influence of the size of specimen on surface to volume ratio. It 

can be observed that when the diameter of the specimen decreases from 50 to 0.5 mm (by a 

factor of 100), the surface to volume ratio increases by a factor of 1300 – 2300, depending on the 

type of deformation process. As a result, the surface forces that are proportional to area become 

also larger than the forces proportional to the volume [Bhushan, 2001]. The adhesive or 

intermolecular force, which is a component of the friction force, is proportional to the surface 

area; therefore the intermolecular force is a function of the surface to volume ratio. The bodies in 

Tool and Workpiece 
Parameters: 
• Material properties 
• Geometry 
• Surface finish 

Lubricant Parameters: 
• Composition 
• Viscosity 
• Amount 
• Compressibility 
• Temperature behavior 

Process Parameters: 
• Contact pressure 
• Sliding velocity 
• Sliding length 
• Surface expansion 
• Heat generation 

 

Friction 
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contact, tool and workpiece, adhere and it will require energy per unit of interface area (the 

surface energy of adhesion) for their separation [Backofen, 1972].  
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Figure 4.2: Surface / Volume ratio for different diameters and types of extrusion 

The adhesion force depends also on the surface topography at the interface [Bhushan, 2001].  

The topography of the surface does not change with the scale, thus the ratio of the volume of the 

asperities to the total volume of the workpiece becomes larger. Therefore the surface topography 

has much more influence on the friction at micro-scale.  

 
4.2. Influence of the Process Parameters on Friction 
 
4.2.1. Surface Expansion Distribution 
 
The process parameters such as surface expansion and contact pressure have a significant 

influence on the tribological conditions. This section will analyze these parameters for macro-, 

Double Cup Extrusion

Forward Extrusion
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meso-, and micro-scale. Using finite element method, four types of extrusion were simulated, 

and the influence of the friction factor on the surface evolution was investigated. The diameter 

and height of the cylindrical specimens were varied from 0.5 mm to 50 mm. The material flow 

stress used in the model were assumed to follow the power law nKσ ε= , where K is the strength 

coefficient of the material, ε is the effective strain and n is the strain hardening coefficient. The 

value for K was 600 MPa, and the strain hardening coefficient varied from 0 to 0.6. The friction 

factor m varied from 0 to 0.3. The FE simulations of the four types of extrusion are shown in 

Figures 4.3 – 4.6. The FE Software DEFORM 2D was used. 

 
Figure 4.3: FE simulations for Double Cup Extrusion 

 
Figure 4.4: FE simulations for Backward Extrusion 



37 

 

Figure 4.5: FE simulations for Forward Extrusion 

 

Figure 4.6: FE simulations for Forward-Backward Cup Extrusion 
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Figure 4.7 shows a comparison between the surface expansion distribution (SE) for three 

different sizes of the specimen, for n = 0 and m = 0. With the decrease of the specimen, the 

predicted surface expansion increased locally (point B), but the difference is not very significant. 

The tribological conditions are severe in the zones with larger values for the surface expansion.  

The other types of extrusion presented the same pattern for the predicted surface expansion 

distribution for different dimensions (Figures 4.8 – 4.10). The graphs distinctly show the regions 

where the surface expansion is significant. In those regions it is most possible to have lubricant 

failure. A good lubricant should not break down in extreme tribological conditions.  From 

Figures 4.7 – 4.10 it can be observed that for different types of extrusion process, the surface 

expansion (or contraction) distribution is completely different. The graphs also demonstrate that 

maximum surface expansion induced is highly dependent on the type of the process. This 

suggests that different lubricants may be necessary for different part geometries. 
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Figure 4.7: Predicted surface expansion distribution for different dimensions of the specimen for Double 

Cup Extrusion 
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Comparison between Surface Expansion (SE) 
for different diameters, BE 
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Figure 4.8: Predicted surface expansion distribution for different dimensions of the specimen for BE 

Comparison between Surface Expansion (SE)
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Figure 4.9: Predicted surface expansion distribution for different dimensions of the specimen for FE 
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Comparison between Surface Expansion (SE) 
for different diameters, FBCE
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Figure 4.10: Predicted surface expansion distribution for different dimensions of the specimen for FBCE 

The results of the finite element simulations don’t show significant differences between the 

surface expansion distributions for different sizes of the specimen. However, the experiments 

done for different billet sizes without scaling down the topography have shown severe 

tribological conditions when micro-specimens are used. This could not be observed in the FE 

simulations because the finite element analysis used which is based on classical continuum 

mechanics is size independent and the grain of the material is identified by a geometric point. 

And also the surface topography could not be handled by the FE code used. 

 

4.2.2. Pressure and Strain Distribution 
 
Using also finite element simulations, the influence of the size of the specimen, the material and 

the friction on the strain and normal pressure distribution was analyzed. The pressure and strain 

distribution have the same pattern for different sizes of the specimen, for all four types of 

extrusion simulated. The finite element analysis did not indicate a difference in the pressure 

distribution, but showed a slight increasing in the local strain distribution with the decrease of the 

specimen size.  



41 

Figure 4.11 shows the surface expansion and the pressure distribution for the 1 mm specimen, 

for double cup extrusion (DCE). Strain hardening coefficient n = 0.6 and friction factor m = 0.1 

were used in the simulations. It can be observed that the values of the contact pressure are large; 

locally the pressure can reach 2300 MPa. These large normal pressures, combined with large 

values of surface expansion distribution contribute to severe tribological conditions.  

Figures 4.12 – 4.14 show the surface expansion and the pressure distribution for the 1 mm 

specimen for backward extrusion (BE), forward extrusion (FE) and forward – backward cup 

extrusion (FBCE). Similar simulation conditions were used as for DCE. In general, the results 

indicate the presence of the large pressure distribution in the same regions with high surface 

expansion distribution.  
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Figure 4.11: Predicted surface expansion and normal pressure distribution for 1 mm specimen (DCE) 
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Surface Expansion and Pressure Distribution
for ø1, n=0.6, m=0.1, BE
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Figure 4.12: Predicted surface expansion and normal pressure distribution for 1 mm specimen (BE) 
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Figure 4.13: Predicted surface expansion and normal pressure distribution for 1 mm specimen (FE) 
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Surface Expansion and Pressure Distribution
for ø1, n=0.6, m=0.1, FBCE
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Figure 4.14: Predicted surface expansion and normal pressure distribution for 1 mm specimen (FBCE) 

The Double Cup Extrusion and Backward Extrusion processes generate higher surface expansion 

and higher pressure distribution, therefore these types of microforming present tribological 

challenge. It should be noted that surface expansion leads to new surface generation. Due to new 

surface generation it is possible that the lubricant will not adhere well, making the lubricant 

ineffective. Also chemical reactions can take place, influencing the behavior of the lubricant. 

Figure 4.15 shows the surface expansion and strain distribution for the 1 mm specimen, for 

double cup extrusion process. The local strain can attain very large values which also contribute 

to severe tribological conditions at the tool – workpiece interface. The strain distribution is 

proportional with hardness distribution at the surface of the specimen. Thus, for large values for 

the strain, the hardness is large. Therefore an increase in the severity of the tribological 

conditions is expected. Figures 4.16 – 4.18 show the surface expansion and strain distribution for 

backward extrusion (BE), forward extrusion (FE) and forward – backward extrusion (FBCE).  

 

Surface expansion 
distribution 

Pressure distribution 
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Surface Expansion and Strain Distribution
for ø1, n=0.6, m=0.1, DCE
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Figure 4.15: Predicted surface expansion and strain distribution for 1 mm specimen (DCE) 

Surface Expansion and Strain Distribution
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Figure 4.16: Predicted surface expansion and strain distribution for 1 mm specimen (BE) 
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Surface Expansion and Strain Distribution
for ø1, n=0.6, m=0.1, FE
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Figure 4.17: Predicted surface expansion and strain distribution for 1 mm specimen (FE) 
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Figure 4.18: Predicted surface expansion and strain distribution for 1 mm specimen (FBCE) 

Strain distribution 

Strain distribution 

Surface expansion 
distribution 

Surface expansion 
distribution 



46 

All four processes present local increase in strain distribution implying increase in hardness 

distribution at the surface. This may present a challenge as the lubricant will not adhere easily to 

a harder surface. The most severe conditions from the strain and hardness point of view are for 

backward extrusion and forward – backward cup extrusion, followed by double cup extrusion. 

Another parameter that influences the lubricant is the heat generation. The temperature can 

activate certain pressure additives in the lubricant, but temperature increase at the tool-workpiece 

interface can be large enough leading to lubricant failure. All these parameters must be 

considered in order to optimize the process to enhance the tribological conditions in 

microforming. 

 

4.3. Prediction of Frictional Energy  
 
Other FE simulations were conducted in order to observe the miniaturization effect in the case of 

backward extrusion process. It was shown in the previous section that this process can generate 

high surface expansion, strain and pressure distribution. Therefore there are extremely severe 

tribological conditions at the contact between the punch and the inner cup wall. In order to 

determine the frictional energy and the ratio of the frictional energy to total energy at different 

percent of the stroke, this process was simulated. 

To determine the frictional energy percent from the total energy used in the deformation process, 

two values for the friction factor m were taken, m = 0 and m = 0.5. The specimen size of ø 20 x 

10 mm was used and the material flow stress was given by 0.1600 ε⋅  MPa. The diameter of the 

punch was varied in order to vary the thickness of the cup wall from 6 to 0.5 mm (macro-scale to 

micro-scale) (Table 4.1).  

Figure 4.19 shows the initial specimen and the evolution of the workpiece in all three cases 

considered. The predicted values for frictional energy and the ratio of the frictional energy to the 

total energy were computed and plotted. The frictional energy values were determined and 

compared for different wall thickness. The ratio of the frictional energy to total energy at 

different percent of the stroke (the displacement of the punch) were determined and plotted in the 

Figures 4.20 and 4.21.  
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 Table 4.1: Parameters varied in the simulations 

Case 
study 

Punch Diameter 
[mm] 

Stroke 
[mm] 

Wall Thickness 
[mm] 

(a) 8 4 6 
(b) 15 7.5 2.5 
(c) 19 9.5 0.5 

 
 
 

 

 

 

 

 

 

Figure 4.19: The evolution of the workpiece for frictional energy backward extrusion test 

The results plotted in Figure 4.20 indicate clearly an increase in the frictional energy to total 

energy ratio with the decrease of the wall thickness. It can therefore concluded that the size of 

the specimen influences the tribological conditions. Figure 4.20 shows that even if the 

comparison is between 100 % stroke for the thick wall cup and 40 % stroke for the thin wall cup, 

when the displacement of the punch is the same, the frictional energy is larger in the second case.  

Figure 4.21 shows significant variation in the ratio of the frictional energy to total energy with 

the variation of the wall thickness. In conclusion, Figures 4.20 and 4.21 show that severe 

tribological conditions should be expected with miniaturization.  Therefore finite element 

analysis can be used to derive some information about the tribology in microforming. 

 



48 

Frictional Energy / Total Energy vs. Stroke
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Figure 4.20: Frictional Energy to Total Energy Ratio vs. Stroke for different Sizes of the Punch 
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Figure 4.21: Frictional Energy to Total Energy Ratio vs. Wall Thickness at different strokes 
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4.4. Friction Test – Double Cup Extrusion Test  
 
Double cup extrusion test is used to evaluate the lubricant by determining the friction factor 

coefficient based on the cup height ratio. This test is characterized by a high surface expansion, a 

large surface to volume ratio with miniaturization, high strains and high pressures. These 

parameters made it to be an appropriate friction test. In the double cup extrusion test there are 

two punches, one movable and one stationary. The material of the specimen will flow between 

these two punches and the container (die), forming two cups. The cup height ratio is defined by: 

1

2

hR
h

=                                                                (4.1) 

where h1 and h2 are the final height of the upper and lower cup (Figure 4.22). When the friction 

factor m = 0, the cup are equal and the cup height ratio is R = 1. In the presence of friction, the 

material flows easier in the upper cup than in the lower cup. The cup height ratio R will increase 

with the increase in the interface friction between the punches and workpiece, and die and 

workpiece. Therefore the cup height ratio together with the information obtained by studying the 

surface of the workpiece after the extrusion process can be an indication of lubricity. Figure 4.22 

shows the difference in the cup heights obtained using finite element analysis. In the simulations 

two different friction factors were used, for an initial billet of 1 mm in diameter and 1 mm in 

height. 

 

 

Figure 4.22: Cup height variation for different values of friction factor 
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m=0 m=0.3

h1 

h1

h2 
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In order to observe the variation of the cup height ratio with the size of the specimen, simulations 

were conducted for diameters between 0.5 and 20 mm, and different friction factors (0–0.3). 

Figure 4.23 shows the variation of the cup height ratio for different specimen sizes. The 

simulations show that cup height ratio is independent of the size of the specimens. Caution 

should be exercise here! As discussed earlier, FE code used which is based in continuum 

mechanics did not have the capability to simulate surface topography. Thus the graph given in 

Figure 4.23 is only valid if the billet surface topography (surface roughness) is scaled 

proportionately with the scaling of the billet. Finite element simulation was used to generate the 

calibration curves with different friction factors. Figure 4.24 presents the calibration curves for 

friction factors between 0 and 0.6. These curves may be used to obtain the real friction factor for 

tested lubricants by matching the measured cup height ratio on the curves. 
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Figure 4.23: Influence of the friction on the cup height ratio for different diameters 
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Variation of Cup Height Ratio with Friction Factor 
ø4 mm, n=0.2 
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Figure 4.24: Calibration curves generated using FEA 

 

4.5. Conclusions 
 
The experiments carried out by researchers showed a significant increase in friction with 

decrease of the dimensions of the process. When the dimensions are decreased, the knowledge 

from macro-scale cannot be applied anymore. The surface to volume ratio increases with 

miniaturization, therefore the adhesive or intermolecular forces, which is a component of the 

friction force, increases proportionately. 
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The influence of the process parameters on the tribological conditions at the tool – workpiece 

interface was studied using finite element analysis. The analysis showed very large values for 

surface expansion, pressure and strain distribution for the extrusion processes simulated, 

indicating severe tribological conditions. 

The results of the finite element simulations didn’t show significant differences between the 

surface expansion distributions for different sizes of the specimen. This is due to the fact that 

finite element analysis doesn’t include the topography of the surface of the specimen in the 

frictional model.  

Backward extrusion processes were simulated in order to predict the frictional energy for 

different values of cup wall thicknesses. The results indicated clearly an increase in the frictional 

energy to total energy ratio with the decrease of the wall thickness. It can be concluded that 

severe tribological conditions should be expected with miniaturization.  

Finite element analysis has demonstrated to be a useful tool for deriving tribological conditions 

that will be difficult or impossible to observe in experiments. 
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CHAPTER 5 

ANALYSIS OF ULTRASONIC FORMING 
 
5.1. Introduction 

 
The experiments conducted by researchers on superimposing of ultrasonic oscillations on metal- 

forming processes have shown useful effects such as reduction in the forming load, reduction in 

the number of processing steps, and improvement in the surface finish [Pohlman et al., 1966, 

Izumi et al., 1966, Winsper et al.,1969-1, 1969-2, 1970, Young et al.,1970-2, Dawson et al., 

1970, Young et al., 1971, Winsper et al.,1971, Biddell et al., 1974, Eaves et al., 1975, Siegert et 

al., 1996, 2001, Cheers, 1995, Littman et al., 2001, Kumar et al., 2004].  

Although attempts have been made to describe the mechanisms associated with ultrasonic 

oscillations in terms of volume effects and surface effects, as detailed in Chapter 2, the 

fundamental mechanics and dynamics pertaining to the above mentioned benefits are not clearly 

understood. 

To further advance the understanding of the mechanics of ultrasonic microforming, this chapter 

will address the following objectives: 

• Develop an analytical model to determine the influence of the ultrasonic oscillations on the 

micro-extrusion process (flow stress, load force, frictional conditions, and surface finish). 

• Determine the temperature increase due to the ultrasonic oscillations. 

• Study different types of oscillations and their application for different types of extrusion 

processes. 

• Evaluate the effect of the temperature rise on the lubricants. 

The ultrasonic oscillations applied in metal forming processes can be longitudinal or radial, 

depending on the direction of application and also on the direction of propagation.  

 
5.2. Development of Analytical Model to Determine the Influence of Ultrasonic Oscillations 
on Micro-extrusion 

The micro-extrusion parts considered in this work are presented in Figures 5.1 – 5.4. These are 

Double Cup Extrusion (DCE), Backward Extrusion (BE), Forward Extrusion (FE) and Forward-

Backward Cup Extrusion (FBCE). 
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             Figure 5.1: Double Cup extrusion                               Figure 5.2: Backward extrusion  

                                   

             Figure 5.3: Forward extrusion                              Figure 5.4: Forward-Backward Cup extrusion                              

In the deforming process with superimposed ultrasonic oscillations, the tribological process 

involves thermo-elastic-plastic deformation, frictional heating and continuously asperity 

generation. These are challenging issues, especially because the asperity pressures and 

temperatures are random variables. Furthermore, the asperity pressure and temperatures are often 

distributed on small areas, but they are large in magnitude, varying rapidly both in space and 

time. As a result, efficient numerical and model simplifications are needed so that meaningful 

results may be obtained with reasonable assumptions.  

For mixed elastic-plastic contact the total supported load and the total contact area are given by 

the sum of the elastic and plastic contributions at each asperity. The equilibrium contact position 

is determined by the separation for which the total supported load is equal to the applied load: 

( )
( )

( )
( )

( )
( )

1 1 1

N d N d N d
e p

i i i
i i i

W W d W d W d
= = =

= = +∑ ∑ ∑                                    (5.1) 
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where ‘i’ denotes the ith contact region and summation is over N(d), the total number of contact 

regions, which is itself dependent on d, the stroke. Solution in the model is achieved by an 

iterative method. Using this method the final surface contact or final dimensions of the asperities, 

the pressure and temperatures can all be determined in time and space. 

5.2.1. Assumptions 

In the cause of developing the model, the following assumptions were made: 

• All the asperities have the same geometrical dimensions 

• Elastic-plastic behavior of the asperity is considered. Each asperity is assumed to be 

deformed elastically until the maximum pressure at the contact exceeds the yield stress of the 

material, at which point the plastic deformation occurs.  

• One asperity will be deformed elastically and then plastically. The pressure distribution on 

the asperity is considered constant. In reality, the pressure has a maximum at the center of the 

asperity and will approach zero at the edge. 

• The contact model assumes that each contacting asperity deforms independently of all other 

contacting asperities, without touching each other. In practice, there are sometimes a number 

of contact areas that can overlap. 

• The heating of the asperity is considered adiabatic. This is due to a very short period of time 

necessary to finish the forming process, and a huge number of oscillations in one second. 

• The temperature is assumed to increase in a small volume. The investigations conducted by 

[Winsper et al., 1970] showed a locally increase in temperature when superimposing 

ultrasonic oscillations on forming processes. 

• For the deformation zone, the contact is assumed to be between the simplified model surfaces 

with a perfectly smooth rigid plane (die). For the sliding zones, the contact will be considered 

between two rough surfaces. 

• The equations will be solved considering average values for load, pressure and velocity. 

• Due to frictional heating of the contacting asperities, the result will be thermal deformation. 

The asperity growth will increase the contact area and the frictional stresses. In the model 

adopted, the thermal deformation is neglected. 

• The material is considered to be isotropic. In practice, during the deformation, the anisotropy 

of the asperities increases. Due to the increase in anisotropy, the contact area is reduced. Also 
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the ability of an asperity to support a load, in the elastic regime, is decreased as the 

anisotropy of the asperity increases. 

• Uniform hardness distribution is assumed, i.e. the effect of strain hardening is ignored. 

• The inertial and adhesion forces are neglected. 

• Roughening is considered. New asperities will be generated in the deformation zone 

continuously. The model adopted will consider that the new asperities will appear in steps, a 

new asperity appearing after the material has moved a predetermined stroke. 

• The friction coefficient is considered to remain constant during the entire process. In reality 

the friction coefficient may change as roughness increases because of the reduction in total 

real contact area.  

The geometrical and tribological model will be applied in the analyses of the ultrasonic forming. 

The focus will be to predict a large increase in temperature observed in experiments carried out 

by researchers [Winsper et al., 1970, Siegert et al., 2001, Izumi et al., 1966-1]. The model 

developed will be applied for two different types of micro-extrusion processes (forward 

extrusion and double-cup extrusion) and for two types of ultrasonic oscillations (longitudinal and 

radial). Locally the temperature will rise and the increase in temperature will influence, among 

others, the behavior of the lubricant. By establishing the model that predicts the temperature 

increase as a function of ultrasonic oscillations, we can categorize the lubricants and find which 

lubricant is more appropriate for the extrusion processes.  

The next sections will analyze the longitudinal ultrasonic oscillations superimposed on the 

forward micro-extrusion process. 

5.2.2. Longitudinal Ultrasonic Oscillation Superimposed on Forward Micro-Extrusion – 

Illustration of the Physics of the Process 

The superimposing of the ultrasonic oscillations on the forming process will contribute to the 

appearance of the openings at the tool – workpiece interface. In these openings the lubricant will 

be trapped, resulting in a better lubrication and a better separation of the surfaces in contact. 

Also, after each oscillation, the opening created will be closed. Then, the contact pressure will 

act on the asperities of the surface of the workpiece. The asperities will be subjected to either 

elastic or plastic deformation. 
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The creation of the openings is illustrated in Figure 5.5 for forward extrusion (FE) process. The 

punch has the velocity v0. The material will enter with velocity v0, but will exit with a different 

velocity, ve. The die will vibrate with an oscillatory velocity vD. This velocity is larger than the 

velocity of the material to be deformed. Because of the relative velocity between the die and 

material the opening is created and closed at every cycle of oscillation. The pressure applied on 

the asperities when the die touches the material will contribute to elastic-plastic deformation of 

the asperities. Because of the deformation and the friction at the tool – workpiece interface heat 

will be generated. Using the model developed, the temperature increase is determined. The 

temperature increase will also be determined numerically for a particular case of material, 

surface roughness and velocities of the punch and die. 

 
 

Figure 5.5: Superimposing ultrasonic oscillations on the forward extrusion process 
 
 

5.2.2.1. Effect of the Ultrasonic Oscillations on the Friction Force 

 
The superimposing of the ultrasonic oscillations will influence the sliding friction at the tool – 

workpiece interface. In the case of longitudinal oscillation, the directions of the vibration and the 

sliding are collinear (in the same direction or in the opposite directions every cycle). Figure 5.6 

illustrates the sliding interface between the workpiece, with constant velocity, and the die, with 

vibratory velocity. The material velocity is v0, and the velocity of the die is sin( )Dv a tω ω= ⋅ ⋅ ⋅ , 



58 

as a function of time [Appendix 1]. When the velocity of the die is bigger than the velocity of the 

workpiece, the friction force will change its direction. In this case the friction force will not 

oppose the movement of the material, but it will help it. The velocities of the material and the 

die, and also the relative velocity between the two bodies are shown in Figure 5.7. 

 
Figure 5.6: Longitudinal oscillations 

 
For the ultrasonic oscillation with the frequency of 20 kHz, the duration of one oscillation is: 

51 5 10
20000

t s s−∆ = = ×                                               (5.2) 

The time taken for the vibration velocity to reach the velocity of the material can be determined: 

0

0
0

( )
1sin( ) arcsin

D s

s s

v t v
va t v t

a
ω ω

ω ω

=

⎛ ⎞⋅ ⋅ ⋅ = ⇒ = ⋅ ⎜ ⎟⋅⎝ ⎠

                               (5.3) 

For v0 = 1 mm/s,  a = 0.01 mm, ω = 2πf = 125663.71 s-1, ts can be determined:  

ts = 0.363 x 10-6 s 

In the interval OA, until the velocity of the die reaches the material velocity, v0, the friction is 

opposing the moving punch. After that, in the interval AB, the velocity of the die increases from 

v0 until the maximum and gets down again to v0. In this interval the friction is reversed, 

supporting the forming load. From the duration of a cycle ∆t, only ∆t/2 + 2ts the friction force 

will be opposed to the load. In conclusion, even if the friction force doesn’t disappear, nor is it 

reduced, it is reversed. Almost a half of oscillation duration, the force will not oppose, but will 

help the deforming process. 
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Figure 5.7: Variation of the velocity and friction force in time, during one oscillation 

 

5.2.2.2. Determination of the Critical Velocity 

As it can be observed, eq 5.3 is valid only if 0
01v v a

a
ω

ω
≤ ⇒ ≤ ⋅

⋅
. There is a critical value for the 

velocity of the punch in order to have a reverse in the friction force. There is also a critical value 

for the punch velocity, beyond which the gap between the specimen and the die during the 

ultrasonic forming process will not be realized / induced. This critical value can be found when 

we equate the two velocities (eq 5.4). The critical velocity when a = 0.01 mm, ω = 125663.71 s-1, 

and vo = 1 mm/s is given in Table 5.1. 
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                          (5.4) 

Table 5.1: Numerical values for the critical velocity 

a [mm] ω  [s-1] 0v  [mm/s] 0critical
v  [mm/s] 

0.01 125663.71 1 1256.64 ( =1.26 m/s) 

 

Critical values for the punch velocity can be determined for a given set of amplitude and 

frequency. Usual values for punch velocity are: 0.8 – 15 mm/s, much smaller than the critical 

velocity. 

 

5.2.2.3. Determination of the Maximum Opening 
 

From Figure 5.5, it can be observed that in the case of forward extrusion, the maximum vertical 

opening is reached in the stage 3. Figure 5.8 plots the velocities of the punch and the dies, 

illustrating where the opening is maximum.  

 
Figure 5.8: Determination of the maximum opening 

The maximum vertical opening (Opmax) can be also determined with the formula: 

max 02
2
tOp a v ∆

= ⋅ − ⋅                                                     (5.5) 

1 [ ]t s
f

∆ =                                                               (5.6) 
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where a – the amplitude of the oscillations, f – the frequency, v0 – the velocity of the punch. 

Figure 5.9 shows the stage 3 in the forward extrusion and a detail of the opening. From the 

geometry, the height of the opening (hmax) can be determined by equation 5.7, where α – the 

semi-angle of the die. Table 5.2 gives some numerical values. 

max max sinh Op α= ⋅                                                  (5.7) 

Table 5.2: Numerical values for the maximum opening and the maximum height of the opening 

a [mm] f  [s] t∆ [s-1] 0v  [mm/s] α  [º] maxOp [mm] maxh [mm] 

0.01 125663.71 0.00005 1 18..435 0.019975 0.00631665 

 

                           
Figure 5.9: Stage 3 in forward extrusion and detail with the opening 

5.2.3. Longitudinal Ultrasonic Oscillation Superimposed on Forward Micro-Extrusion – 

Analytical Determination of the Temperature Increase in the Asperities due to Oscillations  

During the oscillations, the asperities will undergo elastic and plastic deformations. The 

temperature generated will be due to plastic deformation and friction at the tool – workpiece 

interface.  

( )1

N
total plastic frictioni

T T T
=

∆ = ∆ + ∆∑                                      (5.8) 
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It is assumed that the plastic component (
plastic

T∆∑ ) corresponding to one step will decrease after 

every move of the die, because the deformation will take place and the asperity will decrease its 

height. The friction component (
friction

T∆∑ ) can be assumed to be constant for every step. This 

will depend only of the number of oscillations or steps. The number of oscillations during the 

deforming process for the specimen with ø1 mm x 1mm is a function of the stroke of the punch 

during the deformation process (s), the velocity of the punch (vp) and the frequency of the 

oscillations (f): 

pN s v f= × ×                                                         (5.9) 

Table 5.3 shows the number of the oscillations during all four types of micro-extrusion used in 

this study: FE (Forward Extrusion), DCE (Double Cup extrusion), FBCE (Forward Backward 

Cup Extrusion) and BE (Backward Extrusion) (Figures 5.1 – 5.4). 

Table 5.3: The number of the oscillation during extrusion processes 

Specimen size 
[mm] 

Extrusion 
Type 

Stroke 
[mm] 

Punch velocity 
[mm/s] 

Frequency 
oscillations [s-1] 

Number of 
oscillations 

FE 0.6 12,000 

DCE 0.4 8,000 

FBCE 0.4 8,000 
ø1 x 1 

BE 0.8 

1.00 20,000 

16,000 

 

In the case of forward extrusion, there are three zones at the tool – workpiece interface as shown 

in Figure 5.10. Every zone is characterized by different conditions that contribute to the increase 

in the temperature. 

Zone I – the increase in temperature is due to the sliding friction 

( )1
IN

total I frictioni
T T− =

∆ = ∆∑                                                   (5.10) 

where NI is the number of the oscillations in Zone I. 

Zone II – all the components of the heat generation can be found in this zone 

( )1
IIN

total II plastic frictioni
T T T− =

∆ = ∆ + ∆∑                                          (5.11) 

where NII is the number of the oscillations in Zone II. 
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Zone III – only sliding friction 

( )1
IIIN

total III frictioni
T T− =

∆ = ∆∑                                                 (5.12) 

where NIII is the number of the oscillations in Zone III. 

For one asperity, the final temperature increase will be: 

total total I total II total IIIT T T T− − −∆ = ∆ + ∆ + ∆                                          (5.13) 

Depending on the location of the asperity considered and the time spent in every zone, the 

number of oscillations corresponding to a set of asperities located at a distance y along the 

circumference will be different. 

 
Figure 5.10: Zones at the tool – workpiece interface 
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5.2.4. Temperature Increase due to Plastic Deformation 

 
For every step or oscillation, the die will elastically and plastically deform the asperity. It is 

assumed that the heat generated by elastic deformation is insignificant. Thus, the temperature 

increase due to the plastic deformation can be computed with the following formula [Altan et al., 

1995]: 

Dstep
t

J c
σ εθ β

ρ
⋅ ⋅∆

= ⋅
⋅ ⋅

                                                     (5.14) 

where: σ  - the effective stress, ε - the effective strain , t∆  - time element , J - conversion factor 

(J = 4.186 J/cal), c  - specific heat, ρ  - specific weight, 0.75 0.95β = −  [Ravichandran et al., 

2001]. 

Based on surface roughness observations, the asperities differ in size (height and width) and it 

can be assumed that at any time, t,  not all the asperities will be in contact; this implies that some 

asperities will not be deformed, while others will be elastically or plastically deformed. In order 

to reduce the complexity in the development of the analytical model, a simplified surface profile 

is adopted as shown in Figure 5.11. The topography of this three-dimensional model can be 

simplified to a two-dimensional geometry of the asperity, presented in Figure 5.12. 

 

Figure 5.11: Three-dimensional model of the surface roughness adopted 
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Figure 5.12: Simplified asperities profile 

The parameters of the asperities profile will vary, according to the common dimensions of the 

surface roughness: 

• Ra – the roughness average (0.0008 – 0.5 mm) 

• l0 – the length of the profile (0.35 – 2.5 mm) 

• h – the height of the asperities (0.0024 – 0.15 mm) 

• l – the contact area length, adopted l0 / 3 

The average surface roughness is given by: 

0

1 ( )
L

aR r x dx
L

= ⋅ ∫                                                         (5.15) 

We can compute: 

0

00

00

1
12

3 3
3

a

a a

l lR h
l hl R h R

lll

⎫−⎡ ⎤= ⋅ ⋅ ⎪⎢ ⎥⎪⎣ ⎦ ⇒ = ⋅ ⋅ ⇒ =⎬
⎪= ⎪⎭

                               (5.16) 

 

Using this simplified profile, Figure 5.13 illustrates the deformation process for one step (one 

cycle of oscillation). The geometrical parameters are : hi, li, φi – initial dimensions and hf, lf, φf – 

final dimensions. The strain rate will be found from the wave velocity: n

f

v
h

ε = , where v is the 

velocity of the die, given by the oscillations. In order to find the increase in temperature, we need 

to find i fh h h∆ = − between two consecutive steps produced by the pressure p. Then we can 

consider the work done for one asperity: 
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( )1 02 i iW F h p Area h p r h l hπ= ⋅∆ = ⋅ ⋅∆ = ⋅ ⋅ ⋅ + ⋅ ⋅∆                         (5.17) 

2 0 0itotalW Volume d V d
ε ε
σ ε σ ε= × = ×∫ ∫                                  (5.18) 

 

        
                                                                     (a) 

 
                                                                          (b) 

 

Figure 5.13: Deformation of one asperity after one cycle of oscillation 

                                                        (a) Initial dimensions for this step  

                                                        (b) Final dimensions (after this step)  
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From the equations 5.17-18 h∆  can be obtained: 

( ) ( )
0 0

0 02 2
i itotal total

f i
i i i i

V d V dWh h h
F p r h l p r h l

ε ε
σ ε σ ε

π π

× ×
∆ = = ⇒ = −

⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ + ⋅
∫ ∫                 (5.19) 

ln f

i

h
h

ε =                                                           (5.20) 

nKσ ε= ⋅                                                          (5.21) 

ln
n

fn
D

i f

h vt K t K
J c J c h h
β βθ ε ε
ρ ρ

⎛ ⎞
= ⋅∆ ⋅ ⋅ ⋅ = ⋅∆ ⋅ ⋅ ⋅⎜ ⎟⋅ ⋅ ⋅ ⋅ ⎝ ⎠

                     (5.22) 

 

The number of iterations for computing the maximum increase in temperature will be N. 

max max

1 1

1ln i

i

i i

n
N N

f
plastic D

i i i f

h
T t K v

J c h h
βθ
ρ= =

⎡ ⎤⎛ ⎞⎛ ⎞ ⎢ ⎥∆ = = ⋅∆ ⋅ ⋅ ⋅ ⋅⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⋅ ⋅⎝ ⎠ ⎝ ⎠⎣ ⎦
∑ ∑                     (5.23) 

The normal velocity is given by the ultrasonic oscillations. The velocity of the die when this will 

come in contact with the specimen can be found. The contact will take place when the 

displacement of the die equals the displacement of the punch (Figure 5.14).) 

 
Figure 5.14: Finding the exact moment of contact between die and workpiece 

After the velocity of the die is determined, the normal and tangential velocities can be also 

determined (Figure 5.15). The velocity of the die normal to the interface and the tangential 

(sliding) velocity are determined with eqs 5.24. Numerical values are in Table 5.4. 
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sin
cos

n D

t D

v v
v v

α
α

= ⋅
= ⋅

                                                          (5.24) 

 
Figure 5.15: Normal velocity of the oscillations 

Table 5.4: Numerical values for the critical velocity 

a [mm] ω  [s-1] 
0v  

[mm/s] 
t [s] vD [mm/s] vn [mm/s] vt [mm/s] 

0.01 125663.71 1 4.8 x 10-5 132 41.74 125 

 
Assuming volume constancy, hf  and lf can be written as a function of hi and li. Considering a 

wavelength (only one asperity) and assuming that it is circular on the surface of the specimen, 

the total volume before step I is a sum of the volume of a cylinder and two cones: 

( ) ( ) ( )

( ) ( ) ( )

2 30 3
0 0

2 30 3
0 0

12
6

3

i

i

i
total i i i o

i

i
total i i i o

i

l l
V l r h r h r

h
l l

V l r h r h r
h

π π

π π

− ⎡ ⎤= ⋅ ⋅ + + ⋅ ⋅ ⋅ ⋅ + −⎣ ⎦

− ⎡ ⎤= ⋅ ⋅ + + ⋅ ⋅ + −⎣ ⎦⋅

                      (5.25) 

Similarly, we can find the volume after the deformation: 

( ) ( ) ( )2 30 3
0 03f

f
total f f f o

f

l l
V l r h r h r

h
π π

− ⎡ ⎤= ⋅ ⋅ + + ⋅ ⋅ + −⎢ ⎥⎣ ⎦⋅
                          (5.26) 

 

From the condition of volume constancy (
i ftotal totalV V= ), we obtain: 

( ) ( ) ( )2 30 3
0 03f

f
total f f f o

f

l l
V l r h r h r ct

h
π π

− ⎡ ⎤= ⋅ ⋅ + + ⋅ ⋅ + − =⎢ ⎥⎣ ⎦⋅
                     (5.27) 
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The equations 5.19 and 5.27 will be used in finding the value for hf and lf. Figure 5.16 presents 

the geometrical parameters used in this calculation. 

 
Figure 5.16: Geometrical parameters of the asperity during the plastic deformation (one step) 

The computation will be iterative. The final length and height of the asperity will become initial 

values for the next step. The iteration will take place until 0fl l≤ . Another limitation will be 

given by the height corresponding to the maximum opening. This height is the stroke of the die 

due to ultrasonic oscillation. The change in the height of the asperity h∆ cannot have a bigger 

value than the stroke. 

 
5.2.5. Temperature Increasing due to Friction 
 

The temperature increasing due to friction, θF, is give by [Altan et al., 1995]: 

sliding av sliding
F step

f v t F p v t F
J c Vol J c Vol

β σ β µ
θ

ρ ρ
⋅ ⋅ ⋅ ⋅∆ ⋅ ⋅ ⋅ ⋅ ⋅∆ ⋅

= =
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

                           (5.28) 

where:σ  - the effective stress, pav – the applied pressure, t∆  - time element, J  - conversion 

factor (J = 4.186 J/cal), c  - specific heat, ρ  - specific weight, 0.75β = , F – the contact area, f 

(µ)– the friction factor, vsliding – the relative velocity at the interface, Vol – the volume subjected 

to the temperature increase. The real contact area will not be equal with the nominal area. It can 
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be assumed that the real contact area will be only 33 % of the nominal area (see Figure 5.11). 

The relative velocity at the interface, vsliding, is given by: 

sin( )sliding specimenv v a tω ω= − ⋅ ⋅ ⋅                                            (5.29) 

The velocity of the specimen depends on the zone. The average velocity is determined using the 

following formula: 

0

1 t

avv vdt
t

∆

= ⋅
∆ ∫                                                      (5.30) 

Figure 5.17 represents the initial billet and the final extruded piece. The initial billet was 

considered ø 1 x 1 mm, and the stroke of the punch in this case is 0.6 mm. 

 
Figure 5.17: Schematic representation of the billet and final piece 

The velocity of the material takes different values in different location in the specimen. The 

velocities to be introduced in eq 5.39 will be: 

• Zone I: 0v  - This is the initial velocity of the material and it is equal to the punch velocity. 

• Zone II: 1v  - The velocity of the material on the deformation zone will be determined using 

upper-bound analysis. 

• Zone III: ev  - The exit velocity of the extruded specimen. This velocity depends on the 

reduction ratio (the ratio of the entrance and exit diameter) and the initial velocity: 

0
e o

e

dv v
d

= ⋅                                                         (5.31) 
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Figure 5.18 represents the upper-bound field for extrusion process and the corresponding 

hodograph. Considering only a half of the specimen, the velocities discontinuities occur along 

AC and BC. In all the other regions, the material is not deforming [Hosford et al., 1999]. The 

entrance velocity of the material is v0. After the material enters in the deformation zone, its 

velocity is changed to a new velocity v1, parallel to AB. The value of this velocity can be found 

geometrical, from the hodograph. It depends on the velocities discontinuities: ACv∗  and BCv∗ . 

 

Figure 5.18: Upper-bound field and corresponding hodograph 

For the numerical values considered for the initial billet dimensions and the punch velocity, the 

relative velocities are summarized in Table 5.5. For this calculation it was assumed an angle of 

30º between BC and the moving direction. With these values of the material velocities, the 

relative sliding velocities 0 avv − for Zone I and v1-av for Zone II, between the material and the die 

will be determined, using formulas from the eqs 5.29 and 5.30. The averages are determined for 

a time interval 0t∆ for Zone I and 1t∆  for Zone II. 
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Table 5.5: Numerical values for the material velocities 

0v   
[mm/s] 

v1  
[mm/s] 

ve  
[mm/s] 

0t∆  
[s] 

0 avv −   
[mm/s] 

1t∆  
[s] 

v1-av  
[mm/s] 

1 1.33 1.67 5 x 10-5 800 0.4 x 10-5 80 

 

In reality, these values for relative velocities are reduced because the workpiece will also receive 

some oscillations in the same phase with the die. Furthermore, due to the normal pressure, the 

asperities will be deformed elastically in the sliding direction; this also will contribute to the 

reduction of the relative velocity. In the calculation it is assumed that the relative velocities were 

reduced to one third. 

In order to determine the temperature increase due to friction, the pressure applied will be 

determined for Zones I and II. In Zone I, there is lateral pressure acting at the tool – workpiece 

interface, given by: 

lat ep Y σ= −                                                              (5.32) 

The pressure (pα) acting in Zone II is determined using slab analysis [Ngaile, 2006]: 

xp Yα σ= −                                                             (5.33) 

2 cot
tan1 1x

e

dY
d

µ α
ασ

µ

⋅ ⋅⎡ ⎤⎛ ⎞⎛ ⎞
⎢ ⎥= ⋅ + ⋅ − ⎜ ⎟⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

                                       (5.34) 

The parameters from this formula are represented in Figure 5.19. The extrusion pressure is 

obtained using the formula from the eq 5.34. The diameter d is replaced by the initial diameter of 

the billet d0. The extrusion pressure depends on the initial and final extruded diameter, the semi 

angle of the die (α), the material yield strength (Y) and friction coefficient (µ). 
2 cot

0tan1 1e
e

dY
d

µ α
ασ

µ

⋅ ⋅⎡ ⎤⎛ ⎞⎛ ⎞ ⎢ ⎥= ⋅ + ⋅ − ⎜ ⎟⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

                                      (5.35) 

The plot of the pressure distribution is schematically represented in Figure 5.20. For the 

deformation zone an average pressure will be considered in the calculation.  

0

1 l

avP Pdl
l

∆

= ⋅
∆ ∫                                                        (5.36) 
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where: l∆ is the length of the deformation zone. For the process conditions considered, such as 

billet dimensions, material, and friction coefficient, the average values for the pressure were 

computed and included in Table 5.6. The friction coefficient was assumed to be constant during 

the entire process µ = 0.05. 

 
Figure 5.19: Slab analysis for extrusion; sliding friction 

 
Figure 5.20: Representation of the stress and pressure distribution in the extrusion zone 
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Table 5.6: Numerical values for the material velocities 

Material Pav 
[MPa] 

K [Mpa] n 

Dimensions 
billet [mm] 

Final 
Diameter 

[mm] Zone I Zone II 

600 0.05 ø1 x 1 ø 0.6 1080 1200 

 

 

5.2.6. Longitudinal Ultrasonic Oscillation Superimposed on Forward Micro-Extrusion – 

Algorithm for Determination of the Temperature Increase 
 
In order to determine the temperature increase in ultrasonic forming and obtain the final 

temperature distribution, the asperities need to be considered. Every point chosen corresponds to 

one asperity. Knowing the velocity for all three zones of the forward extrusion, the final position 

of every point can be found and the number of the oscillations corresponding to every zone. 

When the asperity passes through Zone I, the temperature will increase due to friction. Formulas 

given in eqs 5.12 and 5.29 will be used to find the temperature increase.  

In Zone II the temperature will increase due to friction and plastic deformation. The formulas 

given in eq 5.23 and eqs 5.17-5.27 will be used. Figure 5.21 presents the algorithm for 

determination of the temperature increase due to plastic deformation.  Also, in this zone, the 

roughening process is considered. The new asperities are assumed to be generated in steps, i.e. 

when the material has moved a certain predetermined distance, a new asperity with the same size 

as the initial asperities of the billet will be generated. The new asperities generated will also be 

subjected to plastic deformation. The same procedure presented in the algorithm will be applied 

to find the temperature increase. The final temperature increase will be found using formula from 

eq 5.13, as a summation of the temperature increase in one asperity in every zone the asperity 

crossed. The initial temperature of the material is assumed to be 20º. 

In Zone III only friction is present, but the dimension of the die land is considered to be too small 

to cause any significant temperature rise.  
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Figure 5.21: Algorithm to compute temperature increase due to plastic deformation 

Initial dimensions 
hi, li, l0 

Find ∆he using hi Find ∆hf solving  
W1=W2 

Find height after 
plastic def. hp 

Final height 
hf = hp+ ∆he 

lf=f(hf) 

Effective plastic 
strain 

Effective plastic 
stress 

Temperature increase 
per one step 

Added to the total temperature from 
the previous oscillation (iteration) 

hi =hf 
li =lf 
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5.2.7. Longitudinal Ultrasonic Oscillation Superimposed on Forward Micro-Extrusion – 

Temperature Distribution in One Asperity during the Entire Deformation Process 
 

Following the procedure described in the previous section, the temperature distribution for a 

particular case can be determined and plotted. The case considered is one of a steel billet (K=600 

Mpa; n=0.05), with the surface roughness of 6.3 µm. The geometrical dimensions are hi=0.0189 

mm, l0=0.12 mm, li=0.04 mm, hi=0.032 mm (referring to Figure 5.16). The dimensions of the 

original billet are ø 1 x 1 mm.  

Figure 5.22 presents the asperities (points) considered for the determination of the temperature 

increase and the final temperature. The initial and the final locations of the points are indicated in 

the figure. Using the equations presented in the previous sections, the temperature increase due 

to friction was determined. In Zone I, the increase in temperature per one oscillation is 

0.049F step Iθ − = ºC and in Zone II is 0.0035F step IIθ − = ºC. The temperature increase due to plastic 

deformation in Zone II taken care also of the number of new asperities generated and plastically 

deformed. 

 
Figure 5.22: Points considered for temperature determination 

Table 5.7 shows the number of the oscillations that every point will be subjected in the three 

different zones. Table 5.8 presents the temperature increase determined for every point due to 
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friction and plastic deformation, and also the total temperature increase. Considering an initial 

temperature of 20º, the final temperature could be determined. Figure 5.23 shows the 

temperature distribution predicted, presenting the final temperature and its components. 

Table 5.7: Number of oscillations for all points during different zones 

Points 
(asperities) 

Number of oscillations imposed on 
the asperity in every zone 

# Zone I Zone II Zone III 

1 12000 0 0 
2 12000 0 0 
3 12000 0 0 
4 12000 0 0 
5 12000 0 0 
6 10000 2000 0 
7 8000 4000 0 
8 6000 6000 0 
9 4000 8000 0 
10 2000 8000 2000 
11 0 8000 4000 

 

Table 5.8: The final temperature and its components for every point considered 

Points 
(asperities) Temperature increase [ºC] 

# Friction 
component 

Plastic 
deformation 
component 

Total Final  
(Total + 20ºC) 

1 588 0 588 608 
2 588 0 588 608 
3 588 0 588 608 
4 588 0 588 608 
5 588 0 588 608 
6 497 145.06 642.06 662.06 
7 406 241.77 647.77 667.77 
8 315 386.83 701.83 721.83 
9 224 531.89 755.89 775.89 
10 126 531.89 657.89 677.89 
11 28 531.89 559.89 579.89 
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In a classical forward extrusion processes, without ultrasonic oscillations, the temperature can 

reach 150 ºC [Altan et al., 1995]. In the ultrasonic forming, the predicted temperature increased 

five times. 
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Figure 5.23: The final predicted temperature distribution and the temperature increase due to friction and 

plastic deformation 

 
 
5.2.8. Longitudinal Ultrasonic Oscillation Superimposed on Double Cup Micro-Extrusion – 

Illustration of the Physical Process 

 
The ultrasonic oscillations superimposed on the double cup micro-extrusion processes will have 

also effect on the final temperature. In the case of longitudinal oscillation, the plastic 

deformation component of the temperature increase can be neglected. The important effect will 

Total temperature increase 

Temperature increase due 
to friction 

Temperature increase due 
to plastic deformation 

Final temperature  
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be given by the sliding friction between the exterior of the cups and the die. Figure 5.24 presents 

the physical process, and Figure 5.25 shows the three different zones of the process. 

 
Figure 5.24: Ultrasonic DCE forming – Physical process 

 
Figure 5.25: The zones of the process 
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5.2.9. Longitudinal Ultrasonic Oscillation Superimposed on Backward Cup Micro-

Extrusion – Illustration of the Physical Process 

 
Similar with double cup extrusion, in the backward extrusion process the temperature increase 

due to ultrasonic oscillations will have the friction as the major component (Figure 5.26). 

 
 

Figure 5.26: Ultrasonic Backward extrusion – Physical process 
 
 

5.2.10. Radial Ultrasonic Oscillations Superimposed on the Forming Processes 
 
Previous researchers observed benefic effect in the case of radial ultrasonic oscillation in the 

reduction of the forming load, the friction reduction and a better surface finish due to a better 

lubrication [Young et al., 1970-2, Kumar et al., 2004]. In the extrusion processes of interest in 

this work, radial ultrasonic oscillations will contribute also to the temperature increase. The 

difference from the longitudinal oscillations will be in an important component due to plastic 

deformation. In the case of double cup extrusion or backward extrusion processes, the die will 

oscillate radial and the asperities on the exterior surfaces of the cups will be subjected to plastic 

deformation. The frictional sliding component will be of less importance, because the relative 
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velocity between the specimen and die is given only by the velocities of the different zones of 

the material. The die will not contribute to the increase in the relative velocity, because its 

movement has only radial component. In practice, however, the ultrasonic oscillations generator 

will induce both longitudinal and radial movements. The dominant mode of oscillation will 

depend on the set up. 

5.3. The Effect of the Temperature Increase on the Lubricant 

In the metal forming processes, the lubricant is used to reduce the frictional forces between the 

specimen and die, to cool, to prevent die wear and prolong the life of the tool, etc.  

In Section 5.9 the predicted temperature in the ultrasonic forming was found to be five times 

bigger than the temperature resulted from the classical forward extrusion forming process. The 

temperature effect on the lubricant combined with the other factors presented in Chapter 4 

(material, geometry, surface expansion, pressure, strain) will affect the tribological conditions. 

Therefore ultrasonic forming processes may require lubricants that can withstand high 

temperatures. More importantly, lubricants with pressure additives may prove to be the best 

choice as these lubricants become effective at higher temperatures. 

5.4. Conclusions 

This chapter presented the development of an analytical model to determine the influence of the 

ultrasonic oscillations on the micro-extrusion process (flow stress, load force, frictional 

conditions, and surface finish). Some assumptions were made. It was considered that the 

temperature increases because of the friction and of the plastic deformation of the asperities. 

A model was developed to determine the temperature increase due to the ultrasonic oscillations, 

and values were calculated for Forward Extrusion process. The predicted temperature in the 

ultrasonic forming was found to be five times bigger than the temperature resulted from the 

classical forward extrusion forming process, which agrees well with the experimental 

observation of previous researches. 

Different types of oscillations and their application for different types of extrusion processes 

were presented. Also the importance of carefully choosing appropriate lubricants to be used for 

ultrasonic microforming was discussed.  
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CHAPTER 6 

MICROFORMING AND ULTRASONIC TOOLING DESIGN 

 
 
6.1. Introduction in Ultrasonic Tooling 
 
The purpose of this chapter is to design and manufacture a set of tooling able to superimpose the 

ultrasonic vibrations to the micro-extrusion process. There are various methods that can be used 

to produce oscillations. These methods are based on mechanical, piezoelectric and magneto-

strictive. In Chapter 2 the reasons for choosing the piezoelectric emitter have been discussed. 

When designing the ultrasonic - microforming tooling, there are some important aspects to 

consider: 

• The natural frequency of the system should be as close as possible to the imposed frequency; 

otherwise the energy will be lost from the vibrating system, limiting its efficiency. 

• The transmission of the vibration to the rest of the structure can cause various problems 

(loosening screws, damaging bearings, etc.) 

The performance of the ultrasonic – microforming tooling is related with the frequency and the 

amplitude of the oscillations. Greater amplitude is expected to give greater benefits (related to 

the forming load and the friction), but the stress will be larger and the tooling life shorter. 

Similarly, a higher frequency will decrease the wavelength, but will increase the danger of 

fatigue failure. In order to find an optimum in the tooling design, the dynamic analysis was used. 

 
6.2. Components of the Ultrasonic System 
 
Every ultrasonic system includes three interdependent electrical assemblies: (a) Ultrasonic 

generator and control circuits, (b) Ultrasonic transducer, and (c) Ultrasonic concentrator. The 

concentrator is connected to the ultrasonic piezoelectric and they are tuned to resonate at the 

same frequency. The ultrasonic generator supplies the voltage applied to the piezoelectric. 

 
6.2.1. Ultrasonic Generator 

 
The ultrasonic generator converts 50/60 Hz AC power into high-frequency ultrasonic power. The 

high frequency power signal forces the transducers to vibrate at the imposed frequency. The 
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generator’s load can be a single transducer element or more transducers. More transducers can be 

combined into a large single system for processing vast volumes of material. In the same way, 

more generators can be grouped and synchronized together to deliver uniform and consistent 

displacement. The ultrasonic generators can have fixed or variable ultrasonic power. Typical 

power supplies have maximum outputs ranging from a few hundred watts to several kilowatts 

(mostly between 300 and 2,000 Watts). 

 
Figure 6.1: Ultrasonic Generator (from Weber Ultrasonics) 

There are two important aspects for the ultrasonic generator, regarding the output parameters, 

which need the presence of the control circuits: 

• Amplitude – can vary between 10 and 100 µm; there is a convention within the ultrasonic 

industry to quote amplitudes in ‘peak-to-peak’ terms. The real values are 5 – 50 µm. 

• Frequency – can vary between 20 and 170 kHz. The more usual output frequencies are: 20, 

22 and 40 kHz. 

 
6.2.2. Ultrasonic Transducer 
 
The role of the transducer is to convert the electrical signal received from the ultrasonic 

generator with a specific frequency into a mechanical vibration, or oscillation. For ultrasonic 

microforming extrusion, the most appropriate is with longitudinal oscillations. The piezoelectric 

with a high performance has a sandwich construction. In order to excite oscillations in the 

emitter it is necessary to supply an alternating voltage to it. The connection to generator is 

through coax plug and socket. In the upper and, the transducer has a threaded stud for the 

connection with the sonotrode (see Figure 6.2). The transducer and the sonotrode are specifically 
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tuned to resonate at the same exact frequency. The dimensions of the transducers can vary very 

much from a producer to another. An example of dimensions is: diameter: 48 – 89 mm and 

height: 81 – 135 mm. 

        

Figure 6.2: Ultrasonic Transducers from Westphal Wavetec [www.wwtec.de] and Weber Ultrasonics 

 

6.2.3. Ultrasonic Energy Concentrator 
 
The concentrator has two roles: 

• Transmitting the vibratory energy from the ultrasonic transducer to the wanted surface or 

point; 

• Amplifying the oscillations of the emitter by concentrating ultrasonic energy in a small 

volume. In many ultrasonic applications high intensities are necessary. But since at the 

resonant frequency the oscillation amplitude of an emitter is reduced, it is practically 

impossible to obtain high intensities.  

To accomplish these two roles, rods of varying cross-section, so-called concentrators or velocity 

transformers, are used. The oscillatory energy is non-uniformly distributed over the length of the 

rod and therefore at the narrow and of the rod the oscillatory velocity and the displacement 

amplitude are greater than at the wide end. 

The cross-section of the rods may vary according to different laws [Young et al., 1970-1, 

Severdenko et al., 1972], and can be: stepped (Figure 6.3), conical (Figure 6.4), exponential 

(Figure 6.5) or combinations of these configurations. Figures 6.3 – 6.5 show the first three 

models, with the cross-sectional variant circle / circle. 
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   Figure 6.3: A half-wave stepped concentrator                      Figure 6.4: A conical concentrator 

             [Severdenko et al., 1972]                                                         [Severdenko et al., 1972] 

 
Figure 6.5: Exponential concentrators with variable outside or inside diameter [Severdenko et al., 1972] 

              
The transformation ratio of the sonotrode is: 

1
0

2

Ak
A

=                                                               (6.1)                         

where A1 is the output amplitude of the ultrasonic transducer, and A2 is the output amplitude of 

the sonotrode. For all types of concentrators it is necessary that the natural frequency of the 

concentrator must be equal to or multiple of the natural frequency of the emitter. In the majority 

of practical situations concentrators whose lengths are equal to the wavelength or half the 

wavelength of the ultrasonic wave emitted by the vibrator are used. The design of the stepped 

concentrator seems simple since the rate of sound propagation in the concentrator is equal to the 
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speed of sound in an ordinary round bar. But even the simplest small-diameter round sonotrode 

has to be dimensions to resonate at precisely the right frequency. The design and the manufacture 

require special attention. Incorrectly manufactured sonotrodes will impair the forming process 

quality and can lead to the destruction of the vibrational system and to considerable damage to 

the generator.  

To obtain high oscillation intensity at the output end of the concentrator it is necessary for it to 

be well fastened to the emitter. To obtain a good acoustic bond the soldering must be uniformly 

distributed over the whole soldered surface. There must not be poorly soldered areas, and not 

even small gaps are allowable, since the acoustic bond would be poorer and there would be 

additional losses of energy. With a thread connection between the concentrator and adapter and a 

soldered transducer, it is desirable to coat the surfaces being connected with a thin layer of 

machine oil for a tighter connection and improved acoustic bonding. 

 
6.3. Design of the Concentrator 
 

In designing the entire system, the data from the Table 6.1 are used, and the most important is 

the wavelength, or, more exactly, half of the wavelength [Appendix 2]. 

Table 6.1: Summary of the parameters of the sonotrode 
 

Material Steel 

Young Modulus E = 210000 MPa = 210 x 109 kg/s2mm 

Density ρ = 7.8 kg/cm3 = 7.8 x 10-6 kg/mm3 

The wave speed 
ρ
Ec =  = 5188.75 m/s 

The frequency 
2

f ω
π

=  = 20000 Hz = 20000 s-1 

The angular speed ω = 125663.71 s-1 

The wavelength =259.44 mmc
f

λ =  

Figure 6.6 shows the parts of the system-sonotrode. This is the design simulated with in the finite 

element analysis. The component parts of the system will be: (a) Inside con, (b) Punch, (c) 
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Outside con, (d) Tuning piece, (e) Lock nut, (f) Lower base plate. The punch, the inside cone and 

the tuning piece are kept together in the outside cone and placed in the lower base plate. The lock 

nut is not just for fastening; it also increases the stiffness of the system. 

 
 Ultrasonic oscillations imposed by 

piezoelectric transducer 
 

Figure 6.6: The system – sonotrode for ultrasonic microforming (micro-extrusion) 

There are two waves in the sonotrode system: (a) longitudinal wave that comes directly from the 

piezoelectric emitter and has a maximum of amplitude in the deforming zone and (b) wave 

transmitted into the disc. Even if the disc is in the zero amplitude zone, it still exist the possibility 

that the wave will be transmitted in the perpendicular direction, with the same frequency and 

wavelength. Considering this, the diameter of the disc has to be a wavelength in order to obtain 

zero amplitude in the clamping zone and stability in the system.  This concentrator has two 

tuning possibilities to bring a favored mode into the optimum frequency range. These 

possibilities are related to the two waves (Figure 6.7): 
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• Changing (decreasing) the length of the tuning piece. This is the most important tuning 

possibility. By changing the length of the tuning piece, the forming zone will move relatively 

to the maximum amplitude of the oscillations. Also the length of the tuning piece can 

influence and change the position of the node of the amplitude (zero displacement), where 

the clamping is located. In this way, the mode shape of the entire structure is influenced. 

• Changing (decreasing) the diameter of the free disc diameter. This is related not only with 

shifting for tuning of the frequency, but also to the insulating of energy. Transmission of the 

vibratory energy to the rest of the structure can cause problems, such as loosening screws, 

damaging bearings. 

 
 

Figure 6.7: Tuning possibilities of the system 
 
After determining the geometry the assembly is simulated using FEA and the mode shapes are 

studied. After checking the mode shape for different values of frequency, we will find a 

frequency that will superimpose the closest mode shape desired for our application.  

 

6.4. Design of the Ultrasonic Tooling  
 
In the designing of the ultrasonic – microforming system, two designs were conceived (see 

Figure 6.8) [Scherer et al., 2005]. Dynamic and static analyses are used. The dynamic analysis 

used to design the system is done in two steps (Figure 6.9): (a) Finding a design with satisfactory 

natural frequencies and mode shapes. This natural frequencies and mode shapes will be found 
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using modal analysis and (b) Determining the optimum design that works at maximum amplitude 

(less loss of energy) and to calculate the stresses generated by the vibrations in a mode that we 

choose. This can be done using harmonic response analysis. 

       
(a)                                                                         (b) 

Figure 6.8: Design of ultrasonic microforming system (a) Model with four rods (b) Model with disc plate 

 
Figure 6.9: Steps in designing the ultrasonic – microforming tooling 
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6.5. Results and Discussion – Modal Analysis of Four-Rods and Disc Tooling Model 
 
The two conceived models were simulated using ANSYS. The data introduced in the pre-

processor are given in Table 6.1. The material is assumed to be elastic and isotropic. The model 

is constrained the bottom surface (all DOF). Figure 6.10 shows the constraining applied to the 

system. The Table 6.2 shows the natural frequencies close to 20 kHz, obtained from the modal 

simulations. For this model, the length of the rods was the same with the value of λ (~260 mm). 

Figure 6.11 shows the FEA model for the disc tooling. The corresponding frequencies are given 

in Table 6.3. 

 
Figure 6.10: The four-rods tooling model 

Table 6.2: Natural frequencies close to 20 kHz 

Set Frequency [Hz] 
1 18054 
2 19505 
3 19639 
4 19745 
5 20105 
6 20393 
7 20676 
8 20867 
9 20965 

10 21027 

 

Figure 6.11: Disc model 
 

Table 6.3: Natural frequencies close to 20 kHz 

Set Frequency [Hz] 
1 19632 
2 19948 
3 19958 
4 20008 
5 20384 
6 20459 
7 20557 
8 20782 
9 20806 

10 20819  

After the modal analysis conducted for both of the proposed models, we observed that the model 

with disc plate has more appropriate mode shapes (Figure 6.12b). The energy is better insulated, 

mostly because the contact surface between the concentrator and the disc is not as large as in the 

case of the rods. In addition, the contact is more localized at the node of the amplitude 
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(amplitude 0) for disc than for the rods. In conclusion, the model decided to be used was the disc 

tooling model. 

 
                                  (a) 19691 Hz                                                              (b) 20806 Hz 

Figure 6.12: Example of mode shape for the two models 

 
6.6. Results and Discussion - Harmonic Response Analysis 
 
Harmonic response analysis was carried out in the following manner: 

• Find the solution of the equation over a range of frequencies to produce response spectra for 

any chosen nodes. Determine the amplitude response corresponding to the natural frequency. 

The structure should have one of its natural frequencies around 20kHz. In order for the 

vibration to give benefit, at that frequency is necessary to induce maximum amplitude in the 

points of interest [Appendix 3]. 

• After choosing a design with a suitable natural frequency, derive the complete stress state at 

only one or two chosen frequencies. The life of the tooling will be determined to a large 

extent by the stress state within the dies. These are highly stressed by the amplitude of the 

ultrasonic oscillations.  

• Conduct a parametric analysis. For the case that in practice we will have to tune or to adjust 

some dimensions in order to obtain the desired frequency (20 kHz), with the desired degree 

of accuracy, especially if there are unwanted natural frequencies. Some harmonic response 

simulations were conducted to quantify the effect on the frequency and amplitude of the 

vibration with the changing of some non-critical dimensions. The design will provide these 

‘tuning allowances’.  
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Because a full analysis requires a lot of computing time and power and can be usually done only 

for a coarse mesh size, we looked for a way to reduce the model. Considering that the base plate, 

the legs, the grounding disc and the clamping ring form a rigid body, thus are entirely stationary, 

we can take them out for the simplified model. Applying the appropriate constraining, we can 

assume that we don’t loose much information (Figure 6.13).  

 

Figure 6.13: Simplified FEA model 

For the simulations, the disc is assumed to be restrained on the side (no degrees of freedom). The 

oscillatory pressure (or the oscillatory corresponding force) is applied at the base. 

        
         (a) Pressure applied on the surface                                       (b) Force applied in a node 

Figure 6.14: The model simulated in harmonic response analysis 

The data used in the FEA model is given in Table 6.1. The frequency range is 19,500 – 21,000 

kHz, in 15 steps. The load is applied at the base, as real component; the model is fixed on the 

sides all the degrees of freedom (DOF). The force applied is calculated considering the pressure 

of the ultrasonic vibrations given by the eq 2.15. The magnitude of this pressure is given by:  
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4ˆ Ap Eπ
λ

= ⋅  [MPa]                                                      (6.2) 

where: A – the displacement amplitude [mm], λ – the wavelength [mm], E – Young’s modulus 

[MPa]. The magnitude of the force corresponding to this pressure can be found with the 

expression: 
2 2 24 4ˆ ˆ

4
A A d A d EF p S E S Eπ π ππ

λ λ λ
⋅ ⋅ ⋅

= ⋅ = ⋅ ⋅ = ⋅ ⋅ =   [N]                       (6.3) 

where: S – the surface where the pressure is applied (the contact surface between the transducer 

and the concentrator) [mm2], d – the diameter of this circular surface [mm] (maximum 38 mm). 

Replacing numerical, the maximum magnitude of the applied force will be: 
2 2 50.01 38 2.1 10ˆ 115,358.4196

259.44
F π ⋅ ⋅ ⋅ ×
= =  N 

This value is introduced in the pre-processor as the real part of the oscillatory function. For 

different values for the imposed frequency, the response of the structure is determined. Some 

points of interest on the die were defined, and the amplitude response in those points was 

extracted and plotted vs. frequency. The points are A, B, C and D (Figures 6.15 and 6.16). These 

points can characterize the behavior in the zone of the beginning (A), the middle (B, C) and the 

final part of the deformation process (D), the zones where it is of interest to obtain the maximum 

of the amplitude possible.  

Deformation 
zone 

Enlarge view of the 
deformation zone 

 
Figure 6.15: Full design, specifying the interest zone (Deformation zone) 
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Figure 6.16: Points of interest in the harmonic analysis (A, B, C, D) (meshed in ANSYS) 

 
6.6.1. Resonance and Amplitudes in the Deformation Zone 
 
Table 6.4 contains the amplitude of the oscillations recorded in the deformation zone, in two 

direction, radial (r) and vertical (z), corresponding to the frequency of 20,000 Hz, the 

superimposed frequency. A comparison between these values shows that the amplitude on x and 

y decreases from the beginning to the end of the deformation zone, while the amplitude on z 

remains constant. The resonance plot for point A is shown in Figure 6.17. In the graph the 

resonance of about 20,000 Hz is observed. The resonance plots for the other points (B, C, and D) 

follow the same pattern. A comparison between the resonance plots obtained for the points in the 

deformation zone is shown in Figures 6.18 for the radial displacement and 6.19 for vertical 

displacement. The amplitude of the radial displacement decreases from A to D, but the vertical 

displacement is almost constant.  

Table 6.4: Amplitude of the oscillations in the deforming zone at frequency 20,000 Hz 

      Direction 

Point 
r 

[mm ×10-3] 
z 

[mm ×10-3] 

A 15.3743 31.7669 

B 14.0361 31.7599 

C 13.3808 31.7608 

D 12.3790 31.7697 
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Figure 6.17: Resonance plot showing radial and vertical displacement in point A 
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Figure 6.18: Amplitude vs. Frequency for the points A, B, C, and D, in the radial direction r 
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Resonance plot
Amplitude of the vertical displacement 
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Figure 6.19: Amplitude vs. Frequency for the points A, B, C, and D, in the vertical direction  z 

 
6.6.2. Stress Analysis 
 
The life of the tooling will be determined to a large extent by the stress state in the structure, and 

especially within the dies. These are highly stressed by the amplitude of the ultrasonic 

oscillations. The state of stress depends on the pressure, hence force applied by the transducer. 

This was determined earlier (eq 6.3). 
2 2

ˆ A d EF π
λ

⋅ ⋅ ⋅
=   = 115,358.42 N ≈  115.5 kN 

Figure 6.20 shows the complete stress state (von Mises) at 20,000 Hz in the tooling. The units for 

the stress are MPa. The maximum stress is at the concentrator-disc interface. There is the zone 

where the oscillations are transmitted to the disc shape.  

The values for the state of stress in the die are plotted. Figure 6.21 shows the resonance plot, and 

Figure 6.22 shows the distribution in the die for frequency 20,000 Hz. Figure 6.21 indicates a 

reduction in the state of stress for the resonance frequency (around 20,000 Hz). 
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(a) 

 

 
(b) 

Figure 6.20: State of stress corresponding to the maximum force (115.5 kN) and frequency 20000 Hz 

(units for stress are MPa) 

[MPa]

[MPa]
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Resonance plot
Amplitude of the stress (von Mises) 
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Figure 6.21: State of stress in the deformation zone – resonance plot 
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Figure 6.22: State of stress in the deformation zone – distribution for 20,000 Hz 

This state of stress has to be compared with the yield stress of the material. The die and punch 

are made from tool steel, and the concentrator and the disc are made from stainless steel. The 

yield stress for stainless steel (304) is: 485 – 600 MPa. If it will be necessary to reduce the stress 
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in the structure, we can reduce the contact surface between the transducer and the concentrator. 

Table 6.5 shows the maximum equivalent stress obtained using ANSYS, when varying the 

diameter of the circular contact area. Figure 6.23 shows the influence on the maximum stress of 

the diameter of the contact surface. Decreasing the diameter to 25 mm, the stress will be less 

than 280 MPa (the minimum value of the yield stress for steel). 

Table 6.5: The maximum stress for different diameters of the contact area 

Diameter 
[mm] 

Force 
[N] 

Maximum Stress 
[MPa] 

38 115500 663.95 

30 72000 413.89 

25 50000 287.42 

20 32000 183.95 

12.5 12500 71.86 

 

Amplitude of the maximum stress (von Mises) 
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Figure 6.23: Influence of the contact area on the maximum stress 

But reducing the contact area, the amplitude of the displacement will also be reduced. Figures 

6.24 and 6.25 show the influence on the radial and the vertical displacement corresponding to the 

frequency of 20,000 Hz. 
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Figure 6.24: Influence of the different values for diameter on the amplitude of displacement in the 

deformation zone at frequency 20,000 Hz 
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Figure 6.25: Influence of the different values for diameter on the amplitude of displacement in the 

deformation zone at frequency 20,000 Hz 
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6.6.3. Optimum Design 
 
Analyzing the state of stress in the tooling for different diameters of the contact surface between 

transducer and the concentrator, we observed that the decreasing in the diameter of the contact 

area will have a significant effect on the amplitude of the displacement. For example if the 

diameter is reduced by 50%, the amplitudes will be reduced by 75 %. 

In practice it is necessary to find an optimum between the state of stress and amplitude of the 

displacement. It is desired for the amplitude to be as large as possible, in order to have beneficial 

effects on the forming process; but not to big to produce the failure of the structure. Considering 

a minimum yield stress of 485 MPa, from Figure 6.23 a maximum diameter for the contact 

surface of 32 mm can be chosen. For this diameter, using Figures 6.22 and 6.24, we can find the 

amplitude of the radial displacement to be around 10 microns, and the vertical displacement 

around 23 microns. 

 
6.6.4. Practical Aspects – Parametric analysis 
 
The next step in the design analysis is the parametric analysis. In the theoretical simulations we 

did some assumptions: 

• the material is elastic and isotropic (no nonlinearities of the material) 

• the tooling is rigid (the interfaces were neglected) 

• the dimensions of the tooling are exactly manufactured 

Because there is a difference between the theoretical simulations and practice, we will have to 

tune or to adjust the tooling in order to obtain the desired frequency (20 kHz), with the desired 

degree of accuracy, especially if there are unwanted natural frequencies very close to the desired 

one. There are two possibilities of shifting the frequency: 

• Changing the materials – this is harder to use, because there is not a very big differences in 

the Young’s Modulus for different steels. Furthermore, we will have to manufacture again 

the parts. 

• Changing the geometrical parameters. There are some dimensions that can be changed to 

obtain a variation in the natural frequency. The manufacturing process for changing these 

parameters is easy to be done. 
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It is necessary to quantify the effect of changing some critical dimensions on the frequency and 

amplitude of the vibration. There are two parameters that can vary and influence the natural 

frequency: 

• The length of the tuning cone. This length can be decreased by shortening the cylindrical part 

of the cone. 

• The diameter of the free diameter of the lower base plate. This diameter can be increased by 

increasing the inner diameters of the grounding disc and the clamping ring. 

The change in the natural frequency with the dimensions of the parameters is given in Tables 6.6 

and 6.7 and is plotted in Figure 6.26 and 6.27. 

Table 6.6: The influence of decreasing the 

length of the tuning cone 

 Table 6.7: The influence of the increasing the 

diameter of the lower base plate 
 

Dimension 
Parameter 1    

[mm] 

Resonant 
Frequency      

[Hz] 
38.5 20017 
38 20063 

37.5 20133 

 
 

Dimension    
Parameter 2  

[mm] 

Resonant 
Frequency      

[Hz] 
260 20017 
265 19785 
270 19562 
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Figure 6.26: Change in the natural frequency with decrease of the length of the tuning cone 
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Influence of the parameter 2        
(the diameter of the lower baseplate)
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Figure 6.27: Change in the natural frequency with the increase of the diameter of the lower base plate 

The average shifting in the value of the resonant frequency is: 

• Parameter 1: increasing with 116 Hz for decreasing with 1 mm 

• Parameter 2: decreasing with 45.5 Hz for increasing with 1 mm 

6.7. Results and Discussion - Static Analysis 
 
Static analysis calculates the stresses and displacements generated in an object by the action of 

forces (internal or external), pressures, thermal expansion, etc. Static analysis was used to 

determine the maximum deflection of a disc used in the microforming tool set up shown in 

Figure 6.28. For this analysis, a simplified form is considered. Figure 6.28 also shows the 

restraining and the applied force. The maximum deforming force used for the simulations was 

1,200 N. The maximum deflection obtained after simulation is 0.066692 mm = 66 µm. This 

maximum deflection occurs at the center. This value for the deflection is acceptable for the 

tooling. Figure 6.29 shows the distribution of the deflection. 
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Figure 6.28: The force applied on disc tooling model 

 

    
Figure 6.29: Distribution of deflection in the static analysis 

 
6.8. Fabrication 
 
According to the design considerations discussed in this chapter, the tooling was fabricated and 

assembled. The housing was fabricated using structural steel. The disc, the concentrator, the 

tuning cone and the outside cone were fabricated using stainless steel. The dies and the punches 

were made from A2 tool steel and hardened to 60 HRC. The generator and the piezoelectric 

transducer were purchased from Weber Ultrasonics USA.  

Preliminary results indicated that the design was good. Resonance frequency was obtained. 

Details on the tests results are given in Chapter 7. 
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6.9. Conclusions 
 
This chapter presented the designing of the tooling, with more focus on the ultrasonic 

characteristics. The important aspects considered were to obtain a natural frequency of the 

system as close as possible to the superimposed frequency (20,000 Hz) and to insulate the 

system, in order to prevent loss of energy. 

The performance of the ultrasonic – microforming tooling is related with the frequency and the 

amplitude of the oscillations. Greater amplitude is expected to give greater benefits (related to 

the forming load and the friction), but the stress will be larger and the tooling life shorter. 

Similarly, a higher frequency will decrease the wavelength, but will increase the danger of 

fatigue failure. 

Two models were proposed for the tooling: the four rods and disc models. With the aid of 

dynamic analysis (modal and harmonic response) the best design was chosen and optimized. 

Static analysis was also carried out to check the deflection in the disc when the deforming force 

is applied. 

Finally, a parametric analysis was used to obtain some data about the practical possibility of 

tuning the ultrasonic tooling. There are two non-critical geometrical dimensions (the disc plate 

and the tuning cone) that can be modified in order to obtain the natural frequency of the structure 

as close as possible to the superimposed frequency of 20,000 Hz. 

The microforming tooling was manufactured based on the design presented in this chapter. 

Preliminary tests have been carried out successfully. Details on the test results are presented in 

Chapter 7. 
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CHAPTER 7 

EXPERIMENTAL RESULTS 

 
7.1. Introduction 
 
This chapter discusses micro-extrusion experiments that were carried out in this study. 

Experiments were conducted to observe the size effect in microforming, to compare the 

performance of three different lubricants, to observe the influence of the ultrasonic vibrations on 

the micro-extrusion process and to compare it with theoretical study. This chapter will cover the 

test set-up, the experimental procedures and will present and discuss the results of the 

experiments. Scanning electron microscopy was used in performance evaluation of the lubricants 

on microforming and in studying the influence of the ultrasonic oscillations on the surface 

quality. Also chemical analysis was used to evaluate the composition of the lubricants and the 

amount of lubricant absorbed in the material during deformation process. 

 
7.2. Test Set-up 
 
The following set of equipment was used for conducting the microforming and ultrasonic 

forming tests: 

• Ultrasonic forming tooling (Figure 7.1) – This assembly consists of common parts for both 

microforming and ultrasonic microforming. The assembly also consists of parts specific for 

ultrasonic forming. The first category consists of the lower punch and die assembly, upper 

punch assembly and a lever. A digital scale is attached to the lever for recording the forming 

load (Figure 7.2). The part specific to ultrasonic microforming is the piezoelectric transducer, 

used to transmit the ultrasonic oscillations to the lower punch assembly. 

• Ultrasonic generator (Figure 7.2) – This will generate an electrical signal of 20,000 Hz 

frequency, transmitted to the piezoelectric transducer which finally transmit ultrasonic 

vibration to the die system. The generator has maximum amplitude of 22-23 µm, with the 

possibility of variation between 50 % and 100% of this value. Using this generator, the 

resonant frequency can be selected. 

• Voltage converter (Figure 7.2) – Used to step up the voltage from 110V to 230 V required by 

the ultrasonic generator. 
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Figure 7.1: Microforming and ultrasonic tooling 
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Figure 7.2: Microforming and ultrasonic forming equipment 

The dies and the punches are presented in Figure 7.3 for (a) Forward-Backward Extrusion 

(FBCE), (b) Forward Extrusion (FE), (c) Double Cup Extrusion (DCE). 
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Figure 7.3: Dies and punches for (a) FBCE, (b) FE and (c) DCE 
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7.3. Experimental Procedures 
 
The experimental procedures are as follows: 

a) Specimen preparation – The aluminum samples were cut from a long wire of 2 mm diameter 

in small pieces of 5 mm length for forward extrusion and forward-backward extrusion, and 3 

mm length for double cup extrusion. The end surfaces were filed. Figure 7.4 shows (a) a coil 

of aluminum wire, (b) the samples prepared, (c) the specimen after deformation. 

                

FE 
 
FBCE
 
DCE 

 

Figure 7.4: Specimen preparation 

b) Test matrix – The test were conducted for three extrusion types (FE, FBCE, DCE), with and 

without ultrasonic vibration, with three different lubricants. Table 7.1 presents the test 

matrix, specifying the number of the sample obtained in each case. Details of some of the 

experimental data sheet are given in Appendix 5. 

Table 7.1: Test matrix 

Tests – Number of the sample                    Extrusion 
                       Type 
Lubricant               FE FBCE DCE 

Lub 1 1-3, 25-27 4-6, 10, 11, 18-20 7-9, 12-17, 21-24 

Lub 2 28-30 31-34 35-38 

Lub 3 39-41, 56-63 42-49, 64-68 50-55, 69-73 

The lubricants tested (presented in Figure 7.5) were: 

• Lub 1 – Polymeric lubricant 

• Lub 2 – Dailube DR-38, for tube hydroforming, produced by Japan DAIDO 

• Lub 3 – Lubsol W-72 SK, produced by Japan DAIDO 
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The specimens were labeled and put in separate bags. The labels were carefully marked to 

specify the type of extrusion process, the lubricant used and the number of the test. 

             Lub 1                               Lub 2                            Lub 3  

Figure 7.5: The lubricants tested, kept in containers 

 

7.4. Testing 
 
Before the test, the diameter and length of each specimen was measured. After that it is dipped in 

the lubricant. In order to find the film thickness, the sample is weighed before and after the 

lubricant is applied. Table 7.2 presents the film thickness for some specimens.  

Table 7.2: Film thickness for different lubricants 

Lubricant 
Specimen size 

[mm] 

Weight 

lubricant [g] 

Surface 

specimen [mm2] 

Film thickness 

[g/mm2] 

ø 1.91 x 5.11 0.006 36.37 0.1650 x 10-3 

Lub 1 
ø 1.99 x 2.67 0.002 22.90 0.1310 x 10-3 

ø 1.96 x 5.15 0.006 37.73 0.1590 x 10-3 
Lub 2 

ø 1.93 x 2.99 0.003 23.97 0.1252 x 10-3 

ø 1.93 x 5.00 0.011 36.15 0.3043 x 10-3 
Lub 3 

ø 1.93 x 2.96 0.007 23.77 0.2943 x 10-3 

 

The next step was to take the sample and placed it in the dies. The forming load was applied 

manually through a lever where a digital scale is attached. For the ultrasonic test, the ultrasonic 

oscillations are applied concomitant with the forming load. The ultrasonic generator was set to a 

resonant frequency of the tooling. The time for application of the ultrasonic oscillations was 10 
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seconds. Again, the value of the load in kg from the digital scale is read and transformed into 

Newtons. The equivalent applied load is given by: 

122 245appliedF m= ⋅ +  [N]                                                 (7.1) 

where: m is the reading [kg], the factor 122 combines the ratio of the length of the lever and the 

gravitational acceleration, and 245 [N] is a equivalent load given by the weight of the lever. 

After the tests, micrographs are taken using scanning electron microscopy (SEM), to observe the 

surface quality, behavior of the lubricant in the zones with larger value of surface expansion (or 

contraction). The SEM test matrix is presented in Table 7.3. The locations of the regions where 

micrographs were taken are shown in Table 7.4. Figure 7.6 shows the initial surface of the billet. 

Table 7.3: SEM Tests matrix and measurements 

SEM Tests                    Extrusion 
                       Type 
Lubricant               FE FBCE DCE 

Lub 1 
-micrograph  
-X-ray & map 

-micrograph  
-X-ray  & map  
-cup height 

-micrograph  
-X-ray  & map 
-cups height 

Lub 2 
-micrograph  
-X-ray & map 

-micrograph 
-X-ray 
-cup height 

-micrograph  
-X-ray  & map 
-cup height 

Lub 3 
-micrograph  
-X-ray & map 

-micrograph  
-X-ray  
-cup height 

-micrograph  
-X-ray & map -cup 
height 

Clean Specimen 
-micrograph  
-X-ray  & map 

-micrograph  
-cup height 

-micrograph  
-cup height 

 

Figure 7.6: Initial surface of the billet 
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Table 7.4: The locations for the micrographs 

(a) FE – the zones with more severe 
deformation. The zones marked by 
1, 2, 3 are subjected to expansion, 
with a maximum surface expansion 
in Zone 1. 
 

 
(b) FBCE – the zones with more 
severe deformation. Zone 1 is the 
transition from contraction to 
expansion; zones 4 and 5 are 
subjected to expansion, with a 
maximum surface expansion in 
Zone 4. 
  

(c) DCE – the zones with more 
severe deformation. Zones 1 to 6 are 
expanding, with maximum surface 
expansion close to Zones 4 and 5. 
 

 
 
 
7.5. Results and Discussion  
 
After the tests were finished, the results were analyzed.  The micrographs were taken with the 

scanning electron microscope, in order to observe the surface quality after deformation, with and 

without ultrasound, and compare with the initial surface finish of the billet. SEM was also used 

to find the chemical composition of the three lubricants, and the amount of lubricant absorbed 

during deformation process. The SEM used was a HITACHI S 3200 NSEM from AIF center in 

MSE department. Figure 7.7 shows the microscope and the Energy dispersive spectroscopy 

(EDS) used for the X-rays (qualitative analysis).  

The microscope was also used to investigate the surface quality of the dies and punches. Figure 

7.8 presents the die for double cup extrusion and micrographs taken on its surface. Figure 7.9 

presents the die for forward extrusion and forward-backward extrusion and details of the surface. 

Surface details of the upper punch for double cup extrusion and forward-backward extrusion are 

shown in Figure 7.10, and the upper punch for forward extrusion in Figure 7.11. 
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Figure 7.7: Hitachi S 3200 NSEM 

 
 

 

Figure 7.8: Double Cup Extrusion die with details 
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Figure 7.9: Forward and Forward-Backward Cup Extrusion die with details 

        

Figure 7.10: Forward Extrusion Upper punch with detail of the surface 

     

Figure 7.11: Double Cup and Forward-Backward Extrusion Upper punch with detail of the surface 
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7.5.1 Performance Evaluation of Lubricants on Micro-extrusion of Aluminum Billets  

(No ultrasonic vibrations) 

 
During the experiment the load was recorded for each sample. Figure 7.12 shows the lubricant 

performance as measured by load, for each type of extrusion process. For Forward extrusion Lub 

1 performed better than Lubs 2 and 3. Lub 2 exhibited 17 % higher load than Lub 1, while Lub 3 

exhibited 29 % higher load as compared to Lub 1. For Forward-Backward Cup extrusion, the 

load for Lub 2 increased by 8.5 % and for lubricant 3 by 10.7 % compared to Lub 1. For Double 

Cup extrusion, the behavior was different. The load corresponding to Lub 2 decreased by 10 % 

and Lub 3 increased by 6.7 % compared to Lub 1.  

 
Figure 7.12: Influence of the lubricant on the forming load, for different extrusion tests 

Lub 1  Lub 2    Lub 3            Lub 1    Lub 2   Lub 3            Lub 1   Lub 2   Lub 3 
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In order to compare the surface finish for the three lubricants, micrographs were taken at 

different locations. Figure 7.13 shows the locations and the pictures for Forward Extrusion. 

Forward Extrusion – Without Ultrasonic Oscillations 
Location 

 

Lub 1 Lub 2 Lub 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

   

Figure 7.13: Comparison between the lubricants for Forward Extrusion 
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The comparison between the lubricants was continued for Forward-Backward Cup Extrusion 

(Figure 7.14) and Double Cup Extrusion test (Figure 7.15). For Forward Extrusion and Forward-

Backward Cup Extrusion tests there could be observed the bending of the extruded shaft. This 

can be produced by the structure of the material or grain size. This will be investigated in the 

future. 

Forward-Backward Cup Extrusion – Without Ultrasonic Oscillations 

Location 

  

Lub 1 Lub 2 Lub 3 

 

   

 

 

Figure 7.14: Comparison between the lubricants for Forward-Backward Cup Extrusion 
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Double Cup Extrusion – Without Ultrasonic Oscillations 
Location 

 

Lub 1 Lub 2 Lub3 

 

 

 

Figure 7.15: Comparison between the lubricants for Double Cup Extrusion 

It is interesting to note that all specimens that were extruded using Lub 3 have better surface 

quality despite the fact that this lubricant exhibited the highest frictional force compared to Lubs 

1 and 2. In terms of surface quality Lub 1 was the worst among the three lubricants tested. 
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7.5.2 Influence of Ultrasonic Micro-forming on Friction 
 
A comparison between the height of the cups for Double Cup Extrusion test and Forward-

Backward Extrusion test with and without ultrasonic oscillations proved that ultrasound have an 

influence on the friction. The comparison was done only for lubricant 3 (Lub 3). The results are 

given in Table 7.5 for DCE and Table 7.6 for FBCE. 

Table 7.5: Comparison between cup height ratios obtained with and without ultrasonic oscillations for 

Double Cup Extrusion 

DCE Sample # hl - lower cup 
height  [mm] 

hu - lower 
cup height 

[mm] 

Cup height 
ratio 
hu/hl 

DCE-L3 #69 2.25 2.88 1.28 Without 
ultrasound DCE-L3 #70 2.27 2.87 1.26 

DCE-L3 #71 2.45 2.69 1.1 
DCE-L3 #72 2.26 2.90 1.28 

With 
ultrasound 

DCE-L3 #73 2.39 2.81 1.18 
Table 7.6: Comparison between cup heights obtained with and without ultrasonic oscillations for 

Forward-Backward Cup Extrusion 

FBCE Sample # h - cup height  
 [mm] 

FBCE-L3 #64 3.80 Without 
ultrasound FBCE-L3 #65 3.87 

FBCE-L3 #66 4.73 
FBCE-L3 #67 4.70 

With  
ultrasound 

FbCE-L3 #68 4.61 
 
The results for DCE are not conclusive regarding the influence of the ultrasonic oscillations on 

the friction, because the cups were not uniform. In the case of the FBCE, the results indicate 

clearly that the cup height increased with ultrasound. From general plasticity theory, increase in 

the cup height would mean increase in the interface friction. However, experimental results 

showed that the forming load decreased with ultrasonic oscillations as shall be discussed in 

Section 7.5.4. 

 
7.5.3 Influence of Ultrasonic Micro-forming on Surface Quality 
 
Using scanning electron microscope, a comparison between the surface finish for microforming 

with and without ultrasonic oscillations was done. The lubricant used was Lub 3. Figure 7.16 
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summarizes the micrographs for Forward Extrusion test, indicating also the location of the 

pictures. The results for Forward-Backward Cup Extrusion are given in Figure 7.17, and for 

Double Cup extrusion test in Figure 7.18. 

Forward Extrusion – Lub 3 
Location 

 

Without Ultrasonic 
Oscillations 

With Ultrasonic  
Oscillations 

 

  

 

  

 

  

Figure 7.16: Comparison between the surfaces obtained with and without ultrasonic oscillations for 

Forward Extrusion test 
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Forward-Backward Cup Extrusion – Lub 3 
Location 

 

Without Ultrasonic Oscillations With Ultrasonic  
Oscillations 

 

  

 

 

 

 

Figure 7.17: Comparison between the surfaces obtained with and without ultrasonic oscillations for 

Forward-Backward Cup Extrusion test 
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Double Cup Extrusion – Lub 3 Location 

 

Without Ultrasonic  
Oscillations 

With Ultrasonic  
Oscillations 

 

  

 

  

 

  

Figure 7.18: Comparison between the surfaces obtained with and without ultrasonic oscillations for 

Double Cup Extrusion test 
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The micrographs indicate a slightly improvement in the surface quality with ultrasonic 

oscillations, especially in the deformation zone for Forward Extrusion and Forward-Backward 

Cup Extrusion tests.  

7.5.4 Influence of Ultrasonic Micro-forming on the Performance of the Lubricant 
 
During the tests, the forming load was recorded and a comparison between the forming load with 

and without ultrasonic oscillations indicates an effect of the ultrasound observed before by other 

researchers. The forming load is reduced when the oscillations are superimposed on the forming 

processes, for all three types of extrusion tested. Figure 7.19 shows the forming load for FE, 

FBCE and DCE tests, without and with ultrasounds, using Lub 3. When the ultrasonic 

oscillations were used, the forming load decreased by 20 % for Forward Extrusion test, 10 % for 

Forward-Backward Cup Extrusion test and 25 % for Double Cup Extrusion test. 

 
Figure 7.19: Effect of the ultrasonic oscillations on the forming load for different types of micro-

extrusion processes 
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7.6. Conclusions and Future Work 
 
Experiments were conducted to observe the size effect on the friction in microforming processes, 

and the benefit of superimposing ultrasonic oscillations on the micro-extrusion processes. Micro-

extrusion tests without ultrasound were first carried out in order to evaluate the behavior of the 

three lubricants. The forming load and the surface finish after deformation were two aspects 

considered. Lubricant 1 had a smaller forming load, and lubricant 3 exhibited a better surface 

finish.  

When ultrasonic oscillations were superimposed on the micro-extrusion processes, a significant 

reduction of the forming load was observed. For the tests conducted, the reduction was between 

10 and 25 %. Also an improvement in the surface quality was observed. It can be speculated that 

the reduction in the forming load is attributed to lower friction and change in the flow stress of 

material. With the limited experiments carried out it is difficult to tell which of the two (friction 

or flow stress) was dominant. The fact that the cup height with FBCE increased with the 

reduction in forming load when ultrasonic vibration was used, suggests that ultrasonic vibration 

may have dropped the flow stress of material considerably. This condition may have suppressed 

enhancement of tribological condition leading to increase in cup height. Further investigations 

will be needed in order to accurately determine the cause for cup height increase. 

For Forward and Forward-Backward Cup Extrusion tests the extruded shaft was bent. It is not 

clear what caused the shaft to bend. Possible causes may be die design or the structure of the 

material / grain size.  

Future research work should include: 

• Establishing a better methodology for specimen preparation 

• Optimizing the oscillation frequency 

• Testing more lubricants with different chemical compositions 

• Testing various billet materials such as copper, brass, magnesium, etc. 

• Testing materials with different grain size. 
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CHAPTER 8 

CONCLUDING REMARKS AND FUTURE WORK 

 
 
The objectives of this work were to study the effect of the miniaturization in extrusion processes, 

to develop an analytical model to determine the influence of the ultrasonic oscillations on the 

micro-extrusion process, to design a set of tooling capable to superimpose the ultrasonic 

oscillations on the micro-extrusion process and to conduct experiments to observe the influence 

of the ultrasonic vibrations on the micro-extrusion process and to compare with theoretical study. 

In Chapter 4 the influence of the process parameters on the tribological conditions at the tool – 

workpiece interface was studied using finite element analysis. The analysis showed very large 

values for surface expansion, pressure and strain distribution for the extrusion processes 

simulated, indicating severe tribological conditions. 

The results of the finite element simulations didn’t show significant differences between the 

surface expansion distributions for different sizes of the specimen. But as it is in the present time, 

finite element analysis doesn’t include the topography of the surface of the specimen in the 

frictional model. Backward extrusion test were simulated in order to predict the frictional energy 

for different values for cup wall thickness. The results indicated clearly an increase in the 

frictional energy to total energy ratio with the decrease of the wall thickness. It can be concluded 

that severe tribological conditions should be expected with miniaturization. The double cup 

extrusion simulations didn’t indicate a difference in the cup height ratio with the miniaturization, 

but calibration curves were generated for different friction factors, to be used later, in the 

experiments. 

Chapter 5 presented the development of an analytical model to determine the influence of the 

ultrasonic oscillations on the micro-extrusion process (flow stress, load force, frictional 

conditions, and surface finish). Some assumptions were made. In the model it was considered 

that the temperature increases because of the friction and of the plastic deformation of the 

asperities. 

The analytical model was used to determine the temperature increase due to the ultrasonic 

oscillations, and numerical values were calculated for Forward Extrusion process. The predicted 

temperature in the ultrasonic forming was found to be five times bigger than the temperature 
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resulted from the classical forward extrusion forming process, which agrees well with the 

experimental observation reported in literature. Different types of oscillations and their 

application for different types of extrusion processes were presented. Also the importance of 

carefully choosing appropriate lubricants to be used for ultrasonic oscillations microforming was 

addressed.  

Chapter 6 presented the designing of the tooling, with focus on the ultrasonic characteristics. 

There were some important aspects considered: obtain a natural frequency of the system as close 

as possible to the superimposed frequency (20,000 Hz) and insulate the system, in order to 

prevent lose of energy. The performance of the ultrasonic – microforming tooling is related with 

the frequency and the amplitude of the oscillations. Greater amplitude is expected to give greater 

benefits (related to the forming load and the friction), but the stress will be larger and the tooling 

life shorter. Similarly, a higher frequency will decrease the wavelength, but will increase the 

danger for fatigue failure. 

Two models were proposed for the tooling: the four rods and the disc shape.  With the aid of 

dynamic analysis (modal and harmonic response) the best design was chosen (disc shape) and 

this design was later optimized.  FEA was also used for static analysis to check the deflection in 

the disc when the deforming force is applied. Finally, a parametric analysis was carried out using 

FEA to obtain data about the practical possibility of tuning the ultrasonic tooling.  

Chapter 7 presented the experiments conducted to observe the size effect on the friction in 

microforming processes, and the benefit of superimposing ultrasonic oscillations on the micro-

extrusion processes. Micro-extrusion tests without ultrasound were first carried out, in order to 

evaluate the behavior of three lubricants. The forming load and the surface finish after 

deformation were two aspects considered. Lubricant 1 had a smaller forming load, and lubricant 

3 exhibited a better surface finish.  

When ultrasonic oscillations were superimposed on the micro-extrusion processes, a significant 

reduction of the forming load was reported. For the tests conducted, the load reduction was 

between 10 and 25 %. Also an improvement in the surface quality was observed. 

To further advance the understanding of ultrasonic micro-extrusions few tasks that are worth 

pursuing in the future have been identified. These include (a) Comparing the temperature 

predicted using the analytical model developed with experimental result. It will be necessary to 
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find a method to measure the temperature rise, (b) Optimizing the ultrasonic oscillations 

frequency in order to obtain maximum benefit, (c) Establishing a better methodology for 

specimen preparation, (d) Testing more lubricants with different chemical compositions, (e) 

Testing various billet materials such as copper, brass, magnesium, etc., (f) Testing materials with 

different grain  sizes. 
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APPENDIX 1 

BASIC EQUATIONS OF ULTRASONIC OSCILLATIONS 

 
A wave can be described using frequency, wavelength, amplitude, period, angular frequency and 

speed. The frequency (f) is the number of periods per unit time (usually one second) and is 

measured in hertz. The amplitude of a wave is the measure of the magnitude of the maximum 

displacement in the medium during one wave cycle. The period (T) is the time for one complete 

cycle for an oscillation of a wave. The relationship between the frequency and the period is: 

1f
T

=                                                                 (A1.1) 

 
When waves are expressed mathematically, the angular frequency (ω, radians/second) is often 

used; it is related to the frequency f by: 

2
f ω

π
=                                                                (A1.2) 

The displacement is: 

0cos cos( )xu a t a t
c

ω ω ψ⎛ ⎞= ⋅ − = ⋅ −⎜ ⎟
⎝ ⎠

                                       (A1.3) 

 a – the instantaneous displacement of a particle of the medium at a distance x from a radiator 

oscillator with a displacement amplitude a. 

ψ0 – the initial phase of oscillation at a given point. 

( )
2

2 2cos cos
f

xa a ft a ct xc
f

ω π
π π

λ λ λ λ

= ⎫
⎪ ⎛ ⎞⇒ = − = −⎬ ⎜ ⎟= ⎝ ⎠⎪⎭

                        (A1.4) 

where: 

c – the rate of propagation of the wave 

λ – the wavelength  

At any moment of time the oscillating body may be described by a certain displacement, speed 

and acceleration. Suppose that at the moment t = 0 it leaves the equilibrium position and starts to 

move. Then at the time t the instantaneous displacement is equal to: 

( )0cos cos( )u a t a tω ψ ω= ⋅ − = ⋅ ⋅  when 0 0ψ =                              (A1.5) 

The magnitude of the oscillations is: 
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û a=                                                                   (A1.6) 

The velocity of the oscillations is determined by deriving the displacement to time: 

sin( )duv a t
dt

ω ω= = ⋅ ⋅ ⋅                                                      (A1.7) 

The magnitude of the speed is: 

v̂ a ω= ⋅                                                                (A1.8) 

Figure A1.1 shows the difference of λ / 4 between the nodes and antinodes of the displacement 

and velocity of the ultrasonic oscillations. 

 
Figure A1.1: The displacement and velocity of the ultrasonic oscillations 
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APPENDIX 2 

STEPS IN DESIGNING A SONOTRODE 

 
1. Select a frequency – When making the sonotrode for an existing ultrasonic system or a 

chosen frequency, its frequency must match. The lowest available frequency is usually 20 

kHz - this gives the largest components and highest available power, so is most versatile.  

2. Select a suitable material – The application may dictate certain requirements, such as wear 

resistance. If so, these will be in addition to the common requirements for sonotrode 

materials: high fatigue resistance and low acoustic losses (meaning that they shouldn't absorb 

too much energy from the vibrations). High strength alloys of aluminum and titanium are 

ideal; many other materials might be used but at the risk of high power losses. 

3. Calculate the wavelength – Calculate sound velocity in the chosen material. Then using the 

frequency selected at step 1, find the wavelength. 

4. Calculate theoretical dimensions – The length of the sonotrode should be half of the 

calculated wavelength. This is generally true for straight rods and stepped sonotrodes, 

provided the step is in the middle of the length. There's also a correction factor (taking 

account of the inaccuracy of the plane-stress assumption implied in this calculation), but it 

can usually be ignored for sonotrodes that have a relatively small diameter compared to their 

length. Other shapes will have different lengths - in some cases standard formulae or tables 

may be available, otherwise finite element analysis will be necessary. It is common and 

important to add a "tuning allowance" of a few mm - material that should be machined off 

during the tuning process. 

5. Consider unwanted modes of vibration – Until now there were considered only the desired 

mode of vibration, and it's common to think of a sonotrode as having only this one resonance 

that may or may not be at the right frequency. But in reality this is just one of many modes of 

vibration which all sonotrodes have. For simple shapes ignoring the other "unwanted" modes 

may cause no problems but for complex shapes or larger diameters you are very likely to an 

unwanted resonance close to the operating frequency. This can be disastrous for the forming 

process, with amplitude at the sonotrode tip being unevenly distributed and / or in the wrong 

direction. Now finite element analysis becomes vital - by testing multiple possible designs in 

the computer problems can be identified and solutions (perhaps) found.  
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6. Manufacture prototype, tune and test – The ultimate test is to make the sonotrode and test it. 

Specialist test equipment is required - at least a horn analyzer capable of driving the 

sonotrode over a range of frequencies and measuring its response. Tuning is the process of 

gradually removing material from the sonotrode until its measured resonant frequency is 

within tolerance on the target frequency - a tolerance of 1% or less is common. At this time 

the unwanted resonant frequencies can also be measured - anything too close to the operating 

frequency may require a complete redesign. 

 
Note: This information was taken from www.powerultrasonics.com 
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APPENDIX 3 

THEORETICAL ASPECTS OF HARMONIC RESPONSE ANALYSIS 

 
Harmonic analysis is used to determine the steady-state response of a linear structure (plasticity 

is ignored) when the loads vary sinusoidal (harmonically) with time. It calculates only steady –

state, forced vibrations of the structure and it doesn’t consider the transient vibrations occurring 

at the beginning of the excitation. Harmonic analysis determines the structure’s response at 

several frequencies and obtains a graph of a response quantity, for example displacement vs. 

frequency. The imposed frequencies that involve the most kinetic energy are those near the 

natural frequencies of the structure. 

The general equation that has to be solved in a dynamic analysis is: 

{ } { } { } { }[ ] [ ] [ ]M D C D K D F+ + =                                          (A3.1) 

Modal analysis is used to determine the natural frequencies of vibration for a structure and the 

corresponding mode shapes of the structure for every natural frequency. These are the undamped 

free vibrations response of the structure caused by an initial disturbance from the static 

equilibrium position. The equation solved for the modal analysis is 

{ } { } { }[ ] [ ] 0M D K D+ =                                                   (A3.2) 

The harmonic response analysis considers the force or pressure applied and calculates the 

response (the amplitude) for a certain value of frequency of the forced vibration, in the point of 

interest.  

Eq A3.2 can be solved directly at a single frequency to give the response { }D for a given 

force{ }F , or can be extended to give the response over a range of frequencies, by repeating the 

analysis. The displacement is given by: 

{ } { }max
i i tD D e eϕ Ω=                                                     (A3.3) 

where: 

Dmax – the maximum displacement 

φ – the displacement phase shift [radians] 
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Ω - the imposed circular frequency, given by 2 fπΩ = , where  f is the imposed frequency 

Note: Dmax and φ can be different at each point. 

The solution of the general equation of motion can be written as: 

{ } ( ){ } { } { }( )max 1 2cos sin i t i tD D i e D i D eϕ ϕ Ω Ω= + = +                            (A3.4) 

where:  

{ } { }1 max cosD D ϕ=  - Real displacement vector 

{ } { }2 max sinD D ϕ=  - Imaginary displacement vector 

Similarly, the force can be written as: 

{ } { }max
i i tF F e eψ Ω=                                                       (A3.5) 

{ } ( ){ } { } { }( )max 1 2cos sin i t i tF F i e F i F eψ ψ Ω Ω= + = +                           (A3.6) 

where: 

{ } { }1 max cosF F ϕ=  - Real force vector 

{ } { }2 max sinF F ϕ=  - Imaginary force vector 

Deriving eq A3.3, we obtain the nodal displacement and acceleration vectors: 

{ } { } { }( )1 2
i tD D i D i e Ω= + ⋅ Ω⋅                                              (A3.7) 

{ } { } { }( ) { } { }( ) 2
1 2 1 2

i t i tD D i D i i e D i D eΩ Ω= + ⋅ Ω⋅ Ω⋅ = − + ⋅Ω ⋅                    (A3.8) 

 Replacing eqs A3.6 and A3.8 in the equation of motion A3.1, we obtain: 

[ ] { } { }( ) [ ] { } { }( ) [ ] { } { }( )2
1 2 1 2 1 2

i t i t i tM D i D e C D i D i e K D i D eΩ Ω Ω− + Ω + + Ω + + =  

{ } { }( )1 2
i tF i F e Ω= +                                                     (A3.9) 

After simplifying by i te Ω  both terms, the eq A3.9 becomes: 

[ ] [ ] [ ]( ) { } { }( ) { } { }2
1 2 1 2M i C K D i D F i F−Ω + Ω + + = +                        (A3.10) 
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Considering that the force ({ } { }1 2,F F ), the imposed frequency (Ω ), the dimensions and the 

material ([ ] [ ] [ ], ,M C K ) are known, eq A3.10 is solved for all nodes in the finite element 

analysis, in ANSYS. Using numerical approximation, the software will determine the 

displacement vector ({ } { }1 2,D D ). Note that ANSYS will do this analysis for the specified values 

for frequency. 

 



141 

APPENDIX 4 

METHODS OF EVALUATING THE MODE AND FREQUENCY 

 
Some physical methods used for evaluating mode of vibration are [Cheers, 1995]: 

• 'Feel' of the die surface - activity can be gauged roughly by gently touching the vibrating 

surface. An oily, frictionless feel indicates high amplitude vibration. 

• Using a sound level meter – another physical output of most ultrasonic systems which also 

has obvious safety implications is the airborne noise. Using a sound level meter at a fixed 

distance this can be used as a measure of die activity. By moving the meter around the die at 

a fixed distance it is possible, in theory, to find areas of high and low activity. In practice, 

however, picking out different modes of vibration by this method is very difficult because of 

the radiation of noise in all directions from all parts of the die.  

• Using fine powder (talc) – this is a simple, non-hazardous method of indicating the mode of 

vibration is using fine powder (talc). The die must be set up with its axis vertical and while it 

is vibrating in some unknown mode the talc is sprinkled on the flat top face. The vibrations 

cause the talc to move over the surface and each mode of vibration shows a characteristic 

pattern of talc flow.  

• Admittance / Impedance Plotter – the equipment selected comprises a variable frequency 

generator with output voltage suitable for piezoelectric transducers. A digital frequency 

meter gives an accurate measure of the output frequency, which can be adjusted manually or 

set to scan automatically over a range at variable scan rates 

• Electronic Speckle Pattern Interferometry (ESPI) – the die is illuminated by an interfering 

pair of laser beams, producing a speckle pattern. A video camera is used to digitally record 

an image of this pattern. Any movement of the die surface causes changes in the speckles, 

depending on the distance moved. By digitally subtracting the new image from the previous 

stored one, the changes are shown, with light and dark fringes showing areas where the 

amount of movement is similar (like contour mapping). By different arrangements of the 

laser beams the equipment can be made sensitive to movements along three orthogonal axes 

(for example with the die set up on a horizontal axis, movements can be measured out-of-

plane, in-plane horizontal and in-plane vertical).  
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APPENDIX 5 

ULTRASONIC MICROFORMING EXPERIMENTAL DATA SHEET FOR 
EXTRUSION TEST 

 
Date       07   /    24   / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L1#18 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.02 
Diameter: 1.99 

 

Sample Material 
 

Material Type:  
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature:  25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1650x10-3 

 
Forming Conditions Maximum Forming Load: 1441 N 
 
Remarks 

The forward extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L1#19 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.96 
Diameter: 1.98 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1650x10-3 

 
Forming Conditions Maximum Forming Load: 1429 N 
 
Remarks 

The forward extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L1#20 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.11 
Diameter: 1.91 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1650x10-3 

 
Forming Conditions Maximum Forming Load: 1348 N 
 

Remarks   The load force for 25 % stroke – 819 N; 50 % &  75 % - 1331 N 

The forward extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L1#21 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 3.13 
Diameter: 1.99 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1310x10-3 

 
Forming Conditions Maximum Forming Load: 1526 N 
 

Remarks   The load force for 50 %  - 1108 N 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L1#22 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 2.67 
Diameter: 1.99 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1310x10-3 

 
Forming Conditions Maximum Forming Load: 1429 N 
 
Remarks    

 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L1#23 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 3.13 
Diameter: 1.99 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1310x10-3 

 
Forming Conditions Maximum Forming Load: 1612 N 
 
Remarks    
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L1#25 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.96 
Diameter: 1.98 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1650x10-3 

 
Forming Conditions Maximum Forming Load: 1575 N 
 
Remarks    

The extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L1#26 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.00 
Diameter: 1.96 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1650x10-3 

 
Forming Conditions Maximum Forming Load: 1441 N 
 
Remarks    

The extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L1#27 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.94 
Diameter: 1.99 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 1 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1650x10-3 

 
Forming Conditions Maximum Forming Load: 1563 N 
 

Remarks   The load force for 25 % stroke – 1014 N; 50 % - 1380 N;  75 % - 1538 N 

The extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L2#28 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.15 
Diameter: 1.96 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1590x10-3 

 
Forming Conditions Maximum Forming Load: 1905 N 
 
Remarks    

The extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L2#29 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.97 
Diameter: 1.96 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1590x10-3 

 
Forming Conditions Maximum Forming Load: 1636 N 
 
Remarks    

The extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L2#30 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.04 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1590x10-3 

 
Forming Conditions Maximum Forming Load: 1831 N 
 

Remarks   The load force for 25 % stroke – 959 N; 50 % - 1386 N;  75 % - 1620 N 

The extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L2#31 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.07 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1590x10-3 

 
Forming Conditions Maximum Forming Load: 1395 N 
 
Remarks   

The forward extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L2#32 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.97 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1590x10-3 

 
Forming Conditions Maximum Forming Load: 1571 N 
 

Remarks   The load force for 25 % stroke – 1038 N; 50 % - 1232 N;  75 % - 1365 N 

The forward extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L2#33 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.86 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1590x10-3 

 
Forming Conditions Maximum Forming Load: 1530 N 
 
Remarks    

The forward extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L2#35 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 3.05 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1252x10-3 

 
Forming Conditions Maximum Forming Load: 1429 N 
 
Remarks    
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L2#36 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 3.09 
Diameter: 1.97 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1252x10-3 

 
Forming Conditions Maximum Forming Load: 1399 N 
 

Remarks   The load force for 25 % stroke – 958 N; 50 % - 1084 N;  75 % - 1211 N 

The lower cup is irregular; probably the preparation of the specimen was not good enough. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L2#37 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 2.99 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 2 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.1252x10-3 

 
Forming Conditions Maximum Forming Load: 1453 N 
 
Remarks    
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L3#39 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.91 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1961 N 
 

Remarks  The deformed specimen came out easily from the die. 

The extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L3#40 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.87 
Diameter: 1.94 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1963 N 
 

Remarks  The load force for 25 % stroke – 875 N; 50 % - 1538 N;  75 % - 1750 N 

The deformed specimen came out easily from the die. The extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L3#41 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.04 
Diameter: 1.94 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1991 N 
 

Remarks  The deformed specimen came out easily from the die. 

The extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L3#43 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.86 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1514 N 
 

Remarks  The load force for 25 % stroke – 892 N; 50 % - 1331 N;  75 % - 1274 N 

The forward extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L3#44 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.86 
Diameter: 1.94 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1648 N 
 
Remarks   

The forward extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L3#45 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.97 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1392 N 
 
Remarks   

The forward extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L3#50 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 3.01 
Diameter: 1.98 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.2943x10-3 

 
Forming Conditions Maximum Forming Load: 1721 N 
 
Remarks   

 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L3#51 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 2.97 
Diameter: 1.94 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.2943x10-3 

 
Forming Conditions Maximum Forming Load: 1648 N 
 

Remarks  The load force for 25 % stroke – 970 N; 50 % - 1158 N;  75 % - 1270 N 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   24    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L3#52 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 3.00 
Diameter: 1.93 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.2943x10-3 

 
Forming Conditions Maximum Forming Load: 1641 N 
 
Remarks   

 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L3#59 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.99 
Diameter: 1.91 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 2101 N 
 
Remarks   

The extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L3#60 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.99 
Diameter: 1.91 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1757 N 
 

Remarks  Power at the ultrasonic generator: 300 W. Frequency: 20990 Hz. Amplitude: 100 %. 

The extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L3#61 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.95 
Diameter: 1.95 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 2136 N 
 
Remarks   

The extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  FE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FE-L3#63 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.95 
Diameter: 1.92 

 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1770 N 
 

Remarks  Power at the ultrasonic generator: 260 W. Frequency: 20990 Hz. Amplitude: 100 %. 

The extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L3#64 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.95 
Diameter: 1.92 

Cup Height: 3.80 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1575 N 
 
Remarks   

The forward extruded part is bent. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L3#65 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.00 
Diameter: 1.96 

Cup Height: 3.87 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1543 N 
 
Remarks   

The forward extruded part is bent. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L3#66 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 4.95 
Diameter: 1.95 

Cup Height: 4.73 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1441 N 
 

Remarks  Power at the ultrasonic generator: 240 W. Frequency: 20990 Hz. Amplitude: 100 %. 

The forward extruded part is bent. The cup is longer and looks nicer. The lubricant is black. 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  FBCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number FBCE-L3#68 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 5.01 
Diameter: 1.90 

Cup Height: 4.61 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.3043x10-3 

 
Forming Conditions Maximum Forming Load: 1477 N 
 

Remarks  Power at the ultrasonic generator: 220 W. Frequency: 20990 Hz. Amplitude: 100 %. 

The forward extruded part is bent. The cup is longer. The lubricant is black. 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L3#69 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 2.97 
Diameter: 1.96 

Upper Cup Height: 2.88 
Lower Cup Height: 2.25 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.2943x10-3 

 
Forming Conditions Maximum Forming Load: 1532 N 
 
Remarks   

Cup Height Ratio: 1.28 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L3#70 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 2.92 
Diameter: 1.96 

Upper Cup Height: 2.87 
Lower Cup Height: 2.27 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.2943x10-3 

 
Forming Conditions Maximum Forming Load: 1526 N 
 
Remarks   

Cup Height Ratio: 1.26 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L3#71 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 2.97 
Diameter: 1.96 

Upper Cup Height: 2.69 
Lower Cup Height: 2.45 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.2943x10-3 

 
Forming Conditions Maximum Forming Load: 1404 N 
 

Remarks  Power at the ultrasonic generator: 200 W. Frequency: 20990 Hz. Amplitude: 100 %. 

The lubricant is black. Better specimen preparation is needed. Cup Height Ratio: 1.21 
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Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L3#72 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 2.96 
Diameter: 1.96 

Upper Cup Height: 2.90 
Lower Cup Height: 2.26 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.2943x10-3 

 
Forming Conditions Maximum Forming Load: 1197 N 
 

Remarks  Power at the ultrasonic generator: 200 W. Frequency: 20990 Hz. Amplitude: 100 %. 

The lubricant is black. The cups are irregular. Cup Height Ratio: 1.28 
 
 

Ultrasonic Microforming Experimental Data Sheet for Extrusion Test 
 

Date        07  /   29    / 2006 Type of Test:  DCE Ultrasonic Oscillations:    � Yes     � No 
Sample Condition  
Sample Number DCE-L3#73 

Before Experiment After Experiment  
Sample Dimensions 

[mm] 
 

Height: 3.02 
Diameter: 1.96 

Upper Cup Height: 2.81 
Lower Cup Height: 2.39 

Sample Material 
 

Material Type: 
Chemical Composition: Al 

Tool Parameters   
 
Room Conditions Room Temperature: 25°C (77ºF) 
 
Lubricant Type Lub 3 
Chemical Composition  
Physical Properties Viscosity (cst) pH Film Thickness (g/mm2): 0.2943x10-3 

 
Forming Conditions Maximum Forming Load: 1075 N 
 

Remarks  Power at the ultrasonic generator: 220 W. Frequency: 20990 Hz. Amplitude: 100 %. 

The lubricant is black. The cups are irregular. Cup Height Ratio: 1.18 
 


