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Abstract

The work presented in this thesis is concerned with the process of micro-scale shaping 

and adjustment of metallic components through a technique called Laser Peen Forming 

(LPF).

In a number of industry and science sectors, there is a need for precise, remote (non

contact) adjustment of the position and shape of micro-scale structures and components. 

Through process mechanisms that do not introduce significant thermal input into a 

material and which do not damage sensitive material properties and devices. This 

includes micro adjustment and correction of shape in MEMS devices, micro fabrication 

of disc drive surfaces, active alignment of optics in photonic devices, assembly and 

control of micro grippers and micro robotic manipulation in semiconductors, 

microelectronics and sensors, and the remote adjustment of micro medical tools for 

minimal invasive surgery. As the miniaturisation and complexity of micro devices and 

systems increases, the consideration of localised thermal effects on temperature

sensitive materials and components becomes increasingly a key issue. Thus, in all the 

above application areas, a process for inducing micro-mechanical adjustment without the 

use of heating mechanisms would be of significant benefit.

To date, laser based micro adjustment has been approached through the introduction of 

thermal stresses to induce deformation by established laser forming (LF) mechanisms. 

However, if a short pulse laser is used (in the order of ns) the thermal effects associated 

with the LF would be replaced with a largely non thermal interaction and this would lead 

to an alternative method of forming which is called LPF.

The principal objectives of the project were to investigate the mechanisms involved and 

the laser parameters required for the control of LPF on macro and micro scale 

components. Where possible comparison is made with thermal LF methods, both 

experimentally and through Finite Element Modelling (FEM) of the technique. The 

effects of laser power, laser traverse velocity, wavelength and irradiation strategy on the
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resultant bending produced are investigated. The limits and capabilities of the process 

are analysed and then refined to identify a new set of process parameters, regimes and 

conditions for which LPF could operate without tamping layers or coatings. Success in 

this allowed the process to be applied to micro actuators, as demonstrated using read 

head actuator and bridge actuator designs. Finally, the effect material properties have on 

the LPF process is studied.
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1 Introduction
In a number of industry and science sectors, there is a need for precise, remote (non

contact) adjustment of the position and shape of micro-scale structures and components, 

through process mechanisms that do not introduce significant thermal input into a 

material, which would otherwise damage sensitive material properties and devices. This 

includes micro adjustment and correction of shape in MEMS [1], micro fabrication of 

disc drive surfaces [2], active alignment of optics in photonic devices, assembly and 

control of micro grippers and micro robotic manipulation in semiconductors, 

microelectronics and sensors, and the remote adjustment of micro medical tools for 

minimal invasive surgery [3-5], As the miniaturisation and complexity of micro devices 

and systems increases, the consideration of localised thermal effects on temperature

sensitive materials and components becomes increasingly a key issue. Thus, in all the 

above application areas, a process for inducing micro-mechanical adjustment without the 

use of heating mechanisms would be of significant benefit. An optically addressed 

version of the silicon micro-machined MEMS gyroscope might be one example of this 

[6,7].
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To date, laser based micro adjustment has been approached via thermally based forming 

methods based on laser forming (LF). LF of sheet metal by thermal interaction has been 

receiving considerable interest in recent years since its inception by Namba and 

development by Vollertsen [8, 9]. This includes a significant level of effort at University 

of Liverpool [10-15]. The prime advantage of the LF process is that component shaping 

can be carried out without the need for permanent tools or dies since the shaping effect 

is achieved solely by the scanning under CAD control of a high power laser over the 

sheet surface. Since this can be related directly to the CAD design of the required shape 

of the finished component, LF offers a novel means of going from “art to part” in a rapid 

manner and at low cost. LF can also be used for microfabrication. Because o f the 

availability of high beam quality lasers that can be focussed to a very small spot size 

(e.g. sub 10 pm), components at the micro scale could be directly fabricated. LF can be 

used for microadjustment of electronic components (for example the accurate 

adjustment of the tracking height of hard disc read heads) [16]. Considerable progress is 

being made in discovering how to control LF in the case of simple shapes and in 

developing the process for more complex geometries. While there is still much more to 

do in this area, the scope and potential of LF has been demonstrated.

However, a different novel approach is emerging which may extend the LF process. If a 

short pulse laser is used (for example a Q-switched Nd:YAG laser with a pulse length of 

about 10 ns) the thermal effects associated with the LF (which is normally carried out 

with a long pulse or continuous wave laser) would be replaced with a largely nonthermal 

mechanical effect, sometimes referred to as laser shock processing. At the very high 

fluence (for example, 3 GW/cm2) generated by the concentration of the laser energy into 

such a short pulse duration, the “giant pulse” creates a large mechanical shock wave 

which is impingent on the component surface [17], The effect takes place without any 

significant heating of the substrate and is strengthened if a surface layer which is 

transparent to the incoming laser radiation (for example, for the case of Nd:YAG, a layer 

of water or glass) is present to constrain the induced mechanical wave and direct it 

toward the interior of the component. This was first demonstrated by Anderholm in 1970 

with the generation of a surface stress wave of magnitude 34 kbar [18]. Measurement of
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the stress waves generated by a Q-switched ruby laser in thin metallic films under 

confinement was also carried out by Yang in 1974 [19], the work being aimed at 

generating stress waves of sufficient peak intensity to detonate explosives. Clauer, 

Fairand & Wilcox at Battelle Columbus Laboratories reported a pulsed laser induced 

deformation effect in materials in 1977 [20]. Experimental and theoretical work by the 

same team on the laser generation of high amplitude stress waves in materials was 

reported in 1979 [21], This work has formed the basis of the newly developed laser 

shock peening process, which is now under trial to determine its suitability for replacing 

conventional shot peening as a means of inducing beneficial compressive stresses in 

aerospace components as a means of improving resistance to fatigue failure. Here a very 

high power Nd:glass laser is used to achieve the depth of penetration o f compressive 

stress build up that is required [22], While this process is developing for fatigue life 

enhancement, there have so far been only a few attempts internationally to investigate 

adaptations of it for the case of the shaping of materials and the work to date, while 

having demonstrated feasibility, is at a very early stage. In 2002, Zhou and colleagues 

Jiangsu University in China published results of their research on a laser shock forming 

(LSF) process [23], which used laser induced shock waves to establish ultra high strain 

rates (~107s']) in thin metal sheet (0.3-lmm) for a dynamic super-speed forming process. 

This work was the first to suggest a laser induced non-thermal process for micro scale 

laser forming. Also in 2002, Yao and co-workers at Columbia University, New York, 

reported work on micro scale laser shock processing of copper components [24], which 

was initially proposed for offsetting undesirable residual stresses in MEMS devices 

caused by micromachining. This was followed by a series of papers reporting studies 

into the characterisation of the stresses induced by the micro scale laser shock process 

and their effect on specific material properties [25-27], but which included the analysis 

of plastic deformation, reported in 2004 [28],

Hence, in an analogous way that shot peen forming was developed from conventional 

shot peening as a means of shaping sheet materials, the work here was aimed at 

development of laser peen forming (LPF) by the use of high peak power short pulse 

lasers in a manner similar to their use in laser shock peening for fatigue life
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enhancement, but here applied to the shaping and micro adjustment of thin metal 

components. There are four significant advantages to be gained in developing LPF 

compared with LF:

1) since LPF is largely non thermal, there is no risk of the unintended modification 

of material microstructure with possible attendant change in functional properties 
which may occur in LF,

2) since compressive stresses are induced in a component surface via LPF there 

would be no risk of fatigue life diminution (as may be the case in LF, where a 

subsequent peening operation may be required to remove induced surface tensile 
stresses),

3) since the pulse length in LPF is short and can be delivered from lasers with 

moderate average power at a repetition rate of 10 -  50MHz, there is great 

potential for the development of processes for the fabrication of micro 

components at a rapid rate of production,

4) since LPF is nonthermal, it is likely to be more suitable than LF for the micro 

adjustment of components that are in close proximity to other high value, heat 

sensitive components.

The motivation of the research was to develop a method of laser peen forming 

employing less expensive, lower power, pulsed laser systems. However, this would have 

the effect of limiting the area over which the shockwave wave could interact (energy 

density limitation) and hence the thickness of the component that could be formed, 

therefore the process was developed for micro scale applications. The method employs a 

form of laser peen forming without the need for a tamping layer. This thesis reports on a 

number of empirical investigations aimed at demonstrating the active forming 

mechanism and characteristics of the process, showing the advantages of the process 

over LF. In the empirical studies undertaken the effect of laser wavelength, the 

establishment of a process window, evaluation of bend direction, reversibility, 

processing angle, thermocouple analysis, witness mark evaluation and metallurgical 

analysis are all covered. The process is then refined to show potential applications of

Kenneth R. Edwards 4 PhD Thesis



LPF on actuators, a method to quantify the process through pressure monitoring and 

Finite Element Analysis (FEA) to demonstrate the low thermal input and to aide in the 

understanding of the LPF mechanism.
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2 Literature Review

2.1 Summary

This chapter presents some background to laser forming including laser fundamentals 

reviews of laser forming mechanisms, theoretical and finite element models and 

previous experimental work. This is followed by background on peening, leading to 

laser peening, and the fundamentals of laser peening including plasma generation. All 

followed by a state of the art review of laser peen forming and a synopsis is given for the 

current research.

2.2 Laser Fundamentals

A laser is an optical resonator containing an optical amplifying medium. It produces an 

intense, monochromatic, low diverging, coherent beam of electromagnetic radiation at a 

single wavelength between 0.2pm and 20pm, depending on the type of laser.

Light is a form of electromagnetic radiation which has the characteristics of both waves 

and particles. In the context of lasers, light is taken to include the ultraviolet and the near 

infrared regions as well as the visible regions of the electromagnetic spectrum, as lasers 

have been developed to emit radiation in any one of these regions.

The concept of stimulated emission of radiation (which is the physical process after 

which is the laser is named Light Amplification by the Stimulated Emission of 

Radiation) was conceived by Einstein [29] in 1917, when he showed that stimulated
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emission was an everyday occurrence. However, it was not until 1928 that Ladenburg 

and Kopfermann [30] experimentally confirmed the existence of stimulated emission. 

Many years of research passed before the first working laser was developed, which was 

invented in 1960 by Maiman [30, 31], where he used a ruby crystal as the laser gain 
medium.

Since then, there have been huge advancements in laser technology, and today lasers are 

a multibillion pound industry and are now used in a vast number of applications 

worldwide. There are numerous different types of lasers (such as carbon dioxide, carbon 

monoxide, Nd:YAG, diode) with various output properties, but they can generally be 

categorised into three main types: gas, solid state and excimer, which relates to the 
active medium of the laser.

2.2.1 Laser Design and Operation

The essential feature of a laser is its cavity, which is an optical oscillator comprising of 

two opposing mirrors placed parallel to each other, one of which is highly reflective and 

the other partially reflective. These mirrors are centred on the same optical axis with an 

active medium between them, which may be solid, liquid or gas. The active medium is 

excited by an energy source, known as the pump energy, which can be provided by an 

electrical DC or RF power supply, pulsed light or a chemical reaction; depending on the 

type of laser. The atoms or molecules within the active medium become excited due to 

the pump energy input, which raises them from their initial ground state to a higher 

energy state. As the excited atoms or molecules decay to a lower energy state, 

spontaneous emission occurs and a photon is emitted, which has a random phase and 

direction. The photons that are travelling on the central axis of the laser cavity are 

reflected by the two mirrors and the photons oscillate between them. As this occurs, the 

atoms or molecules in the excited state are stimulated by these photons, resulting in 

another photon being emitted, while the atom returns to its ground state. The stimulated 

photon has the same phase, direction, polarisation and frequency as the original photon, 

which is not absorbed by the excited state atom. This process is known as stimulated
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emission, which continues to occur as the photons oscillate between the cavity mirrors 

producing an avalanche of identical photons, therefore resulting in light amplification 

[32,33].

To achieve stimulated emission, a population inversion is required where there are more 

atoms or molecules in the excited state than in the lower energy state, to allow 

amplification as opposed to absorption. For population inversion to be achieved, the 

lifetime of the excited species has to be longer than that of the lower energy state.

2.2.2 Nd:YAG Lasers

The design and operation of high power pulsed neodymium-doped yttrium aluminium 

garnet (Nd:YAG) lasers are explained in greater detail in this sub-section, as these where 

the type of laser used in the experiments presented in this thesis.

Most high power Nd:YAG lasers have a standard cavity design where the active lasing 

medium is a cylindrical isotropic solid state YAG crystal that has the chemical formula 

of Y3 A15O12. Approximately 1 % of the yttrium is substituted for neodymium ions, Nd3+, 

in the crystal lattice. The typical construction of an Nd:YAG laser is illustrated in Fig. 

2.1. This shows the pumping source to be a flashlamp, which is a quartz tube filled with 

a noble gas (normally Krypton as this is currently the most efficient type of flashlamp 

for pumping an Nd:YAG crystal) through which high energy stored in a capacitor is 

discharged. A more commonly used pumping source for Nd:YAG lasers now, are laser 

diodes as these are much more efficient than flashlamp pumped lasers.
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Figure 2.1: General design and construction of a Q-switched, flashlamp pumped, and 
water cooled Nd: YAG laser

The Nd:YAG crystal and the flashlamp pumping source are mounted in an elliptical 

chamber, which has a highly reflective (usually gold plated) inner surface in order to 

reflect the light from the flashlamp to give a uniform illumination of the Nd:YAG 

crystal. De-ionised water is circulated through the elliptical chamber to maintain the 

crystal at a constant temperature. Mounted between the back mirror and the pumping 

chamber, in line with the cavity central axis, is an aperture to improve the beam mode 

quality. Behind the aperture, there is a Q-switch (where the Q stands for quality) which 

is a device that spoils the lasing oscillation in a controlled way to generate short pulses 

of intense power. There are several types of Q-switch: mechanical chopper, rotating 

mirror, saturable absorber, acousto-optic transducer and electro-optic transducer. 

However, the latter is the one found in the lasers used in the experiments in the 
following chapters.

With electro-optic Q-switches, an electric field is applied across a wave plate, which is 

an optical device that alters the polarisation state of a light wave travelling through it. 

The electric field changes the refractive index of the wave plate, and hence changes the 

polarisation properties. The variation in refractive index is proportional to the strength of 

the electric field. This effect was first observed by Pockels [34] and was subsequently 

named after him. A Pockels cell is therefore the name given to the voltage controlled
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wave plate. As well as a Pockels cell, a Q-switch also contains a polariser plate, as 

shown in Fig. 2.1, which is sensitive to the polarisation orientation of the beam.

For the generation of every beam pulse, the flashlamp is firstly activated. During this 

time, a voltage is applied across the wave plate, which causes it to act as a quarter wave 

plate. This causes the beam that passes through it to rotate its plane of polarisation 90°, 

and as the beam propagates back towards the polariser plate, the beam is reflected out of 

the cavity, hence preventing the formation of an optical resonator. The Nd:YAG crystal 

at this point is still being pumped by the flashlamp event to a highly excited state. When 

the crystal has become saturated by energy (i.e. maximum population inversion in the 

Nd3+ ions), the voltage applied to the Pockels cell is switched to zero. This returns the 

beam to its original plane of polarisation which transmits through the polariser plate and 

the YAG crystal, and exits the laser as a short intense pulse of nanosecond (ns) length. 

The triggering of the flashlamp and Q-switch are offset by a predetermined time 

(typically around lOOps) within the laser, which corresponds to the time it takes the 

Nd:YAG crystal to become fully energised. A simplified energy level diagram for 

stimulated emission in Nd:YAG lasers is shown in Fig. 2.2.

Fast, non-radiative
Higher decay

absorption
bands

f t  A„. ■■ 3 —, Metastable state (E:)

vAA/v 1064 inn
radiation

Terminal state (Ej)

Oiuuiid slate (Eq)

Figure 2.2: Simplified energy level diagram for the pumping of neodymium ions in 
Nd:YAG lasers

Kenneth R. Edwards 11 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components 

Population inversion results from the flashlamp shining broadband light on the YAG 

crystal, which excites the Nd3+ ions within the crystal to make a transition from the 

ground energy level (E 0) to the higher absorption bands (E3). Ground state Nd3+ ions 

absorb most strongly at pump wavelengths of 730 nm and 800 nm, but also absorb at 

other wavelengths. The lifetime of the excited ions at these higher absorption bands is 

very short and nearly all these ions decay (non-radiatively) into the upper energy level 

(E2) known as the metastable state, where their lifetime is much longer. The lasing 

action occurs when the ions make a transition from this state to the lower energy level 

(Ei) called the terminal state, where light radiation is spontaneously emitted at the 

characteristic wavelength of 1064 nm. In order for the ions to decay back to the ground 

energy state (Eo), adequate cooling is required, which is provided by the flow of de
ionised water within the pumping chamber.

2.2.3 Laser Mode Structure

When a laser is active, electromagnetic radiation will oscillate between the cavity 

mirrors, where there will be longitudinal standing electromagnetic waves defined by the 

cavity geometry. These longitudinal standing waves have their nodes located axially 

along the length of the cavity. However, there are a number of these waves at slightly 

varying angles from the central axis, which have an effect on the cross-sectional profile 

of the beam produced. The ratio of the distance between the two cavity mirrors (cavity 

length) to the width of the output aperture determines the number of the off-axis 

longitudinal standing waves that can oscillate within the cavity. This is described by the 
Fresnel number, N, which is defined as:

( 1 )
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Where r is the radius of the output aperture, X is the wavelength of laser radiation and L 

is the cavity length along the cavity axis. Therefore, a low Fresnel number signifies a 

‘low order’ beam mode.
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The off-axis longitudinal standing waves interfere with each other to give transverse 

standing waves, which have their nodes located perpendicular to the axis of the cavity. 

The production of these transverse standing waves affects the uniformity of the 

distribution of the energy throughout the cross-section of the laser beam. This intensity 

distribution is known as the beam mode structure and is classified by the transverse 

electromagnetic mode (TEMpl) pattern, where p  is the number of radial zero fields and / 

is the number of angular zero fields [33], Typical circular beam mode patterns with 

various radial and angular zero fields are shown in Fig. 2.3.
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Figure 2.3: Typical circular beam mode patterns, showing various radial and angular 
zero fields

The TEM01* mode is produced from an oscillation between two orthogonal TEM01 

modes. However, the lowest order beam mode is the TEMOO which is regarded as the
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ideal beam mode as this can be focused to the smallest spot size. A TEMOO mode 

generated within a laser cavity will have a Gaussian distribution intensity profile with a 

high central intensity peak, which is illustrated in Fig. 2.4a.

Figure 2.4: Theoretical TEMOO mode Gaussian beam intensity profile: (a) 3-D profile 
and (b) 2-D profile

The diameter of a laser beam is commonly defined at the point where the relative beam 

intensity has reduced to l/e2 of its peak (i.e. 86.5% of the central beam irradiance), 
which is shown in Fig. 2.4b.

2.3 Laser Forming

2.3.1 Laser forming origins

The inspiration behind Laser Forming (LF) originates in the flame bending or line

heating process. This uses an oxyacetylene torch to induce thermal stresses into a work

piece [35, 36], Flame bending has been used extensively for the profiling and 

straightening of heavy engineering components in both the construction and 
shipbuilding industries [37-39],

This process is completely manual and relies heavily on operator skill to successfully 

form these components due to the diffuse nature of the flame used in line heating. A
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flame heat source produces a constant temperature at the surface of the work-piece and it 

is difficult to establish a steep thermal gradient (which is often necessary for the process) 

in thin sections and materials with a high thermal conductivity. Consequently the 

operator must spend much time learning about the heating conditions which will 

produce the desired result by trial and error.

This problem is vastly decreased with a laser as it produces a focused heated area on the 

surface of the work-piece, when compared to a flame. This not only makes it possible to 

thermally form components that previously would not have been possible to form but 

also introduces a heat source which has a very high degree of control. These advantages 

along with the potential for automation have led to research into laser forming.

2.3.2 Laser forming

As with thermal bending, the laser forming process works by inducing thermal stresses 

in the surface of a work-piece by heating the surface with a laser beam. These internal 

stresses induce plastic strains that result in local elastic-plastic buckling of the work

piece. Laser forming techniques vary from flame bending technique mainly because the 

laser induces a constant heat flux through the surface of the material whereas the flame 

torch produces a constant temperature on the work-piece surface. This allows the laser 

source to produce steep thermal gradients in materials which have high values of thermal 

conductivity, such as copper, or thin cross sections which are not possible with a flame. 

A second important difference between the flame and laser techniques is the 

controllability. The spot diameter and the total energy flux of a laser beam can be 

controlled with the spot diameter controllable from some tens of microns to some 

centimetres (cm) and from some milliwatts (mW) up to some kilowatts (kW), 

respectively.

The control of a flame is much more problematic. The energy flux or flame temperature 

depends on the oxygen content of the gas mixture which is difficult to control. In 

addition, the flame diameter is much larger than that of a laser beam and also very hard
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to control. Due to the very good control offered by the laser beam, different types of 

temperature fields can be generated, yielding different forming mechanisms and results. 

The practical application and processing variables of laser forming are shown in Fig. 
2.5.
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Figure 2.5: Laser Forming Set-up & Process Variables [12]

Namba [9] identified the variables indicated in Fig. 2.5 as well as the following 

parameters as affecting the final achievable bend when laser forming a material:

• Power density distribution of the laser beam

• Absorptivity of the material

• Number of laser passes

• Density of the material

• Specific heat capacity

• Thermal expansion coefficient

• Yield strength
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• Young’s modulus

• Poisson’s ratio

• Fracture strength of the material

• Melting temperature of the material

Depending on these parameters a number of different laser forming mechanisms can 

occur, as identified by Vollertsen [40], This variation is caused by the temperature 

gradient produced in the material. The Temperature Gradient Mechanism (TGM) 

requires a steep thermal gradient though the thickness of the sample, this mechanism 

always produces a bend towards the source. When a shallow temperature gradient is 

produced through the thickness of the material, the Buckling Mechanism (BM) is active. 

This produces a bend either towards or away from the laser source, depending on the 

strains present in the work-piece. The upsetting or shortening mechanism occurs when 

the thermal gradient is shallow, but the part is constrained by its own geometry. This 

causes an overall shortening of the sample. The three main mechanisms (Fig. 2.6) are 

described below in more detail.
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Figure 2.6: The Laser Forming Mechanisms [12]
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2.3.3 Laser forming mechanisms

2.3.3.1 The Temperature Gradient Mechanism (TGM)

The conditions for the temperature gradient mechanism are energy parameters that lead 

to a steep temperature gradient through the sheet thickness (Fig. 2.7). The path feed rate 

has to be chosen to be large enough that a steep temperature gradient can be maintained. 

The feed rate has to be increased if materials are used which have a high thermal 

conductivity. The laser path on the sheet surface is typically a straight line across the 

whole sheet. This straight line is incident with the bending edge.

temperature gracient

Figure 2.7: Energy conditions required for the TGM [8]

The temperature gradient mechanism proceeds in the following steps:

1. Heating of the surface and thermal expansion against the cold bulk material

2. Development of counter bending

3. Further heating and plastic compression of the surface

4. Cooling of the surface and thermal contraction

5. Development of the bending angle
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The first step of the temperature gradient mechanism is a heating of the surface which 

leads to purely elastic strains. Due to the thermal expansion of the surface layer there is a 

counter bending of the part, resulting in a bending away from the laser beam. The 

amount of the counter bending is minimal as it is the small heated area, which is 

approximately the size of the laser spot, generating forces to counteract the global 

stiffness of the whole sheet. Because the counter bend relaxes the stresses at the heated 

surface it is detrimental to the development of a bending angle towards the laser. This is 

because the relaxation of the surface stresses leads to a lower fraction of the thermal 

strain being converted into plastic strain.

Further heating gives an increase in the thermal expansion and a reduction in flow stress 

in the heated area. At a certain temperature which depends on the material and its 

geometry, the thermal strains reach the yield stress of the material. A further increase of 

the temperature results in a conversion of the thermal expansion into plastic compressive 

strains. The yield stress is dependent on the material, the workpiece geometry and the 

work-piece temperature. As the temperature of the work-piece increases the yield point 

reduces, increasing the amount of plastic strain. The plastic strains increase until heating 

stops or surface melting occurs. When the laser source is removed the cooling cycle 

begins. Whereas the thermal input was from a source outside the work-piece, the cooling 

occurs from within the system. The bulk of the material, unaffected by the laser, acts as 

a heat sink, self-quenching the heated area through conduction. Thermal losses to the 

environment by convection and radiation are minimal and can be disregarded. Where the 

heating phase was of the order of 0.5 seconds the cooling phase of the forming cycle is 

slower, taking 10-20 seconds to cool the sample. As the thermal energy dissipates 

through the bulk of the material the elastic thermal strains that occurred during the 

heating phase recover, leaving the plastic strains due to compression of the surface. The 

final value of the bend angle depends on the coupled energy, the geometry o f the part 

and the properties of the material. A single pass usually give a bend rate of between 0.1° 

and 3°.
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The asymmetry of the process is the reason why the thermal expansion leads to plastic 

compression of the sheet and the thermal contraction does not lead to a plastic tension of 

the material, this would cancel the plastic compression and therefore hinder a 

development of a bending angle (Fig. 2.8).
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compressive stress 
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sheet metal
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Figure 2.8: Principle of the Temperature Gradient Mechanism (TGM) [8]

During heating there is heat flow through the surface which increases the temperature in 

the region below the surface. Thermal expansion leads to plastic compression of the 

material. The counter bending is hindered by the cold material which has a large elastic 

modulus. During cooling the heat flow is now into the surrounding material so that the 

thermal contraction of the material and the thermal stresses are relieved by the thermal 

expansion of the surrounding material which is heated by the heat flow. This material 

also tends to expand due to heating but it is also hindered by the surrounding cold 

material. So compressive stresses are produced which are superimposed onto the tensile 

stresses which develop in the cooling region. In addition the section modulus which

heating - counterbending

cooling - positive bencfing
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determines the amount of the bending angle towards the laser beam is now lower than 

during heating as a large amount of the cross section is heated and hence the elastic 

modulus is low in this region.

So far this is an explanation for a two-dimensional representation of the sample cross 

section. In addition an explanation for the asymmetry and the effects due to that can be 

given from a three-dimensional observation of the sample. During heating only a small 

area with a cross-section equal to the square of the beam diameter is heated and exposed 

to thermal compressive stresses. These compressive stresses have to counterbalance the 

section modulus of the whole sheet. Therefore the counter-bending is very small. In 

contrast, during cooling the whole edge of the sheet is cooling simultaneously. This is 

because the heating is very fast but cooling is much slower. Therefore, the moments 

produced by the cooling of a small section have to counter-balance the local stiffness of 

the part, which is much smaller than the global suffness during heating. So there is 

nearly no cancellation of the plastic compression and large bending angles can develop. 

This asymmetry of the heating and cooling phase is essential for the development of a 

bending angle for this mechanism [6].

2.3.3.2 The Buckling Mechanism (BM)

The buckling mechanism operates if  the laser beam diameter is large compared to the 

sheet thickness and the processing speed is slow, thus resulting in a small temperature 

gradient across the sheet thickness. These conditions may be realised by different 

parameter combinations. One possibility is to irradiate a high alloyed steel foil (e.g. 

100pm in thickness), using a low power laser and a low processing speed. Another 

possibility is to use material with a high thermal conductivity like copper. The buckling 

mechanism proceeds by the following steps:

1. Heating o f a large area of the sheet metal and development of compressive 

stresses

2. Onset of buckling
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3. Growth of the buckle

4. Shifting the buckle through the whole sheet

5. Relaxation of the elastic stresses.

The BM principle is shown in Fig. 2.9, heating with the laser results in the thermal 

expansion of the material. This produces compressive stresses in the heated area. If the 

heated area is large enough a small natural deviation from perfect flatness in the sheet 

creates instability. The direction of the buckling is determined by different factors, these 

are for example the pre-bending of the sheet and the relaxation of residual stresses.
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Figure 2.9: Stages in the Buckling Mechanism (BM) [8]

In the centre of the buckle the temperature is very high so that the flow stress is low in 

this region. Therefore the bending in this region is nearly totally plastic. In contrast the 

root of the buckle which is far away from the centre of the beam is heated to a much 

lesser extent. So the temperature is low and the flow stress in this region is high. 

Therefore the bending of the sheet in this region is fully elastic.
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Due to further heating the thermal expansion of the material increases the magnitude of 

the buckle. As the laser beam traverses across the surface the buckle travels along the 

bending edge. Now the existing buckle predetermines the buckling direction of the 

remaining sheet. While the beam traverses across the surface the stiffness of the part is 

changed. At the beginning of the buckling process the bending arms were held in the 

original plane due to the stiff surrounding material. As an increasing amount of the sheet 

is formed by the buckle the forces that hold the bending arms straight, decrease. 

Therefore the elastic part of the buckle relaxes and only the plastic part remains in the 

sheet. This leads to the development of the bending angle which can be seen after 

irradiating the whole bending edge. After completion of the irradiation path the elastic 

strains are fully relaxed so that an angular section remains. The buckling mechanism 

results typically in bending angles between 1 and 15 degrees.

This is significantly larger than observed for the temperature gradient mechanism. This 

is not a result of a higher degree of performance. With the buckling mechanism more 

energy can be coupled into the work-piece in one step. Trying the same for the 

temperature gradient mechanism would result in either surface melting or buckling. 

Therefore the energy which can be coupled into the work-piece is restricted for the 

temperature gradient mechanism.

A typical feature of the buckling mechanism is that the bending angle can be positive 

(concave bending towards the laser beam), or negative (convex bending away from the 

laser beam). Of course it is essential to control the direction of bending for a reliable 

process. Otherwise this bending mechanism cannot be used in manufacturing. For a 

reliable control of the bending direction the controlling parameters on the bending 

direction must be understood. In practice there are two factors which determine the 

direction of bending. These are the plastic pre-bending of the sheet and the relaxation of 

the residual stresses. A plastic pre-bending often occurs as a result of storing the sheet in 

a coil or a handling operation like cutting. These operations give a pre-bending which is 

first well defined but the direction of pre-bending may be lost during arbitrary handling 

of the parts. Therefore plastic pre-bending will lead with a probability of 50 % each to a
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positive and negative bending angle. But it is possible of course to produce a plastic pre

bending in a well-controlled manner. This may be done by pre-bending the sheet using 

the temperature gradient mechanism which always gives positive bending angles. So a 

pre-bending may be defined giving also 100 % positive bending angles after the 

irradiation with parameters according to the buckling mechanism. This is the usual way 

to get well defined bending using the buckling mechanism.

The second important parameter that determines the direction of bending is the 

asymmetric relaxation of residual stresses. After rolling there are normally compressive 

stresses in the surface and tensile stresses in the core of the sheet. When working with a 

relatively high processing speed we get an asymmetric relaxation of these residual 

stresses. Due to the temperature gradient produced by the radiation, the stresses in the 

heated surface are relaxed first. In this moment the compressive stresses are removed 

from the surface resulting in a positive curvature of the sheet due to the remaining 

residual stresses. Even if  the relaxation of the residual stresses proceeds and a symmetric 

state is reached after a certain time, the asymmetric relaxation at the beginning gives an 

instability, such that the buckling is always away from the laser beam yielding a bending 
angle towards the laser beam [6],

2.3.3.3 The Upsetting Mechanism (UM)

If the laser beam diameter is of the same order or greater than the sheet thickness, the 

path feed rate is low, the thermal conductivity of the material is relatively high and the 

geometry of the material does not allow buckling, the Upsetting (Shortening) 

Mechanism operates. This is true for thick sheets and for extrusions and other stiff 

structures. The upsetting mechanism proceeds by the following steps:

1. Heating of the cross section and thermal expansion

2. Further thermal expansion that exceeds the elastic strain, resulting in a plastic 

compression of the cross section

3. Cooling of the material without or with small tensile straining
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These steps are shown in Fig. 2.10, using a low processing speed the sheet is heated 

nearly homogeneously through its thickness. Due to the temperature increase, the flow 

stress decreases in the heated area and the thermal expansion approaches the elastic limit 

of the material. Further heating leads to plastic compression as the heated material is 

restricted in expansion by the surrounding material. Therefore a large amount of the 

thermal expansion is converted into a plastic compression. The plastic compression then 

remains during cooling causing the heated area to contract. Due to the low temperature 

gradient there is also a very small gradient in the plastic strain through the thickness.

isotherm
\LASER j

after cooling:

Sd

,, s° 
z

Figure 2.10: The Upsetting (Shortening) Mechanism [8]

The plastic compressive strain remains in the sheet for the same reason which hinders 

plastic tension occurring in the case of the temperature gradient mechanism. During 

heating the expansion is only local and is hindered strongly by the surrounding material. 

So the thermal expansion is converted into a plastic compression. During cooling the 

cooling is active along the whole line which was heated and therefore the contraction is 

hindered less than the thermal expansion. This leaves nearly all the plastic compression 

remaining. This results in the shortening and thickening of the material.
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An outline of all of the mechanisms discussed is given in table 2.1

Mechanism Procedure
Forming

efficiency
Results

Tempera ture 

Gradient 
(TGM)

Spot diameter -  thickness 

Higher traverse speeds 
Applicable to thin sections

'1-2° bending 

per pass
High control 

Low efficiency

Buckling
(BM)

Spot diameter > thickness 

Lower traverse speeds 

Applicable to thin sections

-15° bending 

per pass
High efficiency 
Reduced control

Shortening
(Upsetting)

Spot diameter - thickness 

Applicable to stiff 

geometries (can't buckle)

Microns of 

sliriukage per 

pass

Shortening

Thickening

Table 2.1: Outline of the 3 main LF mechanisms[15]

2.4 Mathematical Models

Throughout the research carried out on the laser forming process a number of models, 

both analytical and numerical have been produced. A number of the numerical models 

for each mechanism available in the literature are outlined in the next sections.

2.4.1 Analytical Models

A number of analytical models have been developed to help the understanding of the 

various laser forming mechanisms and to predict the outcome of laser forming. Some of 

the key results and concepts are outlined here.

2.4.1.1 Temperature Gradient Mechanism

Vollertsen and co-workers produced a number of analytical models for TGM. Vollertsen 

states that a complete model should take into account every possible variation from
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observations taken during experimentation. In the case of the temperature gradient 

mechanism there are four parts to consider [6], These are:

1. The temperature field

2. The plastic strains

3. The curvature during cooling

4. The bend angle

The Trivial Model [6]

It would be difficult to produce an analytical model that takes all these variables into 

account. In an effort to simplify the model Vollertsen made a number of assumptions to 

produce a simple model of the process. These are:

• The temperature field is a step function

• The heated layer consists of half the work-piece thickness

• All thermal expansion in the heated layer is converted into plastic flow

• There is no straining of the compressed layer on cooling

A two dimensional representation of the process is used for calculations (Fig. 2.11).
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Figure 2.11: Two layer trivial model [6]
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This results in the upper layer being shorter than the lower layer after processing and 

therefore producing a bend towards the laser. The bending angle can then be calculated 

from the temperature increase and the linear coefficient of thermal expansion. The 

temperature increase of the upper layer is calculated from the energy approach. A 

similar energy approach is used for calculating the bend angle in flame bending. The 

resulting calculation for the temperature increase is given by the coupled power divided 

by the mass and the heat capacity of the material. This gives a formula for the bend 

angle:

** v ^ p s l

(2)

Two Layer models fo r  the TGM [41]

Vollertsen’s two layer model continues from the trivial model, this model has been 

widely quoted and a number of comparative studies have been performed. The main 

difference between the two layer model and the trivial model is that in the trivial model 

the forces and moments are neglected while the sheet cools down. This is taken into 

account in the two layer model. The two layer model also has a variable thickness of the 

heated layer unlike the trivial model which assumes that the heated layer is half the 

thickness of the material. A two dimensional representation of the process is used for 

calculations. (Fig. 2.12) Some of the assumptions made are: •

• The material properties are independent of temperature

• The heated layer is heated homogenously with no heating in the lower layer

• The thermal expansion is converted into plastic compression with no counter

bending or elastic strains

• At the end of heating the two layers have the same lengths. This is because the

thermal expansion is constrained by the bulk of the material

• Forces and moments are produced during cooling
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laser

As with the trivial model the bending angle is calculated from geometrical 

considerations. The difference in strains in the upper layer, si, and lower layer, e2, relates 

to the bend angle giving the following equation.

l(g i ~  £2)
2 £q

2

(3)

By using beam theory it is possible to calculate the strain in each layer and by 

considering the geometry given in Fig. 2.12 the strain in the upper layer is given by 

equation 4. This assumes that all the thermal expansion is converted into plastic 

compression.

Kenneth R. Edwards 29 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components

F M1
W T i

Zi -  a thAT'

(4)
There are two differences when it comes to calculating the strain in the lower layer. The 

first is that z2 is negative which makes the strain due to the moment positive. The second 

is that there is no thermal expansion as heating in the lower layer is neglected in this 

model. This gives the following equation for the strain in the lower layer.

F M2
E2~ e 2a 2 ( f / ) 2 Z 2

(5)

The expressions for ei (equation 4), s2 (equation 5) and the expressions for the 

geometrical considerations are now combined to give:

aB =
12athAT’ls1(s0 —  S i )

(6)

From this expression the temperature increase of the upper layer, the length of the heated 

layer and the thickness of the upper layer are unknown. It can be shown using the energy 

approach that:

A T s J i S o - s J
Pĵ S q

4 Cp^p

(?)

Combining this with the previous equation (equation 6) gives an expression for bending 

angle which only has known parameters.
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„ a th A p 1 1
°B ° PCP v1 Sq

(8)

In this work by Vollertsen [11] experimental data from other authors was presented and 

compared with the results from the analytical. There was reasonable agreement between 

the analytical and experimental results. Although substantial improvement in the 

agreement between this model and experimental work was achieved (compared to 

previous analytical models for the flame forming process) some of the basic concepts 

were still omitted. The model assumed that all of the energy was used for plastic 

deformation which ignored the energy used for the elastic straining.

In Yau’s model [42] the two layer model approach was extended to include the counter

bending effect in order to account for some of the purely elastic straining. This 

modification resulted in two equations, one for the counter-bending angle and one for 

the bend angle at the end of the cooling cycle. The final equation for the bending angle 

(positive bend angle less counter-bend angle) including the temperature field equation in 

Yau’s model is:

p c p v x Sq \2/ s0 E

(9)

Comparing (equation 8) with (equation 9), Yau’s solution includes some material and 

geometrical parameters which reduce the calculated bend angle compared to 

Vollertsen’s solution. Y  is the Yield Strength and E  the Young’s Modulus of the material 

to be formed. Both solutions were implemented and they differ only slightly for a single 

pass [43], This is because under the conditions of the temperature gradient mechanism 

the counter-bending angle is very small and combined with the simplifying assumptions 

of the model the difference in the models is less than expected originally. Another factor 

in these models is that they predict a constant bend angle increase with increasing
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numbers of passes. It has been seen in a number of published studies that the bend angle 

rate falls off with increasing numbers of passes [13].These equations do not take into 

account factors such as coating degradation (absorption dependent) and section 

thickening [13],

The Residual Stress Model fo r  the TGM  [44]

A critical assumption made by the trivial model and the two layer model is that the 

temperature field jumps from room temperature to a high temperature where the upper 

and lower layers meet. Vollertsen extended this work to include the effects of a realistic 

temperature field [45],This model used the residual stress approach often used in 

welding analysis. Again this is based on a two dimensional representation (Fig. 2.13). 

Some of the assumptions made are:

• There is a boundary temperature; this is shown as the isotherm TB

• There are two possible cases for the temperature field. The first is where the 

depth of TB is the same or smaller than the sheet thickness and the second is 

where TB is greater than the sheet thickness

• Below the boundary temperature no plastic deformation takes place

• The thermal expansion is converted into plastic compression

• There are elastic strains. These are accounted for by subtracting them from the 

thermal expansion

• Thermal expansion that occurs above the recrystallization temperature does not 

produce added plastic strains

• The temperature field defines the plastic strain field

• This field is an elliptical shape

• Plastic strain is the source for the residual stresses which result in bending
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Figure 2.13: Layout for the residual stress model [6]

As case 1, illustrated in Fig. 2.13, best represents the TGM and as case two has a 

shallow temperature gradient case one will be considered here. The expression for the 

calculation of bend angle in case 1 is:

£ls1
ab =  —  (3ns0 -  8s j  

so
( 10)

Where e is the plastic strain due to thermal expansion, minus the purely elastic strain 

during heating. If AT  is greater than the recrystallization temperature this is taken as the 

recrystallization temperature. Plastic strain occurs if the strain due to the thermal 

expansion exceeds the purely elastic strain. The elastic strain is governed by temperature 

dependent properties, in that the flow or yield stress and Young’s modulus fall as the 

temperature increases, thus making it easier to produce a plastic compression and hence 

bend a material. To calculate the bend angle the depth of the plastic zone is required, S] 

and the length of the plastic zone, /. An approximate solution in the range relevant to 

laser forming was used. Details of this approximation can be found in the reference [46],
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This model showed the importance of the thermal conductivity on the process. A slight 

change in the thermal conductivity changes the thermal expansion and the position of the 

elastic-plastic interface, as the average temperature in the irradiated zone is sensitive to 

slight changes in the thermal conductivity. Consequently it is possible that the bend 

angle itself is sensitive to small changes in the thermal conductivity. This is contrary to 

what was reported in the two layer model. In addition with this model the contribution of 

the thermal strain to the plastic bending was found by subtracting the fraction of the 

yield stress and the elastic modulus from the thermal expansion. As mentioned both the 

yield stress and the elastic modulus are temperature dependent, this required the function 

which related those parameters to temperature to be known in order to calculate this 

contribution accurately.

Provided with accurate information about the temperature dependent mechanical 

properties the model can predict the bend angles with reasonable accuracy for an 

analytical route; this is shown by comparison with experimental data [3], However this 

analytical route calculates the bend angle at the end of the process and does not describe 

the transient stages. Knowledge of the transient stages is useful for successful process 

control [13],

In analytical work by Magee [13] it was argued that the above models for the TGM, 

although they have advanced the understanding of the process on a rudimentary level, 

are incomplete in terms of practical laser forming due to gross simplifications. It was 

shown in this work that there are other forces and moments acting in laser forming apart 

from the transverse bending moments. This indicates that there should, in theoiy, be two 

bend angles in laser forming under certain conditions, the angle transverse to the 

direction of scanning and the angle parallel to the direction of scanning. The bending 

parallel to the direction of scanning has, more recently, been modelled analytically by 

Shuara ei al. [47], It is concluded that through investigation it can be found that under 

the TGM the plate bends about both the x and y axis. This work goes on to say that an 

analytical model to estimate the bend about the y axis (along the irradiation line) has 

also been created which approximately agrees with numerical simulation results.

Kenneth R. Edwards 34 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

24.1.2 The Buckling Mechanism

In order to activate the Buckling Mechanism, a spot size of approximately an order of 

magnitude greater than the sheet thickness is required. The material’s thermal 

conductivity must also be suitable to ensure a minimal temperature gradient through the 

thickness of the material. Using the large beam diameter results in a large amount of 

thermo-elastic strain which initiates the growth of an elastic-plastic buckle. The strain 

near the centre of the laser beam is plastic and the strain away from the centre of the 

beam is considered elastic in Vollertsen’s model. The elastic strain is released when the 

laser beam traverses the exiting edge of the sample and the plastic strain results in a 

curvature and a bend angle. The model is derived from the geometrical conditions (Fig. 

2.14).

It ¡plastic bendine
h : elastic bending

Cl* N /U

Figure 2.14: Model geometry for buckling mechanism [15]

In a similar approach to the TGM models a relationship between the geometry of the 

bend and the strain is drawn. The radius for the elastic region is attained from elastic
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bending theory and the plastic region radius as a result of the moment. The following 

equation was defined:

«ö =
athkf (T1)A P 1 I f

F» 2
C p ß E  V i  S q

( 11)

Of note here is the much lower dependency of the bend angle on the temperature 

gradient which is consistent with the buckling mechanism theory described earlier.

2.4.1.3 The Upsetting Mechanism

Kraus [16] has modelled box section laser bending. Using the upsetting mechanism box 

sections or extrusions can be made to bend out of plane by careful selection of the 

sequence of irradiations. A similar approach has been used to Vollertsen’s models where 

a geometry/strain relationship is drawn between the processing parameters and the 

bending angle. The final equation describing the bend angle in this case was found to be:

1 2athAp1b kf(T i ) d i

b P i c p p ( 2 d 1 s 0  -  s f ) E ( T J  .

( 12)

The model assumed that three of the four sides of the box section were heated 

simultaneously to initiate the bending (Fig. 2.15). In reality the sides are usually 

irradiated sequentially. However for the purposes of an analytical model this effect 

would be very difficult to include. Numerical studies into the sequence of irradiations in 

extrusion bending have also been carried out by Kraus using finite element methods.
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Figure 2.15: Model for extrusion bending using upsetting mechanism [8]

2.4.2 Numerical Modelling

In order to achieve the necessary accuracy of mathematical models a number of 

simplifying assumptions must be reduced. This however increases the complexity of the 

models significantly which requires a numerical approach to solve them. A large number 

of models have been produced due to the accessibility of software such as ABAQUS and 

COMSOL. Initial work was carried out on the modelling of the flame [1,3, and 17] and 

this was continued by those researching laser forming.

2.4.2.1 Temperature Gradient Mechanism

Vollertsen et al. [48] produced some of the earlier numerical modelling on TGM laser 

forming process. A finite difference model for a two dimensional analysis of the Laser 

Forming of Fibre Metal Laminates process was developed. The model was simplified by 

linearly interpolating the temperature dependent variables and using the functions to 

relate the temperature to the material properties. The beam was simplified to a rectangle
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and the resultant two dimensional temperature field was used to calculate the thermal 

expansion, stresses and strains in the elements. Calculations where then made, taking 

into account the stiffness of the whole sheet, to work out the stress in each element. 

Where the stress exceeded the temperature dependent yield stress the elastic strains were 

converted to plastic strain. A loop was initiated which continued with this calculation 

until there was equilibrium of forces and moments. After the thermal field had finished 

being computed, the bending angle was calculated from the length of the upper and 

lower layers of an element in conjunction with the sheet thickness. This model provided 

a very fast means of calculating the effects of various process parameters, but the simple 

boundary conditions that limited this approach led to the modelling with the finite 

element analysis (FEA).

Another early exponent o f numerical modelling was Alberti and co-workers [49, 50] 

who used a finite element method. A two stage approach was taken with a temperature 

field produced first, which was then analyzed to produce the mechanical results. A 

constant decay law was assumed for the relationship between increasing temperature and 

decreasing yield stress. The work was also combined with laser assisted mechanical 

bending. Further FEA work was produced [51, 52] emphasizing on the importance of 

different parameters have on the laser forming process. Novel approaches to the 

increasing complexity of these models has led to the use of re-meshing techniques [53] 

and dynamic explicit algorithms in place of traditional implicit models [54] in an effort 

to maintain accuracy but reduce computing times.

In 1999 Yu et a/[55] at MIT published numerical based research of laser forming. 

Presented was an ABAQUS based finite element model for thermo mechanical analysis 

of the LF process. A re-zoning or re-meshing technique (redrawing the fine mesh around 

the beam as it moves) was employed to greatly reduce the simulation time, yet preserve 

the required accuracy. A comparison of the numerical results and experimental data on 

2.53cm thick mild steel using 2.6 kW of C02 laser power, obtained from Penn State 

University, showed the effectiveness of the model. However the observed errors 

between the model and experimental data were attributed to the inaccurate estimation of
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the heat absorption rate and the heat convection and radiation coefficients. It was 

concluded that a more accurate estimation of these parameters is essential for FEA 

modelling.

Li and Yao [56] at Columbia University in 1999 presented numerical based work on the 

effects of strain rate in laser forming. An FEA model was created in ABAQUS of an 80 

x 40 x 0.89mm mild steel coupon, laser formed using a C02 laser source with a 

Gaussian distribution, only half the coupon was modelled as symmetry was assumed. It 

was found in this study that with strain rate increase, the thermal-induced distortion 

decreases and the bend angle reduces. The bend angle decreases by about 30% for nearly 

doubled strain rate under the conditions used. Residual stress in the Y direction 

(transverse) increases moderately with strain rate, with a doubled strain rate residual 

stress increases by about 15%. From coupled experimental work it was found that with a 

strain rate increase the hardness of the formed sample decreases due to the reduced work 

hardening. This numerical/experimental approach was continued at Columbia with work 

on laser forming with constant line energy [52] and analysis and prediction of edge 

effects in laser bending [57],

2.4.2.2 The Buckling Mechanism

In work by Holzer et al. [58], published in 1994, the buckling mechanism (BM) was 

modelled using the commercial finite element package ABAQUS. For this model it was 

assumed that the sheet was flat and free of residual stresses. The results of the model 

gave a convex bend away from the laser beam, as the resultant plastic strain in the non 

irradiated side of the sheet was greater.

2.4.2.3 The Upsetting Mechanism

In 1997 Kraus carried out a finite element analysis into extrusion forming [46], 

Important information about the temporal development of the process resulted from this 

work, which could not be determined experimentally, such as during the cooling phase a 

contraction in the irradiated zone takes place. This produces a tensile stress build up if
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the thermal contraction is hindered by the surrounding material and the work-piece 

stiffness. These stresses can reach the yield stress and a plastic restraining may occur. 

This effect is particularly noticeable in extrusion bending where the moment of inertia of 

the work-piece is high.

A development on extrusion forming was work by Li & Yao in 2000 [59], This work 

presented numerical (FEA) work on the use of laser forming to bend tubes. The 

mechanism was found to be a combination of thickening (shortening mechanism) of the 

laser scanned region due to thermally induced axial compressive stress, and a slightly 

outward displacement of the region caused by a component of the thermally induced 

circumferential stress. As a result bending is primarily achieved through the thickening 

of the scanned region instead of the thinning of the un-scanned region. The absence, 

when compared to conventional tube bending, of appreciable wall thinning is one of the 

major advantages of laser bent tubes. It was concluded from this study that the bending 

efficiency increases with the maximum scanning angle (distance scanned around the 

tube) up to a critical point. In addition the asymmetry of the LF process can be reduced 

by varying the scanning speed or employing a two segment scanning scheme.

2.4.3 Current Research in Process Modelling

Current research in modelling of laser forming is concentrated in three main areas. The 

numerical modelling of specific processes with an eye to a manufacturing, such as 

Zimmermann’s work on micro-adjustment of optical fibre systems [60] or laser forming of 

tubes [61], Another area of interest is the improvement in the speed and accuracy of the 

modelling process, for example by moving mesh [53] and the final area, a number of groups 

are working on new analytical models which increases the speed of calculation without 

sacrificing accuracy [62].

2.5 Fundamental Investigations in Laser Forming

One of the earliest investigations into laser forming was published in 1985 by Namba [9, 

63], Experiments were carried out into the laser forming of titanium, aluminium, AISI
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304 stainless steel and AISI 1045 carbon steel using a 1.5 kW C02 laser with a 

defocused beam at traverse speeds between 5 and 15m/min. It was proposed that a steep 

thermal gradient was produced resulting in thermal expansion, thermal stresses and 

plastic deformation. Namba described the following parameters as affecting the bend 

angle [9]:

• Incident laser beam power

•  Laser beam diameter

• Power density distribution o f the laser beam

• Absorptivity of laser beam on a material surface

• Scanning speed of laser beam

• Number of repetitions of laser beam scans

•  Density of the material, specific heat capacity of the material

• Thermal expansion coefficient

• Yield strength

• Young’s modulus

• Poisson’s ratio

• Strain hardening coefficient

• The dimensions of the work-piece

• The melting temperature of the material and the fracture strength of the material.

In 1987 Scully [64] determined that the positive bend angle can be calculated using a 

relationship taken from earlier work by Masubuchi et al. [65] on flame forming. This is 

given by equation 13:

Pi

(13)

Later work by Vollertsen also shows that there is a strong linear dependence of the bend 

angle on the laser power and processing speed [40], Vollertsen is credited with 

producing a considerable amount of the early fundamental research on laser forming.
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Some of the key results and conclusions drawn from this research are discussed here. In 

the experiments carried out relating to processing speed dependence, a power law was 

assumed between the bend angle and the processing speed. A linear dependence was 

obtained for 3.5mm sheet with scanning speeds in the range of 7-70 mm/s, the gradient 

was found to be -0.63. A negative slope was to be expected as an increase in laser 

traverse velocity will relate to a reduction in the couple energy and therefore a reduction 

in the achievable bend angle. However at lower speeds it was found that this is not the 

case and the bend angle continues to increase up to a point with increasing traverse 

speed. This behaviour may be due to the fact that the possibility of a steep temperature 

gradient is reduced with a decrease in speed. Ultimately an increase in speed results in a 

greater difference of the plastic strains between the upper and the lower layers of the 

sheet and therefore a larger bend angle per unit time can be achieved. If the laser 

traverse velocity is increased to a high value then the temperature rise that the work

piece undergoes will be relatively small leading to minimal plastic strains occurring. 

Vollertsen also introduced a concept of a threshold energy level for the laser forming 

process to occur as below a given energy input only elastic deformation occurs.

The importance o f the thermal conductivity of the material is also discussed, its 

importance in the development of the temperature field and the mechanism produced 

and the level of strain. Vollertsen identified that in materials with high thermal 

conductivity, it would be difficult to produce the TGM, as the temperature gradient 

through the thickness would be shallow. Another important variable identified by 

Vollertsen is the relationship between the thickness of the work-piece and the 

development of the bend angle. The bend angle is related linearly to the inverse of the 

square of the sheet thickness for the temperature gradient mechanism [40],

Other geometrical effects have also been identified, both in laser forming research and 

earlier flame bending work. Suhara [47] states that the length of the bending edge is also 

of significance for the development of the bend angle. If the length of the bending edge 

is increased from 5 to 13 mm then the bend angle is increased by a factor of 3. This is 

due to the changing section modulus with changing length and the difference in the 

temperature field due to the change of length in the lateral direction.
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Another factor influencing the bend angle is the length of the bending leg. If the bending 

leg is short, then the cooling o f the work-piece is restricted to one side, and the 

temperature gradient decreases and hence the bending decreases. If the bending leg is 

long then the gravitational forces acting on the length will reduce the bend angle 

accordingly. The load on the work-piece due to the bending leg results in a tensile stress 

on the surface reducing the compressive stresses. Secondary geometrical effects were 

reported by Scully et al. [64], In this work less distortion occurs near the edges of the 

plates. This is because the heat flow pattern is altered in comparison to the innermost 

part of the plate where the heat flow is to surrounding material. This results in less 

distortion near the edge of the work-piece. This was also attributed to the rigidity of the 

plate becoming non symmetric near the plate edge.

For multiple passes both Scully [64] and Masubuchi [65] reported a linear relationship 

between the number of passes over an identical track and the resultant bend angle. In 

later work this linear relationship of the bend angle on the number of passes was not 

found to be true for a range of materials. Sprenger [15] showed that there is a decreasing 

bend angle rate with increasing scans due to the strain hardening of the material (Fig. 

2.16).
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Figure 2.16: Decreasing bend rate with increasing scans over identical track [41]
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Two possible reasons for this were discussed, the effect of the change in thickness along 

the bend edge and the effect o f strain hardening of the material. The effect of the change 

in thickness along the bend edge is due to thickening of the bend edge by the thermal 

expansion. This is not cancelled during cooling and a bend angle results. As the material 

has thickened due to the plastic compression altering the modulus of the section and the 

same laser parameters are used for subsequent scans the angle achievable decreases each 

time. The other possibility is the effect of strain hardening of the material. In materials 

with a large strain hardening coefficient and which are relatively thick it has been shown 

that the cold working of the underside of the sheet contributes significantly to the 

decreasing bending rate.

2.5.1 Previous Experimental Work

2.5.1.1 MacroScale

The majority of research in laser forming has occurred in the macro scale, with a large 

number of publications covering a variety of topics, some of the more important are 

discussed here.

Mucha et al. [66, 67] showed that the distribution of the incident energy has an 

important effect on the laser forming process. By comparing circular and rectangular 

beams it was shown that for the same parameters a bend angle of 1.3 to 2.5 times that of 

a circular beam was produced when using a rectangular beam. An extensive analytical 

model was also present and it was argued that the dimensionless form of the derived 

dependencies would be a useful method of selecting processing parameters for any 

material. Later work has concentrated on efficiency of the laser forming process with 

respect to a number of dimensionless parameters; surface temperature, Fourier number 

and the ratio of beam width to sheet thickness.

Large amounts of work in the field of laser forming are being produced in China. In 

particular the Harbin Institute of Technology has published a number of interesting
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studies. Liqun et al. [68] have produced work looking at the effect of varying the method 

of cooling the work-piece and the effect that has on the laser forming process. A number 

of methods were investigated and it found that the use of an effective cooling method 

increased the possible temperature gradient achievable through the thickness of the 

material. However force cooling had a number of downsides with a reduction in peak 

temperature achieved and therefore a reduction in the plastic strains. An additional 

detrimental effect was to cause unwanted metallurgical effects such as increased 

hardness. Further work identified the factors influencing the bend angle fall off observed 

with multiple pass irradiation strategies. Whilst the results had been reported in previous 

work the thickening effect was shown to be a cause of the bend rate drop. It was also 

identified that the tensile strength of the samples decreased as the number of passes 

increased, ruling this out as possible cause of the bend rate drop.

( Macro scale research carried out by the Laser Group at the University of Liverpool has 

mainly consisted of Magee [43] Edwardson [69] and Abed [70], Magee [43] carried out 

a selection of empirical studies concentrating on AL2024- T3 aluminium alloy and 

Ti6A14V titanium alloy. Parametric studies were carried out into the single and multi

pass, large and small beam diameter 2D laser forming of these materials. Also developed 

was a laser forming demonstrator consisting of a 2D formed part cylinder and initial 

studies into the irradiation paths required for 3D forming. The studies found that for the 

titanium alloy both large and small beam diameters produced a TGM due to the low 

thermal conductivity of the material. An optimum traverse velocity was identified when 

the beam size was of the order of 12 times the thickness of the material. The aluminium 

study found that for low traverse velocities a BM was induced where as higher velocities 

a TGM process was prevalent. A relationship between the reduction in bend rate and 

repeat passes was previously attributed to strain hardening of the material [11] and a 

change in the absorption of the laser energy as the number of scans increased. However 

this study concluded that the thickening effect observed was of greater significance [43],

Also investigated was the edge effect, illustrated in Fig. 2.17. This effect is attributed to 

the changing mechanical restraint which restricts the thermal expansion of the heated
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zone. The effect is also attributed to thermally dependent material properties and 

contraction in the laser traverse direction. The effect was found to be minimized by 

reducing the energy input at the edges of the sample. Later work on the edged effect by 

Bao et al. [57] and Gopal et al. [71] furthered work on this phenomenon. Bao 

successfully numerically modelled the effect with some base assumptions and Gopal 

successfully controlled the effect by varying the laser parameters.

Figure 2.17: Ideal bend angle and exaggerated edge effect [48]

In an effort towards demonstrating the effectiveness of laser forming as an industrial 

process a part cylinder of 900mm radius was formed out of 2024-T3 aluminium using a 

Continuous Wave CO laser system, CNC tables and 3D CAM measurement system. 

The system relied on user intervention to identify a number of variables such as next 

scan pattern, next starting point, direction of scan, clamping location and level of energy 

input. With these parameters inputted it was possible to create a part of acceptable 

quality. A number of 3D scan patterns where developed to produce dish shaped 

components and the following points identified to achieve a smooth symmetrical shape. •

• Geometrical symmetry should be reached as soon as possible after the initial 

irradiations

• A symmetrical temperature distribution over the plate surface should be 

realized

• Any pre-orientation bend should be avoided
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• The laser beam parameters, particularly the irradiation angle of incidence and 

the irradiation spot diameter, should be held constant

Magee also carried out a metallurgical study into the effects of laser forming of the 

aluminium and titanium alloys and these findings are further discussed in the relevant 

section.

Edwardson [69] carried on the work started by Magee. A number of empirical studies 

were carried out on mild steel (CR4), titanium (TiA14V) and aluminium (AL 1050 and 

AL6061 0/T4/T6) of various thicknesses from 0.9 to 1.6 mm. The process maps for each 

material were ascertained for various beam diameters, laser powers and laser traverse 

velocities. These revealed the unique forming characteristics of each material and 

concluded that the thermal conductivity, material strength and material thickness were 

the major factors for the variation in the process out comes. It was also found that TGM 

could be activated with a beam diameter larger than the thickness of the sheet being 

formed. The effect of the time between passes was investigated and it was found that to 

improve the efficiency o f the laser forming process a balance was needed. Too long a 

pause between scans led to an increase in bulk temperature which reduced the ability to 

self quench and form the thermal gradient and too short a pause did not reduce the flow 

stresses present. It was also found in the case of the aluminium samples studied that the 

heat treatments had an important effect on the formability of the aluminium. Thermal 

analysis was carried out which showed the effect of various forming strategies had on 

the peak temperature achieved and the rise in bulk temperature. It was found that the 

process stabilised when the losses to the environment balanced with the heat input per 

pass. A metallurgical study was also carried out and is discussed in the relevant section.

Edwardson initially investigated the possibility of laser forming fibre metal laminates 

[72], Tests were undertaken on a 1.2kW CO2 system with a work-piece size of 

40x80mm. A number of thicknesses of aluminium were used (0.3 to 0.9mm) and a 

number of composite types including self-reinforced polypropylene and a number of 

glass fibre reinforced thermosetting composites. Edwardson found that it was possible to
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activate TGM in the top layer of aluminium and then use this to mechanically form the 

lower layers. Using TGM through the thickness of the material led to buckling and 

failure of the composite layer. Edwardson also found that increasing the number of 

layers in the laminate lay-up and varying the direction of the fibres in the laminate 

reduces the achievable bend angle. Also identified were number of material failure 

modes. Aluminium failure due to excessive heating was encountered as were a number 

of failures of the composite material. These included delamination due to failure in the 

bonding layer to burning of the composite due to excessive heat input.

In other work a system was presented that could produce accurate bends using closed 

loop control for 2D laser forming of two materials, 1.5mm mild steel and 0.9mm 

AL1050 - H14. The factors considered essential for control of the process were:

• The current bend angle

• The difference between current and desired bend angle

• The current bend angle rate or bend angle increase per pass

• Selection of a bend angle rate per pass so as to avoid overshoot (when the bend 

angle difference between current and desired angle is small, i.e. bend angle rate 

should be less than or equal to the required deformation)

3D laser forming work carried out consisted of an empirical study and the development 

of a Matlab system for a geometry based model for automated 3D laser forming. A 

number of different techniques were applied, such as Bezier surface patch technique and 

contour lines of constant high, and found to give acceptable results for the production of 

3D laser formed shapes.

Abed [70] carried on the development of 3D forming, looking at the effects of 

geometrical influences on the laser forming process. Of particular note was work on the 

effect of the clamp on multi-pass forming. It was concluded that the method of clamping 

had an effect on the final bend angle achieved and the bend rate per pass. Also that as 

the bend angle increases the area over which the beam is distorted (from circular at focus
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to oval shaped over the formed side), reducing the energy density and therefore reducing 

the efficiency of the laser forming process. A ‘V-clamp’ was used to investigate this and 

it was found that after 25 passes no reduction in bend rate per pass was observed 

confirming the geometrical effect on the beam due to bend angle of the sample. Abed 

also identified that post heat treating of laser formed parts produced no significant 

change in geometry of the parts and the distortion that did occur was due to the relaxing 

of residual stresses. After the effects of annealing, which resulted in minimal distortion, 

no further effects of post forming heat treatments were observed that are linked to the 

laser forming process. A significant proportion of Abed’s work concentrated on the 

development of a geometry model for the closed-loop production of laser formed parts.

2.5.1.2 MicroScale

Chan and co-workers at The Hong Kong Polytechnic University investigated the 

possibility of laser forming AISI 304 stainless steel sheets in two dimensions [73], 

Sample thicknesses of 0.25, 0.5, 0.75 and 1mm were processed using an Nd:YAG 

source with no surface preparation or coating to improve absorption. Investigations into 

the effects of vaiying power and velocity were undertaken and they concluded that 

bending angle was almost linearly related to the number of irradiations. A minimum heat 

input value was identified and a simple model based on previous flame bending work 

was also presented.

In work by Yoshioka et al. [74, 75] the forming of thin foils using low power diode 

lasers was investigated and they developed a method for reducing the unwanted 

distortion they observed. A sample was held in place using the weight of a glass plate 

placed over it, the sample was then irradiated through the glass and not allowed to 

deform asymmetrically. Once the glass plate was lifted after processing, the part sprung 

into the desired shape, thus eliminating any asymmetric or temporal effects. For more 

complex shapes a mask was used to hold the sample down during processing.
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Dearden et al. [76, 77] processed mild and stainless steel materials of 0.075 and 0.2mm 

thick using low power Nd:YAG source. It was found that at lower speeds the buckling 

mechanism was activated in both thicknesses of material whilst increase in velocity lead 

to the temperature gradient mechanism. On the thicker material (0.2mm) the temperature 

gradient mechanism was easier to activate with a larger range of parameters than for the 

0.075mm foil material. Thermocouple investigations showed the progression of the 

thermal field to be similar to those found in macro scale forming. Strain gauge work was 

also undertaken and it was identified that a number of passes were required to ‘rewrite’ 

the residual strains before a repeatable strain cycle was observed. Also identified were a 

number of scan strategies to produce various three dimensional shapes such as saddles 

and pyramids. However significant distortion was observed and this was accounted to 

the considerable residual stress present in the thin section foils from their production.

Bartkowiak et al.[78] also extended this work into non ferrous materials. Alclad 2024- 

T3 and Brass (CuZn30) were processed at a variety of laser parameters and with laser 

paths which produce both two dimensional and three dimensional deformations. Overall 

the effects witnessed in the ferrous materials were present here, with the bend rate 

dropping olf as the number of passes increased and the type of mechanism activated 

depending on the level and method of energy input. A level of microstructural effect was 

observed in the Alclad aluminium with a reduction in microhardness and some melting 

of the surface. The brass sample underwent little or no microstructural changes, which 

was attributed to the high thermal conductivity of the material preventing the necessary 

temperature rise.

More recent work in the area of thin section forming has covered the modelling of the 

process. A number of sources are looking at Finite Element Analysis of the process [44, 

79], This will allow a greater understanding of the process and lead to the application of 

this process in an industrial area.
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2.5.1.3 Non Metallic materials

A number of non metallic materials have been laser formed. Gartner et al. at Chemnitz 

and Mittweida Universities in Germany have laser formed wet etched silicon 

micro structures [80, 81], The previous method to shape silicon requires the samples to 

be heated to >700°C and use a specially designed tool to alter the sample. By using a 

5W Nd:YAG system it was possible to produce bends of up to 22° with multiple passes 

(Fig. 2.18).

The laser forming of plastic (HDPE) has been investigated by Okamoto and co-workers 

at West Japan Railway Co in Osaka. The method was to apply a black resin to the 

surfaces to be altered by laser forming which absorbed the laser wavelength. The 

thermal energy was transmitted through to the material and a bend produced using 

TGM. A very low power laser (0.5W) irradiates the surface for a relatively long time 

(5s) and produces bend per pass values similar to that of metallic structures. Current 

work is on the effect of the irradiation path and how this varies the out-come [82, 83].

2.5.1.4 Micro Adjustment

A great deal of micro scale thermal forming has occurred in the area of precise 

adjustment of parts too small or fragile to adjust by traditional methods. Hoving [16]
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undertook pioneering work with Philips by using the Shortening or Upsetting 

Mechanism to align various electrical components.

Figure 2.19: Image of audio head for Digital Compact Cassette (DCC) head with 
special carrier for laser forming alignment [62]

An early reported use was the adjustment of DCC audio heads which used a special 

carrier (Fig. 2.19) to adjust the positioning. By activating the upsetting mechanism in the 

indicated places it was possible to align the head by a few micro or milli-radii at a time. 

The next application of laser forming for electrical micro-alignment was the adjustment 

of reed switches. Here a 30W CW Argon laser and the TGM process was used to adjust 

the 50 micron gap between two nickel iron reed heads to within customer demands, 

which led to much lower rejection rates. The third application took the special carrier for 

the DCC audio head and developed it for a greater level of control. A number of 

different designs of actuators were investigated to control the alignment of audio 

compact disc systems optical train were investigated. The ‘Basket Ball Basket’ (Fig. 

2.20) was found to be the best for manipulation giving microns of either in-plane or out 

of plane adjustment [16],
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Figure 2.20: Actuator for CD lens adjustment by micro laser forming [62]

Tam et al. [84] at IBM Almaden developed and implemented a novel micro-bending 

technique called the Laser Curvature Adjust Technique (LCAT) for adjusting the 

curvature of magnetic head sliders in disks. This development addressed a need for 

precise and highly controlled adjustment of the positive camber curvature of a slider. 

This was needed to improve the tribological properties and allow reduced flying heights 

(below 25nm) above the disk surface to provide increased disk storage density. The 

LCAT process induces surface stress changes in the alumina-based ceramic by the 

scribing of microscopic patterns on the reverse of the arm. A numerical investigation 

into the adjustment of hard disk suspension was investigated by Zhang et al. [85], A 

three dimensional model showed that an accuracy of 0.1° could be achieved over scan 

lengths of 50 to 200pm using a 20W laser source.

The use of micro-forming for adjustment is being developed in the alignment o f optical 

fibres to micro-lenses by Zimmermann et al.[60], Here a 10W Nd:YAG system uses 

10ms pulses to align a number of fibres in large arrays to the nearest micron. Other 

groups are also researching fittings for micro-alignment [86, 87], The advantage of this 

non-contact adjustment is the ability to carry out flexible and efficient adjustment of 

sensitive components in the final stages of production. A further possibility is on-board 

adjustment of components whilst in service by mounted diode lasers with the necessary 

feedback control.
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2.5.2 Material and Metallurgical Studies

In order for laser forming to be a viable method in manufacturing, the effects of the 

process on the materials are needed to be known. A number of material and 

metallurgical studies have concentrated on this area. Initial metallurgical work has been 

mainly carried out on steel [64, 88], both mild and stainless in a variety of thicknesses. 

Later work has particularly concentrated on aluminium alloys, but has included 

materials such as titanium alloys [89-91], aluminium-matrix composites [92], chromium 

[93] and other non-ferrous materials [78], Studies into the material properties have 

covered mechanical properties such as fatigue properties [94] and fracture toughness 

[95], as well as post-forming heat treatment [96] and corrosion resistance [97],

Results reported by Thompson et al. [88] on laser formed mild steel show that laser 

forming increases the yield strength of the area local to the irradiation path, but not the 

bulk of the material. However a loss of ductility was also found, making laser formed 

parts unsuitable for areas requiring such properties or for large amounts of subsequent 

manual shaping. Overall it was likely that laser formed parts are likely to perform at 

least as well as conventionally formed equivalents. Edwardson [69] found that the 

effects of LF on the microstructure of mild steel are subtle when there is no obvious 

melting. Hardness values do increase with increasing numbers of passes and the largest 

increases were observed near the mid and lower sections of the plate thickness consistent 

with a cold working or strain hardening effect. Thin section mild steel forming was 

investigated by Bartowiak [76] and these findings showed an asymmetrical heat affected 

zone. Recrystallization was present and the microstructure was re-transformed into 

equiaxed grains.

Work by Shackle et al. [89] from UMIST concentrated on the effects of forming 

Ti6A14V (Ti64) titanium alloy. It was found by optical microscopy, FEGSEM and TEM 

methods that after laser forming, oxygen uptake caused by processing in air, contributes 

to the formation of an alpha case and an increase in microhardness on the upper surface.
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To avoid this it was concluded that processing should be carried out in an inert 

atmosphere, such as argon, work on titanium alloys by Magee [43] supported these 

findings.

A tensile test on the LF samples was also reported, it was found that during tensile 

deformation the higher hardness of the HAZ acted as a local constraint on plastic 

deformation and failure always occurred in the parent material away from the irradiated 

area. The bulk tensile properties of the Ti64 sheet consequently remained relatively 

unaffected by the LF process. Studies in other alloys of Titanium [89, 90] also 

confirmed the viability of LF with these materials.

Magee [43] carried out a metallurgical study into the implications of the laser forming 

process on aluminium alloy 2024-T3. It was concluded that in order to apply laser 

forming to aerospace components it is necessary to restrict the process parameter 

envelope to a range which does not adversely affect the metallurgical or mechanical 

properties of the alloys. In the case of the aluminium alloy the ‘as received’ 

microstructure could be maintained when an Average Energy Density (AED) of less 

than 25 J/mm2 was used for forming. At higher AED recrystallization occurred and at 

extremes (greater than 133 J/mm2) a cast dendritic structure resulted from melting 

underneath the pure aluminium clad layer on the surface of this alloy. A fluctuation in 

the microhardness level around the ‘as received’ value was found in samples processed 

at AED less than 25 J/mm2. This oscillatory nature can be explained by the 

recrystallization and precipitation theory for this alloy.

In work by Edwardson [69] a metallurgical investigation was conducted on laser formed 

1,6mm AL6061 in three different tempers, O, T4 and T6, to ascertain some of the effects 

of laser forming on the structure and mechanical properties of the materials. The optical 

microscopy of the laser formed AL6061 revealed only subtle changes to microstructure 

across the three tempers investigated. A possible precipitate coarsening was observed in 

the upper surface area after 5 passes in all of the heat treatments. These were found to 

revert back to the original microstructure after 30 passes. This was attributed to coating
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loss, which limited the amount of energy coupled into the surface significantly after 10 

passes. Hardness tests on the laser formed AL6061 samples revealed additional effects 

on the metallurgy. For the O condition little effects on the hardness were observed for 

increasing numbers of passes. For the T4 and T6 tempers it was observed that up to 10 

passes there was a decrease in the average hardness within the heated area. From 10 

passes up to 30 passes there was a recovery somewhat in the hardness values.

Work on aluminium and aluminium alloys by Merklien et al. [98, 99] at the University 

of Erlangen revealed the microstructural development and mechanical properties in laser 

formed AL1050 and an AL6082 in two heat treatment conditions T41 and T61. The 

work was conducted on 80mm wide 1mm thick samples using a lkW  CW Nd:YAG 

laser and SEM and TEM methods were used for analysis. Changes in the mechanical 

behaviour as well as in the microstructure were observed. The soft and annealed 

AL1050 showed hardening due to the LF process. This was proved by hardness tests and 

by SEM/TEM images showing the dislocation motion and changes in microstructure. 

For the two heat treatments of the AL6082 there were little or no differences in forming 

characteristics over a number of irradiations found between them. For the artificially 

aged T61 alloy, the hardness produced by ageing is lost in the HAZ and immediate area 

after LF and is comparable to the naturally aged T41 values. For the T41 alloy only a 

slight decrease in hardness is observed in the HAZ.
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2.6 Peening

Peening is the process of working a metals surface to improve its material properties, 

usually by mechanical means such as hammer blows or by blasting with shot in shot 

peening. Peening is normally a cold work process (laser peening being a notable 

exception). It tends to expand the surface of the cold metal, thereby inducing 

compressive stresses or relieving tensile stresses already present. Peening can also 

encourage strain hardening of the surface metal.

2.6.1 Shot peening

Shot peening was originally developed by John Almen when he was working for 

General Motors Corporation. He noticed that shot blasting, as it was previously called, 

made the side of the sheet metal that was exposed begin to bend and stretch.

Figure 2.21: Shot Peening [79]

Shot peening is a cold working process in which small spherical media called shot 

(round metallic, glass or ceramic particles [100]) bombard the surface of a part (Fig. 

2.22). During the shot peening process, each piece of shot that strikes the material acts 

as a tiny peening hammer, imparting to the surface plastic deformation or a small
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indentation. To create the small indentation, the surface of the material must yield in 

tension. Below the surface, the material tries to restore its original shape, thereby 

producing below the small indentation, a hemisphere of cold-worked material highly 

stressed in compression [101]. Which results in a compressive residual stress layer, 

which modifies the metals mechanical properties.

Nearly all fatigue and stress corrosion failures originate at the surface of a part, but 

cracks will not initiate or propagate in a compressively stressed zone. This is because the 

overlapping indentations from shot peening create a uniform layer of compressive stress 

at metal surfaces, shot peening provides considerable increases in part life. Compressive 

stresses are beneficial in increasing resistance to fatigue failures [102], corrosion fatigue, 

stress corrosion and cracking [103], The maximum compressive residual stress produced 

just below the surface of a part by shot peening is at least as great as one-half the yield 

strength of the material being shot peened.

Impact at high speed

Figure 2.22: Schematics of Shot Peening [84]

In most modes of long-term failure, the common denominator is tensile stress. Tensile 

stresses attempt to stretch or pull the surface apart and may eventually lead to crack 

initiation. Because crack growth is slowed significantly in a compressive layer, 

increasing the depth of this layer increases crack resistance. Shot peening is the most 

economical and practical method of ensuring surface residual compressive stresses.

Shot peening can also induce the aerodynamic curvature in metallic wing skins used in 

advanced aircraft designs. Additional applications for shot peening include work
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hardening through cold work to improve wear characteristics, closing of porosity, 

straightening of distorted parts, surface texturing and testing the bond strength of 

coatings.

2.6.2 Laser Shock Peening

Laser shock peening (LSP) is an innovative surface treatment technique, which is 

successfully applied to improve fatigue performance of metallic components. After the 

treatment, the fatigue strength and fatigue life of a metallic material can be increased 

remarkably owing to the presence of compressive residual stresses in the material. The 

ability of a high energy laser pulse to generate shock waves and plastic deformation in 

metallic materials was first recognised and explored by White[104] in 1963. The 

confined ablation mode for an improved LSP process was established by Anderholm 

[18] in 1968. Since 1986, more systematic studies on applications of LSP have been 

carried out in other countries, such as France by Ballard et al [105], Peyre and Fabbro 

[106], in China by Zhang [107] and Japan by Sano et al. [108],

Laser peening is widely used to improve the properties of repaired components such as 

LSP of braze repaired turbine components [109] and weld repaired turbine components 

[110] to such an extent that these have been patented because of the clear improvement 

in properties. Although the conventional shot peening (SP) treatments have existed in 

industry for over six decades, the LSP process, produces impressive compressive 

residual stresses into metallic materials, the process is envisaged as a substitute for 

conventional SP. The increased in-depth and the magnitude of the compressive residual 

stresses produced by LSP can significantly improve fatigue performance of materials, 

strengthening thin sections and controlling development and growth of surface cracks 

[111, 112]. The LSP process can be used to treat various kinds of metallic components, 

which include cast irons, aluminium alloys, titanium and its alloys and nickel-based 

super alloys. In the aerospace industry, LSP can be used to treat many aerospace 

products, such as turbine blades and rotor components [109, 112], discs, gear shafts 

[113] and bearing components [114], In particular, LSP has clear advantages for treating 

components of complex geometry such as fastener holes in aircraft skins and
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refurbishing fastener holes in old aircraft, where the possible initiation of cracks may not 

be discernible by normal inspection. Regions inaccessible by shot peening (SP), such as 

small inlets and notches, can still be treated by LSP [115].

When shooting an intense laser beam on to a metal surface for a very short period of 

time (around 30 ns), the heated zone is vaporised to reach temperatures in excess of 

10,000 °C and then is transformed to plasma by ionisation. The plasma continues to 

absorb the laser energy until the end of the deposition time. The pressure generated by 

the plasma is transmitted to the material through shock waves. The interaction of the 

plasma with a metal surface without coating is called ‘direct ablation’, which can 

achieve a plasma pressure of some tenths of a GPa [108,116,117],

(paint or tape)

Pressure Wave

High
Pressure
Plasma

Inertial Tamping 
Layer (water)

Ablative Layer 
(paint or tape)

Figure 2.23: Laser induced plasma concept [84]

In order to obtain a high amplitude of shock pressure, the LSP process normally uses a 

confined mode, in which the metal surface is usually coated with an opaque material 

such as black paint or aluminium foil, confined by a transparent material such as 

distilled water or glass against the laser radiation, as illustrated in Fig. 2.23. This type of 

interaction is called ‘confined ablation’. Recent research had found that, when using the 

confined mode, ever greater plasma pressures of up to 5 -  10 GPa could be generated on 

the metal surface [118-120], A stronger pressure pulse may enhance the outcome of LSP 

with a high magnitude of compressive residual stress to a deeper depth. The laser spot
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size and geometry of LSP can be tailored for individual applications and a laser spot 

with either a square profile or a round one has been used in practice. Furthermore, the 

LSP process is clean and workpiece surface quality is essentially unaffected, especially 

for steel components[101].

The early LSP studies mainly focused on the basic process development, understanding 

of mechanisms, the use of high laser power density to achieve high pulse pressures [121] 

and development of physical models to characterise LSP processes [122], Since the 

process was developed, further development has enriched the technique, much attention 

in the studies was paid to some influential factors related to LSP conditions, such as 

laser parameters, confined overlays and thermo protected coatings, which can 

significantly affect the mechanical responses of the metallic materials and modelling the 

induced mechanical responses.

The Lawrence Livermore National Laboratory (LLNL) has continuously developed a 

high power Nd-glass laser system for fusion applications over the past 25 years (Dane et 

al., 1997). One of the laser systems can deliver an average pulse energy of 25- 100 J, 

repetition rates of up to 10 Hz and an average power level near 1 kW. In most LSP 

processes, laser beams are produced by a Q-switched laser system based on a 

neodymium-doped glass or yttrium aluminium garnet (YAG) crystal lasing rod, which 

operates in the near infrared, having a wavelength of 1.064 mm and a pulse duration of 

10-100 ns.

In general, development of the laser systems is very important for successful industrial 

applications of LSP. A suitable system should have an energy output in the range of 10 -  

500 J/pulse with a pulse duration of less than 100 ns. The wavelength of the laser is also 

a very important parameter because it controls the interaction between the laser beam 

and the material surface.

The Laser shock peening process has been extensively modelled used finite element 

techniques by Zhang et al. [27] and Chen et al. [28], They investigated micro scale laser 

shock peening, also known as laser shock processing, which they modelled as a
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technique that can be applied to manipulate residual stress distributions in metal film 

structures and to improve the fatigue performances of micro-devices made of copper 

films on single crystal silicon substrate. They modelled work on shock pressure the 

computed shock pressure it used as loading in 3D stress/strain analysis of the layered 

film structure.

2.7 Generation of a laser induced shock wave

With the invention of the laser, it was soon recognised that the high amplitude of shock 

waves required for a SP process could be achieved through using a confined plasma, 

generated on a metal surface by means of a high intensity laser beam with a pulse 

duration in the tens of nanoseconds range [111]. The physics and mechanisms of laser- 

induced shock wave generation has been investigated intensively. In early experiments 

by White [104], the irradiated material was placed in a vacuum and the plasma generated 

by the laser pulse expanded freely. The resulting peak plasma pressure ranged from 1 

GPa up to 1 TPa when the laser power density was varied from about 0.1 GW/cm2 to 106 

GW/cm2. The time duration of the plasma pressure was roughly equal to the laser pulse 

duration, typically 50 ns in length, because of the rapid adiabatic cooling of the laser

generated plasma in the vacuum [123, 124], although this varied as shown by Peyre 

[122] in Fig. 2.24.

Figure 2.24: Gaussian laser pulse and resulting pressure pulse on a target [104]
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The three wavelengths used most commonly in LSP processes are 1064nm (near 

infrared, IR), 532nm (green) and 355nm (ultraviolet, UV). The near infrared wavelength 

has only a modest absorption coefficient in a water overlay, sufficient interaction with 

the metal surface and a high dielectric breakdown threshold, while the green wavelength 

has the lowest absorption in a water overlay. Berthe et al. [125] first conducted studies 

into the characterisation of laser shock waves and the effects of the breakdown of 

plasma with respect to laser wavelengths emitting from IR to UV laser sources. The 

results indicated that, when the laser power density was increased, the pressure produced 

by a laser pulse with wavelengths in the green and UV had a similar profile to that 

generated with a wavelength in the IR. In addition, the pressure produced by a laser 

pulse with a wavelength in the IR, corresponding to a laser power density of 10 

GW/cm , was saturated at 5GPa with the water-confined mode. But saturated pressure at 

UV and green wavelengths occurred at higher laser power densities than at IR 

wavelength. In addition, the pressure durations with UV wavelength decreased more 

strongly than with IR wavelength. Therefore, the breakdown plasma in a water confined 

mode was favoured by shorter wavelengths.

Although metals can be highly reflective of light, keeping the constant laser power 

density and decreasing the wavelength from IR to UV can increase the photon -  metal 

interaction enhancing shock wave generation. However, the peak plasma pressure may 

decrease because decreasing the wavelength decreases the critical power density 

threshold for a dielectric breakdown, which in turn limits the peak plasma pressure [120, 

126], The dielectric breakdown is due to the generation of plasma just above the material 

surface (not on it), which absorbs the incoming laser pulse and limits the energy 

available for generating a shock wave.
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Figure 2.25: Peak plasma pressures obtained in water confined mode as a function of 
laser power density at 1064nm [109], 532 nm and 355 nm laser wavelength [110] [81]

In Fig. 2.25, the decrease in the wavelength from IR to green reduces the dielectric 

breakdown threshold from 106GW/cm2, resulting in maximum peak pressures of 

approximately 5.5 and 4.5GPa, respectively. Berthe et al. [125] studied parasitic plasma 

and pressure measurement in LSP processes with a water-confined mode using two 

types of instruments, the velocimetry interferometer system for any reflector (VISAR) 

and a fast camera. They found that the experimental measured pressure was a function of 

laser power density. The experimental data associated with the relationship between the 

pressure and laser power density reveals that, when increasing the laser power density 

from 1 to 10GW/cm2, the pressure is also increased; but when the laser power density is 

increased above 10GW/cm2, the corresponding pressure is scattered and saturated. The 

saturation of the pressure is attributed to the confining water breakdown phenomenon 

that limits the laser power density reaching material surface. Other researchers, such as 

Fabbro et a/.[127], Devaux et al.[ 128], and Sollier et <3/.[129] also discussed the 

confining water breakdown phenomenon.

The breakdown phenomenon has two detrimental effects on the shock waves induced 

into the material when increasing the laser power density above 10GW/cm2, firstly, the 

peak pressure is saturated and secondly, the pressure duration is shortened [125], In the 

LSP process with a water confined mode, the saturation of the peak pressure can reach
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as high as 5.5GPa with a duration of 55ns. In treating many high strength metallic 

materials, these LSP conditions are very useful for a deep treatment [125, 128], 

However, if  the laser power densities are less than 0.1GW/cm2, no shock waves can be 

created within the material. In addition, if the laser power densities are around 1 

GW/cm2, the shock wave formation is unaffected by material thermal properties [123],

A laser system can produce a high-energy laser pulse to offer an ideal source for LSP. If 

laser parameters, such as the laser power density (Io), laser spot size (D) and laser pulse 

duration (r), were optimised appropriately. Zhang and Yu [130] studied optimisation of 

the laser parameters to improve LSP processes on the metallic materials. They found 

that the laser power density in a range between [64 (oydyn) 2 / MZA] and [64 (oudyn) 2 / 

MZA] for the LSP process produced a better treatment result. In this expression, A is the 

absorption coefficient of the surface coating, M is the transmission coefficient of the 

transparent overlay, Z is the reduced shock impedance between the metal and the 

transparent overlay, aydyn is the dynamic yield strength of the metal and oudyn is the 

dynamic ultimate tensile strength of the metal.

The use of laser-absorbent sacrificial coatings has also been found to increase the shock 

wave intensity in addition to protecting the metal surface from laser ablation and 

melting. Metal coatings such as aluminium, zinc or copper and organic coatings have 

been found to be beneficial if not necessary to protect the component surface [120], 

Among the absorbent coatings, commercially available matt black paint has been found 

to be practical and effective, compared to other coating systems [131].

It was observed that the use of transparent overlays, such as water or glass, with the laser 

energy could increase the shock wave intensity propagating into the metal by up to two 

orders of magnitude, as compared to plasmas generated in a vacuum state [120, 121, 

127], Because the transparent overlay prevents the laser-generated plasma from 

expanding rapidly away from the surface, an increase in shock wave intensity can be 

achieved. The transparent overlay results in more o f the laser energy being delivered 

into the material as a shock wave than without it [132].
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When a laser pulse with sufficient intensity irradiates a metal material with an absorbent 

coating through the transparent overlay, the absorbent material vaporises and forms 

high-energy plasma. Because of the short period of energy deposition, the diffusion of 

thermal energy away from the interaction zone is limited to a couple of micrometres and 

should preferably be less than the thickness of the absorbent coating to maintain 

protection. It is critical for aluminium alloys since surface ablation processes can affect 

fatigue life detrimentally [133]. The plasma continues to absorb the laser energy until 

the end of the energy deposition [21].

The hydrodynamic expansion of the heated plasma in the confined region between the 

metal material and the transparent overlay creates a high amplitude, short duration, 

pressure pulse. As a result, shock waves are created, propagating into the metal. When 

the stress of the shock wave exceeds the dynamic yield strength of the metal, plastic 

deformation occurs, which consequently modifies the near-surface microstructure and 

properties [134],

2.7.1 Laser Induced Optical Breakdown

The first reported research of laser-induced optical breakdown was by Maker et al [135] 

in 1963, where a pulsed Q-switched ruby laser was used, which had a output beam 

power of 10MW. The beam was focused by a single lens in air, which created a spark 

(plasma) at the focal position comparable to an electrical discharge between electrodes. 

Since then, there have been many studies performed on the fundamental processes and 

applications of laser-induced optical breakdown in fluids and solids [136-142], Its most 

common application is for laser-induced breakdown spectroscopy (LIBS) which is an 

analytical detection technique used to access the concentration or amount of a given 

species.

Laser-induced optical breakdown can be considered as a dielectric breakdown, which 

occurs when a charge build up exceeds the electrical limit or the dielectric strength of 

the combustible mixture or gas. The negatively charged electrons are pulled in one 

direction and the positive ions in the other. When electrons are removed from a nucleus,
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it becomes positively charged, and the ionisation implies that at least one electron has 

been dissociated from a proportion of the atoms or molecules. This ionisation of the gas 

produces plasmas.

2.7.2 Laser Induced Plasma Characteristics

There have been numerous studies investigating the characteristics of laser-induced 

plasmas in a variety of gases and fuels, including air, argon, helium, nitrogen, methane, 

propane and butane [138, 142-145]. These studies have shown that the propagation of a 

laser-induced plasma is pear shaped, with the high curvature end pointing in the 

direction of the laser beam. The plasma produces associated shock and rarefaction 

waves, as well as generating large and strong toroidal forces with which the flame kernel 

develops, as shown in Fig. 2.26 [146],

Figure 2.26: Laser-induced plasma showing the shock and rarefaction waves, and 
initiating plasma kernel [131]

Laser-induced plasmas have been shown to grow by layers as a subsequence of an 

incoming pulse. The research by Wilson [145] suggests this growth can be explained by 

the initial plasma generating ionised and excited molecules in this region, which can 

serve for further ionisation. Beduneau et al[l47] suggested that there are different 

ionisation levels inside the plasma due to the high density energy of the incoming laser
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beam. The area surrounding the spark becomes ionised between pulses and results in the 

plasma length increasing. The work by Ireland [142] implied that as the plasma becomes 

optically dense and hot due to the laser radiation, then no energy can be absorbed after 

the focal point, which results in the plasma growing towards the focusing lens.

The evolution of a flame kernel produced by the laser-induced optical breakdown 

process has been investigated using high-speed visualisation equipment in work by 

Beduneau et al [148] and Chen et al[\37]. They both confirmed that laser parameters 

have an influence on the evolution of the laser-induce optical breakdown process. In 

their research they showed that it is possible for the shock wave generated by the plasma 

to overtake or propagate across the plasma in a manner that either suppresses or even 

extinguishes the temperature growth of the plasma.

The extensive work by Chen et al [137] showed that the laser-induced plasma 

propagates back towards the incoming laser beam, confirming the results by other 

researchers mentioned previously. They also showed that if the incident laser energy is 

higher than the breakdown threshold, then breakdown can be initiated at an earlier 

location before the pulse reaches the focal point; and if the laser power is just within the 

threshold range, then the induced plasma would appear very close to the focal point. 

These scenarios are depicted in Fig. 2.27.
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Figure 2.27: Laser beam focused by a single lens that produces optical breakdown 
shown by purple plume: (a) threshold beam energy, (b) higher than threshold beam 
energy and (c) much greater than threshold beam energy
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2.7.3 Laser induced Plasma

When a laser pulse of irradiance higher than a certain threshold value (generally > 

0.9GW/cm2), is focused onto a sample, it produces breakdown. This can occur by 

irradiating samples in every aggregation state (solid, liquid, gaseous) and in different 

surrounding environments [149], The main mechanisms involved in the generation of 

the laser-induced plasma are multiphoton ionization and electron impacts, leading to 

cascade breakdown and material ablation. It has been demonstrated that during 

nanosecond (ns) irradiation only a portion of the laser pulse directly interacts with the 

sample. Then, depending on the pulse duration, most of the pulse energy is spent in 

heating the ejected free electrons and inducing photo-ionization of the ablated material. 

The plasma then expands at supersonic velocity (105 -  107cm/s), where it starts cooling 

down and inducing mechanical effects on the surrounding environment (shockwaves in 

gases or cavitation bubbles in liquids) [150],

Laser induced plasmas have been employed in different technological fields, from 

material science to analytical applications. The most common techniques involving laser 

induced plasma in material science is Pulsed Laser Deposition (PLD) [151], where the 

laser induced plasma acts as the source of material to be collected on the surface of 

substrates for thin film production, and nano-particles creation as carbon nanotubes 

[152] and nano-particles of various composition [153], By the analytical point of view 

the optical emission spectroscopy of the laser induced plasma (named LIBS, Laser 

Induced Breakdown Spectroscopy) in air [154], liquid [155] and vacuum [156] as 

surrounding environment, is a powerful technique providing immediate elemental 

analysis at a parts per million (ppm) level without treating samples. LIBS is especially 

employed for the detection of heavy metals in soil, cultural heritage elemental analysis, 

process control in industry, space exploration, aerosol characterization etc. Other 

applications involving LIP are medical diagnosis and surgery [157], laser propulsion 

[158] and laser ignition [159],
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2.8 Confining and absorptive layers

In all forms of laser shock peening previously studied confining or ‘tamping’ layers are 

used to increase and maintain/direct the shockwave produced by the breakdown of the 

laser induced plasma towards the surface of the material. In most of the papers reviewed 

this layer is usually distilled water, X .Hong at al [160] investigated the effects of 5 

different confining mediums. They tested Perspex, Silicon rubber, K9 glass, Quartz 

glass and Pb glass with and without a black paint coating layer. They found that by 

applying a confining layer they increased the impulse energy of the shockwave on the 

substrate. The average increase in impulse energy was calculated to be 97% which is 

why when using shock peening and impulse energy, it is important a confining layer is 

used. This area was also directly investigated by Fairand and Clauer [161], who studied 

the effect of using a paint coating and a water confining layer.

Other coating methods have been investigated by Mannava et al. [162], who patented a 

method of laser shock peening of metallic parts by laser shock peening surfaces which 

had been adhesively covered by tape. The tape had an ablative medium on one side and 

an adhesive layer on the other side, this was used in conjunction with a flowing curtain 

of water over the surface upon which the laser beam is firing. The taping ablative 

medium removes the need for a painted or sprayed on covered to be removed through 

cleaning as the layer can be just peeled off.

2.9 Laser Peen Forming

Laser Peen Forming (LPF) is a forming technique involving laser interaction with a 

material (usually coated), and through either direct ablation or a confined ablation mode, 

ionization occurs which leads to the generation of a laser induced plasma. From the 

breakdown of the laser induced plasma a shockwave is transmitted into the material as 

with the shock peening mechanism, if the sample is unrestrained or the sample is thin 

enough the induced compressive stresses generate a bend. The following sections will 

explain the assumed mechanism in more detail and detail the previous studies carried 

out.
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2.9.1 Laser Peering Mechanism

It was discovered that shock waves could be induced in solids by generating a plasma on 

their surface [163], A plasma is generated when a high power pulsed laser (in the 

intensity and duration ranges l-50GW/cm2 and l-50ns respectively) is incident on the 

surface of a target [19, 127], as in Fig. 2.28a. From the breakdown of plasma, 

shockwaves are generated [164, 165] which interact with the material, causing 

compressive stresses in the upper surface [166] (Fig. 2.28b), as seen with shot peening 

[167] and more recently with laser shock processing which has been used extensively to 

improve mechanical properties of metallic surfaces [106], Depending upon the size of 

the shockwave generated and the thickness and geometry of the material, a permanent 

plastic deformation can occur as shown in Fig.s 2.28c and 2.28d. This can take place on 

the micro scale [24], on the macro scale with inch thick mater [168] and in various 

materials such as aluminium or copper [25],

Plasma

a)

Laser Beam

Material

Shockwave 
transmitted 
into the 
material

i)

Compressive 
stresses 
induced in the 

)> material by the 
L /  shockwave pulls 

the material 
upwards 
creating a bend

Figure 2.28: Laser peen forming process a) Laser interaction leading to plasma 
generation, b) Plasma breakdown and pressure wave formation, c) Pressure wave 
transfer, d) Generation of a bend

The strength of the shockwave can be increased if desired using a confining or tamping 

layer, to direct the shock wave into the material instead of allowing much of the 

mechanical energy to escape outwards from the surface. Various confining/tamping
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layers could be potentially used in the process, including dielectric materials which are 

transparent to the laser beam, such as water or glass. Since most metals are highly 

reflective at commercial laser wavelengths, an absorptive/ablative layer is also 

frequently applied to increase plasma generation and hence shockwave formation [160, 

161], Whilst it is possible to generate a shockwave on a bare metal surface with a pulsed 

laser beam, a significant amount of incident radiation is lost and hence process 

efficiency is reduced.

On the macro scale laser systems that can generate sufficient energy density in order to 

create compressive stress in a surface to a required depth are expensive bulky systems 

e.g. Nd:Glass [168, 169], For this reason, the laser shock peening process now used (for 

example) in the aerospace industry requires both absorptive and tamping (shock 

confining) layers to be applied to the material surface for the process to work.
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2.9.2 Previous laser peen forming

Investigations at the Lawrence Livermore National Laboratory by Hackel et al. [168] 

found it was possible to form metals with greater curvature and high surface finish by 

using their laser peening method. They found the compressive residual stress selectively 

induced by the laser peening process could also be used to cause the metal to curve in a 

precisely controlled fashion. Metal panels up to 1 inch thick could be formed to tight 

radii as shown in Fig. 2.29. During the forming process, laser peening impresses a deep 

level of residual stress into selected surfaces of the metal. The strain associated with the 

compressive stress causes the treated surface to elongate, effectively bending the metal 

within the processed area. When applied to aircraft sections such as panels, vertical 

stabilizers, and rudders, the laser process creates highly precise curvatures (<160-inch 

radius) and contours even in very thick (1-inch-thick and greater) section material.
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Figure 2.29: Laser peen-forming can form tight radii in thick material with high 
accuracy and repeatability [168]

The Laser Shock Forming (LSF) method as it is called by Zhou et al. is the shock 

peening method using both clamped and unclamped forming techniques with large 

power neodymium-glass lasers of pulse energy 10-30 J and duration 20 ns (FWHM). 

The investigation revealed that the plastic deformation during the LSF is characterized 

by ultra-high strain rates and increases non-linearly with increasing of laser energy 

density. By investigating the hardness and residual stress of the surfaces, it is concluded 

that LSF is a combination technique involving both laser shock strengthening and metal 

forming, and is capable of introducing strain hardening and a compressive residual 

stresses into the surface of the workpiece. This technique can achieve forming with or 

without a mould as seen in Fig. 2.30.
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Figure 2.30: The unclamped and clamped forming schematics[158]
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Similar methods have also been used to adjust curvatures of silicon micro cantilevers 

used for chemical and biological detection by Zhang and Xu [170], In batch fabricated 

silicon cantilever arrays used for parallel sensing, it is often desirable that all cantilevers 

have nearly identical curvatures or flatness. Here the authors demonstrated that, by using 

Nd:YAG lasers, it is possible to adjust curvatures by an amount as small as 3.5^rad, for 

cantilevers with atypical dimension of 110x13x0.6//m (length x width x thickness) as 

shown in Fig. 2.31.

Figure 2.31: An SEM image of a silicon micro cantilever (110pm long, 13pm wide and 
0.6 pm thick)[l 59]

Youneng et a/. [171] saw laser peen forming GuLPF) attracting more attention since it not 

only improves the fatigue life of the material but also shapes micro-scale metallic parts 

at the same time. In their study, //LSP of single crystal aluminium was presented to study 

anisotropic material response. They characterized local plastic deformation by lattice 

rotation measured through electron backscatter diffraction. The residual stress 

distributions of both sides of a peened sample were characterized by x-ray micro

diffraction and compared with FEA results. Also, the work hardening effect resulted 

from self-hardening, and latent hardening was analyzed through comparing the results 

with and without considering hardening. There forming technique is illustrated in Fig. 

2.32 and shows the parameters used with their Nd:YAG 355nm laser, their selected 

aluminium ablative layer and fully restrained clamping arrangement.
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Figure 2.32: The sample geometry and LPF conditions for the Youneng experiments 
[160]

Ocana et al. [172] use a technique they call laser shock micro forming They use a ns Q- 

switched laser at 1064nm to provide suitable parameters for the laser forming of an 

important range of sheet components used in micro-electromechanical systems 

(MEMS). The ns short interaction time scale required for the predominantly mechanic 

(shock) induction of deformation residual stresses, allows for the successful processing 

of components in a medium range of miniaturization. They use individual irradiation 

spot to form comb actuator fingers 50pm thick.

Laser Shock forming was carried out by Wang et al. [173], the authors presented a sheet 

metal forming technique, which created bulges in the materials surface using laser 

induced shockwaves from a 20ns pulse length, Nd:YAG laser at 1064nm. They classify 

LSF as a mechanical process, not a thermal process, and use ABAQUS modelling to 

verify experiments. They did however observe burning and ablation, which they mainly 

attributed to the vaporization of coating layer during processing, and the subsequent 

irradiation of the surface of the specimen directly by laser pulse.

The pulsed forming process has been given different names by each of the key authors in 

the field. Ocana et al [172] refer to the process as Laser Micro forming, Zhou et al. [23] 

refer to the process as Laser Shock Forming and the process is also referred as Laser 

Peen Forming by [25, 168, 171], Chaojun et al. [174] looks at the processes possible
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with laser shock waves not only for surface modification but also metal forming. They 

divide it into three parts: laser shock processing, laser shock forming (LSF) and laser 

peen forming (LPF). They classify laser shock processing as a surface treatment for 

metals to improve fatigue strength and stress corrosion, while laser shock forming (LSF) 

is a novel technique that is used in plastic deformation of sheet metal and laser peen 

forming (LPF) is a new sheet metal forming. They carried out their investigations using 

a high-power and repetition pulse Nd:Glass laser device, they characterised laser shock 

technology as ultrahigh pressure and high strain rate (106 - lO V 1). In LSF, the 

deformation force is the shock pressure wave caused by high-power laser impact, while 

in LPF, the deformation force is the moment of the residual stress imparted by the shock 

waves.

2.9.3 Other micro forming techniques using shockwaves

Another forming technique under research at the Bavarian Laser Zentrum (BLZ) uses 

ultrashort laser pulses in the femtosecond regime to induce shockwaves [175]. Initially, 

the work used a material with a pre-stressed coating applied to the surface and, through 

ablating the pre-stressed layer, the base material was allowed to return to its original 

shape (as shown in Fig. 34).

Laser beam

Figure 2.33: Micro-adjustment by ultra-short pulse ablation of pre-stressed coating 
layers [164]

The process was later modified to involve ablation of the bare material, so that applying 

pre-stressed coating was no longer necessary, but which leaves a groove in the surface of
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the material. This can be an undesirable processing finish as it can both weaken and 

change the material. This can be an undesired processing finish as it can both weaken 

and change the material and properties.

2.10 Synopsis for Present Research

In a number of industry and science sectors, there is a need for precise, remote (non

contact) adjustment of the position and shape of micro-scale structures and components 

through process mechanisms that do not introduce significant thermal input into a 

material and which do not damage sensitive material properties and devices. This 

includes micro adjustment and correction of shape in MEMS devices, micro fabrication 

of disc drive surfaces, active alignment of optics in photonic devices, assembly and 

control o f micro grippers and micro robotic manipulation in semiconductors, 

microelectronics and sensors, and the remote adjustment of micro medical tools for 

minimal invasive surgery. As the miniaturisation and complexity of micro devices and 

systems increases, the consideration of localised thermal effects on temperature

sensitive materials and components becomes increasingly a key issue. Thus, in all the 

above application areas, a process for inducing micro-mechanical adjustment without the 

use of heating mechanisms would be of significant benefit.

To date, laser based micro adjustment has been approached through the introduction of 

thermal stresses to induce deformation by established laser forming (LF) mechanisms. 

However, if  a short pulse laser is used (for example a Q-switched Nd:YAG laser with a 

pulse length of about 10ns) the thermal effects associated with the LF (which is 

normally carried out with a long pulse or continuous wave laser) would be replaced with 

a largely non thermal interaction and this would lead to an alternative method of forming 

which can be called laser peen forming (LPF).

The principal objectives of the project will be to investigate the mechanisms involved 

and the laser parameters required for the control of LPF for the production of macro and 

micro scale components. Where possible comparison will be made with thermal LF
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methods. The work will be backed up by finite element modelling using ABAQUS CAE 

and COMSOL to obtain a predictive rationale for the laser scan paths to be applied to 

generate the required geometries.
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3 Experimental Procedure
This chapter covers the equipment, experimental set-ups and procedures used throughout 

this thesis. It covers in detail the hardware, software and processes used.

3.1 Hardware

This section describes the general experimental set-up used. This contains a brief 

description of the laser, the laser peen forming system, which includes work-piece 

manipulation, parameter settings and measurement of the samples, sample clamping 

arrangements, preparation and deposition of absorptive/ablative coatings onto the 

material. More specific experimental set-up information for separate investigations is 

detailed later on in this chapter.

3.1.1 The laser systems

In the lasers used in this investigation the medium is a solid state neodymium-yttrium 

aluminium garnet (Nd:YAG). Nd:YAG is a common solid state material for industrial 

laser systems which produces a 1064nm wavelength output. The colourless isotropic
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Y3AI5O12 crystal, which has the cubic structure of garnet, has around 1% of its yttrium 

rare earth replaced with neodymium which produces within the lattice Nd3+ ions.

3.1.1.1 The Lynton Paragon 2XL laser

This laser system is capable of operating at 1064 and 532nm wavelengths and consists 

of three main parts. The first of these is the power supply, which is used to provide the 

necessary voltage and current to the laser system and in particular the correct excitation 

pulses to the flashlamp in the laser head. The second part is the water cooling system 

used to remove waste heat from the laser head. This cooling system incorporates a 

water-to-air heat exchanger enabling the laser to operate without being connected to a 

mains water supply. The third and most important part is the laser head itself, a diagram 

of which is shown in Fig. 3.1. As can be seen it consists of an Invar rod cage on which 

the pumping chamber, Q-switch, laser mirrors, frequency doubler, colour separator and 

articulated arm are mounted.

Turning Frequency Colour Beam Safety
mirror doubler Separator dump shutter

Invar
cage

'T '.M » '" "  1

i 1
1

1■ •-

Articulated
arm

Turning Pumping chamber Q-switch
mirror

Figure 3.1: A schematic of the Lynton Paragon 2XL laser head showing the main 
components
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As mentioned above, a high voltage electrical pulse from the power supply excites the 

flashlamp which emits a broad spectrum of light, mainly in the ultra violet and visible. 

An appreciable fraction of this light is absorbed by the Nd:YAG rod and the energy 

released as laser light with a wavelength of 1064nm. The function of the two cavity 

mirrors, one of which is partially transmitting (the output coupler), is to ensure that this 

laser light is in the form of a pencil-like beam travelling in only one direction with a 

minimum divergence.

The Q-switch acts as an extremely high speed shutter, but also as a device for shortening 

the pulse length of the laser. If the Q-switch were not present the output pulse length 

would be about 200ps the approximate length of the main part of the flashlamp 

excitation pulse. The Q-switch however prevents any laser action until the rod has stored 

up a large amount of energy, typically towards the end of the flashlamp pulse. In this 

laser is an electro-optical is used, Its optical features are a polariser plate, which is 

positioned horizontally, and a Pockels cell crystal. When the flashlamp is activated, a 

voltage is applied across the Pockels cell, causing it to act as a quarter wave plate. The 

effect of this is to vertically polarise the beam, making the polariser opaque to it, and so 

preventing the formation of a resonator. When the energy stored in the Nd:YAG crystal 

is at its maximum, the voltage is removed resulting in an extremely rapid accumulation 

of energy in the cavity, which creates the pulse of ns duration. All the energy stored up 

in the rod by the end of the flashlamp pulse can be converted to output light in the time it 

takes to make a few round trips between the cavity mirrors. In the PARAGON XL laser 

this results in an extremely intense pulse with a very short pulse duration in the range 5

10ns, 20-40,000 times shorter than the pulse duration without the Q-switch.

The output pulse from the laser is directed via steering mirrors to the colour selection 

optics down the other side of the invar cage structure towards the articulated arm base 

assembly. The beam divergence of the laser is low enough to allow the beam to be 

directed, using carefully aligned mirrors, all the way along the narrow tubes of the 

articulated arm. At the end of the articulated arm the beam is focused down through a 

200mm focal length lens. The repetition rate of the laser can be varied between 0.63Hz
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and 10Hz. The laser has a pulse energy of 0.5J and a maximum average output power of 

5W.

When the system is set in 1064nm wavelength mode the second steering mirror directs 

the beam, as before, to the articulated arm base assembly. In 532 mode however, this 

second steering mirror drops out of the beam and a third (fixed) steering mirror directs 

the beam through the Second Harmonic Generator, where approximately 50% of the 

1064nm light is frequency doubled to 532nm (green) light. A different pair of steering 

mirrors then serves the dual purpose of directing this green light to the articulated arm 

base assembly and also of removing the unconverted 1064nm light. This latter task is 

achieved by ensuring that the mirrors have a high reflectivity coating only for light with 

a wavelength of 532nm. The 1064nm radiation passes straight through and is dissipated 

in energy dumps.

3.1.1.1.1 Lynton paragon XL 355nm laser

The second laser used was a purpose built laser for cleaning supplied by Lynton Lasers 

Ltd. It was an Nd:YAG laser designed to work in the 3rd harmonic of 355nm. The laser 

consisted of the laser head as seen in Fig. 3.2, a separate power supply and an external 

cooler. In order to produce a laser wavelength off 355nm, the oscillator produces 

1064nm pulses in the chamber, some of these pulses are then converted into 532nm 

radiation by the frequency doubler. The frequency tripler then mixes the 532nm 

radiation and the remaining 1064nm radiation to generate 355nm radiation. The dichroic 

separator then picks off just the 355nm radiation and dumps the rest in the beam dump. 

The maximum output of the laser at 355nm is then 260mJ with an 8mm diameter spot 

and a pulse width of ~ 6ns at 10 Hz.
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Figure 3.2: A schematic of the 355nm laser head showing the main components

3.1.2 Laser Beam Characteristics

To evaluate the beam quality of the laser the M 2 factor was calculated. The M 2 factor 

is known as the beam quality factor and determines the focusability of the laser energy. 

The most desired value of M 2 is 1 as this represents a Gaussian beam, which is known 

as TEMm . The M 2 value of a beam gives a qualitative measure of how small a laser

beam may be focused. M 2 is related to beam focusability through a lens by the equation 

(3.7), which is derived from the following beam propagation theory.

An output beam from a laser will diverge out from the central optical axis as the beam 

propagates, but by how much is determined by the beam quality which is usually defined 

as a comparison to a Gaussian beam. Beam divergence is a result of diffraction from the 

initial beam waist, Do, which is typically at the laser output window. The beam diverges 

at an increasing rate, which reaches a maximum value only at infinity, known as the far 

field divergence, Go«,. If a lens focuses the beam at any position along the optical axis, a 

new waist is formed, D}. The beam converges towards and diverges away from this new
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waist with a far field divergence of 0;,». Assuming the aberrations in the optical system 

are negligible, then:

DoQooo =DjQ 1«, = constant (3.1)

This constancy of beam divergence multiplied by the beam diameter throughout the 

optical system allows the calculation of beam spot size, depth of focus, Rayleigh range 

length and curvature of phase fronts [21], which are discussed shortly. This constancy 

property is also used to define the dimensionless beam quality factor, M 2, which is a 

comparison of an actual beam relative to a Gaussian beam and is commonly used by 

laser manufacturers to indicate the quality and focus-ability of a laser beam. The beam 

quality factor is given as:

M2 @act

v Gauss

(3.2)

where 0Gauss is the divergence angle of an ideal Gaussian beam and Qact is the 

divergence angle of the actual beam with the same initial waist. Therefore, an M 2 value 

of 1 indicates a Gaussian beam, where the higher the M2, the lower the quality of beam. 

Typically, a laser beam can be considered of high quality if its M 2 is 10 or below.

The beam quality factor can be incorporated into the fundamental beam equations (from 

pure diffraction theory) by multiplying the wavelength by M 2. Hence, the fundamental 

propagation equation for the beam diameter, Dz, to be calculated at any distance, z, along 

the beam path from the waist for any given beam, is defined as:

(3.3)

Where DO is the beam diameter at the minimum waist and X is the beam wavelength.
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The wavefront radius (or curvature of the phase front), Rz, at any distance from the beam 

waist is given by:

(3.4)

A diverging Gaussian beam is shown in figure 3.3, which highlights the variation in the 

wavefront curvature, where it is at its lowest at the focus and at the far-field, and at its 

maximum at the Rayleigh range. The Rayleigh range (or Rayleigh length), Zr, of a beam 

is the distance from the beam waist along the propagation axis where the beam diameter 

is increased by a factor o f V2, which is where the circular cross-sectional beam area has 

doubled. The Rayleigh range for any given beam is calculated by:

Zr =
n D p  

4M2 A
(3.5)

The Rayleigh range is considered to be the dividing line between the near-field and mid

range divergence and is the distance from the beam waist at which the wavefront 

curvature is at a maximum. The far-field divergence is typically measured at a distance 

ten times that of the Rayleigh range for the minimum waist.

The depth of focus, Zdof, is a similar measurement to the Rayleigh range, although here it 

is the distance either side of the beam waist over which the waist has approximately the 

same intensity. It is defined as the distance from the beam waist along the axis to where 

the beam waist has increased by 5 %, and is found by:

Î0.08
n 2u o

M2XW

(3.6)

The focused beam spot size (or minimum beam diameter), Dmi„, is another useful value 

to calculate for a given beam, and can be found from the following:
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D-min ~
4 f M 2Ay

u Dl

(3.7)

W here/is the focal length of the focusing lens and DL is the beam diameter on the lens.

The laser beams width and height were measured using an Electron-physics micron 

viewer camera and beam profiler computer software. From the characteristics measured 

with the camera an average of the beam width and height could be calculated, from 

which a graph could be plotted to show the beams average diameter (the graph can be 

seen in Fig. 3.5). The graph can then be used to determine the spot size on the materials 

surface at any position in the measured field. Beam measurements were taken at 10mm 

intervals either side of the beam waist up to 200 mm, so that the Rayleigh range and 

processing range would be covered. These parameters can then be used in calculations

along with the beam wavelength to measure the M * factor from equation (3.7). With 

the aid of a Matlab program the profile of the beam waist can be imaged as seen in Fig. 

3.3, which shows the near Gaussian properties the beam has.

F ig u r e  3.3: Minimum spot profile for the beam waist from the Paragon XL laser at 
1064nm
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When measuring the beam the measurements were taken around the blue area of the 

profile. This area depicted the 1/e2 part of the beam which can be seen in Fig. 3.4.

F ig u r e  3.4: A sample of the beam spot observed

In order to get an averaged reading for the beam size, the measurements were taken on 3 

separate occasions for the complete beam path. At each measured position (distance 

from the focusing lens) the beam width and height were measured and an average 

diameter taken. This was then averaged so that an overall average beam diameter could 

be calculated.

Through profiling the laser beam at 1064nm, the beam waist diameter (do) was found to 

be 366pm and Do was found to be 6.064mm. From this and equation 3.7 the M2 factor 

was calculated to be 8.124. At 532 nm the beam waist diameter was measured to be 

292pm and Do was measured to be 4.8mm and the M2 factor was calculated to be 10.34. 

At 355 nm the beam waist diameter was measured to be 87pm and Do was measured to 

be 7.2mm and the M2 factor was calculated to be 13.86. The data can be compared in 

Table 3.1 and the measured profile of the beams can be seen in Fig. 3.5.
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W aist diameter 
(pm)

Le n s diameter (pm) Beam  Quality 
factor M 2

La
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r 
W
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el

en
gt

h 
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m
)

1064 366 6.064 8.124

532 292 4.8 10.34

355 87 7.2 13.86

T a b le  3 .1 :  Laser beam properties

F ig u r e  3 .5 : Measured profiles of the 1064nm, 532nm and 355nm laser beams at relative 
distances from the beams waist

Through knowing the M2 value for the laser, the beam diameter at any distance along a 

beam’s path could be calculated using the basic propagation equation shown in equation 

3.3.

This has been calculated for each beam used and when compared to the measured beam 

diameters the correlation is found to be very accurate. This is shown in the examples in
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table (3.2) and through the comparison of the average beam diameters and theoretical 

beam diameters shown in Fig. (3.5) for a 1064nm laser wavelength.

1st
measurement

2nd
measurement

3rd
measurement

Overall
Average
beam
diameter

Theoretical
beam
diameter

Position Average Average Average
mm gm jjjn gm gm gm

-200 6316.80 5861.36 5623.74 5933.97 6064.02

-190 6168.29 5663.34 5277.21 5702.94 5760.82

-180 5910.87 5326.71 5098.99 5445.52 5457.62

-170 5128.69 4891.07 4762.36 4927.37 5154.42

-160 4821.76 4564.34 4346.52 4577.54 4851.22

-150 4415.82 4425.73 4247.51 4363.02 4548.02

-140 4198.00 4247.51 4128.70 4191.40 4244.82

-130 4019.78 4108.89 3732.66 3953.78 3941.62

-120 3702.95 3712.86 3396.02 3603.94 3638.41

-110 3465.33 3069.30 3267.31 3267.31 3335.21

-100 3257.41 3069.29 2999.99 3108.90 3032.01

-90 2920.78 2544.54 2683.16 2716.16 2728.81

-80 2613.85 2207.91 2188.11 2336.62 2425.61

-70 2168.31 1950.49 1881.18 1999.99 2122.41

-60 1940.59 1702.97 1623.76 1755.77 1819.21

-50 1673.26 1495.05 1366.33 1511.54 1516.01

-40 1316.83 1138.61 1198.01 1217.82 1212.80

-30 1079.20 930.69 851.48 953.79 909.60

-20 861.38 732.67 683.17 759.07 606.40

-10 643.56 514.85 495.05 551.15 303.20

0 376.24 346.53 376.24 366.34 0.37

10 643.56 514.85 495.05 551.15 303.20

20 861.38 732.67 683.17 759.07 606.40

30 1079.20 930.69 851.48 953.79 909.60

40 1316.83 1138.61 1198.01 1217.82 1212.80

50 1673.26 1495.05 1366.33 1511.54 1516.01

60 1940.59 1702.97 1623.76 1755.77 1819.21

70 2168.31 1950.49 1881.18 1999.99 2122.41
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80 2613.85 2207.91 2188.11 2336.62 2425.61

90 2920.78 2544.54 2683.16 2716.16 2728.81

100 3257.41 3069.30 2999.99 3108.90 3032.01

110 3465.33 3069.29 3267.31 3267.31 3335.21

120 3702.95 3712.86 3396.02 3603.94 3638.41

130 4019.78 4108.89 3732.66 3953.78 3941.62

140 4198.00 4247.51 4128.70 4191.40 4244.82

150 4415.82 4425.73 4247.51 4363.02 4548.02

160 4821.76 4564.34 4346.52 4577.54 4851.22

170 5128.69 4891.07 4762.36 4927.37 5154.42

180 5910.87 5326.71 5098.99 5445.52 5457.62

190 6168.29 5663.34 5277.21 5702.94 5760.82

200 6316.80 5861.36 5623.74 5933.97 6064.02

Table 3.2: Measured and Theoretical beam diameters for the Paragon XL laser at 
1064nm wavelength

Figure 3.6: Theoretical and measured beam diameters for the 1064nm wavelength
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3.1.2.1 Laser pulse widths

In order to calculate the energy or power density for a pulsed laser, the laser pulse width 

is required, this was obtained by measuring the actual pulse widths used by both lasers 

using an Agilent 54641A oscilloscope and an Alphalas UPD-300IR1 photodiode. The 

pulse width was measured using the Full Width Half Maximum value (FWHM), which 

is given as the difference between two extreme values of independent variable at which 

the dependent variable is equal to half of its maximum value. An example of the pulse 

measuring can be seen in Fig. 3.7, which is the pulse width of a 1064nm wavelength 

laser pulse was measured to be approximately 9 nanoseconds (ns) long. For the beam at 

532 nm the pulse width was measured approximately 8.1ns and at 355nm the pulse 

length was measured to be 1 Ins.

Figure 3.7: A pulse as measured for the paragon XL Laser at 1064 nm

3.1.3 Laser Power/Energy

The energy the laser produced was measured using an OPHIR pyrometric energy meter, 

with a Pyroelectric Infrared Detector (PIR), which converts the changes in incoming 

infrared light to electric signals. The pyroelectric material is characterized by having
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spontaneous electric polarization, which is altered by temperature changes as infrared 

light illuminates the elements. Due to increased heating with infra read radiation a slight 

error could come into the readings, but an average was taken for all energy readings so 

as any errors were reduced.

3.1.4 Workpiece positioning system

There are three methods used to hold the work piece in the investigations carried out and 

these are shown in section 3.14, all of which attach on to an x-y stage which was made 

up of 2 Owis Limes80 high-precision linear stages fixed to each other, made by OWIS 

GmbH. The high-precision linear stages are characterized by high precision and 

suitability for continuous operation, special guides provide backlash-free motion as well 

as a high load capacity. The ball screw is preloaded and ensures high precision 

movement as well as a long life time. They have an accuracy of ±3pm/m, a resolution 

0.1pm and a maximum traverse speed of lOmm/s.

3.1.5 Work-Piece Restraints

There are three methods of holding the work-piece in the investigations carried out in 

this thesis. For the early experiments and for proof of concept a rigid solid base clamp 

was used which restrained the material fully apart from for positive bending (towards the 

laser beam). It consists of a solid steel base with a clamp which when tightened, holds 

the material firmly to the surface as can be seen in Fig. 3.8.
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For bend direction evaluation and reverse forming a second clamp was used which held 

the material 20mm above the x-y stage so forming was possible in either vertical 

direction (towards or away from the laser beam). The material was held in place by a 

clamp fixed flush with the base of the clamp and bolted into place as can be seen in Fig. 

3.9.

20mm clamping 
base to allow 
forming in _
either direction

Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components______

Figure 3.9: Clamp 2 which allowed bending in either direction

When investigating the subtlety of the process and when refining it for actuator forming 

a third clamp was used which removed the bulky top clamp and replaced it with spring 

clips which held the material in place. The clips were attached directly to a solid steel 

base since reversibility and direction of forming was no longer an issue, as can be seen 

in Fig. 3.10.
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3.2 Software

The CNC tables were controlled using a SM32 controller which came with the tables 

along with controller files and a central library. The control also has dynamic link 

libraries (.dll) and ActiveX driver for custom software authoring in Microsoft Visual 

Studio applications, such as Visual Basic. This allows for a user interface to be created 

that can hide CNC commands behind buttons, such as positioning the tables, setting 

multiple pass strategies or incorporating other equipment such as sensors into routines. 

These operations may otherwise take several lines of typing.

The jog controller shown in Fig. 3.11 contains the base code supplied to control the axis 

section. The other parts including the joystick section (for basic x and y manipulation of 

the tables), laser shutter control and a laser peen forming control section were developed 

specifically for the LPF mechanism on this system. In order to make the process as 

automated as possible shutter controls which opened and closed the laser were also 

programmed in to the controller, along with sensor measurement, which isn’t indicated 

on the controller but is imbedded in the text behind the process buttons. The controller 

also has the ability to generate an output file in a comer delimited text file (.csv), 

containing the pass number and corresponding bend angle, which allowed easy access to 

the data.

In the laser peen forming section of the controller are 5 processing buttons and a home 

button which locates the X -Y  tables and brings the tables to a common starting position. 

From which the starting positions and timings are worked out relatively.
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Figure 3.11: Controller interface

The controller is designed for single line multiple pass 2D LPF, the code developed for 

this system can be seen in Appendix A. This controller contains the following features 

which all had to be developed to all the LPF process to be controlled:- 

Controls: •

• Process parameter selection

o Speed (mm/s) 

o Number of passes

• 355nm laser path (for 355nm processing)

• 1064/532nm laser path (for 1064 and 532nm processing using original sensor)

• Angle of attack (1064nm path used but allowed for laser interaction angle to be 

changed)
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• Micro actuation ( 1064nm processing path and precision measurement)

•  Actuator (routine design to measure and form actuator the actuators)

• Displays

o File name (destination of output file) 

o Sensor reading (output reading from sensor) 

o Pass count

• Home

3.3 Angle Measurement

The measurements of the bend angles or deformations produced by experiments in the 

work carried were measured by one of two online measurement systems based on a laser 

triangulation sensor. This was used to record the change in height of the samples during 

the forming process.

3.3.1 Sensor 1

For all sections of the work carried out, except for micro actuation and forming without 

plasma, a MEL/20 sensor was used which was produced by Mikroelektronik GmbH and 

can be seen in Fig. 3.12. The sensor uses a laser diode and an off-set photosensitive 

diode to display changes in height as a fraction of the 10 V (+/-5v) output of the sensor 

system.

The sensor is mounted on an arm over the X-Y stage on which the forming is carried 

out. It is positioned so that the sample stays within the sensor range of 20mm, which 

must be a minimum of 30mm away from the work-piece and no more than 50mm. The 

measurement point on the sample itself is required to be off-set from the form line to 

allow calculation of the bend angle. Throughout the investigations the sensor point was 

off-set 9mm from the irradiation line.
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Laser
beam
triangulates 
off of the 
sample and 
back to the 
sensor

Laser range 
finder

Figure 3.12: The laser range finder for the measurement of the bend angle

3.3.2 Precision sensor

For the micro actuation and forming without plasma sections a more sensitive MEL 

M9v2L/2 sensor was used, which was produced by Mikroelektronik GMBH. The sensor 

operates with a semiconductor laser with a wavelength of 670nm and an off-set 

photosensitive diode to display changes in height as a fraction of the 10V (+/-5v) output 

of the sensor system.

The sensor is mounted on a bridge over the X-Y stage on which the forming is carried 

out. It is positioned so that the sample stays within the sensor range of 2mm, which must 

be a minimum of 24mm away from the work-piece and no more than 26mm. The 

measurement point on the sample itself is required to be off-set from the form line to 

allow calculation of the bend angle. Throughout this investigation the sensor point was 

off-set 9mm from the irradiation line.

3.3.3 Processing of sensor data

The measurement taken with either sensor is controlled through a Visual Basic program 

which records the measurement before and after any forming pass at 3 equal points 

across the sample were possible (normally at a quarter, a half and three quarters of the 

way across a sample). The system works through a National Instruments Data card
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inserted into the PCI slot of an x86 system and records the output voltage of the sensor, 

this is then sent to a spreadsheet as a comma-separated value list.

The voltage output is then converted to a bend angle using the following equation:

t a n a  =

(3.8)

Where ^  = height h before laser pass 

hn = height after (n) scans

a = distance between pass line and sensor read point as shown in Fig. 3.13

The data is then published as either a bend angle per pass or as a cumulative bend angle 

against the number of passes.

Sensor line Laser scan line

Figure 3.13: A schematic of the bend angle measurement geometry
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3.4 Material

3.4.1 Material Properties

During the investigations carried out here 4 different materials were used. The first and 

most widely used material in the investigations presented in this thesis was 0.075mm 

thick low carbon steel AISI 1010, a cold rolled low carbon steel. This material was used 

in a number of studies throughout this thesis due to its relatively low cost, availability 

and the fact that it is a common material found in virtually every manufacturing sector. 

This material was purchased with a bright surface finish on the coil. Technical data on 

this material is given in the following tables 3.3 - 3.5:

Steel AISI 1010

Density
Young’s

Modulus

Ultimate

Tensile

Strength

Yield

Tensile

Strength

Elongation 

at break

Shear

Modulus

Poisson’s

Ratio

[kg/m3] [GPa] [MPa] [MPa] [%] [GPa]

7860 193 620 275 55 77.2 0.25

Table 3.3: Mechanical properties of Steel AISI 1010

Specific

Heat

Capacity

Thermal

Conductivity

Hardness,

Rockwell

B

Crystalline

structure

[J/kg-°C] [W/m K]

448 49.2 60 BCC

Table 3.4: Useful material properties of Steel AISI 1010
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Element Fe C P Mn S

Wt. % 99.19 0.12 0.045 0.45 0.6

Table 3.5: Constituent properties of Steel A IS I1010

Stainless steel was used in the material and micro actuator sections, the stainless steel 

used was 302 grade with full hard temper. It was used due to its availability and the fact 

that it is a common material found in virtually every manufacturing sector. This material 

was purchased with a bright surface finish on the coil. Technical data on this material is 

given in the following tables 3.6 -  3.8:

Stainless Steel UNS S30200

Density
Young's

Modulus

Ultimate

Tensile

Strength

Yield

Tensile

Strength

Elongation 

at break

Shear

Modulus

Poisson’s

Ratio

[kg/m3] [GPa] [MPa] [MPa] [%] [GPa]

7860 205 365 305 20 80 0.29

Table 3.6: Mechanical properties of Stainless Steel UNS S30200

Specific

Heat

Capacity

[J/kg-°C]

Thermal

Conductivity

[W/m K]

Hardness,

Rockwell

B

Crystalline

structure

500 16.2 85 BCC

Table 3.7: Useful material properties of Stainless Steel UNS S30200
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Element Fe C Cr Mn S Ni Si

Wt. % 69.82 0.15 18 2 0.03 9 1

Table 3.8: Constituent properties of Stainless Steel UNS S30200:

In order to investigate the effect on a material with a higher thermal conductivity where 

steep thermal gradients are hard to establish, a 99.9% pure copper was used in the 

material and thickness section. This material was purchased with a bright surface finish 

in flat sheet. Technical data on this material is given in the following tables 3.9 -  3.10:

Density
Young's

Modulus

Ultimate

Tensile

Strength

Yield

Tensile

Strength

Elongation 

at break

Shear

Modulus

Poisson’s

Ratio

[kg/m3] [GPa] [MPa] [MPa] [%] [GPa]

8960 110 344 333 14 46 0.36

Table 3.9: Mechanical properties of 99.9% pure Copper

Specific

Heat

Capacity

[J/kg-°C]

Thermal

Conductivity

[W/m K]

Hardness,

Rockwell

B

Crystalline

structure

385 385 37 FCC

Table 3.10: Useful material properties of 99.9% pure Copper

Brass UNS C26000 was the forth material investigated, as it has a range of material 

properties between those of copper, steel and stainless steel, which could help in the 

understanding of any processing trends. The material was purchased with a bright
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surface finish in flat sheet. Technical data on this material is given in the following 

tables 3.11 -3 .13:

Density
Young's

Modulus

Ultimate

Tensile

Strength

Yield

Tensile

Strength

Elongation 

at break

Shear

Modulus

Poisson’s

Ratio

[kg/m3] [GPa] [MPa] [MPa] [%] [GPa]

8530 110 425 360 23 40 0.375

Table 3.11: Mechanical properties of Brass UNS C26000

Specific

Heat

Capacity

[J/kg-°C]

Thermal

Conductivity

[W/m K]

Hardness,

Rockwell

B

Crystalline

structure

375 120 70 FCC

Table 3.12: Useful material properties of Brass UNS C26000

Element Cu Zn

Wt. % 65 35

Table 3.13: Constituent properties of Brass UNS C26000
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3.4.2 Material Characterization

Characterisation of the metallic substrate and ablative/absorptive layer was carried out 

before and after the laser peen forming process, the main substrate, being 1010 shim 

steel. This was done to see if surface finish affected the LPF process and to make sure 

all samples were the same so comparisons could be made. A Veeco CPU scanning probe 

microscope and an atomic force microscope (AFM) were initially employed to 

characterise this material. The samples were cut to 20x20mm squares so as to fit into the 

AFM. The AFM was set to “Contact” mode for all the scans performed. The scans of the 

bare metal were taken at 1Hz over an area of 80 pm.

The material to the eye and touch was found to be smooth but under a microscope as 

seen in Fig. 3.14a or from the topography recorded by the AFM, as seen in Fig. 3.14b, 

the material appeared far from smooth and had a peak to trough height of 0.15pm.

Figure 3.14: a) AFM cantilever on the bare shim steel AISI 1010 surface. 3.14 b) 
Topography of the shim steel material (AFM output, 80 pm scan area, Contact Mode)

All the material tested appeared the same and no noticeable/measurable difference in the 

surface roughness was found.
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3.5 Coatings

3.5.1 Coatings used

As LPF is initially an optical process, an absorptive/ablative layer is normally applied to 

the material to aid in the coupling effect of the laser to the surface in order to generate a 

plasma. The coating firstly aids in the generation of a plasma and secondly acts to 

protect the material. This is achieved by acting as a sacrificial layer to protect the 

materials surface and act as a thermal barrier between the plasma and the material. 

Without a coating most metals would be too reflective since in an un-altered state, 

metals (and particularly aluminium) have very high reflectivity at wavelengths from 

visible to infrared as seen in Fig. 3.15. This is due to the fact that for metals laser 

radiation is mainly absorbed by the free elections in an “electron gas” . These free 

electrons are able to oscillate and reradiate without disturbance to the solid atomic 

structure. As the wave front arrives at the surface, the free electrons vibrate generating 

an electric field 180° out of phase with the incoming beam. The sum of this field will be 

a beam whose angle of reflection equals the angle of incidence. This electron gas means 

that the irradiation is unable to penetrate metals to any significant depth, only one or two 

atomic diameters, metals therefore appear shiny.

Figure 3.15: Reflectivity of various metals as a function of wavelength [176]
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3.5.2 Ablative layer selection

Two different types of coating were used in the experiments comprising either paints or 

more widely used graphite. The effect of the different ablative layers on the process was 

investigated early on so that the most effective layer could be used in further 

experiments. This involved investigating the effect of various numbers of graphite layers 

and 4 different coloured paints with different number of layers. To investigate the effect 

or benefit from each coating, all experiments were carried out using a wavelength of 

1064nm, a repetition rate of 10 Hz and a power density of approximately 2 GW/cm2. A 

traverse speed of 5mm/s was used and bend angle measurements were taken after every 

pass up to a maximum of 5 passes.

The paints investigated comprised of black, blue, green and red smooth Hammerite paint 

which was manually sprayed onto 30x30mm steel samples and then formed to 

investigate if the colour/reflectivity of the paint affected the cumulative bend angle 

achieved. The ablative layer mostly used was graphite, in the form of Graphit 33 spray 

lubricant, the reason why this coating was chosen will be discussed in Chapter 4.

3.5.3 Ablative Layer Application Method

As ablative layers were applied to a lot of the material used in experiments, it was 

necessary to investigate the effects of application to ensure repeatability of the process. 

The graphite and paints used were supplied in aerosol form using a propane/butane 

propellant. Any materials which were coated were de-greased with ethanol prior to 

coating and then a spray coat applied until the underlying surface was no longer visible. 

To investigate the effect of the coating multiple coatings (up to 5 layers) were in 

occasions applied. In between each coating the previous coating was allowed to set. Five 

samples of each coated material with either 1,2,3,4 or 5 layers were measured using a 

Wyko NT1100 vertical scanning white light interferometer (VSI) and optical
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microscopy to investigate the depth and surface finish of the coatings. The coating depth 

was measured using a Veeco NT1100 white light interferometer, as seen in Fig. 3.16.

Figure 3.16: a) Veeco NT1100 white light interferometer, 3.16 b) Veeco NT1100, Main 
body

The thickness of the ablative layer was assessed by masking off part of the bare material 

before the coating was applied. This enabled the difference in material height to coating 

thickness to be obtained. The average of the coating thickness was measured on three 

different samples, for each additional layer of graphite/paint deposited, this allowed the 

spraying process to be examined as well. When the tape was peeled off there was an 

expected boundary in the form of a slight ridge caused by a build up of graphite/paint at 

the boundary between the tape and the bare material. Two clear plateaus were still 

visible however from the measured data. The blue plateau seen in Fig. 3.17 is the bare 

material and the plateau to the right of the figure is the applied layer. As can be seen 

from Fig. 3.17, the layer is not smooth. This is likely due to the method by which the 

graphite coating is applied. This should not however impact upon the process as all 

coatings were found to have the same effect.
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Figure 3.17: An example of the output data from the Veeco NT1100 white light 
interferometer. Graphite sprayed on a steel substrate

This process was carried out to analyse the deposition depth for each addition layer and 

to find the optimum operating layer thickness. From the data obtained using the white 

light interferometer, averages were taken and a graph plotted to indicate the thickness of 

the cumulative coating layers applied, up to 5 sprayed re-coatings.

3.5.4 Measurement of reflectivity of the material and coatings

To aid in the understanding of the material and coating used, bare material and coated 

samples were prepared and sent to the University of Manchester to have their reflectivity 

measured. This was done using an Analytik Jena SPECORD 250 - low stray light UV 

VIS spectrophotometer. The instrument measures the intensity of light passing through a 

sample and compares it to the intensity of light before it passed through the sample. The 

ratio of the two is called the transmittance and is expressed as a percentage. It works in 

the range of 380-1 lOOnm. The curves for the various coatings used on steel samples 

(A IS I1010) can be seen in Fig. 3.19 and the reflectivity of the bare material used in the 

material and thickness section can be seen in Fig. 3.20.
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Figure 3.18: The reflectivity of the coatings when applied to steel (A IS I1010) substrate 
in single layer form and analysed using a low stray light spectrophotometer

350 450 550 650 750 850
Wavelength (nm]

950 1050 1150

Figure 3.19: The reflectivity of the uncoated Steel, Stainless Steel, Copper and Brass 
substrates when analysed using a low stray light spectrophotometer
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3.6 Experimental study on laser peen forming process 

characterisation

3.6.1 Laser wavelength evaluation

Experiments were carried out at three wavelengths using the Lynton lasers described in 

section 3.1; namely 1064nm, 532nm and 355nm. These three wavelengths were used as 

they covered the infra red, visible and ultra violet ranges and as work had not previously 

been published using laser peen forming without a tamping layer on such small scales. 

The contributing effects were investigated to see firstly if forming was possible in the 

three different regions and also to see what effect that wavelength had on the process.

Experiments were carried out at 10Hz and at varying traverse speeds between l-10mm/s 

(which were the limits of the table) for all three wavelengths. The processing powers 

changed for each laser, at 1064nm an average power range of 1-5W was available, at 

532nm an average power range of 1-2.5W was available and at 355nm an average power 

range of 1-1.9W was available. When comparing the three laser wavelengths directly, 

the lasers parameters were set to produce the same power density on the surface of the 

material so comparisons could be made

3.6.2 Bend direction evaluation

With thermal forming the bend direction can be either towards or away from the beam 

depending upon whether the TGM (towards the beam) or BM (away or towards the 

beam) is being used. The change in mechanism with thermal forming is partially 

affected by the spot size, with TGM the spot size is approximately the same diameter as 

the material thickness which sets up a steep thermal gradient. With the BM the spot size 

is typically much greater than the material’s thickness to generate the onset of a buckle.

In this study of the laser shock peen forming mechanism the spot size was varied from a 

small spot diameter of 0.3336mm to 2mm. A clamp was designed which would enable 

the sample to bend in either direction as seen in Fig. 3.7 (clamp 2) in section 3.8, instead 

of the more usual case of being fully restrained from bending away from the beam. 

Experiments were then carried out with a laser wavelength of 1064nm and varying
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combinations of power (1-5W), speed (l-10mm/s), spot size and number of passes on 

30x30mm steel samples to observe if the bend direction was always the same.

3.6.3 Bend reversibility study

In order to be able to adjust a 2D component in either direction, re-straightening or 

reversibility of the laser peen forming process was investigated. So 30 x 30 mm 75pm 

thick steel samples were formed using the process in the traditional direction with 

varying process parameters over the range available for forming at 1064nm wavelength. 

The samples were then rotated in the clamp (clamp 2) and reprocessed over the reverse 

of the pass line with combinations of processing parameters which would allow 

straightening and reverse forming. As this was experimental it was done incrementally 

to see what parameters would be needed to complete the process.

3.6.4 Laser pulse interaction strategy

All the forming carried out in the experiments was two-dimensional forming and as such 

the pass strategies only ever consisted of pulse in straight lines. Depending upon the 

traverse speed and repetition rate used these would either be spaced out individual pulses 

(through a high traverse or low repetition rate) or a series of overlapping pulses to 

simulate a constant line (with a high repetition rate and low traverse speed). Examples of 

some of the pass strategies used can be seen in Fig. 3.21.

0.63 Hz pass at 10 mm/s 

1.25 Hz pass at 10 mm/s

2.5 Hz pass at 10 mm/s 

5 Hz pass at 10 mm/s 

10 Hz pass at 10 mm/s

Figure 3.20: Pass strategies when using the maximum traverse speed of 10 mm/s and 
the effect that altering the repetition has
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3.6.5 Thermocouple analysis of workpiece temperature variation

Due to the low thermal aspects associated with laser peen forming, a study was carried 

out to analyse any thermal behaviour within a sample during 2D laser peen forming. The 

study used a thermocouple technique to determine the temporal temperature cycle at a 

number of single points during the forming process. This study was performed on 

0.075mm (AISI 1010) low carbon steel using the Nd:YAG laser system described in 

section 3.1. Investigations were carried out using a 2mm and a 0.336mm spot size, 

powers at 1-5W and at traverse speeds between l-10mm/s.

The thermocouple technique of temperature measurement relies on the voltage drop 

across two dissimilar metals when they are placed in contact, this voltage is a function of 

temperature. As only the potential difference between the two metals need be measured 

and no input is required, these sensors are considered passive. The thermocouples used 

in this study were welded tip ‘fast response (10ps)’ K-Type; in which the junction is 

made up of Nickel Chromium (positive side, green wire) and Nickel Aluminium 

(negative side, white wire) and that the junction has been welded in an inert atmosphere 

to form a small bead at the end of the sensor wire. The junction has a reliable Unear 

temperature range of -270°C to 1372°C.

Thermocouple measurements were taken directly underneath the irradiation pass line 

and at 2.5mm, 5mm, and 10mm away from the pass line on the top surface of the 

material, as can be seen in Fig. 3.22. This was done on 30 x 30 mm coated and uncoated 

samples. The thermocouple tips were located using a small punch mark and attached 

using Loctite superglue to ensure the thermocouple stayed in contact with the surface. 

This was chosen over the more commonly used ‘Thermopad’ as the pads are quite large 

(approx. 12mm across) and as the forming angle of the sample increased there was a 

tendency for the pads to lose contact with some of the sample. The thermocouples were 

recovered by inserting in an acetone bath until the adhesive had dissolved.
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Directly 
underneath 
pass line

Figure 3.21: Thermocouple positions on the 30x30mm 75pm steel samples

The data was recorded using the Agilent 34970A data logger described earlier. This 

device has a reference junction built in for auto calibration of the voltage response from 

the thermocouple and can record at a maximum rate of 250 channels per second.

3.6.6 Laser Beam Interaction

To eliminate the effect of heating through direct laser interaction on the process, the 

angle to which the laser generates the plasma was investigated. This was achieved by 

altering the angle at which the laser is used relative to the material, from perpendicular 

to the material (90 degrees) to parallel with it (0 degrees), as illustrated in Fig. 3.23. This 

was carried out on 75pm thick 30 x 30mm shim steel with a laser wavelength of 1064nm 

at 10Hz, a traverse speed of 5mm/s, a power of 5W and at angles from 0 to 90 degrees in 

10 degree intervals.

90 degrees

Graphite
layer

M aten ál

Figure 3.22: Angle orientation
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3.6.7 Study on the effect of material type and thickness

In this study Steel, Stainless steel, Brass and Copper (details o f which can be found in 

the material section 3.4) o f varying thickness and of 30 x 30 mm square samples were 

formed using the Lynton paragon 2XL laser at 1064nm and clamp 1 (as shown in section 

3.14). The effect that laser peen forming had on different materials and varying 

thicknesses was studied to determine the effect of different material properties such as 

thermal conductivity and to identify any limitations of the process when using the 

equipment and parameters available. The material types and thickness tested are shown 

below.

For steel the thicknesses used were: - 75pm, 100pm, 150pm, 175pm, 200pm, 250pm, 

and 375pm.

For stainless steel the thicknesses used were: - 75pm, 100pm, 150pm, 175pm, 200pm, 

250pm, and 375pm.

For brass the thicknesses used were: - 75pm, 100pm, 150pm, 175pm, 200pm, 250pm, 

and 375pm.

For copper the thicknesses used were: - 150pm, 250pm, 375pm, 400pm, and 500pm.

To investigate the different types of material’s with LPF the process parameters were 

confined to powers of 1-5W, a traverse speed of 5mm/s, a repetition rate of 10Hz and a 

2mm spot diameter. Were comparisons are drawn between materials only the material of 

125pm, 250pm and 375pm thick were processed, as these were the only 3 thicknesses 

available for each material.

3.6.8 Effect of Aspect ratio on the LPF process

This study was undertaken to look at the effects that a materials shape has on the 

forming process, all experiments were carried out on 75pm thick, graphite coated steel 

samples. Two different length samples were tested of 40 and 50mm with widths of
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5mm, 10mm, 20mm, 30mm, 40mm, 50mm, 60mm, 70mm, 80mm and 90mm (the layout 

of width and length can be seen in Fig. 3.24). The two different lengths were tested, to 

confirm any trends a 50mm long sample of the same widths was trialled. Forming was 

carried out with a laser wavelength of 1064nm at 10Hz with a 2mm diameter spot. The 

traverse speed was set to 5mm/s and the maximum power of 5W was used to see the 

maximum forming possible.

Figure 3.23: Representation of aspect ratio with width and length in the clamp

3.7 Arrangements for the study of micro actuation using LPF process

In order to scale the laser peen forming process down to micro scale components, the 

minimum achievable bend angle was studied so that it could be applied to form actuators 

or other small electronic components for example. Within this section the minimum 

bend angle was studied with respect to laser irradiation interaction strategies, coating 

removal and the reduction of energy by removing the visible plasma, leading to the 

manufacture and LPF of the actuators
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3 .7 .1  M in im u m  angle a n d  in te ra c tio n  strategies

This study was carried out to find the minimum bend angle possible with the processing 

variables available and to look at the effect of varying the repetition rate. The study was 

carried out on 30 x 30 mm 75pm thick uncoated steel and stainless steel samples. 

Coatings were omitted during some of this study as maximum performance was not the 

target but precision micro forming or tweaking. The Paragon 2XL laser system was used 

at 1064nm wavelength with a 0.2mm diameter beam with a traverse speed of lOmm/s, as 

at the higher speeds there is less interaction. The frequency of the pulses were set to 

0.63Hz, 1.25Hz, 2.5Hz, 5Hz and 10Hz, and the cumulative bend angle produced 

between 1-5 passes was analysed.

3 .7 .2  F o r m in g  w ith o u t plasm a

In order to find the minimal activation stage of this mechanism on 30 x 30 mm square 

75 pm thick uncoated Steel (AISI 1010), neutral density filters were used to reduce the 

laser power at 532nm and 1064nm wavelengths both at 10Hz. Different combinations of 

power density filters and power settings were used on both wavelengths so as to reduce 

the average power at the surface of the material to below 1W, the lowest power which 

was tested was 0.058W. The power levels were measured before and after each pass 

strategy using the power meter detailed in section 3.1.2 to make sure the power were 

constant throughout the experiments.

3 .7 .3  A c tu a to rs

In order to demonstrate the process as a useable micro forming technique micro 

actuators were designed, manufactured and formed. Two designs were used, actuator 1 -  

read head actuator, which was based around a hard drive read head (as shown in Fig. 

3.25) and actuator 2 -  bridge actuator, a figure of eight bridge actuator. Both actuators 

were cut from stainless steel 302 of 75 pm thick, which is representative of the material 

that similar designs are made from in everyday use.
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F ig u r e  3 .2 4 : Read head actuators

A c tu a to r  1 -  R e a d  head a c tu a to r

The read head actuator was based on the read head commonly found in hard disk drives, 

some of which can be seen in Fig. 3.25. The actuator used in the experiments was a 

simplified version of these and can be seen in Fig. 3.26. Depending upon forming 

strategies, the tip of the actuator could be accurately positioned or twisted depending 

upon which combination o f arms the laser irradiation was applied.

F ig u r e  3.25: Schematic drawing of actuator 1
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A c t u a t o r  2 -  B rid g e  a c tu a to r

The bridge actuator shown in Fig. 3.27 is a more simple actuator design were only 

regular vertical forming can be demonstrated by irradiating the centre region of the 

structure.

3.7.3.1 Fabrication of actuators

The actuators used in this study were designed using AutoCAD and their design files 

transferred to Winlase and Sunlight CAD package connected to a custom made seeded 

Nd:VAN regenerative amplifier laser system (High Q, Photonics Solutions) capable of
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running at up to 50kHz repetition rate with output wavelengths at 1064 nm, 532 nm and 

355 nm. This laser was chosen due to its high repetition and cutting quality. Fig. 3.28 

shows the schematic of the experimental set-up.

Figure 3.27: Schematic drawing of laser setup for manufacturing the actuators

The output beam traversed a beam expander and was then directed to a scanning 

galvanometer with a focal length of 100 mm. the beam was then focused down to a spot 

size in the order of 22pm in diameter. Steel and stainless steel material was used to cut 

the actuators from and a 30 x 30mm sample of the material was mounted on the 5-axis 

Aerotech precision motion control system. For actuator 1 the samples were cut from 

stainless steel using an average power of 2W, a 10 KHz repetition rate and a 22pm spot 

which corresponded to approximately a 20 minute cutting cycle. Actuator 2 was also cut 

from stainless steel using an average power of 1.44W, a 20 KHz repetition rate and a 

22pm spot which corresponded to approximately a 10 minute cutting cycle.

3.7.3.2 Forming experiments on actuators

To investigate the forming potential of the actuators using laser peen forming, forming 

was carried out using clamp 3 (as shown in section 3.14) at 1064 and 532nm 

wavelengths with powers ranging from 1W - 5W with 0.2mm and 2mm diameter spots
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3.8 Material Characterisation

3 .8 .1  M e ta llu rg ic a l analysis

In order to understand the effects of the process on a material it was necessary to 

investigate any possible microstructural changes of the material. To do this a selection of 

samples from all the experiments carried out, were produced, mounted, polished and 

investigated using a number of techniques described in the following sections.

Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components

3 .8 .2  Specim en Se lection, M o u n tin g  a n d  P re p a ra tio n

The area of investigation looked at the effects of process parameters (including spot size, 

traverse speed, number of scans and wavelength), material selection (steel, copper, brass 

and stainless steel) and coating selection (no coating, graphite and paint) had on the 

material.

Material was cut into 30x30mm samples and the material was processed using an edge 

clamp. Prior to being processed, the samples were cleaned with acetone to remove any 

impurities and then rinsed off with distilled water. Once the samples had been processed 

the sample was cut in half in the Y direction with a diamond saw to reduce heat input. 

The remaining part of the sample was then placed in a 40mm diameter sample pot 

prepared with mould release agent, with the cut edge facing down. The sample pots were 

then filled with Araldite 2020 which is a clear two part epoxy resin which cures at room 

temperature. The samples were left for 48hrs to ensure the resin had completely cured 

before being polished.

The initial hand polishing was on 80 grit paper on polishing wheels, with a water feed to 

reduce thermal input. Around 2-3mm was removed from the sample with this coarse grit 

to ensure the removal of any artefacts of the cutting and mounting stage. The samples 

were then polished further through a number of stages down to a polishing stage using a

Kenneth R. Edwards 120 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components______

2500 grade paper. Between each polishing wheel the samples were cleaned using 

detergent and water and dried before being inspected under a microscope at either x5 or 

xlO magnification to ensure no large scratches remained. If scratches were present, the 

sample was taken back to a courser stage and re-polished.

Any scratches were removed using paper wheels, polishing cloths and oil lubricants of 

6pm and then 1pm, with the samples again being cleaned and inspected between wheels. 

The samples were then polished using an auto polisher to polish the samples down to 0.5 

microns by using colloidal silica as an abrasive.

The samples were then etched. For the Steel (AISI 1010), the etchant used was 

“NITAL” which contains 2% HNO3 (nitric acid) and 98% ethanol. The etching time was 

approximately 1 minute, until the surface visibly tarnished. For the Stainless Steel 

(UNSS30200), an etchant was mixed up and used in order to obtain a clear grain size 

and shape through grain contrast, the mixture comprises of 20ml of hydrochloric acid 

(HCL, concentrated), 20ml of nitric acid (HN03) and 40ml of ethanol and 70 ml of 

water. To etch the copper and brass a basic iron (III) chloride FeCl3 was used. Extra 

safety precautions had to be taken when using HF acid, this mixture must be mixed in a 

fume extraction chamber and in a plastic beaker. HF acid will etch glass (and destroy 

bone). During etching double rubber gloves, rubber apron, facial shielding and full face 

mask were used. The etching time was 8 to 15 seconds. After etching the samples were 

washed in stream of warm water and dried in hot air.

3 .8 .3  O p tic a l M ic ro s c o p y

A Leitez Wetzlar Microscope was used to observe the samples using magnification up to 

xlOO. The system was connected to a Sony digital camera which was controlled through 

Element D.Sys software. The software allowed various measurements to be taken and 

was calibrated using a 200 micron wide channel in silica supplied to calibrate a Wyko 

VSI system.
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3 .8 .4  M ic ro h a rd n e s s  Tests .

To investigate the effects o f the LPF process on the mechanical properties of the 

materials used, a number of microhardness tests were carried out. A Vickers 

microhardness testing machine was used with a diamond indenter and a 20g load. The 

samples tested comprised of uncoated steel and graphite coated steel, stainless steel, 

brass and copper samples. They were all mounted and polished as described in the 

previous section.

Measurements were taken at several positions through the depth of the material and also 

across the surface of the pass line. Due to the thin nature of the material being used 

(7 5 pm) only three measurements could be taken through the thickness, these were at 

18.75pm, 37.5pm and 56.25pm from the top surface of the material. The 3 profile 

measurements were taken through the centre of the forming line and then at 3 position 

either side. For the samples formed with a 2mm laser irradiation point these were at -4, - 

2, -1, 0 (centre of forming line), 1, 2 and 4mm from the centre of the pass as seen in Fig. 

3.31a, with an irradiation spot of 0.36mm the points were taken at -2, -1, -0.5, 0, 0.5, 

land 2mm.

D is ta n c e  (m m ) a w a y  fro m  th e  ce n tre  o f  th e  b e n d  D is ta n c e  (m m ) a w a y  fro m  th e  c e n tre  o f  th e  b e n d

F ig u r e  3.30: Micro-hardness testing positions

When measuring the hardness of the surface of the sample, 3 points were measured 

either side of the irradiation pass line, these were measured 15 pm below the surface of 

the material. For a 2mm laser irradiation pass these were at -3, -2, -1, 0 (centre of
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forming line), 1, 2 and 3mm from the centre of the pass as seen in Fig. 3.31b, with an 

irradiation spot of 0.36mm the points were taken at -2, -1.5, -1, -0.5, 0, 0.5, 1, 1.5 and 

2mm.

3.9 Pressure sensor work

In order to quantify the effects exhibited by this laser process and to identify links with 

other processes and regimes taking place during the mechanism, a way of monitoring 

and qualifying the degree of forming effect was developed. This involved finding a 

method to evaluate the pressures associated with the varying parameters used to generate 

the shockwaves. To do this, piezoelectric diaphragms were used as pressure sensors. 

This idea was a continuation of earlier work by Dr C. Curran [177] at the University of 

Liverpool, who used these sensors to analyse the pressures used in laser shock cleaning 

methods.

3 .9 .1  Pre ss u re  sensor c a lib ra tio n

Piezoelectric diaphragms were employed as the pressure sensors. Three different types 

were tested which worked at different frequencies, but after initial test only one could 

cope with the pressures being used. The smallest diameter sensor (which can be seen in 

Fig. 3.32) was the sensor used.

F ig u r e  3 .3 1 : The 3 sensors calibrated
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3 .9 .2  C a lib r a tio n  m e th o d  1 - P is to n  c y lin d e r

The sensor was mounted in a cap with the piezoelectric crystal unloaded, which was 

then attached to a chamber in which a piston was operated to change the volume within 

the chamber (just as in a piston cylinder engine). The piston is controlled by a shaker, 

driven by an amplifier and signal generator. The signal generator allowed the voltage 

and range of the shaker to be altered, which changed the volume within the air tight 

chamber and subsequently altered the pressure. The voltages applied to the shaker varied 

between 0.25 and 0.75Vdc, with a range between 20 and 100Hz. The testing schematic 

can be seen in Fig. 3.33 and the mounting cap and cylinder can be seen in Fig. 3.34.

F ig u r e  3 .3 2 : Schematic of the setup up used in calibration method 1

F ig u r e  3 .3 3 : The Sensor mounting cap and the piston cylinder arrangement

Kenneth R. Edwards 124 PhD Thesis



The sensors were calibrated at a range of voltages and frequencies and the piston and 

shaker positions were measure in order to calculate the associated cylinder volumes.

Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components______

3 .9 .3  C a lib ra tio n  m ethod 2 -  Pre ss u re  vessel

Using the sensor mounting cap which was used in the piston cylinder calibration, a 

pressure vessel was made and attached to a compressed air supply (as shown in 

Fig.3.35). The compressed air applied to the pressure chamber was measured using a 

pressure gauge and controlled through a valve. Pressures were applied to the sensor in 

0.5 bar intervals between 1 bar (atmospheric) and 5bar. The sensor was connected to an 

oscilloscope which was in turn linked to a computer to record the corresponding voltage 

outputs at the various pressures.

F ig u r e  3 .3 4 : Pressure vessel chamber

The experiments were each carried out 5 times and the values shown here and used in 

the graph were the calculated averages of the 5 experiments. The voltage data was 

obtained in the same way as for the previous method.
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3 .9 .4  C a lib r a tio n  m eth od  3 - T h e  d im p le  test

In this method the sensor was mounted in a block of wax, which acted as a stable 

base/housing while forces were applied to the sensor via a dimple. A dimple was made 

which was the same size as piezoelectric crystal and mounted on top of the sensor as 

seen in the figure below. A variety of masses were then applied to the dimple which 

could be calculated to a force, from which a pressure could be calculated.
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F ig u r e  3.35: The mounted sensor and the dimples and weights used

A series of Weights were applied to the dimple ranging from lKg to 7 Kg. These 

correspond to a force (F) which is calculated through F=mg, where ‘m’ is the mass and 

‘g’ is the gravitational constant of 9.81mm/s. This force is then turned into a pressure by 

calculating the area over which it is acting as pressure (P) = Force (F)/ Area (a). The 

area is the interaction area between the dimple and the sensor, which is 154pm . This 

pressure is then added to that of the atmosphere (101325Pa) to calculate the total 

pressure the sensor is reading. The voltage data from the sensor is recorded in the same 

way as for the previous two calibration methods.

From the three calibration methods, a single calibration equation was determined and 

measurements of the shockwave associated with the plasma breakdown were measured 

by firing the laser with a wavelength of 1064nm at 10Hz at the sensor on the bench. By
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varying the focal position relative to the sensor, different spot sizes where fired upon the 

target and hence different energy densities.

Measurements were also taken with the sensor attached to the sample, so the crystal was 

in direct contact with base of the material. Data was also recorded at the surface of the 

sample, so that the actually compressive force could be calculated.

3.10 Finite Element Analysis

A finite element method was used to investigate the 2D LPF process. Finite Element 

Analysis (FEA) is a numerical method which provides solutions to problems that would 

otherwise be difficult to obtain. It was first developed in 1943 by R. Courant, who 

utilized the Ritz method of numerical analysis and minimization of variational calculus 

to obtain approximate solutions to vibration systems. By the early 70's, FEA was 

limited to expensive mainframe computers generally owned by the aeronautics, 

automotive, defence, and nuclear industries. Since the rapid decline in the cost of 

computers and the phenomenal increase in computing power, FEA has been developed 

to an incredible precision. Present day computers are now able to produce accurate 

results for all kinds of parameters.

FEA consists of a computer model of a material or design that is stressed and analyzed 

for specific results. It is used in new product design, and existing product refinement. 

FEA uses a complex system of points called nodes which make a grid called a mesh. 

This mesh is programmed to contain the material and structural properties which define 

how the structure will react to certain loading conditions. Nodes are assigned at a certain 

density throughout the material depending on the anticipated stress levels of a particular 

area. Regions which will receive large amounts of stress usually have a higher node 

density than those which experience little or no stress. Points of interest may consist of: 

fracture point of previously tested material, fillets, comers, complex detail, and high 

stress areas. There are multiple loading conditions which may be applied to an FE model 

for analysis:

Kenneth R. Edwards 127 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components

• Point, pressure, thermal, gravity, and centrifugal static loads

• Thermal loads from the solution of a heat transfer analysis

• Enforced displacements

• Heat flux and convection

• Point, pressure and gravity dynamic loads

There are numerous FEA software packages available ranging from low cost basic 

capability up to very flexible and powerful suites of software with a large price tag. The 

software used in these investigation were ABAQUS CAE and COMSOL Multipysics.

ABAQUS/CAE provides a complete modelling and visualization environment for 

ABAQUS solvers, with direct access to CAD models, advanced meshing and 

visualization. The program used Version 5.8 and is executed via the command line, 

calling a pre-written text file (.inp) which contains the model data, boundary conditions, 

loading conditions and step/increment (analysis) data, all defined in the Abaqus specific 

syntax.

COMSOL Multiphysics (formerly FEMLAB) is a finite element analysis and solver 

software package for various physics and engineering applications. COMSOL 

Multiphysics also offers an extensive and well-managed interface to MATLAB and its 

toolboxes for a large variety of programming, pre-processing and post-processing 

possibilities. In addition to conventional physics-based user-interfaces, COMSOL 

Multiphysics allows for entering coupled systems of partial differential equations 

(PDEs).

Reported in this thesis is the development of FEA models for the LPF of 75pm thick 

30x30mm, Steel (AISI1010) samples. ABAQUS CAE and COMSOL Multipysics are 

used to look at the low thermal impact of the LPF process using a Nd:YAG laser source 

and to be compared with the measured thermal effect from the thermocouple results. The 

model was developed to ascertain peak temperatures, thermal behaviour, transient
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stress/strain conditions, residual stress/strains and displacements during and after LPF. 

The models developed were run in two parts, a purely thermal analysis which then fed 

into a coupled thermo-mechanical analysis. The thermal analysis ran in approximately 2 

hours, however the coupled thermo-mechanical analysis ran in approximately 48 hours. 

The run time of an FEA model is dependent on the numbers of nodes and elements used 

and the complexity of the problem, key to a usable model is a balance between 

acceptable run times and complexity of the mesh in order to give accurate data.

Due to the long computational times and the size of the files being produced, COMSOL 

Multipysics was then used to model the process as a purely mechanical pulsing effect to 

show the behaviour of the material, the transient stress/strain conditions, residual 

stress/strains and displacements during and after LPF, in order to aide in the 

understanding of LPF process.
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4 Experimental Results and 

Discussion
This chapter contains the results and discussion of experimental studies into the 2D laser 

peen forming of a number of materials (including mild steel, stainless steel copper and 

brass), wavelength evaluation, a parameter window for LPF of 75 pm thick steel, plus a 

consideration of process limitations including thermal impact, witness marks and the 

precision forming of micro actuators.

4.1 Experimental study - Characterisation of laser peen forming

The effect of varying a number of process parameters including laser wavelength, laser 

power and traverse speed was investigated. The purpose was to seek desirable 

processing characteristics, such as minimal material damage and maximum efficiency of 

LPF.

4.1.1 Coatings

Due to the optical nature of Laser Materials Processing (LMP), it is often necessary to 

reduce the reflectivity of any metallic work piece in order to improve the efficiency of 

the process, or to protect the underlying surface from the effects of the laser interaction.
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In many cases, a graphite coating is applied to the substrate due to its high absorption, 

ease of application, availability and economy compared to other methods [11, 69, 70],

4.1.1.1 Coating Application

As discussed earlier in section 3.5, graphite and paints were used here as coatings, which 

were applied in aerosol form for ease of application. However, the method of application 

is important to ensure a consistent coating layer is applied. Three possible application 

methods were tried: a ‘thin’ case where a light coating of the spray was applied in a 

single pass, ‘thick’ where multiple ‘thin’ layers were applied and each application was 

given time to dry between passes; and ‘saturated’ where the spray was held for 

approximately five seconds and a pool of the coating in liquid state formed on the 

substrate. On visual inspection, the surfaces for the graphite and paints showed some 

differences, with the thin layer appearing flatter than the others, the thick sample 

showing some undulation and the saturated sample showing more pronounced peaks and 

troughs in its topology. Examples of the layer methods can be seen in Fig 4.1 for 

graphite with thin pass a), thick pass b) and saturated c).

a)

Figure 4.1: Micrographs for a) thin, b) thick and c) saturated graphite application 
methods taken at x5 magnification
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When all the samples were analysed using a vertical scanning interferometer (VSI), 

surface roughness measurements were possible. A number of samples were measured in 

various 400x500pm sections across the sample surface. This was because of errors 

present in the data caused by the low levels of reflectivity offered by the graphite and 

darker paint covered samples. The VSI relies on light reflected from the sample to take 

measurements and the parameters required to take measurements required a high 

magnification. An example of measurements taken from these samples is given in Fig. 

4.2. The results from five samples of each application method and coating gave a similar 

surface roughness for the thin and thick samples, these being 2.36pm for thin and 

2.86pm for the thick. An average surface roughness for the paints is given as the 

variation between colour and sample was only a 7% range in values, for the ‘thin paint it 

is 1.49pm and 1.53pm for the ‘thick paint’. In contrast the saturated samples gave a 

mean surface roughness of 1.5 pm. This is due to a thick pool of liquid graphite formed 

when the saturated sample is applied, which gives a smoother surface finish than for the 

thin and thick methods. When applying the light sprays for the ‘thin’ and ‘thick’ 

techniques, the graphite is applied in a more granular form due to the spray technique 

allowing some particles of graphite to dry prior to application of the surface. The build 

up of layer for the thick application would amplify any variation in the layer below. Due 

to the saturated coated samples having pools of graphite covering the surface, some 

areas dried quicker than other creating cracks in the coating, so when spraying large 

batches of samples, only some could be used.

Figure 4.2: 2D VSI images of a) thin, b) thick and c) saturated application 400x500pm 
samples

Due to the ease of application and the consistency between samples the ‘thin’ 

application method was chosen to be used. The thickness or depth of the coatings and 

application method were then measured using VSI. The thickness of the ablative layer 

was assessed by masking off part of the bare material before the coating was applied.
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This enabled the difference in height to be measured between the base material and the 

coating, from which the coating thickness was obtained. Ten measurements for each 

application method were made and a mean result was calculated. The results for the 

various coatings can be seen in Fig. 4.3 and Table 4.1, for the first 2 coating layers the 

correlation between the different layers is very close. For graphite the thickness can be 

seen to be 6.9pm thick for the first coating and the paint coatings averaged out at 

producing a layer depth of 8.175pm. The tail off in correlation after 2 coating layers is 

due to the initial coating layers being attached to the smooth surface of the ‘as received’ 

material, the following coating layers adhere to the rougher coating surface. This 

amplifies any blotches left when the previous layer has cured leaving the surface more 

uneven with every addition layer. The consistency of the application method with each 

coating type is also shown in Fig 4.3.
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Figure 4.3: Number of coatings against thickness for the coating layers used in LPF

Coating thickness (pm)
Graphite Red paint Blue paint Green paint Black paint

0 0 0 0 0 0
J=> 1 6.9 8.7 8 7.8 8.2►P 2 17.4 16.4 18.7 16.3 17.2

3 26.3 23.6 27.9 27 28.4
£ 4 47.1 38.1 35.8 50.6 40.1

5 64.3 61.7 66.1 73.2 59.8

Table 4.1: Coating layer thickness in microns
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4.1.1.2 Coating removal

Coating removal tests were carried out on single layer coated steel 30x30mm samples 

using a laser wavelength of 1064nm at 10Hz, a traverse speed of 5mm/s, an average 

laser power of 5W and a spot size of 0.2mm are shown in Fig 4.4. The purpose was to 

evaluate the coating’s durability with laser wavelength and to analyse the effect that the 

coatings had on the forming process. The results show that during laser processing, the 

coatings aren’t removed at a constant rate, but that the majority of the coating is 

removed in the first couple of passes. After the second laser pass, there is a drop off in 

the coating removal rate until it becomes constant or the coating has been fully removed. 

The high decrease in the removal rate between the first and second pass is due to the 

coating being ablated by the laser irradiation and degrading the coating’s surface. This 

reduces the amount of energy that can be coupled in order to generate the plasma and 

shockwave, which limits further ablation.

Figure 4.4: The removal rate for single coating layers, with a laser wavelength of 
1064nm, a power of 5W and a 0.336mm spot diameter at a traverse speed of 5mm/s

The effect of the laser energy on the trough width (the area irradiated and interacted with 

by the laser as it passes across the coating) was similar to the effect on trough depth.
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However, this could only be analysed on graphite due to the width of trough created 

with the paint coatings being too wide to be examined using the VSI technique. This was 

due to the coating being ablated so much that the coating would delaminate from the 

material at the edge of the pass line, where the pressure waves had penetrated under the 

coating and created a track width no longer directly associated with ablation.

The track width can be seen in Fig. 4.5, processed with a laser wavelength of 1064nm at 

10Hz, a traverse speed of 5mm/s, an average laser power of 5W and a spot size of 

0.2mm. After one pass, a high initial increase in track width to 424pm occurred, whereas 

the next pass only minimally affected the width of the trough. A collective increase of 

100pm resulted from the next five passes, but then a sudden increase to 100pm being 

removed in each pass from the sixth pass onwards. The change is caused by the laser 

irradiation no longer being able to couple effectively into the area over which its acting, 

and after 5 passes most o f the coating under the irradiation zone is removed. Hence, 

some of the energy is reflected sideways and interacts with the graphite in the boundary 

wall which is the first material it encounters. As the graphite is highly absorbent it can 

be burned off with the reflected energy and thus increase the track width.
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Figure 4.5: Number of laser passes verses width of trough for processing with thin 
(6.9pm) graphite layer
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To look at the effect of multiple coating layers on the process, samples with five layers 

of graphite on where also tested. When the thick samples (64.3pm depth of graphite) 

were irradiated under the same conditions, similar results were observed. The process 

removed the graphite in the same manner as with the thin layer of graphite, with a steady 

increase in depth of approximately 10 pm per pass until the trend turned to a plateau after 

seven passes. The final trough depth was measured to be 64pm which meant that the 

entire coating layer had been removed, which was reached after seven passes as shown 

in Fig4.6.

Figure 4.6: Number of laser passes verses trough depth for processing with a ‘thick’ 
(64.3pm) graphite layer

The track width for five graphite layers or a coating depth of 64.3pm can be seen in Fig. 

4.7, processed with a laser wavelength of 1064nm at 10Hz, a traverse speed of 5mm/s, 

an average laser power of 5W and a spot size of 0.2mm. A high initial increase in width 

to 305pm occurred after one pass; the next 2 passes both increased the width by 

approximately 100pm, then the trend plateaux’s off until 7 passes where there is then an 

increase of 30pm being removed in each pass up to a track width of 690pm. This effect 

occurs since, after 7 passes, the bare material has been uncoated and the energy is being
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reflected into the walls of the channel as seen with the single coating layer. As the 

graphite layer is thick, the proportion of energy being reflected into the walls of the 

channel isn’t substantial enough to remove the quantities as seen with the single pass 

coating.

Figure 4.7: Number of passes verses width of trough for processing with thick (64.3pm) 
graphite layer

4.1.1.3 Coating Reapplication

The application of multiple coats of graphite had to be tested to find the optimum 

coating depth, so 75 pm thick 3 0x3 Omm steel samples were coated with up to 5 layers of 

graphite, and processed using a laser wavelength of 1064nm at 10Hz, a traverse speed of 

5mm/s, an average laser power of 5W and a spot size of 0.2mm. The results can be seen 

in Fig. 4.8, it shows that the greatest bend angle is achieved when only a single layer of 

graphite is applied. The increased number of coating layers impeded the amount o f 

energy transmitted into the material, via the pressure generated through the laser induced 

breakdown. The multiple coating layers dampened the incoming forces and the effect

Kenneth R. Edwards 137 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components

results in less compressive stress being induced within the material, resulting in a 

smaller bend being generated. When only a single coating layer was applied the ablation 

of it was quick but there was less resistance to the forces being generated and 

transmitted into the material resulting in a greater bend being produced.

Figure 4.8: Effect on CBA of various graphite coating layer strategies

4.1.2 Effect of graphite recoating on forming results

Due to the fall off in bend angle per pass after 5 passes and due to the removal rate of 

the graphite coating, recoating was investigated. This was done to see if there was any 

benefit to recoating a single layer once it had been ablated and was recoated after 5 

passes as shown in Fig. 4.13. The process was more time consuming as the previous had 

to be cleaned off before re-application to ensure consistency in results. The benefits in 

terms of the increase in bend angle weren’t as significant as hoped as the material was 

found to only be able to have so much work done to it as the sheet material was so thin 

at only 75 pm thick. As such further experiments were always carried out with a single 

layer.

Kenneth R. Edwards 138 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

Figure 4.9: Recoating with a single layer o f graphite using a laser wavelength of 
1064nm, at 10Hz, with a traverse speed of 5mm/s and a spot diameter of 0.2mm on 
75 pm thick steel
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4.2 Laser wavelength evaluation

To investigate the effect of laser wavelength on the LPF process, experiments were 

carried out using the Lynton lasers described in section 3.1; the three wavelengths used 

were 1064nm, 532nm and 355nm. The first wavelength tested was 1064nm on graphite 

coated 30x30mm, 75pm thick steel samples with a 0.2mm beam diameter and with a 

traverse speed of 5mm/s. To see if the LPF process worked with this wavelength and to 

investigate the maximum possible forming effects a laser power of 5W at 10Hz was 

used to be consistent with energy densities used elsewhere and reported in the literature 

for other laser peen forming studies [23], The process was accompanied by a loud 

cracking noise which is consistent with the generation of laser induced shockwaves. The 

results in Fig. 4.9 show forming with a laser wavelength of 1064nm, the results showing 

4 sets of data due to the measuring technique. This way, an average bend angle could be 

determined for the individual samples. The cumulative bend angle achieved after 25 

passes was 26.7°. This result indicates that it is possible to produce useful deformation in 

such thin samples using relatively low power pulsed laser systems and using a laser 

wavelength of 1064nm, but without the need for a tamping layer.

Num ber o f passes

Figure 4.10: Cumulative laser peen forming of 75pm thick 30x30mm graphite coated 
steel samples, using a laser wavelength of 1064nm, a laser power of 5W, at 10Hz, a 
traverse velocity of 5mm/s, a spot diameter of 0.2mm, over 25 passes
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The second laser wavelength tested was 532nm on graphite coated 30 x 30mm, 75pm 

thick steel samples with a 0.2mm beam diameter, a traverse speed of 5mm/s and an 

average power of 2.5W at 10Hz. These parameters are consistent with energy densities 

used in the literature (covered in the introduction) for other laser peen forming studies 

[172]. Each laser pulse was again accompanied by a loud cracking noise, which is 

consistent with the generation of laser induced shockwaves. The results in Fig. 4.10 

show LPF without a tamping layer is also possible with a laser wavelength of 532nm 

and can produce a cumulative bend angle of 14.2° after 25 passes.

V . 12

R e ad in g a t p o s itio n  1

Reading at position 2

-^ -R e a d in g  a t p o s itio n  3

- —Average reading

N u m b e r  o f  p a s s e s

Figure 4.11: Cumulative laser peen forming of 75pm thick 30x30mm graphite coated 
steel samples, using a laser wavelength of 532nm, a laser power of 2.5W, at 10Hz, a 
traverse velocity of 5mm/s, a spot diameter of 0.2mm, over 25 passes

The third wavelength used was 355nm on graphite coated 30 x 30mm, 75pm thick steel 

samples with a 0.2mm beam diameter, with a traverse speed of 5mm/s and an average 

power of 1.8W at 10Hz. These parameters are consistent with energy densities seen 

elsewhere in the literature for other laser peen forming studies [27]. The process was 

again accompanied by a loud cracking noise which is consistent with the generation of 

laser induced shockwaves. The results in Fig. 4.11 show LPF without a tamping layer is
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also possible with a laser wavelength of 355nm and can produce a cumulative bend 

angle of 18° after 25 passes.

Figure 4.12: Cumulative laser peen forming of 75pm thick 30x30mm graphite coated 
steel samples, using a laser wavelength of 355nm, a laser power of 1.8W, at 10Hz, a 
traverse velocity of 5mm/s, a spot diameter of 0.2mm, over 25 passes

4.2.1 Laser wavelength comparison

In order to compare the effectiveness of the 3 laser wavelengths directly, graphite coated 

30x30mm, 75 pm thick steel samples were each processed at the 3 different laser 

wavelengths (355, 532 & 1064nm) at the same energy fluence and without using a 

tamping layer. The results in Fig. 4.12 show the cumulative bend angle achieved with 

increasing number of passes, for the three selected wavelengths. The results indicate that 

it is possible to produce useful deformation in such thin samples using these relatively 

low power pulsed laser systems and without the need for a tamping layer. The results 

also indicate that the choice of wavelength for the LPF process has a significant effect 

on the amount of forming produced. When irradiated with 355nm wavelength the 

sample formed to approximately 18°, compared to approximately 13° at 532nm and
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approximately 7° at 1064nm (for a pulse energy of 180mJ in each case). This variation is 

expected due to the higher coupling efficiency at shorter wavelengths [25,178,179],

Figure 4.13: Variation in bend angle with number of irradiation passes, obtained for 3 
different wavelengths (experimental results obtained with 180mJ pulse energy, 10Hz 
frequency, 1,22mm diameter beam spot size and a traverse speed of 5mm/s)

The forming achieved was progressive, producing a bend angle of approximately 1-3° 

per pass. For all wavelengths, after a number of passes the graphite layer underwent 

degradation until eventually the layer was totally removed and hence process efficiency 

reduced. This corresponded with the fall of in bend angle per pass which is indicated by 

the plateaux regions on the graph. It is possible that this effect of coating removal with 

multiple passes masks other process influencing parameters (such as work hardening, or 

the effect of angle of incidence of the laser to the substrate), which are observed in laser 

thermal forming [180],

The variation in the amount of forming with wavelength in Fig. 4.12 is likely to be due 

to the magnitude of the shock wave generated, through the breakdown of the plasma. 

When the different wavelengths interact with the graphite coated samples, laser induced 

breakdown occurs (as discussed in section 2.7.1). Due to the constant absorptive nature
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of the graphite layer, a plasma is generated with the initial fraction of the incoming laser 

pulse [181]. As the plasma forms it will strongly absorb the energy of the pulse passing 

through it and at a laser wavelength of 355nm, coupling of laser energy into the plasma 

should be more efficient than at the longer wavelengths of 532nm and 1064nm, due to 

the higher ionisation potentials at shorter wavelengths [182]. This would lead to the 

generation of a larger more intense plasma, when the plasma then breaks down, the 

shockwave generated is more powerful (acts over a larger area). This allows greater 

compressive stresses to be generated in the upper layers of the material, which in turn 

leads to a larger bend angle being produced. The coupling associated with the 532nm 

and 1064nm wavelengths is less, and subsequently the plasma and shockwave generated 

are smaller, therefore a smaller bend is produced.
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4.2.2 Repeatability of LPF results

In order to determine the repeatability of the LPF process, 5 samples were processed 

with a laser wavelength of 1064nm at a laser power of 5W, with a frequency of 10Hz, a 

scan velocity of 5mm/s, a spot diameter of 0.2mm and over 25 passes. Graphite coated, 

AISI 1010 steel was selected of 75pm thick 30x30mm samples, the average cumulative 

bend angle was plotted to highlight any error due to variation in the process. For each 

sample, 3 points were measured before and after each pass, so that an average bend 

angle could be estimated for each sample. The results are shown in Fig. 4.14.
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Figure 4.14: Repeatability test using 75pm thick 30x30mm graphite coated steel 
samples, a laser wavelength of 1064nm, a laser power of 5W, at 10Hz, a traverse 
velocity of 5mm/s, a spot diameter of 0.2mm, over 25 passes

The tests were under taken at different times of the day with the laser system having 

been ‘warmed up’ for 30 minutes prior to the first test. The mean bend angle was 20.3° 

+/- 2.95% after 25 passes, showing good repeatability of the process.

4.3 Effect of laser beam diameter on LPF

To evaluate the effect of laser beam diameter on the LPF process, forming was carried 

out at spot sizes ranging from 0.2mm to 2mm diameter and a constant power of 5W. The 

beam intensity profile was measured using an Electron-physics micron viewer camera 

and beam profiler computer software. From this an average of the beam width and 

height were calculated and a graph plotted to show the beams average diameter at any 

position in the processing range. The spot sizes measured and power densities calculated 

can be seen in Table 2.2. It was found that there is a balance between maximum power 

density and the maximum spot size available. When the higher power densities are used,
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acting over a smaller area, a cumulative bend angle of approximately 21° was achieved 

after 25 passes, as can be seen in Fig. 4.15. When the largest spot sizes were used, lower 

power densities were generated and a cumulative bend angle of approximately 26° was 

achieved.
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Figure 4.15: The influence of laser beam diameter on the cumulative bend angle @ 
1064nm, 10Hz and 5mm/s on 30 x 30mm 75 pm steel with a graphite coating

Beam
Diameter
(mm)

2 1.76 1.51 1.22 0.95 0.75 0.55 0.2

Power
Density
(GW/cm2)

1.99 2.59 3.50 5.39 8.79 13.88 26.32 70.70

Table 4.2: Beam diameter and corresponding power density for a laser 1064nm 
wavelength at 500mJ per pulse and an 8ns pulse width

The material sample was only 75 pm thick, so the amount of stress which can be 

generated is limited and the intensity profile is not as important as it would be for thicker 

section material where higher power densities are required [168], With such thin
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material, one explanation for this is that a lower power density spread over a larger area 

can have more effect because it can increase the amount of stress being induced, which 

is why the energy/power densities required for thin sheet forming can be far less [24, 

169], Another explanation for this comes from the way the power density was altered. 

As the laser beam diameters were changed and the laser power and traverse velocity 

were kept constant, the area over which the pulses interacted also changed. Through 

greater material interaction more compressive stresses could be induced, showed by the 

experiments with the largest spot size producing the significant cumulative bend angles. 

This is indicated in Fig.4.16 and shows there is a trade off between power density / 

stress intensity and the area over which it can act when forming thin foil material.

1.99 2.59 3.5 5.39 8.79 13.88 26.32 70.7
Energy density Gw/cm2

Figure 4.16: Cumulative bend angle reached after 25 passes for a range of energy 
densities (for a laser of 1064nm wavelength, 10Hz frequency, 5mm/s traverse speed, 30 
x 30mm square, 75pm thick steel with a graphite coating)

4.4 Parameter window for LPF process

A parameter window for laser micro peen forming without a tamping layer was 

established at the 1064nm wavelength for repeatable, accurate forming of the 75 pm steel 

sheet. The 1064nm laser wavelength was chosen over the other 2 wavelengths as it had 

the largest set of parameters to vary and was able to produce the greatest deformation
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due to its higher power settings. The traverse speed and laser power were varied over 

their minimum and maximum ranges of l-10mm/s and 1-5W respectively. A full matrix 

of traverse speed and power values was covered within this range. Fig. 4.17 shows the 

effect of laser power on the cumulative bend angle, for a traverse speed of 5mm/s. It can 

be seen that when the power is increased the bend angle increases significantly. This is 

due to more energy being delivered into the plasma, which then aides the generation o f a 

larger shockwave and in turn induces larger compressive stresses in the material. The 

larger increase in bend angle per pass seen over the first two passes are a result of the 

coating being fresh and coupling of energy and generation of the plasma being higher. 

When the coating degrades with increased number of passes, the forces generated from 

the breakdown of the plasma are less leading to a lower increase in bend angle.

Figure 4.17: Effect of laser power on the cumulative bend angle for a laser of 1064nm 
wavelength, 10Hz frequency, a traverse speed of 5mm/s on 30 x 30mm, 75pm thick, 
graphite coated steel and a 2mm beam diameter spot

The same parameters were then used over a 0.2mm beam diameter spot, and the results 

can be seen in Fig 4.18. These show a similar trend in that when the power is increased, 

the bend angle increases significantly, but with a more gradual start due to the area over 

which the force can act being much smaller, resulting in less compressive stresses being 

induced in the first pass when acting over a larger area. However the cumulative bend
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after five passes is greater for 1-3W with the 0.2mm diameter beam than with the 2mm 

diameter beam. This is due to the higher power density being able to penetrate to a 

greater depth within the material enabling compressive stresses to be induced deeper in 

the material resulting in a larger bend.

F ig u r e  4 .1 8 : Effect of laser power on the cumulative bend angle in LPF (for a 1064nm 
wavelength, 10Hz frequency, a traverse speed of 5mm/s on 30 x 30mm, 75pm thick, 
graphite coated steel and a 0.2mm beam diameter spot)

The effect of varying the traverse speed at a constant power can be seen in Fig. 4.19. It 

can be seen that when the traverse speed is at a minimum, the cumulative bend angle is 

at its greatest, whereas when the traverse speed is at a maximum, the cumulative bend 

angle is at its lowest. The reason for the increase in bend angle at lower speeds is likely 

to be the overlapping of pulses and therefore more shockwaves being applied to the 

material within the same line pass. This means more compressive stresses being created 

in the material than when the pulses are spaced apart at higher traverse speeds (assuming 

a fixed pulse frequency).
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F ig u r e  4 .1 9 : Effect of traverse speed on the cumulative bend angle for a laser of 
1064nm wavelength, 10 Hz frequency, and a laser power of 4W on 30 x 30mm, 75pm 
thick steel with a graphite coating with a 0.2mm laser beam diameter

From the parameter window, it is possible to see that by increasing the average laser 

power or by decreasing the traverse speed there is an increase in the bend angle 

achieved. With increased laser power, more energy is coupled into the plasma, resulting 

in a greater pressure wave when the plasma breaks down, as it has more energy to 

dissipate. Through decreasing the traverse speed the amount of stresses being induced 

into the workpiece is increased as there is an increase in the interaction time between the 

laser irradiation/ plasma and the workpiece.

4.5 Bend direction evaluation

With thermal laser forming, the bend direction can be either towards or away from the 

incoming beam, depending on whether the TGM (bending towards the beam) or the 

buckling mechanism (BM) [2] is being used. The change in mechanism with thermal 

forming is partially due to the spot size. In the case of TGM, the spot size (diameter) is 

of the same order as the material thickness and sets up a steep thermal gradient, leading 

to asymmetric thermally induced plastic strains in the depth of the material. With the 

BM, the spot size is much greater than the material’s thickness, hence generating a
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buckle and therefore a more gradual bend radius across the irradiation line. After 

investigating all the available parameters, it has been found that when using laser micro 

peen forming without a tamping layer, the material always bends towards the incoming 

beam. This concurs with the theory [25, 106, 127, 165] that when the shockwave 

interacts with the material it induces compressive stresses into the upper surfaces of the 

material (or asymmetric into the depth), thus making the material bend towards the 

direction of the beam. The LPF process is shown in Fig. 4.20, where in Fig. 4.20a the 

sample is clamped so that it could form in either direction. Then in Fig. 4.20b the sample 

is being formed which leads to the generation of the bend towards the incoming 

radiation as shown in Fig.4.20c.

F ig u r e  4 .2 0 : a) the free directional clamping arranging and a 30x30mm 75pm thick 
graphite coated sample, b) the sample being processed with a laser wavelength of 
1064nm wavelength, 10 Hz frequency, and a laser power of 5W, c) the bend direction 
achieved with LPF
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4.6 Study of reversibility of forming using LPF

Reversibility of the process was also investigated, which involved forming a sample 

using one set of parameters, then turning the sample over and attempting to re-straighten 

it by forming over the reverse side of the first bend line. The aim of this was to use LPF 

for micro actuation. This was achieved in Fig. 4.21 using 5 passes at 1W (selected from 

the parameter window study) on the first side of the sample and then by applying the 

process to the opposite side using 10 passes at 2W (both plots are shown). It was found 

that by using the same power and number of passes on both sides of the material, the 

material could not be straightened. When forming at low powers in one direction and 

inducing small displacements, it is possible to straighten a bend using a slight increase in 

power and number of passes on the reverse side Fig. 4.21. When the first forming pass 

was applied, compressive stresses would have been induced in the incident plane of 

working [24]; when the sample is straightened by working the reverse side, the 

previously induced compressive stresses have to be overcome as well normal material 

stresses in order to generate the reverse bending/straightening effect.

F ig u r e  4 .2 1 : Straightening using laser peen forming with a laser of 1064nm wavelength, 
10Hz frequency, beam diameter of 0.336mm on a graphite coated 30 x 30mm, 75pm 
thick steel
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To investigate if re-forming in the opposite direction was possible, as would be required 

in an actuator or an aligning process, various powers and energy densities were tried. 

The example result shown in Fig. 4.22 was firstly formed with 5 passes at 1W, followed 

by reverse side re-forming with 10 passes at 5W to re-straighten the bend. The result 

shows that a greater power and number of passes were required to straighten or reverse 

form the material.

F ig u r e  4 .2 2 : Sample straightening and reversal using laser peen forming with a laser of 
1064nm wavelength, 10Hz frequency, beam diameter of 0.336mm on a graphite coated 
30 x 30mm, 75pm thick steel
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4.7 Thermocouple Analysis

Forming experiments were carried out with thermocouples attached to the samples, to 

investigate the degree of thermal energy input to the micro laser peen forming technique. 

The aim was to further confirm the process mechanism and to investigate whether the 

process can be used to form heat sensitive components or delicate materials, where a 

large temperature rise would be detrimental. For a power of 5W, a spot diameter of 

0.336mm and a traverse speed of 5mm/s, the maximum temperature rise observed (as 

measured underneath the pass line) was approximately 59° Celsius (Fig. 4.23). Note that 

steady state, equilibrium temperature conditions appear to be reached after only 2 

passes, providing further evidence that the temperature experience during the process is 

entirely transient and no residual build up of heat occurs.

1 0 0 300 500 700
Time (Seconds)

Underneath  
p a s s  line 
2.5m m  from 
p a s s  line 
5m m  from  
p a s s  line 
10m m  from 
p a ss  line 
Am bient 
tem perature

900

F ig u r e  4 .2 3 : Thermocouple readings for a laser of 1064nm wavelength, 10Hz, on a 30 x 
30mm, 75pm thick graphite coated, steel sample @ 5W and 5mm/s, 0.336mm spot

With the minimum input parameters of 1W and a traverse speed of 10mm/s (which 

produces a bend angle of 3.24° after 5 passes) the maximum temperature reached
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underneath the pass line was approximately 26° Celsius (Fig. 4.24), which is only a 5° 

Celsius rise in temperature through the thickness of the material. Here, an equilibrium 

condition of transient temperature rise and fall per pass is reached after about 4 passes, 

Although these results show that the process is not entirely non-thermal, the transient 

temperature rises involved are small when compared to other laser or thermal forming 

techniques, thus indicating that this relatively non thermal technique would not 

significantly impact upon the material’s properties or a component’s structure.

— Underneath 
pass line 
2.5mm from 
pass line 

--■ 5m m  from 
pass line 
10mm from 
pass line 
Ambient 
temperature

500
Time (Seconds)

900

F ig u r e  4 .2 4 : Thermocouple readings for a laser of 1064nm wavelength, 10Hz, on a 30 x 
30mm, 75pm thick graphite coated, steel sample @ 1W and lOmm/s, 0.336mm spot

The temperatures shown here and throughout this body of work were measured with the 

thermocouples outline in section 3.6.5. However due to the nature of thermocouples and 

the experiments being carried out, the values can only be used as an indication rather 

than a definitive value. This is due to the nanosecond time scale on which the laser 

interacts with the material and the response time of the thermocouple being in the order 

of microseconds. Therefore peak temperatures could be missed during the initial plasma 

generation stage and the values obtained would show only bulk rises in temperature. 

With future developments in thermocouple response time future work should be carried 

out to investigate the temperatures on a nanosecond step time scale.
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4.8 Study of laser beam interaction

To demonstrate that the process is not reliant upon direct laser-material interaction (i.e. 

direct absorption of laser energy by the sample material), the effect of varying the angle 

of incidence of the laser beam to the work surface was studied. This was also aimed at 

confirming that the active mechanism involves mechanical shockwave generated 

compressive stress, rather than thermally generated stress. Fig. 4.25 shows the results of 

varying the laser beam incidence angle over 10° intervals between the horizontal 

(parallel to surface) and vertical (perpendicular to surface) limits. The results show that 

it is possible to use this technique with the laser beam being directed towards the surface 

at any angle.

F ig u r e  4 .2 5 : Cumulative bend angle for 0-90° angle of attack with a laser beam of 
1064nm wavelength, 10Hz, with a spot size of 0.336mm and 5mm/s traverse speed on a 
30 x 30mm, 75pm thick graphite coated sample

The results indicate that greater degrees of forming take place when the beam is 

perpendicular to the material. This is attributed to an increasing interaction of the laser 

with the surface/ablative layer at angles approaching 90° and hence an increase in the 

magnitude of the plasma/shockwave produced. At 0°, any direct interaction of the laser
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beam with the surface must be zero and the shockwave must therefore be a result of air 

breakdown at the focus. As forming is still possible at this point (Fig. 4.25), this 

demonstrates a very useful capability of the process, where precise adjustments could be 

made in hard to access component locations and from virtually any angle. When the 

laser beam interacts with the material, witness marks can be left behind (discussed in the 

section 4.14.2). However, at 0° (parallel to the surface) there is no marking or staining of 

the surface.

4.9 Influence of material type and thickness on LPF

In this study LPF experiments were performed on samples of steel, stainless steel, brass 

and copper (material details in section 3.4) of varying thickness, of dimensions 

30x30mm and with a laser wavelength of 1064nm. The tests were carried out at powers 

between 1-5W, with a traverse speed of 5mm/s, a repetition rate of 10Hz and a 2mm 

spot diameter. The aim was to analyse what affect that different materials and sample 

dimensions had on LPF process and to find the limitations of the process with the 

parameters available.

The first material tested was 99.9% pure copper. Copper was selected due to its multiple 

uses in the electronics industry and also because of its high thermal conductivity. This 

latter property makes thermal laser forming a difficult method to use to form copper, as 

a temperature gradient would be difficult to establish. Using LPF to effectively form 

copper would further indicate that the LPF process doesn’t rely on a thermal input and is 

a purely mechanical process. With the copper, the thicknesses formed were 125pm, 

250pm, 375pm, 500pm, the thinnest sheet formed to the greatest angle, reaching 

approximately 22° after 5 passes, which can be seen in Fig. 4.26. For a 100% increase in 

thickness to 250pm there was a 72% decrease in bend, and then with a further 100% 

increase in thickness to 500pm no forming was possible. The 375pm and 400pm thick 

material formed to 0.25° and 0.2° respectively after 5 passes. As forming is possible 

with the thinner material the results show that the LPF process is mechanical in nature.
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When the LPF process is carried out with the equipment used, the material thickness is 

limited to just over 400pm. The compressive stresses being induced in the material are 

limited due to the equipment but can be used for micro-manipulation on this scale. With 

thicker material the amount of compressive stresses being induced must not be greate 

enough to overcome the amount of residual force which are stored in the material in 

order to keep the sheet flat.

As it was possible to create a bend in the copper samples, this is another indication that 

LPF is non thermal. If the process relied on thermally induced stresses, the high 

conductivity of the copper would not have allowed a great enough build up in 

temperature in order to create a thermal gradient through the material as is need with the 

TGM or BM[40],

F ig u r e  4 .2 6 : Cumulative bend angle for copper at the different thicknesses when formed 
with a laser beam of 1064nm wavelength, at 5W, 10Hz, with a beam diameter of 2mm 
and 5mm/s traverse speed on a 30 x 30mm, graphite coated sample

When comparing the CBA against the material for the individual number of passes for 

each material thickness as shown in Fig. 4.27a), the variation in bend angle is minimal 

for the 375, 400 and 500pm thick samples at 0.2°. For the 150 and 250pm thick samples 

there is a steady increase in CBA with an increase in the number of passes. To look at
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this further the CBA was normalised to remove the amplitude of the angles achieved and 

to look at the bare trends as shown in Fig. 4.27b). They show that for the 150 and 

250jim thick samples which are the thinnest samples formed the trend in which the CBA 

was increased are almost identical. When the thickness of the sample was increased, the 

linearity of the trend stops and the manner in which the material was then formed 

became unpredictable. Initial investigations suggested that this was due to the thicker 

material having a greater number of residual stress layers induced in the samples in 

order to keep them flat which react to the induced compressive stresses in different ways 

resulting in unpredictable forming; this would however require further investigation.

N u m b e ro f passes

-4 -0 .15mm - J - 0.25mm - ^ 0 . 375mm -*M .4m m  0.5mm

b)

F ig u r e  4.27: a)
CBA for steel 
against the 
different
thicknesses for 
1-5 passes, b) 
Normalised 
CBA against 
number of 
passes, when 
formed with a 
laser beam of 
1064nm
wavelength, at 
5W, 10Hz, with 
a beam diameter 
of 2mm and 
5mm/s traverse 
speed on a 
3 0x3 Omm, 
graphite
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The next material investigated was brass, for which the results are shown in Fig.4.28. 

The brass samples were 75pm, 100pm, 150pm, 175pm, 200pm, 250pm, and 375pm in 

thickness. The greatest degree of forming was found to occur with the thinnest samples, 

which created a bend of approximately 50° after 5 passes. A fall off in the bend angle 

was then achieved as the thickness of the material increased; for example the 375pm 

thick material formed to 0.31° after 5 passes. All thicknesses of brass were found to be 

formable.
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F ig u r e  4 .2 8 : Cumulative bend angle for brass at the different thicknesses when formed 
with a laser beam of 1064nm wavelength, at 5W, 10Hz, with a beam diameter of 2mm 
and 5mm/s traverse speed on a 30 x 30mm, graphite coated sample

For brass, when comparing the CBA against the number of passes for each thickness as 

shown in Fig. 4.29a), the variation in bend angle was found to be minimal for the 200, 

250 and 375pm thick samples showing an almost linear trend. Then for the 75, 100, 150 

and 175pm thick samples, the trend became almost exponential. As the material 

thickness deceased the increase in the amount of forming achieved in the first three 

passes was substantial, after which it decreased leaving similar degrees of forming with 

passes 4 and 5. This is shown by for the 75pm thick sample with 45% of the overall 

bend angle being achieved in the first pass and then 70% of it being reached after the 

second pass and then 90% after three passes and 99% after four passes. To look at this
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further, the CBA was normalised to remove the amplitude of the angles achieved and to 

look at the bare trends as shown in Fig. 4.29b). There is no comparable trend line seen, 

indicating that the different thickness materials all form in different ways. A possible 

reason for this was the way each material had been rolled in previous operations, which 

would have induced varying degrees of residual stresses throughout the samples in 

different directions, but this would require further investigations to show the amount of 

residual stress in the different samples. The only comparison which can be drawn from 

Fig. 4.29b) is that the majority of the forming achieved after 5 passes was already 

present after three passes. This would suggest that the amount of compressive stresses 

induced in the material over the first few passes has the largest effect on the bend angle 

achieved.

b)

Figure 4.29: a)
CBA for brass 
against the
different
thicknesses for 1
5 passes, b) 
Normalised CBA 
against number of 
passes,, when 
formed with a 
laser beam of 
1064nm
wavelength, at 
5W, 10Hz, with a 
beam diameter of 
2mm and 5mm/s 
traverse speed on 
a 3 0x3 Omm,
graphite
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As a common material in industrial applications, particularly hard drive read head arms 

[183] stainless steel was investigated next and the results are shown in Fig. 4.30. 

Samples of 75pm, 100pm, 150pm, 175pm, 200pm, 250pm, and 375pm thick were 

processed as described in section 3.6.7. The largest bend achieved after 5 passes was 

again that for the thinnest 75pm thick stainless steel sample. The process was halted 

after three passes as the sample had bent to such a degree that the cantilever arm had 

been formed into the laser path, meaning that further measurements were not possible. 

With the 100pm thick sample, the forming reached 13° after 5 passes. For a 50% 

increase in material thickness (150pm) there was a 58% decrease in bend angle to 5.5° 

and for a further 25% increase in thickness (200pm) there was a 16% decrease to 4.6°. 

All the other samples formed successfully with the thickest sample (375pm) producing a 

1° of bending after 5. Comparing this to a bend angle of 0.31° for brass of the same 

thickness would indicate that the amount of compressive stress required to overcome the 

residual stresses in the material is less for stainless steel than for brass.

F ig u r e  4 .3 0 : Cumulative bend angle for stainless steel at the different thicknesses when 
formed with a laser beam of 1064nm wavelength, at 5W, 10Hz, with a beam diameter of 
2mm and 5mm/s traverse speed on a 30 x 30mm, graphite coated sample

For stainless steel, comparing the variable in CBA against the number of passes for each 

thickness as shown in Fig. 4.31a), the variation was found to be minimal for the 100, 

150, 175, 200, 250 and 375pm thick samples with an almost linear trend, indicating that

Kenneth R. Edwards 162 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

with decreasing the thickness the amount of forming increases. The 75pm thick sample 

showed forming substantially greater than for the other material thicknesses 

investigated, with a 95% difference in the bend angle achieved in the first pass for a 

reduction in material thickness of only 33%. To look at this further, the CBA was 

normalised to remove the amplitude of the angles achieved and to look at the bare trends 

as shown in Fig. 4.31b). The way in which the stainless steel formed here was very 

similar for the seven sample thickness investigated previously. The majority of the 

forming achieved after 5 passes was already present after two passes, with at least 70% 

of the bend angle being achieved. Over the last two passes there was only a mean of 

7.5% increase in overall bend angle achieved. This would suggest that the amount of 

compressive stresses induced in the material over the first few passes had the largest 

effect on the bend angle achieved.

a )

Figure 4.31: a) CBA
for stainless steel 
against the different 
thicknesses for 1-5 
passes, b) Normalised 
CBA against number 
of passes, when 
formed with a laser 
beam of 1064nm 
wavelength, at 5W, 
10Hz, with a beam 
diameter of 2mm and 
5mm/s traverse speed 
on a 30 x 30mm

b)
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Further experiments were carried out on different thicknesses of steel of 75pm, 100pm, 

150pm, 175pm, 200pm, 250pm, and 375pm thick, shown in Fig. 4.32. The greatest 

degree of forming is seen with the thinnest 75 pm thick steel sample, the maximum bend 

angle achieved was of 54° after 5 passes. With only a 25% increase in the thickness of 

the sample to 100pm there is a 68.5% decrease in the CBA to 17° after 5 passes. With a 

100% increase in material thickness from 75pm to 150pm there is a 94.01% decrease in 

CBA to 2.7° after 5 passes. All the other samples formed with the thickest sample of 

375pm producing a CBA of 0.15° after 5. From the investigations carried out it is 

thought that the small bend angle achieved for the thickest material would indicate that 

the material has larger residual stresses in it than for both stainless steel and brass, and 

that material of a thicker nature would not be able to be formed with the parameters 

available, this would however require further investigations.
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Figure 4,32: Cumulative bend angle for mild steel at the different thicknesses when 
formed with a laser beam of 1064nm wavelength, at 5W, 10Hz, with a beam diameter of 
2mm and 5mm/s traverse speed on a 30 x 30mm, graphite coated sample

When comparing the variation in CBA against the number of passes for different 

material thickness as shown in Fig. 4.33a), the variation in bend angle is minimal for the

Kenneth R. Edwards 164 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

200, 250 and 375pm thick samples. An increase in the CBA is then seen with each 

thinner set of samples. From Figs. 4.33a) and b) the overall trend is for the majority of 

the forming to be achieved in the first few passes, which is illustrated by the closeness of 

the pass lines for three, four and five passes especially on Fig.4.33a) for the 100, 150, 

and 175pm thick samples. To look at this further the CBA was normalised to remove the 

amplitude of the angles achieved and to look at the bare trends as shown in Fig. 4.33b). 

There is no comparable trend line seen, indicating that the different thickness material 

all form in varying ways probably due to the way the material had been rolled, which 

would have induced varying degrees of residual stresses throughout the samples in 

different ways, but this would require further investigations to show the amount of 

residual stress in the different samples.

a )

b)

Figure 4.33: a)
CBA for steel 
against the
different
thicknesses for 1-5 
passes, b)
Normalised CBA 
against number of 
passes, when 
formed with a 
laser beam of 
1064nm
wavelength, at 
5W, lOFtz, with a 
beam diameter of 
2mm and 5mm/s 
traverse speed on a 
30 x 30mm, 
graphite
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To compare the response to LPF of the 4 different materials, measurements of the 

cumulative bend angle for copper, brass, stainless steel and mild steel for the same 

process parameters were used, as shown in Fig.4.34. The trends for the brass, stainless 

steel and steel are the same, with a large amount of forming seen in the first pass and 

then the trend plateaux’s off nearer 5 passes. The trend for copper shown in Fig.4.34 and 

for the copper thickness shown in Fig.4.26, show a slow increase over the first couple of 

passes then an increase with the remaining passes.
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Figure 4.34: Comparison of cumulative bend angle for copper, brass, stainless steel and 
steel at a thickness of 150pm when formed with a laser beam of 1064nm wavelength, at 
5W, 10Hz, with a beam diameter of 2mm and 5mm/s traverse speed on a 30 x 30mm, 
graphite coating

To look at this further the CBA was normalised to remove the amplitude of the angles 

achieved and to look at the bare trends as shown in Fig. 4.35. The copper can be seen to 

form slowly at first and then increase slightly more with each additional pass. The 

stainless steel especially appeared to form rapidly in the first two passes, then only form 

slightly more in the last few passes. In contrast the brass appeared to form in an almost 

linear fashion compared with the other three materials, with only a gradual increase in 

forming with each additional pass.
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Figure 4.35: Comparison of the normalised cumulative bend angle for copper, brass, 
stainless steel and steel at a thickness of 150pm when formed with a laser beam of 
1064nm wavelength, at 5W, 10Hz, with a beam diameter of 2mm and 5mm/s traverse 
speed on a 30 x 30mm

One possible reason why the different materials form in different ways could be due to 

each material’s mechanical properties and especially the tangent between the yield stress 

and the ultimate tensile strength [184]. Data from the stress/strain curve for copper, 

brass, stainless steel and steel is plotted in Fig. 4.36. This shows that the increase 

between the yield stress and the ultimate tensile stress is very minimal for copper, but is 

more noticeable for the other materials. For plastic deformation to take place, the yield 

stress of a material has to be overcome and copper has the highest yield strength which 

is why during forming that the bend angle produced over the first couple of passes is 

small compared to the other material. Once the yield stress has been breached, however 

forming can take place at a greater and more consistent rate as seen over the subsequent 

passes. With the other materials, a greater amount of force is required to induce further 

plastic deformation. As the amount of stress that can be applied is limited, further 

forming isn’t possible and so further increases in bend angle are limited.
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Figure 4.36: Comparison of the stress v stain curves for the copper, brass, stainless steel 
and steel tested in this experiment constructed from the material data provided in section 
3

The effect that the different materials have on the bend rate per pass when using LPF 

can be seen in Fig. 4.37. It shows the bend angle per pass for the copper, brass, stainless 

steel and mild steel samples formed. The mild steel, stainless steel and brass samples all 

show a high forming rate with the initial pass which then reduces with the second pass. 

The copper, however, shows an almost linear increase in bend angle per pass with the 

increased number of passes. This is why the cumulative bend angle is larger for copper 

compared to the other three materials, for which the CBA after 5 passes is almost a 

quarter of that for copper (Fig. 4.34).
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Number of passes
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Figure 4.37: Comparison of the bend angle per pass when LPF copper, brass, stainless 
steel and steel 150pm, 30 x 30mm, graphite coated samples with a laser beam of 
1064nm wavelength, at 5W, 10Hz, with a beam diameter of 2mm and 5mm/s traverse 
speed
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4.10 Effect of aspect ratio (part geometry) on LPF

This study was undertaken to look at the effect of sample dimensions on the LPF 

process. All experiments were carried out on 75pm thick, graphite coated steel samples. 

Two different length samples were tested of 40 and 50mm with widths of 5 mm, 10mm, 

20mm, 30mm, 40mm, 50mm, 60mm, 70mm, 80mm and 90mm (the layout of width and 

length can be seen in Fig. 3.23). Forming was carried out with a laser wavelength of 

1064nm at 10Hz with a 2mm diameter spot. The laser traverse speed was set to 5mm/s 

and a maximum power of 5W was used to achieve the maximum forming possible and 

explore the limitations of the LPF process.

The first samples tested were 40mm long samples and, as can be seen in Fig 4.38, the 

forming was carried out over 5 passes on each sample. The degree of forming achieved 

with the thinner narrower samples was higher than the forming achieved with the wider 

samples, especially where the width was greater than the length. The 5mm wide sample 

reached approximately 14.7° after 5 passes were as the 90mm wide sample only reached 

3.9° over the same number of passes. This would indicate that the greater the amount of 

material on the cantilever side of the sample the lower the degree of forming possible. 

With the narrower sections, when pulsing starts on the material, the amount of material 

on the cantilever side is relatively small so any stresses induced in the material would 

have only a small amount of residual stress (caused by the increase material) to 

overcome. With the wider section samples, there is more material on the cantilever lever 

side of the samples, which would mean a greater resistance to the forming process.
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Number of passes
-»-5 x 40 -» 1 0 x 4 0  >20x40 -M-30x 40 -» 4 0 x 4 0
-«-50 x 40 -60x 40 -> 7 0  x 40 80 x 40 -*-90 x 40

Figure 4.38: Effect of aspect ratio on 40mm long, graphite coated 75pm thick steel 
samples processed with a laser beam of 1064nm wavelength, at 5W, lOELz, with a beam 
diameter of 2mm and Smm/s traverse speed

In order to examine this effect further, a second set of samples were tested which were 

50mm long, with the results shown in Fig 4.39. The degree of forming achieved for the 

varying widths was the same as for the 40mm long samples, with the narrower samples 

being formed to a higher degree than the wider samples. The 5mm wide sample reached 

approximately 11.3° after 5 passes, were as the 90mm wide sample only reached 2.7° 

over the same number of passes. This further confirmed that the greater the width of the 

sample, the smaller the degree of bending possible due to the increase in material (and 

therefore mass acting against the forming process on the cantilever arm).
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Figure 4.39: Effect of aspect ratio on 50mm long, graphite coated 75pm thick steel 
samples processed with a laser beam of 1064nm wavelength, at 5W, 10Hz, with a beam 
diameter of 2mm and 5mm/s traverse speed

To look at the generation of the bend in more detail over the five passes the CBA was 

normalised to remove the amplitude of the angles (as shown in Fig. 4.40) so as to 

compare the way in which the forming is achieved. With the 40mm wide samples shown 

in Fig.4.40a) there is a larger variation in the way that the bend angle is formed to 

compare with the 40mm wide samples shown in Fig.4.40b). The 50mm wide sample 

appeared to form more consistently but in two phases. The overall trend, however, was a 

greater degree of bending seen over the first few passes, with the majority of the forming 

achieved after the fourth pass.
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-•-5 0  x 40 — 60 x 40 —  70 x 40 80 x 40
-+—40 x 40 
-* -9 0 X 40

Figure 4.40: a)
Normalised CBA 
against number of
passes for the 
40mm wide
samples, b)
Normalised CBA 
against number of 
passes for the 
50mm wide
samples, when
formed with a laser 
beam of 1064nm 
wavelength, at 5W, 
10Hz, with a beam 
diameter of 2mm 
and 5mm/s traverse 
speed

Using the same parameters, the 50mm long samples gave less forming compared to the 

40mm samples. The material was always clamped in the same position over the first 

10mm of the samples length, no matter how long the sample and the laser pass was 

always 5mm from the edge of the clamp, so when forming with longer samples the 

length of the cantilever was also increased which meant more material, more mass and 

therefore force opposing the forming process, which would limit the degree of forming. 

This can be seen in Fig 4.41, when 30, 40 and 50mm long samples of 30mm wide are 

compared to each other. The 30mm sample with a 15mm cantilever formed to 11.2°, the 

40mm sample a cantilever of 25mm formed to 7.9° and the 50mm sample with a 

cantilever of 35mm formed to 5.7°. When this is compared to the mass of each sample
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(as shown in Table 4.3) the mass for the three different samples can be seen to increase 

with the increase in aspect ratio. This shows that the larger samples would have had a 

greater amount of resistance against the compressive stresses being induced. So for a 

decrease in cantilever volume of 68% from the 30x50mm sample to the 30x30mm 

sample, there was an increase in the bend angle generated of 50%

Figure 4.41: Effect of the cantilever length on the LPF process on 30, 40 and 50mm 
long by 30 mm wide, graphite coated 75 pm thick steel samples processed with a laser 
beam of 1064nm wavelength, at 5W, 10Hz, with a beam diameter of 2mm and 5mm/s 
traverse speed

Aspect ratio 30x30mm 30x40mm 30x50mm

Total mass (g) 0.531 0.707 0.884

Cantilever mass (g) 0.265 0.442 0.619

Table 4.3: Calculatec values of mass for the varying aspect ratios
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4.11 Micro actuation using LPF

In order to scale the laser peen forming process down to a micro level the minimum 

bend angle possible which could be generated was investigated, so that LPF could be 

used to manipulate/shape actuators or other small electronic components. Within this 

section the minimum bend angle was studied with respect to interaction strategies, 

coating removal and the reduction of energy by removing the visible plasma, leading to 

the manufacture and LPF of two actuators.

4.11.1 Minimum angle and interaction strategies

To demonstrate that the process can be used for micro actuation, LPF was carried out 

with reduced interaction strategies to find the minimum bend angle possible with the 

processing variables available. The study was initially carried out on 75 pm thick 

uncoated steel and stainless steel samples. Coatings were omitted during this study as 

maximum performance was not the target but precision micro forming or adjustment. 

The pulse repetition frequency was varied through 0.63Hz, 1.25Hz, 2.5Hz, 5Hz and 

10Hz, while the other parameter were 1064nm laser wavelength, 0.2mm beam diameter, 

a traverse speed of lOmm/s (higher speeds for less laser interaction). The aim was also 

to find the minimum activation parameters for the LPF process on the material being 

tested and the minimum bend angle possible.

With the 5 different frequencies possible LPF was carried out at 1W, 2W, 3W, 4W and 

5W, the results for 1W on steel and stainless steel at lOmm/s can be seen in Figs. 4.42 & 

4.43 respectively. The results for 5W LPF on steel and stainless steel at lOmm/s can be 

seen in Figs. 4.44 & 4.45 respectively.
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Figure 4.42: Effect of pulse frequency variation on LPF (for laser wavelength of 
1064nm, lOmm/s traverse speed, 1W average laser power, on uncoated 75um thick 
steel)

The results in Fig 4.42 show the CBA for the 5 different frequencies at 1W average laser 

power acting over a 0.2mm diameter spot. The results show a linear increase in bend 

angle per pass over 5 passes when working at 0.63Hz, 1.25Hz and 2.5Hz. At 5Hz there 

is a raise in bend angle per pass after the 3rd pass, afterwards the increase continues to 

be linear and then there is a tail off in bend angle per pass when forming at 10Hz. The 

results for 5Hz would appear to be hindered by an anomalous data point on the third 

pass even though averages were taken for the samples. The linear increase in bend angle 

observed at lower frequencies is due to the minimum amount of interaction taking place 

between the material and the laser. The linear increase in bend angle would allow for the 

precise adjustment of micro actuators due to the consistency of increment. The minimum 

bend angle produced was of 0.123° with a repetition rate of 0.63Hz in the first path from 

a deflection of 14.9pm.

The tail off in bend angle per pass when forming at 10Hz on uncoated material after 3 

passes becomes limited due to a new factor which reduces the CBA. As there is no 

coating applied, the laser radiation is directly interacting with the bare material which
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can lead to the degrading of the materials surface which results in less absorption and 

consequently a smaller plasma and shockwave (this is look at further in the metallurgy 

section).

The impact the process has on the uncoated steel can be seen in Fig. 4.43, the darkening 

on the material can be seen in Fig.4.43 a) which was for a repetition rate of 10 Hz and 

the lower impact of 0.63 Hz can be seen in Fig. b) the surface finish of which would be 

more acceptable on a final product.

Figure 4.43: The surface finish after 10Hz and 0.63 Hz at 1W on steel

The results in Fig. 4.44 shows the degree of forming for the five different frequencies at 

1W average power acting over a 0.2mm diameter spot on 75pm thick stainless steel 

samples. The minimum bend angle produced was of 0.349° with a repetition rate of 

0.63Hz in the first path from a deflection of 34.7pm.

The results show a steady increment per pass in bend angle over five passes when 

working at 0.63Hz, but at 1.25Hz, 2.5Hz, 5Hz and 10Hz there is a tail off in bend angle 

per pass. This reduction in bend angle per pass is due to the same reason as discussed for 

the forming with 1W with respect to the degrading of the materials surface which results 

in less absorption and consequently a smaller plasma and shockwave. When comparing 

thè results of LPF without graphite coatings, the bend angles achieved in the stainless 

steel samples are genarally larger than those for steel. This is the same effect as observed 

in section 4.10.
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Figure 4.44: Effect of pulse frequency variation on LPF (for laser wavelength of 
1064nm, lOmm/s traverse speed, 1W average laser power, on uncoated 75um thick 
stainless steel)

The results in Fig. 4.45 show the degree of forming for the five different frequencies at 

5W average power acting over a 0.2mm diameter spot on 75pm thick steel samples. The 

minimum bend angle achieved at 5 W is greater than at 1W due to the increase in power. 

When comparing the effect that the average laser power has on the LPF process for the 

altered frequencies and Fig.4.42 is compared to Fig. 4.45, the way in which the bend 

angle is generated is the same for both 1W and 5W. The tail off in bend angle per pass 

when forming at 10Hz after 2-3 passes is due to the overworking of the material and in 

particular the degrading of the materials surface which results in less absorption and 

consequently a smaller plasma and shockwave.
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Figure 4.45: Effect of pulse frequency variation on LPF (for laser wavelength of 
1064nm, lOmm/s traverse speed, 5W average laser power, on uncoated 75um thick 
steel)

The results in Fig. 4.46 show the degree of forming for the 5 different frequencies at 5W 

average power acting over a 0.2mm diameter spot on 75pm thick, 30x30mm stainless 

steel. The same trend lines as seen at 1W are shown but with a greater cumulative bend 

angle after 5 passes. The reason why there is only 1 data point for the 10Hz data series is 

because the sensitive sensor used to measure these bend angle has a limited working 

range, which corresponds to approximately 9°, the next data point in the series was 

greater than that and so only 1 point has been measured.
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Figure 4.46: Effect of pulse frequency variation on LPF (for laser wavelength of 
1064nm, lOmm/s traverse speed, 5W average laser power, on uncoated 75um thick 
stainless steel)

4.11.2 Forming with and without plasma

Through the minimum angle and interaction strategies carried out in section 3.7.2, the 

activation threshold for the onset of LPF could not be accurately determined using the 

optional preset power levels available from the laser. Therefore to explore this further, 

the laser power was more finely adjusted by inserting neutral density filters in the beam 

path. So in order to find the minimal activation stage of this mechanism on 30x30mm 

square 75pm thick uncoated mild steel (AISI 1010), neutral density filters were used to 

reduce the laser power at 532nm and 1064nm wavelengths. Different combinations of 

neutral density filters and power settings were used on both wavelengths so as to reduce 

the average power at the surface of the material to below the preset 1W level. The lowest 

power achieved with the filters was 0.058W. The results in Fig. 4.47 show the 

cumulative degree of forming for LPF at 0.058W, 0.08W, 0.096W, 0.12W, 0.25W, 

0.31W, 0.46W, 0.55W, 0.65W, 0.8W and 1W with a laser wavelength of 1064nm on 

uncoated steel.
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Figure 4.47: Forming without plasma with a 1064nm laser wavelength, 10Hz, and at 
5mm/s on uncoated steel with a 0.2mm laser beam diameter

The results in Fig. 4.47 show the effect of laser power on the LPF process. For 

increasing average laser power and increasing number of passes, there is an increase in 

cumulative bend angle. The correlation with an increase in bend angle with laser power 

in the most part is gradual up to 0.8W, where there is a larger increase in bend angle and 

a change in the trend. For the power settings up to 0.8W the amount of forming falls off 

with an increased number of passes due to 2 reasons. The first reason is that, due to 

changes in the materials surface because of the laser interaction, more reflection 

(therefore less absorption) is taking place and therefore less energy is being put into the 

plasma and subsequently the pressure wave into the material. The other contributing 

factor is the amount of force the pressure waves can produce at such low power levels. 

With only a small force produced, the depth to which compressive stresses would be 

induced could be limited to the upper surface. If the magnitude of the pressure waves 

increase (especially after the plasma becomes visible), the depth to which the pressure 

waves can reach would be increased leading to the generation of more compressive 

stresses, resulting in a greater degree of bending. However further work would need to
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be carried out to analyse a stress profile through the thickness of the material, in order to 

conform this.

To analyse the influence of laser power more directly the cumulative bend angle was 

plotted against average laser power for the various number of passes as shown in Fig. 

4.48, (also indicated is the point where the plasma generation becomes visible to the 

naked eye by the red line). The graph shows that it is possible to generate a bend even 

below the plasma generation threshold. It is thought that air breakdown is still occuring 

which is releasing pressure waves which will be clarified in section 5, however further 

investigations are required to understand what regime is taking place in the activation 

stage. In order to generate a plasma through air breakdown, a certain level of power is 

needed at 1064nm, the plasma is initiated with an average laser power of 0.38W over a 

2mm spot diameter.

Figure 4.48: Forming without plasma indicating the plasma generation threshold with a 
1064nm laser wavelength, 10Hz, on uncoated steel with a 0.2mm laser beam diameter

From Fig. 4.48 there appear to be three phases; a process activation stage for powers up 

to 0.125W; then a linear increase in bending up to 0.65W; then from 0.7W upwards the
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increase in bend angle becomes larger which each addition average power level. The 

activation point when using this laser at a wavelength of 1064nm has an average laser 

power of 0.08W which produces a bend angle of 0.0535°, which corresponds to a 

displacement of 5.8pm when forming 75pm thick, 30x30mm uncoated steel. When 

comparing the effect that average laser power has the minimum power used was 0.058W 

which produced a bend of 0.0195°, also used was 0.55W which is almost a factor of ten 

larger but the bend angle produced is 80 times larger at 1.5°.

The fact that forming was possible without the generation of plasma would indicate that 

pressure waves are still being produced even without the production of a visible plasma. 

To evaluate this further, thermocouple measurements were carried out, as well as 

pressure sensor measurements which are discussed separately in section 5. The 

temperature through the thickness of the material, as shown in Fig. 4.49, was less than 

1,5°C; this is far too low for a thermal forming mechanism to take place which would 

indicate a mechanical force is still being created to form the material. This would later 

be confirmed further by the pressure sensor work carried out in section 5.

Time (Seconds]
— 2 .5 m m  fro m  p a ss lin e  — 5 m m  fro m  p a ssline

— 1 0 m m  fro m  p a ss lin e  — u n d e rn e a th  p a ss lin e

Figure 4.49: Thermocouple measurements for forming without plasma with a 1064nm 
laser wavelength, at an average power of 0.12W, on uncoated steel
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The activation stage of the process is when there is just enough of a pressure wave 

generated so as to be able to induce a small amount of compressive stresses in the 75 pm 

thick 30x30mm steel samples. The activation energy appears to be between 0.058W and 

0.08W. The second stage which occurs between 0.25W and 0.65W is more constant and 

there is proportional rise in bend angle with a rise in average laser power, which would 

result in a consistent set of parameters to use for precision micro forming. This is also 

the region in which the plasma becomes visible and the audible volume of the pressure 

waves audible increases. From 0.65W upwards the degree of forming is much higher 

and less linear.

As these experiments have been carried out without any ablative layer being applied, 

plasma formation could have been generated via one of two ways. Firstly through air 

breakdown as discussed in section 2.7.1 or secondly through direct laser interaction. 

With direct laser interaction localised melting and vaporisation could have occurred 

leading to the generation of a plasma as seen with laser welding, but further analyse 

would be required to confirm this. As no coating was applied to the material and when a 

plasma was present the surface of the material could have suffered localised melting due 

to the high temperature associated with plasmas. Due to the sensitivity and response 

times of thermocouples used this may not have been detected and further work should be 

carried out in this area.

The same experiments were carried out with a laser wavelength of 532nm and the results 

can be seen in Fig. 4.50, they show the cumulative degree of forming at 0.07W, 0.1W, 

0.15W, 0.23W, 0.38W, 0.5W, 0.8W, 0.97W, 1.175W, 1.4W and 1.6W on uncoated steel.
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Figure 4.50: Forming without plasma with a 532nm laser wavelength, 10 Hz, on 
uncoated steel with a 0.2mm laser beam diameter

The results in Fig. 4.50 show the effect that laser power has on the LPF process, with the 

gradual increase in average laser power the increase in cumulative bend angle is also 

gradual apart from an anomalous result for 1.4W on the first pass, which is then 

overcome in the following passes. The amount of forming possible falls off with an 

increased number of passes due to the materials surface changing, this is because of the 

laser interaction with the material causing witness marks which result in more 

reflections and therefore less energy being put into the material. The other contributing 

factor is the amount of force the pressure waves can produce at such low power levels, 

with only a small force the depth to which compressive stresses could be induced would 

be limited to the upper surface, but as the magnitude of the pressure waves increase 

(especially after the plasma becomes visible) the depth to which the pressure waves can 

reach is increased leading to the generation of more compressive stresses which results 

in a greater degree of bending.

The gradual increase in bend when the laser power is increased can be seen in Fig. 4.51 

below, which shows an almost linear response through the range. The activation point
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when using this laser at a wavelength of 532nm has an average laser power of 0.07W 

which produces a bend angle of 0.0549 degrees, which corresponds to a displacement of 

6.6pm,when forming 75pm thick, 30x30mm uncoated steel.
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Figure 4.51: Forming without plasma indicating the plasma generation threshold with a 
532nm laser wavelength, 10 Hz, on uncoated steel with a 0.2mm laser beam diameter

Forming was found to take place before the generation of a visible plasma for 532nm as 

well as for a laser wavelength of 1064nm, in order to evaluate this further thermocouple 

measurements were taken for these parameters as well. The temperature through the 

thickness of the material as shown in Fig. 4.52 was less than 2°C; this is again is too low 

for a thermal forming mechanism to take place which would also indicate a mechanical 

force is still being created to form the material. This is further backed up by the pressure 

sensor work carried out in section 5.
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Figure 4.52: Thermocouple measurements for forming without plasma with a 532nm 
laser wavelength, at an average power of 0.15W, on uncoated steel

In order to investigate if a plasma was being generated which did not result in visible 

light, spectroscopy was carried out over the area just above the material’s surface where 

the laser interaction, in order to analyse emission spectra. So as to show the spectra 

results when a visible plasma was generated, the spectra when using a laser wavelength 

of 532nm and average laser power of 1W at 10Hz can be seen in Fig. 4.53. The 

spectrum shows the wavelengths of the emissions generated when a visible plasma is 

formed, against a relative intensity.
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Figure 4.53: Spectrometry results with a plasma generated using a laser wavelength of 
532nm, a 0.2mm spot diameter and an average laser power of 1W at 10Hz on uncoated 
steel

When forming with parameters where a visible plasma isn’t generated, using the same 

laser wavelength of 532nm and at a lower average laser power of 0.5W at 10Hz, the 

results as shown in Fig. 4.54 show only the reflection of the laser wavelength at 532nm. 

When comparing the two spectra’s the 532nm emission spike can be seen on both 

graphs, when a plasma was generated there are a broad range of emission peaks through 

the visible spectra, which is why the plasma is visible. From the spectra obtained for 

forming without a plasma the lack of emission peaks at any wavelength other than 

532nm shows no plasma is generated.
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Figure 4.54: Spectrometry results when no plasma is generated using a laser wavelength 
of 532nm a 0.2mm spot diameter and an average laser power of 0.5W on uncoated steel

Through using these low average laser power levels to form with, the activation 

thresholds for forming at both 532nm and 1064nm laser wavelengths have been found. It 

has also been found the LPF process can take place even without the generation of a 

plasma, indicating that pressure waves are set up even before the plasma generation and 

breakdown stage. This will be further studied using pressure sensors in section 5, to 

show that forces are still generated prior to the breakdown of a laser induced plasma.

To look at the activation stages more closely the 532nm and 1064nm curves for five 

passes have been combined in Fig.4.55. It shows that there is a difference in the way that 

the increased laser power has on the LPF effect. Both wavelengths do however share an 

activation region in which both vary until an established forming angle is achieved, 

which is up to approximately 0.175W. From there both take different linear paths over 

which the bend angle increases. With 532nm, the linear trend has a step gradient and 

remains relatively constant up to 1.2W reaching 6.3°, producing larger bend angle until 

1W average power is reached by the 1064nm laser wavelength. The 1064nm laser
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wavelength starts will a low gradient over its linear region up to 0.675W from where the 

bend angle per pass rises in ever increasing amounts.

One possible reason why there is difference in the laser wavelengths behaviour is due to 

their coupling efficiency. The 532nm laser wavelength is more absorbent than for a laser 

wavelength of 1064nm and as such could ionise the material more efficiently at lower 

powers [25, 178, 179], This would lead to pressure waves being generated before the 

plasma was establish, whereas for at 1064nm the coupling efficiency would be less 

leading to a smaller pressure waves being induced leading to a lower CBA. When the 

visible plasma was established with lower power at 1064nm wavelength, and once the 

plasma was receiving enough energy that would take over from the ionisation pressure 

waves resulting in the sharp increase in the bend angle per pass seen after 0.8W. With 

532nm the plasma was still having less effect than the pressure waves generated through 

ionisation.

Figure 4.55: Comparing the activation powers for 1064nm and 532nm laser 
wavelengths at 10Hz, on uncoated steel with a 0.2mm laser beam diameter
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4.11.3 Actuators

The purpose behind experiments to manufacture and form actuators was to study the 

viability of the LPF process as a micro forming technique. The two actuator designs 

studied were made from 75pm thick stainless steel 302, so as to replicate the material 

found in actuator designs in everyday use. The laser machining technique used (as 

outlined in section 3.7.3) created flat, deburred actuators ready for forming as can be 

seen in Fig. 4.56.

Figure 4.56: Laser manufactured actuators cut from 75pm thick stainless steel, with 
Actuator 1 on the left and Actuator 2 on the right

4.11.3.1 Forming

4.11.3.1.1 A ctuator 1

With actuator 1 any forming would take place by irradiating the centre of the arms as 

shown in section 3.7.3 in Fig. 3.29. Through irradiating this region either on a single arm 

or on both arms the tip position of the actuator could be manipulated, depending upon 

the desired out come. Forming was carried out with either a 2mm spot (which is the 

same width as the arm) or a 0.2mm spot for micro actuation of the tip.
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When forming actuator 1 with a 2mm diameter spot (as seen in figure 4.57) the laser 

beam and therefore the pressure waves generated act over the full width of the material, 

thus allowing compressive stresses to be created over a larger area as seen with the laser 

beam diameter work in section 4.3.

When applying a single pulse to each arm the maximum tip deformation obtained was at 

5W as seen in Fig. 4.57, which was 1.2mm which corresponds to a bend angle of 8.2°. 

The minimum bend angle produced was with an average laser power of 1W, and was 

2.1° and this meant a deformation of the tip position of 0.3mm. The degree of bending 

generated with these actuators appears very high but as there is less material on the 

cantilever side of the material being formed due to its triangular nature and holed design. 

This means that the weight (or resistance) of the cantilever side is less than if a solid 

rectangular or square section was being formed, which would suggest that with the same 

compressive stresses induced greater degrees of forming would be produced.

Figure 4.57: Forming of actuator 1 by applying 1 pulse to each arm with the average 
laser powers shown over a 2 mm diameter spot with a laser wavelength of 1064nm on 
75 pm thick stainless steel
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Fig. 5.58 shows the results when applying 10 pulses to each arm in a pass strategy so 

the first arm would be pulsed then the second one and then the cycle would continue for 

all ten passes with measurements taken in between in each set of pulses. After applying 

the 10 pulses to each arm the maximum tip deformation with 5W was of 2.26mm and 

generated a bend angle of 14.9°. The minimum bend angle produced was with an 

average laser power of 1W which created a bend angle of 2.6° from a tip deformation of 

0.39mm.

Figure 4.58: Forming of actuator 1 by applying 10 pulses to each arm with the average 
laser powers shown over a 2mm diameter spot with a laser wavelength of 1064nm on 
75 pm thick stainless steel

4.11.3.1.2 A ctuator 2

With actuator 2 any forming took place by irradiating the centre of the arm which 

connects the two ends as shown in section 3.7.3.2 in figure 3.30, through irradiating the 

region with single pulses the tip position of the actuator could be manipulated. Forming 

was carried out with a 2mm spot (which is the same width as the arm) for micro 

actuation of the tip.
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When forming actuator 2 with a 2mm diameter spot the beam and therefore the pressure 

waves act over the full width of the material thus allowing compressive stresses to be 

created over a large a section as possible. The actuator was formed using 1-5W in 

individual pulses on the arm for up to 10 pulses; Fig 4.59 shows the results when 

applying a single pulse to each arm.

M e a su re m e n t p o sitio n  1 T ip  P o sitio n

Figure 4.59: Forming of actuator 2 by applying 1 pulse to the centre of the arm with the 
average laser powers shown over a 2mm diameter spot with a laser wavelength of 
1064nm on 75 pm thick stainless steel

When applying a single pulse to the arm the maximum tip deformation at 5W was of 

0.057mm and created a bend angle of 1.2°. The minimum bend angle produced with 1W 

was 0.35° and this meant a deformation of the tip position of 0.016mm. The degree of 

bending appears very low but as there is more material on the tip of the actuator than on 

the arm, the weight of the cantilever side is greater so the compressive stresses induced 

over the 2mm arm have more to counteract than with actuator 1 resulting in lower bend 

angles being created.

Kenneth R. Edwards 194 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

Fig. 4.60 shows the results when applying 10 pulses to the arm, with measurements 

taken in between each pulse. After applying the 10 pulses to each arm the maximum tip 

deformation with 5W was of 0.097mm and created a bend angle of 2.01°. The minimum 

bend angle produced with 1W was 0.61° and this meant a deformation of the tip position 

of 0.029mm.

M e a su re m e n t p o sit io n  1 T ip  P o sitio n

Figure 4.60: Forming of actuator 2 by applying 10 pulses to the centre of the arm with 
the average laser powers shown over a 2mm diameter spot with a laser wavelength of 
1064nm on 75 pm thick stainless steel

Due to the design of the actuator where the material in the arm is far less than the 

material of the tip, the amount of forming is limited as the induced compressive stresses 

have a larger load to pull up than with actuator 1 where the opposite is shown.
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4.12 Metallurgical analysis

In order to understand the effects of the process on a material it was necessary to 

investigate any possible microstructural changes of the material. To do this a selection of 

samples from all the experiments carried out, were produced, mounted, polished and 

investigated using a number of techniques, which included optical microscopy, Atomic 

Force Microscopy (AFM), white light interferometry, and Vickers micro hardness.

4 .1 2 .1  O p tic a l M ic ro s c o p y

4.12.1.1 Optical microscopy of samples processed by LPF

The affect LPF has on the microstructure of a material hasn’t been documented, so in the 

following section changes to the materials microstructure are investigated. The affect of 

laser peening on a materials microstructure is however well documented, with numerous 

studies carried out (section 2.6.2). Here optical microscopy is carried to investigate the 

change in microstructure between the ‘as received’ material and the then compared to 

sections which have been processed using LPF. LPF steel samples are then compared to 

thermally formed samples to show the different affects seen by the contrasting laser 

forming approaches.

The first material shown here is 75pm thick steel (as outlined in section 3.4.1, tables 3

5), in Fig.4.61, a) shows the ‘as received’ material and b) shows the area around the 

centre of the laser interaction zone. The ‘as received’ material shows the equiaxed ferrite 

structure present with a small volume fraction of pearlite (dark areas), all heavily rolled 

as the material was received in a cold rolled format. The processed sample shows the 

same microstructural pattern, which shows no sign of melting or re-crystallisation or 

heat affected zone as normally seen in thermal forming.
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Figure 4.61: a) As received steel 75pm thick, b) The centre of a laser shock peen 
formed 30 x 30mm, 75pm thick steel sample, formed with a laser wavelength of 
1064nm, 10 Hz and, 8ns pulse width at 5W, 5mm/s and a 2mm diameter beam

Fig. 4.62 a) shows the as received 75pm thick stainless steel (as outlined in section 

3.4.1, tables 6-8), Fig.4.62 b) shows the area around the centre of the laser interaction 

zone. The material was again heavily rolled so the separation of boundaries was close. 

The processed sample again shows the same microstructural pattern as the ‘as received’ 

material, with no evidence of a heat affected zone due to any thermal effects caused by 

the laser influence.

Figure 4.62: a) As received stainless steel 75pm thick, b) The centre of a laser shock 
peen formed 30 x 30mm, 75pm thick stainless steel sample, formed with a laser 
wavelength of 1064nm, 10 Hz and, 8ns pulse width at 5W, 5mm/s and a 2mm diameter 
beam
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Copper was the next material to be investigated and due to its high thermal conductivity, 

any thermal input associated with the laser interaction would be expected to be visibly 

evident. Fig. 4.63 a) shows the as received 75pm thick copper (as outlined in section 

3.4.1, tables 9-10), and Fig.4.63 b) shows the area around the centre of the laser 

interaction zone. The processed sample again shows no change in microstructure from 

the ‘as received’ material, with no evidence of a heat affected zone due to any thermal 

effects caused by the laser influence.

Figure 4.63: a) As received copper 75pm thick, b) The centre of a laser shock peen 
formed 30 x 30mm, 75pm thick copper sample, formed with a laser wavelength of 
1064nm, 10Hz and, 8ns pulse width at 5W, 5mm/s and a 2mm diameter beam

To confirm the results seen in the copper, 75pm thick brass was also investigated (as 

outlined in section 3.4.1, tables 9-11), Fig. 4.64 a) shows the as received material and 

Fig.4.64 b) shows the area around the centre of the laser interaction zone. The material 

was again shows the same microstructural pattern as the ‘as received’ material, with no 

evidence of a heat affected zone due to any thermal interaction.
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Figure 4.64: a) As received brass 75pm thick, b) The centre of a laser shock peen 
formed 30 x 30mm, 75pm thick brass sample, formed with a laser wavelength of 
1064nm, 10 Hz and, 8ns pulse width at 5W, 5mm/s and a 2mm diameter beam

Whilst the data obtained in this study is useful to give an insight in to the metallurgy of 

LPF parts, observations at higher magnifications and using different techniques such as 

SEM or TEM may reveal more about the specific metallurgy formed. It is encouraging 

to note that, optically at least, there is little observable effect on the microstructure of 

this steel, stainless steel, copper or brass from the LPF process using the energy 

parameters investigated.

4.12.1.2 Comparing LPF samples to thermally formed samples

Laser peen formed samples have been analysed to look for any significant metallurgical 

changes and compared to samples produced using thermal laser forming techniques 

employing the TGM. The aim was to analyse the differences between thermal laser 

forming and the laser peen forming process and to confirm that laser peen forming is a 

non-thermal shock process. The results for the thermally formed sample can be seen in 

Fig. 4.65. This shows the large thermal input into the material and the heat affected 

zone. This highlights a disadvantage of laser thermal forming, as this metallurgical 

change would be undesirable in highly heat treated alloys for specialist applications such 

as aerospace and electronics sectors.
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Figure 4.65: A laser thermally formed 30 x 30mm, 75pm thick steel sample, formed 
with a continuous beam with a laser wavelength of 1064nm at 15W, lOmm/s and a 2mm 
diameter beam

Figure 4.66: A laser shock peen formed 30 x 30mm, 75pm thick steel sample, formed 
with a laser wavelength of 1064nm, 10 Hz and, 8ns pulse width at 5W, 5mm/s and a 
2mm diameter beam

The laser shock peen formed sample shown in Fig. 4.66, shows no sign of heat input and 

hence no change to the materials structure. This further confirms the active mechanism, 

and indicates that the laser peen forming process is largely athermal or non-thermal, as 

there is very little evidence of heat input into the sample.

4.12.2 Witness mark evaluation

Witness marks left on the surface of the samples after the LPF process where observed. 

These effects can range from undesirable well defined grooves (Fig. 4.67a) when using a
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high average laser power and low traverse speeds, to very feint marks (Fig. 4.67b) when 

using low average laser powers and higher traverse speeds. The overlapping pits 

correspond to each laser pulse and demonstrate the mechanical force of the shockwaves 

impacting the surface during the process. The impact on the material can be seen to be 

far less in Fig. 4.67b and as such this is a more desirable end product. Further 

investigation of the witness marks has taken place using an AFM and can be seen in Fig. 

4.68, this shows a depression on the surface in between two ridges.

F ig u r e  4 .6 7 : Witness marks left on a graphite coated steel surface after laser peen 
forming a) Unwanted witness marks produced at high power low speed, processed at 
1064nm, 5W, 3 mm/s with a 2mm spot diameter, b) A more desirable process finish, 
processed using 1064nm, 1W, 7 mm/s and 0.336mm spot diameter

F ig u r e  4 .6 8 : Examples of the topography of the witness mark with an AFM image 
(Contact Mode) of a ridge seen on a witness mark

The results of the analysis indicate that the feature is a solid ridge of the graphite coating 

which has been compacted by the plasma and shockwave. The material appears to be 

blown outwards from the centre of the plasma into over lapping ring shapes, and at 

higher powers this becomes extremely difficult to remove. After processing the samples
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are cleaned with acetone and all the graphite is removed which leaves surface finishes as 

shown in Fig. 4.69.

b)

Figure 4.69: Examples of the witness mark left after processing with a graphite coating 
on 30x30mm 75pm thick steel with a laser wavelength of 1064nm a) with an average 
laser power of 5W at 10Hz and 5mm/s and b) with an average laser power of 1W at 
10Hz and 5mm/s

4.12.3 Microhardness Tests

The effect of laser peen forming on the microhardness of steel was investigated by 

Vickers hardness testing of mounted samples. The tests were carried out at 18.75pm, 

37.5pm and 56.25pm from the top surface of the material in the Z axis as illustrated in 

Fig. 4.70, at these depth measurements were taken at -4, -2, -1, 0 (centre of forming 

line), 1, 2 and 4mm for a 2mm irradiation path and at -2, -1, -0.5, 0, 0.5, land 2mm for a 

0.2mm irradiation path. Tests were also carried out at a depth of 15pm so that the top 

surface in the y-direction could be measured from unaffected bulk material through the 

laser formed area and then back in to the unaffected bulk material. Measurements were 

taken at -3, -2, -1, 0 (centre of forming line), 1, 2 and 3mm for a 2mm irradiation path 

and at -2, -1.5, -1, -0.5, 0, 0.5, 1, 1.5 and 2mm for a 0.2mm irradiation spot. Due to the 

nature o f the as-received material which came as a coil, there is a variation in the 

hardness through the section of the material. The average Vickers hardness for the top 

layer was 180+/-9.8 Hv, the average Vickers hardness for the middle of the sheet was 

257+/-7.1 Hv and the average Vickers hardness for the bottom layers of the sheet was 

171+/-9Hv.

Kenneth R. Edwards 2 0 2 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

Laser

i

Y

Figure 4.70: Schematic of micro-hardness measurement set-up

The results across the top surface of the material as shown in Fig. 4.71 for a 2mm 

diameters pot and in Fig. 4.72 for a 0.2mm spot show an increase in the microhardness 

of the material where there had been laser interaction. This phenomenon is also found in 

laser thermal forming and is reported by Magee [43] as being due to finer gain size due 

to recrystallisation. With LPF due to the compressive streses being induced in the upper 

surface, strain hardening is occurring. The strain hardening phenomena is attributed to 

the entanglement of dislocations. Plastic deformation in metals proceeds atomic step by 

atomic step by the generation and movement (by external force) of dislocations (or ID 

defects or holes) within the crystal lattice. The area swept by the movement defines a 

plane, the glide plane, the movement of a dislocation moves the whole crystal on one 

side of the glide plane relative to the other side. During plastic deformation multiple 

dislocations created within the lattice interact during movement, as deformation 

continues the dislocation density increases and entanglement occurs. This manifest itself 

as an increase in hardness and material strength in the region as further plastic 

deformation becomes more difficult.
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Figure 4.71: Microhardness in Y-axis for a 2mm diameter spot using a laser wavelength 
of 1064nm at 10Hz and 5W average power

Figure 4.72: Microhardness in Y-axis for a 0.2mm diameter spot using a laser 
wavelength of 1064nm at 10Hz and 5W average power

When forming with a 2mm diameter spot (as seen in Fig. 4.73) an increase in the micro 

hardness values is detected around the centre of the laser irradiation. At the upper region
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of the material there is in fact a notable increase in hardness up to 1mm either side of the 

irradiation point indicating that hardening is taking place over the area of the laser spot. 

A variation was found through the thickness (z-axis) of the sample with the middle 

section having a greater hardness value than the upper and lower regions but this is due 

to the cold rolled nature of the material and the way that the as received material is 

delivered in coils.

- ♦ -T o p  -« -M id d le  Bottom

Figure 4.73: Microhardness in Z-axis for a 2mm diameter spot using a laser wavelength 
of 1064nm at 10Hz and 5W average power

When forming with a 0.2mm diameter spot (as seen in Fig. 4.74) there isn’t any 

significant change in the micro hardness values. As the laser beam is acting over such a 

small area the amount of impact it has in the material is less and the forming occurs over 

a more concentrated area which is difficult to show.

Kenneth R. Edwards 205 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components

Figure 4.74: Microhardness measured in Z-axis direction for a sample processed using 
0.2mm diameter spot, a laser wavelength of 1064nm at 10Hz and 5W average power
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4.13 Process mechanism understanding

In order to understand the process in more depth further experiments were carried out in 

order to find links between each process step. Firstly an outline of the process had to be 

drawn up and this is shown in Fig. 4.75.
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Figure 4.75: Process mechanism tree

Kenneth R. Edwards 207 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components

In order to generate a plasma with a laser beam for LPF, 1 of 3 steps must be carried 

occur. There can be laser beam interaction with either a bare or a coated sample or 

breakdown of air can occur. Breakdown of the air is used when the beam is focused 

down to a small enough spot, as occurs with the angle of attack work in section 4.8 when 

the laser beam is parallel to the workpiece. The phenomenon occurs when a high energy 

pulse is focused in a gas or on a solid surface surrounded by gas, this produces 

breakdown of the gas (usually air), through Ionization, which is the gain or loss of 

electrons. If most of the atoms or molecules in a region are ionized, the resulting state is 

defined as a plasma.

When dealing with laser interactions and especially when coated material laser ablation 

takes place. Laser ablation is the process of removing material from a solid surface by 

irradiating it with a laser beam. At high laser flux, the material is typically converted to a 

plasma, through the process of ionization. In industry the laser ablation process can be 

used to work harden metal surfaces by transferring momentum to a surface. Since the 

ablated material applies a pulse of high pressure to the surface underneath it as it 

expands, the effect is similar to that of hitting a surface with a hammer.

In the research carried out here with a coating, the coatings were removed which would 

imply that laser ablation was taking place, and would be one way in which forces are 

transmitted into the material to generate forming. When there is direct interaction 

between the laser and the material there is also ionization occurring as the ablated 

coating is stimulating ionization just above the materials surface. However when LPF 

with the laser parallel to the surface of the material where there is no direct laser 

interaction the generation of the plasma and shockwave is purely through the breakdown 

of air, with some of the shockwave being directed into the material. This is noted by the 

difference in the generation of the bend angle achieved with direct interaction producing 

larger degrees of forming than when forming parallel to the sheet as outlined in section 

4.8.

When LPF uncoated material with direct laser interaction there is less known about the 

mechanism for the generation of the plasma, as visually there is no material ablated
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through the laser interaction. To investigate if laser ablation was occurring, mass 

analyses was used to look at mass deficits between coated and uncoated samples after 

LPF. This was carried out on 75pm thick 30x30mm steel samples and were coating were 

applied the graphite single layer coating was used. The material was processed using a 

laser wavelength of 1064nm at 10Hz with an average laser power of 5W over a 0.2mm 

diameter spot and a traverse speed of 5mm/s. Mass analyses was achieved using pg 

resolution Kern 770 precision scales, with readings were before coating, after coating 

and after processing. The results for the coated samples can be seen in table 4.4; they 

show that for an increase in the number of passes there is an increase in the amount of 

coating. So this would indicate that ablation was taking place and influencing the 

generation of a plasma when a material is coated.

Parameters Sample Mass before 
coating (g)

Mass after 
coating (g)

Mass after 
pass (g)

Mass 
deficit (g)

5W, 10Hz, 0.2mm 
spot, 5mm/s, 1 pass

Sample
1 0.53307 0.53762 0.53717 0.00045

5W, 10Hz, 0.2mm 
spot, 5mm/s, 2 passes

Sample
2

0.54572 0.54976 0.54922 0.00054

5W, 10Hz, 0.2mm 
spot, 5mm/s,3 passes

Sample
3 0.52656 0.53023 0.52954 0.00069

5W, 10Hz, 0.2mm 
spot, 5mm/s, 4 passes

Sample
4 0.5288 0.53343 0.53271 0.00072

5W, 10Hz, 0.2mm 
spot, 5mm/s, 5 passes

Sample
5 0.52876 0.53489 0.53386 0.00103

T a b le  4 .4 : Mass analyse for single layered graphite coated 75pm thick, 30x30mm steel 
LPF formed samples

With uncoated samples, there was no definitive mass loss as shown in table 4.5, due to 

the mass removal being so small that the precision scales could not accurately measure 

change in mass with any certainty.
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Parameters Sample Mass before 
coating (g)

Mass after 
coating (g)

Mass after 
pass (g)

Mass 
deficit (g)

5W, 10Hz, 0.2mm  
spot, 5mm/s, 1 pass

Sample
1 0.52507 0.52522 0.52522 0

5W, 10Hz, 0.2mm  
spot, 5mm/s, 2 passes

Sample
2 0.54103 0.54417 0.54409 8E-05

5W, 10Hz, 0.2mm  
spot, 5mm/s,3 passes

Sample
3 0.53406 0.5396 0.53951 9E-05

5W, 10Hz, 0.2mm  
spot, 5mm/s, 4 passes

Sample
4 0.51571 0.5238 0.52385 -5E-05

5W, 10Hz, 0.2mm  
spot, 5mm/s, 5 passes

Sample
5 0.52675 0.52949 0.52946 3E-05

T a b le  4 .5 : Mass analyse for uncoated 75pm thick, 30x30mm steel LPF formed samples

This provides no clearer information regarding how the plasma is generated when 

forming without a coating, it is thought that the plasma occurs by stripping the material 

of electrons through the inverse Bremsstrahlung effect, but this would require further 

research to confirm.

Within the experiments carried out, the plasma has been generated with both methods in 

various investigations, with either generated plasma, the next step is common, which is 

the breakdown of the plasma. The breakdown of the plasma causes an expanding shock 

wave which absorbs laser energy at the shock front. Expansion of the plasma behind the 

shock front during and after the pulse, transmits momentum into the air or solid medium 

it is close to [164, 166], which can be monitored by the pressure sensors as used in 

chapter 5.

From the generation of a shockwave a high speed pressure wave is emitted which 

interacts with the material sending the pressure waves through it. This is confirmed by 

the pressure sensor work carried in out section 5, which show their existence and 

magnitude. Once the shockwave is generated the effect seen is similar to that of shot 

peening [100] , laser peening [106], and shot peen forming [185]. Every shockwave acts 

as a tiny peening hammer, producing elastic stretching of the upper surface and local 

plastic deformation that manifests itself as a residual compressive stress. The 

combination of elastic stretching and compressive stress generation causes the material
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to develop a compound, convex curvature on the peened side, as proved by the bend 

direction evaluation carried out in section 4.5.

The degree of curvature/bending achieved depends on the laser parameters used, as 

covered in the sections 4.1- 4.4, generally the greater the energy density the greater the 

degree o f forming achieved, which is the main reason why the process has only ever 

been used on large section material with absorptive coating and tamping layers applied. 

These addition processing steps would aide in the generation of a large plasma and 

therefore a larger shockwave and the tamping layer would direct and confine the 

explosive pressure waves into the material. The large lasers which have been used for 

this and the smaller degrees of bending achieved by some [168], can be refined and used 

for micro adjustment and for forming to relative large degrees on micro scale material as 

shown in section 4.9. As the process was found to be able to form on the micro scale 

with the need for no coatings or tamping layers, the process has been refined further and 

micro actuators have been used to demonstrate the potential of the LPF process on 

everyday components.

Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components______
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5 Characterisation of key process 

mechanisms in LPF
5.1 Pressure Sensor Calibration

In order to quantify the effects of the Laser Peen Forming (LPF) process and to aide in 

the understanding of the process mechanism that takes place, a way of monitoring the 

pressure waves induced by a laser pulse was required. Due to the nature of the pressure 

waves produced during LPF, ‘off the shelf pressure sensors were not able to record the 

pressure variations over the small timescales involved. Curran [177] utilised 

piezoelectric diaphragms to measure the forces associated with laser cleaning which 

occur on similar timescales. To use piezoelectric diaphragms as pressure sensors, a 

method of calibration was required. Three techniques were explained, as outlined in 

section 3.9, so that the calibrated data could be averaged to eliminate any erroneous 

results.
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5.1.1 Calibration Method 1 - Piston cylinder

5.1.1.1 Calibration parameters

The first calibration method used was a piston cylinder calibration system. This used a 

cylinder, into which the sensors were mounted. An electrodynamic shaker was then used 

to move a piston located inside the cylinder. The electrodynamic shaker is a device that 

excites a body through mechanical vibration (either a pulling or pushing force) 

depending upon the input signal applied. By varying the voltage and range of the shaker 

the piston entered the chamber at different speeds and to different depths. This resulted 

in varying amounts of pressure (with greater depths) and quicker response times (at 

higher speeds). The piston and cylinder calibration method was used over the ranges of 

0-1 Vdc and 0-100Hz. The depth to which the piston entered the cylinder was calculated 

by measuring the maximum position the shaker boss (as shown in Fig. 5.1) reached 

during the testing period with a vernier calliper and by recording the depth to which the 

piston entered the chamber relative to the rear of the piston. The sensors were calibrated 

over a range of voltages and frequencies, and the piston and shaker positions were 

recorded in order to calculate their associated volumes. The parameters tested and the 

measurements recorded can be seen in table 5.1.

Sen so r
m ount Piston

C ylin d e r Sh aker Inp ut
om
gnal

O u tp u 
to  PC

gen erato r
and
a m p lifie r

Figure 5.1: Piston cylinder calibration setup
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Settings Relative Positions

Voltage Range Piston starting Shaker end

(Vdc) (Hz)
position position

(mm) (mm)

0.75 100 3.45 21.00

0.75 80 3.45 22.10

0.75 60 3.45 23.90

0.75 40 3.45 27.50

0.75 20 Too much noise (out of range)

0.5 100 5.7 31.50

0.5 80 5.62 31.65

0.5 60 5.59 31.78

0.5 40 5.81 31.07

0.25 100 7.65 33.58

0.25 80 7.75 33.7

0.25 60 7.66 33.88

0.25 40 Too much noise generated by sensor
(out of range)

T a b le  5 .1 : The parameters tested at and the measurements recorded for the piston 
cylinder calibration method
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From these parameters the piezoelectric sensor would produce a voltage (Vdc) which 

corresponded to the pressure that had been applied to it. The voltages were measured by 

taking an average of the signal response produced when the pressure was increased. An 

example of the sensor output for the piston cylinder calibration with parameters of 

0.75Vdc and 100Hz (which corresponds to a pressure of 4.79E+05Pa) can be seen in 

Fig. 5.2. When the pressure increased a corresponding increase in the voltage output was 

recorded. When the pressure was released the voltage decreased to the normal value of 

0 Vdc at room pressure.

Figure 5.2: Example of sensor output for piston cylinder calibration with a voltage of 
0.75Vdc and a range of 100Hz

When analysing the results from the 13 parameters tested only 4 sets of the data could be 

read due to the signal noise being received by the oscilloscope. This was due to the small 

increase in voltage recorded resulting from the small increase in pressure being 

generated and then lost in the signal noise. As such the only set of parameters which 

could be used to calibrate the data was with a voltage setting of 0 .7 5 V d C, with which the 

pressure change was large enough to record a voltage.
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5.1.1.2 Sensor holder dimensions

In order to calculate the pressures associated with each set of parameters the starting 

volume of the chamber and sensor mount were calculated. As can be seen in Fig. 5.3, the 

sensor is held into the pressure chamber by a 3A mounting plate, so this is the area 

modelled, but the screw heads and volume displaced by the wires are neglected.

Figure 5.3: The sensor mount

The volume of the sensor mounting (Volume sensor) can be calculated as follows:

The area of B -  The area of A

A - The smaller area in the centre, it has a diameter of 

16.5mm which gives an area of 0.000214m2.

B - The area of the entire disk, it has a diameter of 

47.5mm which gives an area of 0.00177m2.

The area of the annulus is then calculated which is:-

0.00177-0.000214 = 0.001556m2
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The section missing from the annulus is 94 degrees, which is 26.1% of the area of the 

annulus. Therefore the missing area is: 0.001556 x 0.261 = 0.000406 m

Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components______

So the open area = A + 0.000406

= 0.00214 + 0.000406 

= 0.000620m2

The depth of the cavity is 0.0033m, therefore the missing volume = 0.000620 x 0.0033

Volume sensor = 2.046x10'6m3

The sensor mount volume is then used with the calculations of the cylinder volume 

when the piston is moving, to calculate the total change in volume inside the cylinder. 

The cylinder volume is calculated from the shaker boss and piston positions relative with 

their starting positions.

5.1.1.3 Pressure calculations

In order to calculate the pressure change certain assumptions had to be made:-

• That the temperature was constant between cycles.

• The initial pressure was atmospheric, i.e. 1.01325xl05Pa.

From these assumptions Boyle’s law could be used to calculate the pressure reached in 

the chamber. Boyle’s law states that, at a constant temperature, the volume of a given 

mass of gas varies inversely with pressure. For two states of pressure (Pi, P2) and two 

corresponding volumes (Vi, V2), this is stated mathematically as in equation 5.1.
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P1V1 =  P2V2

(5.1)

From equation 5.1 and the data collected, the second pressure could be calculated. 

Where

Pi = 1.01325 (atmospheric pressure)

Vi = Piston fully back = Volume inside cylinder + Cap volume

= (Length of the chamber -  length of the piston -  piston position) 

+ Cap volume

P 2  =  ( P i x V 1) / V 2

V2 = Piston fully forward = Volume inside cylinder + Cap volume

= (Length of the chamber -  length of the piston -  piston position - 

(Change in shaker position)) + Cap volume

• The only difference between V] and V2 is the change in shaker position 

which is calculated by subtracting the final shaker position from the starting 

position of 34.5mm.

An example o f the calculations

With a voltage of 0.75Vdc and a range of 100Hz, a shaker position of 21.00mm and a 

piston position of 3.45mm were measured.

Pi = 1.01325E05Pa (atmospheric pressure)

Vi = Piston fully back = ( 0 . 0 5 0 3 5  -  0 .0 3 2 3 2  -  0 . 0 0 3 4 5 )  x n ( 1 6 x l 0 ' 3) 2)  +  2 . 0 4 6 x l 0 ' 6 =  

1 3 .8 X 1 0 -6 m 3

P2 = (Pi x V , ) / V 2
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V2 = Piston fully forward = (0.05035 - 0.03232 - 0.00345- (0.0345-0.021)) x n (16x10 

3)2) + 2.046x10^ = 2.91xl0'6m3

P2 = (1.01325E05 x 13.8E-06) / 2.91E-06

= 4.79xl05 Pa

Which corresponds to a sensor reading of 0.505Vdc from the calibration graph.

Calculations were made for the 4 measured data points and averages were taken as each 

set of parameters were tested 3 times and the mean taken, the results for which can be 

seen below.

For position 1 with a voltage of 0.75Vdc and a range of 100Hz, the positions, volumes 

and pressures are:-

Shaker position 21mm
Piston position 3.45mm
Sensor volume 2.05mm3
Volume 1 0.138mm3 Volume 2 2.91pm3
Pressure 1 O.lOIMPa Pressure 2 0.479MPa

For position 2 with a voltage of 0.75 Vdc and a range of 80Hz, the positions, volumes and 
pressures are:-

Shaker position 22.1mm
Piston position 3.45mm
Sensor volume 2.05mm3
Volume 1 0.138mm3 Volume 2 3.8pm3
Pressure 1 O.lOIMPa Pressure 2 0.367MPa

For position 3 with a voltage of 0.75Vdc and a range of 60Hz, the positions, volumes and 

pressures are:-

Shaker position 23.9mm
Piston position 3.45mm
Sensor volume 2.05mm3
Volume 1 0.138mm3 Volume 2 5.25pm3
Pressure 1 O.lOIMPa Pressure 2 0.266MPa

Kenneth R. Edwards 2 2 0 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

For position 4 with a voltage of 0.75VdC and a range of 40Hz, the positions, volumes and 

pressures are:-

Shaker position 27.5mm
Piston position 3.45mm
Sensor volume 2.05mm3
Volume 1 0.138mm3 Volume 2 8.14pm3
Pressure 1 O.lOIMPa Pressure 2 0.171MPa

For position 5 which is the pressure associated when no power is being applied to the 

shaker and piston, so the positions, volumes and pressures are>

Shaker position 34.5mm

Piston position 3.45mm
Sensor volum e 2.05m m 3
Volum e 1 0.138m m 3 Volum e 2 10.38pm 3
Pressure 1 O .lO IM Pa Pressure 2 O .lO IM P a

The pressures calculated each correspond to a voltage output from the piezoelectric 

sensor, as seen in Fig. 5.2. The pressures and corresponding voltages can be seen in table

5.2 and from which a graph could be plotted to determine an equation which could be 

used to calculate the pressure for any measured voltage as seen in Fig. 5.4.

Pressure Voltage

(Pa) (Vdc)

4.79x105 0.505

3.67 xlO5 0.408

2.65 xlO5 0.330

1.71 xlO5 0.196

1.01 xlO" 0

Table 5.2: Pressure and voltages form the piston cylinder calibration
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Figure 5.4: Calibration equation from the piston cylinder method

The calibration graph was plotted from the pressures calculated using the above method 

and from the voltages obtain as averages from the sensors for their corresponding 

conditions.

5.1.2 Calibration method 2 -  Pressure vessel

This pressure vessel calibration method used the sensor mounting cap which was used in 

the piston cylinder calibration, a pressure vessel and a compressed air supply. Pressures 

were applied to the sensor in 0.5 bar intervals between 1 bar (atmospheric) and 5 bar 

pressure. The sensor was linked to the oscilloscope which was in turn linked to the 

computer which recorded the corresponding voltage outputs for the various pressures.

With this method, a direct pressure was being applied into the chamber and therefore the 

voltage output of the piezoelectric sensor was directly known. The voltage reading was
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calculated the same way as for calibration method 1. The pressures and corresponding 

voltages are shown in table 5.3 and in Fig. 5.5 where the calibration equation is shown.

Pressure Voltage

Bar Pa (Vdc)
1 101325 0

1.5 151987.5 0.0938

2 202650 0.1516

2.5 253312.5 0.1896

3 303975 0.2338

3.5 354637.5 0.3555

4 405300 0.3321

4.5 455962.5 0.473

5 506625 0.4392

Table 5.3: Pressure and voltages from the piston cylinder calibration

1001)00

O  y = 1E-06X - 0.0901

200000 300000 400000 500000 600000

- 0.1
Pressure(Pa)

Figure 5.5: Calibration equation from the pressure vessel calibration method

Kenneth R. Edwards 223 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment of Metallic Components

5.1.3 Calibration method 3 -  The dimple test

In this method the sensor was mounted in a block of wax, which acted as a stable 

base/housing while forces were applied to the sensor via a dimple which allowed larger 

forces to sit on the small sensor and still direct all the force through the crystal (as shown 

in Fig. 3.3). A dimple was made which had the same dimensions as the piezoelectric 

sensor crystal and mounted on top of the sensor. A variety of masses were then applied 

to the dimple which could be calculated to a force, from which a pressure could be 

calculated. The series of masses applied to the dimple ranged from 1kg to 7kg. The 

masses applied correspond to forces (F), which were calculated through equation (5.3).

F = m g

(5.3)

Where: - m - is the mass and g - is the gravitational acceleration of 9.81m/s2

This force is then turned into a pressure by calculating the area over which it is acting as 

shown in equation (5.4).

Pressure  (P) =
Force (F) 
Area  04)

(5.4)

. . 2
The area is the interaction area between the dimple and the sensor, which is 154pm . 

This pressure is then added to that of the atmosphere (101325Pa) to calculate the total 

pressure the sensor is reading. The voltage data from the sensor is recorded in the same 

way as it was for the previous two calibration methods. The recorded voltages and 

corresponding pressures can be seen in table 5.4.
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Pressure (Pa)

Voltage Mass Force Total ine.

(Vdc) (kg) (N) External Atmospheric

0 0 0 0 101325

0.11 1 9.81 63726.94 163726.9384

0.192 2 19.62 127453.9 227453.8769

0.256 3 29.43 191180.8 291180.8153

0.33 4 39.24 254907.8 354907.7538

0.396 5 49.05 318634.7 418634.6922

0.583 6 58.86 382361.6 482361.6306

Table 5.4: Pressure and voltages from the dimple calibration method

From the data calculated and recorded a graph was plotted to obtain a line of best fit to 

compare to the other two calibration methods, as seen Fig. 5.6.

Figure 5.6: Calibration equation from the dimple calibration method
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5.1.4 Combining the calibration data

From the three different calibration methods, one of which required creating a pressure, 

another through applying a direct pressure and the last through applying a force, there 

were three different calibration equations which can be seen below.

Piston cylinder calibration: y = lE-06x-0.0605

Pressure vessel calibration: y = lE-06x-0.0901

Dimple calibration: y = lE-06x-0.1357

These 3 results can then be combined to give one calibration equation which would 

eliminate any erroneous results and be used to verify the values of pressure calculated 

from the voltage output of the piezoelectric sensors, when used as pressure sensors. By 

comparing the three different calibration methods directly as shown in Fig. 5.7, it can be 

seen that there is good correlation between the three calibration methods for the 

pressures and voltages tested.

V = lE-06x-0.0605 Y= 1E-06X- 0.0901 y = lE-06x- 0.1357
Figure 5.7: Calibration equations from the three calibration methods
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Instead of having 3 individual sets of data, one from each calibration method, the data 

was combined and a single calibration line was obtained. This can be used to calculate 

the pressures associated with the pressure waves produced. The equation for this is from 

Fig. 5.8 and is: Y=lE-06x-0.0944.

Y = lt-Obx - 0.0944

1 0 0 0 0 0  2 0 0 0 0 0  3 0 0 0 0 0  4 0 0 0 0 0  5 0 0 0 0 0  6 0 0 0 0 0  7 0 0 0 0 0

Pressure (Pa)

Figure 5.8: Overall calibration equation from the three calibration methods

With the piezoelectric sensors now calibrated, they were used to record the 

forces/pressures associated with LPF on the underside of the material so that an in

process measurement could be recorded. This was to aid in the understanding of the 

effect of the parameters used in the process on the shock wave produced. The data could 

also be used to calibrate any future modelling work. The sensor was attached to the 

underside of the material using a thin covering of grease, so that the sensor could be 

easily recovered. Further measurements were taken using the sensor to monitor the size 

of the pressure wave adjacent to the laser beam, though not directly in the path o f the 

laser beam which would have damaged the sensor. This was carried out on a test bed 

separate from the processing equipment so that there was access to the plasma from all 

directions. At the same time measurements were taken along the line of the laser path, 

on the backside of a material sample (75 pm steel with a graphite coating). This was to
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measure the affect of the focal point and spot size on the size of the pressure wave 

produced in order to find optimum parameters.

5.2 Application of calibrated sensors to measure the pressure profile

In order to obtain the magnitude of the pressure waves generated when processing over 

the range of spot sizes from 0.2mm to 2mm (The focal point at 200mm corresponds to a 

0.2mm spot diameter and 270mm is a 2mm diameter spot), experiments were carried out 

on the bench prior to in-situ measuring. The laser parameters tested were with a laser 

wavelength of 1064 nm and an average power of 5W at 10Hz. These values were chosen 

to produce the maximum pressure values that would be recorded on the reverse side of a 

graphite coated steel sample. The waist over which the samples were tested started from 

the output nozzle of the laser arm which was 150 mm from the 200mm focusing lens. 

Measurements were then taken every 10mm through the beam’s waist and beyond to 

140mm from the waist. The data for which can be seen in Fig. 5.9.

Figure 5.9: Pressure profile for from the reverse of a 75pm thick graphite coated 
samples over the profiling range for a laser wavelength of 1064nm at 10Hz at 5W 
average power
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The results indicate that at the focus waist, were the energy density is at its highest, the 

maximum pressure is produced. Through the 70mm processing range were the beam 

diameter changes from 0.22mm to 2mm there is a substantial fall off in the amount of 

pressure being transmitted through the thickness of the sheet. This is due to the area over 

which the laser is focussed, with a 0.22mm diameter spot the pressure would be more 

concentrated, enabling the pressure wave to travel deeper into the material which results 

in more being transmitted through the material. When LPF with a 2mm diameter spot 

the area over which the interaction takes place is larger and the pressure wave is less 

concentrated, resulting in the pressure wave being dissipated through the material.

5.3 Effect of laser power on generated pressure during LPF

To look at the effect that varying the laser power has on the pressure values produced, 

the five power levels were tested across a range of spot sizes (Fig. 5.10). The 

relationship identified previously where the pressure values reduce as the sample offset 

moves away from the focal point continue. As the power density decreases with the 

reduction of laser power, the pressure being transmitted through the thickness of the 

materials reduces. This would indicate that with a decrease in power density (through 

either a reduction in power or an increase in spot size) that the depth with which the 

pressure wave can be transmitted through the material is reduced.

When this is compared to the cumulative bend angle achieved in the empirical data (in 

section 4.4, Fig. 4.18) with a constant spot size but a reduction in power. The resultant 

reduction in the bend angle achieved due to the decrease in average laser power is now 

found to decrease the pressure being generated and transmitted though the material. This 

would reduce the amount of compressive stresses which it is possible to induce and 

result in the generation of smaller bend angle than at high average laser powers.
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-*-5W  -B-4W -*r3W  -M-2W -* -lW

Figure 5.10: Pressure profile for from the reverse of a 75 pm thick graphite coated 
samples over the profiling range for a laser wavelength of 1064nm at 10Hz at 5W, 4W, 
3W, 2W and 1W average power

Measurements were also carried out perpendicular to the laser beam so at to evaluate the 

pressure profile around any generated pressure waves. This was done by measuring the 

pressure around the breakdown of the laser induced plasma at focus, where no ablation 

or material interaction took place. The results were taken at 2.5, 10, 20 and 30mm from 

the plasma on either side, the results can be seen in Fig. 5.11. The pressure reduction 

recorded with an increase in distance away from the plasma is far greater than that seen 

when moving away from the plasma along the line of the laser beam. The peak pressure 

measured is of the order of 5 times less than when the pressure wave is measured along 

the laser path. This could be due to the type of plasma being created being smaller as 

with no material interaction the plasma generation will be solely due to air breakdown. 

When compared with the earlier tests, where the laser beam interacts with the material, 

the plasma is created through breakdown at the focal waist and ablation of the coating 

layer. When there is no material interaction, a smaller plasma is formed and 

subsequently a smaller pressure wave is emitted.
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Figure 5.11: Pressure profile across the beam from left to right of a plasma generated 
through air breakdown from a laser wavelength o f 1064 nm at 10Hz and an average laser 
power of 5W, measured through a 75 pm steel sample

While LPF with the sensors attached to the reverse of the 30x30 mm 75pm thick steel 

samples the effect that a single graphite layer has on the process was investigated in 

terms of pressure for the various spot size and average laser powers used. The spot sizes 

ranged from 0.2mm to 2 mm in diameter, with laser powers from 1-5W. The results for 

the graphite coated samples can be seen in Fig. 5.12, they show that at the smallest spot 

size the pressure measured through the thickness of the material is greater than when the 

spot size is increased. As the spot size is increased the power density decreases, which 

results in a smaller plasma being generated. This produces a smaller pressure wave 

resulting in a reduction in the amount of compressive stresses being induced. These 

reduced compressive stresses would be limited to a thinner region around the surface of 

the material, resulting in a lower degree of forming being achieved. Larger pressure 

waves could produce compressive stresses at greater depths, which would enable an 

increased amount of forming to be achieved.
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Figure 5.12: Pressure profile across the processing window for laser beam spot sizes 
used with a laser wavelength of 1064nm at 10 Hz measured through graphite coated 
75 pm thick steel

When the pressures transmitted through a sample after interaction with a graphite layer 

the pressures can reach upward of 4MPa at 4 and 5W average laser power for a 0.2mm 

diameter spot size, as shown in Fig. 5.12. When no coating is applied to the material the 

greatest pressure measured is approximately 2 MPa as seen in Fig. 5.13, with the same 

parameters. This would indicate that a graphite coating aides in the generation of larger 

pressure waves being created. When the laser interacts with the graphite layer, ablation 

takes place and this contributes to the generation of a plasma, the ablated material feeds 

the laser induced plasma making it larger. When the larger plasma breaks down it emits 

a larger pressure wave. This increase in the size of the pressure wave is why when 

forming with a graphite coating the degree of forming is greater than when forming bare 

material.
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Figure 5.13: Pressure profile across the processing window for laser beam spot sizes 
used with a laser wavelength of 1064nm at 10 Hz measured through uncoated 75 pm 
thick steel

At lower laser power levels (0-1.2W) which would be suitable for a micro adjustment, 

the average laser power was reduced so much that plasma no longer formed through air 

breakdown or through material interaction. LPF was carried out on uncoated 75pm thick 

steel with average laser powers as low as 0.096W being used (as seen in section 4.11.2) 

to generate a bend angle. At this low power level no plasma was visible and no 

shockwave heard, the sensors were then used to analyse what was occurring and the 

results showed that pressure waves were still being generated even without signs of 

plasma. As shown in Fig. 5.14, as the laser power is increased and there is a steady 

increase in the pressure being transmitted through the material. At approximately 0.4W 

the plasma becomes visible and the snapping noise of the pressure waves becomes 

louder, after 0.8W the increase in pressure transmitted is increased significantly and this 

corresponds to a greater degree of forming being achieved as shown in Fig. 4.42 in 

section 4.11.2. The increase in pressure is thought to be generated as a result of the 

amount of energy being coupled into the plasma exceeding a threshold, resulting in a 

larger plasma being generated, which during breakdown emits larger pressure waves.
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This would need further more specialised investigation to be able to obtain a more in 

depth conclusion.

Figure 5.14: Variation in pressure profile across the visible and non visible plasma 
forming region with average laser power, for a laser wavelength of 1064nm, pulse 
frequency of 10Hz (measured through the uncoated 75 pm thick steel)

From the experiments carried out, the results show that the piezoelectric diaphragms can 

be used to record pressures, which has been able to measure the pressures transmitted 

through the material and provide indications of the effects that the parameters tested 

have the LPF process. From the results obtained, when the pressure recorded through the 

material is at its greatest this corresponds to the greatest degree of forming, and when 

the pressure is low the degree of forming is also low.

As the sensors could only be used to measure the pressure waves transmitted through the 

material (due to potential damage to the sensor from direct laser/plasma contact) there 

are no direct comparison which can be made, but the values measured would appear to 

be of a realistic magnitude. The pressures measured using these devices ranged up to 

7MPa, Inose et al[186] used pressure sensitive papers to measure shockwaves direct 

from a source of the magnitude of 40MPa, indicating that the values are realistic. Curran
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et al [177] used the sensors to measure the shockwaves on the reverse of silicon wafers 

and found pressures reaching 8MPa, providing good correlation and consistency with 

the results. The sensors provide a quantitative value for the effects seen during LPF and 

provided useful information when forming without a plasma. Future work should be 

carried out to find a sensor capable of measuring the force directly associated with the 

shockwave in order to aide in the understanding of the process.

Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components______

5.4 Characterisation of key process mechanisms in LPF

From the development of the three pressure sensor calibration methods to measure the 

pressures associated with the shockwaves provided, a quantitative value for the effects 

seen during LPF was made possible. The quantitative data provided useful information 

when LPF, and proved especially useful when forming without a plasma.

The three calibration methods combined showed good correlation for the calibration of 

the piezoelectric diaphragms so that they could be used as sensors with only one 

calibration equation required. This enabled the sensors to provide useful feedback for the 

tuning of parameters by monitoring the effect of the pressure waves generated through 

both; the breakdown in air and also by the transmission of the waves through the 

material. This proved that a pressure wave was being generated and that the LPF process 

was indeed mechanical. Due to the nature of the sensors direct forces associated through 

direct laser interaction could not be determined and as such a measurement of the force 

impacting the surface could not be measured. This suggests future work should be 

carried out to find a sensor capable of measuring the force directly associated with the 

shockwave in order to aide in the further understanding of the process.
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6 Finite Element Analysis
This chapter reports the results and discussion on the development of Finite Element 

Analysis (FEA) models for both LPF and single and multiple pass laser forming of 

graphite coated steel. The process parameters investigated were the same as those used 

in the empirical study, namely using an Nd:YAG laser source with a laser wavelength of 

1064nm, a 0.2mm beam diameter, 5W average laser power, a traverse velocity of 5mm/s 

at 10Hz repetition rate. The models were developed to ascertain peak temperatures, 

thermal behaviour, and displacements during and after the Laser Peen Forming (LPF) 

process. The finite element modelling was done using both ABAQUS CAE and 

COMSOL Multipysics for computational and comparative reasons. Equivalent models 

for thermal LF were developed for the purpose of comparison with LPF results to show 

the difference between the temperatures reached for the two different mechanisms, 

which would indicate that LPF is a low thermal forming process.
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6.1 ABAQUS CAE

For the ABAQUS FEA software program, the model had to be developed to run in two 

parts. The first part was a purely thermal model to determine the temperature field 

realised in the coupon, as a laser is traversed across it over a known time period. The 

second was a coupled thermo-mechanical model, using the temperature history data 

results from the first part to calculate the thermal stress/strain field and hence the 

deformation or bend angle induced. The reason for developing the thermo mechanical 

model was to establish the degree of thermal effect generated by the LPF process and to 

compare this with thermally formed models. The aim was to determine if any of the 

observed forming action was due to thermally induced stresses.

6.1.1 Development of a Graded Mesh Model

The first step in the modelling process was setting up a mesh which would enable the 

most realistic results to be computed without resulting in an excessive computational 

time. Initially a coarse mesh was used as seen in Fig. 6.1a, but the results followed the 

edge of the mesh instead of flowing freely due to the lack of data points assigned. This 

resulted in large areas of the sheet being assigned temperatures which would have been 

different had there been more nodes. To overcome this, a finer mesh was assigned as 

illustrated in Fig. 6.lb.Whilst the accuracy of the output was significantly improved by 

the vastly increase number of nodes, both the processing time and file size were too 

large to be controlled (computational times of 3 days per model and 5+GB files). In 

order to reduce the processing time and file sizes to a more manageable level, a hybrid 

mesh was assigned that covered the areas of interest with a fine mesh and then the 

surrounding area with a courser mesh. This was achieved by partitioning the part and 

using tetrahedron meshing to join 3 areas of hexagonal meshing to areas of course 

meshing to produce the hybrid mesh as illustrated in Fig. 6.1c.
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Figure 6.1: the 2 different meshing techniques a) Corse mesh, b) Fine mesh and c) a 
hybrid mesh

6.1.2 Model input data

The model was based on a sample of dimensions 25mm long, 10mm wide and 75pm 

thick, the part size had to be reduced in order to reduce the computational size. The 

material modelled was shim steel AISI 1010, with basic material properties as shown in 

Table 6.1. Some of the material properties for the model however needed to be 

temperature dependent due to the sensitivity of the model and the temperatures reached, 

this data can be seen in Appendix B.

Density

(Kg/m3)

Modulus

of

Elasticity

(GPa)

Ultimate

tensile

strength

(MPa)

Yield

tensile

strength

(MPa)

Elongation 

at break 

(%)

Shear

Modulus

(GPa)

Poisson’s

Ratio

Thermal

Conductivity

(W /mK)

7870 205 365 305 20 80 0.29 49.2

Table 6.1: Material properties
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The laser beam was modelled as a heat source using a ‘dflux’ sub-routine written in 

FORTRAN to incorporate a Gaussian beam profile, laser power, spot size, pulse mode 

(either continuous or pulsing) as used in experiments. Initial models were set up to 

compare continuous wave forming at 1W, 2W, 3W, 4W and 5W with a spot size of 

2mm, to form by LPF with a pulsed beam with a pulse width of 8.1ns at the same laser 

processing parameters. The pulsed forming work was then compared with the 

thermocouple data taken from the LPF experiments, to validate the model and compare 

the results.

6.1.3 FEM based on ABAQUS

Modeling was carried out using ABAQUS CAE FEA 6.4, and key to a usable FEA 

model is the production of realistic results. A method of ensuring this is to tune the 

model to empirically collected data. This was achieved in this study by comparing the 

computed results with the data shown in section 4.2.1. This can be done by comparing 

nodal temperatures, with the measured thermocouple data. An important factor in the 

setting up a FEA model is the selection of an absorption coefficient. This had been 

studied and modelled by Edwardson [69] and it was concluded that an absorption 

coefficient of 0.85, produced the most realistic results and as such was used in the 

following models.

To show that FEA modelling of laser thermal forming is accurate, a thermal model for 

continuous wave laser forming was produced. From which a continuous wave thermo

mechanical model was developed to show the degree of forming possible through FEA 

modelling. This was then used as a starting point from which to evolve a pulsed model 

by changing the ‘Dflux’ file (as shown in appendix C). The model can also be compared 

to a pulsed thermal model, to show the low thermal input and the lack of permanent 

deformation with the pulsed thermo-mechanical model. All of the boundary and loading 

conditions and physical properties developed for the first model were used for this 

model as well. The Abaqus input file that describes this model is given in appendix D.
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6.1.3.1 Thermal forming

The thermal forming model was developed for two main reasons; firstly, so that the 

temperatures reached could be compared with measured thermocouple data; then to 

show that it is possible to model the degree of forming which is seen with laser thermal 

forming and compare with that for a LPF model. The process parameters used for this 

analysis were an average laser power of 1W, a traverse velocity of 5mm/s, a 0.2 mm 

spot beam and a 20 second dwell/cooling period between passes. The temperature field 

produced by these parameters can be seen in Fig. 6.2. It shows the intense thermal input 

into the material which is indicated by the intensity and magnitude of the profile as well 

as the effect on the surrounding material. The high intensity at the centre of the profile 

(the red area) indicats a high temperature of 400°C and the blue area indicated the 

ambient temperature of 25 °C experienced by most of the sheet. This profile is a product 

of the Gaussian beam which generates the thermal gradient required for the TGM to 

operate.

Figure 6.2: Continuous wave thermal model

From the continuous wave thermal model a thermo-mechanical model (as shown in Fig. 

6.3) is generated which shows the deformation produced by the thermally induced 

stresses. The temperatures reached in the thermal model are consistent with the values 

required for TGM to occur, for which a nodal temperature can be seen in Fig. 6.4. This
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shows the temperature on the reverse of the material reach 120°C, this value is in the 

region found by other researches such as Carey e ta l [187J.

Figure 6.3: Mechanical model showing the deformation created through the thermal 
forming

Figure 6.4: Continuous wave thermal nodal temperature °C, taken on the reverse of the 
pass line
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From the thermo-mechanical modelling, a deflection of 0.69mm was obtained which 

was then calculated to give the angle to which the material bends. The bend created by 

the laser process was calculated to be in the order of 3.2 degrees after 1 pass, where as 

for the continuous wave thermal forming model the forming is in the order of 4 degrees. 

This is in the order of the bend angle expected from thermal laser forming with the 

parameters used, indicating that the modelling can represent the laser thermal forming 

process.

6.1.3.2 Pulsed laser beam model

Through generating a thermo-mechanical model for a continuous wave, the modelling 

package shows that it can model the process relatively accurately. From this the beam 

was changed to a pulsing mode, to simulate the thermal effects which would be seen 

when using LPF. This was done by changing the ‘Dflux’ as is shown in Appendix C to 

pulse the beam with a 8.1ns duration to simulate the laser pulse width used in 

experiments. From this a thermal model was generated which can be seen in Fig. 6.5.

Figure 6.5: A 5W, 10Hz, 8.1ns pulsed thermal model at 5mm/s
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It is possible to compare the thermal effects of laser thermal forming with a continuous 

wave with that of laser peen forming. As can be seen when you compare Fig. 6.2 with 

Fig. 6.5, the profile of the heating zone has completely changed. The high central 

intensity has significantly decreased to only 60 °C and the high thermal gradient between 

the centre of the profile and the surrounding material has substantially decreased. With 

the continuous wave model there is far greater heat build up, a more intense profile and 

the thermal effects stay in the material for longer creating a longer thermal profile. With 

the LPF model there is little heat build up and the circular pulsing effect can be seen. 

The temperature can be analysed further by comparing the nodal temperature using a 

continuous wave thermal forming model (shown in Fig. 6.6) for the same nodal position 

used for the pulsed model so a comparison could be made. For the pulsed forming the 

nodal temperature was approximately 25 degrees where as with the continuous wave 

forming the temperatures are approximately 150 degrees, Fig. 6.4. This is due to the 

high degree of heating going into the material with thermal forming in order for the 

mechanisms to work [8, 43, 69, 180],

Figure 6.6: Pulsed thermal nodal temperature, taken on the reverse of the pass line
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The thermally modelled data corresponds with the thermocouple results taken from the 

underside of the sample which is shown in Fig. 6.7. The nodal temperature represented 

shows a temperature of just over 24.5°C for 1 pass, this can be compared to an average 

of 25°C recorded over 5 passes from the empirical results. The temperature at the nodes 

for the other 3 thermocouple locations (as mentioned in section 4.2.1), also match up 

very closely with the modelling data. With the thermocouple data at 2.5mm from the 

pass-line being averaged at 21°C and the model indicating 21.5°C, at 5mm the 

temperature was measured to be 20.25°C and was indicated to be 20.4°C, and 10mm it 

was measured to be 20.2°C and the model indicated 20.5°C. Considering all the data 

parameters required to set up the model, these values are in very good agreement with 

experimental results and give a good representation of the low thermal effects seen with 

the process.
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Figure 6.7: Thermocouple readings for a 1064nm, 10Hz, graphite coated, steel sample 
@ 1W and lOmm/s

The computed pulsed thermal data was then used to create a mechanical model which is 

used to show that the thermal effects acting on the sample during pulsed operation is 

minimal with a deflection of 0.012pm being recorded, as shown in Fig. 6.8.
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Figure 6.8: Mechanical model showing the minimal deformation created through the 
pulsed thermal data

From the thermo-mechanical model only a sub micron deflection of 0.012pm was 

recorded which corresponds to a bend angle of 45.8 p°. When compared to the thermally 

formed sample with a continuous wave this is only 0.001% of the bend angle achieved, 

which is far below any practical bending which would be expected with these 

parameters. This would indicate that the LPF process is not thermally dependent.

6.2 COMSOL based FEM

With Abaqus FEA computational times are long, especially when generating a 

mechanical model from thermal data as done in this study. The long computation times 

and file sizes generated limit the modelling to single passes. Comsol Multiphysics 

however is a modem modelling package which produces models in shorter 

computational times in the order of hours instead of days with Abaqus. Through using 

this FEM software multiple pass modelling was carried out over five passes. One reason 

why the computation time was cut down was because the thermal and mechanical 

models were run simultaneously. Due to the reduced computational time the model was
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also able to be of the exact dimensions of the samples investigated which were of 

30x30mm by 75pm steel coupons as can be seen in Fig. 6.9.
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Figure 6.9: a) Image depicting the 30mmx30mm by75pm thick sample, b) The constant 
course meshing used on the sample

6.2.1 Comsol thermo-mechanical model

To check that the model was working; the parameters being used and the outputs were 

comparable, the model was compared to thermocouple data in the same way as for the 

Abaqus model. The thermal data was compared to that for the thermocouple data as seen 

in Fig. 6.10, from which the correlation was found to be just as close as for the Abaqus 

modelling with only an average of 2.8% error. The thermocouple results taken from the 

underside of the sample (which is shown in Fig.6.7), shows a temperature of just over 

24.5°C for 1 pass, this can be compared to an average of the temperatures reached in the 

5 passes carried out in experiment data of approximately 25.2°C. The temperature at the 

nodes for the other 3 thermocouple locations also match up very closely with the 

modelling data. With the thermocouple data at 2.5mm from the pass line being averaged 

at 21.3°C and the model indicating 21.5°C, at 5mm the temperature was measured to be 

20.25°C and was indicated to be 20.8°C, and 10mm it was measured to be 20.5°C and 

the model indicated 20.5°C. Considering all the data parameters required to set up the 

model, these values are in very good agreement with experiments and give a good 

representation o f the low thermal effects seen with the LPF process.
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F ig u r e  6 .1 0 : Comsol modelled temperatures

With Comsol it was also able to extract data from nodes after processing, this enabled 

the temperature directly under the heating source to be measured which would clarify if 

a thermal forming mechanism could possibly take place. The nodal temperature from the 

centre of the sheet as shown in Fig. 6.11 shows that there is only approximately a 110°C 

temperature rise with a thermal pulsing effect after 5 passes measured direct under the 

heating source. This wouldn’t allow for a steep enough temperature gradient to establish 

itself in order for TGM or any other thermal forming process to take place. The results 

do show a build up in bulk material temperature, which is not shown by the 

thermocouple work in Fig. 6.7. In order to reduce computational time, the dwell time 

between each pass has been reduced from 30 seconds to 1 second. This shortening in 

dwell time prohibits the material from cooling and results in a build up in the bulk 

material temperature.

Kenneth R. Edwards 248 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

F ig u r e  6 .1 1 :  The thermal model of an 8.1ns pulsed beam at lOhz, with a traverse speed 
of 5mm/s on a 75pm thick 30x30mm steel coupon, when measured on the top surface at 
the centre of the sample

As well as r u n n in g  a thermal model in Comsol, a thermo-mechanical model was also run 

at the same time, which used the thermal data to generate any thermally induced stresses 

which would result in permanent deformation. The resultant deformation shows only sub 

micron deflection as shown in Fig. 6.12.
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Value o f z-displacement at (0,0.015,0)

F ig u re  6 .1 2 : The thermo-mechanical model of an 8.1ns pulsed beam at 10Hz, with a 
traverse speed of 5mm/s on a 75pm thick 30x30mm steel coupon, when measured on the 
top surface at the centre of the sample

As only limited deformation (in the region of sub-microns) was produced (with the 

maximum parameters available) from the thermo-mechanical model, given the thermal 

models showed good correlation between the empirical and computer model 

temperatures, this would further suggest that the deformation obtain through LPF is a 

non thermal technique.

6 .2 .2  Pulsed M e c h a n ic a l F o rc e  M o d e l

In order to model the LPF mechanism entirely, a very complex model would have to be 

constructed which would take into affect the laser wavelength, plasma generation, 

breakdown and the pressure waves generated and transmitted through the sample. This is
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not practical with the FEA packages available at present day, as the constituent parts 

have never been modelled and potential computation time and file sizes would be too 

large to use. As such a simplified force model has been generated to show the effect of 

pulsing a force on a materials surface, using the practical parameters used in 

investigations.

A 3D mechanical model was carried out on a 30x30mm, 75pm thick AISI 1010 steel 

sample using the parameters shown in Tables 6.1 & 6.2, an 8.1ns pulse width, at a 

repetition rate of 10Hz and a traverse speed of 5mm/s over 5 passes. As no direct value 

for the size of the pressure wave emitted through the breakdown o f plasma could be 

measured, a range of pressures were explored. In order to achieve a realistic bend angle 

as seen with the parameters used, a pressure of 2.3GPa was required to produce a 

deformation of 0.94mm which corresponds to a bend angle of approximately 3.6°. The 

final deformation can be seen in Fig. 6.13, and the individual deformation caused with 

each pass can be seen in Fig. 6.14.

I«1 Mu 4  7*)*S

F ig u r e  6 .1 3 : Deflection modelled with a pressure of 3.2GPa impacting the surface at 
8.1ns, 10Hz and 5mm/s over 5 passes
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v a t e  o f r-d «placement at (D.03,0.015,7,«99W 9999999999e-005)

F ig u r e  6 .1 4 : A mechanical model of an 8.1ns pulsed beam at lOhz, with a traverse 
speed of 5mm/s on a 75pm thick 30x30mm steel coupon, when measured on the top 
surface at the centre of the sample. Showing the deformation caused when applying a 
pulsed force onto the surface to simulate the effect of the shockwave breaking down

The deformation caused by the mechanical model is shown by the large deflections 

while the force is being applied, which appears to be occurring in the elastic region. 

Once the force is totally released a substantial portion of the induce deflection leaves the 

material leaving only the plastic deformation. From the plastic deformation regions the 

deflection can be measured and the cumulative bend angle achieved can be plotted 

against the number of passes as shown in Fig.6.14. This can also be compared to 

measured bend angles experimentally formed with similar parameters, so that the trend 

of the forming process can be analysed as shown in Fig.6.15.
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Figure 6.15: Experimental and Comsol FEM data for CBA against number of passes

The shape of the trends is very similar, showing the large initial increase in bend angle 

and then a substantially reduced incremental increase over the next 4 passes. As an exact 

value of the pressure couldn’t be measured, there is a difference in magnitude of the 

CBA achieved. It does show that a pulsed force, as would be experienced with LPF, can 

induce bending in the sample material with the dimensions used. In order to model the 

process more accurately using this basic pulsed force model a more precise value of the 

pressure emitted through the breakdown of the plasma would be needed.

6.3 Characterisation of LPF through FEA

Through the development of FEM models using both ABAQUS and COMSOL the LPF 

process is characterised further. The thermo-mechanical models generated in both 

ABAQUS and COMSOL show the low thermal impact on the material through any laser 

interaction. This indicated that LPF is a non-thermally dependent forming process, 

which is also confirmed by the limited sub micron deformation caused though any 

thermal laser effect when compared to a thermally formed laser model.
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7 Conclusions and 

Recommendations for 

Future Work

LPF has been studied to try and understand the mechanisms taking place, the possible 

refinements and development of the process to be used without a tamping layer and any 

limitations which occur with the process parameters used. From this the following 

conclusions can be drawn:

7.1 Experimental procedure

Before an in-depth study into the effects of the Laser Peen Forming (LPF) process, a 

number of other experimental variables were identified and controlled and the following 

conclusions can be drawn
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• Of the coatings investigated, graphite provided the most consistent forming and 

aided in the generation of the greatest bend angles being achieved, over the other 

coating. This is due to the absorptive nature of graphite, which was found to be 

higher than for the other coatings investigated.

• For thin coatings (<10pm) the majority of graphite applied to improve the 

coupling of the laser energy is ablated in the first four passes of processing. 

When thicker layers are applied (60pm), the graphite is removed through 

ablation with particles being ejected from the trough. The majority of the thick 

graphite is removed in the first two passes in this case.

• Re-application of the graphite coating reduced the drop off of the bend rate, but 

did not provide enough of a benefit in terms of the bend angle produced to 

warrant the addition processing steps.

• The wavelength used in laser peen forming has been found to have an effect on 

the bend angle produced, with a wavelength of 532nm producing larger 

cumulative bend angles than the 532 and l,064nm wavelengths at a comparable 

energy setting.

7.2 Laser Parameters

The effects of various laser parameters had on the LPF process were investigated and a 

number of conclusions can be drawn.

• Laser micro shock peen forming without the need for a tamping layer has been 

successfully used to form 75 pm thick steel sheet using relatively low-power 

pulsed laser systems.

• As the laser power increases the maximum bend angle achieved also increases, 

with a constant traverse velocity. This is further investigated with the pressure 

sensors and it is found that a larger pressure wave is generated with increases in 

the laser power. This would allow for the generation o f a larger bend angle be 

achieved.
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• As traverse velocity increases the Cumulative Bend Angle (CBA) reduces as the 

energy incident to the work-piece is reduced. This also leads to greater spacing 

between pulses and subsequently less pressure waves are being transmitted 

through the sample.

• If the Repetition rate decreases the CBA reduces as this also leads to greater 

spacing between pulses and subsequently less pressure waves are being 

transmitted through the sample.

• The selection o f available laser parameters could produce any desired bend angle 

on the 7 5-pm steel, up to 27° over five passes on a single irradiation path. 

Selecting certain parameters, however, can also lead to undesired witness marks 

being left on the material surface after processing.

7.3 LPF Processing Capabilities

In exploring how the LPF process works, with respect from different material behaviour, 

the impact on the material, and the potential applications o f the process the following 

conclusions could be drawn. •

• The process was found to still be possible with the laser beam delivered at any 

angle to the work surface including 0° or parallel. Indicating that direct 

interaction is not necessary, which would further element any thermal inputs.

• The potential use of the LPF process could include copper, brass, stainless steel 

and steel as the process was found to produce forming when applied to the four 

materials. The degree of forming produced does depend on the material however, 

with copper producing three times the CBA after five passes to compare with the 

other three materials.

• The thinner the material the greater the degree of bending possible as seen in the 

materials and thickness section:-

o With copper, forming was possible with material from 0.15mm-0.5mm 

thick but with a noticeable difference in the CBA of 100% after five
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passes, with 21° and 0.2° being achieved respectively. With the laser and 

parameters available, thicker copper would struggle to be formed, 

o With brass, stainless steel and steel, forming was possible with material 

from 0.075mm-0.375mm thick. The thinner material again formed to 

greater a greater CBA than for the thicker material. With the three 

materials, the 375mm thick material appeared to be approaching the 

limits of LPF process with the parameters available.

• It has been found that with the parameters used in this study for LPF all forming 

is towards the direction of the incoming shockwave. Further to this, it was 

possible to reverse the process by LPF over the reverse of the sample. This 

would allow for actuation of a sample to any position required.

• Through thermocouple analysis the LPF process showed forming is possible with 

only a 5°C temperature increase measured through the thickness of the material.

• The shape and dimensions of the samples being LPF affect the possible CBA. 

With wider sections where there is more material on the cantilever half of the 

samples being formed, the CBA achieved was found to be less than for narrower 

samples, as shown by the aspect ratio work in section 4.10. When the cantilever 

is larger the volume and therefore mass of the cantilever are also larger. When 

the LPF process induces compressive stresses within the material, more work 

would be required to overcome the additional stress caused by the mass of the 

cantilever.

• The process has been shown to have the ability to form samples without inducing 

the large heat affect zones or changes to the bulk material, as observed with laser 

thermal forming through optical microscopy. But further work should be carried 

out with other microscopy techniques to confirm this on the micro/nano scale on 

which it is taking place.

• The process has been developed and refined so that coatings can be removed 

from the process, with only a slight reduction in the CBA. This enables the 

process to be used for more applications where applying a coating would be an 

undesirable process step.
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• The controllability and precision of the LPF process was demonstrated through 

the manipulation of micro actuators, from which the process was found to be 

capable of producing consistent forming of just 0.35° from a deflection of 16pm.

• Through combining the advantages of LPF found through this work, with respect 

to the low thermal nature, the ability to micro actuate, form the materials studied 

with a variety of wavelengths and parameters to generate a range of bend angles. 

The LPF process could be used in a number of industry and science sectors for 

the precision, remote (non-contact) adjustment of micro-scale structures and 

components.

7.4 Characterisation of LPF mechanism

The development of 3 pressure sensor calibration methods 

associated with the shockwaves provided a quantitative value 

LPF and provided useful information when forming without 

following was found:- •

• The three calibration methods combined showed good correlation for the 

calibration of the piezoelectric diaphragms so that they could be used as sensors.

• The sensors provided useful feedback for the tuning of parameters by monitoring 

the effect of the pressure waves generated through both; the breakdown in air and 

also by the transmission of the waves through the material.

• The sensors where also found to be very sensitive as they were able to detect the 

generation of a pressure without the generation of a shockwave.

• Future work should be carried out to find a sensor capable of measuring the force 

directly associated with the shockwave in order to aide in the understanding of 

the process.

to measure the pressures 

for the effects seen during 

a plasma, from which the
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7.5 Finite Element Analysis

The generation of realistic results through FEA depends greatly on the type of meshing 

used when modelling. Fine meshes are the most accurate but create output files too 

large to handle, coarse meshing produces poor results but with short computational 

times. To get amend this hybrid meshes are important to use which provide fine meshing 

around important areas and course meshing were accuracy is not as important.

7.5.1 ABAQUS FEM

• Thermal models generated in this FEA package produced realistic results for 

both continuous and pulsed waved beam. The measured thermocouple results 

show that the model it is well tuned and is producing valuable data, which 

can be used for further experiments. The models show the variation in the 

heating effects of the two methods and also the mechanical deformation 

which they create. Leading to show that the forming created by laser peen 

forming cannot be attributed to a thermal effect.

7.5.2 COMSOL FEM

• The modeling carried out using Comsol provided further indications of the 

low thermal impact of the LPF process, and good correlation with both the 

Abaqus and empirical thermocouple results.

• Through the thermal input no measurable thermo-mechanical deformation 

was again generated indicating the forming created through LPF cannot be 

attributed to thermal effects.

• Due to the developments in finite element packages in recent years, Comsol 

was able to produces larger file outputs in quicker times which enabled 

5passes to be modeled instead of the 1 pass seen with Abaqus.
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• The generation of a simplified pulse force model to show the effect of 

pulsing a force on a materials surface using the practical parameters used in 

investigations, provided similar trends with the practical LPF data. This 

would suggest that the LPF process is a mechanical process.

7.6 Future Work
A number of recommendations for further research have arisen from the work and these 
are:-

• Stress analysis through the LPF zone would show if the formed material 

benefitted from the compressive stresses induced in terms of fatigue resistance. 

A stress profile would also show the depth to which the compressive stresses are 

induced to which would enable the process to be refined with respect to 

parameters and material thickness.

• The development of a pressure sensor capable of withstanding a laser interaction 

would allow for accurate measurements of the pressures emitted from through 

the process which would aide in the understanding of the mechanism and allow 

for more accurate FEA models to be generated.

• More work needs to be carried out to understand the mechanism when there is no 

generation of plasma, to confirm if pressure waves are generated before a plasma 

becomes visible.

• The ability to model laser generated plasmas and shockwave using either 

theoretical or finite element modelling would aide in the future understanding of 

the process and enable further possible refinements of the process.
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Appendix A -  Visual basic machine code for the control of X-Y table, 

laser shutter and sensor control

Private Sub Buttonl6_Click(ByVal sender As System.Object, ByVal e As System.EventArgs) Handles 
Button 16. Click

Dim myTask As New Task("aiTask")
Dim digitalWriteTask As Task 
Dim start4 As Double 
Dim alou t As Double 
Dim file_n As String 
Dim alout2 As Double 
Dim alout3 As Double 
Dim al out4 As Double 
Dim alout5 As Double 
Dim alout6 As Double

Try
file_n = TextBoxlO.Text 
FileOpen(16, file n, OpenMode.Output) 
myTask.AIChannels.CreateVoltageChannel("Devl/aiO", "aiO", _

AITerminalConfigurati on.Differential, _
Convert.ToDouble(-l), _
Convert ToDouble(lO), _
ATVoltageUnits. Volts)

Dim reader As AnalogSingleChannelReader = New AnalogSingleChannelReader(myTask.Stream) 
Dim data As Double = reader.ReadSingleSampleO

Call SM32_SetPosMode(l, 1, 3)
Call SM32_SetPosMode(l, 2, 3)
Call SM32_SetAbsRel(l, 1,1)
Call SM32_SetAbsRel(l, 2 ,1 )
Call SM32_SetFEx(l, 1,10)
Call SM32_SetFEx(l, 2 ,10)
Call SM32_SetAEx( 1,1 ,100)
Call SM32_SetAEx(l, 2,100)

Call SM32_GoEx(l, 1, -134) 
start4 = VB.TimerO
Do While VB.Timer() < start4 + (134 /  10)

System.Windows.Forms. Application.DoEvents()
Loop

Call SM32_GoEx(l, 2, -49) 
start4 = VB.TimerO
Do While VB.TimerO < start4 + (49 / 5)

System. Windows.Forms.Application.DoEvents()
Loop

'reading at position 1 pass 1
reader = New AnalogSingleChannelReadei(myTask. Stream) 
data = reader.ReadSingleSample() 
a lou t = Convert.ToDouble(data)
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TextBox9.Text = Convert.ToString(data) 
alout2 = 20 - (2 * al out)

' Position 2
Call SM32_GoEx(l, 1,15) 
start4 = VB.Timer()
Do While VB.TimerO < start4 + (1 5 /5 )

System. Windows.Forms.Application.DoEventsO 
Loop

'reading at position 2 pass 1
reader = New AnalogSingleChannelReader(myTask. Stream) 
data = reader.ReadSingleSample() 
alout3 = Convert.ToDouble(data)
TextBox9.Text = Convert.ToString(data) 
alout4 = 20 - (2 * al out3)

' Position 3
Call SM32_GoEx(l, 1,15) 
start4 VB.Timer()
Do While VB.TimerO < start4 + (1 5 /5 )

System. Windows.Forms.Application.DoEventsO 
Loop
'reading at position 3 pass 1
reader = New AnalogSingleChannelReadeifmyTask. Stream) 
data = reader.ReadSingleSample() 
alout5 = Convert.ToDouble(data)
TextBox9.Text = Convert.ToString(data) 
alout6 = 20 - (2 * alout5)

Write(16, 0)
Write(16, alout, alout2, alout3, alout4, alout5, alout6) 

digital WriteTask = New Task("DigitalWriteTask")
digitalWriteTask.DOChannels.CreateChannel("Devl/PortO/lineO:l", "portO", 

ChannelLineGrouping.OneChannelForAllLines)
Dim writer As NewDigitalSingleChannelWriter(digitalWriteTask.Stream) 
Dim dataArray2(l) As Boolean 
Dim repeat As Integer

For repeat = 1 To Val(TextBox8.Text)
'pass indicator
TextBoxl 1 .Text = Convert.ToString(repeat)

dataArray2(0) = True 
dataArray2(l) = True
writer. WriteSingleSampleMultiLine(T rue, dataArray2)

start4 = VB.TimerO
Do While VB.Timer() < start4 + 3

System.Windows.Forms.Application.DoEventsO
Loop

Call SM32_SetPosMode(l, 1,3)
Call SM32_SetPosMode(l, 2, 3)
Call SM32_SetAbsRel(l, 1,1)
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Call SM32_SetAbsRel( 1 ,2 ,1 )
Call SM32_SetFEx(l, 1, 10)
Call SM32_SetFEx(l, 2,10)
Call SM32_SetAEx(l, 1,100)
Call SM32_SetAEx(l, 2,100)

'position for laser pass from sensor 
Call SM32_GoEx(l, 1,65) 
start4 = VB.TimerO
Do While VB.Timer() < start4 + (65 /10)

System. Windows.Forms. Application.DoEvents()
Loop
Call SM32_GoEx(l, 2, -28) 
start4 = VB.TimerO
Do While VB.Timer() < start4 + (39 / 5)

System. Windows.Forms. Application.DoEvents()
Loop

dataArray2(0) = False 
dataArray2(l) = False
writer.WriteSingleSampleMultiLine(True, dataArray2)

Call SM32_SetFEx(l, 1, Val(TextBox7.Text))

Call SM32_GoEx(l, 1, -57) 
start4 = VB.TimerO
Do While VB.Timer() < start4 + (57 / VaI(TextBox7.Text)) 

System. Windows.Forms. Application.DoEvents()
Loop

data Array 2(0) = True 
dataArray2(l) = True
writer. WriteSingleSampleMultiLine(True, dataArray2)

'position from end of laser pass to sensor 
Call SM32_SetFEx(l, 1,10)
Call SM32_GoEx(l, 1, -38) 
start4 = VB.TimerO
Do While VB.Timer() < start4 + (38 /10)

System. Windows.Forms. Application.DoEvents()
Loop
Call SM32_GoEx(l, 2, 28) 
start4 = VB.TimerO
Do While VB.TimerO < start4 + (39 / 5)

System. Windows.Forms. Application.DoEvents()
Loop

'reading at position 1 pass 1
reader = New AnalogSingleChannelReader(myTask. Stream) 
data = reader.ReadSingleSampleO 
al out = Convert.ToDouble(data)
TextBox9.Text = Convert. To String(data) 
al out2 = 20 - (2 * alout)

' Position 2
Call SM32_GoEx(l, 1,15)

Kenneth R. Edwards 282 PhD Thesis



Laser Peen Forming for the Micro-Scale Shaping and Adjustment o f Metallic Components

start4 = VB.TimerO
Do While VB.TimerO < start4 + (1 5 /5 )

System. Windows.Forms.Application.DoEvents()
Loop
'reading at position 2 pass 1
reader = New AnalogSingleChannelReader(myTask.Stream) 
data = reader.ReadSingleSampleO 
al out3 = Convert.ToDouble(data)
TextBox9.Text = Convert ToString(data) 
alout4 = 20 - (2 * alout3)

' Position 3
Call SM32_GoEx(l, 1,15) 
start4 = VB.TimerO
Do While VB.TimerO < start4 + (1 5 /5 )

System. Windows.Forms.Application.DoEvents()
Loop

'reading at position 3 pass 1
reader = New AnalogSingleChannelReader(myTask. Stream)
data = reader.ReadSingleSampleO 
a l out5 = Convert ToDouble(data)
TextBox9.Text = Convert.ToString(data) 
alout6 = 20 - (2 * alout5)

'next line in array function 
WriteLine(16)
Write(16, repeat, alout, alout2, alout3, alout4, alout5, aloutb)

dataArray2(0) = True 
dataArray2(l) = True
writer. WriteSingleSampleMultiLine(T rue, dataArray2)

Next repeat

Catch exception As DaqException
MessageBox.Show(exception.Message)

Finally
FileClose(16)
myTask.DisposeO
digitalWriteTask.Dispose()
Cursor. Current = Cursors.Default

End Try 
End Sub
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Appendix B -  Thermally Sensitive material properties used in the FEM  

packages

Thermal Expansion Co-eflkient
Temperature (K) (1/K)

293.15 1.15E-05
450.15 1.20E-05
750.15 1.45E-05
998.15 1.55E-05

Young's Modulus
Temperature (K)

293.15 2.14E+11
398.15 2.09E+11
498.15 2.03E+11
598.15 1.94E+11
698.15 1.84E+11
798.15 1.72E+11
898.15 1.60E+11
998.15 1.42E+11

Heat Transfer Co-efficient
Temperature (K) (W/m2K)

298.15 3.132
598.15 12.328
88.15 15.47

1198.15 17.175
1498.15 19.489
1798.15 20.988

Poisson's Ratio
Temperature (K)

298 0.2891
398 0.2939
598 0.3021
998 0.3154
1053 0.3171
1500 0.3184

Specific Heat
Temperature (K) (J/KsK)

293.15 442.5
398.15 494.5
498.15 535
598.15 572.25
698.15 618
798.15 682.8
898.15 777.5
998.15 1064

Thermally Conductivity
Temperature (K) (W/mK)

293.15 64.55
398.15 59.3
498.15 54.05
598.15 48.8
698.15 43.8
798.15 39.03
898.15 35.1
998.15 31.5

1098.15 28.65
1198.15 26.94

Density
Temperature (K) (Kg/m3)

293.15 7853.8
398.15 7824.7
498.15 7792
598.15 7756.8
698.15 7719.9
798.15 7682
898.15 7644
998.15 7624.2
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Appendix C -  Abaqus Dflux control file

S U B R O U T I N EDFLUX(FLUX,SOL,JSTEP,JINC,TIME,NOEL,NPT,COORDS,JLTYP,1TEMP,PRESS,SNAME) 
INCLUDE 'ABA_PARAM.INC'
DIMENSION COORDS(3),FLUX(2),TIME(2)
REAL :: vel,pi,power,x,y,z,absorp,radius,meanint,location
REAL : :  m e a n i n t l , p o w , t , p l , f , p 0 , t p , a
INTEGER : : i
vel = 0.005
pi = 3.141592654
power = 5
absorp = 0.75
radius = 0.001
pi = 0.000000007
f  = 10
x = COORDS(1) - (vel * TIME(1)) 
y = COORDS(2) - 0.02 
T=TIME(1)

! "pi - pulse length"
! "F - frequency"
! "P0 - pulse time off"
! "tp - time period"

tp = 1/f 
pO = tp-pl

DO i=l,100
10 IF (T.GT. (p0*i)) THEN

meanint = absorp*(power/(pi*(radius*radius) ))
ELSE
GOTO 20
ENDIF

20 CONTINUE
IF (T.GT.(tp*i)) THEN
meanint = 0
ELSE
GOTO 30
ENDIF

30 CONTINUE
IF (T.GT.10) EXIT

END DO
location = sqrt(x*x + y*y)

! "Starting point for the flux"
IF (location.LE.radius) THEN
pow = meanint
ELSE
pow 0.0 
ENDIF
FLUX(1) = pow 
FLUX(2) = 0
RETURN
END
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