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Abstract II

Abstract

Laser forming is a non-contact thermal forming process that can shape 

metallic components as a means of rapid prototyping and as a method of 

distortion correction, adjusting and alignment. The process utilises a 

defocused laser beam to introduce thermal stresses, without melting, that 

cause plastic deformation resulting in controlled deformation.

To advance this process further for realistic forming applications in a 

manufacturing industry, it is necessary to consider controlled 3D laser 

forming. The work presented in this thesis uses a predictive and adaptive 

approach to control the 3D laser forming of mild steel and aluminium.

Key to the control of the process has been the development of predictive 

Matlab based models. These models calculate scan strategies derived 

from the required geometry

The first model uses lines of constant high to determine scan paths and 

the gradient at points along these lines to determine the scan speed. A 

second model uses lines of constant gradient magnitude to determine scan 

lines and the increment between these lines to determine the scan speed.

For both models, when the geometry is not formed within one pass, an 

incremental adaptive approach is used for subsequent passes, utilising the 

error between the current and desired geometry to give a new scan
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Abstract III

strategy, by this means, any unwanted distortion due to material 

variability can be accounted for. Results are presented that demonstrate 

the controlled laser forming of a 3D semi-developable shape and for the 

correction of mechanically distorted struts in an accurate and repeatable 

technique on both large and small scale components. The data presented 

represents a significant step towards a realistic laser forming system for 

the manufacturing environment.

To increase the understanding of the laser forming process 2D laser 

forming experiments are also presented here. These investigations include 

factors influencing bending rate on multi-pass laser forming looking at 

known factors and an additional factor the influence of the change in 

beam profile area as a 2D bend increases. The change in energy fluence 

from the variation in beam profile area is shown to be a significant 

influence in laser forming.

To promote laser forming in the aerospace industry it is important to 

know the effects of heat treatment on a laser formed part. Because of this 

an investigation into the effects of post forming heat treatments on laser 

formed components is also presented in this thesis. Post forming heat 

treatments are often carried out in the aerospace industry to relieve any 

residual stresses that may have been induced into the part from the 

forming process. This investigation shows there is minimal change in the 

part geometry when a laser formed AA6061 part is heat treated. However 

some movement in the part is seen due to the relaxation of residual 

stresses from the laser forming process.
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Chapter 1

Introduction

The work presented in this thesis centres around the controlled three 

dimensional laser forming of metallic components. This uses a predictive/ 

adaptive geometry based model for closed loop control.

The laser forming process has become viable for the shaping of metallic 

components, as a means of rapid prototyping and for adjusting and 

aligning. Laser forming is of particular value to industries that rely on 

expensive stamping dies and presses for prototyping. In contrast with 

conventional forming techniques no mechanical contact is required for 

this process promoting the idea of ‘virtual tooling’. As with other laser
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applications, such as cutting and marking, laser forming offers process 

flexibility and the possibility of automation.

The origins of laser forming are in the ship building industry where flame 

bending is used to bend large metal sheets for ship construction. 

However, laser forming is a much more delicate and controllable process 

than its parent with the ability to form at a macro and micro scale with 

high accuracy.

With the use of a laser in thermal forming operations localised heating 

can be created. This minimises any potential effects from heating to other 

areas of the material therefore increasing the range of size and type of 

materials that can be formed.

Three main mechanisms of laser forming have been identified. These are 

the temperature gradient mechanism (TGM) the buckling mechanism 

(BM) and the upsetting or shortening mechanism (UM). For accuracy and 

consistency the TGM is the main mechanism used in this thesis. It 

produces a maximum bend angle of 3° per pass and always forms 

towards the laser. The BM however, can produce much larger bends. 

When forming with this mechanism it is more difficult to control 

accurately and the material can bend either way which is undesirable for 

control. If the material is prevented from bending by either external 

forces or the geometry of the material the UM can occur causing the 

material to shorten.

Since it was first conceived laser forming has been able to form 2D 

shapes. 2D laser forming is well established and it is possible to control 

this with high accuracy in applications that include micro scale
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alignment. However laser forming hasn’t managed to match the 3D 

capabilities of flame bending. In flame bending very large sheets of metal 

are heated using an oxyacetylene torch controlled by an experienced 

operator who learns from experience how to produce required shapes. 

This flame bending process can be envisaged to be a black art as the 

process can appear a little haphazard. To create a method for producing 

accurate 3D shapes using laser forming a full understanding is needed to 

control the process.

Presented in this thesis are 2D experiments investigating the influencing 

factors of multiple pass 2D laser forming and the effects of heat treatment 

on 2D laser formed parts. The results from these investigations are also 

related to 3D laser forming investigations. The main focus of this thesis is 

to investigate the potential of controlling the laser forming of 3D 

components using a geometry based model.
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Chapter 2

Literature Review

2.1 Laser Forming

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 l’ 2. Flame bending has been 

used extensively for the profiling and straightening of heavy engineering 

components in both the construction and shipbuilding industries 3’ 4’ 5. 

This process is completely manual and relies heavily on operator skill to
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successfully form these components. One of the main mechanisms used 

in flame bending requires a steep thermal gradient through the thickness 

of the work-piece. As the heat from a flame is not concentrated on a spot 

it can be difficult to create a steep thermal gradient. With a thinner cross 

section or higher thermal conductivity achieving a thermal gradient can 

become impossible.

Figure 2.1: Laser Forming Set-up & Process Variables 6

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.

The laser forming process is realised by introducing thermal stresses into 

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. The following sections describe the laser
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forming mechanisms in detail with some practical applications discussed 

later in this chapter.
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2.2 Laser Forming Mechanisms

Because of the control offered by the laser beam, different types of 

temperature fields can be generated, yielding different forming 

mechanisms and results. The mechanisms discussed here are the 

Temperature Gradient (TGM), Buckling (BM) and Shortening or Upsetting 

(UM) mechanisms (figure 2.2). There is a forth mechanism, the point 

source mechanism, described by Vollertsen that isn’t discussed here.

As its name suggests, the temperature gradient mechanism depends on 

maintaining a high temperature gradient across the sheet thickness. This is 

typically achieved with a heated area smaller or equal diameter to the 

thickness of the work-piece. This mechanism always results in a positive 

bend, towards the laser. The buckling mechanism is active if the 

temperature gradient across the sheet thickness is small and the diameter of 

the heated area is large. This mechanism can result in a bending towards or 

away from the laser beam. Which is a disadvantage as it is essential to 

control the direction of bending. The upsetting (or shortening) mechanism 

is based on nearly homogeneous heating of the material. Due to the 

geometrical restraints or other restraints buckling is avoided resulting in a 

shortening and thickening of the material. This shortening is used in two 

different ways for forming. Either plane sheets are treated with this 

mechanism resulting in spatially formed parts or extrusions are treated, 

giving specially bent extrusions 6
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Mechanism:

Procedure:

Result:

Temperature Buckling Shortening
Gradient

Figure 2.2: The Laser Forming Mechanisms 6

2.2.1 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 (Figure 2.3). The path feed rate has to be chosen to be large 

enough that a steep temperature gradient can be maintained. It 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.
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Figure 2.3: Energy conditions required for the TGM 6

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

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 leads to a decrease of the flow stress in the heated area and 

a further increase of the thermal expansion of the surface layer. At a certain
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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. As the yield stress is temperature dependent it is 

reduced here increasing the amount of plastic strain (figure 2.4). These 

plastic compressive strains are accumulated until the heating stops, after 

the laser has passed, or surface melting occurs.

TEMPERATURE

Figure 2.4: Stress-strain diagram of material as a parameter of 
temperature7

In contrast to the heating part of the cycle, where the heat flow is through 

the surface due to the coupling of the laser energy, cooling proceeds by 

heat conduction into the bulk material. This acts as a form of self 

quenching. Energy losses by radiation and heat conduction into the 

environment are of less importance and can be neglected at this stage. The 

heat flows into the surrounding sheet metal and gives cooling rates of 

typically 10-20 s. This is much slower than the heating times of about 0.5s. 

During cooling shrinkage of the heated material sets in. Due to the surface 

being plastically compressed during heating it is shorter after cooling to
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room temperature compared to the non-heated lower layers of the sheet. 

Because of this a bending angle towards the laser beam develops. The 

magnitude of the bending angle depends on the coupled energy, the 

geometry of the part and the thermal and mechanical properties of the 

material. It lies typically between 0.1 degrees and 3 degrees after one laser 

pass.

heated zone 
oompressive stress 

1

sheet metal

M: Moment due to section

cooling - positive bending

z

Figure 2.5: Principle of the Temperature Gradient Mechanism 
(TGM) 6

The reason why the thermal expansion leads to plastic compression of the 

sheet and the thermal contraction doesn’t lead to plastic tension of the 

material is due to the comparatively slow cooling of the material. During 

cooling of the irradiated area the temperature of the surrounding material 

sheet increases due to self quenching. This is much faster than the material 

can remove the heat to its surroundings. As this whole area, including the 

irradiated area is now cooling simultaneously the moments produced by

modulus and bend angle a

compressed zone 
tensile stress 

2

expansion 
oompressive stress 

3

heating - counterbending
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the cooling only have to counter-balance the local stiffness of the part, 

which is much smaller than the global stiffness the counter bend has to 

overcome during heating. So there is nearly no cancellation of the plastic 

compression, created during heating, allowing large bending angles to 

develop. This asymmetry of the heating is essential for the development of 

a bending angle for this mechanism 6 (figure 2.5).

The asymmetry of the process can be seen in the temporal development
o

of the bend angle. This was investigated experimentally by Vollertsen . A 

steel sheet of 2mm thickness was bent with a laser power of 850W and a 

processing speed of 2.4m/min. A tactile sensor was placed at the 

beginning of the sheet which measured the relative motion. (It appears 

that the counter bend starts before the laser irradiates the sheet here figure 

2.6 but this is due to the edge of the laser beam causing some initial 

heating effects.) Here a counter bend can be seen to be formed in the first 

few milliseconds, during heating, with the bend forming over a longer 

cooling phase.

©ITT 94/5972

O
Figure 2.6: Time run of the bend angle
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2.2.2 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 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. 100(Jm 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 of a large area of the sheet metal and development of 

compressive stresses

2. Onset of buckling

3. Growth of the buckle

4. Shifting the buckle through the whole sheet

5. Relaxation of the elastic stresses.

The principle is shown in figure 2.7. 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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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.

Figure 2.7: Stages in the Buckling Mechanism (BM)6

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
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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.

2.2.3 The Shortening or 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 in addition the geometry of the part does not allow 

buckling of the material, 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 figure 2.8. 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.

\j k
S o  51

r s °

T

I t
z ^ ________________Lo___________-----

Figure 2.8: The Upsetting (Shortening) Mechanism (UM) 6

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. Therefore, the contraction is 

hindered less than the thermal expansion. Therefore nearly all the plastic
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compression remains. This results in the shortening and thickening of the

material.

M e ch a n ism P r o c e d u r e F o rm in g
e ff ic ie n c y

R esu lts

T e m p e r a tu r e
G r a d ie n t

(T G M )

Spot diameter ~  thickness 
Higher traverse speeds 

Applicable to thin sections

-1-2° bending 
per pass

High control 
Low efficiency

B u c k lin g
(B M )

Spot diameter > thickness 
Lower traverse speeds 

Applicable to thin sections

-15° bending 
per pass

High
efficiency
Reduced
control

S h o r te n in g
(U p se tt in g )

Spot diameter ~  thickness 
Applicable to stiff 

geometries (can’t buckle)

Microns of 
shrinkage per 

pass

Shortening
Thickening

Table 2.1: Outline of the 3 main LF mechanisms 9
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2.3 Mathematical Models

The ability to investigate a complex process in a non-destructive manor 

in any situation is extremely useful, however as with any model 

assumptions are made and the quality of the output data is only as good 

as the quality of the input data. A number of the numerical models for 

each mechanism available in the literature are outlined in the next 

sections.

2.3.1 Analytical Models

A number of analytical models are available that have been developed to 

describe and expand on the three main LF mechanisms. Some of the key 

results and concepts are outlined here.

2.3.1.1 Temperature Gradient Mechanism

A number of models have been proposed for the temperature gradient 

mechanism 6’ 8’ 10‘15. Here we look at Vollerstsen’s trivial, two layer and 

residual stress model 6.
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A complete model should take into account every possible variation from 

observation 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

2.3.1.1.1 The Trivial Model
To fully account for all these factors analytically is almost impossible. To 

help with analytical modelling some assumptions are made. The trivial 

model is the simplest model discussed here. For ease of calculation there 

are many assumptions with a large number of experimental observations 

unaccounted for.

A two dimensional representation of the process is used for calculations, 

(figure 2.9) Some of the assumptions made are:

1. The material properties are independent of temperature

2. The heated layer is half the total thickness, sq/2

3. The heated layer is heated homogenously with no heating in the 

lower layer
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4. The thermal expansion is converted into plastic compression, with 

no counter bending or elastic strains

5. There is no straining of the compressed upper layer during 

cooling

1) heating 2) after coofinS

laser

Figure 2.9: The trivial model6

This results in the upper layer being shorter than the lower layer after 

processing 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 form the energy approach. A similar energy approach 

is used for calculating the bend angle in flame bending 16. 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:

OCg —4APi a* 
V\Cpp4

(2.1)
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2.3.1.1.2 Two Layer models for the TGM
Vollertsen 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 while the 

sheet cools down are neglected. 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, 

(figure 2.10) Some of the assumptions made are:

1. The material properties are independent of temperature

2. The heated layer is heated homogenously with no heating in the 

lower layer

3. The thermal expansion is converted into plastic compression, with 

no counter bending or elastic strains

4. 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.

5. Forces and moments are produced during cooling
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p i n  13/wu

Figure 2.10: Forces and moments acting in the two layer model11

The bending angle is again calculated from geometrical considerations. 

Because the difference between the strain in the upper layer, ey, and the 

strain in the lower layer, £2, is proportional to the bend the following 

equation can be written.

To use this equation, the strains need to be calculated. As the upper layer 

plastically compresses, it tends to shorten during cooling. As a tensile 

force acts on the upper layer, as the bulk material resist this shortening, 

this gives a strain which can be calculated from the force and the elastic 

modulus of the cross-section. The moment is negative and results in 

compression of the layer. After heating and before conversion of the 

thermal expansion into plastic compression, thermal expansion gives a 

positive strain. The resulting equation is shown below.
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F M, (2.3)
E A  (EI\

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 

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.

The expressions for ej (equation 2.3), £2 (equation 2.4) and the 

expressions for the geometrical considerations (equation 2.5) are now 

combined to give:

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:

Combining this with the previous equation (equation 2.5) gives an 

expression for bending angle which only has known parameters.

Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components
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(2.7)

In this work by Vollertsen 11 experimental data from other authors was 

presented and compared with the analytical results, for the results 

presented there was a reasonable agreement. 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 

and this ignored the energy used for the elastic straining.

In Yau’s model 15 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:

Comparing equation 2.7 with equation 2.8, 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

Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components
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implemented and they differ only slightly for a single pass17. This is 

because under the conditions of the temperature gradient mechanism the
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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 numbers of passes, it has 

been seen in a number of published studies that the bend angle rate falls 

off with increasing numbers of passes17, these equations do not take into 

account factors such as coating degradation (absorption dependent) and 

section thickening17.

2.3.1.1.3 The Residual Stress Model for the TGM
A critical assumption made in both 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 12.This model used the residual stress approach often used in welding 

analysis.

LASER LASER

cose 1: partly piastified sheet case 2: totally plastified sheet

Oiftm/ms

Figure 2.11: Lavout for the residual stress model6
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Again this is based on a two dimensional representation (figure 2.11).

Some of the assumptions made are:

1. There is a boundary temperature; this is shown as the isotherm Tb-

2. 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.

3. Below the boundary temperature no plastic deformation takes 

place

4. The thermal expansion is converted into plastic compression

5. There are elastic strains. These are accounted for by subtracting 

them from the thermal expansion.

6. Thermal expansion that occurs above the recrystallisation 

temperature does not produce added plastic strains.

7. The temperature field defines the plastic strain field

8. This field is an elliptical shape

9. Plastic strain is the source for the residual stresses which result in 

bending

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 2 Literature Review 27
As case 1 best represents the TGM case 2 will not be considered here. 

The expression for the calculation of bend angle in case 1 is:

a b = ^ ^ - ( 3 ns0 -  8j, ) (2.8)
so

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

strain during heating. If AT is greater than the recrystallisation 

temperature this is taken as the recrystalliastion temperature.

s  = a lhA T -
kf (T)
E(T)

(2.9)

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 requires knowledge of the depth of the plastic 

zone, si 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 .

The depth of the plastic zone was given by:

f
5, = -In iZ L

3 Nf
p -2/3 
r f (2.10)
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The length of the heated zone was given by:

l = Pf j4at 1
ypP~f

In iZk
3  N ,

(2.11)

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 (equation 2.9). 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, comparison with 

experimental data showed this12. 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 control17.
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In analytical work by Magee17 it was agued 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 theory 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. More recently, the bending parallel to the direction of scanning 

has been modelled analytically by S. Yongjun et al18. 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.

2.3.1.3 The Buckling Mechanism

As described previously, the requirements for the initiation of the BM on 

sheet metal are that the laser beam diameter on the surface of the sheet is 

approximately an order of magnitude greater than the sheet thickness and 

that the material has a suitable thermal conductivity so that the laser 

processing parameters employed do not result in a temperature gradient 

in the depth direction of the sample. 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 model19. The elastic strain is released
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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 geometrical considerations (figure 2.12).

Figure 2.12: Model Geometry for the Buckling Mechanism19

The bend angle is given by:

_ h
2 ~ t \~  r2 (2-12)

The radius in region 2 (elastic) is given by elastic bending theory.

Mel= ^  (2.13)
12r2

For the plastic region 1, the moment is given by:

<Z14>
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At the elastic plastic interface Mei = Mpi, such that can be now given

by:

r....  Es0 (2.15)
2 " 3^(7;)

h  can be calculated from the new geometry (figure 2.4.5):

¡2 — /q 2 "F A/; t2.16)

where:

. ( ah N 
/0 2 = r2 sml — (2.17)

and:

A l = a th ATlh (2.18)

Where AT is the average temperature of the heated zone of dimensions 4, 

Ax and So. AT is calculated from the absorbed laser power Api the 

processing velocity vi and the heat capacity and density, pcp of the 

material.

A T = M
2 <yw0v,

(2.19)

fr may be calculated from:

h
fa ,h M
2cpps0vi (2.20)

/ '  is the fraction of the thermal expansion that leads to an expansion of 

region two.
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Using a value of 0.5 results in:

a >> -  s i n f u l  i (2.21)
2 i, 2 J 4Es02cp/tv,

Using the sine series expansion, the last expression for the bend angle 

was simplified. The final equation for the bending angle was:

a thkf (Tx) Ap{ 1 
cppE v, s20

(2.22)

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.

2.3.1.3 The Upsetting Mechanism

Kraus 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 to 

Vollertsen’s models have been used 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:

2a ,hAPjb kf (Tx)dx (2.23)
vicPP(2diso -  s i) E(TX)

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

heated simultaneously to initiate the bending. In reality the sides are
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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.

Figure 2.13: Model for extrusion bending using the upsetting 
mechanism8

2.3.2 Numerical Models

To increase the accuracy and versatility of mathematical modelling for 

the laser forming process, assumptions have to be replaced by 

considering a greater number of variables. However, this vastly increases 

the complexity of the analytical model. To achieve this a numerical 

method is used. The use of a numerical method in mathematical 

modelling has been possible with the increase of processor speeds in 

computers and the release of more user friendly software packages, such 

as ABAQUS. As computers continue to increase in processing speed and
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software packages become more advanced numerical modelling is able to 

continue developing.

i 21
There have been a number of numerical models for the flame forming ’

24. These are of use as flame bending was the process on which laser 

forming was originally inspired. Mathematical modelling is becoming 

more a part of the investigation process and is often presented in 

segments of papers. Because of this some investigations that use 

mathematical modelling are also presented in the previous experimental 

work section of this thesis. In the following sections early numerical 

models for the laser forming process are outlined along with 

investigations which are heavily based on numerical modelling.

2.3.2.1 Temperature Gradient Mechanism

Some of the earliest work into numerical modelling was work by 

Vollertsen in 199325. Here a finite difference model for a two dimensional 

analysis of the process was developed. The temperature-dependent 

material parameters were included in the model by taking values at 

particular temperatures of interest and linearly interpolating between 

them, and then those functions were used to relate the temperature to the 

material properties. A rectangular shaped source was used to represent 

the laser beam and the resultant two dimensional temperature field was 

used to calculate the thermal expansion, strains and stresses in the 

elements. A calculation was 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.
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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 method (FEM) .

In 1997 Alberti et al27 created a model using a finite element method. 

This modelled the TGM for the laser forming of sheet steel. It evaluated 

the temperature field and then the results of this analysis were introduced 

into a mechanical analysis. Illustrations for the temperature field and the 

deformation were provided at various stages of the process. Emphasis 

was placed on the importance of the temperature dependence of the yield 

stress of the material. A constant decay law was assumed for the 

relationship between increasing temperature and decreasing yield stress. 

This author also looked at a simulation combining thermal and 

mechanical bending for laser-assisted bending .

In 1997 Hsiao et al published work using the commercial package 

ABAQUS to model the laser forming process29. They used the modelling 

in their work to emphasise the importance of the specimen size. Their 

results state that the angular distortion obtained on a short specimen is 

much smaller than for a long specimen. This agrees with experimental 

results by Vollertsen8. They also studied the effect of the fraction of the 

laser power and the square root of the velocity times the plate thickness 

as a parameter:

(2.24)

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 2 Literature Review 36
In conjunction with this study Firth et al have used the code 

TOPAZ3D/NIKE3D for analysis. Results from this study were compared 

with experimental results and it was reported that the model predicted the 

trends correctly, but the absolute angles predicted were considerably 

smaller (about a factor of 3) in some cases.

In 1999 Yu et a/30 at MIT published numerical based research of laser 

forming. Presented was an ABAQUS based finite element model for 

thermomechanical 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 CO2 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 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 Yao31 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 CO2 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
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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 energy32 and 

analysis and prediction of edge effects in laser bending .

In 2001 Cosenza et al34 presented an explicit fully coupled 

thermomechanical FE analysis of the LF process, again using ABAQUS. 

This study proposed a new FE modelling approach utilizing a dynamic 

explicit algorithm as opposed to the traditional implicit models. This 

permits the reduction of CPU times because of the linearity and the 

independence of the final set of equations. The FEA model of the LF of 

140 x 20 x 3mm Fe360 sheet using a 6kW CO2 laser source showed 

reasonable agreement with experimentally found data.

i f
In 2002 Lee et al in Taiwan published a study into the pulsed LF of thin 

20x1 Ox 1mm 304 Stainless Steel using a single or multiple CO2 laser 

pulse of an elliptical beam the width of the sample. An ABAQUS FE 

model was developed to simulate this unique set-up, and a good 

agreement was found with experimental data. The conclusions drawn 

from this study were that the bend angle increases with laser power and 

the laser radiation time. The bending angle decreases with the thickness 

of the specimen, provided the peak temperature of the specimen is below 

the melting point. It was found that if there is a high temperature gradient 

between the upper and lower surfaces a positive bend angle is produced, 

for a low thermal gradient a negative bend angle is produced. Finally it 

was concluded that the mechanisms of pulsed laser forming are 

dependent upon a number of operation parameters, the main influences 

are the laser power, the heating time (pulse length), the clamping
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arrangement, the thermal properties and the residual stress state of the 

specimen.

2.3.2.2 The Buckling Mechanism

In work by Holzer et al36, 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.

2.3.2.3 The Upsetting Mechanism

In 1997 Kraus carried out a finite element analysis into extrusion 

forming20. Important information about the temporal development of the 

process resulted from this work which could not be determined 

experimentally. For example during the cooling phase a contraction in the 

irradiated zone takes place, and tensile stresses build up if the thermal 

contraction is hindered by the surrounding material and the work-piece 

stiffness. These stresses can reach the yield stress depending on the 

process parameters employed 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. From this analysis Kraus 

found that there is an upper limit to the plastic strain which should be
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induced in order to minimise plastic restraining. The sequence of 

irradiations was also optimised using the finite element method (FEM).

A development on extrusion forming was work by Li & Yao in 2000 . 

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.
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2.4 Previous Experimental Work

2.4.1 Fundamental Investigations

One of the earliest investigations into laser forming was published in 

1985 by Namba38. Here experiments were carried out into the laser 

forming of titanium, aluminium, AISI 304 stainless steel and AISI 1045 

carbon steel. A 1.5 kW CO2 laser was used 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:

1. Incident laser beam power

2. Laser beam diameter

3. Power density distribution of the laser beam

4. Absorptivity of laser beam on a material surface

5. Scanning speed of laser beam

6. Number of repetitions of laser beam scans

7. Density of the material, specific heat capacity of the material

8. Thermal expansion coefficient

9. Yield strength
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10. Young’s modulus

11. Poisson’s ratio

12. Strain hardening coefficient

13. The dimensions of the work-piece

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

of the material.

In 1987 Scully determined that the positive bend angle can be calculated
in

using the following equation :

(2.25)

This relationship was taken from earlier work by Masubuchi et al40 on 

flame forming. In later work Vollertsen also shows that there is a strong 

linear dependence of the bend angle on the laser power and processing 

speed.

Vollertsen is credited with producing a considerable amount of the early 

fundamental research on laser forming. Some of the key results and
o

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 7 -70 mjm/s, the gradient was found to be -0.63. A negative\
slope was to be expected as this is derived from the notion that the 

increase in processing speed decreases the coupled energy which is
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proportional to the bend angle. However at lower speeds it was found that 

this is not the case. Here the bend angle continues to increase up to a 

point with increasing traverse speed. This behaviour may be attributed 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 layer of 

the sheet and a larger bend angle per unit time may be achieved. 

However, if the velocity is increased to a very high value then the 

temperature increase will be small and only an elastically reversible 

bending may occur. Also of note from this work is the concept of a 

threshold energy for the process. It was shown that no plastic deformation 

occurs below a given energy input.

The thermal conductivity of a material in laser bending is also discussed. 

This is an important parameter because it determines the temperature 

field and hence the development of the thermal strain. Therefore if a 

material has a high thermal conductivity it is going to be difficult to 

produce the temperature gradient which is essential for this laser forming 

mechanism. In general it is better that the material should be a relatively 

poor conductor in order for the temperature gradient mechanism to occur.

A number of geometrical influences have also been investigated. It has 

been shown that the thickness of the sheet is one of the major variables in 

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
o

gradient mechanism .

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

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 2 Literature Review 43
3 23. 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. Another factor influencing the bend angle is the 

length of the bending leg. If the bending leg is short then the cooling of 

the work-piece is restricted to one side8 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 affect the bend angle. 

The weight of the leg results in tensile stresses in the surface of the sheet 

thus reducing the compressive stresses from heating and diminishing the 

bend angle.

Secondary geometrical effects were reported by Scully et al39. 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 Scully39 and Masubuchi40 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. Sprenger41 showed that there is a decreasing bend angle rate 

with increasing scans due to the strain hardening of the material (figure 

2.14).
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Figure 2.14: Decreasing bend rate with increasing scans over an 
identical track40

Two main reasons for this were discussed:

1. Effect of the change in thickness along the bend edge

The thermal expansion which is converted into plastic deformation is not 

cancelled during cooling and a bend angle results. Because 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.

2. 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.
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2.4.2 Previous Experimental Work within the Research 

Group

Work by Magee in 1998 and then Edwardson in 2004, whilst they where 

PhD students studying at the University of Liverpool, is the forerunner to 

some of the investigations described within this thesis. Because of this a 

more detailed account of these previous investigations is discussed in the 

following sections.

2.4.2.1 Magee 199817

The experimental work summarised in this section consisted of empirical 

work carried out on AA 2024 T3 aluminium alloy and Ti6A14V titanium 

alloy. Parametric investigations were carried out into the single and 

multi-pass, large and small beam diameter 2D laser forming of these 

materials, which led to the development of a 2D laser forming 

demonstrator system for a part cylinder shape. Development of scan 

strategies for the 3D laser forming of dish shapes was also carried out.

This work was part of a joint research programme between the University 

of Liverpool and BAE systems.

2.4.2.1.1 Parametric Study

This work investigated the factors influencing the angular dimensions of 

laser formed 80x80mm 0.8-1mm gauge plates of Ti6A14V and AA 2024 

T3, commonly used aerospace alloys. The plates were clamped at one
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end, graphite coated and irradiated with a CO2 laser. Altering the power 

density and the interaction time of the laser beam incident on the samples 

varied the energy input to the plate surface. The experimental results 

revealed that the bend angle development is critically dependent on the 

energy supplied to the plate surface. A large and small beam diameter 

was used in the forming of titanium and aluminium alloy. In the case of 

the titanium alloy it was found that the temperature gradient mechanism 

was active for both studies, both for the large and small laser beam 

diameter to sheet thickness ratios. This was attributed to the low thermal 

conductivity of the titanium alloy. An optimum traverse velocity in terms 

of maximising the bend angle achieved per scan was identified for this 

material when the beam diameter was in the order of 12 times the sheet 

thickness (figure 2.15).

T r a v e r se  v e lo c i t y  [m m /s]

Figure 2.15: Bend angle with increasing traverse velocity for 
Ti6A14V using a large beam diameter17,42

Below the optimum velocity the bend angle dropped due to the loss of a 

high temperature gradient and hence a smaller amount of differential 

straining through the thickness direction. These results support the idea
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that the temperature gradient, and the efficiency of the process, increase 

as the processing speed increases. This efficiency increase is offset by a 

reduction in the bend angle after the optimum point. This is because the 

increasing velocity results in less coupled energy, less thermal expansion, 

and a smaller reduction of the flow stress in the heated zone. Since all of 

these factors contribute to overcoming the elastic share of the bending, 

the bend angle begins to drop off again.

For the aluminium alloy it was found that for one laser scan using a large 

beam diameter the bend angle is decreasing with increasing traverse 

velocity (figure 2.16), this is in contrast with the titanium alloy where a 

peak occurs. Since the thermal conductivity of the aluminium alloy is 

high, the temperature gradient in the depth direction of samples was small 

for the lower traverse speeds. Under these conditions the buckling 

mechanism (BM) was thought to be active. In the higher velocity range, 

for the small beam diameter to sheet thickness ratio the TGM was active, 

the bend angle continued to drop sharply. This is attributed as before to 

the reduction in coupled energy and the elastic effects becoming more 

pronounced.
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Figure 2.16: Bend angle with increasing traverse velocity for 
AA 2024 T317,42

The decrease in bend angle with number of scans was also investigated 

(figure 2.17). The cause of this reduction has been reported as being due 

to the strain hardening of the material41 and a change in absorption as the 

number of scans increase. This study concluded that for the materials 

studied the effect of sheet thickness increase in the irradiated area per 

scan is of greater significance than strain hardening.
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Figure 2.17: Bend angle with increasing number of scans over the 
same track17

This study also looked at edge effects or the changing bend angle along 

the length of the bending edge in laser forming. The laser forming 

process is asymmetric about the laser beam; as a result the bend angle 

cannot be constant along the entire bending edge until the laser beam has 

completely scanned the sample. Ideally, after the process, the bend angle 

would be constant along the bending edge, however normally the bend 

angle varies with plate location (figure 2.18).

Figure 2.18: Ideal bend angle and exaggerated view of edge effects17,43
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2.4.2.1.2 Two-Dimensional Laser Forming Demonstrator System

A laser forming demonstrator system was developed to demonstrate the 

process on a large primitive 2D shape. Data from the parametric and 

metallurgical study on the smaller tokens discussed earlier was used to 

develop the processing parameters for the system. The demonstrator part 

after some initial trials with larger parts was chosen as a flat rectangular 

AA2024 T3 sheet of dimensions 450x225 x0.8mm that was to be formed 

into a part-cylinder of radius 900mm (figure 2.19). The part was large in 

terms of laser forming operations to date, and the shallow radius of 

curvature is almost at the spring-back limit of conventional forming 

operations. The system was set up using a CO2 CW laser, CNC tables, a 

pneumatic clamping system and a 3D CAM laser stripe measurement 

system.

Figure 2.19: Demonstrator Part17,44

The demonstrator system then relied on user intervention in order to 

determine what the next processing steps were. These steps included:

1. Next scan pattern

2. Next Starting point and direction for scan pattern

3. Next clamping location

4. Next energy input
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This adaptive approach was taken because the part produced by a 

constant scan pattern, direction and clamping arrangement was twisted 

and distorted. The part produced by altering these parameters and the 

energy input at different stages of the process had increased accuracy, 

surface smoothness and reproducibility17,42,45.

2.4.2.1.3 Three-Dimensional Laser Forming of Dish Shapes

A case study was also made by J. Magee et al17, 46 into the 3D laser 

forming of a dish shape from flat circular 2mm gauge mild steel CR4 

sheet. The objective of the investigation was to establish rules about the 

positioning and sequencing of the laser irradiation lines for the 

symmetrical laser forming of such a dish shape. The scan patterns 

investigated employed radial or circular scan lines, or a combination of 

both to form the part. The samples were verified using a co-ordinate 

measuring machine.

It was found that in order to achieve a smooth and symmetrical dish 

shape:
1. Geometrical symmetry should be reached as soon as possible after the 

initial irradiations.

2. A symmetrical temperature distribution over the plate surface should 

be realised.

3. Any pre-orientation bend should be avoided

4. The laser beam parameters, particularly the irradiation angle of

incidence and the irradiation spot diameter, should be held constant.

The circle line system with square root radius increase, irradiating from 

inside too out, was found to be one of the best strategies (figure 2.20).
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This strategy employed the upsetting mechanism along the concentric 

circular scan lines to achieve the forming result.

Figure 2.20: Circle line system with square root radius increase 
(inside to out), and resulting contour plot of sample17’46.

2.4.2.2 Edwardson 200447

Work summarised in the following section consists of a metallurgical 

study into the effects of two dimensional laser forming on mild steel and 

aluminium alloy. Also investigated was the closed loop control for two 

dimensional forming of Aluminium alloy. Under the title of three 

dimensional forming an empirical study is looked at into the forming of 

non-developable shapes in mild steel and titanium. Also the investigation 

into the development of a geometry based three dimensional model is 

summarised here.

This work contributed to a larger EPSRC funded research programme 

entitled ‘Laser Forming of Aerospace Alloys -  A Direct Fabrication 

Technique’. The research programme involved a consortium of three 

universities; The University of Liverpool, Heriot Watt University and
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Cambridge University; and 2 industrial partners; BAE SYSTEMS and 

Rolls-Royce pic.

2.4.2.2.1 Metallurgical Study
In work by Edwardson a metallurgical investigation was conducted on 

laser formed 1.5mm mild steel CR4and 1.6mm AA6061 in three different 

tempers, O, T4 and T6, to ascertain some of the effects of LF on the 

structure and mechanical properties of the materials

This found that the optical microscopy of laser formed mild steel at 

various energy parameters and numbers of passes revealed that the effects 

if any 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.
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Figure 2.22: AA 6061 O After 30 passes

Similarly to the mild steel data, the optical microscopy of the laser 

formed AA 6061 in three different tempers revealed only subtle changes 

to microstructure. A possible precipitate coarsening was observed in the 

upper surface area after 5 passes in all of the heat treatments. Which were 

found to revert back to the original microstructure after 30 passes. This 

was attributed to the fact that, due to coating loss, the amount of energy 

coupled into the surface reduced significantly after 10 passes. Hardness 

tests on the laser formed AA 6061 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.

2.4.2.2.2 Two-Dimensional Closed Loop Control

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

using closed loop control for 2D laser forming of 80x80mm coupons of 

two materials, 1.5mm mild steel and 0.9mm AA1050 - H14.
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The factors considered essential for control of the process were:

1. The current bend angle.

2. The difference between current and desired bend angle.

3. The current bend angle rate or bend angle increase per pass.

4. 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).

2.4.2.2.3 Three-Dimensional Laser Forming Empirical Study
An investigation was conducted into the 3D laser forming of the 

primitive shapes, the saddle, the pillow and the twisted shape using an 

empirical approach to determine the scan strategies. Also investigated 

was the use of 3D laser forming on thick sections, specifically for the 

ship building industry.

The results of these investigations showed that the problem of 3D laser 

forming is extremely complicated. For the study on the saddle shape it 

was found that it was possible to produce a saddle shape from rectangular 

sheet Mild Steel CR4 using a concentric ‘race track’ strategy. This 

strategy was also found to work in 1.6mm Ti64 and in square length to 

width ratio sheets. Another successful strategy was presented based on a 

cross-hatch pattern and an incremental route. The ‘race track’ strategy for 

the saddle shape was found to scale up to larger thicker materials to some
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degree, however, it was concluded that more forming lines were required 

to account for the increased surface area.
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Figure 2.23: ‘Race track’ strategy, Speed 20mm/s47

Figure 2.24: 3D Contour Plot ‘race track’ strategy47

For the pillow shape a concentric rectangular forming strategy was 

developed for TGM conditions using rectangles of the same length to 

width ratio as the sheet to be formed. A limitation to the amount of 

symmetrical forming possible with this strategy was found.

For the Twisted shape a strategy of the production of a combination of a 

twisted shape and a part-cylinder was developed. The part-cylinder was
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then un-formed out of the shape by processing the reverse side of the 

plate to leave the desired twisted shape in the sheet.

Any pre-stressing of a work piece was considered a large factor in the 

magnitude of forming and any distortion of the final part. Symmetrical 

laser forming is hindered due to the asymmetric nature of the laser 

forming process itself, in that it is not possible to form the whole plate at 

once.

2A.2.2.4  Development of a Geom etry based Model fo r Three- 

Dimensional Laser Forming
Edwardson realised from the empirical study that in order to develop 

control of the process of 3D laser forming it was necessary to have the 

ability to define the surface to be formed. In addition by defining the 

surface and analysing properties such as gradient and curvature, it was 

thought this may lead to a method of scan strategy prediction. To this 

aim, a method of surface creation and analysis was devised using Matlab.

It was discovered for the pillow shape that by forming along the contour 

lines of constant height of the desired surface a successful scan strategy 

was produced. By considering the concept of developable and non- 

developable surfaces another method of energy distribution over a surface 

was proposed. For a singly curved developable surface the TGM should 

be the dominant mechanism used to produce plastic bending strains and 

out of plane deformation. For a doubly curved non-developable surface, 

material needs to be removed (in-plane) in order to allow the deformation 

to take place. This suggests that the shortening mechanism should be the 

dominant mechanism when forming this type of surface, the in-plane 

plastic shrinkage accounting for the limiting material near the edges.
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2.4.3 Research in Macro-Scale Two-Dimensional Laser 

Forming48

There have been a number of 2D laser forming experimental 

investigations recently published that are of note49'64. The experiments 

and conclusions of a number of them are outlined here.

Chan et al 66 in Hong Kong published work in 2000 on the laser forming 

by a low power Nd:YAG laser (90W max) of thin stainless steel (0.25- 

lmm thick). Although some of the results had been observed before in 

other studies there were a few interesting findings: A threshold heat input 

was observed in the process, below which no bending occurs. In addition 

when the energy input was above critical value the bend angle stops 

increasing with any further increase in heat input, possibly due to the loss 

of thermal gradient through the thickness. This concurs with earlier work
o

by Vollertsen .

In 2001 Mucha et al50 from Poland presented a paper on a comparative 

study of the laser forming of plates using circular and rectangular beam 

cross-sections. It was shown that the shape of the incident laser beam has 

a large effect on the LF process, for the same energy parameters the bend 

angle generated by the rectangular beam is 1.3 to 2.5 times greater than 

the one generated by the circular beam. In addition it was argued that a 

greater control of the process could be achieved using a rectangular 

beam. Also in the work was an extensive analytical model, it was argued 

that the dimensionless form of the derived dependencies from this model
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would be a useful method of selecting appropriate processing parameters 

for any material.

Liqun et al52, 53 from the Harbin Institute of Technology, China, have 

published a number of interesting studies on LF. There has been an 

increase in recent years of the number of papers to come out of China in 

the laser materials processing field in general. Research on using different 

cooling methods in LF and an update on the factors involved in multi­

pass LF have been presented. It was found that the use of an effective 

cooling method can significantly increase the process efficiency of LF. A 

number of cooling methods were employed including water jet and high 

pressure CO2 gas cooling from the underside of the plate. It was found 

that cooling can increase the temperature gradient through the thickness, 

however the peak temperature in the sample is decreased and so the 

benefits of having cooling during processing are lessened. In addition the 

high temperature difference between the top and bottom of the plate can 

cause unwanted metallurgical effects such as an increase in hardness. In 

another study work was presented on multi-pass laser forming and the 

factors influencing the bend angle fall off at higher numbers of passes, 

although many of the results had been observed in previous work a 

number of key results were of interest. The work was conducted on 2mm 

thick aluminium using a 2kW Nd:YAG laser and a 10mm beam diameter, 

thus no coating was required. It was observed that there was a significant 

thickening of the sample in the irradiated area and that the thickening 

became more pronounced after 20 irradiations (0.5mm thickness 

increase). It was argued that this thickening effect was a large factor in 

the bend angle rate fall off after 20 or more irradiations. It was also found 

that the tensile strength of the sample decreased with increasing 

irradiations, thus ruling out this factor as a possible reason for bend angle 

fall off.
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The industrial viability of LF depends on the process efficiency and 

speed compared to other competitive techniques, in combination with 

repeatable accuracy. Mechanical forming of thin sheet material is 

relatively fast and can produce large deformations in a single process 

step, but it is inaccurate (due to variable ‘springback’ and tool wear). In 

contrast, LF is comparatively slow, but offers a high degree of control 

and remote application. To exploit the combined attributes of LF and 

mechanical forming, a hybrid forming process has been proposed and 

demonstrated by Magee and De Vin, in which LF is applied as a 

secondary process to adjust mechanically formed parts56,57.

A high degree of control is required for LF to be an industrially viable 

process, especially for 3-D LF. To address this for 2-D LF, Thompson 

and Pridham at Dundee investigated a closed-loop control system, for the 

case of laser bending to a pre-defined bend angle with some success58"60. 

Other approaches to this problem have been taken, Cheng and Lin in 

Taiwan have published work on using a neural network to predict and 

hence control the bend angle during the laser forming of 304 stainless 

steel61. This intelligent approach could be a useful method accounting for 

the many variables and unknowns in the process. Peck and Jones are 

developing this approach into a commercial system for the manufacture 

of single unit windshield wiper blades for Trico Products Corp. The 

system employs a high power diode laser to laser form and heat treat a 

continuous metal strip fed underneath it, this metal strip when cut to 

length forms the curved backbone of the windshield wiper. A trained 

neural network provided by NA Technologies monitors the process and 

can make adjustments on the fly to the power output of the diode laser
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and hence the bend angle, this type of laser is well suited to this dynamic 

power requirement.

The use of pulsed laser energy for LF has also been under investigation 

by some researchers63, 64, and this has lead to possibilities for new LF 

mechanisms. Laser Peen Forming (an extension of Laser Peening63) or 

Laser Shock Forming64, in which the application of a negative residual 

stress to one side of a component results in a bending effect, is a key 

example that is now being realised through the emergence of high pulse 

energy Nd:Glass lasers.

2.4.4 Research in Micro-Scale Two-Dimensional Laser 

Forming48

Many of the investigations into micro forming are for potential 

applications in the electronics industry. A great deal of work has been 

carried out into the use of micro forming for high resolution adjustments 

of electronic components in post production. Here a laser would be used 

to finely adjust actuators. These adjustments can be made on mounting 

frames, reed switches or magnetic head sliders in disk drives65'69. Another 

application is the forming of complex shapes which can potentially be 

used as mountings or housings for electronic components70'73.

Pioneering studies on micro-scale LF by Hoving and co-workers at 

Philips65 helped establish some important results for precise adjustment of 

components by the shortening or Upsetting Mechanism. Following on 

from this, the Philips research team have developed a number of micro­

adjustment applications for LF65,66, with the first concept being the laser
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adjustment of digital audio head mounting frames. A second application 

under development is the laser adjustment of reed switches. Here, out-of- 

plane LF (laser bending) is used for adjustment of the 10-50 micron gap 

between the two nickel-iron reed elements, which then determines the 

value of the magnetic field above which the reed switch closes in 

operation. Widlaszewski68 investigated various modelling techniques of 

thermal deformations induced into a small metal frame which could be 

used as an actuator. This frame was designed in such a way that when 

heated by a laser spot the area irradiated would be upset resulting in very 

small angular movement in the frame. It was found that analytical 

modelling gave the best understanding of this particular process.

In 1997, Tam and co-workers at IBM Almaden developed and 

implemented in manufacture a Laser Curvature Adjust Technique 

(LCAT) system for adjusting the curvature of magnetic head sliders in
s  n

disk drives using a novel laser microbending technique . This 

development addressed a need for precise and highly controlled 

adjustment of the positive camber curvature of a slider, to improve its 

tribological properties and allow reduced flying heights (below 25nm) 

above the disk surface to provide increased disk storage density. In work 

by Zhang et a t9 the micro adjustment of hard disk suspensions was 

investigated numerically. A three dimensional model was employed 

which showed that a bend resolution of 0.1° could be achieved with 20W 

of laser power and scan lengths from 50 to 200 pm.

The laser forming of plastic using an Nd:YAG laser has been 

experimentally investigated by Uno and co-workers at the West Japan 

Railway Co. in Osaka74, with the aim of changing the design shape of 

plastic components produced by injection and compression moulding. 

The bending direction is controlled by selective painting of the plastic
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surface with a black resin, on the side whose surface is to undergo 

shrinkage in the LF process. A cw Nd:YAG laser of a few watts average 

power is applied from one side only, since the plastic is transparent to the 

laser wavelength, with the resin then transferring its absorbed heat to the 

material from the surface to which it is adhered.

A number of other studies fall into the micro scale LF area70'74, these 

involve the laser forming of thin metallic foils using low power lasers. 

Complex structures can be formed in these thin materials with very little 

power, thus applications can be found in the electronics industry for 

alignment (mentioned earlier) and for the manufacture of mounts and 

housings for components. In work by Yoshioka et al ' at the Chiba 

institute in Japan a method of sample holding was developed to reduce 

unwanted distortion when forming thin foils. A sample was held in place 

using a glass plate over it, the sample was then irradiated through the 

glass and not allowed to deform. Once the 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. Bartowiak et al15 also 

created complex shapes. This was accomplished with the use of high 

speed scanning optics.

JO

2.4.5 Research in Three-Dimensional Laser Forming

A considerable amount of research recently in LF has been aimed at 

prototyping of 3-D components and structures for applications in ship
Afi *»/■ Q<^

building, aerospace, automotive and artistic design ’ ’ ' .
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It has been shown that laser forming shows great potential for the 

manufacturing of metallic components, using a 2D straight line or 3D 

spatial forming approach. However in order to advance the process 

further for realistic forming applications and for straightening and 

aligning operations in a manufacturing industry it is necessary to develop 

systems for accurate and repeatable part production.

Intelligent predictive systems, perhaps based on Knowledge-Based 

Systems (KBS), neural networks or thermo-mechanical models can 

achieve predictability through a knowledge of the material (including its 

stress history) combined with a developed, highly tuned process 

model/control algorithm. Systems of this type have been reported by a 

number of groups82'84.

In an adaptive system the use of sensors to provide accurate controlled 

feedback coupled with the development of intelligent control software, 

provides an incremental or even real time closed loop method of accurate 

3D laser forming, based on the current part characteristics independent of 

material variability . It is likely that future three dimensional laser 

forming systems would include elements of both these approaches, in that 

an initial prediction for a scan strategy would be made based on a 

knowledge base of known data, the part’s geometry would be monitored, 

and the scan strategy would be adapted either in process or for 

subsequent passes so as to achieve the desired result.

Work by Kim et al suggests an adaptive approach with the use of 

feedback control. When forming a free curve shape feedback control is 

used for each single bending angle by incorporating a statistical method. 

This created an accurate shape with small errors. As a consequence of
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these small errors feedback control algorithms were proposed resulting in 

better accuracy.

A great deal of investigation has been carried out at ARL in Penn state 

University by E. Reutzel et al into three dimensional laser forming77'91. A 

strong influence in this work is the ship building industry where flame 

form in g  is used. In work presented in 2003 a simple linear bending 

relationship is used for an initial scan prediction90. An adaptive approach 

is then used to complete the process. A differential geometry approach to 

simulation of laser forming has also been investigated in this research 

group91. The advantage of this technique is computational efficiency in 

comparison to FEA simulation. However there is a decrease in accuracy 

when simulating large deformations.

Cheng et al use FEM analysis to predict scan paths which are decided on 

the concept of in-plane strain, bending strain, principal minimal strain 

and the temperature gradient mechanism of laser forming93. In this work 

both a saddle and a pillow shape were successfully formed.

2.4.6 Material and Metallurgical Studies

As has been mentioned LF has great potential as a tool for prototyping, 

aligning and removal of distortion or as a direct manufacturing tool. Key 

to the future success of LF is what effects if any the process has on a 

material’s integrity and properties. In order to prove the process a number 

of material and metallurgical studies have been conducted on a variety of 

materials39’94-1 °6. In particular the effect of the rapid and repeated heating
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and cooling cycles below melting points associated with LF. Initial work 

in the field was mainly carried out on steel39, 97, but has since been 

extended to other materials including titanium and its alloys94, 95, 97, 98, 

aluminium and its alloys45,95,10°, aluminium-matrix composites101 and 

chromium103. Other fundamental investigations have also been reported, 

including investigations into material anisotropy104' 107. A summary of the 

more relevant publications to this study are presented here.

In work by Thompson and Pridham96 at the University of Dundee on 

laser formed mild steel, it was shown from mechanical and metallurgical 

tests that LF parts (in mild steel) are likely to perform at least as well as 

conventionally formed equivalents. It was reported that in general laser 

forming increases the yield strength of the material locally to the 

irradiated area. This increase in strength may not be utilised fully, since 

the bulk of the material will not have been altered by the process, but 

most significantly LF does not weaken structures. The slight loss of 

ductility reported would mean that a laser formed part may not be 

suitable for large amounts of subsequent manual forming. This was not 

felt to be a problem, since LF is likely to be used as the sole forming 

operation or a fine adjustment after conventional bending.

In work by Shackle et a/95 from UMIST on 2mm gauge Ti-6A1-4V (Ti64) 

sheet, an investigation on the metallurgical implications of LF on this 

aerospace alloy was reported. The effect of a post-forming heat treatment 

was also investigated. The LF samples were processed in air and in 

argon. O2 readily diffuses into the surface of Ti64 at temperatures 

exceeding 550°C and produces a brittle a-case, this can weaken the 

material as crack propagation points can form in the surface region. Due
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to this factor LF on this material has to be carried out in an inert 

atmosphere, the a-case was not present in the samples processed in argon.

Ti64 is a dual phase, a+P alloy, where the P-transus temperature is at 

982°C. It was found by optical microscopy, FEGSEM and TEM methods 

that after LF a HAZ is produced that consists of a fully martensitic 

region, where the temperature has exceeded the P-transus, surrounded by 

a partially transformed zone where the temperature has risen above the 

Ms (martensitic) temperature (~800°C) into the a+P phase field. No 

microstructural changes where found at lower temperatures. Within the 

HAZ a complex, refined, martensitic structure was produced due to the 

very high heating and cooling rates into and from the p and a+P phase 

fields (reported as a maximum of 9100K.S'1 as derived from a finite 

volume model). However, because of the very rapid nature of the thermal 

cycle the original solute distribution in the parent material was little 

altered and could still be seen within the fully transformed region. An 

increase in hardness was reported in the irradiated region reducing into 

the thickness, however the application of a post-forming heat treatment 

(PFHT 700°C for 4 hours in Ar) resulted in an overall reduction in 

hardness of the FLAZ due to a re-precipitation of Vanadium rich p at the 

martensitic plate boundaries and the disappearance of the majority of the 

martensitic plates in most regions within the HAZ.

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 Titanium94, 97'■ 98 also confirmed the 

viability of LF with these materials.
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Work on aluminium and aluminium alloys by Merklien et a f9,100 at the 

University of Erlangen revealed the microstuctural development and 

mechanical properties in laser formed A ll050 and an A16082 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, a graphite 

coating was still used however. 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 AA-1050 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 A16082 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.

In 2003 Yao et alv06 from Columbia University presented research on the 

effect of material anisotropy on the laser forming process, both numerical 

and experimental results. Cold rolled sheet metal exhibit anisotropic 

properties which are mostly caused by preferred orientations of grains 

developed during rolling reductions. The anisotropic index or R value of 

a material in a particular orientation was determined using an ASTM 

standard tensile test. The grain textures in the formed samples were 

determined using an electron back-scatter diffraction method (EBSD). It 

was found that there was a significant difference in the laser forming 

characteristics of the cold rolled AISI 1010 mild steel depending on the 

orientation of the scan line to the rolling direction in the sample. It was 

found that the anisotropic effects increased with increased rolling
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reductions i.e. thinner materials. It was also concluded that the higher the 

temperature achieved in the sample the less the materials’ anisotropy has 

an effect.
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2.5 Potential Applications

Laser forming has potential for prototyping, aligning and removal of 

distortion or as a direct manufacturing tool in the industry sectors 

aerospace, automotive, shipbuilding and microelectronics. A number of 

possible applications in these sectors have already been discussed in the 

previous sections.

The full potential of LF will only be realised through improved process 

knowledge and associated system developments. With many of the 

currently identified limitations already being addressed in ongoing 

research, the process has significant potential for use in a broad range of 

industrial applications and sectors, including shipbuilding. Table 2.2 is a 

summary of the short-term degree of application potential in various 

stages of a (component non-specific) product life cycle. Compared to 

other forming processes, LF has the advantage of process flexibility, in 

that it could be carried out alongside other laser processes (cutting, 

welding & others) by multi-purpose laser systems. For large scale LF of 

metals e.g. in shipbuilding, the high equipment costs and safety 

requirements are currently key concerns, but these should be alleviated by 

the continuing development of cheaper, more compact and more efficient 

sources (diode and fibre lasers) and automated LF systems.
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Stage of industrial application (Product Life Cycle)

Degree of 
application 
potential

Design & 
Development

M anufacture 
(Processing)

Product
Assembly

In-service
Operation

Repair & 
Maintenance

High Rapid Prototyping Forming 
(Hybrid LF)

Precision 
Alignment & 
Adjustment

Medium Distortion & 
Shape 

Correction

On-board
Automatic
Correction

Damage and 
Distortion 
Correction

Low  Forming (LF)

Table 2.2: Degree of application potential for LF in various stages of 
a general product life-cycle (not specific to component scale, material 
or geometry)9

Laser forming at a macro level is developing from a knowledge base of 

basic 2D mechanisms to a practical realisation of 3D laser forming of 

complex structures routes to practical 3D laser forming may encompass 

elements of both predictive and adaptive systems. Promising applications 

for LF are in rapid prototyping, net shape production and distortion 

correction.

2.5.1 Rapid Prototyping 47

Laser forming can compete with die forming in terms of process 

flexibility and cost in low volume parts. It can also compete with hot 

creep forming. This process involves the forming of material, usually 

titanium alloy, using a heated die and press tool. A plate (sprayed with 

Boron Nitride to aid thermal diffusivity) is placed in the press tool and 

die, the plate is then heated to 800°C and formed over the die using much 

less force and inducing much less stress in the component when 

compared to cold forming. If Ti64 is used, the plate is then sand and
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vapour blasted prior to chemical etching to remove the a-case (mentioned 

earlier) due to the process taking place in air. The disadvantages of this 

process specific to LF are:

• Long tool change-over times (1/2 day)

• Long warm up/cool down times of the die (16 Hours)

• Removal of a-case

• Cost of effluent disposal

• Cost of tooling

• Storage of tooling

• Inflexibility

• Cooling of dies between components

• High energy consumption (20Kw/H)

LF has a number of advantages over hot creep forming in these areas:

• Increased flexibility

• Reduced tooling costs

• Possible Single piece forming of components

• Reduced need for etching (Argon atmosphere or local shrouding)

• Faster changeover times (batches of 1 possible)

•  Simple product changes
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2.5.2 Laser Assisted Bending

Laser forming has emerged as a viable means of assisting conventional 

forming processes. As laser forming can produce small accurate bends it 

can be used to finely form components after they undergo the initial 

conventional forming technique56. Another technique is for deep drawing 

where the laser is used to heat up sections of the unformed material on 

the drawing edge. This is where the most deformation occurs. This assists 

mechanical forming by reducing the amount of force required .

2.5.3 Distortion Correction

Structures produced using the vacuum or blown technique in super­

plastic forming of titanium alloys in the aerospace industry are 

complicated and currently out of reach for the laser forming process. 

However, there is a great deal of post forming distortion with this 

technique that is currently manually corrected, at great time and expense. 

It is possible to correct this distortion in an automated process using laser 

forming47. Also in the aerospace industry it is often necessary to 

chemically etch parts to reduce wait. Again this produces distortion 

which is corrected manually108. This can also be corrected using laser 

forming. This particular problem resulted in the strut reversal 

investigation in this thesis. This shows the feasibility of correcting this 

distortion using laser forming.

In the shipping industry welding of panels produces distorted panels. A 

number of advancements have been made in reduced distortion welding 

techniques. These include laser-based or hybrid techniques110. There is
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however still distortion that can potentially be corrected using laser 

forming9.

2.5.4 Micro Alignment

A large amount of work into micro alignment has been completed by 

Hoving et a/66. Here the ability to accurately form very small angles in 

thin materials is taken advantage of. The main application of micro 

adjustment is in the electronic industry. Work included an actuator for 

CD lens adjustment that could be adjusted in using the laser forming 

process. Another application used a laser to adjust the 10-50pm gap 

between reed switches. Here the reed switch would be adjusted post 

processing with the laser being able to penetrate the glass housing of the 

reed switch.

2.5.5 Manufacture of Parts using Laser Forming

A likely application for 2D and 3D laser forming would be the ship 

building industry in the fabrication of hulls. (This seems fitting as this is 

the home of the flame forming technique, which is the original source of 

laser forming.) Currently mechanical methods of steel plate bending, for 

a material thickness range of up to 20-25mm (linch) are used. The most 

straightforward case is he 2-D laser forming of part cylinder shapes for 

hull skin panels to be subsequently welded together. However, as the 

capabilities of 3D laser forming begin to evolve, it will be possible to 

consider using he process to produce primitive 3D shapes involving
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various double curvatures, which would then be patched together as 

elements of a larger, more complex structure9.
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2.6 State of the Art Review

Currently the state of the art of laser forming is based strongly in the 

micro adjustment of electronic actuators. This process is on the verge of 

breaking through into industry, particularly in the adjustment of hard disk 

suspension. This is fuelled, in part, by the rapid advancement of the 

computer industry requiring data to be stored on hard disks more densely.

At the macro level of laser forming there have been large advancements 

in 3D forming. This is, in part, due to the increase in accuracy and 

versatility in mathematical modelling of the process. An area of note is 

the in the manufacture of ship hull components87’91.
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2.7 Synopsis for Present Research

Two-dimensional (2D) forming has been investigated numerous times 

over the years and a great deal is known about the process. However 

there are number of variables in the process and some of the subtleties 

still need to be investigated. The work on 2D laser forming in this thesis 

looks at the effect of heat treatment on 2D laser formed AA6061 parts 

and the influence of the change in geometry of the work-piece during the 

laser forming process.

A less well investigated area of laser forming into which a great deal of 

research is currently being carried out is the investigation into controlled 

three-dimensional (3D) laser forming. There is a great deal of potential 

for this process to be applied in industry. However, first it must be 

competitive with well established processes such as die forming. For 

laser forming to be competitive it must show that it is a reliable, 

repeatable, flexible and cost effective. Many current processes cannot 

compete with the laser forming process for flexibility, though even this is 

not enough if the process doesn’t fulfil, at least in part, all of these 

requirements. The geometry based predictive/adaptive model for 3D 

forming in this thesis is a step towards fulfilling these requirements. In 

this thesis a model using a purely geometric technique is used to form 3D 

semi-developable shapes, in mild steel and aluminium, and also in the 

correction of various distortions in aluminium struts.
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Chapter 3

Experimental Procedure

3.1 General Set-up

This section describes the general experimental set-up used. This contains 

a brief description of the laser, the laser forming system, which includes 

work-piece movement and measurement, and the use of absorptive 

coatings. More specific experimental set-up for separate investigations is 

detailed later on in this chapter.
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3.1.1 Hardware

3.1.1.1 The C 02 Laser110
For a better understanding of the laser used for the investigations in this 

thesis a brief description of how a C02 laser works is given here.

A laser works by taking advantage of the stimulated emission 

phenomenon. This phenomenon is the release of energy, as a photon, of an 

excited species through stimulation caused by the strike of a photon. The 

photon created is in phase and travelling in the same direction as the 

stimulating photon. This causes a change in energy from the excited energy 

state to the lower energy state and is the source of the laser beam. This 

makes the laser spectrally pure.

Many materials can display the stimulated emission phenomenon, but few 

have significant power capability. For this population inversion is 

necessary. This is where there are more atoms or molecules in the excited 

state than in the lower energy state, this allows amplification rather than 

absorption. To achieve a population inversion the lifetime of the excited 

species has to be longer than the lifetime of the lower energy state. This is 

possible with carbon dioxide (C02).

To initiate the stimulated emission phenomenon the gas mixture in the 

laser cavity is kept at a low pressure with a high voltage electrical 

discharge placed across it. This results in a plasma containing C02 

distributed at its various energy states. This distribution is determined by 

the Boltzmann distribution. C02 molecules at the upper energy state will
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lose their energy by either colliding with the cavity wall or by spontaneous 

emission. Spontaneous emission releases a photon of light with a 

wavelength of 10.6pm which can be travelling in any direction. Some will 

travel along the length of the cavity and will begin to oscillate between the 

cavity mirrors. As the photons strike molecules of CO2 in the upper energy 

state the molecule will release a photon with the same phase and direction, 

as described in the stimulated emission phenomenon. There are then two 

photons oscillating between the mirrors of the cavity. These, in turn will 

strike two more CO2 molecules in the upper energy state. This process 

continues releasing more and more photons with the same phase travelling 

in the same direction. As the upper energy state is now depleting more of 

the electrical energy is transferred to the upper energy level to satisfy the 

Boltzmann distribution.

To maintain this situation the upper energy state should be slower to drop 

to the lower energy state, through spontaneous emission, than the lower 

state is excited to the upper energy state. This allows the population 

inversion to occur resulting in more amplification rather than absorption of 

the photons. To help maintain the population inversion nitrogen (N2) is 

used. N2 has an energy gap between the different quanta of oscillation 

which is within a few hertz of what is required to take cold CO2 and excite 

it to upper energy state. Because of this a requirement of CO2 laser design 

is the ability to keep CO2 cool.

The gas mixture in the laser cavity is around 78% helium (He), this is for 

good conduction and stabilisation of the plasma, 13% N2, for the exciting 

of cold CO2 to the upper energy state, and 10% CO2 as the active medium. 

In this case the gas is cooled by convection as it’s a fast axial flow (FAF) 

laser.

Emile Abed PhD Thesis
Modelling and Experimental Procedure o f 3D Laser Forming o f Metallic Components



Chapter 3 Experimental Procedure 81

DC or RF power supply

Gas recirculator V acuum  pum p

Figure 3.1.1: General construction of a FAF laser110 

3.1.1.2 The Electrox 1.5kW CO2 Laser

The laser used for all the laser forming processes performed in this thesis 

was an Electrox 1.5kW CO2 fast axial flow (FAF) continuous wave (CW) 

laser. This laser has a folded cavity to conserve space and increase the 

cavity length. A general rule with the cavity is that the longer the cavity is 

the more power output it can produce. The cavity is housed in the lasers 

casing (figure 3.1.2) along with the vacuum pump, blower, heat exchanger 

and power supply (figure 3.1.1).

Figure 3.1.2: Electrox 1.5kW CO2 laser
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The three constituent gases are fed into the laser from three large gas 

bottles, each with its own regulator to ensure an accurate gas mixture, a 

high voltage (HV) power supply and cooled water from a chiller unit 

(Coolmation) to cool the heat exchangers and optics.

3.1.13 Workstation

The laser is shared between two workstations. Only workstation 2 is 

described here as it is specifically designed for laser forming operations.

3.1.13.1 Beam Delivery
A gold coated copper turning mirror is pneumatically powered to rotate 

through 90° allowing the beam to be shared between both workstations. 

This mirror is water cooled along with all of the optics in the beam 

delivery. Two additional turning mirrors are used and the beam is enclosed 

in flight tubes as it travels approximately 3.5m to the processing head. The 

processing head contains the focussing optic, a zinc selenide (ZnSe) lens, 

and the co-axial nozzle arrangement (figure 3.1.4).

3.1.1.3.2 Part Manipulation

The workstation consists of a 3 axis CNC table. The z axis controls the 

focusing optics and nozzle arrangement and the x and y axis controls the 

movement of the work-piece under the laser (figure 3.1.4). The z axis has 

300mm of movement and provides focus control and beam size selection, 

this axis has a built in brake to avoid any unwanted movement. The x and y 

axes each have 435mm of travel. All axes are driven by DC servo motors.
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Figure 3.1.4: Workstation 2 layout
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The tables and control system are based around the Naples Coombe Ltd, 

Servostep 1700 system. This uses a Galil DMC1730 PC based controller 

(ISA card) interfaced with the tables via servo amplifiers housed in a 

Servostep chassis. As the controller is PC based this allows for custom 

software to be written, this software is discussed later in this chapter. The 

control card has full digital I/O plus analog input capabilities. Along with 

focus and movement control the laser shutter can also be controlled using 

this system. This control is in series with the manual control, therefore both 

have to be ‘on’ to open the shutter.

3.1.1.3.3 Measurement
Integrated into this system is an MEL M5 laser range finder. This gives the 

system an online single point non-contact method of high accuracy 

measurement of the height of a work-piece. The laser range finder has a 

range of 100mm, a resolution of 30 pm (on a white surface) and produces a 

+/- 10V analog signal corresponding to +/- 500mm from a reference point 

220mm from the sensor, this signal is then fed into the controller. In figure 

3.5 the laser range finder can be seen mounted behind the lens holder. It 

operates on the principle of triangulation between a red diode spot and a 

photo-sensitive diode. Fixed to the top of the x , y tables is a steel work bed 

which has a number of drilled and taped holes allowing the clamps to be 

attached.

Figure 3.1.5: Nozzle arrangement and laser range finder
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3.1.13.4 Work-Piece Restraints
There are four methods of holding the work-piece in the investigations 

carried out in this thesis. A centre clamp is used for 3D forming (figure 

3.1.6); this allows freedom of movement of the work-piece as it is clamped 

at a single point, decreasing the possibility of additional stresses to the 

work-piece. However, this does require a hole to be drilled into the centre 

of the work-piece.

For the 2D forming an edge clamp (figure 3.1.7) and a V-block (figure 

3.1.8) is used. These are the simplest method of restraining and don’t 

require a hole to be drilled. For the strut reversal investigations a 

modification to the edge clamp is used (figure 3.1.9). This clamps the 

centre of the strut on either side to allow forming across its whole length.

Figure 3.1.7: Edge clamp Figure 3.1.8: V- block
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Figure 3.1.9: Modified side clamp 

3.1.1.4 Characterisation of the Laser at the Work Surface 

3.1.1.4.1 Laser Beam
The laser beam produced has an M2 of, approximately, 2.5. M2 is a value 

of beam quality, 1 being a perfect Gaussian distribution. This laser has a 

‘top hat’ energy distribution which is advantageous in laser forming as a 

larger area of the surface can be heated equally minimising the melting on 

the centre of the irradiation track, which is an issue with a Gaussian energy 

distribution. An image of the beam was taken with a Spiricon Pyrocam III 

laser beam analyser; this image can be seen in figure 3.1.10.

Figure 3.1.10: Electrox 1.5kW laser beam energy profile, PyroCam III
47image
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3.1.1.4.2 Beam Diameter
As the beam diameter is a factor in laser forming it is important to know 

the beam diameter at varying distances away from the work piece. This is 

achieved by creating a bum print onto a piece of wood (figure 3.1.11). The 

z axis is moved up 5mm after a bum print has been created. This allows a 

measurement of the beam diameter to be taken at 5mm intervals. The 

actual effective beam diameter is taken as the inner ring of higher intensity 

and not the overall diameter. This corresponds to the ‘top hat’ profile with 

a slight halo of lower intensity as seen in figure 3.1.10. A large diameter 

nozzle (figure 3.1.5) and a small amount of compressed air is delivered co­

axially to cool the lens and protect against debris for this test and 

throughout the laser forming studies.

Figure 3.1.11: Bum prints in wood at 5mm steps, 127mm FL lens 
130mm-220mm stand off

3.1.1.4.3 Laser Power

The power of the laser is selected manually on a hand held control box.

The reading of the power is based on a calibrated thermocouple 

measurement from the back mirror of the cavity. This is an accurate 

reading for the laser power when leaving the laser but not for the power at
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the working surface. This is because energy is lost as optics absorbs some 

of the power. Because of this a power reading is taken at the surface for 

varying powers at the laser. This reading is taken using a power puck. A 

power puck is a calibrated devise whereby the temperature rise, in a coated 

black metal block exposed to a laser beam, is directly proportional to the 

incident laser power. A graph to correlate the relationship is then plotted 

(figure 3.1.12). This graph is then used to determine the power required on 

the laser to achieve the desired power at the surface.

P o w e r  O f f s e t  B e t w e e n  L a s e r  P o w e r  M e t e r  a n d  W o r k  S u r f a c e

Figure 3.1.12: Power offset calibration graph 

3.1.2 Software

The CNC tables are controlled by a Galil DMC 1730 ISA PC based 

controller. This control card comes with some basic software for terminal 

based line control and part program creation and downloading, using the 

Galil CNC language. Using this language it is possible to control the 

position of the CNC tables with absolute co-ordinates (with respect to the 

table origin) and relative co-ordinates (with respect to current position).
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Traverse speed of each axis and vector speed in a co-ordinated movement, 

acceleration and deceleration in each axis can also be controlled. The Galil 

CNC language measures movements in encoder counts rather than 

distance. To adjust distance into encoder counts the conversion factor is 

1mm = 1000 counts for the z stage and 1mm = 400 counts for the x and y 

stages.

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, such as jogging the tables or returning the tables to the 

origin, behind buttons. These operations may otherwise take several lines 

of typing.

3.1.2.1 Visual Basic Based User Interfaces

3.1.2.1.1 Jog Controller User Interface

The jog controller contains the following features. 

Controls:

• Jogging of individual axes at selected speeds

• Homing of the axes

• Resetting of the origin

• Start positioning

• Terminal
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Displays:

• Real-time position report of each axes

• Real-time output from the laser range finder

• I/O status

Figure 3.1.13: User interface for the jog controller

The jog controller contains start position controls to place the tables at a set 

start position and reset the origin. Each start button has a different start 

position which relates to an individual clamp and/or work-piece size. This 

allows the tables to be aligned before the start of any processing. The 

terminal has the ability for command line control for part program control 

and also access to the Galil editor for the creation and downloading of part- 

programs. The Galil editor is crucial in some of the investigations allowing 

programs created in computer modelling to control the tables.
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3.1.2.1.2 Two-Dimensional Laser forming User Interface

This controller is specifically design for single line multiple pass 2D 

forming. This controller contains the following features:

Controls:

• Processing parameter selection

o Speed

o Time delay between each pass 

o Number of passes 

o Focal position 

o Material Thickness

• Homing of the axes

• A button to start 2D laser forming 

Display

• Bend angle after each pass

• Current pass number

Figure 3.1.14: User interface for the automated 2D laser forming of 
80x80mm coupons
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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. There were minor alterations on the method of calculating the 

bend angle in each investigation so this is not discussed here but will be 

discussed in the relevant section.

In later investigations the user interface was modified to include full 

surface scans (figure 3.1.15). This took into consideration the area seen by 

the laser range finder decreasing. Because of this height measurements 

were able to be taken closer to the edge of the work-piece, increasing the 

accuracy of the angle measurement.

There are a number of start buttons in this version these give an option of 

whether only the pre-forming and post-forming scan is needed, saving 

time, or a scan after every pass. Also a choice of work-piece size for the 

scan size to adjust and in one case it takes into consideration a change of 

clamping.

Figure 3.1.15: User interface of the automated 2D laser forming of 
40x80mm and 80x80mm coupons with full surface measurement
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□ 9-10
■ 8-9
■ 7-8
□ 6-7
■ 5-6
04-5
■ 3-4
□ 2-3
□ 1-2
■ 0-1
■ -1-0

Figure 3.1.16: Sample of a measurement taken using the surface scan

3.1.2.1.2.1 Measurement and Calculation o f 2D Sample 

The measurement of bend angle and the calculation of the distribution of 

the measured points during forming are explained here. For each pass the 

laser range finder scans the surface of the work-piece taking measurements 

at 5mm increments. Two of these measurements are used to calculate the 

bend angle, shown as grey on figure 3.1.17.

E
E

3 0 m m  3 0 m m
◄------------------------ ------------------------------ ►
I I I I I I
I I I I ,  I

1 1 1 1 1 1 
l l l 1 1 l

===í j 4 Í t í -
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l l 1 1 1 l
-  y -

8 0 m m
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Figure 3.1.17: Measured points on a flat 40x80mm coupon. The solid 
grey line shows the irradiation path and the two square grey points 
show zj and Z2, the measurements used for calculating bend angle.
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This bend angle is then used to adjust the increment in the y direction, y inc, 

of the measurement points for the next measuring pass. By doing this it is 

possible to measure the whole surface after each pass and a more accurate 

bend angle can be calculated as it is possible measure points further apart. 

This can be done here because the measurement points can be close to the 

edge without the risk of the laser range finder missing the work-piece as it 

forms.

The method of calculating the bend angle and altering the measuring 

increment is as follows. Before any processing a surface measurement is 

taken. It is assumed that the work-piece starts flat so the increments are 

evenly spaced (figure 3.1.17). (There is an area that is not measured as the 

edge clamp obstructs this area.) The points in grey in figure 3.1.17 

correspond to measurements for distance away from the laser range finder 

zj and Z2.

Before Pass 1

Figure 3.1.18: Values used for bend calculation before the first pass
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As the work-piece is flat before the first pass zj = Z2.

To work out the angle the difference in distance from the laser range 

finder, z, is needed.

For this case z = 0

z = zx- z 2 (3.1)

For the flat case we know the distance from the bend, the irradiation line, 

to the measurement points at the bending edge is 30mm, yj  and we know 

that the increment, y inc, is 5mm.

Therefore:

y,nc (3.2)

This increment, yinc, will decrease throughout the experiment allowing the 

measurement points to remain on the work-piece. The bend angle, 9, is 

then calculated:

For this case 0 - 0 .

6 = arctan-----
5 y ,n c

(3.3)

Figure 3.1.19: Values calculated and values used for bend calculation 
after the first pass.
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After pass 1 the same measurement points as before are used (figure 

3.1.18). These points are sufficiently placed from the edge so they don’t 

miss the work-piece due to the bending in the first pass.

The method here is the same as before with the addition of working out the 

new distance from the bending line to 5mm from the edge, y>2 (figure 

3.1.19).

y 2 = 25 cos 6

This now give us a new increment between measuring points, yinc.

y
y,nc 6

This increment, yinc, is now used positioning the measured points after the 

second pass (figure 3.1.20).

(3.4)

(3.5)

Figure 3.1.20: Values calculated and values used for bend calculation 
after the second pass.
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The same process is then continued after every pass. This system works a 

step behind the laser forming passes with the corrected increment being 

used on the future measurement rather than the current one. This saves 

time as only one surface measurement is required. This also requires the 

distance of each measuring point along the y axis to be recorded as this will 

vary with each pass.

3.1.2.1.3 Co-ordinate Measuring Machine (CMM)

The CMM utilises the laser range finder and the CNC tables to plot the 

height of the work-piece surface. This is done by the CNC tables moving 

the work-piece stopping at specified intervals where the laser range finder 

takes a height measurement. These measurements can then be used to map 

the work-piece surface.

Figure 3.1.21: User interface for the co-ordinate measuring machine 
(CMM)
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□ 5 0 -6 0

■ 4 0 -5 0

□ 3 0 -4 0

□ 2 0 -3 0

■ 1 0 -2 0

□ 0 -1 0

Figure 3.1.22: Example of a measure part using the co-ordinate 
measuring machine

In the first version of the CMM user interface used in this study, the size of 

the scan area can be specified along with the scan resolution (figure3.1.21) 

As with the 2D laser forming control interface a comer delimited text file 

(.csv) is generated where the height information is stored.

A problem found in the measurement of the work-piece surface is that, 

after a certain amount of forming, the laser range finder will begin to miss 

the work-piece. This is because as the work-piece forms the area viewable 

from directly above the work-piece decreases. This is a similar problem as 

in the 2D laser forming. However this is far more complicated because in 

the case of 3D forming the work-piece forms in a continuous curve and can 

also form along any axis. To continue forming a modification to the CMM 

interface was created (figure 3.1.23). This does not require the 

specification of the scan area or the scan resolution. This is already decided 

within the Matlab program, decrease in viewable area (discussed later on in 

this thesis). The Matlab program calculates the amount the viewable area 

has decreased in the previous pass and distributes the measurement points
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respectively. This program writes a visual basic program which is then 

placed behind the ‘Begin Scan’ button on the interface.

Figure 3.1.23: User interface of the Modified co-ordinate measuring 
machine (CMM)

Here the start buttons points are replaced with descriptive buttons for ease 

of use and still perform the same function as in previous user inter faces. 

Again a file is generated where the heights are stored.

3.1.3 Absorptive Coating

It is essential for the laser radiation to couple with the work-piece in the 

laser forming process. When using a CO2 laser in the laser forming process 

if no method of increasing absorption is used sufficient coupling is very 

difficult to achieve. This is because most metals absorb almost no light at 

10.6pm wavelength of a CO2 laser (figure 3.1.24). Additional to this the
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amount of absorption decreases again because of the decrease in laser 

intensity of defocused beam in the laser forming process.

Figure 3.1.24: Absorptivity as a function of wavelength for normal 
incidence, smooth surfaces and room temperature. Metals 1 are those 
with full inner electron shells (Au, Ag, Cu,...) and Metals 2 are 
transition metals (Fe. Ni. C r....l111

Because of the high reflectivity it is necessary to consider methods to 

increase the absorption of the laser into the work-piece. There are many 

methods of accomplishing this.

• Roughening of the surface

• Oxidising the surface

• Coating the surface

The reflectivities of various methods of increasing absorption are shown in 

table 3.1.1.
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S u r fa c e  T y p e
D ire c t

R efle c t iv ity  (% )

D iffu se T o ta l

S a n d  p a p e r  r o u g h e n e d  (1pm ) 90 2 .7 9 2 .7

S a n d b la s te d  (19pm ) 17.3 14.5 3 1 .8

S a n d b la s te d  (5 0  p m ) 1.8 2 0 2 1 .8

O x id ise d 1.4 9.1 10.5

G ra p h ite 19.1 3 .6 2 2 .7

M o lyb d en u m  S u lp h id e 5.5 4 .5 10

Table 3.1.1: Typical values of the reflectivity of various surfaces to 
10.6pm radiation at normal angles of incidence110

Absorptive coatings are the most common means of increasing the 

absorption of CO2 laser radiation and are widely used in industry. The laser 

power is absorbed in these thin layers and transferred to the work-piece. As 

the coating has to transport the released heat to the metal surface the 

thermal conductivity of the work-piece will influence the overall 

absorption coefficient.

In this study graphite spray is used throughout. This is applied manually to 

a work-piece, which has been cleaned with acetone to remove 

contaminants. This can have an influence on the absorption as the 

thickness, usually 6pm47, of the coating can vary. On small substrates 

maintaining an even layer of graphite is not a problem. On the larger 

substrates however there can be small areas where the thickness alters. 

Another influence is the degradation of the coating during the process. This 

is minimised in laser forming due to the relatively low intensity and high 

traverse speed required for the process (figure 3.1.25). However with 

multiple passes over the same irradiation line a re-coating of the substrate
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can be necessary. The graphite coating is quoted to have an absorptivity of 

77.3% (table 3.1.1) this can vary depending on the substrate.

Figure 3.1.25: Dependence of coupling rate of coated surfaces on 
interaction time and incident intensity111

3.1.4 Materials used in this Thesis

3.1.4.1 CR4 Mild Steel

Technical data on this material is given in the following tables:

D en sity Y o u n g ’s
M odulus

Strength Y ie ld
Strength

T en sile
Shear

M odulus

B u lk
M od u lus

H ardness

[kg/m 3] [GPa] [M Pa] [M Pa] [GPa] [GPa] [V ickers]

7 8 7 0 2 0 5 365 3 0 5 80 140 108

Table 3.1.2: Mechanical properties of Mild Steel CR4112
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M eltin g  P oin t [°C ] 1515

Therm al C ond uctiv ity  [W /m  K] 4 9 .8

C o effic ien t o f  T herm al E xpansion  
[lO ^ /K ] 2 0 ° C

12.2

C o effic ien t o f  T herm al E xpansion  
[lO ^ /K ] 2 5 0 ° C

13.5

C o effic ien t o f  T herm al E xpansion  
[KTYK] 5 0 0 ° C

14.2

S p ecific  H eat C apacity  
[J/kg K ] 5 0 -1 0 0 ° C

4 4 8

S p ecific  H eat C apacity  
[J/kg K ] 2 5 0 -3 0 0 ° C

536

S p ec ific  H eat C apacity  
[J/kg K ] 4 0 0 -4 5 0 °C

6 4 9

S p ecific  H eat C apacity  
[J/kg K1 6 5 0 -7 0 0 ° C

825

Table 3.1.3: Thermal Properties of Mild Steel CR4112

3.1.4.2 Aluminium Alloy 6061 (AA6061)

T e m p e r

T e n s ile  s tre n g th  

(M P a )

Y ie ld  stre n g th  

(M P a )

H a r d n e ss
(H V ,

c o n v e r te d  
(H B ) fro m  H B )IU

O 124 55 30 3 2

T 4 241 145 65 71

T 6 3 1 0 2 7 6 95 102

Table 3.1.4: Typical mechanical properties of AA6061 in its various
114tempers
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O T 4 T 6

M eltin g  R ange[°C ] 5 8 2 -6 5 2 5 8 2 -6 5 2 5 8 2 -6 5 2

Therm al
C ond uctiv ity

[W /m K ]
180 154 166.9

C o effic ien t o f  
Therm al E xpansion  

[ lO V K ] 20 °C 2 3 .6 2 3 .6 2 3 .6

C o effic ien t o f  
T herm al E xpansion  

[lO V K ] 2 5 0 °  C 2 5 .2 2 5 .2 2 5 .2

S p ec ific  H eat 
C apacity  
[J /k g  K ] 896 896 896

Table 3.1.5: Thermal Properties of AA 6061 in three different
114tempers.

Listed in table 3.1.4 are typical mechanical properties of AA 6061 in its 

most common tempers. These tempers are the ones used in this 

investigation. Included are the hardness values used to verify that these 

tempers have been achieved. As the original values are in Brinell hardness 

(HB) they have been converted using conversion tables to Vickers 

hardness (HV), which are the units used by the micro hardness tester.

3.1.4.3 Aluminium Alloy 5251

Some of the properties of AA5251 are listed in table 3.1.6 and 3.1.7. The 

temper used in these experiments is H22.
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D en sity  [g /cm 3] 2 .6 9

M eltin g  P oin t [°C ] 625

M od u lus o f  E lastic ity  [GPa] 70

Therm al C ond uctiv ity[W /m .K ] 134

Therm al E xp an sion  [lO ^ /K ] 25

Table 3.1.6: Physical properties of AA5251115

T em per H 22 H 2 4 H 26 0

V ick ers hardness [H V ] 65 7 0 75 4 6

P r o o f  S tress 0 .2% [M P a] 165 190 2 1 5 80

T en sile  Strength[M Pa] 2 1 0 2 3 0 2 5 5 180

Shear Strength [M Pa] 125 135 145 115

E longation  A 5  [%] 14 13 9 2 6

Table 3.1.7: Mechanical properties of AA5251115
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3.2 Geometrical influences

To date there has been a considerable amount of work carried out on two- 

dimensional laser forming, using multi-pass straight line scan strategies to 

produce a reasonably controlled bend angle in a number of materials, 

including aerospace alloys. A key area, however, where there is a limited 

understanding, is the variation in bend angle achieved per pass (or bend 

angle rate) during multi-pass laser forming along a single irradiation track 

(producing a positive bend), in particular the decrease in bend angle per 

pass after many irradiations for a given set of process parameters consistent 

with the TGM6.

Understanding of this variation in bend angle per pass is essential if the LF 

process is to be fully controlled for a manufacturing environment. There 

are many influencing factors for this. Here an additional cause for this is 

proposed based on the geometrical effects of the component deformation, 

which in turn influences the process parameters per pass. This theory is 

confirmed through empirical analysis of the 2D laser forming process.

This fall off in bend angle can be seen in the results from the initial 

experiment. This used the edge clamp with multiple scan lines at the same 

position. These results are compared with results for forming with the same 

line energy and various beam diameters which simulates the decrease in 

energy fluence of the geometrical effect. For further comparison the same
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parameters as the initial experiment are used with a v-block, this changing 

the geometrical effect.

3.2.1 Edge Clamp Condition

The material formed is 1.5mm CR4 mild steel at power of 760W, beam 

diameter of 5.5mm and a traverse speed of 30mm/s. A graphite absorptive 

coating is used without re-coating and 60 passes are completed. The piece 

is formed using the previously described general set-up using the 1.5kW 

CO2 laser.

Equations to calculate the beam area are determined. These are used to 

work out the influences of the geometry effect on the beam area, and 

therefore energy fluence as a function of the current angle.

To simulate the effects of a decrease in energy fluence experiments are 

performed with 5.5, 6, 6.5, 7 and 8mm beam diameters. To be able to make 

a comparison to the original experiment the same parameters are used 

which keeps the line energy constant. From the results of this experiment it 

is possible to calculate a predictive model of the effects of the change in 

geometry as the work-piece forms.
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3.2.1.1 Measurement

The user interface for the automated 2D laser forming of 80x80mm 

coupons is used with the following method of calculating angle used.

Figure 3.2.1: Calculation of bend angle for the edge clamp

/
= arctan

V

\
(3.2.1)

3.2.1.2 Predictive Model

Using the results of the effects of various beam diameters of bend angle per 

pass it is possible to find an equation for the relationship between bend 

angels per pass and beam area. An average bend angle per pass for each of 

the beam diameters for the first 30 passes is taken. By only using the first 

30 passes the bend angle in the experiment doesn’t exceed 35°. This is 

before any significant change in beam area occurs due to the geometrical
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effect. This average is used to find an equation for the relationship between 

the bend angles per pass as a factor of beam area.

It is noted that the change in beam diameter does not simulate the 

geometrical effect exactly as the traverse length of the beam changes with 

the diameter and with the elliptical beam created by the geometrical effect 

this is constant. This gives a variation in the energy fluence (figure 3.2.2). 

However there is a close relationship which is sufficient for a predictive 

model which will be used as a comparison for the experimental results.

Figure 3.2.2: Energy fluence with increasing bend angle and energy 
fluence with an increasing beam diameter equivalent to the same incident 
area increase.

As the bend angle per pass for an area of the elliptical beam is now known 

the relation between the bend angles per pass with increasing existing bend 

angle can be determined.
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3.2.2 V-block condition

The equations for the change in beam area as the bend angle increases are 

determined and the relation in beam area and energy fluence with beam 

angle is shown graphically. The experiment is repeated with the same 

parameters as the initial experiment in a v-block. These results can then be 

compared.

3.2.2.1 Measurement

The same user interface is used for the v-block as with the edge clamp with 

a change in the angle calculation.

Figure 3.2.3: Calculation of bend angle for the v-block

cc, — 2 arctani ——— \ 20 , (3.2.2)
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3.3 Effects of Post Forming Heat Treatments on 

Laser Formed Components

This investigation is carried out on AA6061 as it is heat treatable and has 3 

temper settings which will allow the alloy to go through various differing 

heat treatments. Aluminium alloy AA6061 is a commonly used heat 

treatable alloy and has many applications due to its high strength, corrosion 

resistance and ability to be welded. This investigation takes three 2D laser 

formed samples, measures the heights across the surface and then heat 

treats them.

The first heat treatment, which all the samples undergo, is full annealing. 

This will relax any residual stresses in the samples and give them a 0 

temper which is the softest most ductile form of AA6061 possible. The 

samples heights are then measured again.

The next heat treatment is solution heat treatment and quenching. This is 

performed on two of the samples. The sample is heated to a high 

temperature and then cooled rapidly in a cold water bath. Again the 

samples are measured after this process. This strengthens the samples 

achieving a T4 temper.

The final heat treatment is precipitation hardening, which will only be 

performed on one of the samples. This is a long heating process at a much
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lower temperature than the previous treatments and artificially ages the 

sample. This strengthens the sample further achieving a T6 temper.

The next step is to perform a micro hardness tests on each sample to ensure 

that the Temper states have been attained. For this investigation a 0 temper 

1.6mm thick AA6061 is used which had been mechanically cut into 40 x 

80mm coupons. The 0 temper is used as it is the base temper that all other 

tempers are derived from. Forming at the 0 temper has the added 

advantage of that it is the softest most ductile temper and any residual 

stresses have been removed.

3.3.1 Laser Forming

The basic set up is the same a described in the general set up. A 1.5kW 

CO2 laser is used and the work piece is clamped using the edge clamp .The 

three samples were laser formed using different parameters shown in table

3.3.2. All of the samples were formed with the direction of the pass 

alternating each time; this is to help prevent the build up of stresses on one 

side of the sample. The choice of parameters used is taken from previous 

work within the group47

S a m p le  1 S a m p le  2 S a m p le  3

P o w e r  a t  su r fa c e  (W ) 5 0 0 500 5 0 0

B ea m  d ia m e te r  (m m ) 3 3 3

B e a m  v e lo c ity  (m m /s ) 55 55 4 5

N u m b e r  o f  p a sses 2 0 5 5

N u m b e r  o f  p a sses  b e fo re  r e -c o a tin g  o f  
g r a p h ite  sp ra y .

10 n/a n /a

Table 3.3.2: Laser forming parameters of the individual samples
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The user interface used is the automated 2D laser forming of 40x80mm 

and 80x80mm coupons with full surface measurement shown in figure

3.3.1. No dwell time is selected as the piece has its surface measured after 

each pass. Including the time it takes for the measurement the dwell is 

approximately 5 minutes and 15 seconds. In previous work it is noted that 

a re-coating of the graphite would be required after 10 passes. Because of 

this the selected number of passes for sample 3 is 10 with the sample being 

re-coated with graphite and then another 10 passes completed at with the 

same parameters. No re-coating is required for sample 2 and 3.

3.3.2 Measurement

The samples were measured using the same system as described in the 

earlier section. The work-piece is moved under a laser range finder and 

measured at intervals across the surface, this giving an accurate surface 

layout (figure 3.3.1). For these measurements the clamp is used to provide 

an accurate reference point. To prevent stresses to the sample that would 

affect the surface measurement the jaws of the clamp are not used. To keep 

the sample in position it is placed on the clamp with some double sided 

adhesive tape. Measurements are taken before the first heat treatment and 

then after each heat treatment.
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t

15mm 5 m m

Figure 3.3.1: The measured points on the sample. The bending line can 
be seen here as the middle vertical dashed line.

3.3.3 Calculations

The average angle is taken from the average of the 7 total angles which are 

positioned at 5 mm intervals across the sample (figure 3.3.1).

To calculate the total angle, c^, at each position first the angle of the 

clamped side, o, and the angle of the free side, </>, are calculated. These are 

shown in the following equations:
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(3.3.2)
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30mm w  ̂ 30mm
4  1 ---------------- ►

Figure 3.3.2: Schematic showing the calculation of the overall 
angle

The total angle, a*, can then be calculated:

a b = </) + <7 (3.3.3)

3.3.4 Heat Treatments

3.3.4.1 Annealing116
The softest, most ductile, and most workable condition of both non-heat 

treatable and heat treatable wrought aluminium alloys is produced by 

annealing to the temper designation 0. In the case of heat-treatable alloys, 

the solutes are sufficiently precipitated to prevent any natural age 

hardening from occurring.

Emile Abed PhD Thesis
Modelling and Experimental Procedure o f 3D Laser Forming o f Metallic Components



Chapter 3 Experimental Procedure 116

For this investigation all three samples are fully annealed. They are placed 

in a furnace and then heated to 415°C for three hours. To ensure the 

cooling rate doesn’t exceed 30°C/h the furnace is turned off and the 

samples remain inside allowing them to cool with the oven. In annealing, it 

is important to ensure that the proper temperature is reached in the full 

volume of the load; therefore it is common for the soak period to be at least 

one hour. The maximum annealing temperature isn’t as crucial, though it is 

undesirable to exceed 415°C because of the possibility of oxidation. The 

cooling rate is vitally important to produce the maximum grain size in the 

samples and achieve full annealing, therefore slow cooling is used. This 

also has the added advantage of minimising distortion. All three samples 

are then measured, using the same method as before, with the CMM using 

double sided adhesive tape to keep the sample in place on the clamp.

3.3.4.2 Solution Heat Treatment and Quenching116

To achieve precipitation hardening it is necessary to go through solution 

heat treatment of the samples. The objective of this is to take the soluble 

hardening elements in the alloy into the solid solution. This process 

consists of soaking the alloy at a sufficiently high temperature for a long 

enough to achieve nearly homogeneous solid solution. To do this the 

samples are placed in a pre heated furnace at 530°C for 1 hour.

To achieve the T4 temper designation it then necessary for the sample to be 

quenched. This is an important stage in the precipitation hardening process 

as by rapidly cooling to a lower temperature, approximately room 

temperature, the solid solution is preserved. This is achieved by quenching 

the samples in a cold water bath. This process increases the hardness and 

the strength of the material.
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33.4.3 Precipitation Heat Treatment116

After solution treatment and quenching, hardening is achieved either at 

room temperature (natural aging) or with precipitation heat treatment 

(artificial aging). The precipitation heat treatment can be used to improve 

many properties but often at the risk of reducing another property. For 

example, if you raise the strength of the material, the corrosion resistance 

may decrease. For this reason it is very important to consider the 

temperature and duration of the precipitation heat treatment of the sample. 

Sample 2 is going to be heated in the furnace at 160°C for 18 hours. This 

will achieve a T6 temper which is a commonly used temper designation for 

engineering applications.

3.3.5 Micro Hardness Testing

As the hardness of AA6061 varies with temper it is possible to use this to 

test if the heat treatments are carried out correctly.

After processing all the samples are mounted in resin. The cutting 

direction was perpendicular to the bent line. The laser processed area of the 

samples was kept in the centre of the strips with the lateral sides 

approximately 10 mm in length each. The hot mounting process took about 

15 minutes for each sample and the operation temperature was 

approximately 150°C.
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Figure 3.33: Picture of cut sections in resin.

The samples are cut through a cross section of the bend and mounted in 

resin (figure 3.3.3). This allows the hardness to be taken within the sample 

and across the bend. The hardness is measured at the top and the bottom of 

the bend along the whole sample (figure 3.3.4).

Figure 33.4: Locations for the hardness test

The micro hardness tester measures hardness in Vickers hardness. A mass 

of 100g is used for a time of 15 seconds. The indentations were measured 

using the microscope, to an accuracy of 0.1 pm.
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3.4 Geometry Based Predictive/Adaptive Model for 

3D Forming

2D laser forming has been around for many years. Because of this the 

advancements in 2D forming have been considerable and it is currently 

possible to control bend angle in various materials, including aerospace 

alloys, with reasonably accurate results. The next step is to investigate 3D 

laser forming. To advance this process, it is necessary to develop a method 

to predict irradiation strategies for various 3D surfaces. This also gives rise 

to a means of distortion correction.

-40 -100

Figure 3.4.1: Matlab output showing a Bezier surface patch for a 
pillow shape
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It was concluded from earlier empirical studies76 that, in order to develop 

control of the process of 3D laser forming, it was necessary to have the 

ability to define the surface to be formed. In addition, by defining the 

surface and analysing properties such as gradient and curvature, it was 

thought this may lead to a method of scan strategy prediction. A related 

study to this investigation117, based of the controlled 3D laser forming of a 

pillow or dome shape, concluded that scan strategies based on contours of 

constant height of a surface using the temperature gradient mechanism 

(TGM)10 can produce successful results. The desired shape, the pillow 

shape in this case, was defined by a Bezier surface patch (figure 3.4.1) in 

Matlab. This mathematical function allows the definition of a continuous 

3D surface from only a limited number of supplied coordinates for the 

surface, the rest of the data then being interpolated over a given range.

3.4.1 Geometry Based Predictive/ Adaptive Model:

Basic Procedure

There are two geometry-based models discussed in this thesis. The 

following procedure is the same for both the original and modified models 

(figure 3.4.2). Additional procedure relating to individual models is 

outlined in sections 3.4.2 and 3.4.3.
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Figure 3.4.2: A Basic flow chart of the Geometry Based Predictive/ 
Adaptive Model

3.4.1.1 Defining the Desired Surface

The first step is to define the surface which is desired. This is done in 

Matlab using a minimal number of points. In this case 9 points for a part- 

cylinder, saddle or pillow and 16 points for the more complex cowling 

shape (figure 3.4.3), the values at these points correspond to the height of 

the desired surface with a maximum value of 1. The maximum value is 1, 

so the desired height can be adjusted easily. These points are interpolated 

in Matlab to gain a full smooth surface of the necessary number of points; 

these are chosen manually, across the required surface area (figure 3.4.4).
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Figure 3.43: 16 points used to define the desired surface

Figure 3.4.4: Interpolated points for desired surface

100

3.4.1.2 Defining the Actual Surface

The actual surface is measured using the CMM, described earlier. The 

measurements from the CMM are placed in an excel file so they can be 

normalised. This involves finding a value for the point at the centre of the 

clamp where there is a bolt. This is done by finding the average of the
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surrounding points. All the points are then subtracted by this value, zeroing 

the value at the centre and measuring all points in height from the centre 

(figure 3.4.5). As with the desired surface these points are interpolated to 

gain a full smooth surface of required points, this is the same number of 

points as for the desired surface (figure 3.4.6).
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m
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1-0.15

- 0.2

Figure 3.4.5: Measured points of the actual surface

Figure 3.4.6: Interpolated points of actual surface
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o
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3.4.13 Error Calculation

All of the irradiation strategies are based on the error between the actual 

surface and the desired surface. This is a simple calculation where the 

interpolated measured heights of the actual surface are subtracted from the 

interpolated required heights of the desired surface. To do this, the matrix 

of the interpolated points from both surfaces are made to be equal in size.

3.4.1.4 Irradiation Strategy

The resulting matrix form of the error is then used to determine the 

irradiation strategy. The irradiation strategy is the path/pattem of the laser 

and the speed of the laser. The speed is used to control the amount of 

energy used in processing, this is in place of laser power which is difficult 

to control. Therefore in every case when using the model the laser power is 

constant throughout. The path is determined using two methods in this 

thesis, the lines of constant height method and the lines of constant 

gradient magnitude method. The laser speed is also determined differently 

in both these cases. This is explained further in the related sections. An 

example of the Matlab program which calculates the irradiation strategy is 

shown in appendix I.
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3.4.1.5 Galil CNC Program

The Matlab program then writes two Galil CNC programs based on the 

irradiation strategy, a program for the front side path and the reverse side 

path. An example of this can be seen in Appendix II. This program controls 

the CNC tables and the laser shutter. The power is pre-determined and is 

constant throughout. These programs are uploaded to the Galil card using 

the Galil editor in the Jog controller user interface. The irradiation strategy 

can then be carried out. The work-piece is then measured and if the desired 

surface isn’t achieved the whole process begins again. If the desired shape 

is achieved the process is finished.

3.4.2 Irradiation Strategy for the Original Model

Here the procedure is the same as the basic procedure with some added 

detail in determining the irradiation strategy. For this model the lines of 

constant height are used as an irradiation pattern and the minimum speed is 

calculated by the amount of strain required to produce the desired shape 

(figure 3.4.7).
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Figure 3.4.7: Flow chart for the original model

Figure 3.4.8 is an example of an irradiation strategy created by this 

method. The lines are relatively simple as they are the line of constant 

height. The dot colour refers to the side of the work-piece the irradiation 

lines should be placed on. The red dots indicate the reverse side scans and 

blue the front side scans. This is determined by the height, if the height is 

above the required height, the dot is red and if it is below the dot is blue.

The size of the dots indicates the magnitude of the gradient and therefore 

the amount of forming required. This is used to distribute the laser speed
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between the maximum speed, at the smallest dots and the calculated 

minimum speed for the largest dots. This is because the minimum speed 

produces the maximum amount of forming.

Figure 3.4.8: Example of irradiation strategy for first model

For calculating the speed, the first step is to select a speed range. The 

maximum speed is chosen to be just under the forming threshold to allow 

for fine adjusting. A minimum speed is selected just above the point where 

damage will be done to the surface. This allows for maximum amount of 

possible forming with no damage to the work-piece. A minimum speed is 

then calculated before each pass, using strain equations. If this is less than 

the pre-selected minimum speed, it is not used. An example of the speed 

range can be seen in figure 3.4.9. This calculation is discussed in more 

detail in the results and discussion chapter of this thesis.
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Figure 3.4.9: Example of speed range with calculated minimum speed 
(63.65mm/s) for first model

3.4.3 Irradiation Strategy for Modified Model

Again the procedure is the same as the basic procedure with some added 

detail in determining the irradiation strategy. For this model, the lines of 

constant gradient vector magnitude are used as an irradiation pattern and 

the speed is determined by the increment of the gradient between 

irradiation lines. Also included in this model is a subroutine which takes 

into account the decrease in the area viewable from above as the work- 

piece forms (figure 3.4.10).
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Figure 3.4.10: Flow chart for the modified model

Here the irradiation lines are based on the lines of constant gradient vector 

(figure 3.4.11). Again the colour of the dots indicates the scanned side, 

which is determined by the direction of the gradient. As in the original 

model the size of the dots indicates the speed required. However, this is 

determined in a different way to the original model. Here the speed is 

determined by the increment of the gradient between the irradiation lines.

As the gradient is directly related to the angle the speed can be selected
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from the results of 2D laser forming (figure 3.4.12). As the lines are a 

contour of the gradient, these are distributed evenly and therefore the speed 

is constant throughout the pass.

Figure 3.4.11: Example of irradiation strategy for modified 
model

Figure 3.4.12: Example of the results of 2D forming used for speed 
calibration
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Also included in this model is the method for taking into account the 

decrease in measured area which writes a Visual Basic program that is 

placed behind the ‘Begin Scan’ button on the modified CMM user 

interface to adjust the co-ordinates of the measured points accordingly. An 

example of this Visual Basic program is shown in appendix III. This 

calculates the decrease in the x and y direction of each element from the 

height data. Ideally this would be done after the laser pass and the 

calculated decrease in area would then be used to measure the surface 

again. This is not done as a measurement pass takes approximately 10 min, 

to save time the calculated decrease in viewable area is taken from the 

previous laser pass. This still has the advantage of allowing the measuring 

points to be placed close to the edge preventing the measuring points from 

missing the work-piece.
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Chapter 4

2D Laser forming Results and Discussion

2D laser forming studies are looked at here as investigations in their own 

right and also as tools to help in the investigation of 3D forming.

In this chapter the influence of the change in beam geometry as a part 

forms is investigated. Here previously-investigated potential factors of 

multi-pass forming are discussed.

The effects of post laser forming heat treatments are also investigated in 

this chapter. As post-forming heat treatments are often carried out in the 

aerospace industry to relieve any residual stresses that may have been 

induced into the part from the forming process this may effect the 

possible application for the laser forming process.
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4.1 Geometrical Influences on Multi-Pass Laser 

Forming

To date there has been a considerable amount of work carried out on two- 

dimensional laser forming, using multi-pass straight line scan strategies 

to produce a reasonably controlled bend angle in a number of materials, 

including aerospace alloys. A key area, however, where there is a limited 

understanding, is the variation in bend angle achieved per pass (or bend 

angle rate) during multi-pass laser forming along a single irradiation track 

(producing a positive bend), in particular the decrease in bend angle per 

pass after many irradiations for a given set of process parameters 

consistent with the TGM6. An example of this can be seen in figure 4.1.1, 

were data from the multi-pass 2D laser forming of a 1.5mm mild steel 

CR4 coupon is presented (CW CO2 laser).

Figure 4.1.1: Example of the fall off in bend angle per pass during 
multi-pass TGM, laser forming over the same scan line using the same 
process parameters per pass. 1.5mm mild steel, 760W CW CO2, 5.5mm 
beam diameter, 30mm/s, graphite coated.

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 4 2D Laser Forming Results and Discussion 134

It can be seen in figure 4.1.1 that as the number of passes increases over 

the same irradiation line the bend angle achieved per pass varies. The 

overall bend angle is shown on the left hand primary Y axis and the bend 

angle per pass is shown on the right hand secondary Y axis. It can be seen 

that after the first five passes the bend angle per pass falls consistently for 

subsequent passes.

Understanding of this variation in bend angle per pass is essential if the 

LF process is to be fully controlled for a manufacturing environment. The 

research presented here summarises the current theories as to why this 

occurs and proposes a further hypothesis based on the geometrical effects 

of the component deformation, which in turn influences the process 

parameters per pass. This hypothesis is confirmed through empirical 

analysis of the 2D laser forming process.

The material used here is 80x80 x 1.5mm CR4 mild steel. This material is 

used due to its 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 and laser cut to the required 

dimensions from a local laser cutting job-shop. Having the material laser 

cut meant that any additional residual stresses due to cutting would be 

minimal as large residual stresses could influence the geometry of a 

formed part.
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4.1.1 Summary of Known Influencing Factors

There are a number of theories identified in the literature to explain the 

variation in bend angle per pass during multi-pass LF using the TGM, 

these are:

• Strain hardening.

• Section thickening.

• Variation in absorption.

• Thermal effects.

4.1.1.1 Strain Hardening

Strain hardening has been cited by a number of researchers47’ 97,101 as a 

significant factor in the fall off of the bend angle per pass with increasing 

numbers of passes. The strain hardening phenomenon 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 within the crystal lattice. During plastic 

deformation multiple dislocations created within the lattice interact 

during movement, as deformation continues the dislocation density 

increases and entanglement occurs. Further deformation is rendered more 

difficult by this entanglement and this manifests itself as an increase in 

hardness. Significant increases in hardness have been observed within the 

laser scanned region in a number of materials41,97,101. Although surface
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hardness does not give a direct measurement of the strain hardening 

phenomenon an indication of its value can be determined. If significant 

strain hardening occurs through the cross-section of the heated region 

over increasing number of passes, the bending strength of the section 

would increase, and hence the bend angle per pass would decrease.

4.1.1.2 Section Thickening

An increase in the section thickness of the heated scan line after laser 

forming has been reported in a number of studies6,17,45,47,95’97,98, l23. This 

thickening effect has been observed to increase pass by pass when 

irradiating over the same scan line in multi-pass 2D LF. The effect is 

attributed to a conservation of volume, in that the lateral plastic 

compression in the upper surface consistent with the TGM during LF 

forces material upwards to some degree in order to conserve the volume. 

It is akin to pinching the upper surface along a line in order to create the 

bend. If the section is thicker then the material will be harder to bend due 

to the increase in the section modulus, or alternatively the moment 

generated about the section for a given set of energy parameters is less 

effective. This phenomenon has been shown to be confined to 

approximately the first 20 passes (dependent on process parameters)119.

4.1.1.3 Variation in Absorption

Key to the laser forming process is the coupling of a defocused low 

intensity (invariably infra red) laser beam into a (usually metallic)
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surface. (Further discussion into absorption and absorptive coatings is 

given in chapter 3 of this thesis). A considerable amount of the research 

to date on LF has employed the use of CO2 (10.6pm) and Nd:YAG 

(1.06pm) lasers with some high power diode laser work. At these 

wavelengths, especially 10.6pm, metals are highly reflective (~2% 

absorptance), for this reason absorptive coatings are usually used. 

Coatings such as graphite provide an interface for the incident laser 

radiation to be absorbed and then transferred to the metallic substrate, 

producing an overall efficiency of 60-80% depending on the substrate. As 

would be expected, variations in the absortivity of the surface of a 

workpiece to be formed will affect the bend angle per pass as the coupled 

energy will vary also. Coatings such as graphite will be damaged and 

burnt off by repeated irradiations, thus pass by pass the coupled energy 

will decrease and hence the bend angle achieved after each pass will also 

decrease.

For laser wavelengths and material combinations (e.g. Nd:YAG and mild 

steel or Ti64) where coatings are not required, variations in absorption 

can still be present. Surface darkening effects (akin to laser marking) 

caused by multiple irradiations have been reported . These effects can 

lead to increased absorption which in turn can lead to excessive heating 

and surface damage for subsequent passes. For highly reactive surfaces 

the use of an inert shrouding gas has been shown to eliminate this 

effect121.
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4.1.1.4 Thermal Effects

Thermal effects refer to the heat build up within a component after each 

pass influencing the subsequent passes. The heat retained in the part can 

have one of two effects:

1. Aid the process by reducing the temperature dependent 

properties of the material i.e. flow stress. The analogy being that 

a hot component is easier to form than a cold one.

2. Increase the bulk material temperature of the component such 

that the thermal gradient generated by each subsequent pass is 

reduced (when employing TGM conditions) and hence the bend 

angle realised is reduced.

These points have been illustrated by thermocouple and numerical 

analysis of the multi-pass laser forming process'19, 122'124. It has been 

shown that the peak temperature achieved within the scan line increases 

pass by pass if there is insufficient dwell time between passes to allow 

complete re-cooling of the component. This is consistent with the first 

point that the heat retained in the part is aiding the process. It was also 

shown that that the temperature increase for each pass is approximately 

the same but this is built on the increased bulk material temperature. This 

additional temperature increase for subsequent passes is akin to forming 

with higher power and hence more forming should be possible. Reducing 

the inter-pass delay can enhance this effect and has been proven to be
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useful for the forming of thick section materials, a so called ‘double pass’ 

technique47.

The bulk material temperature increase with increasing number of passes 

observed in previous work47,119,122'124 (figure 4.1.2) may potentially have 

a detrimental effect on the thermal gradient generated which is balanced 

against the potential benefit outlined above. This would be the case if the 

bulk material temperature continued to rise indefinitely; however by 

acquiring thermocouple data for several more passes it was possible to 

eliminate this effect119. It was observed that although the bulk 

temperature increased for the first few passes, for the subsequent passes, 

up to approximately 10, equilibrium was reached. This means that the 

potential beneficial and detrimental thermal effects on the bend angle per 

pass are confined to the first few passes or so. The beneficial effects may 

be responsible for the initial increase in bend angle per pass observed in 

figure 4.1.1 over the first few passes, where the steadily increasing peak 

temperature realised along the scan line produces an increased bend 

angle.

Figure 4.1.2: Thermocouple output, 8mm beam dia. 20mm/s, 760W, 
10 passes, 40 second intervals47
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4.1.2 Edge Clamp Condition

The previous sections have outlined a number of factors that influence 

variations in bend angle development during multi-pass 2D LF using the 

TGM. An additional factor is proposed here based on the geometrical 

effects of the component deformation influencing the process parameters. 

It was observed that when laser forming a component using an edge or 

cantilever clamping arrangement (figure 4.1.3) the incident beam 

geometry is influenced by the existing bend in the sample. More 

accurately only half of the beam geometry is influenced. As the sample 

bends pass by pass the portion of the beam incident on the bending leg of 

the sample becomes increasingly elliptical. This can be illustrated by the 

intersection of a cylinder with an inclined plane as shown in the CAD 

drawing in figure 4.1.4.

Figure 4.1.3: Cantilever clamping/ Edge Clamp
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Figure 4.1.4: Illustration of the intersected incident beam area for an 
already bent sample

4.1.2.1 Area Calculations

It can be seen in figure 4.1.4 that the incident beam area on the sample as 

the sample bends becomes a combination of a half circle and a half 

ellipse, with the ellipse becoming more distorted pass by pass. It was 

thought that this would constitute an effective increase in the incident 

beam area on the sample and hence a reduction in the power density and 

energy fluence (power density times the interaction time), this may in 

turn influence the bend angle achieved per pass. In order to confirm this, 

the bend angle dependent incident beam area had to be found. A 

schematic of the incident beam geometry is given in figure 4.1.5; where 

Di is the beam diameter, Ri is the beam radius, R2 is the distorted beam 

radius (elliptical) and is the bend angle.
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Figure 4.1.5: Schematic of the incident beam geometry for the 
cantilever clamping condition

The distorted beam radius R2 is given by:

R,= A_
Cosak

(4.1.1)

The total incident beam area, A, is given by:

. 7zR } n R .R ?  
Ay = ---~ + ---—

(4.1.2)

Substituting for R2 and rearranging gives:

A t - a & 1 + 1
Cos a b y

(4.1.3)
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4.1.2.2 Calculated Effects
Calculating the incident beam area for a range of bend angles from 0-90° 

for a tested set of parameters yields the effect of a pre-existing bend angle 

on the process parameters (figure 4.1.6).

Figure 4.1.6: Effect of bend angle on the incident beam area for a 
cantilever clamping condition. 5.5mm beam diameter

It can be seen in figure 4.1.6 that as the bend angle increases the total 

incident beam area also increases as half of the beam is distorted up the 

bending leg of the component. The beam area increases significantly at 

higher bend angles, increasing exponentially approaching 90°. It is 

possible to determine the effect of the increasing beam area on the energy 

fluence (figure 4.1.7).
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Figure 4.1.7: Incident energy fluence with increasing bend angle for 
a cantilever clamping condition. 5.5mm beam diameter, 760W,

4.1.2.3 Empirical Confirmation

It can be seen in figure 4.1.7 that the incident energy fluence falls 

consistently as the bend angle increases for this clamping condition. This 

significant fall in energy fluence will have an effect on the bend angle per 

pass, specifically at higher number of passes. An empirical method of 

confirming this theory was devised. A series of experiments was 

performed using the same processing conditions as above but with 

various beam diameters. This was to demonstrate the effect of an 

increasing beam area, with constant line energy, on the multi-pass LF 

process. For the same power and process speed (760W and 30mm/s) 

beam diameters in the range 5.5-8mm were employed to laser form 

1.5mm mild steel CR4 samples up to 30 passes. Only a single constant 

beam diameter for each sample was used and the total bend angle per 

pass was recorded. This data is presented in figure 4.1.8.
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Figure 4.1.8: Bend angle development for a given beam diameter at a 
constant line energy, 1.5mm mild steel, 760W CW CO2, 30mm/s

It can be seen in figure 4.1.8 that as the beam diameter is increased the 

total bend angle achieved after 30 passes falls considerably; this is 

consistent with other work in this area125. This can be further illustrated 

by analysing the bend angle achieved per pass for a given beam diameter; 

this is shown in figure 4.1.9. It can be seen that the bend angle achieved 

per pass falls with an increasing beam diameter and hence beam area, 

thus demonstrating that the bend angle per pass is influenced by the beam 

area. It can also be seen that the bend angle per pass varies according to 

the pass number, the data being sampled at figure 4.1.9. This is consistent 

with the previously discussed bend angle fall-off phenomenon observed 

earlier with the increasing number of passes (figure 4.1.1). It is likely that 

the fall-off recorded here is not significantly due to the proposed 

geometrical factor as a potentially detrimental increase in incident beam 

area does not occur until higher bend angles (figure 4.1.6).
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Figure 4.1.9: Variation in bend angle per pass with increasing 
incident beam diameter. 1.5mm mild steel, 760W, 30mm/s.

Unfortunately the conditions of these verification experiments are not the 

same as in the original experiment. Although the processing parameters, 

line energy, beam area etc are the same, the geometry of the incident 

beam is not. In the original experiment the beam is distorted and becomes 

more elliptical on one half only with an increasing bend angle; the other 

side remains semi-circular. Thus the beam diameter does not vary in the 

traverse direction but only perpendicular to it and only on the bending leg 

side. In the experiment in figures 4.1.8 and 4.1.9 the beam diameter is 

increased uniformly for each run giving an increase in incident beam 

area; however, as the beam diameter increases in the traverse direction as 

well, the interaction time is therefore different from the original 

experiment and thus the energy fluence realised is different. This can be 

illustrated by calculating the effective beam diameter (assuming a circular 

beam) for a given beam area (from equation 4.1.3) and thus calculating 

the energy fluence for this condition; this is shown in figure 4.1.10. It can
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be seen that the fall-off due to the proposed geometrical factor (part- 

elliptical beam) with increasing bend angle is slightly greater than the 

effect of an increasing beam diameter. It was thought, however, that as a 

similar decreasing trend was produced and only an indication of the 

influence of the geometrical factor was required, a model could be 

developed based on this data to predict the bend angle development for a 

given existing bend angle.

By taking the average of the data in figure 4.1.9 it is possible to obtain a 

relationship between the bend angle per pass and the beam diameter. 

Because the maximum bend angle in these experiments is below 35° the 

geometrical influence is minimal.

Figure 4.1.10: Energy fluence with increasing bend angle (from figure 
4.1.7) and energy fluence with an increasing beam diameter equivalent to 
the same incident area increase.

This relationship can be converted into variation of bend angle per pass 

with increasing area of the beam (A =7ur2) (figure 4.1.11). As we know the 

area of the elliptical beam with the increase in bend angle (equation
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4.1.3) the relation between the bend angle per pass with increasing 

existing angle can be determined (figure 4.1.12).

Figure 4.1.11: Average variation in bend angle per pass with 
increasing incident beam diameter. 1.5mm mild steel, 760W, 30mm/s

Existing Bend Angle [deg]

Figure 4.1.12: Bend angle per pass prediction with increasing 
existing bend angle. 1.5mm mild steel, 760W, 30mm/s, 5.5mm beam

The prediction based on this relationship is given in figure 4.1.13; the

data was only calculated up to 60° as the experimental data was only

available up to this angle (due to measurement limitations). Using this
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relationship it is possible to generate a prediction of the total bend angle 

development with increasing number of passes taking into account the 

existing bend angle. This prediction is shown along with the experimental 

data from figure 4.1.1. It can be seen that there is a good agreement 

between the predicted and experimental trends demonstrating the 

significance of the geometrical factor. At higher bend angles, however, 

the predicted data diverges slightly and appears not to show as significant 

a fall-off as the experimental data; this could be attributed to the 

difference in energy fluence fall-off of the verification data mentioned 

earlier or the influence of other factors such as strain hardening that are 

unaccounted for in the model.

Figure 4.1.13: Predicted bend angle development due to increasing 
beam area with increasing bend angle and comparison with 
experimental results. 1.5mm mild steel, 760W, 30mm/s, 5.5mm beam 
diameter.
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From the analytical and empirical data presented in this section it has 

been shown that the bend angle per pass, when LF employing a cantilever 

or edge clamp, is influenced by the formed bend angle. It has been shown 

that as the bend angle increases the incident laser beam geometry is 

distorted, resulting in an effective increase in the beam area and a 

reduction in the incident energy fluence. A prediction of the bend angle 

development based on this phenomenon has been shown to be close to 

experimental data in terms of the prediction of bend angle per pass fall- 

off. Thus this effect must be considered to be an influential factor in the 

bend angle per pass fall-off phenomenon

4.1.3 V-Block Condition

As the geometrical factor described in the previous section relies on the 

clamping arrangements employed, an alternative clamping arrangement 

was devised. By using a V block or simply supported arrangement, as 

seen in figure 4.1.14, it was thought that an even forming may be 

possible, eliminating the oblique angle of incidence of part of the laser 

beam at higher bend angles.

Figure 4.1.14: V-block or simply supported clamping arrangement.
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For this arrangement the coupon is supported by four bolts and kept in 

place by sticky pads on top of the bolt heads and by the partial locating 

fence around the outside of the coupon. The bend angle can be verified 

using a laser range finder, taking height readings on the scan line and 

either side of it. This also allows for the implementation of automatic 

focus control, maintaining the same focal position per pass as the coupon 

deforms away from the laser. (These calculations and further detail on 

clamping arrangement is discussed in chapter 3.)

4.1.3.1 Area Calculations

Figure 4.1.15: Schematic of the incident beam geometry for a V 
block or simply supported clamping arrangement.

As with the cantilever clamping condition it is possible to determine the 

effect of an increasing bend angle on the total incident beam area. Instead 

of half of the beam being distorted, both sides of the beam in this case 

become more elliptical as the bend angle (a*) increases (figure 4.1.15).
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The distorted beam radius R2 is given by:

(4.1.4)

The total bend angle dependent incident beam area, A, for the V block 

clamping condition is given by:

4.1.3.2 Calculated Effects

Calculating the incident beam area for a range of bend angles from 0-90° 

for the same set of parameters used for the cantilever clamping condition 

yields the effect of a pre-existing bend angle on the process parameters 

for this boundary condition. This is shown in figure 4.1.16 (using the 

same scale as figure 4.1.6).
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Substituting for R2 and rearranging gives:

(4.1.6)
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Figure 4.1.16: Effect of bend angle on the incident beam area for a V- 
block or simply supported clamping condition. 5.5mm beam diameter.

It can be seen in figure 4.1.16 that the incident beam area is not as 

significantly affected by the increasing bend angle when compared to the 

cantilever clamping condition (figure 4.1.6). This is due to the 

dependence on only the half bend angle (a*/2); the effective incidence 

angle does not become as oblique in this clamping condition. This can be 

further emphasised by the incident energy fluence for an increasing bend 

angle (figure 4.1.17).
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Figure 4.1.17: Incident energy fluence with increasing bend angle for 
a V-block or simply supported clamping condition. 5.5mm beam 
diameter, 760W, 30mm/s.

It can be seen in figure 4.1.17 that while there is some fall off in energy 

fluence with increasing bend angle, this is not as significant as the 

cantilever condition (figure 4.1.7) for higher bend angles. This presents 

an opportunity to test this bend angle dependence phenomenon by 

comparing experimental data for the two clamping conditions. Bend 

angle output for 60 passes for each of the two clamping conditions using 

the same energy parameters is given in figure 4.1.18.

4.1.3.3 Empirical Confirmation and Comparison

It can be seen in figure 4.1.18 that there are differences between the two 

clamping conditions in the bend angle development over the 60 passes 

recorded. It can be seen that the bend angle development per pass is 

virtually identical for 15 passes with some fall off in the bend angle per
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pass for both clamping conditions (due to the factors discussed earlier); 

as the process parameters are the same this can perhaps be expected. 

After this point there is more forming produced by the V block clamping 

condition. From 25 passes onwards, in figure 4.1.18, an interesting effect 

can be noted. The edge clamp or cantilever data shows a consistent fall 

off in the bend angle per pass; this is illustrated by the straight dotted line 

from the 25 pass point. The V block data after an initial fall off up to 25 

passes exhibits little or no fall off in the bend angle per pass for the 

remaining 35 passes, illustrated again by the straight dotted line. This 

appears to confirm the significance of the geometrical effect of the 

component distortion influencing the process parameters i.e. energy 

fluence. By eliminating or reducing this effect by changing the clamping 

conditions it has been possible to reduce the bend angle fall off per pass 

significantly.

0  5  1 0  1 5  2 0  2 5  3 0  3 5  4 0  4 5  5 0  5 5  6 0  6 5  7 0
Pass No

Figure 4.1.18: Comparison of the experimental bend angle 
development for the two clamping conditions, edge clamp and V 
block. 1.5mm mild steel, 760W CW CO2, 30mm/s, 5.5mm beam 
diameter, graphite coated.
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This has occurred to such an extent that it calls into question just how 

influential the other factors described earlier are on the bend angle per 

pass, in particular for higher bend angles. It is certain that the bend angle 

dependent geometrical effects described in this work are not the only 

influencing factors on the bend angle per pass. As described earlier there 

are a number of factors identified that are influencing the bend angle 

development at any one time, each of these factors are likely to be more 

dominant than the others at different stages in the multi-pass process. 

Further work in this area is required to confirm the significance of each of 

the factors and at which point in a bend angle development during multi­

pass 2D laser forming each factor is dominant.

4.1.4 Possible Effects of the Influencing Factors on the 

Laser Forming of 3D Components

An incremental approach is used in this thesis for the laser forming of 3D 

components. This requires an irradiation pattern to be produced for each 

pass which consist of many lines. The surface is then measured and 

another irradiation pattern is determined. Because of the multiple pass 

nature of this process the influencing factors applicable to 2D multi-pass 

laser forming can also be applied to 3D forming, though with a variation 

in the effect.

For strain hardening, section thickening and variation in absorption there 

is likely to be an effect on 3D laser forming but with a decreased effect 

initially. Because these factors are limited to localised areas they will
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have a larger effect on multi-pass 2D laser forming than on 3D laser 

forming. This is because the irradiation pattern rarely follows the same 

path in the 3D case, as the process here is adaptive. However the 

irradiation lines can interact with irradiation lines from previous passes, 

this could result in non-uniformity in the amount of forming experienced 

from a pass. With an increase number of passes this interaction is more 

likely to occur and therefore these effects become less localised and may 

begin to affect the piece as a whole, resulting in a decrease in forming 

throughout and possible becoming a major factor.

Thermal effects are applicable for the 3D case here, although with a 

subtle distinction. For the case of 2D laser forming the base temperature 

of the part increases per pass until equilibrium is reached and the base 

temperature is stable throughout the process no longer changing the 

effects it has on the amount of forming. This is dependent on the time 

allowed between passes for the part to cool. For the case of 3D forming 

this dwell is a few minutes allowing the part to cool completely. However 

with a number of irradiation lines across the work-piece for this case the 

thermal effects can occur during a pass. As each line of the irradiation 

pattern is passed the temperature of the part will increase. As there is very 

little time between each line being passed the build up of heat in the 

whole piece will be much more than for the 2D case, though the localised 

heating will be reduced as the lines do not pass over each other. This 

could affect the amount of forming throughout a single pass. This will 

affect every pass, unlike 2D laser forming where the temperature reaches 

equilibrium, because for this case the part cools completely after each 

pass. Another effect of this could be that an increase in temperature of the 

whole piece may increase the amount of absorptive coating that is burnt 

off.
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The effects of geometrical influences on the work-piece are increased for 

the 3D laser forming case. For the first pass this is not an affect, which is 

the same for the 2D case. However with 3D laser forming the greater the 

distance away from where the piece is clamped the greater the incident 

angle of the laser beam. For this case the whole beam profile is increased, 

decreasing the energy fluence. This is a larger effect than the 2D case for 

the edge clamp where half the beam is affected. This can result in a 

decrease in forming at the edges in 3D forming.

Because of the cumulative effect of all the influencing factors, apart from 

the thermal effect, it would be advantageous to the 3D laser forming 

process to form the work-piece in as few passes as possible. However the 

method for doing this would be to increase the energy into the system 

increasing the possibility of thermal effects. Further investigation is 

needed to find if there is a limit the amount of 3D laser forming possible 

in a single pass due to this effect.

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 4 2D Laser Forming Results and Discussion 159

4.2 Effects of Post Forming Heat Treatments on 

Laser Formed Components

A great deal of work has been carried out in laser forming although little 

investigation has been carried out into the effects of post forming heat 

treatments on laser formed parts. Post forming heat treatments are often 

carried out in the aerospace industry to relive any residual stresses that 

may have been induced into the part from the forming process. Another 

possibility is that post forming heat treatments can strengthen the part 

after forming has been performed in the ‘soft’ annealed state. Due to the 

mechanism of laser forming it is important to know if it is susceptible to 

unwanted deformation after experiencing these heat treatments.

This investigation is carried out on AA6061 as it is heat treatable and has 

3 temper settings which will allow the alloy to go through various 

differing heat treatments. Aluminium alloy AA6061 is a commonly used 

heat treatable alloy and has many applications due to its high strength, 

corrosion resistance and ability to be welded.

This investigation takes three 2D laser formed samples, measures the 

heights across the surface and then heat treats them.

The first heat treatment, which all the samples undergo, is full annealing. 

This will relax any residual stresses in the samples and give them a ‘O’
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temper which is the softest most ductile form of AA6061 possible. The 

samples heights are then measured again.

The next heat treatment is solution heat treatment and quenching. This is 

performed on two of the samples. The sample is heated to a high 

temperature and then cooled rapidly in a cold water bath. Again the 

samples are measured after this process. This strengthens the samples 

achieving a T4 temper.

The final heat treatment is precipitation hardening, which will only be 

performed on one of the samples. This is a long heating process at a 

much lower temperature than the previous treatments and artificially ages 

the sample. This strengthens the sample further achieving a T6 temper.

The next step is to perform micro hardness tests on each sample to ensure 

that the Temper states have been attained.

Aluminium alloy 6061 is one of the most widely used heat treatable 

alloys and also one of the most versatile. It’s easily welded and is often 

used for medium to high strength applications. With excellent resistance 

to atmospheric conditions and good resistance to sea water AA 6061 can 

be found in applications from bicycle frames to aircraft components.

Listed in table 3.3.1 are the typical mechanical properties of AA 6061 in 

its most common tempers. These tempers are the ones used in this 

investigation. Included are the hardness values used to verify that these 

tempers have been achieved. As the original values are in Brinell 

hardness (HB) they have been converted using conversion tables to 

Vickers hardness (HV), which are the units used by the micro hardness 

tester.
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4.2.1 Laser Forming

Three samples were laser formed using different parameters shown in 

table 4.2.1. All of the samples were formed with the direction of the pass 

alternating each time; this is to help prevent the build up of stresses on 

one side of the sample. The choice of parameters used is taken from 

previous work within the group47. The part is then positioned on the 

clamp using double sided adhesive tape to keep it in place; this is to align 

the part to allow it to be measured.

As sample 2 has the least energy input out of the 3 samples it is 

considered the most susceptible to the effects of heat treatment and is 

therefore the main focus of this investigation. The lower heat input into 

sample 2 can be seen with an only just visible witness line in comparison 

with sample 1 (figure 4.2.2). Because of this sample 2 will experience all 

three heat treatment stages.

S a m p le  1 S a m p le  2 S a m p le  3

P o w e r  a t  su r fa c e  (W ) 5 0 0 5 0 0 5 0 0

B e a m  d ia m e te r  (m m ) 3 3 3

B e a m  v e lo c ity  (m m /s ) 55 55 45

N u m b e r  o f  p a sse s 2 0 5 5

N u m b e r  o f  p a sse s  b e fo r e  r e -c o a t in g  o f  
g r a p h ite  sp r a y .

10 n/a n/a

Table 4.2.1: Laser forming parameters of the individual samples
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Figure 4.2.1: Samples 1, 2 and 3 after laser forming

(a) (b)

Figure 4.2.2: a) Irradiation line on sample 2, b) Irradiation line on 
sample 1

Here the 2D laser forming is not perfectly two dimensional. This is not 

apparent initially as the distortion and the edges effects are tenths of a
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millimetre or tenths of a degree in magnitude. Table 4.2.2, shows the 

variation in angles across the samples.

In figures 4.2.3a, 4.2.4a and 4.2.5a it is possible to see some of the 

distortion, with figures 4.2.3b, 4.2.4b and 4.2.5b showing the full extent 

of the distortion with the use of a much smaller scale. The edge effect 

here can be attributed to the heat build up at the end of the irradiation line 

and shrinkage along the irradiation line43.

S a m p le
5

m m
10

m m

A n g le  a t  P o s itio n  (°)

15  2 0  2 5  
m m  m m  m m

3 0
m m

3 5
m m

A v e r a g e  
A n g le  0

1 1 7 .6 6 17.61 17 .3 8 1 7 .4 6 17 .4 7 17 .7 4 17 .95 17.61

2 4 .7 5 4 .6 2 4 .4 9 4 .3 6 4 .4 2 4 .6 4 4 .71 4 .5 7

3 4 .7 7 4 .7 6 4 .5 8 4 .4 3 4 .5 4 .6 4 4 .8 7 4 .6 5

Table 4.2.2: Resultant angles after laser forming

The greatest amount of distortion in all the pieces is on the side they are 

clamped. This is significantly more distortion than in the unclamped side. 

An explanation for this is the edge clamp arrangement contributing 

additional stresses by restricting any movement in the traverse direction 

of the sample at one end.
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Figure 4.2.3a: Sample 1 surface measurement
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Figure 4.2.3b: Sample 1 surface measurement, Close -up of 
clamped side
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Figure 4.2.4a: Sample 2 surface measurement

Figure 4.2.4b: Sample 2 surface measurement, close-up of 
clamped side

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 4 2D Laser Forming Results and Discussion 166

Figure 4.2.5a: Sample 3 surface measurement

i nT-

Figure 4.2.5b: Sample 3 surface measurement, close-up of 
clamped side
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The bend angle is a quick way to see the results of laser forming and/or 

the effects of heat treatment in a sample. However, because of the 

distortion the bend angle does not give a full account as to what is 

happening in the sample. This is because to calculate the bend angle it 

only takes three points along the length of the sample. To have a better 

account of what is happening the height along the sample at 5mm, 20mm 

and 35mm across is used to create three lines on a graph (figure 4.2.6). 

To aid in the interpretation of the graphs each line has been normalised so 

the measured point closest to the clamp and the measured point at the 

irradiation line are zero. From these graphs (figures 4.2.7 - 4.2.10) it can 

be seen that there is distortion in the whole piece in every case. It should 

be noted that the clamped side has a much larger proportion of the 

distortion.

5 0 m m  30m m

O
33

Figure 4.2.6: Position of the points measured on the surface. The 
dotted line at 50mm along the length is the bend/irradiation line and 
the lines at 5,20 and 35mm are the lines along which the 
measurements are taken for the height along the length graphs.
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Pre heat
treatment
5mm

-a- Pre heat 
treatment 
20mm

-e- Pre heat 
treatment 
35mm

Figure 4.2.7: Height along length of sample 1 at 5, 20 and 35mm 
points across the width after laser forming and before heat treatment

-a- Pre heat 
treatment 
5mm

-a -  Pre heat 
treatment 
20mm

- e -  Pre heat 
treatment 
35mm

Figure 4.2.8: The height along length of sample 1 stopping at 55mm 
along the sample and at 5, 20 and 35mm points across width after laser 
forming and before heat treatment
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-b - Pre heat 
treatment 
5mm

-a -  Pre heat 
treatment 
20mm

-e- Pre heat 
treatment 
35mm

Figure 4.2.9: Height along length of sample 2 at 5, 20 and 35mm 
points across width after laser forming and before heat treatment

-e- Pre heat 
treatment 
5mm

-a -  Pre heat 
treatment 
20mm

-©- Pre heat 
treatment 
35mm

Figure 4.2.10: Height along length of sample 3 at 5, 20 and 35mm 
points across the width after laser forming and before heat treatment
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It can be seen from these results that 2D laser forming isn’t an 

exclusively 2D process. There is a small camber effect, which is expected 

in 2D forming as it is known that the irradiated area shrinks along its 

length as well as across it43. A greater effect, which is less well 

documented, is the distortion in the clamped side caused by the restriction 

of the clamp.

Here the asymmetric nature of forming causes the side of the sample 

which is irradiated first to start bending before the rest of the piece, as 

seen in work on Ti-6A1-4V by M. Reeves et al126 . This causes the sample 

to exert forces onto the clamp resulting in stresses in the work piece, 

giving us the distortion seen here. This distortion doesn’t appear to build 

up with the number of passes as sample 1, which had 20 passes on it, has 

a similar amount of distortion as sample 2, which had 5 passes. In sample 

3 however, the distortion at the clamped side is larger which can be 

attributed to the added heat input per pass with the slower traverse speed 

experienced by this part.

4.2.2 Heat Treatments

4.2.2.1 Annealing

The softest and most workable condition is produced by annealing to the 

temper designation ‘O’. For this investigation all three samples are fully 

annealed. They are placed in a furnace and then heated to 415°C for three 

hours. To ensure the cooling rate doesn’t exceed 30°C/h the furnace is 

turned off and the samples remain inside allowing them to cool with the 

oven. The cooling rate is vitally important to produce the maximum grain
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size in the samples and achieve full annealing, therefore slow cooling is 

used. This also has the added advantage of minimising distortion. All 

three samples are then measured, using the same method as before, with 

the CMM using double sided adhesive tape to keep the sample in place 

on the clamp.

m

Figure 4.2.11a: Sample 1 surface measurement after annealing,

Figure 4.2.11b: Sample 1 surface measurement after annealing, 
close-up of clamped side
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P o s it io n
5

m m
10

m m
IS

m m
2 0

m m
2 5

m m
3 0

m m
3 5  

m  m A v e r a g e

A n g le  a f te r  
a n n e a lin g  (° ) 17 .3 7 17 .33 1 7 .1 9 17.3 17 .2 9 1 7 .5 6 1 7 .7 7 17 .4

D if fe r e n c e
b e tw e e n

a n n e a lin g 0 .2 9 -0 .2 7 -0 .2 -0 .1 6 -0 .1 9 -0 .1 8 -0 .1 8 -0 .21

a n d  la se r  
fo r m in g  
a n g le  (° )

Table 4.2.3: Resultant angles after annealing of sample 1

P o s it io n 5
m m

10
m m

15
m m

2 0
m m

2 5
m m

3 0
m m

3 5
m m A v e r a g e

A n g le  a f te r  
a n n e a lin g  (° ) 5 .0 5 4 .4 3 4 .2 7 4 .21 4 .1 5 4 .2 7 4 .3 2 4 .3 9

D if fe r e n c e  
b e tw e e n  

a n n e a lin g  
a n d  la se r  
fo r m in g

0 .2 9 -0 .1 9 -0 .2 2 -0 .1 5 -0 .2 7 -0 .3 7 -0 .3 9 -0 .1 9

a n g le  (° )_______________________________________________________________

Table 4.2.4: Resultant angles after annealing of sample 2

P o s it io n
5

m m
10

m m
1 5

m m
2 0

m m
2 5

m m
3 0

m m
3 5

m m A v e r a g e

A n g le  a f te r  
a n n e a lin g  (° ) 5 .2 7 4 .9 4 4 .9 2 4 .7 4 4 .4 6 4 .7 4 4 .8 3 4 .8 4

D if fe r e n c e
b e tw e e n

a n n e a lin g 0 .4 9 0 .1 8 0 .3 4 0 .31 -0 .0 5 0.1 -0 .0 4 0 .1 9
a n d  la se r  
fo r m in g  
a n g le  (° )

Table 4.2.5: Resultant angles after annealing of sample 3
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The changes in the samples after annealing are at the same scale as the 

original distortion. The results from the bend angles across the samples 

show this change (tables 4.2.3 -  4.2.5). These changes in bend angle vary 

in magnitude and direction and never exceed 0.5°. The average change in 

bend angle for sample 1, 2 and 3 are -0.21°, -0.19° and 0.19° 

respectively. This suggests that the effects of annealing on the laser 

formed bend are minimal at worst, as there is no definitive change in 

bend angle.

A reason for the change in bend angle can be seen in figures 4.2.11 -  

4.2.13. By taking a closer look at the surface measurements of the 

clamped end it can be seen that the distortion from the effects of laser 

forming are reduced. This is confirmed in figures 4.2.14 -  4.2.17 where 

this reduction in distortion can be seen more clearly

Figure 4.2.12: Sample 2 surface measurement after annealing, 
close-up of clamped end
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Figure 4.2.13: Sample 3 surface measurement after annealing, 
close-up of clamped end

-s-Annealed 
5mm

Annealed
20mm

-e-Annealed 
35mm

Figure 4.2.14: Height along length of sample 1 at 5, 20 and 35mm points 
across the width after annealing
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-B- Annealed 
5mm

-a - Annealed 
20mm

-©-Annealed
35mm

Figure 4.2.15: The height along length of sample 1 stopping at 
55mm along the sample and at 5, 20 and 35mm points across width 
after laser forming and before heat treatment

-e- Annealed 
5mm

-a - Annealed 
20mm

-©-Annealed
35mm

Figure 4.2.16: Height along length of sample 3 at 5, 20 and 35mm 
points across the width after annealing
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-b - Annealed 
5mm

-a-A nnealed 
20mm

-e-Annealed 
35mm

Figure 4.2.17: Height along length of sample 2 at 5, 20 and 35mm 
points across the width after annealing

The removal of distortion is due to the relaxation of residual elastic 

strains caused by stresses in the work-piece during the laser forming 

process. As the work-piece cools after each pass some elastic strains, 

especially at the clamped side of the piece, are retained only to be 

released when heated. It can be seen that the elastic strains in the clamped 

side are relaxed in the annealing process. In sample 2 at 35mm across and 

sample 3 at 5mm and 35mm across a decrease in distortion can also be 

seen at either side of the bend. This removal has little effect on the bend 

angle and overall geometry of the sample when compared to the removal 

of the distortion in the clamped side. However this does show that there 

are some elastic strains in this region that may not be able to be explained 

by the clamping arrangement. Though this effect is minimal here it could 

become problematic in 3D forming where a series of irradiation lines are 

used.
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4.2.2.2 Solution Heat Treatment and Quenching

To achieve precipitation hardening it is necessary to go through solution 

heat treatment of the samples. To do this the samples are placed in a pre 

heated furnace at 530°C for 1 hour.

To achieve the T4 temper designation the sample is then quenched. This 

is achieved by placing the samples in a cold water bath. This process 

increases the hardness and the strength of the material.

It can be seen here that tempering to T4 has had a much greater effect on 

sample 3 with an average angle increase of 1.4° from annealing stage 

with a maximum of 1.92° compared to an average increase in bend angle 

from the annealing stage in sample 2 of 0.13° with a maximum of 0.34° 

(tables 4.2.6 and 4.2.7).

P o s it io n
5

m m
10

m m
2 0

m m
2 0

m m
2 5

m m
3 0

m m
3 5

m m A v e r a g e

A n g le  a fte r  
T 4  te m p e r in g

(° )

4 .8 5 4 .7 1 4 .6 1 4 .4 9 4 .4 4 .2 3 4 .2 8 4 .5 1

D if fe r e n c e  
b e tw e e n  T 4  

an d
a n n e a lin g  
a n g le  (° )

-0 .2 0 .2 8 0 .3 4 0 .2 8 0 .2 5 -0 .0 4 -0 .0 4 0 .1 3

D if fe r e n c e  
b e tw e e n  T 4  

a n d  la se r  
fo r m in g 0 .1 0 .0 9 0 .1 2 0 .1 3 -0 .0 2 -0 .4 1 -0 .4 3 0.1
a n g le  (°)

Table 4.2.6: Resultant angles after Tempering to T4 of sample 2
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P o s it io n
5

m m
10

m m
2 0

m m
2 0

m m
2 5

m m
3 0

m m
3 5

m m A v e r a g e

A n g le  a f te r  
T 4  te m p e r in g

o

6 .2 9 6 .1 9 6 .21 6 .1 9 6 .3 8 6 .0 5 6 .4 8 6 .2 6

D if fe r e n c e  
b e tw e e n  T 4  

a n d
a n n e a lin g  
a n g le  (° )

1.03 1.25 1 .29 1.45 1 .92 1.31 1.65 1.4

D if fe r e n c e  
b e tw e e n  T 4  

a n d  la se r  
fo r m in g  
a n g le  (° )

1 .52 1.43 1.63 1 .76 1.88 1.41 1.61 1.52

Table 4.2.7 Resultant angles after tempering to T4 of sample 3

This increase amount of distortion in sample 3 can be seen again in the 

surface measurement (figures 4.2.18 and 4.2.19) and the height along the 

length of the sample (figure 4.2.20 and 4.2.21).

Figure 4.2.18: Sample 2 surface measurement after tempering to 
T4, close-up of clamped side
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Figure 4.2.19: Sample 3 surface measurement after tempering to T4, 
close-up of clamped side

-B-T4 5mm

-&-T4 20mm

-e-T4 35mm

Figure 4.2.20: Height along length of sample 2 at 5,20 and 35mm 
points across the width after tempering to T4
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-b -  T4 5mm

-&-T4 20mm

-e-T4 35mm

Distance from clamp end (mm)

Figure 4.2.21: Height along length of sample 3 at 5, 20 and 35mm 
points across the width after tempering to T4

The reason for the difference in the amount of distortion in the sample is 

due to quenching. Although cold water immersion is the most common 

method for quenching it presents problems involving residual stress and 

warping. The ASM handbook explains that this inconsistence is common 

place due to a significant variability in the symmetry of cooling among 

identical thin section parts116. This explains the difference in the reaction 

of the samples to this heat treatment and also explains the added 

distortion which has influenced the bend angle.

In figures 4.2.20 and 4.2.21 it can be seen that for tempering to T4 the 

whole piece distorts. This is a much more evenly distributed distortion
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than in the samples after the laser forming process suggesting that the 

distortion is no longer due to the effects of the restraints of clamping.

With tempering to T4 the distortion in the whole sample is the most 

significant effect on bend angle.

4 .2 .2 3  Precipitation Heat Treatment

After solution treatment and quenching, hardening is achieved either at 

room temperature (natural aging) or with precipitation heat treatment 

(artificial aging) Sample 2 is going to be heated in the furnace at 160°C 

for 18 hours. This will achieve a T6 temper which is a commonly used 

temper designation for engineering applications.

P o s it io n
5

m m
10

m m
2 0

m m
2 0

m m
2 5

m m
3 0

m m
3 5

m m A v e r a g e

A n g le  a f te r  
T 6  te m p e r in g

(° )

5 .3 6 4 .8 7 4 .71 4 .5 4 4 .6 1 4 .5 7 4 .5 2 4 .7 4

D if fe r e n c e  
b e tw e e n  T 6  

a n d  T 4  a n g le

(° )

0 .51 0 .1 5 0.1 0 .0 5 0 .2 0 .3 4 0 .2 5 0 .2 3

D if fe r e n c e  
b e tw e e n  T 6  

a n d
a n n e a lin g  
a n g le  (° )

0 .31 0 .4 4 0 .4 4 0 .3 3 0 .4 5 0 .3 0 .2 0 .31

D if fe r e n c e  
b e tw e e n  T 6  

a n d  la se r  
fo r m in g  
a n g le  (° )

0 .61 0 .2 4 0 .2 2 0 .1 8 0 .1 8 -0 .0 7 -0 .1 8 0 .61

Table 4.2.8: Resultant angles after Tempering to T6 of sample 2
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ir>

Z  (mm)

Figure 4.2.22: Sample 2 surface measurement, close-up of 
clamped side

-B-T6 5mm

-Ô-T6 20mm

T6 35mm

Figure 4.2.23: Height along length of sample 2 at 5, 20 and 35mm 
points across the width after tempering to T6
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Tempering to T6 is a much more delicate process than tempering to T4 as 

it involves a slow heating to a lower temperature with no need for rapid 

cooling. It can been seen that this has a similar effect to the annealing 

process, figures 4.2.22 and 4.2.23, with the relaxation of residual stresses 

obtained in quenching.

4.2.3 Hardness testing

As the hardness of AA6061 varies with temper it is possible to use this to 

test if the heat treatments are carried out correctly.

The samples are cut through a cross section of the bend and mounted in 

resin. This allows the hardness to be taken within the sample and across 

the bend. The hardness is measured at the top and the bottom of the bend 

along the whole sample (figure 4.2.24).

Figure 4.2.24: Locations for the hardness test
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It can be seen in figure 4.2.26 that the expected hardness114 corresponds 

to the actual hardness. Though not precise this is close enough to show 

that the samples have been heat treated successfully.

—  - Expected Hardness 'O' 

 Expected Hardness T4

—  — Expected Hardness T6 

□  AA6061 '0 ' (1)

■  AA6061 'O' (2)

O AA6061 T4 (1)

•  AA6061 T4 (2)

A  AA6061 T6 (1)

▲ AA6061 T6 (2)

- 3 - 1 1 3  
Distance (mm)

Figure 4.2.26: Results of micro hardness test on heat treated 
AA6061114

IW

4.2.4 Discussion: Effects of Post Forming Heat Treatment 

of a Laser Formed Component

No major changes in the geometry of the samples were observed in any 

of the heat treatments. The bend angle was maintained throughout with 

small changes in magnitude. In every case this is attributed to the change 

in distortion in the samples.

This distortion is caused by residual stresses in the samples initially from 

the laser forming process and in later measurement by the quenching 

process. After the effects of annealing no further effects of post forming

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 4 2D Laser Forming Results and Discussion 185
heat treatments were observed that are linked to the laser forming 

process.

In the annealing process it is observed that the residual stresses are 

relaxed and a removal of the distortion is observed. This is the reason for 

any changes in the geometry, and therefore bend angle, after the first heat 

treatment. Also observed here is the removal of distortion around the 

bend region in certain cases. This suggests that there are residual stresses 

in this region after the laser forming process that may not have been 

caused by the clamping arrangement. Further investigation with a less 

restrictive clamp is needed to confirm this.

Another factor here could be the dwell time. In this investigation the 

dwell time was much longer than normal, approximately 5 minutes 15 

seconds. This allows the piece to cool fully. As the whole work-piece is 

cold the speed of cooling in the irradiated region is increased. Because of 

this the possibility of containing residual stresses and distortion, which 

can be relaxed during heat treatment, are increased.

Though the effects of post forming heat treatments on 2D laser formed 

parts are minimal this could be a cumulative effect in 3D laser forming. 

This is because for 3D laser forming a series of irradiation lines are used. 

It is therefore possible for residual stresses to build up in a 3D part 

increasing the amount of relaxation of residual stresses which deforms 

the part in annealing. However, this may be reduced because in 3D laser 

forming, due to the number of irradiation lines the part increases in 

temperature throughout a pass. This decreases the cooling rate as the pass 

is carried out minimising the build up of residual stresses in later 

irradiated lines. For the first lines that are irradiated the cooling rate will 

be fast due to self-quenching increasing the possibility of residual stress,
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however the same heating effect that reduces the cooling rate later in the 

pass may also help relax some of the residual stresses that occur earlier in 

the pass, thus minimising any effect of post forming annealing. Further 

investigation is required into the post forming effects of annealing on a 

3D laser formed part to determine these effects.
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Chapter 5

3D Laser Forming Results and Discussion

2D laser forming has been around for many years and consequently a 

large number of investigations have been carried out in this field. 

Because of this the advancements in 2D forming have been considerable 

and it is currently possible to control bend angle in various materials, 

including aerospace alloys, with reasonably accurate results. The next 

step is to investigate 3D laser forming.

In order to advance the LF process for realistic forming applications and 

for straightening and aligning operations in a manufacturing 

environment, it is then necessary to consider 3D LF. Less work has been 

completed in this field compared to 2D LF; however, the process has 

been shown to have a great deal of potential. In order to compete directly
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with conventional forming techniques, such as die forming, the process 

must be proven to be reliable, repeatable, cost effective and flexible. It is 

the potential flexibility of 3D laser forming that offers the greatest 

benefit. A change to required part geometry could be implemented easily 

through the CAD driven process, which can be compared to the 

expensive and in-flexible hard tooling requirements of the die forming 

process. The work prqpented here aims to prove the viability of this 

technique as a direct manufacturing tool and as a means of correcting 

unwanted distortion (e.g. distortion resulting from processes such as 

chemical etching). To this aim, progress towards repeatable closed loop 

controlled 3D LF is presented.

5.1 Using Geometrical Properties for Creating 

Irradiation Strategies

An irradiation strategy consists of two main parts, an irradiation pattern, 

which is the path the laser takes, and the energy distribution across the 

pattern; this is controlled by the traverse speed of the laser. In these 

investigations the irradiation strategy is determined by geometrical 

properties.

5.1.1 Defining 3D Surfaces

<7/
It was concluded from earlier empirical studies that, in order to develop 

control of the process of 3D laser forming, it was necessary to have the 

ability to define the surface to be formed. In addition, by defining the
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surface and analysing its properties it was thought this may lead to a 

method of scan strategy prediction. The considered geometrical properties 

of 3D surfaces that can be used for creating an irradiation strategy are 

listed below.

• Height

• Gradient

• Curvature

o Principal Curvatures 

o Mean Curvature 

o Gaussian Curvature

5.1.1.1 Developable and Non-developable surfaces

There are two types of 3D surfaces, developable and non-developable. A 

developable surface is defined as one that can be unfolded or developed 

into a plane surface without stretching or tearing. Because of this property, 

they are of considerable importance to sheet-metal and plate-metal based 

industries. Applications include windshield design, binder surfaces for 

sheet metal forming processes, aircraft skins, ship hulls and others127. The 

concept of these surfaces is shown schematically in figure 5.1.1.

The examples shown are of a developable surface, a part-cylinder, and a 

non-developable surface, a dome or pillow shape. An analogy can be 

drawn to how these surfaces have been formed and what laser forming 

mechanism would be required to form a flat sheet into the two shapes.
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For a singly curved developable surface the TGM should be the dominant 

mechanism used so as to produce plastic bending strains and out of plane 

deformation (simulated by V grooves). For a doubly curved non- 

developable surface, material needs to be removed (in-plane) in order to 

allow the deformation to take place. This suggests that the shortening 

mechanism should be the dominant mechanism when forming this type of 

surface, the in-plane plastic shrinkage accounting for the limiting material 

near the edges (at the expense of the section thickening).

F lat sheet w ith  V -g ro o ves  Part-cy linder
D eve lo p ab le  surface

to  p ro d u ce  p illo w  I b ow l shap e

Figure 5.1.1: Developable and non-developable surfaces128.

5.1.1.2 Height

The height, at various points, is the simplest way of defining a 3D surface 

and is probably the most likely property of a surface to be used in day-to- 

day life. For the possibility of using height as a method of determining 

irradiation strategies in laser forming it is necessary to consider the 

contours of height. These are a common method of defining a 3D surface 

in a 2D medium, e.g. on a map. The rate of change of height is defined in 

the contours of height by the distance between these lines. Because in laser
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forming to increase the gradient of a surface more energy is needed the 

closer lines at steeper gradients here suggests a possible correlation. This 

method is used to create the irradiation pattern in the original geometry 

based model.

5.1.13 Gradient

The gradient is a relatively basic measurement in flat surfaces as the 

gradient is the same value for the whole surface. In the case of a singly 

curved surface the gradient will change along the length of the surface and 

will always have the same direction. For a 3D surface the gradient can 

change in magnitude and direction. Because the gradient is a vector using it 

to create a potential irradiation pattern requires lines of constant gradient 

magnitude to be considered. However, this does not take into account the 

direction of the gradient. The gradient magnitude is used in the original 

model to determine the energy distribution and in the modified model to 

determine the irradiation pattern and the energy distribution.

5.1.1.4 Curvature

By simply having a curvature a surface can be described as being three 

dimensional. To have a curvature the surface has to deform out of plane as 

this is the rate of change of gradient. It is a more complicated method to 

convert the values of curvature into a potential irradiation pattern. The 

method for doing this in a singly curve surface is not possible because the 

curvature for this case can be equal throughout. For a doubly curved 

surface there is an added complication as there are two curvatures to be
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accounted for. These are the principal curvatures which are the maximum 

and minimum curvature at each point. It is possible to gain an irradiation 

pattern by considering these separately creating two irradiation patterns. 

There is no chance of the principal curvatures being equal across the whole 

surface, as in the case for a singly curved surface, because for two curves 

to interact on a continuous surface the curvature has to change. Another 

possibility is to use the principle curvatures to calculate the mean and 

Gaussian curvature.

5.1.1.4.1 Mean Curvature
The mean curvature, as the name suggests, is the average of both the 

principle curvatures 129. It is possible to use this to create a single 

irradiation strategy. However this value can be equal across a 3D surface, 

for example in a saddle shape it is possible for the maximum and minimum 

principle curvatures at all the points to have the same magnitude but in 

opposite directions. This would give a mean curvature of zero across a 

doubly curved 3D surface which is obviously incorrect.

5.1.1.4.2 Gaussian Curvature
Another possibility is the Gaussian curvature; this is the product of the 

principle curvatures129. This produces an equal value across a singly curved 

surface. However it is a useful tool in defining the developability of 

surfaces. All 3D surfaces can be described as three main types, the non- 

developable saddle and bowl surfaces and the developable part-cylinder 

surface.

By having a straight edge a developable surface, such as a part-cylinder, 

has one principal curvature equal to zero (figure 5.1.2a). A shape that does 

not have a straight edge at any point is non-developable and has a non-zero
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Gaussian curvature. To be more accurate, a surface that has positive 

maximum and minimum principle curvatures, like a pillow or bowl shape, 

has a positive Gaussian curvature (figure 5.1.2b) and a surface that has 

principal curvatures that are both positive and negative, like a saddle shape, 

has a negative Gaussian curvature (figure 5.1.2c).

p*i> o 
P.2= o
gc = pcixpc2=0

Part-cylinder

Figure 5.1.2: (a) Gaussian curvature of a part-cylinder,
(b) bowl/pillow and (c )saddle shape.

Because in the forming of non-developable surfaces a large amount of in­

plane strain is required for a small magnitude of out of plane movement 

this immediately limits the amount of forming possible. This means that 

it is only possible to form shallow non-developable shapes. This is 

different in the case of developable shapes which can be formed to a high 

degree due to the use of the small amount of bending strain required for 

out of plane movement in comparison. The Gaussian curvature can be
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considered a measure of the developability of a surface and can therefore 

also be used as a guide to the laser formability of a shape. This is because 

the more non-developable a surface is, the greater the amount of material 

that needs to be removed. There is also the possibility that the forming 

process has a limit which can be defined numerically through Gaussian 

curvature, giving an operating window to the laser forming process. 

Another method can then be used to form these shapes. A possible 

method may be by removing material in the most non-developable areas, 

prior to laser forming, creating a type of net shape. Another possibility is 

to use the Gaussian curvature as either a method of determining energy 

distribution in an irradiation pattern or determining the pattern itself in 

non-developable surfaces.

X10'5m'2
- 1 .5

-2

-2 .5

-3

- 3 .5

-4

-4 .5

-5

- 5 .5

-6

Figure 5.1.3: Saddle with colour map of Gaussian curvature
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Figure 5.1.4: Dome shape with a colour map of Gaussian curvature

Figure 5.1.5: Part cylinder with a colour map of Gaussian curvature
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The shape that was chosen for investigation for this paper is what we’ve 

classed as a semi-developable shape that resembles a possible part that 

may be used in industry (figure 5.1.6). There are areas on this surface 

that are non-developable; however these are of a small magnitude and can 

be formed using the laser forming process. This utilises the possibility of 

some non-developable forming along with a high magnitude of 

developable forming, taking advantage of the versatility of the process.
XlO^m*

Figure 5.1.6: The desired semi-developable shape with a colour map of 
Gaussian curvature
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5.2 3D Laser Forming of Semi-Developable Shape 

using a Geometry Based Model

Initial 3D LF investigations76 were based around a purely empirical 

approach to establish rules for the positioning and sequencing of the 

irradiation lines required for the controlled 3D laser forming of 

symmetrical/uniform saddle and pillow (‘dome’) shapes from rectangular 

400x200x1.5mm mild steel CR4 sheet. It was concluded from this work 

that the development of an on-line monitoring system with predictive 

distortion correction abilities is a requirement if any 3D laser forming 

operation is to be used in a manufacturing environment. This is due to the 

unknowns that can be present when forming in an open-loop set-up, such 

as residual stresses and variability in the absorption of the incident laser 

radiation. A foreseeable problem with a system which makes online 

distortion correction during processing is that the final geometry of the 

part is not reached until sometime after processing has stopped, when the 

plate has cooled somewhat and the elastic stresses have been released 

leaving a plastically formed part116. This suggests that a strategy of a one 

off single pass to produce a required geometry would be extremely 

difficult to predict and control. A more sensible method of producing a 

required geometry would be to increment towards it over a number of 

passes, taking surface measurements after each pass so as to have the 

ability to take account of any unwanted distortion.
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The development of a closed loop demonstrator system for 3D laser 

f o r m in g  is presented here, based on the recommendations and knowledge 

gained from empirical 2D and 3D laser forming studies and through the 

development of a predictive model.

5.2.1 Irradiation Strategy

5.2.1.1 Error between Desired and Actual Surfaces

The first step is to define the desired surface. This is done in Matlab 

using a minimal number of points. These points are interpolated in 

Matlab to gain a full smooth surface of the necessary number of points. 

The actual surface is measured using the CMM. As with the desired 

surface these points are interpolated to gain a full smooth surface of 

required points, this is the same number of points as for the desired 

surface.

All of the irradiation strategies are based on the error between the actual 

surface and the desired surface. This is a simple calculation where the 

interpolated measured heights of the actual surface are subtracted from 

the interpolated required heights of the desired surface creating a third 

surface. To do this the matrix of the interpolated points from both 

surfaces must have matrices of equal dimensions.

Because the scan strategy prediction is geometry based the error between 

a given shape and a desired shape could form the basis for a further scan
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strategy. Lines of constant error between two surfaces are akin to the 

error between a flat sheet and a desired shape that give the lines of 

constant height (the principle of which has been demonstrated 

previously117). This can allow for the correction of a formed shape if the 

desired shape is not formed by the initial prediction. Thus an iterative 

method can be used to increment towards a desired shape. This method 

may also allow for the correction of unwanted distortion in a pre-formed 

shape, potentially by forming on both sides of a component.

5.2.1.2 Irradiation Pattern

A related study to this investigation117, based on the controlled 3D laser 

forming of a pillow or dome shape, concluded that scan strategies based 

on contours of constant height of a surface using the temperature gradient 

mechanism (TGM)10 can produce successful results.

Contour Plot of Pillow Surface

Figure 5.2.1: Contours of constant height and rotated resultant 
gradient vector
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Scan lines based on contours of constant height were further confirmed 

by considering the gradients in X and Y of the surface and the resultant 

gradient vector (figure 5.2.1). If a required resultant gradient vector is in a 

given direction then laser forming at right angles to it using the TGM10 

should produce the desired result, this is illustrated in figure 5.2.2 for a 

simple bend.

Scan Direction

Gradient
Direction

Figure 5.2.2: Illustration of required forming direction for a given 
bend direction

By overlaying the rotated resultant gradient vector on the contour plot of 

constant height for the given shape (figure 5.2.1), represented by the 

quiver arrows) it can be seen that there is a similarity between the two, 

thus providing confirmation of the contour plot strategy.
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5.2.1.3 Speed Selection

Now that a usable method of scan line prediction had been discovered it 

was realised that a more subtle approach to the energy input per scan line 

was necessary. Observations of the quiver data presented in figure 5.2.1 

indicated that a higher gradient magnitude is required near the edges of 

the plate as opposed to the centre. Hence increasingly more forming or 

energy input is required nearer to the edges. This is illustrated further in 

figure 5.2.3, where the resultant gradient vector magnitude has been 

calculated for points along the contour lines of constant height for the 

pillow shape. The vector magnitude is represented by the size of the red 

dot at locations on the lines.

1

0.8

0.6 

0.4 

0.2
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0 0.5 1 1.5 2

Figure 5.2.3: Height contour plot of pillow surface with an
indication of the required gradient vector magnitude at points along
the contour lines
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It can be noted in figure 5.2.3 that the gradient vector magnitude not only 

varies between each contour line but there is also a subtle variation along 

the same contour line as well. These variations in required gradient vector 

magnitude should correspond to variations in required energy input and 

in practice, bend angle or forming requirement to produce the geometry. 

The most straightforward method of varying the energy input is through 

the process speed.

Figure 5.2.4: Laser forming of 1.5mm mild steel, 5.5 mm beam dia. 
760W CO2 10 -  70mm/s, graphite coating Calibration data

A method of determining the distribution of the energy fluence is to use 

the magnitude of the resultant gradient vector as a scaling factor for 

known energy parameters selected by the traverse speed (figure 5.2.4). 

The parameters to give a required deformation or gradient magnitude can 

be determined from simple analysis of 2D laser forming. The results
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showing the bend angle produced for a given speed on 80x80x1.5mm 

mild steel coupons are shown in figure 5.2.4.

These results are then used to calibrate the speed for required strain. From 

the analysis of thin plates with small deflections130 (of the order of the 

plate thickness) the strain components within a sheet can be expressed in 

terms of the deflection of a plate, w. The strain components at a given 

location in x and y and the shear strain in the xy plane (for a plate 

thickness z) during deformation are given by:

(Small (Larger
détonnai ion ) deformation}

(5.2.1)

(5.2.2)

(5.2.3)

The scaling factor between known energy parameters and the induced 

strain are found empirically by the measurement of the induced deflection 

for given energy parameters and desired final shape. In addition, if an 

incremental approach is used to form a surface rather than a single pass 

implementation, the data obtained from the first pass (providing the final 

shape has not been achieved) provides a strain scaling factor for the 

subsequent passes. This is based on the current plate being formed and so
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should take account of residual stress history and material non­

uniformity.

For calculating the speed the first step is to select a speed range. The 

maximum speed is chosen to be just under the forming threshold to allow 

for fine adjusting. A minimum speed is selected just above the point 

where damage will be done to the surface. This allows for maximum 

amount of possible forming with no damage to the work-piece. A 

m in im u m  speed is then calculated before each pass, using strain 

equations. If this is less than the pre-selected minimum speed it is not 

used. An example of the speed range can be seen in figure 5.2.5.

Figure 5.2.5: Example of speed range with calculated minimum 
speed (63.65mm/s) for the first model
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5.2.2 Experiments for the Geometry Base Model

The experimental study was conducted on graphite coated 1.5mm mild 

steel using a 1.5kW Electrox CW CO2 laser employing a 3 axis Galil 

CNC beam delivery system with custom written control software. The 

mild steel sheet was laser cut into 400x200mm and 80x80mm coupons 

for a 2D and 3D LF study respectively. The smaller coupons were used to 

produce calibration data via simple 2D bends for the 3D study on the 

larger sheets. A diode laser range finder, mounted on the z-axis of the LF 

system, was used to verify/measure the bend angles in 2D LF and the 

surface shape in 3D LF, by using control software to create a co-ordinate 

measuring machine (CMM) set-up. The samples were held in place on 

the workstation table using a centre clamp; this required a hole to be 

drilled in the centre of the plates for a bolt to pass through. Although this 

may not be a desirable approach (introduction of additional residual 

stresses), very little forming was induced at the centre of the specimen 

(considered a reference point).

5.2.2.1 Closed Loop 3D Laser Forming of a Mild Steel Semi- 

Developable Shape

A potential method of scan strategy prediction has been developed based 

on lines of constant height. The energy distribution within the scan 

strategy can be given either by the gradient vector magnitude or the sum 

of the bending and membrane strains resolved in the direction of the
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principle gradient. This gives a potential predictive capability to a system 

that takes into account material non-uniformity and residual stresses. The 

system developed here uses the predictive Matlab model to give an initial 

scan strategy based on a required geometry. When the geometry is not 

formed within one pass (or over formed), an incremental or iterative 

adaptive approach can then be used for subsequent passes, utilising the 

error between the current and desired geometry to give a new scan 

strategy. Thus any unwanted distortion due to material variability can be 

accounted for. The forming rate and distribution of the magnitude of 

forming across the surface can be controlled by the process speed, based 

on the factors above and the amount of forming required this avoiding 

any overshooting. A strategy of monitoring and controlling the process 

during a scan was also considered; however, this was not possible with 

the current monitoring hardware. In addition it was observed that the final 

formed surface was not realised until sometime after forming making 

online monitoring ineffective. A strategy of per pass monitoring and 

control was therefore used.

The system was used to investigate the laser forming of the shape in 

figure 5.2.6 from graphite coated 400x200x1.5mm mild steel plate. For 

the first pass of the laser the system assumes it is forming from a flat 

sheet. It calculates the error between the contours and then uses this to 

calculate an irradiation pattern.
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Figure 5.2.6: Desired shape, max forming 40mm

Figure 5.2.7: Surface of error between flat sheet and desired shape
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Figure 5.2.8: Contour of error between flat sheet and desired shape

Figure 5.2.9: Irradiation pattern for pass 1, 760W CW CO2, 5.5mm 
beam diameter, speed range 30-85mm/s

From the first pass (figure 5.2.10) it can be seen that the desired surface is 

already taking form at this shallow formed state.
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Figure 5.2.10: Result of first pass with normal scale and smaller scale 
of the z axis.

From the results of the first pass above, a strain scaling factor is 

calibrated. This allows the system to influence the amount of forming by 

controlling the laser traverse speed based on the amount of forming 

realised in the first pass.

Figure 5.2.11: Error between measured shape and desired shape
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Figure 5.2.12: Irradiation pattern generated for the pass 2. Traverse 
speed range 30-85mm/s

Figure 5.2.13: Irradiation path for pass 3. Traverse speed 40- 
85mm/s

After pass 3 the model tries to decrease the speed to 30mm/s even though 

the error between the surfaces has decreased. To avoid over forming from 

this point the speed in manually selected.
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After pass 4 the work-piece became over-formed towards the edges. The 

system counteracts this by predicting forming on the reverse side. These 

lines are shown in figure 5.2.14 as red.

Figure 5.2.14: Irradiation path for pass 5. Traverse speed 50-85mm/s

Figure 5.2.15: Irradiation path for pass 7. Traverse speed 65-85mm/s
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Figure 5.2.16: Final formed surface showing all irradiation paths

Figure 5.2.17: Final shape

The final pass, pass 7, forms completely on the front side of the work- 

piece subsequent to pass 4 and 5 forming the work-piece back into an
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under-formed state. The surface measurement and irradiation path for

every pass is contained in Appendix IV.

Figure 5.2.18: Error in the final shape

Figure 5.2.19: V ie w s  o f  the  f in a l c o m p o n e n t
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Using an iterative approach, based on the error between the current and 

desired surfaces it has been possible to produce a component to within -  

1mm and +5mm of the target shape. However this error may be 

exaggerated as the Bezier surface used to interpolate the measured data 

does not go through all measured points. Laser forming using scan 

patterns based initially on contours of constant height and then error 

difference plots has been shown to produce useful results.

Providing over-forming has not occurred on the first pass it has been 

possible to iterate towards the final shape, by increasing the traverse 

speed to reduce the bend angle rate and calibrating for the current plate’s 

forming characteristics. It has the potential to produce a final component 

independent of residual stress history and material non-uniformity and to 

take account of unwanted distortion either brought about by these two 

factors or process variability.

The sum of bending and membrane strain for speed selection and the 

approximate calibration of the speed selection after pass 1 (this 

calibration is used because no accurate membrane calibration is available) 

is shown to have flaws in the laser forming of a semi-developable 

surface. One of the main reasons for this is that the strain calculations 

assume that most of the strain is membrane strain, which is true for a 

completely non-developable shape. However in the semi-developable 

shape this is not the case causing errors in the strain calculations.

A number of limitations of the laser forming system have been identified 

from the process trials for the developable shape. Firstly, it is currently 

possible to overshoot the target shape by a small degree. Refinements to
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how the speed is scaled as the target shape is approached may avert this 

problem. It has been shown to be beneficial to over-form to some degree 

to reduce the error near the centre of the plate and then turn the plate over 

to bend the outer edges back to the required deformation, as shown in 

figure 5.2.20. Nevertheless this highlights another limitation of the 

system, as no account is taken of the influence on the rest of the plate of 

each forming line. The forming lines at the centre of the plate will cause a 

deflection of the outer edges and so the amount of forming required near 

the edges must be reduced.

Figure 5.2.20: Displacement and error of a single point at the edge of the 
work-piece throughout the experiment

The system presented does demonstrate the potential of the laser forming 

process to produce accurate repeatable 3D surfaces in a controlled way.

This suggests that laser forming could be utilised as a direct 

manufacturing tool or as a means of distortion removal in an industrial
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environment. Providing the desired and the current surfaces can be 

realised in a virtual way (e.g. CMM data with a Bezier surface patch), a 

scan strategy can be predicted to give the final shape.

5.2.21 Feasibility of High Magnitude 3D Laser Forming of Mild Steel

The measurement system currently fails to measure components formed 

to a high degree as it does not take into account the viewable area 

decreasing as the amount of forming increases; this greatly reduces the 

amount of forming possible using the closed loop system. Another 

limitation is that the Matlab program also does not take into account this 

decrease in viewable area when calculating scan strategies. To show the 

feasibility of the process forming components to a higher degree, the 

component in figure 5.2.21 has been formed. This was produced using 

the original irradiation pattern created by the system for pass 1 of the 

desired semi-developable shape. The outer irradiation lines were then 

removed manually to take into account the decrease in viewable area.

Figure 5.2.21: Highly formed component using the original irradiation 
pattern from pass 1
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5.3 Modified Geometry Based Model

For this investigation improvements are made to the original model and 

the resulting model is used in the fabrication of the 3D semi-developable 

shape and for the correction of distortion in struts. The material for these 

investigations has changed to aluminium 5251. As aluminium has greater 

heat transfer capabilities it inherently more difficult to laser form than 

mild steel because a temperature gradient is more difficult to achieve.

5.3.1 Irradiation Strategy

The basis of the original model is very strong and doesn’t need to be 

modified. This includes the method of surface definition for the actual 

and desired shapes and the use of the error between these surfaces being 

used to calculate the irradiation strategy. In using the error between 

surfaces it is possible to use an iterative forming technique and also 

allows for any previous errors in forming or non-uniformity of a work- 

piece to be taken into account. This giving the model the ability to create 

irradiation strategies for laser forming as, both, a tool for the fabrication 

of 3D shapes and a method of removing distortion in already distorted 

components.
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To modify the original model areas that require improvement are 

identified. The first improvement that needs to be made is that the 

decrease in viewable area of the work-piece as it forms is not taken into 

account. This causing the measured area to be larger than the work-piece 

and, more importantly, causes the irradiation pattern to be too large for 

the work-piece.

The irradiation pattern created by the original model is proven to be of 

use in 3D laser forming. However, this needs some subtle adjustment to 

take into account the over forming at the edges. This happens because the 

irradiation strategy does not take into account forming at the centre of the 

work-piece when irradiating the edges.

A weakness in the original model is the method of speed selection for the 

f o r m in g  of a semi-developable surface. This is because the strain 

equations assume the whole plate is non-developable which encourages 

over forming. This was solved at the time by manually selecting the 

minimum speed.

5.3.1.1 Decrease in Viewable Area

To take account of the decrease in viewable area the reduction in length 

of each individual element in the x and y direction is calculated. The new 

length of the element is then added to the sum of the new length of every 

element before it from the centre line, as this is where the work-piece is 

clamped. The calculations to do this are as follows.
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Figure 5.3.1: Calculation of Aa to find Ax.

To calculate Ax for each point the following calculations are made:

a = -Jz2 + x2 (5.3.1)

Aa = a - x  (5.3.2)

Figure 5.3.2: the calculation of Ax from Aa

Ax = Aa cos a  (5.3.3)

Ax is then subtracted from x to find the decreased value for xj.
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This is repeated for every point along in the x direction and then at every 

point in the y direction. This gives the decrease in view able area for the 

whole work-piece (figure 5.3.4).

Figure 5.3.3: The measured points before the decrease in 
viewable area is calculated

Figure 5.3.4: The measured points after the decrease in viewable area 
is calculated.
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5.3.1.2 Irradiation Pattern

The original irradiation pattern uses lines of constant height. This 

produces lines that are perpendicular to the gradient direction. This 

follows conventional thinking on the laser forming process because in 2D 

laser forming the resultant gradient is always perpendicular to irradiation 

line.

Scan Direction

Gradient
Direction

Figure 5.3.5: Illustration of required forming direction for a given 
bend direction

As the basic pattern is correct another method of creating an irradiation 

strategy for a mostly developable shape will have to have the same 

pattern but with a different distribution.
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Figure 5.3.6: Lines of constant height for a part-cylinder
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Figure 5.3.7: The lines of constant gradient magnitude for a part- 
cylinder

Let’s take the simplest form of a 3D surface as an example. A part- 

cylinder is basically a series of many 2D bends. At each 2D bend the 

gradient changes. Using this to create lines of constant gradient it can be 

seen that the lines are spread equally (figure 5.3.7), unlike lines of 

constant height which produce a gathering of the irradiation lines at the 

edges. This is because in a part-cylinder the rate of change of gradient, 

the curvature, remains constant. To take into account forming at the 

centre of a work-piece and to prevent over forming it is necessary to laser 

form each region where the gradient changes as a single 2D bend. For 

example the gradient magnitude in a region, if looked at as a single 2D
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bend, is considered to be the difference in the gradient on either side of 

the line where the gradient changes. In an irradiation pattern using lines 

of constant gradient this gradient is the increment between the lines. This 

means that a constant speed is required across the whole irradiation 

pattern based on the increment between the lines to achieve the same 

amount of bend at each point. This has the added advantage of a single 

speed across a whole work surface. By keeping the increment constant it 

is possible to keep the speed constant throughout processing. By doing 

this the optimum speed for a material can be chosen, this is especially 

useful in materials that may have a narrow operating window. Where the 

energy needed to form is close to the point where surface damage may 

occur.

To ensure this is correct the lines of constant gradient magnitude are 

compared to the lines of constant height for the saddle and pillow shape.
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(a) (c)

Figure 53.8: Lines of constant height for a bowl(a) and a saddle(b) 
and lines of constant gradient magnitude for a bowl (c) and 
a saddle (d)

The lines of constant gradient magnitude produce similar irradiation 

patterns as lines of constant height with a more even distribution (figure 

5.3.8). This will solve the problem in the original model of over-forming 

at the edges.

An additional problem with the original was that during forming the focal 

position would remain static. This meant that as sections formed, 

especially at the side edges, the work-piece moved into focus. This would 

decrease the spot size affecting the amount of forming here, increasing 

the intensity and increasing the possibility of damage. This is solved here
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by using the measured data to control the height of the z-axis keeping the 

focussing lens an equal distance away from the work-piece. Combined 

with an irradiation path that starts from the outside moving towards the 

centre the laser spot will have a consistent diameter throughout 

processing.

5.3.1.3 Speed selection

In the original model the gradient magnitude is used to distribute the 

speed so there is more forming in areas with a higher gradient. Here the 

speed is kept constant throughout the pass.

The speed is selected using experimental results from 2D forming of 

80x80mm coupons of AA5251 in both 1mm and 2mm thickness. The 

traverse speed of the laser was altered keeping the power and beam 

diameter constant. The bend angle for each pass is measured. This is then 

used to produce a graph of gradient against speed. This relationship is 

then used to find a speed from the required gradient.
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X  1 m m  t h i c k  A A 5 2 5 1  
2 0 0  W  3 m m  b e a m  
d i a m e t e r

□  1  m m  t h i c k  A A 5 2 5 1  
4 0 0  W  3 m m  b e a m  
d i a m e t e r

A  2 m m  t h i c k  A A 5 2 5 1  
9 0 0 W  5 m m  b e a m  
d i a m e t e r

Figure 5.3.9: Results from operating window for laser forming of 
1mm and 2mm AA5251

5.3.2 Experiments using the Modified Geometry Based 

Model

The fabrication 3D parts and the correction of distortion and design shape 

in manufactured components is increasingly in demand in industry, in 

particular for aluminium components, where the applications for 

aluminium and its alloys continue to expand. A process capable of 

achieving these actions in an automated, controlled and precise manner 

would be of significant benefit to industry. This Investigation uses the 

modified geometry based model to produce the required irradiation 

strategies.
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5.3.2.1 3D Laser Forming Fabrication of Semi-Developable Shape in 

1mm Thick 80x 200mm Aluminium at 400W

The experimental study was conducted on LF of graphite-coated 1mm 

thick AA 5251 using a 1.5kW Electrox CW CO2 laser with a 3-axis Galil 

CNC beam delivery system with custom written control software. The 

aluminium was cut into 400x200mm and 200x80mm coupons a 3D LF 

study and 80x80mm coupons for a 2D LF study. The coupons were used 

to produce calibration data via simple 2D bends for the 3D study. A diode 

laser range finder, mounted on the z-axis of the LF system, was used to 

verify/measure the bend angles in 2D LF and also the surface shape in 3D 

LF, by using control software to create a co-ordinate measuring machine 

(CMM) set-up. The samples were held in place on the workstation table 

using a centre clamp; this required a hole to be drilled in the centre of the 

plates for a bolt to pass through.

Using an iterative approach based on the error between the current and 

desired surfaces it was possible to produce a component within -6.5mm 

and 0.1mm maximum error in 200x80mm AA 5251 at 400W. This 

demonstrated both accurate 3D laser forming and a means of distortion 

correction as the system can create a new strategy based on the current 

shape.
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Figure 5.3.10: Desired shape for 80x200x1 mm AA5251 being laser 
formed at a laser power of 400W

Figure 5.3.11: Irradiation strategy for first pass at 400W and 
62mm/s

The irradiation pattern produced by the model has a more evenly spaced 

distribution than lines of constant height and a gradient increment of 

73xl0‘3. The minimum speed is set to 62mm/s to prevent damage to the 

surface. From the speed calibration this is expected to increase the 

gradient at each irradiation line by 40x10“ .
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Figure 5.3.12: Height of measured points after pass 1 at 400W and
62mm/s

The irradiation successfully produces an evenly formed part that 

resembles the desired shape. However, much less forming than predicted 

by the model has occurred, with only approximately 16x10' increase in 

the gradient at each line. This is to be expected as the speed calibration is 

taken from the forming of a 2D samples which requires less strain to 

form than a 3D sample with curved lines. This reduces any risk of over 

forming and allows the piece to form in ever decreasing increments to its 

desired shape.

Figure 5.3.13: Irradiation strategy for pass 2 at 400W and 62mm/s
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The irradiation pattern produced by the model for the second pass is 

similar to the first suggesting the initial pattern is correct. There are some 

subtle changes, especially around the centre; this is where the work-piece 

is clamped. The restriction of the clamp at this point is reducing the 

amount of forming and the model is trying to counteract this by 

producing an irradiation path in this area. The gradient increment 

between the irradiation lines for pass 2 is 57x10"3. The speed is the same 

as pass 1, 62mm/s. This is because the speed to produce a 57x10' 

gradient is below the minimum speed.

Figure5.3.14: Height of measured points after pass 2 at 400W and 
62mm/s

The change in gradient increment between the irradiation lines after the 

second pass is approximately 11x10* . This has decreased again for the 

same speed. This happens for two main reasons. The irradiation lines are 

becoming less linear requiring more strain to bend the work-piece and 

with approximately 20 passes from the first pass the piece may be
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undergoing some of the effects of multiple irradiation passes such as 

strain hardening.

mur
» ♦

Figure 5.3.15: Irradiation strategy for pass 3 at 400W and 62mm/s

For the third pass the irradiation lines can be seen to become much less 

linear and the distribution is becoming more concentrated around the 

edges of the piece. As this is the non-developable area of the desired 

shape it is more difficult to form, as it requires some in-plane strains. The 

model recognises that this area isn’t forming as much so therefore asks 

for more forming at this point. The same is happening at centre the due to 

the clamp restricting forming. The increment between the lines here is a 

gradient of 46x10' .

Figure 5.3.16: Height of measured points after pass 3 at 400W and
62mm/s
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The change in increment of gradient between the lines after pass 3 is 

approximately 6x1 O'3. This has reduced again showing that the factors 

responsible for this are cumulative increasing the number of passes 

required. The shape being generated is correct however.

Figure 5.3.17: Irradiation strategy for pass 4 at 400W and 62mm/s

The fourth irradiation strategy performed has a gradient increment 

between the lines of 40x1 O'3. Again the irradiation lines are becoming 

more erratic as the work-piece reaches its final shape. This is because as 

the gradient increment decrease so does the scale and the model attempts 

to correct smaller faults in the piece.

Figure 5.3.18: Measured points after pass 4 at 400W and 62mm/s
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The final pass results in a change in gradient increment of approximately 

0.2x1 O'3. It may be possible to avoid the cumulative effects of multiple 

passes by increasing the number of irradiation lines and achieving the 

maximum amount of forming in the initial pass leaving the last few 

passes for fine adjustment taking advantage of these small increments 

that are now possible

Figure 5.3.19: Irradiation strategy for pass 5

Figure 5.3.20: Final measured shape for 3D semi-developable 
forming of AA5251 at 400W
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The error between the final shape (figure 5.3.20) and the desired shape 

shows a maximum error of 5 and -2mm (figure 5.3.21). This error is 

coming to the limits of the model as more in-plane strains are required.

Figure 5.3.21: Error between desired shape and final shape of 
200x80xlmm AA5251 at 400W, beam diameter of 3mm and a speed 
of 62mm/s

Figure 5.3.22: Heavily faceted component resulting from the initial 

strategy chosen
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A drawback, to this strategy produces a heavily faceted piece with dwell 

marks, where the material has melted (figure 5.3.22). Areas at the end of 

the irradiation lines are viewed under a microscope to determine the 

affects of the dwell marks. The cuts for both samples are shown in figure 

5.3.23.

In sample 1 it can be seen that melting has occurred (figure 5.3.24). This 

has caused some damage to the surface and altered the microstructure of 

the work piece. In sample 2 the heat input is more substantial. This is 

visible with a deeper penetration of the heat affected zone (HAZ) and a 

more distinct melt area (figure 5.3.25). This also shows a crack in the 

melt area.

Figure 5.3.23: The selected area for analysis of sample 1 and 2
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Figure 5.3.24: Magnified cross section of dwell point from sample 1.

Figure 5.3.25: Magnified cross section of dwell point from sample 2.
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Using the geometry based model it has been possible to form 

200x80x1 mm AA5251 at 400w with a 3mm beam diameter to within an 

error of 5 and -2mm. The piece became faceted and the dwell points 

caused areas to melt on the surface which in some cases also caused 

cracking. A solution to this is to decrease the power and increase the 

number of irradiation lines which reduces the energy required for each 

line and will create a smoother less faceted shape.

Another problem here is the decrease in the amount of forming in each 

pass with the same parameter. A reason for this is camber distortion from 

shrinkage in the traverse direction of the scan line33, 43. This causes the 

irradiation lines to curve. As the curvature of the lines increases with each 

pass the work-piece appears to become more difficult to form. This is 

because a curved irradiation path is trying to bend the material in a 

traverse direction, to remove the distortion. This increase in the amount 

of strain the irradiation path is trying to produce decreases the amount of 

bend angle formed. To add to the effect this material is cold and more 

difficult to bend.

An associated problem with this is that as the actual shape reaches the 

desired shape the irradiation strategies become more erratic. This causes a 

further decrease in the amount of forming, which can be a benefit when 

very close to the final shape, but it begins at a point where there is a 

gradient of 39.2x10' to be formed at each point across the sheet. This is 

due to small defects in the forming process being seen by the model. 

These defects seem to be non-developable and therefore require the in­

plane strain to be removed. Continuing with the process may have 

eventually removed these defects. This however would have increased 

processing time for minimal result.
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An increase in the number of irradiation lines will help solve this as less 

forming is required per line increasing the processing speed. This 

develops a better temperature gradient and therefore decreases the 

amount of shrinkage in the traverse direction which is a cause of edge 

effects.

Here the work-piece formed less and less with each pass with a constant 

processing speed. A number of reasons for this can be attributed the same 

causes of fall off in multiple pass 2D laser forming, discussed earlier. 

Each pass has a series of 20 lines equating to about 100 passes in total. 

The effects of multiple pass 2D laser forming are:

• Section thickening

• Variation in absorption

• Strain hardening

• Thermal effects

• The change in the geometry of the beam

Although this is not the same condition as passing over the same line 100 

times most of the factors involved are applicable. Because the same 

processing line isn’t irradiated for every pass strain hardening, variation 

in absorption and section thickening will have an effect, though a smaller 

effect than in 2D laser forming. Thermal effects and the change in 

geometry of the beam will all have a significant effect and can go some 

way in explaining this drop off in forming.

Due to the nature of having many lines in a single pass of the work-piece 

the thermal effects can be vastly increased. Where normally a pause is 

normally experienced after each pass in 2D laser forming here it is almost 

continuous throughout the pass. This increases the temperature of the
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whole work-piece potentially making it more difficult to initiate a 

temperature gradient47, I13, 116"118. Because of this the number of 

irradiation lines and the spacing between them can have an effect on the 

amount of forming possible. However, this is not a cumulative effect, 

unlike the others, as the work-piece is allowed to cool after every pass.

5.3.2.2 3D Laser Forming Fabrication of Semi-Developable Shape in 

1mm Thick 80x 200mm Aluminium at 200W

To prevent further faceting and melting the irradiation paths are expanded 

across the width to allow the paths to start and stop off the work-piece 

removing the dwell points.

Figure 5.3.26: Desired shape for 200x80x1 mm AA5251 being laser 
formed at a laser power of 200W
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Also the power is reduced to 200W and the speeds are decreased to 

achieve the same amount of forming. This produces a component to 

within +/- 5mm of the desired shape and just about visible witness marks. 

The desired shape has been reduced in size to a maximum height of 

30mm (figure 5.3.26) and the number of irradiation lines is doubled to 40 

(figure 5.3.27) in an attempt to form the piece as much as possible in the 

first pass. This avoids the correction of edge effects which is a factor in 

the reduction in the amount of forming in subsequent passes. The speed 

has also been reduced to 10% less than the predicted. This is done to 

increase the amount of forming in an attempt to form the piece in as few 

passes as possible.

Figure 5.3.27: Pass 1 irradiation path at 200W and 25mm/s

The irradiation pattern produced by the model has a gradient increment of 

27.4x1 O'3. The process speed chosen by the model is 25mm/s.
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Figure 5.3.28: Height of measured points after first pass at 
200W and 25mm/s

The first irradiation pass forms a shape resembling the desired shape. 

Each line has formed by a gradient magnitude of approximately 7.5x1 O'3. 

Again this is much less than the 27.4x1 O'3 gradient magnitude that is 

predicted by the speed calibration, even with the decrease in speed.

Figure 5.3.29: Pass 2 irradiation strategy at 200W and 28mm/s
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The irradiation strategy for the second pass produced by the model has a 

gradient increment of 19.9x10"3. The process speed chosen by the model 

is 28mm/s. The edge effects don’t appear to be as much of as problem 

before. It can be seen here (figure 5.3.30) that the irradiation pattern has 

kept most of its shape when compared to the second pass in the previous 

experiment at 400W with 20 irradiation lines.

Figure 5.3.30: Height of measured points after pass 2 at 200W 
and 28mm/s

The change in the increment between the lines of constant gradient is 

approximately 7.7xl0'3 after the second pass. Again this is not as much as 

the speed selection predicts but it is the same as the previous pass, unlike 

the previous experiment where the amount of forming reduced with the 

same speed. An explanation for this is that the irradiation pattern has kept 

most of its original shape. Factors in this are the increased number of 

lines decreasing the gradient increment between them requiring less 

energy. This therefore increasing the speed, together with the reduction in 

power this has produced more of a temperature gradient mechanism and
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less of an upsetting mechanism than in the previous experiment reducing 

the amount of edge effects.

Figure 5.3.31: Pass 3 irradiation pass at 200W and 31mm/s

The irradiation strategy for pass 3 has an increment between the lines of 

constant gradient magnitude of 12.2xl0'3. Again most of the shape of the 

original pattern has been maintained. There is a small effect in the centre 

from the clamping beginning to restrict forming in the piece.

Figure 5.332: Height of measured points after pass 3 at 200W and 
31mm/s

The change in gradient magnitude here is approximately 4.3x1 O'3. Again 

lower than expected and a decrease in the amount of forming compared
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to the previous pass which can be expected with a 3mm/s increase in 

speed.

Figure 5.3.33: Pass 4 irradiation strategy at 200W and 32mm/s

The fourth irradiation strategy is starting to become erratic, though this 

appears to be more the effects of the clamp and the difficulty in forming 

the non-developable areas rather than the edge effect as experienced in 

the previous experiment. The gradient increment between the lines is 

7.9x1 O'3 for this pass.

Figure 5.3.34: Final geometry produced. 200x80x1 mm AA5251, 
200W, 3 mm beam diameter, speed range 25-32mm/s.
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Figure 5.3.35: Error between desired and final shape in 
200x80xlmm AA5251 at 200W 3mm beam diameter and speed 
range of 25-32mm/s

The error between the final shape and the desired shape is 3.8 and - 

5.2mm. This is similar to the error in the previous experiment. The main 

benefit of this method compared to the previous experiment is the 

improved consistency of the irradiation strategy due to the improved 

TGM with the greater number of irradiation lines.
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Figure 5.3.36: Picture of final shape 200x80xlmm AA5251, 200W, 

3mm beam diameter, speed range 25-32mm/s.

Figure 5.3.37: Marks from the 3D forming of 200x80x1 mm AA5251 
at 200W and a speed range of 25-32mm/s

The final piece has formed the required shape with minimal visible 

effects from the laser forming process. The part is smooth and isn’t 

faceted, like the previous experiment at 400W. The witness lines are

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 5 3D Laser Forming Results and Discussion 247
barely visible and the dwell points have vanished with irradiation lines 

now starting and finishing off the work-piece (figure 5.3.37).

By increasing the number of irradiation lines and decreasing the power a 

more evenly formed shape is possible without any evidence of faceting. 

By increasing the size of the irradiation strategy it has been possible to 

remove any dwell. However the method of doing this isn’t ideal as the 

irradiation strategy is stretched this may cause problems in the final pass 

where more subtle forming is required. A better method of increasing the 

length of the lines is needed.

By encouraging more of a temperature gradient less forming occurs at 

each line but the edge effects caused by traverse shrinkage of the line are 

reduced giving more consistent irradiation patterns than in forming at 

400W with less irradiation lines.

5.3.2.3 3D Forming of Semi-Developable Shape in 1mm Thick 400x 

200mm Aluminium 5251 at 200W

200W is used again with no reduction in speed from the speed section 

values. The irradiation strategy was increased in width to avoid dwell 

points but the irradiation paths in most cases still started and finished 

within the area of the work-piece. In this experiment there is a great deal 

more forming than expected with over forming occurring in 2 passes. The 

final shape has an error of 7.2mm and -11.6mm.
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Figure 5.3.38: Pass 1 irradiation strategy for forming of 
400x200x1mm AA5251 at 200W

The first irradiation strategy has an increment between the lines of 

constant gradient magnitude of 19x1 O'3. This is much less than the 

previous two experiments due to the increase size of the sheet and the 

same height in desired shape as the previous experiment. The speed 

selected for this strategy is 31.4mm/s.

Figure 5.3.39: Measured point after pass 1 for forming of 
400x200x1mm AA5251 at 200W

The beginnings of the desired shape is formed after the first pass but an 

uneven shape has been formed with 25mm in height on one side and
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15mm in height on the other. The approximate decrease in gradient after 

the first pass is 8.8lxlO'3. Even without the 10% reduction in speed used 

in the previous experiment at 200W this is much more forming than in 

previous experiments at this speed. This is due to the increased width of 

the work-piece giving a different temperature field due to the increased 

amount of material and also strain a the centre of the piece is different 

due to restraints caused by the in crease in material6.

Figure 5.3.40: Pass 2 irradiation strategy for forming of 
400x200x1mm AA5251 at 200W

The second and final irradiation strategy has an increment between the 

lines of constant gradient magnitude of 10.22x1 O'3. This requires a speed 

of 35.9mm/s. We can see here that the model sees that the left side has 

over formed and areas at the centre as it wants to form on the reverse side 

of the work-piece, these are shown in red.

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 5 3D Laser Forming Results and Discussion 250

Figure 5.3.41: Final geometry produced after second pass. 

400x200x1mm AA5251, 200W, 3mm beam diameter, speed 29mm/s.

As can be seen in figure 5.3.41 the part has formed the basic shape but is 

uneven and has over formed on one side. This distortion is difficult to 

remove as the centre requiring in-plane strains for this to be removed.

Figure 5.3.42: Error between the final and desired shape for 
200x400x1mm component formed at 200W
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Figure 5.3.43: Marks from the 3D forming of 400x200x1mm AA5251 
at 200W and a speed range of 31.4-35.9mm/s. The marks on the left are 
where the piece comes into the focus of the laser beam.

Figure 5.3.44: Picture of final shape 400x200x1mm AA5251, 200W, 
3mm beam diameter, speed 29mm/s.

The basic shape has been formed with a smooth surface and no faceting. 

There is some visible damage where the part has come into focus. The
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dwell points can be seen as most of the irradiation paths started and finish 

on the work-piece. However at 200W these dwells, though visible appear 

to have caused a lot less damage than in the experiment using 400W.

Another reason for over forming was that the part moves into focus as it 

is formed, which reduced the spot size and increases the intensity on the 

outer paths, this also causes some melting (figure 5.3.43). A solution to 

this would be to start the scan path at the outside and working inwards, 

the laser then passes over sections that have not yet moved. This will 

reduce the increase in forming due too moving into focus. This doesn’t 

happen in previous experiments as they are formed from the outside in to 

avoid this.

The reason this piece was formed in this direction is because in initial 

experiments on pieces this size resulted in stresses building towards the 

centre of the work piece. For these cases the piece would form normally 

initially and as the irradiation pass moved towards the centre a build up 

of stresses would cause it to begin to move downwards at the start of an 

irradiation line and popping up by the end of the line. This popping 

upwards eventually stopped resulting in the whole piece bending away 

from the laser. Forming from the centre out was a quick solution to this. 

A possible reason for this is that with longer irradiation lines the amount 

of traverse shrinkage will be increased. This effect will increase with 

each line passed. As this build up increase towards the centre a force is 

exerted onto the clamp eventually causing the piece to bend down. When 

forming from the inside out the strains caused by this effect though 

initially restricted by the clamp build up outwards and are free to move. 

Further work is needed to verify this.
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To laser form larger components in this case isn’t as simple as just 

increasing the size of the irradiation pattern. There are variations in the 

effects of laser forming of different dimensions. Vollertsen describes 

these influences of geometry of the work-piece6. For this case the 

thickness of the material is the same as the previous experiments but the 

width and length has altered. Vollertsen tells us that an increase in width 

can increase forming by a factor of 3. We do not see that here but we do 

see that the amount of forming per pass has certainly increased compared 

to the experiments on the smaller pieces. With the resultant forming 

being half of what is predicted by the speed calibration data which is 

double the amount of forming when compared to the previous experiment 

at 200W which formed approximately a quarter of the predicted amount 

in the first pass.

Overall for 3D forming of semi-developable shapes the 

predictive/adaptive model produced the desired shape using a pass by 

pass approach with lines of constant gradient magnitude as an irradiation 

path and using the increment between these lines to define the process 

speed. The model formed, in increments, towards the desired shape 

evenly across the whole surface without significant over forming at the 

edges. The adaptive nature of the model takes into account any residual 

stress of material non-uniformity as it increases the number of scan lines 

in problem areas, such as the more non-developable areas and the area 

restricted by the clamp.
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5.3.3 Laser forming for the correction of distortion 

in aluminium structures

The need for correction of distortion in aluminium components arises 

from factors such as the accumulation of various process tolerances 

during production, unwanted distortion of the part shape that occur 

during or after processing (e.g. welding) with unpredictable and often 

irreversible effect, or deviation from design shape resulting from damage 

during operational service or storage (which may require remedial 

correction if its usefulness and value are to be maintained). Within this 

context, a process capable of achieving these actions in an automated, 

controlled and precise manner would be of significant benefit to industry. 

Remedial measures for distortion studied so far involve either increasing 

the rigidity of the structure during the stress-inducing process, through 

improved design and special clamping, or reducing the stresses through 

process modifications. However, there is currently no automated or 

controllable method for correction of the distortion either during or after 

processing of the structure. Although several techniques of stress 

reduction have been studied (including cold compression or stretching, 

thermal treatments and advanced ageing treatments), none have so far 

achieved full stress removal and all are limited in their flexibility of 

application. Because of this the following study has been conducted on 

the use of laser forming as a method of automated distortion correction.
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In order to develop a corrective control strategy based on geometrical 

error it was necessary to investigate the capability of the laser forming 

process for the reversal or correction of negative deflections. These 

deflections were induced either mechanically (using a press tool) or by 

laser forming. It was discovered that, for 2mm AA5251, there was a limit 

to the amount of distortion that could be recovered by laser forming for a 

single bend location (figure 5.3.45). Research is ongoing to determine the 

reasons for this. Although this showed a potential limitation of the 

process, it was noted that for typical 3D distortion of a component due to 

say a welding operation the maximum bend angle at a given location is 

not likely to exceed 10 degrees. In addition, it was observed that the bend 

angle rate increased with increasing numbers of passes whilst the bend 

angle was negative (figure 5.3.45). This was, up till now, an unknown 

phenomenon in laser forming, where a decrease in bend angle rate with 

increasing scans was the norm. This was thought to be due to the 

additional moment required to be generated by the process for the 

geometry and also perhaps the angle of attack of the laser beam to the 

surface.
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Figure 5.3.45: Reversal of process, laser formed and mechanically 
pre-bent samples (80x80x2mm AA5251; 900W; 45mm/s; 5mm beam 
diameter).

The geometry based model can be used in addressing the development of 

a laser forming system for automated correction of distortion and design 

shape. This also allows the presence of pre-existing residual stress in the 

parts to be taken into account, in that the internal stresses due to the 

previous processing history of the component material could not be 

guaranteed or closely predicted and it can be expected that much of the 

sheet material to be used will contain pre-existing residual stresses that 

influence the errors in a planned laser forming operation.

A strut component of 400x40x2mm AA5251 material was selected as 

being a generic part similar to chemically etched distorted components 

witnessed on the shop floor of aerospace partner companies visited 

during the investigation. A series of random non-uniform distortions were 

mechanically formed (by roller) on the struts (figure 5.3.46) and LF 

applied to try and ‘re-flatten’ them in a controlled manner. Using the
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iterative, corrective control method based on geometrical error and data 

calibration from previous tasks, it was possible to remove the distortion 

in these components and return them to the design shape (i.e. flat) to 

within a few millimetres of error.

Figure 5.3.46: Randomly mechanically distorted components 
(400x40x2mm AA5251).

5.3.3.1 Laser Forming for the Correction of Aluminium 

5251 Strut Mechanically Deformed to 15mm

900W of laser power, a 5mm beam diameter and 20 irradiation lines with 

a speed 45mm/s for the first pass and 60mm/s for the second were used to 

flatten a 400x40x2mm AA5251 strut. The result produced a flat piece to 

within +/-0.5mm with melting at the dwell points. The speed was not 

adjusted from the predicted speed required, though a minimum speed of 

45mm/s was selected.
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Figure 5.3.47: The starting shape to be flattened using the laser 
forming process

The initial shape was a reasonably even curve with a maximum 

magnitude of -15mm in height from the centre.
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Figure 5.3.48: The irradiation strategy for the first pass

The first irradiation strategy calls for a process speed of 45mm/s, this is 

the selected minimum to try to avoid damaging the material, with a 

gradient increment of 42x10‘3 between the irradiation lines. The slight 

irregularity at the edge of the irradiation may be down to the mechanical 

forming process.
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Figure 5.3.49: The measured shape after the first pass

After the first pass the strut can be seen to form evenly throughout 

reducing its maximum deformation to -4mm from the height at the centre. 

This has formed a gradient magnitude of approximately 26x10" . This 

value is much closer to the predicted amount from the speed calibration 

data than in any of the previous experiments. The combination of a much 

higher power on the thicker material will account for some of this. The 

main reason will be that this is very much developable forming.
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Figure 5.3.50: Irradiation strategy for second pass

The second and final irradiation strategy has an increment between the 

lines of constant gradient magnitude of 16x1 O'3. From this the model 

selects a speed of 60mm/s. This increase in speed can be seen on the 

irradiation strategy (figure 5.3.50) with the larger dots.
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Figure 5.3.51: Final shape reached after second pass with 
approximately than +/-0.5mm error.
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Figure 5.3.52: Dwell marks and irradiation lines left by the laser 
forming process

This strut reversal experiment successfully removed the distortion from 

the strut in 2 passes. However it did leave dwell marks (figure 5.3.52) 

which, as we know from previous experiments is undesirable, and the 

witness marks are more visible than in previous experiments. This is 

solved by increasing the width of the irradiation path to allow the start
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and finish position to be off the work-piece and the minimum speed is 

increased to 62mm/s. The widening of the irradiation path is thought not 

to significantly affect the process as the struts are deformed in 

developable manner and therefore the irradiation is a series of straight 

lines across the work-piece. Also the higher speed will mean that more 

passes will be needed to correct the strut but with the advantage of 

minimising any material damage.

Figure 5.3.53: Flattened strut with an example of one of the pre laser 
formed struts with the same magnitude of mechanically forming

A significant result here is the amount of forming taking place in each 

pass. This is predicted by the speed calibration data a lot more accurately 

here than in the previous semi-developable experiments. This is because 

of the straight irradiation lines involved here. These don’t require 

additional strains to create a bend, unlike a non-linear line. However the 

amount of forming is still lower than predicted. This can be accounted for 

by the same factors that influence multiple pass 2D forming as discussed 

earlier. With a multiple number of irradiation lines in a single pass the 

thermal effects of laser forming will have a greater effect than in 2D 

forming. This is because the dwell time between lines is smaller in 

comparison. This increases the temperature of the work-piece; this 

initially increases forming but at a certain point will increase the 

difficulty in producing a temperature gradient, which is essential for this
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type of forming. This is however not a cumulative effect per pass as the 

work-piece is allowed to cool when it is measured, which takes a few 

minutes. It is difficult to tell how much the other influences on multi pass 

2D laser forming are affecting the forming rate as the processing speed 

increases with each pass. The geometry of the beam will be changing 

across the work-piece more and more as it forms so there will be some 

influence from it here and also the work hardening of the work-piece will 

also be occurring though less than in 2D forming as the work hardening 

is spread across the piece unlike 2D forming. This also applies to the 

decrease in absorption due to the coating burning off and section 

thickening.

5.3.3.2 Laser Forming for the Correction of Aluminium 

5251 Strut Mechanically Deformed to 45mm

Here the deformation is much greater than in the first experiment with a 

maximum deformation of approximately 45mm (figure 5.3.54). Again the 

desired surface is flat and the error between this and the actual deformed 

surface is used to create the irradiation strategy. A minimum speed of 

62mm/s is selected to prevent any damage to the surface. The starting 

shape in this case is distorted unevenly with a maximum of -45mm on 

one side and -23 mm on the other.
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Z[mm]

Figure 5.3.54: Aluminium strut deformed mechanically to a 
maximum deformation of -45mm from the height at the centre.
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Figure 5.3.55: The irradiation strategy for the first pass.

As can be seen here the model recognises that the surface has an uneven 

distortion and calls for more irradiation lines at the end with the greater 

distortion. The increment between the irradiation lines here is 40x10' . 

The minimum selected speed, 62mm/s, used for this irradiation pass.
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Figure 5.3.56: The result of the first pass

The resultant measurement shows a strut that has evenly formed with a 

change in gradient magnitude at each irradiation line of approximately 

7x1 O'3. This change is slightly lower than the speed calibration data 

would predict but is still closer than in the previous semi-developable 

forming experiments.

Figure 5.3.57: Irradiation strategy for the second pass

The irradiation strategy for the second pass is almost identical to the first 

with very subtle changes. This is a good sign as it shows the part is 

forming evenly throughout. The increment between the lines here is 

33x1 O'3 with the speed at the selected minimum of 62mm/s.
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Figure 5.3.58: Resultant measurement from pass 2

Again the part as formed evenly here with an approximate decrease in 

gradient magnitude of 4x1 O'3. This is similar to the change in the first 

pass.

This result remains constant until pass 6 where the first drop in speed 

occurs. As can be seen the irradiation pattern has change a minimal 

amount from the first irradiation pattern. A full pass by pass account is 

shown in appendix V. This shows a very even forming of the strut. The 

speed for this strategy is 62.2mm/s and the increment between the lines 

of constant gradient magnitude at this point is 18x1 O'3.

i
*

Figure 5.3.59: Irradiation strategy for pass 6
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Figure 5.3.60: The resultant measurement from the sixth pass.

The strut at this point has a maximum deformation of -18.8mm one side 

and -9.9mm on the other. The change in gradient magnitude at each line 

form pass 5 is approximately 3x10' .

The irradiation pattern doesn’t change much for the next few passes with 

the speed gradually increasing at each pass. For pass 10 the speed is 

70.5mm/s with an increment between the lines of constant gradient of 

10x1 O'3.

Î

Figure 5.3.61: Irradiation strategy for pass 10
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Z[mm]

Figure 5.3.62: Resultant measurement from pass 10

A large drop in error from the starting shape can be seen here with a 

m a x im u m  deformation of 11.8mm and 5.3mm on either side of the strut. 

The change in the gradient magnitude at each line is approximately 2x10'
3

Figure 5.3.63: The final irradiation strategy at pass 14

The final pass can be seen to start to be erratic, this is however after 13 

passes and is to be expected as the piece has had about 260 irradiation 

lines passed over it and edge effects start occurring. This pass is
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completed at 79.3mm/s with an increment between the lines of constant 

gradient magnitude of 4x10' .

Figure 5.3.64: The resultant measurement of the final pass.

This is a strut that is now 2.1mm and 1mm away from flat at each end. 

The final pass changed the gradient increment at each line by 

approximately 2x1 O'3.

Figure 5.3.65: Strut with maximum 45mm mechanical deformation

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 5 3D Laser Forming Results and Discussion 269

Figure 5.3.66: Strut after laser forming correction

The final piece has been corrected to within 2.1mm in 14 passes with 

900W of laser power and a 5mm beam diameter with a processing speed 

range of 62mm/s -  79.3mm/s. The final piece has barely visible 

irradiation lines and no dwell marks. 14 passes may take to long to 

perform for it to be of use in industry. However this can be easily solved 

with an increase in irradiation lines.

Though the speed calibration data has not been accurate for these 

experiments it can be seen in figure 5.3.67 that it has been of use as the 

increase in process speed as the final shape approaches decreases the 

amount of forming to prevent over forming. An improvement in the 

speed calibration is needed to decrease the number of passes used to 

flatten a strut.
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Figure 5.3.67: Increasing speed over 14 passes and resultant change 
in the increment between the lines of constant gradient for strut 
reversal experiment

Forming in the strut reversal experiments have been closer to the 

predicted amount of forming expected by the model than in semi- 

developable forming. The reasons behind this are that the majority of 

forming in strut reversal is developable and consists of easily formed 

straight bends, unlike semi-developable forming. Also for the strut 

reversal the material is thicker allowing for a temperature gradient to be 

initiated in a wider speed range.

Like semi-developable forming shrinkage in the irradiation lines in the 

traverse direction causing bending in this direction is a problem. This 

however was a greatly reduced problem in this case. The only obvious 

signs of this happening were after 10 passes. Because of the increased
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thickness of the part in this case, 2mm instead of 1mm for semi- 

developable forming, shrinkage along the irradiation line is decreased 

because the irradiated material has to counteract a lot more cold material 

to bend in the traverse direction. This is also reduced because the strut is 

half the width of the 1mm aluminium parts and therefore the irradiation 

lines are shorter allowing for less shrinkage along the irradiation line in 

total.

5.3.4 Discussion on the Geometry Based Model

It is possible to produce parts in AA5251 using laser forming that have a 

good finish with minimal damage to the part. It is necessary to limit the 

heat input in localised areas removing the dwell on the work-piece and to 

increasing the speed. It is still possible to produce a significant amount of 

forming and not damage the surface by increasing the number of 

irradiation lines.

A geometry based model can produce semi-developable shapes and also 

correct distorted struts to within millimetres. Irradiation strategies can be 

produced in seconds using a simple height measurement across the work- 

piece and geometrical calculations. This is a versatile technique that has 

the potential for many applications. This model is useful for use in the 

correction and fabrication of developable or semi-developable shapes. 

More work is needed to be able to produce non-developable shapes to the 

accuracy.

The use of lines of constant gradient magnitude as a means of defining 

the irradiation path and the increment to determine speed worked well.

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 5 3D Laser Forming Results and Discussion 272
Any problem related to over forming in the original model has been 

solved using this method. All parts formed evenly, apart from areas of 

difficulty like non-developable areas or areas around the clamp. The 

speed selection is still a problem. Though the increase in speed had the 

desired effect in the final stages of reaching the desired shape by not 

causing any over forming, the predicted amount of forming was always 

much higher than the real amount of forming that took place.

The decrease in viewable area worked well for these experiments. The 

use of it was subtle for most of it and wasn’t necessarily required for 

these applications as the size of the components or the amount of forming 

required would have meant that without it forming still would have been 

possible. Also with the increasing in size of the irradiation paths to 

prevent dwell points on the work-piece the decrease in viewable area 

calculation became less important.

In all the investigations a problem encountered is that a 2D forming 

produces a 3D result. Camber distortions are often found to cause 

problems, especially when approaching the final shape. These distortions 

often affect the irradiation strategy. A solution is to keep the increment 

constant decreasing the number of lines as the part forms. This allows for 

an ideal processing parameter for producing a temperature gradient to be 

used, as the speed will be constant for the whole process, and also allows 

for minor distortions which can often mask larger distortions, when close 

to the final shape, to be ignored.
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The effects of heat build up in the part also have an effect on the forming. 

This is a factor in multiple pass 2D laser forming113. For a number of 

irradiation lines in close proximity and passed barely seconds apart this 

effect may be increased. More investigation is needed on this as the 

number of irradiation lines in a pass may be limited by this factor.

It is recommended that future work into further modification include 

work to improve the accuracy of the speed calibration data and also a 

method for larger magnitude non-developable forming, possibly using 

Gaussian curvature, which would not only improve non-developable 

capabilities of the model but also make it possible to produce developable 

shapes with increased accuracy. A combination of these would vastly 

increase the potential of a geometry based model.
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Chapter 6

Conclusions

6.1 Geometrical Influences on Multi-Pass Laser 

Forming

This investigation looked at the variation in bend angle achieved per 

pass (or bend angle rate) during multi-pass laser forming along a 

single irradiation track (producing a positive bend), in particular the
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decrease in bend angle per pass after many irradiations for a given set 

of process parameters consistent with the TGM6.

There are a number of conclusions from the work presented in here, 

these include:

• An additional influencing factor was proposed in this work. From 

the analytical and empirical data presented it was shown that the 

bend angle per pass, when laser forming employing a cantilever 

or edge clamp, is influenced by the formed bend angle.

• It was shown that as the bend angle increases the incident laser 

beam geometry is distorted, resulting in an effective increase in 

the beam area, a reduction in the incident energy fluence and 

hence a reduction in the resultant bend angle per pass.

• A prediction of the bend angle based on this phenomenon was 

shown to be reasonably close to experimental data in terms of the 

prediction of bend angle per pass fall off at higher number of 

passes. As a result this effect must be considered to be a highly 

influential factor in the fall off in bend angle per pass based on the 

presented data.

• The experimental V block data after an initial fall off up to 25 

passes exhibited little or no fall off in the bend angle per pass for 

the remaining 35 passes. This appeared to confirm the 

significance of the geometrical effect of the component distortion 

influencing the process parameters i.e. energy fluence, in that by 

eliminating or reducing this effect by changing the clamping 

conditions it was possible to reduce the bend angle fall off per 

pass significantly.
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6.2 Effects of Post Forming Heat Treatments on 

Laser Formed Components

Post forming heat treatments are often carried out in the aerospace 

industry to relive any residual stresses that may have been induced into 

the part from the forming process. This may be a requirement for a laser 

formed component and any change in shape due to the method forming is 

investigated here.

The conclusions from this investigation are listed below:

• No significant changes in the geometry of the samples were 

observed in any of the heat treatments. The bend angle was 

maintained throughout with small changes in magnitude.

• In every case the changes in angle are attributed to the change in 

distortion in the samples. This distortion is caused by residual 

stresses in the samples initially from the laser forming process and 

in later measurement by the quenching process.

• Here the asymmetric nature of forming causes the sample to exert 

forces onto the clamp resulting in stresses in the work piece, 

resulting in distortion.

• After the effects of annealing no further effects of post forming 

heat treatments were observed that are linked to the laser forming 

process.
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• In the annealing process it is observed that the residual stresses 

are relaxed and a removal of the distortion is observed. This is the 

reason for any changes in the geometry, and therefore bend angle, 

after the first heat treatment.

• Also observed here is the removal of distortion around the bend 

region in certain cases. This suggests that there are residual 

stresses in this region after the laser forming process that may not 

have been caused by the clamping arrangement. Further 

investigation with a less restrictive clamp is needed to confirm 

this.

• Another factor here is the dwell time. This allows the piece to 

cool fully. As the whole work-piece is cool the speed of cooling 

rate is increased. This increases the possibility of producing 

residual stresses and distortion.

• When tempering to T6 a similar effect to the annealing process is 

witnessed, with the relaxation of residual stresses obtained in 

quenching.

• Though the effects of post forming heat treatments on 2D laser 

formed parts are minimal this could be a cumulative effect in 3D 

laser forming with the increase of irradiation lines.

• The build up of residual stresses may be reduced due to the 

increasing temperature of the work-piece due to the increased 

number of irradiation lines.

Emile Abed PhD Thesis
Modelling and Experimental Investigation o f 3D Laser Forming o f Metallic Components



Chapter 6 Conclusions 278

6.3 3D Laser Forming of a Semi-Developable Shape 

using the Original Geometry Based Model

A potential method of scan strategy prediction has been developed based 

on lines of constant height. The energy distribution within the scan 

strategy is given by the gradient vector magnitude and the sum of the 

bending and membrane strains resolved in the direction of the principle 

gradient. This gives a potential predictive capability to a system that takes 

into account material non-uniformity and residual stresses. The 

investigation is carried out using the model to laser form a 3D semi 

developable shape the conclusions of which a presented here.

• The method for selection of the minimum speed needs 

improvement for the laser forming of semi-developable shapes.

• By using an iterative pass-by-pass approach, it has been possible 

to form a semi-developable 3D shape in a controlled manner to a 

reasonable degree of accuracy, taking account of unwanted 

deformations from program error or material non-uniformity.

• Through irradiating on the reverse side of the work-piece it has 

been possible to reduce the error due to over forming from the 

initial passes.

• The absence of adjustment in the measured area and area of the 

irradiation pattern as the viewable area decreases need to be 

addressed.

• Modifications are needed to form deeper shapes, as the
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measurement system cannot cope with large oblique deflections.

• Improvements in the program to take into account the over 

forming of the edges also needs to be resolved, although 

irradiating on the reverse side does solve this to some degree.

• A limitation of the system is that there is an inability to take 

account of the fact that forming at the centre of a component also 

influences the edges.

6.4 3D Laser Forming of Semi-Developable Shape 

and the Correction of Distortion using the Modified 

Geometry Based Model

To modify the original model areas that require improvement are 

identified. This model uses lines of constant gradient magnitude as a 

means of defining the irradiation path and the increment between these 

lines to determine speed. This investigation included the forming of a 3D 

semi-developable shape and the correction of distortion in aluminium 

struts. The conclusions to this investigation are as follows:

• It is possible to use lines of constant gradient magnitude as a 

means of defining the irradiation path and the increment between 

these lines to determine speed, for the fabrication and correction 

of semi-developable and developable shapes.

• A geometry based model can produce semi-developable shapes 

and correct distorted developable struts to within millimetres.
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• Irradiation strategies can be produced in seconds using height 

measurement across the work-piece and geometrical calculations.

• By using an iterative pass-by-pass approach, it has been possible 

to form a 3D shape in a controlled manner to a reasonable degree 

of accuracy, taking account of unwanted deformations from 

program error or material non-uniformity

• The system can be used for correction distortion with the ability 

to calculate a scan strategy to form a shape from just about any 

other shape

• It is possible to produce parts in AA5251 using laser forming that 

have a good finish with minimal damage to the part

• A significant amount of forming with reduced localised heating 

can be achieved with an increase in the number of irradiation 

lines.

• The problem of over forming in the original model has been 

addressed as all parts formed evenly.

• The model recognised areas that were difficult to form and 

increased the number of irradiation lines in this area.

• The speed selection allowed for the forming of shapes to approach 

the final shape in decreasing increments minimising the risk of 

over forming.

• The influence of the edge effect causes more non-linear 

irradiation lines which decrease the amount of forming possible

• Keeping the increment constant between the lines of constant 

gradient allowing the number of lines will allow for better
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processing parameters and also prevent the problem of minor 

distortion masking area where more forming is required.

6.5 Future Work

Further work into the influences on forming rate is required to 

confirm the significance of each of the factors and at which point in a 

bend angle development during multi-pass 2D laser forming each 

factor is the more dominant.

Investigation in the way these factors influence multiple pass 3D laser 

forming is required. Strain hardening, section thickening and variation 

in absorption may have a minimal effect on 3D laser forming with 

few passes. These could become major factors in influencing the 

forming rate when many passes are taken. For the method of 3D 

forming in this thesis, with a long dwell time between passes, the 

thermal effect could influence the forming rate of every pass. Further 

work in needed to determine the amount the thermal effects influence 

3D laser forming and what effect an in crease in irradiation lines and 

the power has on this effect.

Further investigation is required to determine the effects of post 

forming of heat treatment on 3D laser formed components and 

therefore the amount of residual stress that occurs in a laser formed
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part. Further investigation is also needed in the study of the effect 

clamping arrangement has on creating residual stresses

The effects of heat build up in the part have an effect on 3D laser 

forming. Investigation is needed to determine these effects and 

whether there is a limit to the proximity of adjacent irradiation lines. 

The size or ratio of a part effects how it reacts to laser forming, 

further 2D investigation is need to be able to increase the accuracy of 

the system to take this variation into account.

It is recommended that future work on the geometry based model 

include increasing the accuracy of the speed calibration data and to 

investigate a method for more non-developable laser forming 

capabilities. Gaussian curvature could hold a possible method for 

doing this.
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Example of the Matlab Program that Produces 
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% constant gradient magnitude
close all; 
clear all;
%Experimental data range and increment (mm)
%x_min=10; x_max=390; %M5,6,7 data
%y_min=10; y_max=190;
%x_step=10;
%y_step=10;
x_min=5; x_max=395; %M11,12, 13 data
y_min=-20; y_max=60;
x_step=39;
y_step=8;
reverse_side_pass_number=0
front_side_pass_number=l
%pass number=9; %First pass will calibrate strain...
%calibrate=0; %...if calibrate=l
%Theoretical data
aspect=5;
element_width=4; %Yields odd number of elements to simplify (Ox,Oy) calculation
element_length=4;
element_aspect=element_length/element_width; 
width=80; %Plate width in mm
number_of_points_in_x=3; %number of columns in z3 matrix
number_of_points_in_y=3; %number of rows in z3 matrix 
x_axis=number_of_points_in_x-l; 
y_axis=number_of_points_in_y-l;
num_contour=10; %Number of contours to plot

%Given data points
[x3,y3]=meshgrid(-aspect*width/2:aspect*width/x_axis:aspect*width/2,width/2:-width/y_ax *  

is:-width/2);;
%z3=-[ 0.042, 0.017, -0.017, -0.042;

% 0.017, 0.008, -0.008, -0.017;
% -0.017, -0.008, 0.008, 0.017;
% -0.042, -0.017, 0.017, 0.042; ]'; %Transpose here for consistency with pillowOl.m 

%[x3,y3]=meshgrid(0:aspect/4:aspect,0:1/4:1);
% z3='-[ 0 , 0.042, 00oo 0.042, 0;
% 0 .,042 oo oo .042;
% 0, 00o o o 0 ,  0 .

COo

% 0 .,042 , 0 ,  0 ,

oo .042;
% 0 , , 0 . 042, 0.08, 0 oCMo

%saddle 
%z3=[0,-1,0;
% 1,0,1;
%0 ,- 1,0 ;];

%asymmetrical 
%z3=[ 0, 0, 0;
%-l, 0, 1;

%0, 0, 0; ] ;
%pillow

%z3=[ 1, 0.5, 1; 
% 0.5, 0, 0.5;

%1, 0 . 5 , 1 ; ] ;



%part-cylinder
%z3=[ 1,  0 ,  1;
%1, 0, 1;

% 1, 0, 1;];
%flat 
z 3 = [ 0 , 0 , 0 ;

0,0,0;
0,0,0; ] ;
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%strut
%z3=[-11.3035 -7. 5435 -4.1745 -1. 831 -0. 488 0 -0.531 -1.9775 -4.321 -7.8365 -11 *'
.865;
%-ll.1815 -7.5435 -4.2235 -1.8735 -0.5125 -0.0485 -0.5125 -1.9895 -4.321 -7.8305 -11*'
.8895; 
%-ll.2545 -7.5375 -4.199 -1.855 -0.488 -0.085 -0.5615 -1.9775 -4.3395 -7.8855 -11 *'
.914; 
%-ll.267 -7.5435 -4.205 -1.898 -0.537 -0.0975 -0.5855 -2.0015 -4.321 -7.8855 -11 *”
.938;
%-ll.2545 -7.556 -4.199 -1.855 -0.5125 -0.073 -0.5795 -1.9895 -4.3515 -7.861 -ll*'
.9625; 
%-ll.4255 -7.5925 -4.248 -1.904 -0.5125 -0.1465 -0.6345 -2.0505 -4.4185 -7.922 -ll*'
.9625;
%-ll.45 -7 .5925 -4. 2295 -1.904 -0. 5125 -0. 1465 -0. 6345 -2. 075 -4 .3945 -7. 9345 -11.962 *'
5 r
%-ll.45 -7 
5;
%-ll.444

.5925 -4. 248 -1.904 -0. 5615 -0. 1525 -0. 6345 -2. 075 -4. 4185 -7. 9465 -11.962 *'

-7.5985 -4.248 -1.904 -0.537 -0.1465 -0.659 -2.0565 -4.4185 -7.9345 -!!*■
.981;
%-ll.45 -7.5985 -4.248 -1.9285 -0.5185 -0.1465 -0.6345 -2.069 -4.4185 -7.9345 -11.962*'
5;
%-ll.4745 -7.5925 -4.2965 -1.9285 -0.543 -0.1705 -0.6285 -2.075 -4.492 -7.959 -12*'
.0115;];
%cowling
% z3=[ 1, 0.1, 0.1, 1;
% 0.875, 0.1, 0.1, 0.875;
% 0.625, 0.1, 0.1, 0.625;
%0.5, 0.1, 0.1, 0.5; ];

%Interpolation
[xl,yl]=meshgrid(-20:element_length:width*aspect, -20:element_width:width); %NB Now *"
using square elements i.e. not aspect/num 
Ox=round(size(xl,2)/2);
Oy=round(size(xl,1)/2); 
xl (:,:)=xl(:, :)-xl(Oy,Ox) ; 
yl (:,:)=yl(Oy, Ox)-yl(:,:);
zl=40*interp2(x3,y3,z3,xl,yl,1 linear'); %Matlab interpolation.

%gcurvature(xl, yl,zl); 
zg=gradient(zl) ;
Gl=gradient_magnitude(xl,yl,zl,element_aspect);

%Experimental shape data (This is pillow03.m, but now interpolating to num points)
[x,y]=meshgrid(x_min:x_step:x_max,y_min:y_step:y_max);
Ox=round(size(x, 2)/2);
Oy=round(size(x,1)/2); 
x (:,:)=x(:, :)-x(Oy,Ox); 
y (:, : )=y(Oy,Ox)-y(:,:);
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pass((1:((y_max-y_min)/y_step)+1),1:(((x_max-y_min)/x_step)+1),1)=0; %Start from fla* 
t plate
[x4,y4]=meshgrid(-aspect*width/2: aspect*width/((x_max-x_min)/x_step): aspect*width/2,wid * 
th/2:-width/((y_max-y_min)/y_step):-width/2) ; ;
Ox=round(size(x4,2)/2);
Oy=round(size(x4,1)/2); 
x4(:,:)=x4(:, :)-x4(Oy,Ox); 
y4(:,:)=y4(Oy,Ox)-y4(:,:);
%strut reversal
pass(:,:,1)=[ %Data min 30mm/s
-22.0395 -13.7145 -7.9285 -4.1440 -1.7760 -0.8970 -1.0925 -0.4395 -0.189*
0 -0.3355 -0.6775
-21.9516 -13.6779 -7.9247 -4.1367 -1.7687 -0.8330 -1.0559 -0.4321 t—1o

964 -0.3319 -0.6628
-21.8637 -13.6413 -7.9210 -4.1293 -1.7613 -0.7689 -1.0193 -0.4248 -0.2 *

037 -0.3283 -0.6481
-21.7758 -13.6047 -7.9173 -4.1220 -1.7540 -0.7049 -0.9827 -0.4174 -0.2 *

111 -0.3247 -0.6334
-21.6879 -13.5400 -7.8696 -4.0756 -1.7222 -0.6334 -0.9314 -0.3942 -0.2 *

025 -0.3174 -0.6285
-21.6000 -13.4613 -7.8000 -4.0098 -1.6783 -0.5583 -0.8728 -0.3630 rHo

860 -0.3083 -0.6285
-21.5121 -13.3825 -7.7304 -3.9439 -1.6343 -0.4831 -0.8141 -0.3318 t—101

695 -0.2991 -0.6285
-21.4193 -13.2952 -7.6401 -3.8682 -1.5788 -0.4086 -0.7555 -0.2958 -0.1*

427 -0.2924 -0.6273
-21.3169 -13.1908 -7.5082 -3.7730 -1.5000 -0.3354 -0.6968 -0.2500 1 o o \

951 -0.2904 -0.6237
-21.2144 -13.0864 -7.3764 -3.6777 -1.4213 -0.2622 -0.6382 -0.2042 1 o o

475 -0.2884 -0.6201
-21.1120 -12.9820 -7.2445 -3.5825 -1.3425 -0.1890 -0.5795 -0.1585 *
0 -0.2865 -0.6165

] ;
pass(:,:,2)=[ %Data min 
-2.0505 -1.4160 -1.0255

30mm/s
0.7020 ■0.4090 •0.2990 0.4880 ■0.8545 ■1.1960 *

-1.5625 -2.0200
-2.0378 -1.4087 -1.0181 -0.6965 -0.3851 -0.2752 -0.4661 -0.8179 -1.1*

594 -1.5259 -1.9633
-2.0250 -1.4013 -1.0108 -0.6909 -0.3613 -0.2513 -0.4442 -0.7813 -1.1*

228 -1.4893 -1.9066
-2.0122 -1.3940 -1.0035 -0.6854 -0.3375 -0.2274 -0.4223 -0.7447 -1.0 *

862 -1.4527 -1.8499
-1.9982 -1.3866 -1.0034 -0.6737 -0.3222 -0.1976 -0.3955 -0.7044 Oi—1 1

496 -1.4112 -1.7968
-1.9835 -1.3792 -1.0070 -0.6590 -0.3113 -0.1648 -0.3662 -0.6623 -1.0 *

130 -1.3672 -1.7455
-1.9688 -1.3719 -1.0106 -0.6443 -0.3003 -0.1319 -0.3370 -0.6201 -0.9*

764 -1.3233 -1.6942
-1.9664 -1.3622 -1.0094 -0.6321 -0.2857 -0.0990 -0.3053 -0.5792 1 O VO

349 -1.2769 -1.6435
-1.9884 -1.3476 -0.9984 -0.6249 -0.2636 -0.0660 -0.2685 -0.5408 1 o 0

0

836 -1.2256 -1.5942
-2.0105 -1.3331 -0.9874 -0.6177 -0.2415 -0.0330 -0.2317 -0.5024 -0.8 *

323 -1.1743 -1.5448
-2.0325 -1.3185 -0.9765 -0.6105 -0.2195 0 -0.1950 -0.4640 -0.7 *

810 -1.1230 -1.4955];
pass(:,:,3)=[ %Data min 30mm/s
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1.2695 0.6835 0.3600 0.1710 0.0490 oo 0060 0.2195 0.5430 *

0.9340 1 
1.3043

.2205
0.7056 0.3839 0.2003 0.0783 0.0293 0.0537 0.2708 0.6*

108 0.9981
1.3391

1.3084
0.7276 0.4077 0.2295 0.1075 0.0585 0.1014 0.3221 0.6*

786 1.0621
1.3739

1.3963
0.7496 0.4315 0.2588 0.1367 0.0877 0.1491 0.3734 0.7 *

464 1.1262
1.4111

1.4842
0.7814 0.4688 0.2941 0.1807 0.1415 0.2150 0.4442 00o

203 1.1963
1.4495

1.5624
0.8180 0.5128 0.3325 0.2320 0.2075 0.2900 0.5248 o 00

973 1.2695
1.4879

1.6358
0.8546 0.5567 0.3709 0.2833 0.2735 0.3650 0.6053 0.9*

742 1.3427
1.5233

1.7091
0.8992 0.6006 0.4179 0.3443 0.3443 0.4369 0.6858 1.0*

560 1.4245
1.5527

1.7867
0.9596 0.6446 0.4821 0.4249 0.4249 0.5028 0.7664 l . l t f

475 1.5233
1.5821

1.8726
1.0200 0.6886 0.5463 0.5054 0.5054 0.5686 0.8469 1.2*

390 1.6222
1.6115

1.9586
1.0805 0.7325 0.6105 0.5860 0.5860 0.6345 0.9275 1.3 *

305 1.7210 2.0445];
[xld,yld]=decrease_in_viewable_area(x, y,pass(:, :, front_side_pass_number));
%A11 data!
if front_side_pass_number>=l

pass(:, :, front_side_pass_number)=pass(:,:,front_side_pass_number)-pass(Oy,Ox,front_* 
side_pass_number); %Zero at centre (Belt and braces)
elseif reverse_side_pass_number>=l

reverse_pass (:, :, reverse_side_pass_number) =reverse_pass (:, :, reverse_side_pass_numbe * 
r)-reverse_pass(Oy,Ox,reverse_side_pass_number); 
end

%if front_side_pass_number>l
% z_previous=interp2(x,y,pass(:,:,front_side_pass_number-l),xl,yl,'cubic');
%elseif front_side_pass_number==l 
% z_previous=0;
%elseif reverse_side_pass_number>l
% z_previous=interp2(x,y,pass(:,:,front_side_pass_number-l),xl,yl, 'cubic');
%elseif reverse_side_pass_number==l 
% z_previous=0;
%end
if front_side_pass_number>=l

exp_original=interp2(x,y,pass(:,:,1),xl,yl,'cubic');
exp=interp2(x,y,pass(:,:,front_side_pass_number),xl,yl,'cubic');%Data interpolated * 

from passl on zl x,y array
expl=interp2(x4,y4,pass(:,:,front_side_pass_number),xl,yl,'cubic'); 

elseif reverse_side_pass_number>=l
exp_original=interp2(x,y,reverse_pass(:,:, 1), xl, yl, 'cubic') ;
exp=interp2(x,y,reverse_pass(:,:,reverse_side_pass_number),xl,yl, 'cubic');%Data int* 

erpolated from passl on zl x,y array
expl=interp2(x4,y4,reverse_pass(:,:,reverse_side_pass_number),xl, yl, 'cubic');

end
figure
contour(xl, yl,exp); 
title('height'); 
figure
surf(xl,yl,exp);
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title('height');
G_original=gradient_magnitude(xl,yl, exp_original,element_aspect);
G2=gradient_magnitude(xl,yl,exp,aspect);
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figure;
subplot (2,2,1);
[C,h] = contour(xl,yl,Gl);
%clabel(C,h); 
title('Gl');
if front_side_pass_number>0 

subplot (2,2,2);
[C,h] = contour(xl,yl,G2); 
clabel(C,h); 
title('G2');

elseif reverse_side_pass_number>0 
subplot (2,2,2) ;
[C,h] = contour(xl,yl,G2); 
clabel(C,h); 
title('G2');

end
G3=G1-G2; 
subplot (2,2,3);
[C,h] = contour(xl,yl,G3); 
clabel(C,h); 
title('G1-G2');
G_original=Gl-G_original; 
subplot(2,2,4);
[C,h]=contour(xl,yl,G_original,num_contour);
G_original_max=max(G_original(:) ) ;
G_original_min=min(G_original(:));
Gc_original=(G_original_max-G_original_min)/(num_contour+l); 

clabel(C,h);
title('Original Gradient');
%Trim image edges to avoid exaggerated errors in gradient and cutvature 
zl(l,:)=NaN; zl(end,:)=NaN; zl(:,l)=NaN; zl(:,end)=NaN;
%pass(1,:,pass_number)=NaN; pass(end,:,pass_number)=NaN; pass(:,1,pass_number)=NaN; pas/ 
s (:,end,pass_number)=NaN;
%Trim bad data at edges and zero at centre 
exp=zl-exp;
exp(1,:)=NaN; exp(end,:)=NaN; exp(:,1)=NaN; exp(:,end)=NaN; %In case experimental data i/ 
goes to edges
%exp=exp-exp(Oy,Ox); %Belt and braces

%xl(:,:)=(xl(:,:)-xl(1,1)); %Set origin back to bottom left hand corner for DMC pi/
lot
%yl(:,:)=(yl(:,:)-yl(end,1));
CGajm_LaserFormPlots03vl_2(xl,yl, G3,G3, expl,Gl,zl,G2, front_side_pass_number,reverse_sid i/ 
e pass number,xld,yld,Gc_original,num_contour); %exp has now become G3 for line of cons/ 
tant gradient



A p p en d ix  II

Example of the Galil CNC Code produced by 
Matlab to Control Movement and the Laser 

Shutter for the Pass of an Irradiation Strategy



#Z1
SBl
SB3
SP16000,16000,30000
AC450000, 450000, 900000
DC450000, 450000,900000
PA50000,36582,0
BG
AM
CB3
WT200
LM XY
VAI00000
VD100000
LI-480,4085 <8000 >8000 
LI918,4 000 <8000 >8000 
LI1921,3333 <8000 >8000 
LI2974,3090 <8000 >8000 
LI3164,2243 <8000 >8000 
LI3503,1795 <8000 >8000 
LI4000,1476 <8000 >8000 
LI4000,1013 <8000 >8000 
LI3333,558 <8000 >8000 
LI4000,364 <8000 >8000 
LI4000,52 <8000 >8000 
LI4000,-260 <8000 >8000 
LI4000,-583 <8000 >8000 
LI4000,-947 <8000 >8000 
LI4000,-1388 <8000 >8000 
LI3333,-1600 <8000 >8000 
LI3333,-2186 <8000 >8000 
LI3110,-2961 <8000 >8000 
LI2160,-3333 <8000 >8000 
LI1154,-4000 <8000 >8000 
LI-227,-4000 <8000 >8000 
LI-1265,-3333 <8000 >8000 
LI-2265,-3173 <8000 >8000 
LI-3155,-2827 <8000 >8000 
LI-3183,-2000 <8000 >8000 
LI-3662,-1678 <8000 >8000 
LI-4000,-1308 <8000 >8000 
LI-4000,-885 <8000 >8000 
LI-4000,-526 <8000 >8000 
LI-4000,-208 <8000 >8000 
LI-4000,104 <8000 >8000 
LI-4000,417 <8000 >8000 
LI-3971,751 <8000 >8000 
LI-3363,942 <8000 >8000 
LI-4000,1563 <8000 >8000 
LI-3333,1804 <8000 >8000 
LI-3161,2358 <8000 >8000 
LI-2839,3163 <8000 >8000 
LI-1814,3504 <8000 >8000 
LE 
BGS 
AM 
SB3 
WT500
PA38000, 33767,0
BG
AM



A p p en d ix  III

Example of the Visual Basic Code produced by 
Matlab to Control the Movement of the CNC 
Tables for the CMM taking into Account the 

Decrease in Viewable Area



DMCShelll.DMCCommand="SP16000,16000,3000"
DMCShelll.DMCCommand="AC450000,450000,90000"
DMCShelll.DMCCommand="DC450000,450000,90000" 
file_n=textl.text 
open file_n For Output As #16 
DMCShelll.DMCComand = "PA-38000,14000,0"
DMCShelll.DMCComand = "BG"
DMCShelll.DMCComand = "AM" 
dblEndTime = Timer +9#
Do While dblEndTime > Timer
DoEvents
Loop
DMCShelll.DMCCommand = "V1=0AN[1]"
DMCShelll.DMCCommand = "Vl="
analogl = 100 - (5 * (val(DMCShelll.DMCResponse)) + 50) 
dblEndTime = Timer + 1#
Do Whilw dblEndTime > Timer
DoEvents
Loop
Write #16, analogl,
DMCShelll.DMCComand = "PA-30400,14000,0"
DMCShelll.DMCComand = "BG"
DMCShelll.DMCComand = "AM" 
dblEndTime = Timer +3#
Do While dblEndTime > Timer
DoEvents
Loop
DMCShelll.DMCCommand = "V1=0AN[1]M 
DMCShelll.DMCCommand = "Vl="
analogl = 100 - (5 * (val(DMCShelll.DMCResponse)) + 50) 
dblEndTime = Timer + 1#
Do Whilw dblEndTime > Timer
DoEvents
Loop
Write #16, analogl,
DMCShelll.DMCComand = "PA-22800,14000,0"
DMCShelll.DMCComand = "BG"
DMCShelll.DMCComand = "AM" 
dblEndTime = Timer +3#
Do While dblEndTime > Timer
DoEvents
Loop
DMCShelll.DMCCommand = "V1=0AN[1]"
DMCShelll.DMCCommand = "Vl="
analogl = 100 - (5 * (val(DMCShelll.DMCResponse)) + 50) 
dblEndTime = Timer + 1#
Do Whilw dblEndTime > Timer
DoEvents
Loop
Write #16, analogl,
DMCShelll.DMCComand = "PA-15200,14000,0"
DMCShelll.DMCComand = "BG"
DMCShelll.DMCComand = "AM" 
dblEndTime = Timer +3#
Do While dblEndTime > Timer
DoEvents
Loop
DMCShelll.DMCCommand = "V1=0AN[1]"
DMCShelll.DMCCommand = "Vl="
analogl = 100 - (5 * (val(DMCShelll.DMCResponse)) + 50) 
dblEndTime = Timer + 1#



A p p en d ix  IV

A Full Account of All the Irradiation Strategies 
and the Resulting Shape for the Closed Loop 3D 

Laser Forming of a Mild Steel Semi- 
Developable Shape



Calculation o f Measured surface Error between Irradiation strategy 
irradiation strategy desired and current

for pass number_____________________________ surface__________________________
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A p p en d ix  V

A Full Account of All the Irradiation Strategies 
and the Resulting Shape for the Closed Loop 3D 
Laser Forming for the Correction of Aluminium 

5251 Strut Mechanically Deformed to 45mm



Pass Process Irradiation Strategy
No. Speed

A p p en d ix  V

(mm/s)

1 61.9

2 61.9
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