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Abstract

Balancing rotating systems is a challenging task, which requires
(dis)assembly of the system to enable mass adjustments; thus
the development of a method to balance rotatives in-situ (i.e.
without disassembly) using pulsed laser ablation (PLA) is a key
technology enabler. PLA for in-situ balancing offers inherent
advantages of an adjustable frequency (to match that of the
rotating part) and variable pulse energy (to control the mass

removal).

This thesis presents a novel methodology for balancing
components in-situ using PLA in a controlled and automated
manner. The method utilises a sensor to measure the
acceleration of the rigid rotor-bearing system. After signal
conditioning using an adaptive peak filter (i.e. an inverted
notch filter), a developed peak detection algorithm determines
the maxima of the signal to find the angular imbalance position.
If corrective action is necessary, PLA occurs. The method
accounts for the time delays in the laser system and electronic
circuit. Validation on a rotating part showed a PLA targeting
accuracy of < 50um and a precision of < 30um; the feasibility
of the method was confirmed using a simulation and by

balancing a rotor with an arbitrary added imbalance.

A concept, which was devised to optimise the PLA strategy for
removing imbalances, bases on a novel combination of an
analytical and machine learning approach. It determines the
optimum process parameters of an ablated feature with a
specified shape and volume. Additionally, an error budget for
the method has been developed. The concept has been
validated and shown to be accurate to < 4mg. The error budget

could account for variations. It has been shown long features
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in the circumferential direction of the part increase the material
removal rate with only minor increases in the error magnitude.
To conclude, a concept for the integration of the two developed

models is presented.
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Threshold intensity
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Constant for
minimum period
width
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Threshold amplitude
for peak
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Measured period
width
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rad
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kg
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mg/np

mg

mg

Minimum period
width

Bearing i dynamic
stiffness coefficients
in x direction
Length of the shaft
Distance between
bearing i and the
mass centre of the
shaft

Focal length

Mass of the rotor
Desired material
removal

Mass removal per
pulse

Predicted material
removal

Mass of the
imbalance or ablated
feature

Beam quality factor
Refractive index

Number of laser
pulse

Number of laser
tracks

Number of laser
pulses per track
Number of laser

passes
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kg -m

mm/s

mm

mm

mm

mm

Average laser power
Radius of the rotor
Surface roughness
Beam radius

Time

Time delay between
triggering a pulse
and the laser firing
Process time
Permissible residual
unbalance

Scan speed of the
laser

Beam radius at the
focal plane

Beam radius at z
from the focal plane
Distance from the
ball bearing / to the
horizontal position of
the imbalance
Distance from the
focal plane

Rayleigh length
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Chapter 1 - Background

The development of new “difficult-to-cut” materials, which
cannot be machined using traditional machining processes like
milling, drilling, turning and grinding, and the rise of more
stringent design/part quality requirements in high-technology
industries lead to the search for advanced machining processes
(AMPs) [1], such as: abrasive water jet machining, electrical-
discharge machining, electrochemical machining, electron
beam machining, plasma arc cutting and laser beam machining
(LBM). While none of the machining processes is universally
applicable to all known materials, LBM is used to
machine/shape a whole range of engineering materials from
diamond to wood. Furthermore, LBM is a very flexible AMP
suitable for processes, such as, through-cutting, controlled
depth-cutting (milling), drilling, heat treatment, marking,

welding and sintering.

7.9
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6.4 6.4
6.1 5.9
4.7 4.8
3.7 || || 3.8
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Figure 1 Global laser processing market in Euro billion adapted from

[2]
Since the beginning of laser technology in 1957, the decrease

of the capital cost in the following decades has accelerated the
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adaption rate across industry, which is reflected in the ever
growing market (see Figure 1) [2]. In 2012 the market for laser
material processing was worth 7.3 billion EUR and is estimated
to be worth a total of 17.3 billion USD (15.3 billion EUR) by
2020 [3].

The high industry adaption of laser technology was helped by
the steady development of ever-shorter pulse durations
enabling better surface finishes and, therefore, an increase in
potential customer base. Additionally, the development of fibre
laser with substantial cheaper cost of ownership while being
capable of very high-powered output (several kilowatt with
double-clad fibres [4]) and very good beam quality
characteristics (i.e. small spot size for precision machining
tasks) accelerated this growth. The high availability of laser
technology in industry leads to development of non-
conventional laser applications like laser bending, hardening
and scribing (i.e. a technique, which forms kerfs at the targeted

component to create break points) [5].

Contrary to the fast developing field of laser technology,
balancing has not substantially evolved in last few decades.
Balancing is a process, which aims to remove any additional
mass that can cause unwanted vibration in order to achieve an
equal mass distribution. Consequently, balancing components
can prevent a reduced lifetime, catastrophic failure or higher
operating cost due to increased energy consumption. After the
development of the first balancing machine, which patent was
granted to Henry Martinson in 1870 [6], further research into
balancing was mainly driven by the increase in operating
speeds, due to developments like the rise of commercial flight,
requiring engine speeds of up to 13,500 rpm, such as, in the

example case of a Trent 1000 [7]. In the 20t century balancing
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accuracy was mainly limited by the lack of sufficient vibration
transducer and analysing equipment, however, it also marks
the time of the development of the two-plane balancing
coefficient by Thearle and the formalisation of the first
balancing standards [8]. While balancing as a process has
received several iteration improving accuracy and cost over the
last decades, most notable with the introduction of the first
computer controlled balancing machine in 1974 and
subsequently the first micro-processor balancing machine in
the early 80s [9], the majority of the balancing is still done as
a two-step process. This involves determining the angular and
horizontal position of the imbalance using a balancing machine
(see Figure 2) for phase measurements, before it is removed
using a machining process like drilling, grinding or the addition
of weights opposite to the heavy spot (i.e. the angular position

of the imbalance).

Figure 2 Vertical balancing machine Pasio 50 [10]

This cycle is repeated until the vibration of the component is
within the desired balancing standard, which is dependent on
the operational speed of the component. As with any process

involving manual labour it is prone to “human” error, resulting
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in damage to the rotating part, and inherently more expensive

than a fully automated alternative.

In the aerospace industry, operating a plane beyond 12 years
is the norm and possible due to the stagnating cost of
maintenance after the initial period of ownership [11].
However, this results in each turbine, weighing up to 8000 kg,
being disassembled many times for rebalancing purpose, which
results in both high costs and manual labour needed for such a
process, as well as, the inevitable downtime of the aero engine.
While maintenance is a low cost factor for most airlines overall
operating costs (2.5% for Ryanair in the first half of 2014 [12]),
it is the only one, which can be easily reduced, as fuel and
airport charges cannot be easily influenced. However, current,
in-situ balancing technologies (i.e. balancing a component in its
assembled state) very often fails to be relevant for the industry
due to space requirements for the balancing machine or the
removal waste of the correction process, which can damage
neighbouring components within the assembly. Thus, there is
a gap in the market for a balancing methodology utilising an
existing and widely adopted inexpensive to operate technology
to reduce the cost of the maintenance and assembly process of
complex components. Additionally, such a technology could
also enable more frequent rebalancing of the engines, hence
increasing operating efficiency of the aircrafts, and therefore,

lead to further reduction of the operating cost.
1.2 Problem definition

Balancing is a well-established process in the aerospace
industry nowadays and used for every engine assembly, as well
as, the their individual rotatives. Due to the increased energy
prices and the importance for airlines to cut down on fuel

expenses it is vital for all engine components to run at the
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highest efficiency, which can only be achieved if all unwanted
vibration is reduced to an absolute minimum. Hence, very small
corrections can result in significant fuel savings due to the high
operation time of several thousand hours a year for a
commercial aircraft [11]. However, due to the high quality
requirements, to ensure the components are not damaged
internally and externally, no one-step in-situ balancing method
is commonly used in industry. Active balancing technologies
like active magnetic bearings are in most cases too expensive,
and the space requirements cannot be easily met in existing

III

designs. Instead, “traditional” balancing methods are applied,
which are inherently expensive, due to their two-step nature of
separating the unbalance measurement and correction step,
requiring the component to be moved around the factory floor
by skilled labour. Furthermore, it makes expensive
disassembling and assembling necessary during regular
maintenance work, to extract the un-balanced rotor from the
engine assembly. Combining both steps has so far proofed to
be unsuccessful due to waste created during the material
removal process and, therefore, risk of damaging the targeted

III

component during “traditional” machining processes, as stated
by Mike Harrison (Corporate Balancing Specialist) of Rolls-
Royce plc. in private discussion. However, so far there has been
little effort undertaken in combining balancing with a
contactless AMP. LBM is the ideal AMP candidate due to the high
availability and experience with said machining technology
across industry. Significantly decreased capital cost since its
introduction in the 1960s, as well as, a small size factor to
power output ratio, especially in the case of fibre laser
technology [13], are further benefits. Moreover, fibre laser

systems guarantee a high uptime, are operational 24/7, and
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offer an excellent beam quality (therefore a low beam quality

factor, M2) due to the low divergence and small spot sizes.

In recent academic studies, LBM has established itself as the
method for ablating material with a high accuracy while
producing no waste material due to instant vaporisation.
Studies investigating the effects of laser ablation on typically
used aerospace materials, like Ti6A14V, have found LBM as a
viable alternative to “traditional” machining processes, which
does not cause any more surface damage to the targeted part
[14]. Another commonly used material in the aerospace
industry is Inconel 718, which has demonstrated its LBM
machinability in various academic studies [15]-[17]. It is a
high-strength corrosion-resistant nickel chromium material,
which has frequent applications in the aerospace industry for a
wide range of applications like components for liquid fuelled
rockets, rings, casings and various formed sheet metal parts
for aircrafts [18]. However, machining using pulsed laser
ablation (PLA) on non-even surfaces provides a challenge to the
operator due to the limited machining range (e.g. the focal
depth) and differing ablation characteristics outside the defined
focal length of the delivering mirror system of the laser. An
established way of circumventing this issue is the use of linear
and/or rotary feedback stages; such stages interact with the
laser controller allowing the operator to always machine at the
ideal ablation point. However, they are inflexible due to size
and weight restrictions of the component, weight of the
equipment and therefore inherently unsuitable for in-situ

balancing process of larger components.

There is need to perform research in order to understand how

to utilise LBM with its stated advantages to balance components
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and derive a method, which is suitable for in-situ application in

industry during assembly and maintenance processes.
1.3 Aims and objectives
1.3.1 Aims of the work

The work aims to research the methods/algorithm that are at
the base of the development of a new methodology for
balancing components using PLA, which can be applied in-situ.
To support this method, this research studies the effects of
different removal patterns for the balancing correction process.
Moreover, an error analysis study is used to investigate the
suitability of the process to generate user specified features.
This will enable the user to determine an optimal balancing
strategy for a particular individual case (e.g. workpiece

material, specific features of the rotating part).
1.3.2 Objectives of the research (chronological order)

1. Design a testing rotor-bearing system encompassing an
easily replaceable rotor driven by a motor, as well as,
angular position (i.e. encoder) and vibration sensors. This
enables all further trials with the flexibility of quickly being
able to change the rotor after damage to reduce downtime.

2. Define an innovative control method for on-the-fly
balancing, synchronizing the motor encoder feedback with
the triggering of the laser system while considering all
inherent time delays. This enables initial feasibility testing
on the angular accuracy of the ablation process on the
rotative.

3. Develop a material removal model (calibrated for Inconel
718, due to its relevance to the aerospace and turbine
industry [19]) enabling the prediction of mass removal

based on a number of known kinetic and energetic
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parameters. This is a key enabler for the further work on
optimum laser machining parameters and evaluation of the
effectiveness of different features generated using on-the-
fly laser machining.

4. Integrate an unbalance detection methodology for static
imbalances capable of simultaneous capturing data from
different devices and filtering as well as analysing them
using an intelligent adaptive peak detection algorithm. This
will enable the detection of the angular position of the
imbalance on the rotor and determine the necessary
corrective action required in regards to the specified
requirements by the operator.

5. Develop a methodology based on a combination of analytical
modelling and artificial intelligence to predict the material
removal rate and process time for specified features while
meeting a desired mass removal target and utilising
intelligent pulse placement strategies to reduce the residual
surface roughness. This allows determining how to reduce
the imbalance most efficiently by taking into consideration
the radius of the rotors, pulse frequency and maximum
power of the laser.

6. Develop a model to understand the sources of errors during
on-the-fly PLA and develop strategies to conduct the
material removal efficiently while minimising the imbalance
and preventing unnecessary damage to the targeted
component. This allows the comparison of different removal
strategies employing different shapes and pulse placement

patterns based on their achievability using on-the-fly PLA.
1.3.3 Structure of the thesis

Chapter 2 of this thesis will provide an extensive literature

review of the three key areas of the thesis: laser machining,
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balancing technologies, and error budgeting of machining
processes in particular LBM. Special attention will be given to
the modelling of PLA processes in particular involving Inconel
718, non-traditional balancing methods utilising AMPs as a
material removal procedure, parameter optimisation
techniques for AMPs with single and multi-objective focus, and

error budgeting of AMPs with an emphasis on LBM processes.

In Chapter 3 the employed methodology, research strategies,
and evaluation procedures as part of this thesis are described
in detail. This will include the necessary information on all
equipment and software packages used within this research
project. Specifically, the laser system used as well as all
additional equipment and the corresponding methodology to
measure the different laser parameters is explained in detail;
furthermore, all hardware and set-up for the trials conducted
as part of this thesis is introduced. Moreover, it will highlight
the techniques employed to analyse the various samples

generated as part of this project.

Chapter 4 details the control strategy used to determine the
angular position of the imbalance and remove it using PLA.
Initially it explains the methodology used to acquire the
acceleration signal of the rotor and condition it. Furthermore, it
contains a detailed explanation for the algorithm employed to
extract the angular position of the imbalance from the signal.
It also details all safeguards taken to minimise the risk of
malfunctioning of the balancing controller causing damage to
the targeted rotative or its surrounding. A review of all
validation trials detailing the accuracy and precision of the
imbalance detection and a full proof of the pulsed laser
balancing concept is presented in the final section of this

chapter.
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Chapter 5 will look at the development of the on-the-fly laser
machining process parameter optimisation and the error
budgeting model for said process. This process is used to
predict material removal and process time for a user specified
feature used as part of the correction process to eliminate the
imbalance of a rotor. Also, further detail on the intelligent and
adaptive generation of pulse placement patterns to ensure a
minimised surface roughness are provided. Subsequently, the
error analysis is detailed to obtain an error for the mass
removal and dimensions of the user specified feature.
Additionally, the choice of how different feature shapes and
dimensions can affect the associated mass error, material

removal rate, and process time is discussed.

To conclude the thesis, Chapter 6 presents a discussion of all
previously conducted experiments as well as an overall laser
balancing workflow connecting the previous chapters. It will
include a conclusion as well as highlights of the academic and
industrial contribution of this project. Possible future work and
considerations in follow up research projects will be laid out in

this final chapter of the thesis.
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Chapter 2 - Literature Review

In chapter 2 a comprehensive literature review of the three key
areas of this thesis, laser beam machining (LBM), balancing
technology, and error budgeting, will be given in relation to
both the academic and industrial field. A special focus will be
on PLA machining processes and their modelling approaches,
PLA processes involving Inconel 718, innovative balancing
processes involving advanced machining processes (AMPs),
parameter optimisation techniques for AMPs with single and
multi-objective focus as well as error budgeting of AMPs, and
specifically LBM processes. Additionally, the survey will provide
an understanding of existing peak detection technology, i.e.
procedures to detect distinct maxima in data series, as well as
the basics of genetic optimisation algorithms. The last section
of this chapter presents the academic research gaps their
uses/benefits for industry, which is the focus of this research

project.
2.1 An introduction to lasers

LBM is one the most widely adopted non-contact AMPs. In 1916
Albert Einstein laid out the concept of stimulated emission [20].
Then it took another four decades until Townes and Schawlow
detailed the first laser in 1957 [21]. Eventually, in 1960
Theodore H. Maiman built the first laser consisting of a
synthetic ruby cylinder. Lasers (Light amplification by
stimulated emission of radiation) have since seen an active
development with the introduction of Q-switching, a technique
enabling the laser to emit energetic pulses, and the resulting
race for shorter pulse duration up into the attosecond regime
in 2012 [22].
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Figure 3 Diagram of an Nd:YAG laser cutting system [1]
Figure 3 shows the working of a Nd:YAG (Neodymium-doped

Yttrium Aluminium Garnet) laser. The excitation source (i.e.
the external energy source) shines onto the lasing unit, also
known as the amplifying medium. The pair of rear and front
mirrors ensures only desired wavelengths are selected before
light passes through the partial reflective front mirror and is
fixated onto the workpiece using a focusing lens. There are
three technologies to generate short laser pulses instead of
emitting a continuous laser beam: gain switching, Q-switching,
and mode-locking [23]. After starting the pumping process gain
switching builds up a population inversion until the critical
inversion is reached. This continues until the pumping process
is turned off or the losses surpass the amplification. Pulse
duration can vary from 10 uys to 10 ms. On the other side, Q-
switching enables pulses within the nanosecond range. Pulses
are generated by switching the output, which then spawns a
train of pulses. This also allows the system to emit higher
energy pulses with peak powers between 10° and 10° Watt
[24]. Mode-locking, first used in 1965 by Mocker et al. [25], is
used to generate ultrashort pulses in the picosecond and

femtosecond range. Conversely, to Q-switching, it cannot be

38



used to increase the pulse energy and therefore relies on the
lasing medium (i.e. the Nd:YAG rod in case of Figure 3) having
a large gain profile. Depending on the laser system, the emitted
beam can have very different characteristics. In this thesis, the
focus will be on Gaussian beams, named after the famous
physicist Carl Friedrich GauBB, which are propagating with a
Gaussian like transverse intensity profile. Depending on the
setup, a supply of gas through a nozzle is used during the
machining process to remove the generated plasma. In some
more advanced set-ups the workpiece can be orientated with a

CNC controller, which links into the laser system.

A list of the most important, however not complete, laser

specific vocabulary:

A Pulse is defined as the timespan in which a focused laser

beam interacts with the workpiece.

Average laser power, P, is defined as the rate at which

energy is released from the laser.

Pulse frequency, f, is defined as the number of pulses emitted

over a specified timespan.

Beam radius, w;, is the radius at point z perpendicular to the
beam axis. Since beams do not have universally defined edges,

this thesis defines it up to 1/e? of the beam’s peak intensity.

Fluence, @, is the energy per unit area. It is dependent on the
surface geometry, the focal length, /r, the pulse frequency, f,
and the beam radius, wz, as shown in Equation (1).
2P
- Nfw?

Scan speed, v, is the speed of the mirror of the beam

(1)

deliverance system. Thus, a higher scanspeed increases the
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spacing between the individual pulses if the workpiece is

stationary.

HAZ (Heat Affected Zone) is the area of the workpiece, which
had its properties altered due to LBM.

MRR (Material Removal Rate) is the rate at which material is
ablated. Usually it is given in material removed divided by
process time, however it is also used as material removed

divided by pulse/track.
2.1.1 The M2 beam quality factor

The M2 factors, also called the beam propagation factor or beam
quality factor, is a measure of the “times diffraction limited”
value of a beam [26]. A M2 value of 1 represent a perfect
Gaussian beam, whereas values smaller than 1 are physically
impossible. Consequently, a higher M? values represent a wider
beam divergence (see Table 1) and therefore, a worse beam
quality (see Figure 4). In practice, a smaller M2 value means a

smaller spot size and henceforth, higher fluence.

Table 1 Typical M? values for a selection of laser systems adapted
from [27], [28]

Type M2
Theoretical Gaussian beam 1
He-Ne laser 1-1.1
Ion laser 1.1 -1.3
Semiconductor laser (TEMoo) 1.1-1.7
High-power multimode laser 3 -<1000

Helium neon laser are the closest to having a truly Gaussian
TEMoo (Transverse Electromagnetic Mode, see Section 2.1.1.2)
beam profile. Conversely, diode lasers have two M? values, with

the lower one on their fast axis and the significantly higher one
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on their slow axis (i.e. a high wide beam radius) due to their
ecliptically beam profile [28]. It is measured and calculated in
accordance to the ISO Standard 11146 [29] as shown in
Equation (2). In this work, the beam radius, w; is the
measurement from the beam axis to the point where intensity

drops to below 1/e? of the peak value.

MZ = gbo (2)

a1
However, it is important to realize that the M2 value is a
simplified measurement for the beam quality, as it does not
take into account many other definitions of beam radius nor is

it @a good representation for non-Gaussian beams [30].

Figure 4 Measured CO- laser beam profile, with a beam quality of M?
=1.1[31]

Furthermore, a beam with a relatively small M2 value does not
guarantee for a smooth beam profile; on the contrary, it may
feature a multi-peak beam profile instead. Nevertheless, the M2
value as a measure for beam quality is the current standard in
industry and quoted by all manufactures as part of the product

description.
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2.1.2The transverse electromagnetic modes

The Transverse Electromagnetic Mode (TEM) describes the
pattern of a beam profile. As light travels through free space it
has both magnetic and electric fields perpendicular to the

direction of travel.

TEMo, TEMz2 TEM33
Figure 5 Laser TEM patterns of a gas laser oscillator [34]
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Its intensity profile is defined by the oscillating mode(s)
transverse to the direction the beam travels. In specific cases,
for some electric field amplitude distributions, which are known
as TEMs, one mode is prevalent. All Hermite-Gaussian (HG)
modes are denoted as TEMmn, where m stands for the number
of points without illumination in the x direction and n in the y
direction respectively (see Figure 5) [32].Thus, the TEMqo is the
lowest-order HG mode (single mode) and appears as a single
spot with a M2 value of 1. The M2 values for other HG modes
(mixed modes) can be obtained by Equation (3) and (4) in the
x and y direction respectively [33].

M?2=2n+1 (3)
M2 =2m+1 (4)

2.1.3 The wavelength of a laser beam

The wavelength determines in what electromagnetic spectrum
the laser operates. Lasers usually operate between the infrared

(IR) and ultraviolet (UV) spectrum (see Figure 6).

Increasing wavelength —
- Increasing frequency

(Wavelength)
E E
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Microwave | Radio and TV

400nm ~ Visible light

Figure 6 Diagram of the electromagnetic spectrum for laser
wavelengths between the far-infrared and deep-ultraviolet [35]
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The wavelength of a laser influences how easily its light is
absorbed by a specific material [35].

)\Z? (5)

The wavelength, A, is described by Equation (5), where c
denotes the speed of light (¢ = 299,782,458 m/s) and f the

wave frequency.

Hence, depending on the application of the laser system a
different wavelength is more suitable. For example, Nd:YAG
lasers, which operate at a fundamental wavelength of 1064 nm,
are suitable for micromachining most metals. The wavelength
of laser systems can be adapted by focusing its beam through
a nonlinear crystal, however, the conversion is not lossless; in
case of a Nd:YAG laser, a 532 nm wavelength is achievable at

an approximate loss rate of 50%.

2.1.4Mixed mode Gaussian beam characteristics (M2

model)

In order to ablate material using a laser beam, it is necessary
for the workpiece to be at or near the focal plane of the beam
deliverance system (e.g. galvanometer). The focal length (i.e.
the length from the focusing lens to the focal plane at which
the beam radius, wo, is at a minimum) depends on the focusing
lens as well as the wavelength of the laser system. Hence, a
larger M2 value usually results in a larger Depth of Field (DoF)
[28], i.e. the machinable range at the focus plane. Substances
with a high refractive index can influence the focal length of a
system. In laser machining this is commonly the plasma
generated during LBM if the plasma is not disposed using gas

from a nozzle.
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Converging Zo+2zR Zo Zo+2R Diverging

Figure 7 Schematic illustrating the converging and diverging of an
Gaussian beam adapted from Gerald F. Marshall [36]

The focal length, [, is calculated using Equation (6) for a lens
manufactured using a material with the refractive index n and
the radius of the curvature R; and Rz. At the focal length (i.e.
focal plane), the beam radius is at a minimum, wo.
_ 2

%=<n—1>(%+%)—% (6)
From its minimum size at zp, the beam then expands with an
angle, 6», expressed by Equation (7) [34], assuming M? = 1.

This is also known as the beam divergence.

A
— 7
Obo Wy (7)

In case the beam does not have TEMoo, the beam divergence is

expressed by Equation (8).

9b0 = MZ (8)

W,
Hence, the beam width at the focal plane is expressed by
Equation (9) for a real laser system [36]. In case of a
fundamental mode perfect Gaussian beam, the M2 can be

disregarded.

W, = \/WWO (9)
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The Rayleigh length, zr, is defined as the length from the focal
plane up to the point where the beam waist area doubles (see
Figure 7). It is dependent on the beam radius, Wy, at the focal

plane and the wavelength, A, of the laser system (see Equation

(10)).

_ Wy
- M2
Thus, the Rayleigh length, zg, remains the same independent

(10)

ZR

of the mode of the beam (M2 cancels out). The peak intensity,
Io, which occurs at the beam axis for a perfect Gaussian beam
(M2 = 1) is expressed by Equation (11) [36]. The total power,
P, is the average power emitted at the focusing lens adjusted
for losses in the beam deliverance system.

2P

- (11)
Z

Iy

Hence, for a laser with a near Gaussian beam profile (i.e.
TEMoo) the intensity, I, can be described by Equation (12) [37]

.r.Z
I(r,z) = I, exp <—2 F) (12)

where the beam radius at a distance z, W;, from the focal plane
is defined by Equation (13) [34].

W, = W, /1+(i>2 (13)

Thus, the propagation of Gaussian beams can be reliably

modelled using the M2 beam quality criteria.
2.1.5 An overview of laser beam machining processes

In LBM the machinability of materials depends on their thermal
and, to an extent, reflective properties [1]. Hence, so called

“difficult-to-cut” material with favourable thermal properties
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(low diffusivity and conductivity) like Carbon Fibre Reinforce
Plastic (CFRP) are ideal candidates for LBM [38], [39].

Workpiece

Plasma

Formation
Phase Change

(Vaporisation)

Phase Chang

(Melting) '// l\\ olten Layer

Figure 8 Diagram detailing the material removal process of a LBM
process (percussion drilling) [1]

Erosion Front

During the machining process, energy is transferred from the
laser beam onto the targeted component. After the surface of
the workpiece absorbs a material dependent level of energy
(i.e. the threshold fluence), the material begins to melt and
then vaporise (see Figure 8). If the intensity is high enough
the vapour will ionise and produce plasma, which absorbs light
and therefore, reduces the fluence. Hence, to for optimum LBM
the plasma needs to be continuously removed [40]. The exact
ablation mechanism depends on the pulse duration. Therefore,
a longer pulse duration favours thermal effects (melting,
dissociation, sublimation, and evaporation) while shorter pulse
lengths lead to ablation due to thermal activation and direct
bond breaking or a combination of both [41]. Hence, the
absence of mechanically induced material damage and the
scalability of the material removal rate (MRR) without the
“traditional” limitations such as tool force, built-up edge
formation, and tool chatter [1] are some of the major reasons

for the success of LBM in industry and research.
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There are six major variations of LBM: drilling (1-D), cutting
(2-D), grooving, milling, turning (3-D), and micromachining
[1]. Laser drilling differentiates between two different modes:
trepan and percussion laser beam drilling. While percussion
drilling involves penetrating straight through the workpiece
(see Figure 8), trepan drilling encompasses cutting around the
circumference of the hole to be machined. Hence, percussion
drilling is generally the faster process in terms of machining
time [42].
a b
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Figure 9 (a) Laser beam turning (helix) (b) laser beam turning (ring)
(c) laser beam milling [42]

Laser beam cutting is regarded as the most advanced cutting

process because of its advantages of no tool wear, high
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accuracy, edge quality, no waste products, and the scalability
of the cutting power without causing increased vibrations.
Thus, it is the industry standard for cutting many “difficult-to-

n

cut” materials. Similarly, laser beam grooving has been
successfully applied on many different components requiring
high accuracy machining like silicon (Si) wafers [43]. 3-D laser
beam machining processes, specifically, laser beam milling and
turning, require two simultaneous laser beams in order to

achieve the required machining process (see Figure 9).

The inherent advantage of 3-D laser beam machining is the
ability to “replace” several traditional machining processes with
one highly flexible process. However, especially the re-
positioning of the targeted component can become more
complex and may require expensive feedback stages [44].
Micromachining collectively refers to machining features with
dimensions below 1 mm. Laser system with very short pulse
durations (microseconds and lower) and high pulse frequencies
(1 kHz and higher) are most commonly used in micromachining
due to their high accuracy and excellent machining quality and
a small heat affected zone (HAZ), i.e. minimum material
damage (increasing with higher pulse energies). The value of
micromachining in the microsecond regime especially for
machining “difficult-to-cut” material like Ti6A14V was shown by
S. Davies et al. [14]. The study used a microsecond Nd:YAG
laser system for the experiments with a pulse frequency of 10
- 50 Hz, an average power of 10 — 80 W, a scanspeed of 200
- 700 mm/s and a pulse duration of 1 — 10 ps. Results have
shown a linear relationship between fluence and volume
removed, however, none could be found for fluence and MRR.
This is due to parameters like scanspeed affecting the overall

process time. Statistical analysis revealed that pulse frequency,
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intensity, spot diameter, and scanspeed have the biggest

impact on the MRR.

Recast Layer 178 60 um
Depth

Figure 10 High recast layer thickness and surface roughness (Ra >
10 pym) due to PLA with an overall energy density of 2.12 kJ/cm? [14]

Furthermore, the results indicate a relationship between the
recast layer thickness and fluence with the thickness rapidly
increasing after energy densities above 2.1 kl/cm?2 (see Figure
10). This also applies to the surface roughness, which remains
between 2 - 6 ym while the fluence is kept below the 2.1
kl/cm? threshold. The study concludes that in order to
maximise the MRR, while minimising oxidation, the fluence is
ideally kept between 1.3 and 1.7 kl/cmZ2. Therefore, LBM is
capable of producing high quality surfaces as long as the MRR

and quality requirement are balanced.

To conclude, LBM has been used to replace a range of

traditional manufacturing processes already (e.g. milling,
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turning etc.). It offers advantages due to being a non-contact

method, which allows for more precise machining operations.
2.1.5.1 Laser beam machining of Inconel 718

Inconel 718 is a super alloy with high strength properties at
elevated temperatures, strong resistance to chemical
degradation and superior wear resistance under serve
temperatures and pressure conditions [45] (see Table 2).
Hence, it has many applications in industry, specifically, in the

aerospace, defence, gas turbine, and nuclear industry.

Table 2 Properties of Inconel 718, annealed at 982 °C, at room
temperature (21 °C) [18]

Parameter Unit Value
Density, annealed kg/m?3 8193
Melting range °C 1260 - 1336
Specific heat J/kg 435
Young’s modulus MPa 199 900
Torsional modulus MPa 79 980
Poisson’s ratio - 0.294
Thermal conductivity, W/(mK) 11.11
annealed

Electrical resistivity, annealed Qm 1.222e-6

Especially in the aerospace industry, LBM is the method of
choice for drilling thousands of small, closely spaced holes into
Inconel 718 [46], [47]. However, despite the wide adoption,
the machining process tends to produce a number of defects,
most notably spattering, micro cracks, tapering, and the
characteristic recast layer [48]. W. Chien et al. investigated the

recast layer during trepan drilling and found that the thickness
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of the recast layer is influenced by the energetic and kinetic

laser parameters.

Figure 11 Cross-section of a laser drilled hole showing typical micro
cracks [49]

A reduction of the recast layer was found by machining on focus
and increasing the peak power from 10 W to 16 W [49], [50].
Furthermore, the trepanning speed and assisted gas pressure
were shown to influence the recast layer formation. Micro
cracks, if present, have mostly been reported near the entrance
of the hole, and are therefore most likely caused by the recast
layer formation (see Figure 11). Further experiments, have

shown a link between hole quality and pulse frequency [48].

To understand the material damage due to laser irradiation A.
Kar et al. developed a two-dimensional model to account for
the melting and vaporisation process [50]. It concludes that the
depth of vaporisation decreases with pulse frequency and pulse

duration, while melting increases. Similarly, the recast layer
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thickness increases with the pulse frequency and pulse

duration.

yLaser Tracks

X148 1900mm BOR0

Figure 12 SEM micrograph of the laser treated Inconel 718 alloy [51]

B. S. Yilbas et al. found that in Inconel 718 the temperature
variation on the HAZ followed the laser beam intensity
distribution, but changed rapidly after 0.05 s of cooling with a
sharp decay by the region that directly interacted with the laser
beam and a gradual decay in the neighbouring region [51]. The
region affected by the sharp decay also showed high von-Mises
stresses afterwards, however within the boundary of the
yielding limit. Further analysis revealed no micro cracks on the
surface (see Figure 12); the effects of the LBM affect the
material up to 50 um below the surface. The experiments were
conducted with a CO2 laser assisted with Nitrogen gas, a beam
diameter of 0.3 mm, scanspeed of 100 mm/s, a laser power of
140 W, a pulse frequency of 500 Hz and a N, pressure of 600
kPa.
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Figure 13 Drawing and 3D model with dimensions of the laser cut
samples in mm [52]

In 2013, Ahmet Hascalik et al. analysed the cut quality of LBM
for age hardened Inconel 718 nickel based super alloy using a
continuous 4.0 kW CO: laser system [52] and N assist gas.
The targeted component required a series of cuts with a total
ablation depth of 4.76 mm (see Figure 13) performed with a
power of 3200, 3600 and 4000 W, a scanspeed of 1500, 1700
and 1850 mm/s, a gas pressure of 15, 17 and 19 Bar and a

focal position of 4 mm below the surface.
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3.2kW, 1500mm/min, 15 Bar 3.2kW, 1850mm/min, 19 Bar

3.6kW, 1500mm/min, 17 Bar 3.6kW, 1700mm/min, 19 Bar 3.6kW, 1850mm/min, 15 Bar

4kW, 1500mm/min, 19 Bar

Figure 14 Effects of different laser cutting parameters for age
hardened Inconel 718 [52]

LBM Inconel 718 forms a recast layer (see Figure 15), which
consists of molten material, which has not vaporised after the
beam interaction. Longer pulse durations increase the recast
layer formed due to material mainly being removed due to
thermal processes. Shorter pulse durations on the other hand
can reduce the recast layer and therefore decrease any damage
to the material [48].

55



Figure 15 Cross-section of the cut kerf showing the formed recast
layer on Inconel 718 [52]

The hardness of the recast layer is related to the cooling of the
HAZ: rapid cooling results in a harder recast layer. However,
the thickness of the recast layer is dependent on the fluence
and is decreased with lower fluence and a lower beam energy
distribution (i.e. lower power and higher scanspeeds) (see
Figure 16). The overall laser power has shown to have the

highest impact on the recast layer thickness.
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Figure 16 The effect of laser power, scanspeed (cutting speed) and
gas pressure on the recast layer thickness [52]
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Furthermore, the study showed that the surface roughness is
at a minimum if, laser power, gas pressure, and scanspeed are
all increased. Scan speed was found to have the highest impact

on the surface roughness.

Hence, it has been shown that LBM can be used to machine
Inconel 718. However, while the relationship between process
parameters and machining quality has already been studied

experimentally [52], a model reliably predicting such is needed.
2.1.6 Introduction to laser surface texturing simulations

During the last decade the continuous improvements in laser
machining accuracy increased the demand for micro features
generated using PLA. The generation of specified PLA surface
textures was driven by the need to achieve design goal
criterions of machining processes and to enhance the properties
of targeted components. Since the early 1990s, laser surface
texturing has been used to prevent stiction during start-up in
the magnetic storage industry [53]. With the increased industry
adoption of lasers capable of generating micro features the
demand for an academic method to predict reliably the
generation of surface texture grew. PLA with short and ultra
short pulse durations (us-fs) [54], enables the machining of
complex micro features on a range of target materials with

minimum material damage.

2.1.6.1 Numerical and molecular dynamics laser beam

machining simulations

In 1997 S. R. Kajale et al. derived a numerical model for a
Gaussian beam to determine the threshold intensity for a
chosen material and the depth of a cut [55]. The three
dimensional transient heat conduction is calculated within the

solid workpiece to determine the temperature distribution.
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Then a finite difference model is used to superimpose the
Gaussian intensity beam profile onto the workpiece. The model
incorporates the phase changes considering the latent heat
effect based on Bonacina’s model [56]. The experimental
results however, show a discrepancy between the theoretical
and experimental results. The paper assumes this to be due to

the complexity of the drilling process.

In 1998 L. M. Galantucci developed a single pulse numerical
model for excimer lasers, using a photo-ablation approach with
the inclusion of a thermal model [57]. The model relies on two
material behaviour constants, as well as an estimate of the

erosion depth per pulse based on the pulse duration.
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Figure 17 Cross-section of the predicted laser cutting by the model
using two different energy density distribution (uniform and
sinusoidal) with rhombic spot [57]

The model used a constant and sinusoidal energy density beam
profile (see Figure 17). The reported results show a good

agreement between theoretical and experimental results.
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Figure 18 Sequence of pictures displaying the impact of a 50 fs 3.2 x
1016 J pulse on a silicon surface. All times are in ps, 1 A equates to
100 pico metres [58]

A number of molecular dynamics (MD) models exist and show
significantly more promising results [58], [59] and are
specifically useful to investigate the material removal process
in the pico- and femtosecond regime (see Figure 18). However,
the high computing expense makes such models unsuitable for
complete micro features consisting of millions of pulses and
cannot be integrated into low cost controller hardware in order
to optimise laser ablation processes. Hence, these models offer
valuable insights in the physics of lasers, however, offer little
use in tackling real world problems like predicting laser ablation

features on a pulse-by-pulse basis.
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2.1.6.2 Analytical laser beam machining simulations

In order to estimate the material removal and shape the
interaction between fluence and component needs to be
modelled. In 1993, C.Y. Jiang et al. derived a simple formula
to estimate the depth of a cut, h, during a drilling processes

using a Nd:YAG laser system (see Equation (14)) [60].

2
he |[2E _Wo (14)
ntl, 6,

The model relates the threshold intensity (i.e. fluence), I, with
the maximum cut depth, h. Thus, the model demonstrates in
mathematical form that the depth of the cut depends on the
material properties of the workpiece. However, during PLA the
threshold intensity of a material does not remain constant, but
changes with temperature. Hence, models usually differ on
whether they assume a constant threshold intensity or whether
they include a heat model that accounts for the changes of the

threshold intensity during the machining process.

In 1999, H. Kaebernick et al. investigated the cutting
mechanics of PLA using an Nd:YAG laser on mild steel [61] (see
Figure 19). The derived model focuses on the prediction of the
kerf width during PLA cutting conditions by varying pulse
duration between 0.2 and 1 microseconds and the scanspeed
between 600 and 800 mm/s.
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Figure 19 The laser cutting geometry detailing the partial absorption
of the laser beam by the flat surface the oblique cylindrical surface
[61]

This work focuses on three different heat sources: the beam
absorption at flat and cylindrical surfaces, as well as, the
oxidation reaction. While it does show some good agreement
between the theoretical and empirical determined data, it lacks

the ability to predict micro features.

Anoop N. Samant et al. developed a new approach to the
modelling the MRR of PLA on ceramics using a Nd:YAG laser
[41]. The experiment involved machining trenches with length
L and width W and a pulse overlap ratio of 0.25 and 0.873 in
the y and x direction respectively (see Figure 20). The study
constraint itself to only one set of parameters: a pulse energy
of 4 ], a pulse frequency of 20 Hz, a pulse width of 0.5 ms and

a scanspeed of 1.27 mm/s.
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Figure 20 Schematic illustrating the overlap between the pulses and
tracks [41]

Samant assumes that due to the symmetrical and repetitive
nature of the MRR process the MRR is equal for each pulse.
Therefore, the effective peak power density (i.e. fluence) is
expressed by Equation (15), where Ny represents the number
of pulses required to process the area of one pulse (due to
overlapping).

E

S=——
Ngtrw§

(15)

The effective peak power density was then converted into depth
using an absorptivity model [62]-[64]. The absorptivity
variations below the phase transition temperature were
obtained using a thermal model. For higher temperatures the
machined depths were measured and used as a benchmark to
predict the absorptivity. Therefore, it is concluded that it is
possible to predict the depth of the cut using the effective peak

power density distribution (see Figure 21).
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Figure 21 Temperature versus depth profile for machining silicon
carbide (SiC) at different processing speeds [64]

Furthermore, the paper [41] discusses the difference between
LBM in the microsecond regime, where material removal is
dictated by phase transition effects (e.g. melting and
evaporation) and the nanosecond regime, where material
removal is determined by thermal activation or direct bond
breaking or a combination of both effects. Additionally, the
nanosecond regime is less prone to produce cracks or other
machining defects, and is therefore more suited to critical
components. However, the model makes the assumption of an
even fluence distribution across the beam profile, as well as,
calculates the measured MRR using Equation (16), which does
assume a flat surface texture at depth Z, however, does not
consider the characteristic uneven surface as part of LBM.

pLWZ
t

Out of the four tested ceramics (alumina (Al>03), silicon nitride

MRR easured = (16)

(Si3N4), silicon carbide (SiC) and magnesia (MgO)), the model
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could only show some agreement. The discrepancies between
the theoretical determined MRR and the measured MRR were
contributed to the missing account of the surface roughness.
The study understands itself as a starting point to develop a
more complex model capable of simulating the MRR for

ceramics.

Contrary, I. Vladoiu et al. investigated the ablation rate, Ah, of
metals in the nanosecond regime (see Figure 22) using a Q-
switched Nd:YAG laser system [65].
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Figure 22 Ablation rate for aluminium (solid line), titanium (dashed
line) and copper (dotted line) using a 1064 nm wavelength laser
system [65]

The results were obtained using 4.5 ns pulses with pulse
energies of 360 ml. Additionally, the fluence was varied by
moving the workpiece along the focal plane to increase the

waist size of the beam. The fitted curves in Figure 22 is
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expressed by Equation (17), (18) and (20) for aluminium,

titanium and copper respectively.

Ah = 2.81n :(&) (—) (17)

Ah=2.8ln:®< ] ) (18)

—3.9(um)

Ah = 2.41n [@ (clﬁ)] (19)
—4.2(um)

The differences in the ablation rates are due to the different
thermal and optical properties of the materials. It was further
shown that by using a 532 nm laser system, the ablation rate
could be further improved due to the enhanced shielding of the
beam by plasma, the decrease of metallic surface reflectivity,
and an increase of the oxidation between the pulses. Hence,
the threshold fluence for aluminium, titanium, and copper is
extrapolated to be 4.0 J/cm?, 4.5 J/cm? and 5.5 J]/cm?

respectively.

Further academic studies have confirmed the logarithmic
nature of the ablation rate for metals. N. Arnold’s et al. study
of the ns ablation rate with help of a simplified thermal model
for quantitative analysis also found a logarithmic relationship
between fluence and ablation depth [66]. He further found the
slope of the logarithmic relationship to be mainly dependent on
the latent heat of vaporisation as well as the temperature
absorptivity of the chosen material. The linear part of the slope
starts as soon as the threshold fluence of the specific material
is reached; the linear part shows the increase of depth with
fluence before the plasma shielding effect causes the ablation

rate to level out. Benxin Wu et al. and Yunpeng Ren et al.
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showed a similar logarithmic relationship exists for the
picosecond and femtosecond laser machining regime [67],
[68].

In 2012, Ming Chu Kong et al. presented a novel idea of using
the logarithmic nature of the ablation rate in metals, the
kinematic properties of a beam deliverance system and the
knowledge of Gaussian beams to derive a time-based model
capable of simulating the workpiece surface texture of a laser.
In this specific study, a YAG laser system in the microsecond
regime (1 - 10 ps) has been used.

6 hylum) — Experimental profile
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Figure 23 Experimental versus predicted surface texture for PLA (v =
900 mm/s, P=60W, f =10 kHz, T = 1 us) [69]

The model calculates the Gaussian beam fluence profile for a
specified set of kinetic and energetic parameters (average laser
power, P, scanspeed, v, pulse frequency, f) before using the
logarithmic approximation of the ablation rate to calculate the
ablation depth at any given position on the workpiece (see
Equation (20), where a.L denotes the effectivity, a material
dependent coefficient). Ablation is assumed to be an

instantaneous process.

1 4(x? + y?
h(x,y) = —In Pmax  4x"+y9)

- (20)
a threshold ap Wy

The study suggests the overlapping is resolved using the
superposition principle, while evaluating each pulse energy
distribution iteratively. Hence, a high overlap does not

necessarily result in operating at the flat end of the ablation
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rate curve, due to the thermal effects of ablation. The model
reduces computing expense for PLA surface texture prediction
by only requiring the calculation of one stationary footprint.
Despite those simplifications, the results show a good
agreement (< 9%) between the proposed model and the
experimental data (see Figure 23). The proposed method has
been evaluated on a Ti-6AI-4V workpiece with a Q-switched
YAG laser system (A = 1064 nm, wp = 15 uym, f = 10 kHz) on
single line trenches. The model has been validated for
overlapping of 45 - 60% with laser powers between 20 and 80
W as well as scanspeeds of 450 to 900 mm/s. However, the
paper presents no validation for more complex features. Hence,
currently most models focus on the prediction of individual
pulses or tracks of pulses. However, there is ho model, which
is capable of predicting user defined features. Such a model,
could build on the existing model proposed by M. Kong et al.
[69] and expand it to allow the prediction of several tracks and

layers of pulses.
2.2 An introduction to optimisation algorithms

Since the advent of computers, engineers attempted to utilise
computing power in order to find optimum solutions to a huge
array of problems. The benefit of being able to evaluate
complicated problems for a large humber of different variables
has revolutionised engineering [70]. This is known as
optimisation, which is to find the ideal parameters to fulfil one
or several competing (multi-objective optimisation) objectives
by minimising a function. Optimisation is applied to everything
from optimising a design in order to achieve certain project
goals, to finding the optimum process parameters for a
machining process. A distinction exists between the local and

the global optimum. The local optimum is a local minimum of a
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function, while the global optimum is the smallest function
value possible (i.e. the global minimum) by adhering to all
constraints.

Most optimisation problems specify a function to be minimised
with a number of variable parameters and a number of
constraints. In order to solve the optimisation problem several
established method exists, depending on the characteristic of

the function (e.g. linear, non-linear etc.).
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Figure 24 Flowchart detailing the general genetic algorithm
optimisation procedure [71]
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An extremely versatile search method is the genetic
optimisation algorithm that mimics the natural selection
process. It allows for single as well as multi-objective
optimisation and is independent of the function characteristic.
Therefore, it is capable of solving a huge array of different
problems. The algorithm selects an initial population, which is
an array of individual parameters, and fills such with values
from the search space, the range specified by the constraints
of the formulated problem. The size of the population is
specified in advance. Then, the population is evaluated for their
fitness values, which is the result of the evaluated fitness
function (i.e. the function expressing the problem), of which
the best values are known as the elite. In case of a multi-
objective optimisation the elite consists of values that form the
Pareto front, which is defined as the front at which changing
one parameter will result in a decrease of any of the competing

objectives.
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Figure 25 Three independent GA runs. All quickly converge to a
fitness value close to the optimum [72]
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The algorithm creates a new population set at each generation
(i.e. iteration) consisting of the elite of the previous generation,
crossover children, which are generated by combining two
individual (parents) from the previous generation, and
mutation children, which are the product of random changes
assigned to individuals from the previous generation (see
Figure 24). Thus, the best fitness value will decrease over

generations if it is not yet at its optimum (see Figure 25).

The algorithm has found a solution (i.e. converges) if over a
number of generations (the stall generation limit) the best
fitness value does not change (or the change is within a
specified tolerance). Alternatively, traditionally the
optimisation process is also stopped if a specified
computational time is reached or a specified number of

generations (i.e. iterations) have been evaluated.
2.2.1 Optimisation of laser beam machining processes

LBM involves many different parameters, which affect the
interaction between the targeted component and the laser
system. These include pulse frequency, average laser power,
beam radius, M2 value, scanspeed, pulse duration, number of
pulses, tracks and layers, material of the targeted component,
distance to focal plane of the workpiece, and surface flatness.
Therefore, finding the optimum parameter combination to
achieve a desired machining result can be a daunting task and
has been focus of many academic discussions over the more
recent decades. The non-linearity of many parameters and
their interdependency makes it especially difficult to determine
the global optimum [71]. However, to exploit the benefits of
LBM fully the operator needs an understanding of the effects of

the individual parameters for each machining process. This
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section will highlight some of the approaches in the field of

parameter optimisation of LBM processes.

K. Erkorkmaz et al. developed a method that uses an
optimisation algorithm in order to minimise the machining time
of a sequence of holes (see Figure 26) [73]. This is similar to
the well-known Travelling Salesman Problem, which deals with
minimising the total path the salesman has to travel in order to

visit all cities within a specified region [74].

(a) 5-axis laser drilling  (b) Hole pattern for a sample part
machine tool

-1 =
-, .

| (c) Hole elongation during on-the-fly drilling

x-y component z ‘ laser hole
of relative velocity beam _elongatior
between workpiece PNV X—
and laser beam v /
@~y y
stationary x-y plane

'
WOrkn
“APlece

Figure 26 a) Laser system, b) hole pattern, and c) hole elongation
[73]

The algorithm calculates the ideal path (i.e. the shortest
processing time) for a known pattern of holes, while adhering
to all process constraints. Furthermore, the typical
phenomenon of hole elongation is considered, by limiting the

velocity while drilling.
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Figure 27 Proposed sequencing algorithm flowchat with description
of the individual steps [73]

The newly developed optimisation algorithm swaps the best
point in order to minimise process time, Tit, perturbs the
timing sequence, insert the best "new point” into the sequence,
perturbs the timing sequence, and checks whether all points
are connected. This sequence iterates until all hole locations
are connected by the ideal path in order to minimise Tw: (See
Figure 27). The algorithm guarantees a local optimum however,
cannot guarantee a global optimum. It was tested on a 567
hole combustion chamber sample against the nearest
neighbour [75] and optimal trajectory planning algorithm [76].
The computer expense on an i7 computer was approximately
26 hours. Up to 55% reduction in process time with a pulsing

rate of 20 Hz could be achieved.

P. Sathiya et al. used a combination of Artificial Neural
Networks (ANNs) and genetic algorithm to investigate the
effect of laser input parameters (beam power, scanspeed, and
focal position) on the properties of laser welded butt joints
(depth of penetration, tensile strength and bead width, which
is the width of the weld filler material) of AISI 904L super

austenitic stainless steel [71].
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Figure 28 Determined optimal neural network architecture for
predicting laser weld properties [71]

The experiments were conducted with a 3.5 kW CO> laser
system with a spot diameter of 180 uym. The network was
trained by back-propagation, which involves the use of training
samples to calculate the error between the desired output and
actual output, and then the adjustment of the weighting
accordingly (see Figure 28). Additionally, a Genetic
optimisation Algorithm (GA) is used, due to its wide
applicability to problems with a large space search space and
global perspective [77]. The GA uses the relations determined
within the ANN to find the optimum laser input parameters to
maximise tensile strength and depth of penetration, while

minimising bead width (see Table 3).
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Table 3 Optimised laser process parameters [71]

Travel Bead

Beam speed Focal Tensile Depth of width
Experiment power in position Shielding strength penetration in
No. in kW m/min  inmm gas in MPa inmm mm
Optimal
solution 3.4948 2.9743 -1.5413 Argon 635.28 2.74 1.84
Feasible
solution 35 3 -1 634.9 2.6 1.8
% of Error 0.06 1.61 2.69
Optimal
solution 3.2468 2.9651 -1.5273  Nitrogen 638.58 3.13 1.11
Feasible
solution 3 3 -1 635.9 2.7 1.1
% of Error 0.73 17.14 1.62
Optimal
solution 3.4971 24763 -1.3179 Helium 640.85 2.83 1.43
Feasible
solution 35 25 -1 639 2.8 1.4
% of error 0.29 1.03 2.31

The results show a good agreement with the model, with errors
below 3% across all validation experiments. Hence, it confirms
the applicability of evolutionary computational optimisation

algorithm in the field of laser beam machining.

B. Adelmann et al. developed a fast laser cutting optimisation
algorithm, which then was validated by determining the
optimum parameters for a 1 mm cut on aluminium sheets using
a 500 W single mode fibre laser [78]. Furthermore, the
optimum parameters for stainless steel and electrical sheets
(0.35 mm) were determined and validated. The study’s
objective was to minimise the burr height (and ideally eliminate
it), which is the rough edge at the bottom of the cut kerf. Initial
experiments were used to determine the constraints for the
optimisation algorithm using the process parameters laser
power, velocity, distance of the nozzle, gas pressure, and
position of the focus. Further experiments determined the
influence coefficient between the individual parameters (see
Figure 29).
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Figure 29 The relationship between pressure, focus position, and burr
[78]

The optimisation algorithm has been validated for a given

speed, 50 mm/s, and a noticeable reduction of the burr and

sharp edges could be achieved (see Figure 30).

Figure 30 Cutting edge of a straight line without digital modulation
(left) and with digital modulation (right) using the established
parameters to avoid burr and minimise roughness [78]

The adaption of the optimisation algorithm for stainless steel
electrical sheets is done in the same manner as described
above. Furthermore, Adelmann optimised the algorithm for
maximum speed, which has been identified to be 150 mm/s. A
minimum burr height of 12 ym has been obtained with a gas

pressure of 12 bar and a focal position of -0.6 mm. Hence, the
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potential of the FALCOA (Fast Laser Cutting Optimisation
Algorithm) has been shown. Compared to Sathiya [71], which
employs ANN technology, Adelmann relies on basic influence
coefficient determination using calculations to verify the

statistical relevance.

To conclude, optimisation algorithms have been successfully
employed to LBM processes. Especially the GA used by Sathiya
[71] shows a high applicability due to its global search scale
(i.e. it attempts to find the global optimum) and its ability to
effectively handle non-linear relationships between the

individual parameters.
2.3 An introduction to artificial neural networks

An Artificial Neural Network (ANN) is a group of nodes
resembling the principles of a biological neural network, used
in machine learning. One of the most adaptable models is the
feed-forward neural network model [79]. It allows solving hon-
linear problems by creating a multilayer network containing one
or more hidden layers placed between the inputs and targets.
Each layer includes a number of neutrons, which are virtual
processing units containing non-linear transfer functions. Each
neuron receives an input from all the neurons in the preceding
layer with various weights determined during the design of the
network. The output of each neuron is determined by their
transfer function. One of the most commonly used training
algorithm is the Levenberg-Marquardt backpropagation
algorithm. The algorithm minimises computing time by
approximating the Hessian matrix and calculating the Jacobian
matrix using backpropagation. It is regarded as the fastest
method for training supervised neural networks up to a size of

several hundred weights [80].
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[71]

introduces the use of an ANN to predict optimum LBM

The already introduced paper of P. Sathiya et al.
parameters for laser welding. Similarly, O. Nakhjavani et al.
[81] optimised the process of laser percussion drilling using a
combination of a GA and an ANN. Initially, all input parameters
(peak power, pulse time, pulse frequency, number of pulses,
gas pressure, and focal plan position) have been optimised for
each individual output parameter (hole diameter, hole enter
circularity, hole exit circularity, and taper angle). Afterwards
using genetic multi-objective optimisation, the input
parameters have been optimised for all output parameters. An
ANN, trained with Levenberg-Marquardt algorithm, was used to
determine the relationships between the individual parameters

(see Figure 31).
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Figure 31 Structure of the ANN used to determine the optimum laser
percussion drilling parameters [81]

To find the optimum input parameters the ANN was integrated
into a GA (see Figure 32).
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Figure 32 Integration of the GA and the ANN [81]
The proposed method was validated using a 400 W Nd:YAG

laser system. Oxygen was used as an assist gas. The authors
concluded that the quantitative results of this study indicated
the success of using a combination of a GA and an ANN in order

to obtain optimum laser percussion drilling parameters.

Building on the previously introduced research of O. Nakhjavani
et al. [81], K. Sangwan et al. [82] used a similar method (i.e.
an ANN in combination with a GA) to optimise the machining
parameters (cutting speed, feed rate, and depth of cut) for Ti-
6AI-4V during turning to achieve a minimum surface
roughness. The ANN was trained using 23 samples and
achieved a minimum Mean Absolute Percentage Error (MAPE)
using 1 hidden layer containing 4 neurons (see Figure 33). The
Levenberg-Marquardt algorithm was employed for its fast and

efficient memory use.
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Figure 33 Variations of the MAPE vs. humber of neurons

The method was successfully validated and proofed to be
generally better in predicting the surface roughness than
previously introduced models wusing response surface

methodology.

As shown by the above mentioned research papers, ANNs have
been successfully applied to a range of manufacturing
processes (specifically LBM) successfully. However, there has
been no attempt in using an ANN based approach to guide LBM
to manufacture user defined features. Such an approach, would
have applicability to a large range of laser precision

manufacturing processes like laser balancing.

2.4 An introduction to error budgeting addressing the

understanding of manufacturing processes

Error budgeting is used to assess the accuracy of a chosen
machining process and enables the evaluation of whether the
machining process in question is suitable for obtaining the
required accuracy for a specified design goal. It is essentially

the science of quantitative characterisation and reduction of
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uncertainties. A measured scientific value is meant to be
accurate, precise, and unchangeable in time, however, this is
not possible due to uncertainties [83]. For clarity this thesis
adopts the definition of errors and uncertainties provided by
the American Institute of Aeronautics and Astronautics (AIAA)
“Guide for the Verification and Validation (V&V) of

Computational Fluid Dynamics Simulations” [84]:

e Errors are defined as recognisable deficiencies of the
model or the algorithm employed
e Uncertainties are defined as potential deficiencies that
are due to lack of knowledge; hence it is a measure of
confidence in the best estimate [83]
Hence, uncertainties is a fundamental characteristic of any
scientific data [83] and cannot be reduced as they are strictly
due to not having the appropriate knowledge, while errors can
be reduced depending on the category they fall into. There are

two types of errors:

e Systematic errors affect the accuracy of the
measurement. Repeating the measurement does not
yield improvements in the accuracy. Systematics errors
can be reduced by changing the measuring method
(higher resolution, range etc.) or by calibrating the
measurement instruments.

e Random errors are unpredictable variations of
measurements (e.g. fluctuations). Hence, by increasing
the repetitions of the measurement the random error can
be reduced (i.e. precision can be increased).

In most cases errors either follow a normal or Gaussian
distribution. Henceforth, there are two essential methods for
conducting error budgeting: average errors (see Equation (21)

and (22)) and the use of standard deviation (see Equation (21)
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and (23), i.e. the calculus approach). Thus, the standard
deviation of the samples estimates to what degree individuals
within the samples differ from the mean, while the average
error estimates how far the mean of the samples is likely to be

from the population mean.

Z=X+y+ - (21)
Az = |Ax| + |Ay| + - (22)
Az = \/AX? + Ay? + --- (23)

This thesis uses the standard deviation method for error

budgeting throughout.
2.4.1Error budgeting of laser beam processes

Error analysis of manufacturing processes has been done for
several different laser beam applications. Most interestingly, H.
Feng et al. [85] has analysed the digitised errors of a 3D laser
scanning system (see Figure 34). The work showed the
accuracy to be affected by the measured part geometry and its

position within the scanning window.
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Figure 34 Schematic diagram of a laser scanner head [85]

Random error mainly consisted of speckle noise, which is the
summation of light waves on the Charged-Coupled Device
(CCD). The noise obstructed the determination of the centroid
position of the CCD laser image, which is necessary to calculate
the coordinates. The systematic errors were primarily made up
of: the incident angle, the scan depth, and projected angle.
While the incident angle is minimised by the manufacturer, the
scan depth and projected angle have been experimentally
determined. The systematic error varied widely with the scan
depth and projected angle. Furthermore, the surface quality of
the scanned component has been found to have a significant
impact on the CCD image quality (e.g. due to reflectivity). The

systematic error had a maximum value of 160 um, however
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could be reduced to as little as 25 pm by using an empirically

determined model.

X. Cheng et al. [86] studied the errors of a novel desktop multi-
axis laser machine for micro tool fabrications (see Figure 35).
The aim was to deduce the required components to reach a
desired machining tolerance during micro tool fabrications.
Therefore, in order to identify the optimum motion for the
components to achieve the required accuracy, the errors each

axis contributes are taken into account.

Figure 35 Micro tool machine allowing movement in five degrees of
freedom (X, Y, A, C, Z) [86]

Each axis has a total of six errors, for example the X axis has a

straightness error in the Y and Z axis, a roll error around the X

83



axis, a yaw error around the Y axis, a pitch error around the Z
axis and a radial error in the X and Y axis. However, in order to
simplify the calculations only positioning errors are considered.
Repeatable errors are ignored, as calibration can compensate
for those. The errors contributed by the X, Y, and Z axes are
only positioning errors while the errors contributed by the
rotary A and C axes are functions combining the x, y, and z
positioning and the angular positioning errors. The algorithm
considers the targeted positioning accuracy before the
optimum errors contribution for each of the axes is calculated.
Thus, the identified errors allow the correct component
selection in the design of the multi-axis laser machine tool for

micro tool fabrications.

A. Poleshckuk et al. [87] discusses the errors associated with
the fabrications of Diffractive Optical Elements (DOEs) using a
polar coordinate laser writing system in favour of an X-Y
system. Manufacturing errors in DOEs cause the fabricated DOE

to have a phase shift or wave front pattern distortion error.

Reflection photodetector
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Figure 36 Schematic of a polar coordinate laser writing system [87]
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A polar coordinate laser writing system (see Figure 36) is a
laser writing system consisting of a rotating air-bearing spindle,
an air-bearing stage for positioning, a writing power control unit
(the acousto-optic modulators AOM1 and AOM2) as well as an
optical writing head. Two errors have been associated with the
machining process: the positioning error consisting of the
radius and angular position written and the size of the actual
written “pixel”. The first error depends on centre of rotation,
drift during the writing process due to thermal expansion, and
the eccentricity of the rotor, while the second error depends on
the variations in the spot size and power of the laser beam. The
biggest error affecting the quality of the DOEs is the drift of the

origin of coordinates.

Writing time, min.
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0.03 1 T T 1 L T 1
0.02 | | .
0.01
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-0.02
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-0.06
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Radius, mm
Figure 37 Predicted wavefront phase errors of manufacturing DOEs,
where a circle denotes the place of the coordinate correction [87]

However, by applying correct writing strategies the errors can
be taken into consideration and minimised. Hence, the design

data can be modified to include the error, and therefore yield
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the expected outcome or on a simple optical system, the error
can be continuously corrected for the coordinate drift. This is
done every 3 mm or every 18 mins of writing (see Figure 37).
Hence, by taking the inherent errors of the system in
consideration expensive manufacturing mistakes can be

avoided.

To conclude, a few selected LBM processes have been error
budgeted, however, many others have so far been neglected.
X. Cheng et al. [86] has shown that LBM manufacturing set-
ups are worth being investigated due to the improved
manufacturing quality if errors in the process can be considered

during the design stage.

2.5 An introduction to balancing research and

terminology

With the industrialisation and the fast adaption of steam
engines, and the required rotors to run them, balancing became
of interest to the industry and the academic scene. One of the
earliest theoretical discussions was started by H. Martinson in
1870 when he was granted a patent for a balancing machine
[6]. This balancing machine determined the position of the
imbalance by moving a piece of chalk towards the rotating
rotor. The position of impact indicated the location of the
unbalance. It remains unclear whether the machine ever
worked or was built. In 1907 Dr. Ing. Franz Lawaczeck
published the paper “Zur Theorie und Konstruktion der
Balanziermaschine™ (Theory and design of a balancing
machine) and patented a balancing machine one year later [8],
[88]. The machine also relied on the chalk marking method,
but, additionally, restricted the vertical motion of the lower
bearing support. Thus, the motion matches the operating speed

at which the phase of the maximum amplitude indicates the
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angular position of the imbalance. The method remained in
active use until the forties when it was superseded by “electrical

machines” [9].

Figure 38 An illuminated-spot vectormeter within a single box
allowing the user visualise the unbalance for the first time [9]

Combining the newly developed wattmeter, vibration sensor
and angle reference generator enabled the determination of the
imbalance in one single measuring run. In 1953 a unified
solution, the illuminated-spot vectormeter enabled the
visualisation of the imbalance position and amplitude (see
Figure 38). Since then balancing has received many iteration
but apart from the logical step to computer based balancing
machines in 1974 [9] the principle of balancing have remained

unchanged.
Common terminology used in balancing includes:

Eccentricity, e, is defined as the distance between the rotor

axis and centre of gravity offset by the unbalance.
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Imbalance, my, is the mass that causes an unwanted vibration

during rotation at an arbitary velocity of the component.

Correction mass, mc, is a mass added or removed at a

correction plane.

Initial unbalance is the unbalance before any balancing of the

rotor.

Residual unbalance is the reaming unbalance after the
balancing of the rotor (it is sometimes also referred to as the

final unbalance).

A correction plane is a plane at which a correction mass can

be added or removed to correct an unbalance.

The heavy spot is the radial location of the excessive angular

mass distribution.

The high spot is the measured radial location of the excessive
angular mass distribution. It can differ from the heavy spot

due to a phase shift in the balancing system.
2.5.1 An introduction to rotor dynamics

Rotor dynamics is the study of lateral and torsional vibrations
of rotating shafts, with the primary aim of predicting such and,
therefore, allowing control via the means of balancing [89]. A
rotor usually consists of a shaft with a disk constrained by a
bearing on both sides. Usually rotors have very complex
geometries and, therefore, are not suitable for analytical
analysis. Nowadays, such rotors are analysed using numerical
2D and 3D models (usually obtained within Computer Aided
Design (CAD) packages or separate Finite Element (FE)
modelling suites). However, in order to familiarise the reader
with the concepts of rotor dynamics the basics are explained

based on a simple multi-degree of freedom rotor-bearing

88



example (see Figure 39). For this example, the shaft has an
internal stiffness, k, with a disk rigidly attached between the
two bearing supports. Most bearings have asymmetric stiffness
and damping properties, which is represented by a horizontal

and vertical stiffness and damping value.

Bearing 1| I f r

Figure 39 Rotor-bearing support model with two asymmetric bearings
[90]

In general, all rotors exhibit vibration due to the deflection of
the shaft. However, the amount of deflection (i.e. the amplitude

of vibration) a rotor experiences depends on:

e elasticity modulus of the rotor and its support (i.e. the
bearings)

e amount of damping in the system

e total mass of the rotor

e unbalance mass and eccentricity of the rotor

e operational velocity of the rotor
A rotor-bearing support system oscillates sinusoidal in different
mode shapes depending on the angular speed of the rotor,
which is synchronous to the frequency of the system. The mode

shape of a rotor-bearing model is not only influenced by the
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properties of the rotor (material, mass, geometry), but also the
stiffness and damping properties of the bearings (see Figure
40). A higher bearing stiffness to shaft stiffness ratio results in
more dominant mode shapes at higher frequencies (i.e. angular
speeds). Rotor-bearing systems with a low bearing stiffness to
shaft stiffness ratios are regarded as rigid rotors due to the
minimum amount of bending that occurs. In most practical
situation only the first mode shape and its associate natural
frequency is of interest. However, in high-speed applications

and special cases further mode shapes need to be considered.

1345 rpm 4168 rpm 6458 rpm
Mode 2
13,441 rpm 26,781 rpm
Mode 3 \ / /-\-.—/\
27,485 rpm 33,999 rpm 89,416 rpm
Soft Bearings Intermediate Bearings Stiff Bearings

Figure 40 Mode shapes for different bearing stiffness on basis of a
stationary rotor bearing model (no damping) [91]

All rotor-bearing support systems have several natural
frequencies, which depend on the rotational speed. The natural
frequency for each mode shape denotes the frequency at which
it is most prevalent. In mode shapes the following relations
between the properties of the rotor-bearing systems and the
frequencies of the mode shape can be observed: frequencies
associated with the first mode shape decrease with an increase
of the total mass of the rotor, while frequencies associated with

the second mode shape increase with a reduction of the mass

90



moment inertia, I, [91]. During rotation of the rotor whirl
occurs, which can either be characterised as forward (i.e.
synchronous to the direction of the angular speed of the rotor)
or backward whirl (see Figure 41). Whirl is defined as a circular
(or mode dependent conical) or ecliptical movement of the
shaft along the shape of the prevalent mode. The rotational
shape of the whirl depends on the stiffness distribution within
the bearings. A symmetrical stiffness distribution results in a
circular shape, while an asymmetrical distribution yields an
ecliptically shape (most bearings have an asymmetrical
distribution) [91]. During forward whirl, a specified radial
position will always point outwards, while during backwards

whirl it will point inwards for half a revolution.

Whirl Whirl
Shaft Spin Shaft Spin
/l\ﬁ T=0 /;’E T=0
T=6l~_ - ’ T=1 T=1{ —¢ - ‘. T=6
P + py ./ ;\ + y n
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T=5" T=2 T=2% T=5
T=4 T=3 T=3 T=4
Forward Whirl Backward Whirl
(Shaft spin direction (Shaft spin direction
same as whirl direction) opposite of whirl direction)

Figure 41 Diagram visualising forward and backward whirl (T denotes
a time step) [91]

To identify the direction of the whirl at a given angular speed a
Campbell diagram is used. This diagram (also known as whirl
speed map or natural frequency map) maps the changing
natural frequency as the rotor accelerates and is obtained by

modal analysis (see Figure 42) [90]. The first natural frequency
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of an un-damped rotor, expressed by Equation (24), is defined
as the frequency at which phase lag between the high spot and

heavy spot is 90° (see Figure 45).

o= [Pl 1o
Forward whirl frequencies are denoted with a solid line while
backward whirl frequencies are represented by dashed lines.
Backward and forward whirl frequencies can vary with
operating speed; however, they overlap if originating from the
same mode while the rotor-bearing system is stationary. It is
important to note however, that asymmetric stiffness
distribution in bearings causes a separation of the forward and

backward whirl even while the rotor is stationary.
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Figure 42 Unbalance response (top) and Campbell diagram (bottom)
visualising the relationship between natural frequencies and critical
speeds [91]
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As a generalisation forward whirl increases with speed and
backward whirl decreases with speed. However, this is not
always the case as fluid-film bearings, which can cause cross-
coupling effects between the horizontal and vertical axis, may
alter this rule. Furthermore, more complex rotor geometries
can have mixed modes, where parts of the rotor are in forward
whirl while other parts are in backwards whirl separated by
nodes. The modal analysis of a rotor-bearing support system
excited by an unbalance will show a humber of spikes regarded
as critical speeds. Critical speeds are defined as a speed
corresponding to the peak of a damped resonant frequency (i.e.
a damped natural frequency) of the rotor-bearing support
system [92]. If a rotor excited by an unbalance passes through

such a frequency, it will show a clear peak in amplitude.
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Figure 43 Dimensionless amplitude versus frequency ratio of force
response with different damping applied on hand of a Jeffcott rotor
[89]
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However, not all natural frequencies are excited by an
unbalance. As seen in Figure 42 no backward whirling natural
frequency is excited. This is due to the forward precessional
force in the added unbalance. While backward whirling modes
are possible in unbalance situations, they usually stem from
highly asymmetric bearings (fluid bearings) [90] and are not
further considered in this thesis. Consequently, by varying the
damping within the bearings it is possible to eliminate critical

speeds by reducing the peak to a minimum (see Figure 43).

Therefore, due to the high vibration near critical speeds, in
industry the operating speed range is usually defined 15%
away (separation margin) from the next critical speed (see
Figure 44) [89].
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Figure 44 Vibration level versus operating speed of a rotor [89],
where N. denotes the rotor’s jth critical speed, SM the separation
margin, Ac the amplitude at the ith critical speed, N; and N; the initial
and final speed at 0.707 of the peak amplitude



The whirling effect introduces a phase lag into the vibration
phase measurement (see Figure 45). Thus, a perfectly rigid
rotor would have a 0° phase lag at all speeds. The phase lag is
influenced by the damping ratio, ¢, in the rotor-bearing support
system. The phase lag starts at 0° while the rotor is stationary
and eventually reaches 180°. However, at the first critical

speed, the phase lag always amounts to 90°.
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Figure 45 Phase lag vs. frequency ratio (i.e. the angular velocity
divided by the natural frequency of the rotor) [89]

If the rotor-bearing system is excited by an unbalance the
amplitude of the system increases with the exponentially
growing pull of the imbalance during acceleration, until the
rotor eventually is rotating around its centre of gravity (see
Figure 46). Then, the amplitude remains stationary. The
maximum amplitude occurs at the first critical speed (i.e. at the

first natural frequency for un-damped systems).
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Figure 46 Change of phase lag and centre of rotation with increasing
operation speed [91]
Hence, the exponentially increasing pull of an unbalance with

the angular speed of a rotor is shown by Equation (25).

Amplitude = m ew? (25)
Therefore, there are three concepts to reduce the whirl

amplitude of a rotor-bearing support system [93]:

e balance the rotor
e change the operating speed further away from the closet
critical speed
e increase the amount of damping in the system (i.e.
bearings)
However, in this thesis, this is not further considered as a rigid

rotor is used for experiments with negligible bending.
2.5.2The theory of balancing

Balancing is the art of reducing unwanted vibration in rotatives

by removing, or adding mass, in order to achieve an equal mass
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distribution at service speed. In fact, one of the most common
causes for vibration in machines is an unbalance acting alone
or in combination with other vibrational issues like
misalignment. Thus, the benefits of balancing are summarised
[94]:

e Reduce noise levels during operation

e Extend lifetime of the machine parts

e Prevent failure due to whirling at critical speeds

e Reduce vibrations during operation (i.e. a reduction of

the amplitude of the whirl)

An unbalance can be caused by design, material,
manufacturing and assembly [95]. Thus, each rotative has its
own individual initial unbalance even if such has been mass-

produced.
All rotors can be classified as one of the following [96]:

e (lass 1 - The unbalance of a constant rigid state rotor
will not show considerable changes with speed up to the
maximum service speed, 2, in terms of both magnitude
and position. Furthermore, a rotor in a constant rigid
state can always be balanced by selecting two arbitrary
correction planes. It is assumed to be in perfect balance
when the principle axis of inertia coincides with the centre
of gravity [93].

e (lass 2 - A quasi flexible rotor is defined as a rotor that
can be considered rigid in low speed applications.

e (lass 3 - A flexible rotor cannot be balanced in a low-
speed balancing machine and requires balancing using a
flexible rotor balancing technique.

e C(Class 4 - Flexible attachment rotors are rotors that
fall into class 1 or 2 but have one or more attachments,

which are flexibly connected.
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e (Class 5 - Single speed flexible rotors are class 3
rotors, which are only balanced for one angular speed.

This thesis will only consider unbalances of a class 1 rotors in a
constant rigid state as defined in ISO 1940/1 [95]. A heavy
spot (i.e. unbalance) on a class 1 rotor will cause a sinusoidal
vibration with a steady frequency equal (i.e. synchronous) to
the angular velocity of the rotor. The phase of the vibration
signal is correlated to the angular position of the resultant
unbalance (i.e. the high spot). The heavy spot and the high
spot approximately coincide while the rotor runs below the first
critical velocity (assuming minimal damping of the rotor
system), but can be up to 180° apart beyond the first critical
velocity (phase lag) [97]. At a given angular velocity, the
amplitude of the vibration signal is proportional to the mass
amount of the unbalance. Thus, the amplitude is a measure of

the severity of unbalance [97].
2.5.2.1 Types of unbalances

Vibration is usually the cause of a single or a combination of

three different unbalances:

e Static unbalance is referred to the centrifugal force
caused by a displacement of the mass centre from the
rotor axis.

e A dynamic unbalance occurs if the central principal axis
does not coincide with the rotor axis. A dynamic
unbalance may also contain a static unbalance.

e Couple unbalance is a pair of unbalance vectors of
equal magnitude, but opposite angles located in two
radial planes. Hence, a moment unbalance is acting on

the rotor.
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The sum of all vectors along the rotor axis is referred to as the
resultant unbalance, Ur, and expressed by Equation (26), where

Ukx are the individual unbalance vectors numbered 1 to K [95].

K
U= 0 (26)

k=1
The sum of all vector moments along the axis is the resultant
moment unbalance, Pr, and express in Equation (27), where zyr
is the axial position vector from a defined datum to the
resultant moment unbalance plane and z« is the axial position
vector from a defined datum to the datum mark of the

unbalance vector Uk.

K
B=) G-l (27)
k=1

The eccentricity, e, is expressed by Equation (28), which
describes the eccentricity in relation to the total mass of the

rotor, m, and the radius, r [93].

o= —u'l (28)
m+m,

2.5.2.2 Balancing standard: ISO 1940/1

The balancing standard ISO 1940/1 “Balance quality
requirements for rotors in constant (rigid) state” is widely used
in industry. This standard introduces a balancing quality grade,
G, as a classification for a balancing requirement of a rotor on
basis of worldwide experience and similarity considerations
[95] (see Table 4).
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Table 4 Balancing quality grades for different rotor types [95]

Machinery types: General examples Balance Magnitude
quality Eper * @
grade mm/s
G

Crankshaft drives for large slow marine G 4 000 4 000

diesel engines (piston speed below

9 m/s), inherently unbalanced

Crankshaft drives for large slow marine G 1600 1 600
diesel engines (piston speed below
9 m/s), inherently balanced

Crankshaft drives, inherently unbalanced, | G 630 630

elastically mounted
Crankshaft drives, inherently unbalanced, | G 250 250

rigidly mounted

Complete reciprocating engines for cars, G 100 100

trucks and locomotives

Cars: wheels, wheel rims, wheel sets, G 40 40
drive shafts
Crankshaft drives, inherently balanced,

elastically mounted

Agricultural machinery G 16 16
Crankshaft drives, inherently balanced,
rigidly mounted

Crushing machines

Drive shafts (cardan shafts, propeller
shafts)

Aircraft gas turbines G 6.3 6.3

Centrifuges (separators, decanters)

Electric motors and generators (of at least
80 mm shaft height), of maximum rated
speeds up to 950 r/min

Electric motors of shaft heights smaller
than 80 mm

Fans

Gears
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Machinery, general
Machine-tools

Paper machines
Process plant machines
Pumps

Turbo-chargers

Water turbines

Compressors G 2.5 2.5
Computer drives

Electric motors and generators (of at least
80 mm shaft height), of maximum rated
speeds above 950 r/min

Gas turbines and steam turbines
Machine-tool drives

Textile machines

Audio and video drives G1 1

Grinding machine drives

Gyroscopes G0.4 0.4
Spindles and drives of high-precision

systems

The above mentioned balancing quality grade, G, is defined by
Equation (29).

G = eper® (29)
The permissible residual unbalance, Uper, incorporates the mass
of the rotative, m, as well as the angular service speed, w, in
order to derive the maximum permissible final unbalance for a
rotor balanced to a specified balancing quality grade, G (see

Equation (30)).
Uyr = 1000 2™ (30)
w

Since the permissible residual unbalance, Uper, is proportional
to the rotor mass, m, it follows that the permissible residual

specific unbalance, eper, is given by Equation (31).
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Uper (31)
m

€per
Thus, if the rotor is mounted between two bearings, the
permissible residual unbalance at bearing A, Upera, and bearing
B, Upers, is given by Equation (32) and (33), where L is the
distance between the bearings and Ls and Lg the distance from

the rotor mass centre to the respective bearing.

UperL

Upera = %B (32)
UperLa

Uperp = pe; (33)

2.5.2.3 Balancing planes

Most unbalances need at least two correction planes; however,
there are cases in which one plane suffice (especially in the
case of disk shaped rotors) [95]. Single plane balancing is only
possible if there is only one resultant unbalance but no
resultant unbalance moment (i.e. dynamic unbalance), which
always requires at least two planes to correct. It is usually used
if the L/D ratio (L is the length of the rotor and D the diameter
of the disc) is lower than 0.5 (i.e. a minimum amount of
bending will occur if the rotor is operated below the first critical
speed) [97]. In some cases, due to design restrictions, it is
possible that more than two planes are used. This is the case if
only a limited amount of mass can be added or removed at any

given plane and/or angular position.
2.5.2.4 Single plane balancing

This section explains all steps to balance a class 1 constant rigid
state rotor with a static unbalance using the single plane
balancing vector method on hand of an example. The following

steps are executed [98]:
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e To determine the initial unbalance, O, the rotor is run at
service speed, w, and the vibrations and phase readings

are acquired using a suitable sensor (see Figure 47).

0

(0] 70°
270 |2 mm 90

180

Figure 47 Polar plot of the initial unbalance, O, that is measured 5
mm at 290° from the 0° reference position. Adapted from [97]

e A trial weight, TW, with a known mass is attached at an
arbitrary angular position. The phase and the amplitude
of the vibration readings are recorded, O + T. The
unbalance is now the combined effect of the initial

unbalance and the added trial weight (see Figure 48).

0

(0] 70°
270 |—>mm 90

(o

O+T

180

Figure 48 The initial unbalance with an added trial weight, TW, of 20
g. Now, O + T is measured with 3 mm at 190°. Adapted from [97]

e The two vectors O and O + T are joined (see Figure 49)
to determine the resultant vector, 7. The magnitude and
angle, 6, of the resultant vector are determined.
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o 70°
270 90
T=6.3 m
O+T
180

Figure 49 Resultant vector, T, is found by joining O and O + T. The
resultant vector is measured and found to be 6.3 mm in magnitude
at an angle, 6, of 28.2° (measured between O and T). Adapted from
[97]

e Therefore, the correction weight is calculated using
Equation (34) with the aim to eliminate the initial
unbalance. Thus, the correction weight should be moved
by angle 6 in the counter-clockwise direction from its
original position.

TWX0 20X5
cw - =159

e Due to errors in weight, angle measurement, and

positioning there will be a residual unbalance. Thus, the
process is repeated until the residual unbalance of the
rotor is within the specified ISO 1940-1 limits.
A common alternative approach to installing correction weights
is to remove the material at the heavy spot. This is usually done
using traditional material removal processes like drilling and

grinding.

2.5.2.5 Introduction to the influence coefficient

balancing methodology

If the component has been balanced once the influence
coefficient can be calculated and used for subsequent balancing

in order to eliminate the trial weight run. The influence
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coefficient relates a change in mass of the unbalance to a
change in vibration levels (i.e. amplitude) as shown in Equation
(35).

Aweight

coefficient = (35)

Aamplitude
Thus, single plane balancing will require one influence
coefficient while balancing using two correction planes will
require four. Furthermore, a coefficient relating the position of
the heavy spot to the position measured by the vibration sensor
(i.e. high spot) is required. This coefficient is called flash angle
[97] and is measured in the direction of rotation (see Figure
50).

Vibration
pickup

Flash angle

Heavy spot

Figure 50 Diagram introducing flash angle measurement as method
to determine the angle between the heavy and high spot of a rotative
[97]

All coefficients are dependent on all subsequent balancing

operation being conducted at the angular speed at which they

have been obtained.
2.5.2.6 Two plane balancing

Two plane balancing is the commonly used method on most
machines. It enables balancing of dynamic unbalances on all
rotors using two planes. However, if the rotor system is run

above its critical speed the N + 2 rule applies, where N is the
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number of critical speeds below the operating speed. While two
plane balancing is similar to single plane it requires special care
due to coupling effects [97], which are unbalances originating
on the opposite side of the rotor to where they were measured.
Compared to single plane balancing at least three trial runs are
necessary (the trial weight needs to be installed at each plane
once) to acquire the necessary phase and amplitude
information in order to calculate the corrections necessary. The
correction weights are calculated by first solving a complex
matrix equation A - x = B, where A contains the 2 x 2 recorded
influence coefficients, x the 2 x 1 correction weight vectors and
B the 2 x 1 vibration readings vector. Secondly, vector B is set
to zero to solve for x, which represents the correction weights

and the required mounting angle for each plane.
2.5.2.7 Current balancing solutions

Current balancing methods mostly rely on a two-step
procedure. R. Demuth et al. [99] describes the process as

follows:

1. Acquisition of the unbalanced rotor’s response data.

2. Addition of trial weights to the rotor.

3. Acquisition of the response data after each trial weight
change.

4. Computer processing of the recorded response data.

5. Calculation of the correction procedure.

6. Fabrication and installation of the correction weight or
material removal at the balancing planes using traditional
manufacturing processes like drilling.

Modern balancing solutions like the Schenck Pasio 50 are
relying on force sensors to determine the imbalance of the rotor
and display the accurate location and magnitude of the

imbalance on a LCD screen [10]. In order to eliminate any
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unbalance effects originating from the bearings, these
balancing solutions usually allow the operator the balance the

rotor with the bearings attached.

Hence, while modern balancing solutions offer a quick and
comfortable system to determine the imbalance position
(angular and axial) they lack the ability to correct the imbalance
within the same environment. This requires the component to
be moved around the workshop floor requiring human
interaction. Thus, in this thesis this is referred to as two-step
balancing as opposed to one-step balancing, which allows the
imbalance to be determined and corrected using the same

machine/set-up.
2.5.2.8 Advantages of in-situ balancing

In-situ balancing, also often referred to as online balancing,
referrers to balancing rotatives in their assembled state.
Balancing assembled components further reduces the
unbalance due to being able to correct misalignment issues of
the assembling process and due to the rotor being able run at
its normal operating speed with the attached couplings or belts
[97]. Furthermore, the stiffness of the bearings used in the
assembly process have a non-negligible effect on the whirling
mode shapes of the rotor system [93], which cannot be easily
replicated if the rotor is disassembled. Another inherent benefit
of in-situ balancing is the reduced downtime, especially for
complex components, due to the elimination of the disassembly

and assembly process.

2.5.2.9 Peak detection for angular unbalance position

determination

In order to identify the angular location of the “heavy spot” the

conditioned acceleration vibration signal needs to be analysed
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for regular occurring peaks at the frequency corresponding to
the rotational velocity of the rotor. Furthermore, these peaks
should be of equal amplitude. While for a human, it is trivial to
detect peaks visually, for a computer to detect peaks
automatically is a more difficult task. A peak is defined as a
maximum (i.e. the values surrounding it are lower) within a
data series (i.e. signal). However, this concept falls short in real
word data as, very often, there are minor spikes in the data
series or even the actual signal is polluted by high frequency
noise causing many small spikes, which the algorithm needs to
ignore. Therefore, the definition needs to be expanded by the
notion that a peak needs to be isolated, i.e. not surrounded by
many elements with similar values. Hence, the different peak
detection strategies can be loosely fit into the following

categories [100]:

e Smoothing of the signal and then fitting a polynomial
e Matching a known identified peak shape to the data series
e Detecting zero-crossings (i.e. sign changes)
There are a many different published algorithms however, due
to the limited space, this thesis will only introduce a selected

few to the reader in order to convey the concept.

G. Palshikar [100] introduces several universal algorithms
which assumes that the time series, T, has any point x;, which
is the /" point in the time series, T. The k (where k is a positive
integer) neighbouring points of x; are defined in both directions
excluding x;. Hence, the peak detection function, S, can be
expressed as S(k,i,x;,T). If S is bigger than a user defined

threshold a peak is detected.

The following five algorithms have been discussed:
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e S;, which compares the maximum distance of all the
signed k left as well as right neighbours of xi, sums up
the maxima and divides it by 2.

e S>, which calculates the average signed distances
between x; and its left as well as right k neighbours and
divides them by k before summing up both terms. The
result is divided by two.

e S3, which calculates the average distance of the temporal
neighbours of the it" value of xi.

e S4, which computes the difference in entropy between
two chosen sequences to determine the significance of x;
in the overall context. Hence, it is possible to detect
peaks by comparison.

e S5, which is based on the idea that a peak is “outlier”
within its 2k window.

Validation was done using sunspot data provided by NASA (see
Figure 51). Only S4 managed to detect all peaks however, Ss

managed to get very close. No false positives were detected.
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Figure 51 Validation of the five proposed peak detection algorithm
using sunspot data from the years 1700 to 2008 [100]

F. Scholkmann [101] introduces a peak detection algorithm for
periodic or quasi-periodic signals. The aim of the work was to
develop an algorithm which does not require the user to specify
a huge number of parameters and which could deal with the
usually existent noise in a real world signal. The developed
Automatic Multiscale-based Peak Detection (AMPD) algorithm
(see Figure 52) initially detects the linear trend and deducts it

from the data series, x, in order to linearly “detrend” the signal.
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Afterwards, the local maxima are detected using a variable
moving window approach, where the width of the window, k,
was varied between 1 and L = (N/2) - 1, where, N, is the
number of elements in x and N/2 is rounded up. The values are
all recorded in the Local Maxima Scalogram (LMS), a matrix
containing all N values of the data series, x, evaluated for all L
scales, myi. The second step of the algorithm sums up all i
values for each evaluated scaling parameter. Therefore, the
resultant global minimum value of the vector, y, represents the
scale with the highest amount of local maxima, A. Henceforth,
all scales where k > A are removed from the LMS. In the final
step the algorithm determines the peak indices of the data
series, x, by calculating the standard deviation, o, for each
remaining scaling parameter. The peaks can be found at the

indices, i, of each g; = 0.
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Figure 52 The workflow of the AMPD algorithm [101]

The algorithm was applied to a range of examples and was
successfully validated. Figure 53 represents the applied
algorithm to sunspot data recorded by the Royal Observatory
of Belgium. There are no false positives and all peaks were
correctly detected. Furthermore, the algorithm has shown to be

robust against low and high frequency noise.
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Figure 53 The AMPD algorithm applied to sunspot data recorded by
the Solar Influences Data Analysis Center of the Royal Observatory
of Belgium [101]

Hence, while a range of different peak detection algorithm
exist, there is a need for a peak detection algorithm specifically
developed for detecting imbalances on rotatives. Such an
algorithm could intelligently adapt to the current speed of the
rotor in order to select and identify the appropriate peaks
caused from the imbalance of the rotor. This research could be

based on previous work undertaken by G. Palshikar [100].

2.5.3 Balancing using advanced manufacturing

processes

Nowadays, balancing a rotor takes significantly less time due
to the balancing machine taking over the lengthy calculations
necessary to determine the correct balancing weights and
positions. The correction procedure itself is done either by
adding mass opposite to the heavy spot or by removing mass
at the heavy spot. However, most modern solutions for high
quality balancing require the use of two different processes:
one to assess the unbalance and one to eliminate such. Unifying

both processes into one single machine has proven to be
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difficult due to waste material produced during the machining
process, which can cause damage to sensitive neighbouring
components. An overview of all commonly known methods is
provided by A. Sekhar [102] (see Figure 54).

Vector Method with Phase
Single Planej

Balancing  —Four-Run Method

Rigid Vector Method
Rotor Two Planc{

Balancing Static-Couple Method

— Off-line
Balancing Modal Balancing Method
Method Flexible

Rotor Rotor Influence-Coefficient Method
Balancing™
Method Unified Balancing Method
Passive

On-line Balancing = Magnetic

L Automati Bearing Constant Rotating

Balancing | Active Speed Case
Method Balancing | Active Balancing

Devices Speed-Varying Case

Figure 54 An overview of the classification of balancing processes
[102]

Nevertheless, there has been a range of attempts to use AMPs
(advanced machining processes) instead of traditional
machining processes, like drilling, in order to balance
components. This section will introduce some of the most

interesting attempts.
2.5.3.1 Active magnetic bearings

Active magnetic bearings (AMBs) are classified as an active
vibration control system. Compared to passive vibration control
system an active system is capable of limiting vibration even if
several different modes are excited [103]. Furthermore, by
being a non-contact solution, energy losses due to friction and
general wear are reduced. While not technically a machining
process, it does aim on circumventing the inherent issues with

balancing using traditional methods. Hence, this thesis
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acknowledges their existence and briefly discusses current

academic efforts and solutions.
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Figure 55 Diagram of an active magnetic bearing carrying load [104]

AMBs work by applying a fast-changing lateral force to the rotor
system [103] in order to counteract the unbalance force of the
rotor (see Figure 55), as well as, levitating the rotor assembly
(non-contact) during steady or changing angular speed. The
limitation of this approach is the maximum force the bearing
can exert. Hence, for heavy rotor assemblies, large unbalance
masses, or high operating speeds AMBs might not be able to
provide sufficient force. While it is possible to scale the
maximum load an AMB can take, it requires increasing its size
and the required power to operate it and therefore is unsuitable
for industries with strict space and weight requirements like the
aerospace industry sector. Moreover, the additional electronic
parts needed may introduce different thermal operation limits,
which prevent AMBs from being successfully used in high
temperature environments (however, AMBs at 600 °C and 50
000 rpm have already been successfully validated [105]).
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Figure 56 Schematic of a rotor with two AMBs and a digital controller
[106]

Contrary to traditional bearings, AMBs do not have a stiffness
in its original sense. In AMBs the spring like behaviour of the
rotor is controlled by the control current of the AMB (see Figure
56). Therefore, obtaining a “high stiffness” in AMBs requires an
efficient control with a minimum error band in the step
response [104]. Hence, the frequency and the displacement
(i.e. the spacing between the magnet and rotor) determine the
stiffness of the bearing in the corresponding direction (i.e. it is
also referred to as dynamic stiffness). The dynamics stiffness
enables AMBs to accelerate rotors past the first critical speed
by varying such to minimise any vibration experienced [104]
with effective control algorithms. A commonly used control

concept is the Proportional-Integral-Derivative (PID) control,
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which allows easy adaptability to the current angular speed (i.e.
predominant mode shape) of the rotor. An example of an
effective control algorithm, which does not require a model of
the rotor, is given by J. Kejian et al. [107] or Vincent T.
Coppola et al. [108], whose approach differs from Kejian’s in
being frequency independent (and therefore independent of the
angular speed of the rotor) for dynamic unbalance correction.
The accuracy and therefore effectiveness of AMBs has shown to
be highly related to the quality and resolution of the acquired
data by the sensors [106].

Nevertheless, one of the most interesting possibilities arising
with AMBs is the ability to use the acquired data for “smart”
remote diagnosis and prognosis in order to maintain machines
more cost effectively. However, due to the size of the control
electronics and the power requirements to operate them on
larger rotors, makes them unsuitable for many applications,

which space or power restricted (e.g. aircraft turbines).
2.5.3.2 Spray balancing

Spray Automated Balancing Of Rotors (SABOR) uses the Fuel
Air Repetitive Explosion (FARE) process to deposit metallic or
ceramic particles onto a rotor bearing system at a controlled
angular location (i.e. one or two plane balancing) in order to

reduce the unbalance [109].
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Figure 57 Schematic of the SABOR utilising the FARE process to
deposit material onto a rotor in order to eliminate unbalances [110]

The system consists of a gun for material deposition, a vibration
transducer to pick up the vibration amplitude and phase, as
well as, a trigger system to shoot the gun at the correct angular
position (see Figure 57). The processor is responsible for
detecting the speed and filter the vibration signal in order to
determine the position for material deposition. One of the
advantages of the SABOR system is the ability to adjust the
influence coefficients on-line after a number of initial shots
have been fired [110].
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Figure 58 Weight distribution on the rotor by the spraying gun [110]

Figure 58 shows the accuracy at which material was deposited
at 250 rpm and 1000 rpm. Hence, the method is capable of

depositing correction weights within the required accuracy
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however, the MRR is more effective at lower velocity (i.e. at
250 rpm 99.3% effectiveness versus 97.3% at 1000 rpm)
[110].
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Figure 59 Amplitude as a function of number of shots fired [110]

Figure 59 demonstrates a decrease of vibration amplitude over
a known number of shots fired. Fatigue testing showed that the
strength of the coated material (tungsten carbide on 17-4PH
stainless steel) is equivalent to a traditional machining process
(a bond strength of 62 MPa and an endurance fatigue better
than of hand-ground components [109]). Hence, the material
integrity is not compromised [110]. The same was found for
Inconel 718 powder with a bond strength of 34 MPa and an
endurance fatigue equivalent to a hand-ground specimen
[109]. Therefore, SABOR presents an interesting approach to
balancing. However, is unsuitable in most in-situ scenarios due
to the size of the spraying gun. Also the inaccuracies of the
process (see Figure 58) makes it unsuitable for fine balancing
or the balancing of small rotors. Hence, an alternative process

is needed.
2.5.3.3 Balancing using laser beam machining

Between the late 60s and early 90s some research groups
considered the possibility of balancing using LBM. The following
section presents all three approaches and their corresponding

results.
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Peter Schultz first considered utilising laser beam machining for
balancing in 1969 [111]. Figure 60 shows the schematic of the
laser balancing method, which only uses analogue signals.
To accommodate to the very short time interval, during which
the laser is required to fire, a Q-switched laser was proposed
with a pulse duration of 10* ms [111]. The very low efficiency
grade of 25-30% was attributed to the ejected material flying
towards the laser unit and absorbing subsequent light. Another
encountered issue was the time lag between triggering the
laser and the laser pulse being fired. This is due to the need to
“charge” the Q-switched laser before firing and, therefore, it is

required to pre-fire to account for time delays.
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Figure 60 Schematic of the pulsed laser balancing method (translated
from German) [111]

A very similar approach was also presented in the patent from
NASA in 1969 [112], a report detailing a balancing procedure

for a spinning rotor with a fixed phase angle [113], and a report
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about balancing turbine spacer disks [114]. In 1979 R. Demuth
et al. [99] presented an improved method for laser balancing
on a high-speed flexible rotor. Using a mini computer all
calculation and data processing could be achieved digitally. The
material was ablated at reduced operating speed, to minimise

losses in efficiency detailed by Schultz [111] earlier.
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Figure 61 Schematic of R. Demuth's laser balancing approach [99]

This approach (see Figure 61) uses signal conditioning
equipment and a displacement sensor to capture and clean
vibration signals before calculating the required corrections in
a mini computer utilising the influence coefficient method.
Furthermore, the laser head can be adjusted using a stepper
motor. The laser system is capable of producing 30 pulses per
minute at 25 joules each resulting in an energy flux of 51 x 10°
W/in2.
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Figure 62 Laser balancing material removal process [99]

Figure 62 shows the material removal process, which involves
the evaporation and melting of material. The melted material
is then ejected due to the high-speed rotation of the targeted
component. Material removal was done at 750 rpm while the
data acquisition was done at 6300 rpm. The system was
capable of balancing a rotor even though total material removal

rate was low.

In 1991 J. Walton et al. [115] further advanced laser balancing
by building a prototype mainly reliant on mature technology.
The prototype used a high energy Nd:YAG laser (250 to 400
Watt) delivering pulses of 50 Joules and 1 ms in duration.
Furthermore, vibration sensors, tachometers and signal
conditioning electronics were used. For balancing itself, a
vertical and horizontal balancing machine was integrated
including debris collectors. Control was done digitally using a

microcomputer. The system used configuration files to set

121



balancing speed, balance plane location, and part specific
properties for the balancing process. The system was evaluated
using 17-22A(s), a low alloy heat-resistant steel, with a focus
on the recast layer thickness, the micro hardness of the recast
layer and fatigue. Recast layer thickness was found to decrease
with scanspeed (i.e. surface velocity) and increase with fluence.
The micro hardness of the recast layer decreased with fluence,

however, stabilized at around 500 J/cm? (see Figure 63).
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Figure 63 The micro hardness of the 17-22A(s) recast layer [115]

The fatigue life was evaluated using the four point bending
fatigue test. The comparison to hand-ground specimen showed
at 106 cycles a fatigue endurance limit between 276 MPa to
345 MPa compared to 483 MPa to 517 MPa for laser machined
and hand-ground specimen respectively. Nevertheless, it was

concluded that this is sufficient for low stress applications.

To conclude, while laser balancing presents a great chance for
the field of balancing due to the non-contactless nature of the
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correction action and the in-situ applicability, previous research
falls short of those targets by not considering the in-situ
applicability and ignoring the necessity to device an appropriate
laser correction strategy. Additionally, previous research
misses the opportunity to present meaningful results and a
detailed description of the designed systems. Hence, there is a
need for a method, which not just considers in-situ applicability
and explores a laser machining correction strategy, but also
details the necessary steps to design such a system capable of
reliably balancing components with minimum operator

interaction.
2.6 Current gaps in research and the industrial field

In the last section of this chapter, this thesis will discuss the
gaps identified in the research and existing knowledge
introduced in the earlier sections of the chapter (see Table 5).
This extensive literature review has shown that there is
currently no sufficient alternative to traditional balancing
methods. Moreover, while some alternatives have evolved
during the past decades, the increasing need to maintain (i.e.
balance) rotatives in-situ cannot be met due to space
requirements for such methods, or due to the waste creation
during the correction process, which can damage the
surrounding components. On the other hand, LBM has evolved
and is nowadays a well-known, even if still difficult to model,
process [1], which is routinely used in many modern industries.
While there have been attempts to combine both [111], [99],
[115], they have only been partially successful due to their
incomplete approaches, especially regarding their Ilaser
triggering strategy and their failure to develop strategies and
understanding of the causes of errors when removing large

patches of material. Furthermore, some reports [115] have not
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even shown results of a working prototype. Merely hitting the
right angular position with a laser system is not enough to
balance critical components, furthermore, a pulse placement
and material removal strategy needs to be considered.
However, such a strategy is difficult to device since all laser
footprint models available either rely on highly computing
intensive molecular dynamics models [58], [59] or are too
limited in their applicability [64]. Henceforth, those models are
not suitable for an optimisation strategy necessary to predict
dynamic features with their material removal rate and
associated errors during laser balancing processes. Existing
optimisation strategies are specific only to one phenomenon of
the ablation process [78] or use very limited experimental data
to learn the interdependencies between the different process
parameters [71], rather than being based on a combination of
calibration and analytical modelling to increase their application
range. Furthermore, on-the-fly laser ablation has not yet been
extensively studied from an error analysis point of view. While
some laser beam processes have been studied [86], [87],
(specifically laser scanning has received plenty of attention
[85], [116]) there are not many general LBM error analysis
models. Hence, to exploit the benefits of laser balancing fully a
control strategy (i.e. data acquisition, data analysis and trigger
system), a laser footprint model balancing computing expense
and accuracy, a pulse placement strategy and an error analysis,
with focus on the impact of the individual error sources, is

required.
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Table 5 Summary of the literature topics reviewed

Subject

Summary

Synthesis

Pulsed laser
ablation
surfaces

modelling

A number of different
approaches exist
including MD [58],
and analytical [61],
[65], [69] models.

There is a lack of
accurate and simple,
computing efficient
ablated feature

prediction strategies.

Optimisation

Optimisation has been

Optimisation

budgeting of
LBM

applications have

been error budgeted

of LBM used to optimise algorithms have been
processes process parameters successfully applied
for laser welding [71], | to some LBM
and percussion processes. However,
drilling [81]. many processes have
not yet been studied.
Error Some laser related Only some selected

laser applications

have had an error

processes including a laser analysis had
scanning system [85], | conducted on.
a multi-axis laser
machine [86], and a
polar coordinate laser
writing system [87].
Current Modern balancing There is a lack of
balancing machines like the one-step balancing
solutions Pasio 50 [10] are solutions. There is a
capable of accurately | lack of effective in-
determining situ balancing
imbalances. solutions.
Balancing There have been All reports are
using LBM some reported missing detailed

125




attempts of using LBM
in order to balance
rotors. Most recently
by J. F. Walton et al.
[115] combining a

balancing machine

descriptions of the
approach taken and
are lacking an
informed correction
strategy to effectively
utilise PLA.

and Nd:YAG laser

system.

Academic challenge 1 - Appropriate models and control
strategies for balancing components using PLA on-the-fly

machining will need to be developed.

This requires the modelling of the laser balancing strategy,
incorporating design of filters for signal conditioning, a novel
peak detection method in order to determine the angular
position of the “heavy spot” suitable for dealing with signals
with a sub ideal Signal to Noise Ratio (SNR) and a kinematic
model of the rotor to be balanced. This will give insights into
the behaviour of the rotor system during the imbalance
correction process (i.e. pulsed laser ablation) and guide the
design process of the prototype. Furthermore, a deep
understanding of the time delays within the developed system
is needed to device a pulsed laser triggering method to be
implemented into the prototype. This will allow an accurate
picture of the capabilities and potential applications of this
balancing approach and furthermore encourage further

development in the field of pulsed laser ablation balancing.

Industrial benefit 1 - Laser ablation has proven itself as a
material removal process capable of removing material without
causing any more damage than traditional fine machining

processes [14]. Compared to traditional fine material removal
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process (e.g. fine grinding) laser ablation is a non-contact
process and can therefore be used in sensitive in-situ situations
as well as during the initial manufacturing stage. Thus,
widening the potential application range of PLA is in the very
best interest of the industry. The balancing of critical
components in the initial manufacturing and during regular

maintenance is such an application.

Compared to the traditional balancing techniques such a
methodology could be fully automated, and therefore reduce
the cost for highly trained technicians, as well as speed up the
balancing process (especially if used as an in-situ maintenance
tool). This is particularly applicable for aircraft turbines, which
are highly complex and expensive to disassemble and
assemble. Specifically, in such complex structures the
advantages of laser balancing i.e. space savings (small fibre

laser head) and in-situ applicability are apparent.

Academic challenge 2 - A correction strategy to remove the
required amount of material (i.e. the imbalance) most
efficiently (i.e. within a small time period while minimising
damage to the targeted part) using PLA by generating features

(i.e. ablation pockets) on a rotating part.

An understanding of how different shapes of ablation pockets
on a targeted component rotating at a constant speed affect
the material removal rate is necessary. Therefore, the design
of a firing pattern (i.e. pulse placement strategy) in order to
remove sufficient amount of mass, while minimising damage
(i.e. minimise surface area roughness) caused to the
component is required. This involves an understanding of the
kinematics of the laser and rotor system and their
interdependencies, as well as, the ablation characteristics of

the utilised laser system. Henceforth, this entails the
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development of an on-the-fly laser machining concept capable
of accurately predicting the material removal and process time
for a specified feature (i.e. ablated pocket). This model will
need to determine the optimum process parameters (e.g. laser
power, frequency, pulse spacing, rotor velocity etc.) to achieve
the goals defined above, employing a novel optimisation
strategy and ablation feature prediction model. Previous
optimisation algorithms used in LBM have mainly been based
on a specific process and were understood as an additional tool
[71], [78], rather than a fully integrated integral part of the

machining process.

Industrial benefit 2 - This will allow the practical application
of LBM for on-the-fly laser machining processes. It enables the
controlled ablation of complex 2D and 3D patterns, while also
allowing the accurate prediction of the total amount of material
ablated as well as process time. The academic knowledge
gained by the development of the on-the-fly laser machining
model can be integrated into laser balancing systems to
minimise waste and time by being able to predict the feature
and removed mass of the machining process in advance. While
the primary focus of the on-the-fly technology is as a corrective
process for balancing, it can also be applied for similar
maintenance operations (e.g. changing the material surface

characteristic).

Academic challenge 3 - A better understanding of the errors
associated with on-the-fly machining is required to exploit its

benefits fully for balancing.

Therefore, an error analysis of the on-the-fly laser machining
model and its associated pulse positioning errors is required.
Hence, by understanding the influence of the different error

sources on a 3D feature this will allow the development of
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design methodologies, targeted at on-the-fly processes.
Additionally, intelligent algorithms for balancing could be able
to determine the ideal removal pattern online and program the

correction laser system during the balancing process.

Industrial benefit 3 - This will allow the on-the-fly PLA
balancing users to decide on the suitability of the correction
method as well as adapt the correction strategy to minimise
errors, and therefore speed-up the balancing process. Hence,
a reduction of damage to the component, more reliable
predictions about the impact of the correction process on the
internal structure of the targeted component, and a reduced
total process time for balancing, and therefore cost, is possible.
Furthermore, understanding the impact of the individual error
sources can guide further investment into upgrades of

equipment in order to minimise the errors efficiently.

129



Chapter 3 - Methodology

Chapter 3 presents the equipment and the corresponding
methodologies used to obtain the results shown in this thesis.
These were based on recent research, as well as industrial
standards, with the reasoning of each methodology used
explained. For equipment, which was specifically designed for
the realisation of this project (e.g. the testing rig), all design
choices are justified, and drawings are provided where
necessary. Furthermore, all analytical methodologies used to
study the material samples (e.g. microscope, white light

interferometer, scale) are explained and, if necessary, justified.
3.1 Introduction

The setup for the experiments (see Figure 64), conducted as
part of this project, included a designed rotor system (see
Section 3.3.6) driven by a motor (see Section 3.3.1), which was

regulated using a motor controller (see Section 3.3.2).

| < A2

Motor (& " Laser System (3.2)

& ) .

Encoder
(3.3)

\Galvonometer (3.2)

Accelerometer (3.5)

Controller
(3.4)

Balancing Rig (3.7)

Figure 64 Schematic of the experimental set-up with the
corresponding chapter numbers in the brackets [117], [118]
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The angular position of the rotor was measured using an
incremental encoder (see Section 3.3.3) and the acceleration
(i.e. vibration) of the rig was acquired using an accelerometer
(see Section 3.5) mounted above a bearing fixating the rotor.
The acquired signal was conditioned and processed by a Field-
Programmable Gate Array (FPGA) and real-time controller (see
Section 3.4) in order to determine the angular position and
magnitude of the imbalance. Then, the fibre laser system (see

Section 3.2) was used to ablate the detected imbalance.
3.2 The fibre laser system

The Yb:YAG fibre laser (see Figure 65) used for the experiments
is a SPI G 3.1 SM system with a Linos F-Theta Ronar 160 lens

in the galvanometric head.

| ) S

Mirror System

e

"z ‘L""
Optical Table

.g A ’
N Testing Rig

Figure 65 SPI G3.1 SM laser system with controller, host PC, optical
table and lens set-up
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The laser system is capable of delivering 20 W average power

in the frequency range of 35 - 500 kHz (see Table 6).

Table 6 SPI G 3.1 SM laser system [118]

Parameter Unit Value

Modes of operation CW and pulsed
Average power W 20

Full power range kHz 35 -500
Reduced power range kHz 1-35

M2 <1.3
Polarization state Random
Output power stability % <5

Beam diameter, nominal mm 2.7 (1/e2)
Wavelength nm 1062 + 3

The laser system allows access to 24 different waveforms. The
waveforms differ in the electrical duration (i.e. pulse duration)
of the individual pulse, ranging from approx. 10 ns to 220 ns
as well as the PFRo frequency (i.e. the frequency after which
the pulse energy does not increase in order to protect the laser

system from damage).
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—WFM 0 35kHz
—WFM 1 55kHz
WFM 2 90kHz
—WFM 3 170kHz
—WFM 4 270kHz
WFM 5 290kHz
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Figure 66 Diagram depicting the waveforms 0 - 5 of the SPI laser
system, which determine the pulse duration, maximum pulse energy
and the locking pulse repetition frequency (PFRo) [118]

Furthermore, the waveforms possess different maximum pules

energies (see Figure 66, Table 7).

Table 7 Description of the different waveform modes [118]

Waveform Electrical PFRo (kHZz) | Emax (m3J)
number duration (ns)

0 220 35 0.57
1 120 55 0.36
2 55 90 0.22
3 25 170 0.12
4 18 270 0.074
5 15 290 0.068
11 220 35 0.57
12 205 37 0.54
13 200 39 0.51
14 190 44 0.45
15 160 48 0.42
16 140 51 0.39
17 120 55 0.36
18 10 60 0.33
19 95 63 0.32
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20 85 68 0.29
21 75 72 0.28
22 65 80 0.25
23 55 90 0.22
24 45 105 0.19
25 35 125 0.16
26 25 170 0.12
27 18 270 0.074
28 15 290 0.068

The laser beam is directed into the F-Theta lens, with a focal

length of 160 mm and a scan field of 100 x 100 mm (see Table

8).

Table 8 F-Theta 160 lens data [119]

Parameter Unit Value
Nominal focal mm 160

length

Effective focal mm 160.3
length

Maximum scan mm 98.9 x 98.9
field

Overall scan angle |° +25.0

The class IV laser system, operating in the nano second regime,

is capable of machining ‘difficult-to-cut” materials like Inconel

718.
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0

Figure 67 The beam intensity profile near the focal plane (1 mm off
the focal plane) measured using a CMOS camera (see Section 3.5.2)

The beam shape was shown to be reasonably close to a
Gaussian TEMoo beam profile as shown in Figure 67. A brief
discussion on laser power measurements and beam diameter
measurements can be found in Section 3.6.1 and 3.6.2

respectively.

Methodology - The laser system was used in all trials for
material ablation. All the necessary safety precautions were
carried out (e.g. googles, safety interlock etc.). All samples
were carefully aligned using light sensitive paper and very low
pulse energies (approx. 40 ml). The laser system was
connected to the pulsed laser ablation controller (see Section

3.4) using a Bayonet Neill-Concelman (BNC) connector.
3.3 The motor

The 90 W Maxon graphite bushes DC motor (nominal voltage
42 V) was used to rotate the rotor of the testing rig. It has a
nominal current of 2.02 A and a maximum speed of 12000 rpm
[120]. It is fully compatible with the Maxon motor controller
EPOS 24/2, which can be easily integrated with a compact RIO

system (i.e. the controller used for the setup, see Section 3.3).

135



Methodology - The motor has been attached to the testing rig
(see Section 3.7) using 6 screws, and connected to a flexible

coupling in order to rotate the rotor.
3.3.2 The motor controller

To control the rotor a Maxon Epos 24/2 digital position

controller was used (see Figure 68).

Figure 68 Maxon Motor Epos 24/2 digital position controller [121]

The controller uses its internal PID control to regulate the
velocity and position of the connected motor. For feedback it
sources the connected incremental three channel encoder (see
Table 9). The controller has been chosen on the basis of its
compatibility with the selected motor (see Section 3.1) and due

to the availability of LabVIEW drivers to control it.
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Table 9 Maxon motor EPOS 24/2 data [121]

Parameter Unit Value
Max output current | A 4

Max output voltage | V 21.6
Speed controller kHz 1

sampling rate

Position controller | kHz 1
sampling rate
Max speed rpm 100000

Methodology - The controller was connected to the NI 9401
(see Section 3.4) via CAN (i.e. Controller Area Network, a
vehicle bus standard to allow devices to communicate with each
other) and configured via USB from the host PC. The
controller’s PID was automatically tuned using the parameter
detection application (EPOS Studio) supplied with the
controller. Due to the high inertia of the rotor, only smooth
acceleration and deceleration profiles were used. The controller
was commanded via the CANOpen protocol using the FPGA
interface of the compact RIO 9074 controller (see Section 3.4).
This allowed online changes between the velocity and position

control mode.
3.3.3 The incremental three channel encoder

The Maxon motor 1024 step incremental encoder (product no:
225787) was used for position determination. This enables the
user to define an angular reference position on the rotor and
receive the angular position of the rotor in relation to the
defined position at any given time. The encoder is designed for
rotational speeds of up to 18750 rpm and uses three channels,

A, B, and the index channel I. The output is a differential
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Transistor-Transistor Logic (TTL) compatible signal. Therefore,
each signal has a corresponding reverse signal (i.e. A’, B’ and
I.

Methodology - The incremental encoder was connected to the
Maxon motor EPSO 24/2 controller as well as the NI 9401 digital
Input/Output (I/O) module. To convert the differential TTL
channel output (RS-422 standard) of the incremental encoder
a control circuit has been designed, utilising the Texas
Instruments MC3486N quadruple differential line receiver (see
Figure 69). The line receiver output was then connected to the
NI 9401, since the motor controller has its own line receiver.

The circuit design has been implemented using a Vero board.

NI 9401 Controller J3 (DIN 41651)
5Vv. A B | GND I 1" B B A A" GND Ve Veemotor

L=

GND - Veem
0.1 nF; r B Vee
0.1pF o
120R 2 GND
1B vccC L s A
o

Encoder (DIN 41651)

— L i w| sv
1Y 4A —
‘—‘7‘ 1,2EN 4Y T
120 R 1 2Y 3,4ENj
2A 3Y | j 120 R
0.1nF 2B 3A
I B w |
MC3486N

Figure 69 Wiring diagram for the encoder, motor controller and line
receiver converting the RS-422 signals into TTL compatible signals
for the NI 9401

3.4 The controller hardware

A compact RIO 9074 was used to run the developed LabVIEW
software. It contains a 400 MHz Real Time (RT) unit and a 2
million gate FPGA unit [117]. Furthermore, it contains 128 MB
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DRAM and 256 MB local storage. It is controlled via a
10/100BASE-T Ethernet port (see Figure 70).

Figure 70 Compact RIO 9074 unit [117]

Methodology - The controller has been powered using a NI
PS-15 power supply with an output of 24 VDC and 5 A. Three

C-Series modules (i.e. expansions) have been installed:

The NI 9401 5 V TTL 8-Channel bidirectional digital input
output module. It runs on a 10 MHz clock. In the set-up
it is used to read the encoder signal (see Section 3.3.3)
and trigger the laser system (see Section 3.2).

The NI 9234 4-Channel Integrated Electronic
PiezoElectric (IEPE) input module with a sampling rate of
51.2 kS/s and a 24 bits resolution. It has a maximum
voltage range of £5 V. The module is connected to the
acceleration sensor (see Section 3.5).

The NI 9853 2-Port High-Speed CAN module to
communicate with the motor controller (see Section
3.3.2)

3.5 The acceleration sensor

As an acceleration sensor the IEPE compatible Kistler
8692C5M1 has been chosen for its high sensitivity (see Table
10 and Figure 71).
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Figure 71 The Kistler 8692C5M1 triaxial acceleration sensor [122]

This allowed the recording of the acceleration caused by small
imbalances on a very rigid testing rig design. It can acquire the

acceleration signal in three directions: x, y and z.

Table 10 Kistler 8692C5M1 Parameters [122]

Parameter Unit Value
Sensitivity £ 5% mV/g 1000

@ 3 grms & 100 Hz

Frequency Hz 1 - 3000
Response £ 5%

Phase Shift, < 5° Hz 4 - 2000
Acceleration g +5
Range

Threshold nom. Jrms 120

Methodology - The acceleration sensor has been mounted on
the steel pillar above the linear ball bearing using super glue
(see Figure 64). For this thesis only the y acceleration sensor

has been used.
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3.6 Analysis equipment

This section introduces the most important analysis equipment

used within this thesis.
3.6.1 Measuring the laser power output

To measure the power output of a laser beam the power meter
Thorlabs PM100D was used with the thermal sensor S314C (see
Figure 72). It is capable of measuring the power output in a
range of 10 mW to 40 W within the 0.25 mm to 11 pm
wavelength spectrum and therefore within the specification of
the laser system used [123] (see Section 3.2). The sensor has
a resolution of 1 mW. In recording mode, it logs the beam

power output approximately every second.

'PM100D

PO00BE37

Figure 72 The beam power meter handheld console and sensor [123]
Methodology - To measure the power output of the beam the
power meter is placed below the galvanometric head well
outside the focal plane to avoid damage to the sensor. For this

thesis, the power has usually been recorded approximately 180

141



mm off the focal plane. The beam path and the sensor were
aligned and it was ensured that the sensor fully covers the
beam width. Hence, it was possible calculating the power loss
between the laser head and the galvanometric mirror system

using the data collected.

- e
o (4]
T <

Power Measured (W)
(1]
T

O Power Measurements)|
=== Cubic Fit |

| |
2 4 6 8 10 12 14 16 18 20
Power Demanded (W)

Figure 73 Beam power demanded vs. beam power measured after
losses in the mirror system

As shown in Figure 73, at full power (i.e. 20 W) the output at
the mirror system was approx. 17.21 W.

3.6.2 Measuring the beam diameter

Figure 74 Beam profiler Cinogy CinCam CM0S-1203

To measure the beam diameter, the beam profiler Cinogy
CinCam CMO0S-1203 was used (see Figure 74). The

Complementary Metal-Oxide Semiconductor (CMOS) camera
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features a 2 Megapixel resolution and is capable of capturing
beams between 45 pm and 4 mm at 1062 nm wavelength [124]
(see Table 11).

Table 11 Cinogy CinCam CMOS 1203 data [124]

Parameter Value

Resolution 1600 x 1200 pixel
Pixel size 4.5x 4.5 upm
Spectral response 150 - 1605 nm
Bit depth 8 bit

Dynamic 62 dB

Mode CW or pulsed

Methodology - To measure the beam diameter the sensor was
placed under the galvanometric head and moved along the
beam axis in steps of 1 to 2 mm. A variable height support shaft
was used to hold the camera and accurately control its relative
movement along the beam axis. At each step the beam
intensity profile was measured. Care was taken to ensure other
light sources did not impact the measurement at any point. The
measurement covered a range of approx. 40 mm below the
focal point. Hence, it allows the construction of the beam over
a total range of 80 mm (a beam profile can be mirrored at the

focal plane).
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Figure 75 Beam profile measurements visualising the Gaussian like
con/divergence of the beam

The height of the rig with the attached sample was measured
to be 191.5 mm. Hence, the galvanometer head was adjusted
in order to move the focal plane to 191.5 mm above the
working surface. As shown in Figure 75, this was confirmed by
determining the focal plane to be 191.5 mm (i.e. height of the
rig) above the working surface (i.e. optical table) with a beam
width of approximately 55 pm (1/e Gaussian fit). Hence, the
beam diameter was determined to be approximately 72 ym
(1/e? Gaussian fit).

3.6.3 White light interferometer

The Bruker Contour GT 3D optical microscope was used to
study laser ablation samples in this thesis (see Figure 76).
Table 12 introduces the basic parameters of the white light

interferometer.
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Table 12 Bruker Contour GT Parameters [125]

Parameter Unit Value

Max. Scan Range mm 10

RMS Repeatability | nm 0.01

(PSI)

Tip/Tilt Function ° +6

Lenses 2.5x / 5x / 10x

Figure 76 Bruker Contour GT

Methodology - Initially the samples have been cleaned using
an acetone cleaning solvent. In some cases, it was necessary
to gold plate the sample to increase the reflectivity of the
Inconel 718 samples and therefore increase the sample’s

measurability. Afterwards the samples were placed within focal
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range of the white light interferometer for measuring. To
improve the data quality three measurements were averaged.
If the sample area to be measured was outside the range of the
microscope, the integrated stitching function was used to
measure the sample. Before measuring, it was important to
adjust the tilt of the sample in order to achieve an equal scan
over the whole surface area. Post processing was done using
the MountainsMap® software. The following filters were applied
to the measurements: (i) de-noised using a 5 x 5 median filter,
(ii) all missing data points were approximated based on their
neighbouring values, (iii) tilt from the measurement method
has been removed using the least square method, (iv) a median
smoothing filter (7 x 7) has been applied. It was essential to
polish the samples using a 1 um diamond wheel before each

trial to minimise the effects of the initial surface roughness.
3.6.4 Digital microscope

To measure the dimensions of the laser ablation samples a
Keyence VHX-100 digital microscope was used. It allows
magnifications between 25x and 175x. The operation panel
made it possible to manually adjust the light levels (see Figure
77) of the integrated lamp within the lens. Furthermore, it
enables the user to easily control the contrast of the
measurement displayed on the LCD monitor. The XY stage is
operated manually and supports a resolution of 0.01 mm

accuracy.
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Figure 77 Keyence digital microscope set-up

Methodology - The laser ablation samples were cleaned using
an acetone cleaning solvent before placed on the XY stage
below the lens. It was important to regulate the light in order

to achieve an equal brightness across the measured samples.
3.6.5 Laboratory balance

To weigh the Inconel 718 samples a KERN EW 150-3M precision

balance has been used (see Table 13).

Table 13 KERN EW 150-3M Parameters [126]

Parameters Units Value
Weighing range (max) g 150
Readout g 0.001
Verification value g 0.01
Reproducibility g 0.002
Linearity g + 0.003
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Methodology - Initially, the samples and the scale have been
cleaned using an acetone cleaning solvent. It was important to
ensure that the laboratory balance was set-up on an even
surface. Before every measurement, the scale was zeroed.
Then, five measurements have been averaged to reduce the
measurement error. All measurements have been conducted at

room temperature (approx. 21° Celsius).
3.7 The design of the testing rig

A testing rig has been developed to implement the

methodology developed in Chapter 4.
3.7.1 Development of a testing rig

A test rig has been developed with the objective to minimise
the deflection (i.e. a rigid rotor bearing system), allow easy
changeability of the rotor, and minimise any vibration effects

from the motor.

& £ \
SECTION A-A \
T\

G

w

/

Figure 78 Schematic of the testing rig (full drawing can be found in
the appendix in Section 8.1) 1) Base, 2-4) Pillar block, 5) Shaft, 6)
Disc, 7-8) Screw, 9) Washer
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The chosen design (see Figure 78) has been manufactured
using steel. The right pillar block (Figure 78 4) can be easily
unscrewed/removed to allow access to the rotor disc (Figure 78
6) for maintenance. To ensure a correct alignment of the rotor,
the removable pillar block slots onto the base (Figure 78 2) up
to a small step for alignment. Additionally, an alignment pin is
used to ensure the correct positioning before fastening the

pillar block.

The washer has been designed specifically for this rotor to
ensure an equal weight distribution to minimise the initial
unbalance of the rotor assembly. Furthermore, the rotor
assembly (i.e. shaft, disc and washer) has been externally
balanced to the ISO 1940-1 G 2.5 standard at a 1200 rpm

operational speed.

The whole assembly has been mounted on damping pads to
minimise the vibration transmission between optical table (i.e.

the surface for all experiments) and the testing rig.
3.7.2 Selection of bearings and coupling

Two bearings have been selected based on the requirement to
allow rotatory motion between 0 and 1200 rpm (see Table
14).
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Table 14 Bearing parameters [127]

Parameter

Flanged Linear

Ball Bushing

Deep Groove
Contact Sealed

Ball Bearing

Allowable rotation

speed (rpm)

Not specified

12000

rating (kN)

Basic dynamic load | 0.499 6.4
rating (kN)
Basic static load 0.408 3.7

Additionally, the flanged linear ball bushing (installed on the

rightmost pillar (see Figure 78 4)) allows for linear movement

up to 30 mm, which is necessary for the (dis)assembly process

and minor movements during operation.

The motor, which was rigidly attached using six screws to the

rightmost pillar block (see Figure 78 2), was connected to the

shaft via a flexible coupling (see Table 15).

Table 15 Flexible coupling Misumi CPS16-6-6 parameters [127]

Parameter Unit Value
Max. rotational speed rpm 39000
Allowable torque Nm 0.5
Angular misalignment ° 1
Allowable axial mm +0.2
misalignment

Static torsional spring Nm/rad 180
constant

It was important to ensure that the flexible coupling allowed for

misalignment to minimise any vibration originating from the
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motor within the rotor assembly. This set up avoids damaging
the motor if a system failure occurs (e.g. an immediate stop of

the rotor due to an obstruction).
3.8 Software packages

This section will briefly introduce all major software packages

used within this research project.
3.8.1 MATLAB & Simulink

The programming environment MATLAB 2015b in conjunction
with Simulink, a graphical programming environment for
modelling and analysing systems, were used for all models
developed as part of this thesis. They were chosen due to the
extensive range of engineering related functions available (i.e.

basic modifiable optimisation algorithms etc.).
3.8.2 LabVIEW

The programming language LabVIEW 2014 has been used to
implement the models into the compact RIO (see Section 3.4)
hardware. The main reason for using LabVIEW in the research
project is its wide range of compatible hardware (e.g. compact
RIO with C-Series modules) available. Furthermore, it is
supported by many third party devices (e.g. the beam power
meter PM100D - see Section 3.6).

3.8.3 MountainMaps

The MountainMaps 7.2 meteorology suite was used to analyse
all Inconel 718 laser ablation samples. The software was
chosen in particular for its ease of use and its features: tilt
removal, denoising of measurements, and the easy calculation
of surface area roughness on basis of ISO 25178-2 [128].
Furthermore, it allows the export of the surfaces in a MATLAB

compatible file format.
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3.8.4 Creo Parametric

Creo Parametric 2.0 has been chosen as the CAD software for
designing the rotor testing rig. It was chosen due to the
author’s familiarity with the suite. The software package offers
a wide range of tools to design 3D model and 2D drawings.

Additionally, it allows basic torque, inertia etc. calculations.
3.9 Conclusion

This chapter introduced the equipment and methodologies used
within this work. It is not meant to be understood as a complete
list, but as a list of highlights. Special care was taken to
introduce all components of the designed testing rig and the
reason for choosing them. To avoid unnecessary work,
components were chosen with a particular focus on
compatibility. Systems, which did come pre-assembled (like the
laser system - see Section 3.2), have been extensively
quantified in terms of their properties (see Section 3.6.1 and
3.6.2). The respective results have been presented and briefly

discussed.
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Chapter 4 - A novel pulsed laser

ablation method

This chapter describes the development procedure from the
initial modelling process for an on-the-fly PLA balancing device,
to a fully developed prototype. The main objective was to
demonstrate the balancing capabilities of the developed based
on on-the-fly PLA method. Moreover, it was essential to
understand how to accurately and precisely target an arbitrary
angular position at a range of different rotor velocities. In order
to investigate this, two sets of trials have been conducted: a)
a balancing trial with the main objective to minimise static
imbalance using single-plane balancing, b) accuracy and
precision trials with the main objective of quantifying the
targeting accuracy and precision of the developed
methodology. The aim of this work was to develop a new
balancing method, which offers new insights into the so far
neglected academic area of on-the-fly balancing, while being

viable in an industrial setting.
4.1 Introduction

To balance modern engines, in-situ balancing (i.e. balancing
the components in their assembled state) for hard to access
components during regular maintenance, can significantly
shorten the process time and associated costs. This created a
need for in-situ balancing solutions, capable of operating within
limited space, while being cost efficient. The high availability of
fibre delivered laser systems in industry led to the idea of
developing a balancing solution incorporating laser systems as
a material removal method (i.e. to remove the imbalance of a
rotor). Further advantages of this set-up include material
removal via vaporisation, which ensures that damage to the
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neighbouring components by waste material during the mass
removal process is avoided, as well as the deskilling of the

balancing task through automation.

Hence, a model to trial the feasibility of PLA balancing was
developed. As the challenges in a real world balancing scenario
can vary from component to component it was important to use
a very generic design for the model and the testing rig. As
previously described in Chapter 3, a testing rig for on-the-fly
PLA balancing has been designed and manufactured to this end.
The purpose of which was to examine to optimum way to
implement laser balancing utilising spot removal technique with
a modern fibre laser. The implementation was done with the
prime objective of allowing it to deal with various situations and
therefore be as generic as possible within the project

constraints.

In order to assess the applicability of the newly developed

methodology, research has been conducted into following:

e The accuracy and precision of the chosen removal
method pulsed laser ablation
e The removal rate of the system when balancing an
Inconel 718 component
e The detection accuracy of the developed algorithms for
imbalance detection
The balancing capabilities have been assessed using the ISO
1940-1 standard [95]. Henceforth, the suggested method for
on-the-fly PLA balancing and its validation is presented in the

following chapter.
4.2 An approach to in-situ balancing

Imbalances are one of the most common causes for vibration

in machines, either acting alone, or in combination with other
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vibration issues like misalignment (see Section 2.2.2). On a
perfectly radial aligned rotative, static imbalances (i.e. mass
displacements from the axis centre) result in a centrifugal force
while the component is rotating. In this thesis it is assumed
that the vibration is caused by a ‘heavy spot’ in a known plane
(i.e. single plane balancing) of a rotative at a known constant
angular speed. Additionally, it is assumed that the rotor is rigid
(i.e. no bending occurs). Thus, the centripetal force is acting at
a 90° angle to the axis of the rotor bearing system. Hence,
measuring the acceleration at a given angular position will
result in a sinusoidal wave with a frequency equal to the
angular velocity of the system, where the amplitude is directly

proportional to the mass and eccentricity of the imbalance.

f

17_I_\_I_\_I_\_‘—

Laser Triggering

Pulsed laser
Motor &

Encoder

Accelerometer

Peak Detection

Balancing Rig

Figure 79 The three algorithm stages of pulsed laser balancing, where
fis the frequency: 1) Acquire data using the accelerometer mounted
above the linear ball bearing, 2) Evaluation of the peak position and
amplitude to identify the imbalance location and mass, 3) Triggering
of the laser to remove the imbalance using PLA

PLA, as a method to remove material, offers distinct
advantages to current removal techniques used in industry
(e.g. grinding, drilling etc.) since the removed material
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evaporates, and therefore waste material cannot damage
neighbouring components during in-situ balancing processes.
Furthermore, it allows the operator to adjust pulse energy,
pulse frequency, and pulse duration to affect the material

removal rate, component damage, and surface finish.

Thus, a process for detecting and removing imbalances utilising
a pulsed fibre laser, involving a three-stage process, was
developed. The first stage encompasses the acquisition of the
acceleration signal, as well as, the encoder measurements of
the balancing rig and the ‘matching’ of these signals (i.e.
assigning each acceleration data point an angular location) for
further processing. In most balancing situations, it is difficult,
or impossible, to measure the vibration at the source;
therefore, it is usually measured at the rig on one or two axial
positions depending on whether the axial location of the
imbalance is known (i.e. single plane vs. two plane balancing).
This thesis assumes the axial position to be known, and
therefore requires only one accelerometer signal. However, the
method can easily be extended to account for the axial position,
too. Secondly, the collected acceleration signal is analysed for
peaks identifying the angular location and mass of the residual
imbalance. Lastly, using the identified peak location, the laser
is triggered to ablate the imbalance while the rotor system
remains at constant velocity. It is important to understand the
need of pre-firing to account for the trigger time duration,
especially when ablating at high rotational velocities (> 1000
rpm). The process is iterative and the steps are repeated until
the imbalance is below a user specified level. Hence, the
process of pulsed laser balancing can be described as a one-

step (i.e. the rotor does not need to be moved to a separate
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machine for imbalance determination and correction) balancing

solution.

Henceforth, a rotor bearing state space model has been
developed to assess the feasibility, accuracy, precision, and
process time of the in-situ PLA balancing methodology
proposed. Figure 79 shows the three step iterative process with
the red dots representing the detected imbalance location (i.e.
‘high spot’), and the red lines, the physical communication
network. While only shown on a rig, the proposed methodology
can also be applied to in-situ balancing applications to avoid
(dis)assembly costs during regular maintenance of
engines/assemblies. Furthermore, it is possible to define
removal areas to protect critical surfaces from damage, which
potentially may cause the component or assembly to

malfunction.
4.3 Design of a model for imbalance estimation

In this section equations of the rotor bearing state space model
are developed and presented, additionally, a detection method
is developed to estimate single plane residual imbalances on an
arbitrary rotor rotating at a constant angular velocity, w. The
rotor is assumed to be rigid (based on a L/D ratio of 0.57), the
laser pulses instant, and the bearings are assumed to exert no
friction onto the rotative. Figure 80 shows the block diagram of
the complete laser balancing system, where u is the force
caused by an imbalance, y the raw acceleration signal, y'the
filtered acceleration signal, 6, the detected radial location of the

imbalance, and y, the magnitude of the imbalance.
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Figure 80 The block diagram shows the control of the laser balancing
process

4.3.1 The system model

The system is assumed to be a simple rotor bearing model as
shown in Figure 81 (and depicted in Figure 79). The shaft-disc
assembly is supported by two ball bearings. In Figure 81 L is
the distance from the right ball bearing to the centre of gravity,
g, and Z; is the distance from the left ball bearing to the
imbalance mass, my, with an eccentricity e (i.e. radius between
the rotor axis and the mass centre, G:). The rotor has a total
length of L, a radius of R, and a constant angular velocity of w.
Each of the ball bearings has an internal stiffness coefficient, k,
and damping coefficient, c¢. L; and Z> are calculated

correspondingly as shown

L,=(L-1y), Z,=(L—-2) (36)
The linearized Equations of the rotor bearing system [129] are

given as

MG+ (wG+C)g+Kqg=F (37)
where, w is the constant angular velocity, M, G, C and K the

mass, gyroscopic, damping and stiffness matrices, and F the
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force matrix of the centripetal acceleration force caused by the
imbalance my. The horizontal, x, and vertical direction, y, of
both bearings have been chosen as the states, g, of the system
as shown in Equation (38) and Figure 81. The acceleration in
the axial direction of the shaft, or z, was neglected due to it

being unnecessary for initial imbalance detection.

X1

V1

=[x (38)
Y2

Figure 81 The rotor bearing system consisting of a shaft fixed by two
ball bearings and a disk with the imbalance, m,, added

M, G, C, and K are the mass, gyroscopic, damping, and stiffness

matrices given as

[ ml3 + i, 0 mll, — i, 0
B 0 ml3 + i, 0 mll, — i,
my, -1, 0 mi3 + i, 0
0 mll, — i, 0 mil2 + i, (39)
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0 —lpJ
=i 0 i 0 (40)

[Cixx Cixy O 01
C= |C1yx Ciyy O 0 I
[ 0 0 Coxx CnyJ
0 0 cayx  Cayy (41)
[klxx klxy 0 0 ]
‘- Iklyx kiyy 0 0 |
l 0 0 kax kayJ
0 0 kayx  kayy (42)
L Z ] L ] I
ln=Tn, Zn=Tn, lt=%, lp=L—Z, n=1,2

where, I, is the transverse and I, the polar mass inertia. The
system, if run at a constant angular velocity, w, experiences a
centripetal acceleration force linearly correlated to the mass of
the imbalance. Equation (43) shows the imbalance mass, my,
at the angular position, o, and the acceleration due to the
angular velocity, w.
myew-z; sin(wt + a)]
F= {mueoo z, cos(wt + a)

2
2
27, sin(wt + )
2

(43)
myew
myew?z, cos(wt + a)

The system is converted to state space representation (see
Appendix 8.2) governed by Equation (44) and Equation (45),
where A, B, C, and D are the state, input, output and

feedthrough matrices.
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x = Ax + Bu
(44)

y=Cx+Du
(45)

Hence, the state space model considers the following states as
shown in Equation (46)
x=[x1 y1 X Y2 X1 Y1 X2 Yo"

(46)
where xi, yi1, X2, y2 are the horizontal and vertical position of
the left and right bearing, respectively, as shown in Figure 81
as well as their respective derivatives. The output consists of
the two vertical acceleration measurements, which are
measured using accelerometers, shown in Equation (47) since
X1 and x2 are not measured as only one measurement, which is
necessary to determine the position and mass of the imbalance.

y=D1 31"

(47)
The input force, u, of the system is initially obtained by the
mass of the imbalance, muo, and its angular position, <, as
shown in its initial state in Equation (48).

1£(0) = Myo ea)zzsin(wt + ag)
myoew? cos(wt + ag) (48)
Each time the mass of the imbalance changes due to a laser
process ablation, the principle of superposition allows it to be
added to the input vector (see Equation (49)). It is important
to note that mu: to mun are negative ‘masses’ as they represent

the mass taken off the rotor.

_n -
Z my; ew?sin(wt + a;)
i=1

(49)

n
Z myew? sin(wt + a;)
Li=1 i
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After each laser machining operation one term is added to the
vector and it accounts for the exact amount of mass removed,

my;, at the determined angular position, <.

To identify the angular position of the residual imbalance in the
system the angular position measurements and vertical
acceleration measurement need to be matched. Therefore, the
delay between the input and the output of the system needs to
be identified and accounted for. Hence, the state space system
needs to be split into the individual transfer functions Gj(s),
where j is the number of inputs and j the number of outputs,
relating the inputs of the system, u;>, to the output, yi,>.
Therefore, the system is represented in the Laplace domain by
the following Equation.
3’1] _ [Gua Glz] [ul]
Y2 Gz1  Gpzl LUz (50)
Equation (50) describes u;i(s) and ux(s) to be different by a
phase shift of 90°. Therefore, differentiating uz(s),
Ssu,(s) = —u (s)w

(51)
where s is a variable in the complex plane, and substituting it
back into the original system Equation (50) one obtains

Va(s) = —621(5)%112 + G22(S)uy(s) = [_021% + Gzz] Uz (52)

Thus, the frequency response function can be calculated to
determine the phase shift of the rotor bearing system from
Equation (52). Therefore, in order to account for the phase
shift, it is necessary, to include a time delay after the
acquisition of the acceleration signal in all models. Then, in
order to identify the angular imbalance position of the rotor,
the sinusoidal acceleration signal’s peaks need to be matched

to the corresponding angular rotor position.
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4.3.2 Design of the IIR peak filter

The acceleration data needs to be filtered in chunks, i.e. offline,
to ensure the required accuracy and precision in detecting the
angular unbalance position. This is achieved by an Infinite
Impulse Response (IIR) digital filter, rather than, a Finite
Impulse Response (FIR) filter due to memory restrictions on
the target, and the high computational efficiency of the IIR
filter. Hence, a 2" order digital IIR peak filter (i.e. the reverse
of a notch filter) was implemented, with a varying peak
depending on the rotational speed of the rotor. A peak digital
filter has a characteristic steep passband, i.e. it “peaks” for
desired frequency [130], which allows for a very clear filtered

output signal at the desired frequency.

Since the balancing method requires the phase from the filtered
signal it was important to zero the frequency dependent
nonlinear phase delay introduced by an IIR filter. This was done
using a combination of 2-pass filtering and time reversal [131]
(see Figure 82). By filtering the signal an additional time with
the time domain reversed this is completed. Consequently, the
nonlinear phase shift is introduced twice, with opposite signs

and, henceforth, negates itself.

x(n) . . : . y(n)
—— 7 IR Filter Time Reversal IR Filter Time Reversal ———p

Figure 82 Schematic of an IIR filter zero phase technique

4.3.3 Design of the peak detection algorithm

The peak detection algorithm has been designed to obtain the
angular peak position and amplitude of a sinusoidal signal
cleaned by the IIR peak filter. The algorithm uses a set of
acceleration samples, y, acquired at a constant angular

velocity, w, and containing a fixed humber of periods.
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To identify the potential locations of the peaks an adaptive
threshold, k:, is defined based on the maximum amplitude of

the buffered acceleration signal, yi, as shown in Equation (53)
ke = ki max(§;) (53)

where k; is a constant between 0 and 1 defining the threshold

peak detection level.

The start and end index of the identified threshold entry and
exit locations are saved in a vector (Tz, T2 ... Tp) in order to

allow extraction of the peaks from the accelerometer data, yi.

The algorithm runs two checks on the saved entry, T;, and exit

points, Ti+: , in order to identify valid peak locations:

The algorithm compares the distance between the identified
threshold entry, T;, and exit point, Ti+:, against the minimum
width, kw_min. If it exceeds the minimum width, the peak is valid
and passes, where 6, ; is the angular position and y, ; the
magnitude (see Figure 83 a). If it fails the check, the peak is
not recognised (see Figure 83 b). The minimum width, kw_min,
is dependent on the angular velocity, w, the number of
acceleration samples acquired, ny;, and the constant k2, which
is an arbitrary number between 0 and 1, defining the minimum
width level (see Equation (54) ).

hy, (54)
w

kw_min =k,

Spikes in the acceleration signal can cause the signal to exit
and re-enter the threshold area, k¢, within only a few samples.
This does not necessarily indicate a new peak, but rather simply
a noisy signal. Therefore, if the previous test has failed, this
test checks whether T; and Ti+2 are within kw_min, in which case

the peak (8 i, yp i) is detected for T; to Tiss.
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Figure 83 Schematics of peak detection checks (a) minimum width
check passes (b) minimum width check fails v, (c) combined width
check passes

Hence, all peak locations are defined and it is ensured that the
number matches the expected number for frequency of the
rotor bearing system and the specified acquisition time of the
accelerometer signal. If the algorithm fails this test, the

measurement is discarded.

Thus, the overall peak and amplitude are given by the mean of
the individual peak positions, 6, ; and corresponding
amplitudes, y, i, as shown Equation (55) and (56), where, n, is

the number of peaks detected.

20y (55)
Bp — np_

Zyp_i (56)
Yp = n

To improve reliability of the algorithm the measurements are
discarded if the deviation is found to be above a user specified
threshold. This usually suggests that the imbalance was altered
during the data acquisition process, or the angular velocity has
not been kept constant. Hence, the more periods are analysed
the slower the algorithm, but the higher the accuracy.
Therefore, it is suggested to analyse at least five periods per

cycle.
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4.3.4 Modelling the laser firing system

The laser firing model uses the peak location and amplitude
determined by the peak detection algorithm, previously
presented in Section 4.3.3, to ablate the detected imbalance,
my, of the rotor. The model consists of the influence coefficient,
ks, which relates one pulse to a change in acceleration
amplitude, and the removal mass per laser pulse, m;. Hence,
the total amount of pulses, np, needed to remove the

imbalance, my, is calculated as given in Equation (57).

_ W (57)

The influence coefficient (as an average) was obtained by firing
a high number of pulses (e.g. 1000) at the target and dividing
the change in acceleration amplitude by the amount of pulses
fired.

If the measured acceleration is above the defined threshold
(i.e. the requested balancing grade), additional material is

removed.
4.4 Implementation of the proposed method

To validate the model established in section 4.3 a computer
simulation has been developed and a controller has been
programmed. This section details the adaption of the
methodology required for a working implementation into a

hardware and software system.
4.4.1 Design of a computer simulation

To verify the mathematical model developed above, a three
step discrete simulation has been developed. The rig model has
been estimated on basis of the model developed in section

4.3.1 using system identification. This was done using the
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acceleration data acquired with a known imbalance added onto
the rotor. First, the rotor bearing model is simulated to fill up
the buffer (i.e. generate acceleration with some added noise
and encoder measurements); secondly, the buffered signals
are analysed by the peak detection algorithm and the location
of the imbalance as well as the corresponding amplitude are
determined. Lastly, the input of the system model (see
Equation (49)) is modified to account for the chosen amount of
mass (based on the amplitude of the imbalance) ablated due to
the results from the peak detection analysis. This is repeated
until the amplitude (which is related to the balancing grade) is
below the user-defined threshold (i.e. the specified balancing

grade).

A script allows the user to configure all basic parameters like
the shaft weight and the maximum laser shots per cycle.
Outputs of the simulation include a log of the detected
imbalance mass and location detailed with the correction
response of the simulation, which is also graphically visualised.
Furthermore, a graph shows the ideal, noisy, and filtered,

acceleration signal to help the user tune the filter parameters.

In comparison to the real system, the following assumptions

have been made:

e The Ilaser ablation is instantaneous (i.e. the after
triggering the laser fires immediately), while in a real
system the laser has a ‘lag’ before each shot to build up
the pulse energy. Furthermore, the constant angular
velocity, w, of the rotor bearing system experiences
minor variation in a real world scenario (the error is
usually well below 4% of the desired velocity).

e Each shot removes the same amount of material. There

might be deviations from this, as the material removed
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depends on a number of parameters (i.e. frequency,
pulse spacing etc.). The simulation is calibrated for the

laser parameters shown in Table 16.
4.4.2 Design of the controller software

The implementation of the methodology was realised using a
combined 400 MHz Real Time (RT) processor and a Spartan 3
Field Programmable Gate Array (FPGA) controller (see Section
3.4) for the acquisition and evaluation of the measurements;
furthermore, for visualisation of the process and logging, a
personal computer was connected. This three layer approach
allows the system to use prioritisation to ensure that high
priority deterministic tasks, like data acquisition, are handled
by the FPGA while lower priority non-deterministic tasks, like
logging and the updating of the GUI, are handled by the

personal computer operating system (see Figure 84).

A case structure was chosen as the program structure in order
to keep the individual tasks modular. Thus, each step, the
acquisition, peak detection, triggering of the Ilaser and
calibration, was integrated into the case structure on the RT as
its own case. This approach ensures highest reliability and
prevents crashes during operation by allowing all code
segments to run independently from each other, however, it

requires a careful optimised data communication structure.

Due to the limited computing resources, the amount of data
collected needed to be minimised. The encoder and
accelerometer data is acquired at different frequencies in order
to obey to the Nyquist criteria [132] (i.e. the encoder is
sampled at a significantly higher speed than the
accelerometer). Therefore, two different acquisition loops

acquire data while the third matches the data at each encoder
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pulse change. Thus, only the acceleration data needs to be
transferred to the RT since each data sample represent one
pulse change. This is an effective way of reducing data transfer

and increasing the system performance.

In order to ensure the accurate triggering of the laser at the
detected imbalance position, the FPGA continuously looks for
laser firing commands from the RT and executes them if the
encoder location matches the one specified by the RT. An FPGA
level velocity check prevents triggering during acceleration and
deceleration phases of the rotor. The trigger location is
adjusted for the time delay caused during the pulse built up
within the fibre laser. The delay is obtained by empirical
methods (i.e. measurement using light sensitive paper) and
converted into rotor circumferential distance, ts, assuming a
constant angular velocity of the rotor bearing system as shown
in Equation (58).

0f = 2mRwty (58)

During the time of the material removal process, the FPGA
ensures that the system runs at a constant velocity; if it notices

any disruptions the firing process is paused or stopped.
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Figure 84 Schematic of the modular structure of the pulsed laser
ablation program highlighting the data communication between the
modules

The program allows the user to adjust the acquisition rotational
velocity, firing velocity, number of periods acquired, etc.
Furthermore, the GUI allows the user to specify the IIR peak
filter parameters and the data acquisition starting position,
which can be adjusted. To ensure the initial imbalance has been
correctly identified the maximum amount of laser pulses per
iteration can be set using the GUI (see Figure 85) to minimise
the damage a misidentification can cause. During the balancing

process all laser operations are logged and the results of the
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peak detection algorithm are plotted each time the algorithm

has successfully determined the amplitude and position of the

imbalance.
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Figure 85 The GUI developed to control the on-line pulsed laser
ablation process

For economic reasons the amount of data analysed per iteration
needs to be balanced, as higher amounts require more
computing power, but also offer higher accuracy and greater

reliability.
4.5 Experimental Setup

The validation of the concept required the design of an
extensive set of experiments focusing on the balancing
capabilities, as well as, the accuracy of the proposed
methodology. The focus was on showing the feasibility and
reliability of the method as a replacement to the current off-

line balancing practices.
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Figure 86 The balancing test rig used for the purpose of evaluating
the on-line laser balancing method with setup A and B

Thus, the validity of the model was tested using a Yb:YAG fibre
laser with a maximum average output power of 20W and a
pulse duration ranging from 9-220 ns with a wavelength of
1062 £ 2 nm (see Section 3.2). The actual average power
output was measured to be approx. 17.24 W (the mean over
100 samples, see Section 3.5.1). The spot size has been
measured to be approximately 72 ym on the focal plane using
a CMOS beam profiler camera (see Section 3.6.2). Additionally,
a testing rig, consisting of a shaft with a rotor, aligned using a
ball bearing as well as linear ball bearing, has been designed

and built for the experiment (see Section 3.7).

To capture the vibrations, the accelerometer, with a sensitivity
of 1000 mV/g (see Section 3.5), was mounted on top of one of
the ball bearings, measuring the vibration due to the high
rigidity of the bearings in the vertical direction. Hence, the
minimum imbalance, which can be detected and balanced, is
determined by the physical limitations as well as the position of
the accelerometer. Thus, using accelerometers with a lower
signal to noise ratio or mounting them closer to the axial

position of the imbalance affects the minimum imbalance mass,
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which can be detected. Based on this setup the minimum

imbalance one could detect was G 6.3 according to ISO 1940/1.

The accuracy of the system depends on the correct pre-firing
of the laser. Therefore, the first set of trials focused on how
accurately and precise the system can target the desired spot
and ablate it using PLA. Therefore, light sensitive paper has
been attached to the rotor (see Figure 86 Setup A) and after
an initial calibration shot to mark the desired position, 10 tracks
of 8 pulses spaced approx. 1 mm apart have been fired at 100,
400, 800, 1000, and 1200 rpm. Table 16 shows the parameters
used for this trial; the pre-trigging timing of 0.7 ms has been
empirically determined for the system used, and varies
depending on the laser set-up. In order to evaluate the
precision between individual run-ups, after completion of the
experiment, the system has been restarted and the same
experiment has been re-run in order to validate the precision

of the pre-firing of the laser.

Table 16 PLA accuracy, precision, and balancing trials parameters

Parameter Accuracy & Balancing Trials
Precision Trials

Power, P 20 W * 20 W *

Frequency, f 35 kHz 35 kHz

Ablation 2.3 ms (i.e. 8 120 ms (i.e. 4200

duration per pulses) pulses)

revolution

Pulse ~ 220 ns ~ 220 ns

duration, T
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Simmer 0 % 100 %

current

No of tracks, 10 200

Nx

Spacing 1000 um 50 um

between the

tracks, dx

Speed of the 100 - 1200 rpm 1200 rpm for data
rotor, ® acquisition / 68 rpm

during laser firing

Note *: ca. 17.24 W after losses in the mirror system

Henceforth, to validate the balancing capability, a small Inconel
718 imbalance mass (80 x 20 x 0.6 mm) of 7.636 g has been
attached (see Figure 86 Setup B) at a known location (i.e. the
encoder has been set to a known arbitrary number at the
imbalance location, in this case 180° offset to the zero
reference position). Inconel 718 has been chosen as the
material for the imbalance mass, due to its common use in
aerospace components. The rotor has been balanced to an

initial residual imbalance of G 2.5 at 1200 rpm.

Using the PID motor controller (see Section 3.3.2) the rig has
been accelerated to a constant velocity of 1200 rpm; thus, the
peak detection algorithm was used to identify the angular
position of the imbalance, and consequently, trigger a track of
laser pulses considering the inherent delay as shown in
Equation (59). 200 tracks were placed with a spacing of 50 pm
to create a long rectangle in order distribute the material

removal over a large area and avoid the formation of a single
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“drilled hole”. Table 16 lists the relevant parameters of the

experiment.

The level of imbalance was evaluated according to ISO 1940/1
standard [95] using Equation (24), which is the permissible

specific unbalance, eper, multiplied by the angular velocity, w.

G = eperw (59)

4.6 Model validation and discussion

The results were evaluated with a focus on the repeatability
and reliability of the proposed method. Initially, a feasibility
study using a Simulink model has been conducted. Next, the
accuracy and precision trials of the chosen correctional method
(i.e. pulsed laser ablation), then the above-introduced
methodology was used to balance a rotor with an added Inconel

718 sheet acting as the imbalance.

4.6.1 Evaluation of the accuracy and precision of the

pulsed laser ablation

The system has been designed to accurately ablate mass at a
given angular position. The method, in order to quantify the
accuracy and precision, has been validated using light sensitive
paper. As an example these aspects of the system have been
evaluated at five different angular velocities (100, 400, 800,

1000 and 1200 rpm) to allow covering a wide application range.
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Figure 87 Pulse accuracy and precision trials performed on light
sensitive paper: 100 rpm (a), 400 rpm (b) and 1200 rpm (c)

Figure 87 shows the time dependency of the spacing between
the individual pulses for a single complete rotor rotation; i.e.
while the laser firing frequency is constant, an increase in the
speed of the rotor increases the spacing between the individual
pulses. Therefore, in the condition of the current setup, to avoid
drilling and instead ablate an area, speeds below 100 rpm are
necessary for the laser firing frequency chosen in this example
(i.e. 35 kHz). As the pulse frequency approaches infinite (and
the pulse energy remains constant), higher rotational velocities
of the part can be used, and therefore, the process time can be
minimised. Based on this rationale/example, an ablation
velocity of 68 rpm has been chosen for the rotor balancing in
order to maximise material removal and avoid drilling. The
pulses of each track have been fired within one revolution using
a static mirror system in the direction of revolution (i.e. in this
example, nine tracks require nine revolutions - see Figure 87).
Hence, by comparing the angular position of the it pulse of all
tracks the accuracy of the system is evaluated. In this example,
the 4t pulse of the 1200 rpm example shows variations well
below 50 ym (see red dotted reference line on Figure 87 c)).

Overall, at all velocities the pulses were very well aligned (error
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below 50 um), thus proving the accuracy in the laser hitting the
rotor in the same angular position that varies in max. 0.04

degree.

Additionally, in order to evaluate the repeatability of the
system, after the initial nine tracks were fired, the rotor was
stopped and externally disturbed (i.e. manually rotated),
before it was again accelerated to the desired velocity and the
experiment was repeated. This replicates a scenario in real
conditions when an operator stops the system, examines the
ablated surface and starts the system again. Hence, each spot
on the light sensitive paper has actually been created in two
separate run-ups. Therefore, by examining how closely the
same position could have been hit again the repeatability of the
system can be evaluated; for example, Figure 87 - c the
individual spots were actually created by the two nearly
perfectly overlapped spots created in two separate runs with a
stoppage and manual disturbance in between. Thus, in this
example, a repeatability error of less than 10 um was achieved.

Hence, the method was considered very repeatable.
4.6.2 Balancing evaluation

The system proved to be capable of balancing rotating
components. The material removal amount is highly dependent
on the laser system wused and its configured process
parameters. Hence, depending on the purpose of the system
(i.e. fine balancing or general balancing) a different laser
system would have to be used (i.e. in order to remove masses
of several grams a microsecond cutting laser would be suitable,
while for fine balancing a nanosecond engraving laser may
suffice). As an example, the validation trials have been

conducted with the aim to reduce the unbalance of a rotor.
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Initial measurements (see Table 17) detected the imbalance at
195° (the imbalance has been attached at the reference
position of 180°). However, this includes the phase shift, as the
acceleration cannot be measured directly at the rotor. In this
case, the vibration is measured on top of the right bearing,
which caused a phase shift of 15°. Hence, the program
determined the laser triggering position to be 179.71°
accounting for the 15° phase shift and a trigger time delay of
the system of 0.7 ms for a rotational speed of 68. The

balancing grade was determined to be G 22.5 at 1200 rpm.

The peak filter design proved to be very efficient in cleaning the
initially noisy raw acceleration signal acquired at 1200 rpm (see
Figure 88 - a). The Fast Fourier Transform (FFT), showed
significant high frequency noise above 100 Hz (nhot shown in
Figure 88). In the low frequency region there are two distinct
frequencies, 20 Hz and 80 Hz (see Figure 88 - ¢). 80 Hz has
been shown to originate from the rig design through extensive
impact hammer modal testing (i.e. the rig was tested by hitting
the pillars containing the bearings in the x, y and z direction;
then the frequency spectrum was evaluated for peaks
corresponding to natural frequencies of the rig). The 20 Hz
component was discovered to be caused by the attached
imbalance, with the magnitude of 20 Hz signal directly related
to the mass of the imbalance. The filtered signal shows a
constant amplitude (see Figure 88 - b), and its corresponding
FFT confirms that the peak filter effectively cancelled out any
frequency components outside £ 15 Hz range of the 20 Hz

frequency (see Figure 88 - d).
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Figure 88 The raw acceleration signal (a), filtered acceleration signal
(b), FFT of the raw signal (c), FFT of the filtered signal (d) at O layers
ablation (i.e. before ablation)

The accuracy of the detection of the angular unbalance position
(i.e. 180° and 15° phase shift in this case) was less than 1%
and the precision consistent, except of minor variations, which
could be contributed to noise from the moving parts within the
bearings (see Table 17). To avoid misfire, a number of
measurements (i.e. 10, each consisting of 20 individual periods
in this case) were averaged. The simulated position detection
shows variations in the first five samples and remains constant
afterwards. This is due to the state of the IIR filter containing
past data from previous measurements and not its initialised

default values. The same phenomena can be observed with the
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detected imbalance positions of the testing rig (the first three

samples contain the largest errors).

Table 17 Initial angular imbalance position detection performance
(placed at 195° offset from the zero encoder reference position)

Detected Position | Error | Detected Error
Testing Rig (°) (%) | Position (%)
Simulation (°)

193.54 0.41 |193.54 0.75

192.92 0.58 |[196.35 -0.69
193.97 0.28 |197.75 -1.41
195.03 -0.01 | 198.37 -1.73
195.38 -0.11 | 198.54 -1.82
195.64 -0.18 | 198.63 -1.86
196.08 -0.30 | 198.63 -1.86
195.21 -0.06 | 198.63 -1.86
195.12 -0.03 | 198.63 -1.86
194.94 0.02 |198.63 -1.86

Ablation of material at the detected “heavy spot” using the
proposed PLA method (176 layers in this case), showed a
reduction in the amplitude (which corresponds to a reduction in
the mass of the imbalance, 0.595 g in this case, see Figure 89).
In this example, the unbalance has been reduced from G 22.5
to G 19.5 at 1200 rpm representing a minimisation by approx.
13%. The simulation of the example correction process shows
a similar reduction in amplitude; therefore, validating the

identified system parameter of the simulation.
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Figure 89 The amplitude of the unbalance decreases with continuing
ablation

For the highest repeatability of the imbalance detection
potential error sources have to be taken into consideration (e.g.
bearings). In order to minimise errors a number of acceleration
measurements are averaged. The visible trend showing a
change of 5° over 176 layers to the detected unbalance position
of the validation example in Figure 90 is contributed to the non-
central correction of the Inconel 718 sheet (see Figure 91). This
is due to a manual correction of the firing position to avoid the
misfire, due to the non-controllable mirror movement of this

specific scanning head, causing damage to the testing rotor.
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Figure 90 Changes to the angular position during unbalance
correction

Figure 91 shows the high precision of the track placement in
the correction/ablation area; at the end of the tracks, there is
a “fringe” showing that there were minor variations (approx.
3.46 mm) within the angular finishing location of the laser
track. This can be reduced by ablating at higher velocities or by
reducing the length of the ablation area (for an in-depth
discussion see Chapter 5). Additionally, higher velocities reduce
the effect of acceleration and deceleration of the rotor caused
by the PID motor controller. However, this requires a laser
system capable of delivering sufficient pulse energy for Inconel
718 ablation at high frequency to ensure an overlap between
the individual pulses, and therefore, the ablation of an area
rather than a rectangle of individual holes. Decreasing the
length reduces the error by minimising the amount of time the
rotor is exposed to ablation. However, this significantly
increases the amount of time to remove any unbalance, due to
an increase of “triggers” needed (i.e. more layers) to complete
such a process. However, the example given was done with the
aim of proving the concept, and hence, such considerations

have not been accounted for.
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Figure 91 Imbalance minimised after 176 layers of PLA

The results suggest that laser balancing is a viable alternative
to traditional balancing techniques, especially when it comes to
fine balancing (i.e. balancing component with imbalances below
3 g) due to the linear relationship between process time and
the amount of mass to be removed. In order to achieve higher
Material Removal Rates (MRRs), laser systems with higher
pulse energies at high pulse frequencies are required. Using
lower pulse duration laser systems (in the microsecond regime)
could result in an MRR of as low as seven minutes for 1 g mass
removal. However, this will result in a very different ablation
process/characteristic, and therefore, may result in side effects
like increased surface and structural damage to the targeted
component. Therefore, an extensive validation of laser systems
with different ablation characteristics is required in order to
ensure the quality standards required for balancing the specific

part are met.
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4.7 Conclusion

Balancing is an essential process for many industries like the
automotive, medical, defence, and power turbine industry.
Henceforth, most recent research improves on the traditional
balancing methods without changing the two-step nature of the
process, i.e. the identification of the imbalance location and
mass, and then the removal of such by a separate machine.
Due to space requirements for such a machine, in-situ
applications are usually not possible. Lasers, however, allow
machining in space restricted environments. This chapter
reports on a model to enable in-situ online pulsed laser

balancing.

e A model for on-the-fly PLA balancing has been developed,
consisting of a state space model of the rig. The model
has shown to be able to predict accurately (less than 5%
error) the impact of pulsed laser ablation onto the rotor.
It is used as both a feasibility study as well as a guide to
evaluate the effectiveness of pulsed laser ablation.

e The method has been integrated into a specifically
developed system. An adaptable IIR peak filter has been
designed to filter acceleration signals recorded at varying
rotational velocities. The peak filter has been designed in
order to minimise false positives and rejected
measurements. It automatically adapts to the
measurements and does not require any user interactions
apart from the initial configuration. It has shown to be
able to detect imbalances with an accuracy of less than
1%.

e The system has been developed to be accurate and
repeatable, by considering time delays and velocity

variations over a wide range of rotational speeds (100 -
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1200 rpm). This has been achieved by using a FPGA to
evaluate the velocity and position of the rotor, as well as
trigger the laser within the same loop. The systems
accuracy has been shown to be below 50 uym and its
repeatability below 30 pm.
e The balancing capabilities of the system have been
demonstrated by removing a small amount of Inconel
718 as an example (approx. 0.5 g), and henceforth,
reducing the overall unbalance of the rotor. The use of
different laser systems in order to remove larger
guantities in a reduced timespan has been discussed. It
has been concluded that the method is viable on an
industrial scale due to cost savings in the long-term by
not requiring skilled labour, as well as, the potential in-
situ applications.
Hence, the proposed balancing method allows the users to save
time and associated costs by removing the two-step nature of
traditional balancing. Moreover, the reliance on manual skilled
labour can be further decreased. Further research in the effects
of different laser systems for different balancing application is
needed (see Section 6.4); nevertheless, laser balancing offers

a solid solution to balancing on an industrial scale.
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Chapter 5 - A method and error
analysis for on-the-fly feature
generation using laser beam

machining

In this chapter, a concept for predicting the material removal,
process time, and errors of user specified features using in-situ
on-the-fly laser balancing, is introduced. On-the-fly laser
machining is understood as a process that aims to generate
ablation pockets on target components, which are rotating at a
constant velocity. The method is developed to be applicable to
in-situ balancing applications, i.e. the component can be
balanced without the need to remove it from its assembly. This
requires a methodology, which can be used in space restricted
environments and can utilise existing sensors within the
system, without the need of a fully integrated linear/rotary
stage for the laser ablation process. Moreover, this chapter
discusses the effect of different ablation feature shapes and
their impact on the error of the overall pocket/feature. This
offers new insights in the mechanism of on-the-fly laser

machining processes, in particular balancing.
5.1 Introduction

Balancing modern engines using the pulsed laser ablation
method, developed in chapter 4, requires a deep understanding
of the laser ablation process used as a correction method. In
order to make this method more reliable and further de-skill
the process of balancing, an on-the-fly laser machining concept
has been developed. On-the-fly laser machining is used to
describe a process that is performed on a workpiece that is
rotated or moved at a constant velocity during the process. It
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differs from a laser system/machine on which multiple
positioning (linear/rotary) stages are integrated, since it only
consists of the laser source with its galvanometric beam
manipulator, that then needs to have its pulse triggering
synchronised with the independent motion of the part
(belonging to another manufacturing system); such approach
would allow the on-the-fly laser ablation system to be truly
portable, and able to perform machining of components after

assembly.

This lead to the development of an on-the-fly machining
concept that is capable of optimising the material removal rate,
and process time of a user defined feature. Additionally, it
calculates the expected errors in mass and dimensions of the
feature, and visualises the error sources. This allows the user
to optimise the on-the-fly machining process to suit the
individual need of the applicable scenario. The prime objective
of this task was to provide a model, which could be used in
conjunction to the previously (see Chapter 4) developed pulsed
laser ablation balancing methodology to optimise the imbalance
correction process in terms of generating user defined features

and process time.

In order to assess the capabilities of the newly developed on-
the-fly laser machining/balancing concept, research has been

conducted into the following:

e The accuracy of the material removal prediction when
generating a user defined feature using on-the-fly laser
machining

e The effects of different pulse placement strategies (i.e.
square and hexagonal) on the are surface roughness of

the targeted component
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e The reliability of the developed error prediction model in
calculating the mass removed and circumferential
dimensions of the on-the-fly laser machined feature

Henceforth, the suggested on-the-fly laser machining

methodology is presented in the following chapter.
5.2 The concept of on-the-fly laser machining

During the recent decade, ample research has been done on
pulsed laser ablation (PLA) and its thermal and kinematic
effects on the surfaces of components [133]. Machining on-the-
fly using PLA does not have an a priori full integration between
the galvanometric manipulator of the laser beam and the
moving/rotating stages of the part to be machined; this
requires not only engineering integration of the two systems,
but also deep understanding of sources of errors that might
impede on the time synchronisation of the beam action and the
moving part. As on-the-fly pulsed laser machining is defined as
ablating the targeted component while it is moving or rotating
at a constant velocity using a non-integrated laser system, it
finds its use in repair tasks of industrial installations without
the need of their disassembly, i.e. in-situ repair. However, in
this approach the accuracy of the individual pulse placement
affects the overall accuracy of an ablated feature; therefore, its
accuracy is dependent on the errors in the individual spot
placement on the target rotating/moving part. Figure 92
presents a schematic of the principle that governs the on-the-
fly laser balancing concept on which the galvanometric
actuated mirror can manipulate the beam in the x and y
directions; the rotating movement, w, of the part is to be
integrated with the laser triggering and the beam
galvanometer. For simplicity reasons, the following on-the-fly

concept is applied so that the beam will be manipulated (at
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intervals) only in the x direction, while the rotation, w, of the
rotor will be used to imitate the raster path of the beam to
generate the ablated feature (as presented in the insert Figure
1); hence, the error related to the intermittent spot placement
in the x direction will be considered small enough to be
neglected in the proposed models. However, the error, related
to laser spot placement along Dy (i.e. y) in the circumferential
direction, is the combination of the errors of the following
variables (see Figure 92): the frequency of pulses, Af; the time
to trigger a laser pulse, Atq; the rotor radius, AR; the spot
diameter, A¢; the velocity of the moving component, Aw. Thus,
by superimposing single spots on y (circumferential) and x
direction laser ablated pockets/features can be generated on
the moving/rotating components. This is to be repeated several
times, where each complete cycle is regarded as a layer;
henceforth, the total number of layers, n;, of the feature affect
its depth, d.

X\ Mirror (x rotation)
Laser ablated feature
S (I
Laser source f+af |
|
ty + Aty — T
T Lens
|
r, -
Control unit [}
A
Bearing Bearing
A 4 "
Motor & oA ]
Encoder /
Shaft

z
y Disk R+AR
X

Figure 92 Schematic of on-the-fly pulsed laser ablation with main
sources of errors
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In this context it is of crucial importance to study the errors
related to these interdependencies on the geometrical accuracy
of the ablated feature and allow the necessary actions to enable
high precision removal of material of the target rotating part.
Once, the model for on-the-fly laser machining/balancing is
understood and the errors budgeted, it allows the comparison
of different shapes (e.g. is it more accurate to ablate a long
patch along the curvature of the rotor or a wide patch) and
their geometrical accuracies, and thus, select the geometry of
the ablated feature that has a minimal error from the targeted

one.

While the concept of on-the-fly laser machining is exemplified
for a rotating disc at a constant velocity, it can also be applied
to any scenario of part moving arbitrarily within the scanning

area of the laser beam.

5.3 Modelling the errors for on-the-fly laser ablation,

targeting an application for in-situ balancing

The model determines the optimum pulse frequency, f, laser
power, P, and number of ablated layers, n; for a defined
geometric feature using multi-objective  optimisation
techniques in order to minimise the process time, tp, and the
deviation from the desired mass removal, mq. Furthermore, the
cumulative error of critical dimension of the feature (i.e. D, -
see Figure 92) resulting from pulse placement error is

calculated for the optimised parameters.
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Figure 93 Flowchart of the on-the-fly laser machining approach

Figure 93 shows a flowchart of the on-the-fly laser machining
strategy introduced in this work, which starts with the selection
of the critical dimensions (Dx, Dy) of the required feature as well
as the desired mass, mg, to be removed by on the-fly
machining; note that the depth, d, of the feature (see Figure
92) is not defined, but results from the chosen removal mass
(which depends on the specified balancing grade). The desired
feature is optimised for the minimum machining time whilst
meeting the mass removal criteria using an optimisation
algorithm (see Section 5.3.1). To model the mass removal, mq,
and determine the process time, t,, a grid for the pulse
placement is generated (see Section 5.3.2), and then a single
footprint is simulated and applied to the grid (see Section
5.3.3). The grid geometry is adjusted according to the output

of the scaling model relying on an artificial intelligence
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technique accounting for errors occurring at beam/workpiece
interface, e.g. variation of material redeposition (see Section
5.3.4). Lastly, the on-the-fly machining errors of the feature
associated with the optimum parameters (i.e. the output of the

optimisation study) are determined (see Section 5.3.5).

5.3.1 Optimisation modelling minimising the processing

time, while meeting the mass removal requirement

The multi-objective genetic optimisation algorithm is a search
method, which attempts to find the optimum process
parameters of the on-the-fly laser machining method for which
both goals, i.e. process time and error of the mass removal,
are minimised: however, they cannot reach an absolute
minimum at the same time. Those solutions can be obtained
via multi-objective genetic optimisation (represented as a
Pareto curve), which has been considered the approach in this
work. Compared to other optimisation algorithms used in
engineering problems, genetic optimisation has few
requirements and allows for a global search (i.e. it attempts to
find the global minimum rather than the local minimum) [71],
[81], [134].

The genetic optimisation algorithm employed in this work
follows the well-established steps in genetic optimisation

algorithms [70] as outlined below:

1. (i) Formulate an equation for each goal (i.e. the
processing time and error in removal mass) describing
the problem with the variable parameters (i.e. the fithess
function). (ii) Chose a size for the population of the on-
the-fly laser machining parameters and define other
variables of the multi-objective genetic optimisation

algorithm (i.e. crossover and mutation functions,
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crossover probability). (iii) Initialise a random population
of the pre-determined size. (iv) Set a time limit and
maximum allowed number of generations before the
algorithm finishes (i.e. the finishing criteria).

2. Evaluate each member of the population of the on-the-
fly process parameters and choose the best members
(also known as parents) as the elite to be carried on to
the next generation. A generation is defined as all
members of one population. Therefore, at each iteration
of the algorithm, one new generation is created on basis
of the previous one.

3. Check whether finishing criteria of the on-the-fly laser
machining algorithm is reached (e.g. limits on
computational time, generations).

4. Reproduce the current population members and repeat
the algorithm until one finishing criteria is fulfilled. The
reproduction is done by either mutating one parent or

crossing the parameters of two parents.

As the steps 1-4 are common in the field of process
optimisation, they are not detailed here but used only to

support the proposed on-the-fly strategy.

With this in mind, a multi-objective genetic optimisation
algorithm [77] is used to optimise the process defining
parameters (pulse frequency, f, laser power, P, number of
layers, nz, and the pulse spacing in x and vy, dx,y) for on-the-fly
laser machining to meet the two algorithm goals: (/) minimum
process time, t; (ii) minimum error of the mass removal, mq.
Furthermore, some practical constraints had to be imposed for

the genetic optimisation:

e The pulse frequency, f, is limited by the constraints of the
scaling model (see Section 5.3.4, Table 18) and the laser
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system being used, where fmin is the minimum and fmax

the maximum pulse frequency.

fmin = f = fmax (60)

e The laser power, P, is limited by the material ablation
threshold, Pmin, and the maximum value Pmax to avoid

metallurgical damage of the part.

Pmin <P< Pmax (61)

e The number of layers, n;, is limited to a minimum of 1
and a maximum, n: max, chosen based on the desired

removal mass, mg.

1=n; =Nz max (62)

e The pulse spacing, dx,y, is limited by the minimum, wmin,
and maximum, wmax, rotational velocity permissible by
the motor and its controller, and the pulse frequency, f.
Additionally, the constraints imposed by the calibration
process of the scaling model limit the pulse spacing (see
Section 5.3.4, Table 18).

wminR wmaxR

—<d,, <
fmax r fmin (63)

e The pulse energy, E, (i.e. the laser power, P, divided by
the frequency, f), is limited by the calibration process of
the scaling model, which enables the determination of the
ablation depth of a laser process (see Section 5.3.4,
Table 18).

P
7= Ep (64)
Note that the pulse frequency, f (Hz), pulse spacing, dy,x (pm),

and the number of passes, n; have been constrained to
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integers. The laser power, P, has its value expressed to 1

decimal place.
5.3.2 Generation of the laser pulse grid coordinates

To generate a feature, a number of laser pulses need to be
placed in a manner to form the required shape; the coordinates
of all necessary laser pulses are regarded to as a grid within
this work. All grids consist of a number of tracks (i.e. lines of
pulses) orientated along the circular curvature of the targeted
part, i.e. y-axis (see Figure 92). Thus, each track corresponds
to a single laser ablation trigger, i.e. one revolution of the
rotating part. The spacing between the individual pulses, dx,,
determines the amount of pulses, ny, per line as well as the
number of tracks, nx, as shown in Equation (65); where Dy,y is
the critical dimension and ¢ the diameter of an individual laser
pulse. The critical dimension is defined as the measurement
that describes the feature in the relevant direction (see Figure
94).

Hexagonal Packaging Square Packaging (Traditional)
z A?.ai.‘ q,i@ 000
qg ?,‘VI D ? ? ?
PaSat s
STy
ERISS S8
T poeeeet
R Q o GHSH OO C) O Laser pulse centre

Figure 94 Example of pulse placement grids for a rectangle using
hexagonal and square pulse placement

For example, for a rectangular shape it is the length in the y

direction, Dy, and the width in the x direction, Dx.
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Dx,y - 2¢
Nyy = —dxy +1 (65)

In this work it is assumed that the targeted component rotates
with a constant velocity, w. Therefore, the time between the
triggering and the start of the ablation process, tq, is expressed
as the circumferential distance on the rotor as shown in
Equation (66), where w the rotational velocity of the targeted

component and R the radius of the rotor.
dy; = tqwR (66)

The vertical pulse spacing, d,, between the individual pulses is
governed by the rotational velocity of targeted component, w,
the frequency of the laser pulses, f, and the radius of rotor, R,
as shown in Equation (67). The horizontal pulse spacing, dx, is
solely limited by the accuracy achievable of the laser
positioning system (galvanometer). During the generation of
each track, the mirror of the laser head/galvanometer remains

stationary in the x and y axes.
d, = wR
y f (67)

Hence, the length D, of the feature can be expressed as shown
in Equation (68).

Dy=;%R+¢ (68)

Some on-the-fly laser machining applications (e.g. balancing)
could be employed to high value components, where it is
essential to ensure that minimal damage (e.g. metallurgical
transformation) is caused by the pulsed laser material removal
process, which can also include various forms of micro and
macro scale morphological changes, like increased surface
roughness [50]. Therefore, to minimises surface roughness one
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has to ensure that the fluence is equally distributed over the
ablation area; this is achieved by placing the pulses using the
hexagonal packaging technique, which has been conclusively
shown to be the densest distribution of laser footprints [135]
(i.e. offering the most equal distribution of fluence) compared
to the traditionally used square packaging of pulses (see Figure
94).

5.3.3 Generation of a laser footprint

There are previous works regarding surface prediction through
energy beam material removal that have adopted a crater-by-
crater approach for modelling the evolution of the surface
texture [69], [136], [137]. A common theme in these
approaches is to first generate a single crater from process
parameters, and then to overlap/convolute this, either
with/without crater modification for subsequent pulses, to
achieve a complete machined surface. This thesis proposes to
utilise this method in predicting the radius of a single crater for
any given input parameters; this is building on the previous
experience in the group by Gilbert et al [136], where calibration
between the laser system and target material is carried out
prior to use. The plotted relationship between energetic
parameters of the laser ablation process and their
corresponding material removal when used to ablate a known
target material is of logarithmic nature. This relationship is then
used to calculate further depths of ablation at other energetic

parameters.

The energetic parameters used are expressed as a normalised
fluence (Onormaiised). This is simply a ratio between the fluence
calculated from the energetic parameters in question, O, (see
Equation (69)), and the maximum ones achievable by the laser
system, O (see Equation (70) and (71)).
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8P

O Ty (69)

9. = 8Prnax 0

T mfo(2mp)? (70)
(0]

Onormalised = @_ (71)

0

Where additional notations have the following meaning: Pmax -
maximum average power output of the laser (W); fo - lowest
pulse repetition frequency before attenuation; w; - beam radius

at workpiece surface with a focal length of z.

Figure 95 shows a generic relationship between ablated depth
and normalised fluence following Equation (72). The vertical
dotted line shows the normalised threshold, fluence O, at
which ablation begins to occur using the specified laser system
and target material. Thus, it is possible using this information
to calculate the radial position within the laser beam at which
this threshold fluence O value is reached and therefore, the

target material ablated.

¢
ds =aln (6_0> +b (72)

S
=) P = - =
- - N » o ©
- 0 b = | .

Ablated Depth d_ (um)
o
®

0.4

0.2+

| |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalised Fluence 9/6-)0

Figure 95 Example calibrated relationship between depth of ablation
and normalised fluence
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Using the equation (72), the threshold fluence (where d = 0,

see Equation (73) and (74)) can be calculated;

o=ain(2)+s
=a Tl@O

by 6
e(_E) = @—O

(73)

(74)

Once this normalised fluence value is known, by using a known

beam energy distribution, it can be used to derive the radial

position from the beam centre at which threshold fluence

occurs (see Figure 96). This radial position across the laser

footprint will, therefore, indicate the region outside which the

ablated depth could be considered zero.
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Figure 96 Example of laser beam energy distribution (top) and crater
depth profile (bottom), with the red shaded area indicating fluence

below the ablation threshold level
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This is shown graphically in Figure 96 where an example of a
generic laser beam energy profile is coaxially aligned with its
corresponding ablated crater (excluding the zone where the
fluence is below the threshold, ©). Using the above described
crater of the laser, this can be placed on the grid of pulses as
described in Section 5.3.2 to enable the prediction of the

ablated feature.

5.3.4 Development of an intelligent scaling model to

predict the material removal rate of pulsed laser ablation

With ablation of metals it is likely that some degree of material
redeposition, i.e. melt expelled from the crater and solidified
around the footprint, occurs [136], [138], [139].

Pulse
Frequency (f)

Pulse Spacing

(dx,y)
No of Depth (d)
Passes (n,)
Critical ‘
Dimension (D,)
Critical ‘
Dimension (D)
Input Layer Hidden Layer Output Layer

Figure 97 Schematic of the artificial neural network for the prediction
of the ablation depth in on-the-fly laser machining

As this phenomenon is random and in repeated ablated layers
is likely to affect the prediction accuracy of the model, this
aspect has been addressed by a scaling approach, i.e.

compensating the accuracy of the ablation depth with the
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number of layers to minimise the effect of the material
redeposition. As the scope of this thesis is about controlling the
on-the-fly laser machining this approach was considered
appropriate to enable the proof of the proposed in-situ
balancing concept. Thus, for the scaling approach for the laser
footprint (see Section 5.3.3) an Artificial Neural Network
(ANN), see Figure 97, was utilised. This research uses the
network to predict the real (affected by material redeposition)
ablation depth, d, which is dependent on the process
parameters (pulse frequency, f, pulse spacing, dx,,, the critical
dimensions of the feature, Dx and Dy, and number of layers,
nz). These parameters are the input neurons into the ANN,
while the neurons within the hidden layers act as processing
units containing the transfer function (Equation (75), where, X,
is the sum of all randomly weighted inputs of the neuron) to
obtain the output, i.e. ablation depth, d; note that Equation
(75) is mathematically equivalent to a hyperbolic tangent
function, however, runs faster by sacrificing some accuracy to
computational speed and is therefore, commonly used in neural
network designs [140]. All other factors, which may influence
ablation depth like material, pulse energy, distance to focal
plane, and spot size, are kept constant within this work.

2

=1
Y S Tv e

(75)

The network was designed using the Levenberg-Marquardt
backpropagation algorithm [141] which minimises the
computing time by approximating the Hessian matrix and
calculating the Jacobian matrix using backpropagation; since it
is @ commonly used algorithm in neural network design, it is

only briefly introduced.
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5.3.5 Error modelling using a standard deviation
approach

With the models ready to predict the optimum removal rate for
a given feature to address on-the-fly laser machining, and
bearing in mind that this can be utilised for in-situ balancing of
rotatives, an obvious question is the influence of the variances

of the process parameters upon the obtained ablated geometry.

Considering that the width, Dx, is commanded by the laser
galvanometer sequentially between ablated tracks, this section
presents a way to determine the expected errors in the length,
Dy, of the ablated pocket along the cord of the rotor; thus, with
the ablation depth known from ANN (see Section 5.3.4), Dx
considered of negligible variation, the variance of the on-the-
fly ablated volume can be obtained enabling the assessment of

the precision of the in-situ laser balancing method.

Figure 98 Schematic of the error sources in circumferential (y)
direction
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This allows the development of a general error prediction
model, which is not tied to one specific experimental set-up. In
this respect, each pulse is affected by up to three errors: (i)
error in the circumferential direction (i.e. y error); (ii) error in
the horizontal direction (i.e. x error); (iii) error in depth (i.e. d
error). The errors are calculated using the multi-variable
calculus approach [142] as shown in Equation (76), where Ax
is describing the total error, and A, B and C are variables,
contributing to H, for which the error values are known. This is
known to deliver the most accurate prediction of the actual
error. Furthermore, it allows one to study the individual impact
of the each contributing error parameter (A, B, C..), and
therefore, to identify ways reduce the variability of the output,
H.

2 2 2
Therefore, the total error in y, ADy, is expressed by Equation
(77), which describes the combined error due to the time lag,
Atq, which determines the starting position of each track, and
the sum of all pulse placement errors within one track (based
on Equation (66), (67) and (68)).

ny

AD, = |(Ad,,)" +A Z d, |+ 77)

i=2

Hence, the overall error is dependent on the error in the time
lag, Atq, the pulse frequency, Af, the pulse radius, A¢ , the rotor

radius, AR, and the rotational velocity, Aw (see Figure 98).

In this work, the x error is only influenced by the accuracy of

the chosen galvanometric laser head, ADx, while the z (or d)
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error is solely dependent on the accuracy of the ANN in
predicting the depth, d. Hence, it is obtained by assuming a
Gaussian distribution of the ablated depth predictions by the
ANN. Obtained using Equation (78) and (79), the error in the
mass, Amp, is calculated.

" =By bed (78)

2 2 2
A = % '(AD )2+% - (AD 2+% - (Ad)?
™= D, ) T 3D, R R (79)

In conclusion, by knowing the errors affecting on-the-fly laser
machining, the user has strict control over the desired feature
generation in terms of dimensions and mass removed. This is
necessary for processes with stringent design requirements or
applications, which require an accurate mass removal like

balancing.
5.3.6 On-the-fly laser machining workflow

Considering the previous modelling specifications, the
procedure to perform on-the-fly laser machining relies on the

following steps:

1. The user specifies the desired feature with critical dimension
(Dx and Dy) and mass removal target, mgq; note that critical
dimensions (Dx and Dy,) depend on the space available on
the part, between existing geometrical features of the
rotative, to enable the removal of the required mass, mq,
leading to the desired level of balancing.

2. The optimisation algorithm generates an initial population of
process parameters (pulse frequency - f, pulse spacing - dx,y
and number of passes - n;) using the supplied constraints
(see Equation (60) - (64)).

3. Each member of the population is evaluated:
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- Pulse coordinates for the specified feature are generated
(see Equation (65) - (68)).
- The laser footprint is simulated for the chosen energetic
parameters (see Equation (69) - (74)).
- The simulated laser footprint is plotted for each of the
coordinates generated in step 3.1.
- The simulated feature is scaled based on the model
outputs from the ANN (see Section 5.3.4).

4. The optimisation algorithm checks for exit conditions (i.e.
maximum number of generations, computational time limit).
If none of the conditions is met, continue with step 2.

5. The associated errors of the feature are evaluated (see
Equation (77)) to enable corrective actions to the on-the-fly

laser machining process.

5.4 Methodology and experimental design

For all trials a Yb:YAG SPI G3.1 SM fibre laser with a maximum
average output power, P, of 20 W and a pulse duration ranging
from 9-220 ns with a wavelength of 1062 + 2 nm was used
(see Section 5.3.2).

5.4.1 Calibration trials
5.4.1.1 Optimisation model

Before validation and utilisation for on-the-fly laser machining,
the previously developed model (see Section 5.3) had to be
calibrated. This will provide the process parameters to achieve
the desired mass removal target at a minimum process time.
For this, the optimisation algorithm (see Section 5.3.1) needs
to be configured. Thus, a population size of 100 for the process
parameters (f, P, n; and dxy,) and the two goals (t, m) was
chosen. The elite count was set to two (i.e. the number of

members who are guaranteed to survive into the next
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generation), while the crossover probability is 0.8. The
maximum number of generations (i.e. the limit) was chosen to
be 300; this ensured a justifiable computing expense. New
mutations were created using Gaussian distribution in
accordance with the standard genetic optimisation practice
[143].

5.4.1.2 Laser spot footprint model for on-the-fly laser

machining

The footprint model (see Section 5.3.3) needed to be calibrated
in order to obtain the radius of the laser spot at which the
ablation threshold occurs for a given material (i.e. Inconel
718). This was done by varying the fluence levels, ©, and
measuring the depth, ds, of the footprint from which the
logarithmic dependence as in Equation (80) was obtained
(considering the ©¢ = 2021 J/cm?).

ds = 1.0206 - In(Onormaiisea) + 1467 (80)

Hence, using the laser parameters (laser power - P, pulse
frequency, f, beam radius, w; and focal position, z) and
assuming a Gaussian beam profile, the footprint of one laser
pulse can be determined. Then, the diameter of the spot, ¢,

can be measured (see Figure 96).
5.4.1.3 Scaling model

Having obtained the spot radius and plotted the pulses onto the
generated grid, the ANN needs to be calibrated to obtain the
predicted feature depth, d,. The optimum neural network
structure (see Section 5.3.4) for this example consists of one
hidden layer containing six neurons (see Figure 97). The input
layer has five neurons (i.e. frequency - f, pulse spacing - dx,y,
number of layers - n;, critical dimensions — Dx and Dy) and the
output layer has one neuron (i.e. depth of the feature - d). It
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has been found that increasing the nhumber of neurons above
the determined optimum of six causes over-fitting due to the
noisy input data due to phenomena like shielding, which are

difficult to control within the experimental setup of this work.

The network was trained using 57 trials by varying in the pulse
frequency, f, pulse spacing, dx,y, critical dimensions (Dx and Dy)
and number of layers, n; (see Table 19); in order to simplify
this model, the pulse spacing, dy,x, has been kept equal in both
x and y directions. All laser ablated samples have been carried
out on Inconel 718 as workpiece material at a constant pulse
energy, Ep, of 400 mJ] (see Equation (81)).

P
E, =?=400m] (81)

The scanspeed, v, was determined by Equation (82).

v =dyyf (82)

The sample depth, dm, was evaluated using a white light

interferometer (Bruker Contour GT, see Section 3.6.3).

In order to validate the designed network, the data samples

were randomly divided into three categories:

e Training samples that were used to train the network and
continuously adjust the error between the measured and
predicted depth.

e Validation samples that were used to measure the
generalisation and stop the algorithm if there are no more
significant improvements.

e Testing samples that were used to validate independently
the performance of the developed network. They have no

effect on the training of the network.
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For this work, the data laser ablated samples were split into:

70% for training, 15% for validation, and 15% for testing.

Table 18 Variation intervals for the neural network input parameters

Input Parameter Minimum Maximum
Frequency (f) 28 kHz 50 kHz
Pulse Spacing (dx,y) 10 um 40 pm

No of Layers (nz) 1 222
Critical Dimension Dy 2 mm 60 mm
Critical Dimension Dx 2 mm 60 mm

The limitations of the ANN (see Table 18) are defined by the

range of samples submitted to the training of the network,

which were selected by considering the restrictions imposed by

the laser system and material (i.e. Inconel 718), as well as, the

expected application of the network.

Table 19 Experimental and training results of the neural network for
Inconel 718 calibration trials, blue shading indicates square ablated
patches (i.e. 4 x 4 mm), while orange shading indicates rectangular

(i.e. not square) ablated patches

Parameters
Dx (mm) Dy (mm) dyy f (kHz) n; dm (UmMm) dp (UM)
(um)
4 4 40 50 1 -0.3 -0.43
4 4 40 50 25 -3.08 -3.07
4 4 40 50 3 -0.11 -0.67
4 4 40 50 9 -1.69 -1.35
4 4 40 45 1 -0.12 -0.14
4 4 40 45 25 -2.78 -2.73
4 4 40 45 3 -0.62 -0.37
4 4 40 45 9 -1.14 -1.04
4 4 40 40 1 0.05 -0.05
4 4 40 40 25 -2.97 -2.59
4 4 40 40 3 -0.19 -0.27
4 4 40 40 9 -0.57 -0.94
4 4 40 35 1 -0.37 0.01
4 4 40 35 25 -2.35 -2.45
4 4 40 35 3 -0.23 -0.21
4 4 40 35 9 -0.12 -0.85
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35
35
35
35
48
44
44
45
45
49
49
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49

134

68

154

222

222

96

167

56

96

-0.44
-15.1
-1.76
-5.69
-0.2
-14.67
-1.55
-4.99
-0.28
-13.45
-1.33
-4.71
-0.78
-12.47
-1.33
-4.6
-2.26
-62.89
-8.14
-25.24
-1.87
-63.48
-7.59
-23.37
-1.6
-58.05
-6.95
-24.76
-1.62
-53.41
-6.69
-22.84
-274.62
-111.88
-152.57
-144.43
-146.47
-125.45
-157.65
-42.72

-110.75

0.11
-15.06
-1.45
-5.70
-0.02
-14.41
-1.50
-5.52
-0.11
-13.64
-1.50
-5.29
0.08
-12.22
-1.21
-4.70
-0.45
-63.72
-6.84
-24.55
-1.15
-61.36
-7.25
-24.10
-1.62
-58.55
-7.40
-23.37
-1.23
-53.75
-6.65
-21.54
-274.51
-100.43
-152.52
-146.46
-146.46
-118.14
-158.48
-42.64

-118.14

The designed network achieved a reasonable accuracy (see

Figure 99) in predicting the depth, dp, of an ablated rectangle
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on Inconel 718 as long as the limitations of the network were
taken into consideration (see Table 18). Figure 99 presents the
training, validation, and testing samples all at a mean squared
error below 11 uym. Due to the highly noisy calibration data
(when measuring the depth, d, using a white light

interferometer) this could be considered a well trained network.

105

Train
Validation
—Test

Best

-
o
[

-
o
w

-
o
N

Mean Squared Error (mse)

-
o
[N

-
(=]
o

14 16

=)
N
IS
o
o
-
=)
&
N

16 Epochs

Figure 99 Validation performance of the trained neural network
showing the point on which minimum error between the predicted
and measured ablated depth was achieved

The ANN was trained with the goal of a zero mean squared
error. An error (i.e. an indicator of the performance of the
network) of 1.0929 at 10 epochs was achieved (see Figure 99).

5.4.2 Experimental trials for the validation of pulse

placement strategy

The first stage of the validation trials was aimed to quantify the
effect of the square and hexagonal pulse placement grid
strategy (see Figure 94) that will further support the on-the-fly
laser machining concept. Laser ablation creates features by
overlapping several pulses in a geometrical pattern forming the
desired feature (e.g. rectangle) with the chosen critical

dimensions (Dx and Dy in this example). By adapting the pulse
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placement strategy to result in smooth pockets (i.e. a low
surface roughness) so that post machining processes can be
reduced or eliminated. This concept was validated on static
target surfaces (4 x 7 mm) made of Inconel 718 by comparing
square and hexagonal pulse placement strategies when using
the following process parameters: a total of 350 pulses per
track, ny, over a total of 200 tracks, nx, i.e. spacing between
pulses and tracks of 20 uym, dx,, with 1 and 3 layers, n;, have
been ablated using the Yd:YAG laser with a frequency, f, of 35
kHz, a power, P, of 17 W, pulse duration of 220 ns and a

scanspeed, v, of 525 mm/s.

To measure only the surface roughness caused by the laser
machining process in the two pulse placement grid strategies,
a white light interferometer (Bruker Contour GT, see Section
3.6.3) was used to determine root mean square area roughness
measurement (Sq) specified in ISO 25178 [128].

Using hexagonal pulse placement compared to the traditional
square placement (see Section 5.3.2, Figure 94) during PLA
showed to minimise the surface area roughness. After one
layer, a reduction in the root mean square area roughness (5Sq)
of 17% was achieved when utilising hexagonal pulse placement
strategy; after three layers there was still an improvement of
13% (see Table 20).

Table 20 Root mean square (Sq) area roughness (ISO 25178)
comparison between hexagonal and square pulse placement

Square Hexagonal Reduction
placement placement (%)
(pm) (um)

1 Layer - Sq | 2.18 1.81 -16.97

3 Layers -Sq | 1.17 1.02 -12.82
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Figure 100 shows that the hexagonal pulse placement strategy
leads to a smoother surface. This is attributed to the more
evenly distributed fluence due to the hexagonal placement of
pulses. This is supported by Figure 100, which shows for square
placement (in Figure 100 c and d) visible tracks, while
hexagonal placement results in significantly less visible ablation
tracks (in Figure 100 a and b). Especially, in time critical
processes (e.g. on-the-fly balancing during maintenance of
high value components), where each laser ablation layer can
take up to several minutes machining time, the ability to affect
the surface finish easily can save time and potentially an

additional finishing or polishing machining process.
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Figure 100 Comparison between the surface finishes of a) 1 layer
hexagonal pulse placement, b) 3 layers hexagonal pulse placement,
c) 1 layer square pulse placement, d) 3 layers square pulse
placement
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5.4.3 Experimental trials for on-the-fly laser machining

To conduct the material removal and error prediction trials, a
test rig (see Section 3.7) consisting of a shaft withas 140 mm
disc mounted by ball bearing on an experimental stand (see
Figure 101) has been considered as the part to be laser on-the-
fly machined. The rotor is driven using a 90 W DC Maxon motor
(max. speed 1200 rpm, see Section 3.3), which is kept at a
constant velocity using an external PID motor controller (Maxon
Epos 24/2, see Section 3.3.2), and connected to the shaft using

a flexible coupling (see Section 3.7.2).

Two different on-the-fly laser machining processes were
completed in order to validate the material removal and error
prediction models for a user specified feature, i.e. a rectangle
with chosen critical dimensions Dx and D, (see Table 21).
Henceforth, the dimensions of the two rectangles were chosen
in @ manner to have one long (i.e. a large Dy, ablated feature
A) rectangle along the curvature of the rotor and one wide (i.e.

Dx > Dy, ablated feature B) rectangle.

Table 21 Parameters for the on-the-fly laser machining and error
prediction trials

Ablated features | Dx Dy Minit (Mg) | Mqa Amy
(mm) | (mm) (mg) (mg)

A - Long feature 4 60 7538 84

B - Wide feature 12 4 7539 16 1

As an ablation target, a small Inconel 718 sheet (80 x 20 x 0.6
mm) has been firmly attached to the rotor of the testing rig.
The sample’s weight, minit, has been determined using a scale
with an accuracy of 2 mg in order to verify, after ablation, the
accuracy of the material removal prediction after the on-the-fly

laser machining process.
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Figure 101 View of the testing rig setup

For this, the on-the-fly strategy introduced in Section 3 was
used to determine the suitable process parameters (pulse

frequency, f, laser power, P, pulse spacing, dxy, number of
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layers, nz, number of tracks, nx, pulses per track, ny,, and
rotational velocity, w). The minimum permissible rotational
velocity of the rotor, w, was set at 60 rpm, since for speeds
below 60 rpm the velocity control became unstable (i.e. high
variations, due to the high inertia of the rotor). As an
optimisation target for the chosen feature, an arbitrary desired
mass removal target, mg, with a permissible mass variation,
Amg, has been assigned to each scan. Therefore, the
optimisation algorithm choses process parameters, which
result in the desired feature with the chosen mass removal, my,

within an accuracy of Amg and a minimum process time, &tp.

All errors necessary for the on-the-fly laser machining error
budgeting model were obtained using empirical means, or from
the provided documentation of the manufacturer. The error in
the angular velocity, Aw, the time delay, Atgy, the feature depth,
Ad, using the ANN, the rotor radius, 4R, as well as, the pulse
diameter, A¢, were obtained using empirical means as shown
in Table 22. The errors in the frequency, Af, and in the x mirror
for the beam positioning, ADx, were obtained using the
manufacture’s data sheets. The error in the rotor speed, Aw,
has shown to be of variable magnitude depending on the speed

of the motor (see Figure 102).
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Figure 102 Velocity error dependent on rotor speed
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Hence, the speed has been measured over a time period of
approx. 100 seconds at 60, 200, 400, 600, 900 and 1200 rpm.

The error has then been calculated using three standard

deviations and a 5t degree polynomial has been fitted (see
Figure 102 and Equation (83)).

Aw = £(—4.2 X 107 *w% + 1.6 X 107%* — 2.3 x 1077 w3 + 0.00017w? — 0.065w + 15)

-100

(83)

Table 22 Errors associated with the pulse generation and placement

Variable | Standard Description | Error Method of
deviation distribution | measuring
error

Atq + 0.012 ms | Time delay Gaussian Empirical:

due to circumferential
triggering distance
travelled

Aw Velocity Angular Normal Empirical:
dependent velocity encoder output
(see
Equation
(83), Figure
102)

AR + 0.05 mm | Rotor radius | Normal Empirical:
digital caliper
ruler

Af + 0.5 Hz Frequency Normal Datasheet

Ao +£5% Pulse Gaussian Empirical:

diameter CMOS beam
profiler

Ad + 12.66 % | Feature Normal Empirical:

depth calibration
trials

ADx £ 1pum Positional Normal Datasheet

accuracy of
X mirror
movement

5.5 Model validation and discussion

The model was validated with a focus on potential applications

in the in-situ balancing of components using pulsed laser
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ablation by targeting to remove material covering rectangular
pockets (i.e. features). In this section, the material removal
and error prediction concept to manufacture features for on-
the-fly laser machining using Inconel 718 are studied using two

examples.
5.5.1 Evaluation of the proposed material removal model

The on-the-fly laser machining feature prediction model was
run using the chosen parameters for the two sets of scan trials
(see Section 3.4 and Table 21). The two scans (see Figure 103)
differ in the width and length (i.e. the critical dimensions Dx and
Dy), as well as, the desired mass removal, mqg (see Table 21).
This further enables the comparison between different
orientated features and how it affects the effectively of on-the-
fly laser machining (i.e. process time and material removal
rate). The optimised parameters for the predicted process

duration, tp, and mass removal, mp, are shown in Table 23.

A7 AR

T A T

' Ablated Feature A
' Laser Beam
— Disc

Inconel 718
Sample

Figure 103 Rotary stage with Inconel 718 sample attached (see
experimental set-up in Figure 101)
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Afterwards, both scans using the hexagonal pulse placement
strategy, have been validated on the testing rig with the
attached Inconel 718 sheet (see Section 5.4.3 and Figure 103).
The process time of ablation feature A (4 x 60 mm) and ablated
feature B (12 x 4 mm) varies widely; this is due to the velocity
of the rotor, w, and the number of triggers necessary to achieve
the specified feature (i.e. number of tracks, nx, multiplied by

number of passes, n;).

Hence, particularly long features in the circumferential direction
benefit from on-the-fly laser machining, while shorter features,
however, can decrease the material removal rate per time unit
significantly. For example, for balancing a longer
(circumferential length, e.g. ablated feature A) feature will
significantly decrease process time, tp, for a desired mass

removal, my, target.

Table 23 On-the-fly laser machining process parameter optimisation
results for ablated feature A and B

Ablated dx,y f P Nx ny n: | ® to mp

feature (um) (kHz) (W) (rpm) (min) (mg)
A 15 48 18 262 3996 56 | 100 146.72 83.84
B 14 45 17 852 281 30 | 86 297.21 16.25

Due to errors mentioned in Section 5.3.5, the 60 x 4 mm area
(i.e. ablated feature A) removed 85 mg of material, with a
target removal of 83.69 mg (see Table 24). This is an
underestimate of 1.31 mg (-1.38 %). The 4 x 12 mm area (i.e.
ablated feature B) removed 13 mg of material with a target
removal of 16.25 mg, an overestimate of 3.25 mg (+20.00%).
The ablated feature B showed much larger errors due to the
higher influence of on-the-fly errors on shapes with wider Dx
than Dy, (see Section 5.5.2). This is due to the higher number

of revolutions (i.e. laser triggers) needed to create the feature
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(i.e. number of tracks, nx, multiplied by number of passes, n:),
where each possesses another possibility of a laser misfire.
Additionally, variations in the weight measurement (e.g. dust
on the sample or scale, human error, etc.) have a bigger impact
on smaller masses if measured as a percentage. The specific
scale used for these trials had an error of approx. £2 mg (see
Section 3.6.5).

Table 24 On-the-fly laser machining results for ablated feature A and
B

Ablated mp (mg) m (mg) Error (%)
A 83.84 85+2 1.38
B 16.25 13+2 20.00

To conclude, on basis of the higher errors for wide scans (high
Dy, e.g. ablated feature B), on-the-fly laser machining is more
effective when used for long scans (high D,, e.g. ablated
feature A) due to the lower number of laser triggers, and
therefore, decreased error potential and process time and
higher material removal rate. In a balancing scenario, ablated
feature A would have been chosen as it outperforms ablated
feature B in all measured aspects (material removal rate,

process time, and error).
5.5.2 Evaluation of the error budgeting model

Utilising on-the-fly laser machining for balancing components
requires the user to have a good understanding of how to
optimise the laser processing parameters and characteristics of
the ablated feature in order to maximise the material removal
and minimise process time (see Section 5.5.1). However, it also
calls for an understanding of the associated errors of on-the-fly
laser machining, and therefore the accuracy of the feature

predictions as well as the achievable tolerances using this
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process. Henceforth, the developed error prediction model (see
Section 5.3.5 and Equation (77) and (79)) for on-the-fly laser

machining was validated on ablated feature A and B.

As shown in Table 25 the errors are all within the predicted
range. The measured length, Dy, and mass, my, are stated at
a 95% confidence level (coverage factor k=2). Therefore, the
error prediction model demonstrates its capabilities to predict
accurately errors for the length, Dy, and the mass, mp, of the
feature. Below is a demonstration of its analytical capabilities

on basis of the example introduced in Section 5.5.1.

Table 25 Error model evaluation results for ADy and Amy

Scan ADy Amy

Dy (mm) Dyp (mm) | mu (mg) mp (Mmg)
A 6021753 60+2.095 83.8413:2%9 83.84+11.01
B 411158 440.157 16.25-%229 16.25+2.15

Figure 104 shows the individual error contributions to the
overall circumferential length error, AD,, in this specific
example. Ablated feature A’s error is mainly contributed by the
velocity of the rotor, Aw, with over 95.6% in total. There is a
similar trend for ablated feature B with 95.8% contribution by
the rotor velocity, Aw. The error of the rotor radius, AR,
contributes another 4.4% and 3.97% to ablate feature A and B
respectively. Spot size, A¢ , time delay, Ats, and pulse
frequency, Af, are negligible. Therefore, improvements in the
accuracy of the circumferential length, AD,, can be achieved by
increasing the stability of the motor control. As shown in Figure
102, increasing the rotor speed, w, can also lead to better
circumferential accuracy (due to a lower velocity error).
However, this may cause an increase of the pulse spacing, dx,y,

or decrease of the pulse energy, E, (see Equation (64) and
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(67)). Therefore, if the material removal rate is to be kept, this
requires a different laser system capable of constant pulse
energies, Ep, at higher pulse frequencies, f. Also, increasing the
ablated track length, Dy, increases the rotor manufacturing

accuracy, 4R, impact.
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Figure 104 Error contribution of ablated feature A and B to ADy (see
Equation (77))

Hence, it is summarised that the error increases with
circumferential length, Dy, of the ablated area. This is due to
the high contribution of the rotor velocity, Aw, in this example.
Increasing the stability of the motor control at low speeds (<
100 rpm) will make the manufacturing quality of the rig (i.e.
rotor radius, AR) become more prevalent when considering

errors from the on-the-fly machining process.

The error in mass of material removed, Amy, (see Table 25)
showed a good agreement between the predicted and
measured mass removal error, Amy. Figure 105 shows the
overall error contribution to the mass error, Amu. Ablated
feature A and B have a similar high error contribution from the
depth error, Ad, with 95.5% and 94.7% respectively. The error
in the critical dimension Dx is negligible for both features.
However, the error in the second critical dimension Dy shows to
be more prevalent if the surface area of the ablated feature is
smaller (4.5% for ablated feature A with a surface area of 240

mm?2 and 5.3% for ablated feature B with a surface area of 48
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mm?). However, if the error in the rotor speed, Aw, is neglected
the error contribution of Dy to the mass error, Amy, becomes
negligible. Overall, the error for ablated feature A is 13.1%,
while it is 13.2% for ablated feature B. Hence, for in-situ
balancing processes ablated feature A allows for a higher mass
removal, my, shorter process time, t,, while the error in the

mass removal, Amy, does not vary greatly.
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Figure 105 The error contribution of ablated feature A and B to Am,
(see Equation (79))

To conclude, the error model enables the prediction of
inaccuracies in the critical dimensions and mass removal of the
feature generated using on-the-fly laser machining. The
highest contributor is the error in the feature depth, Ad.
However, if taking the said errors into consideration, the on-
the-fly laser machining model enables valuable predictions for
in-situ balancing applications. Hence, in a balancing scenario,
where it is important to weigh accuracy of the feature shape
used for mass removal and overall process time, a feature
similar to ablated feature A would offer the best compromise
between a high mass removal rate and a minimum error to

achieve such.
5.6 Conclusion

The rise of pulsed laser ablation (PLA) machining in industry
and academia led to several new manufacturing techniques,

one of them being on-the-fly machining using PLA. Its main
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advantages are the ability to machine rotatives with precision,
accuracy, speed, and little need for skilled labour. However,
while many laser machining processes have received a great
amount academic attention, on-the-fly pulsed laser machining
so far has gone unnoticed. Specifically, its application potential
as a correction method during balancing has so far been
overlooked, also due to the non-existence of a reliable error
budgeting model on a feature basis to predict the inaccuracies
of a feature, and hence evaluate on-the-fly laser machining as
a potential manufacturing process. This thesis presents a model
which is capable of predicting material removal (exemplified on
Inconel 718 test pieces) and processing time of a specified

feature generated by on-the-fly laser machining.

e A model has been developed for predicting the material
removal and process time for on-the-fly laser machining.
The model combines analytical approaches with artificial
intelligence to approximate the material removal. It has
shown to offer a high accuracy with a maximum error
below 4 mg when predicting optimum process
parameters to generate features of Inconel 718 using on-
the-fly laser machining.

e A model to predict errors in the feature occurring from
the on-the-fly laser machining process has been
developed and validated using two sets of on-the-fly laser
machining trials where it succeeded in accurately
predicting the inaccuracies. Furthermore, the model
allowed insights into the origin of the errors, and
henceforth, the stability of the motor control has been
identified as the main source (approx. 95% contribution)

of the error of the critical dimension Dy. For the overall
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mass, the error in the depth of the feature, Ad, has the
highest contribution (approx. 95%).

e It has been shown that by changing the pulse placement
strategy from the traditional square placement to the
denser hexagonal placement strategy allows the fluence
to be more evenly distributed over the ablation area, and
therefore reduces the surface roughness of the on-the-
fly laser machining process. Improvements between 12%
and 17% could be observed.

e The model has been successfully applied and validated on
a testing rig. Two trials have been conducted, one
focusing on a long circumferential ablation feature, while
the other one focused on a wide, but short ablation
feature. The mass differences observed were
-1% and +20% respectively. It has been concluded that
the higher error in the wide trial stems from the high
number of tracks, which increases the errors of on-the-

fly laser machining process.

To conclude, the models enable operators to accurately
machine features, assuming a well calibrated laser machining
system on an industrial scale. In particular, the methodology
can be used as a corrective method for balancing rotatives in-
situ due to the low space requirements of a fibre laser, as well
as, the instantaneous vaporisation of waste material, opposed

III

to “traditional” balancing methods.
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Chapter 6 — Discussion, conclusion,

and future work

This chapter focuses on providing a summary of the research
and analysis conducted in the preceding chapters. The overall
discussion highlights the links between the developed balancing
approach and the on-the-fly laser machining strategy. For the
first time, it offers an investigation into the feasibility of pulsed
laser ablation by developing a control strategy encompassing
the detection of the unbalance position, as well as, a removal
strategy based on on-the-fly pulsed laser ablation.
Furthermore, the removal process is investigated and material
removal rate, shape, and errors are discussed and optimised.
These key findings are compared to the initial aims and
objectives of the PhD project. The thesis will conclude with
recommendations for future work, on how to further combine
and integrate the developed concepts to advance
understanding and development of pulsed laser ablation

balancing for both academic and industrial purposes.
6.1 Discussion

The research of this thesis focused on studying the feasibility
of pulsed laser ablation. This included the modelling of the
developed concept, the design of a testing rig, and the
implementation of the model, extensive accuracy, and precision
testing of the removal method (i.e. pulsed laser ablation),
evaluation of different pulse placement strategies and their
effect on surface area roughness, modelling of the influence of
the different laser process parameters on the material removal
rate, and prediction of the errors of a laser machined feature
associated with on-the-fly pulsed laser ablation. Until now,
while it has been considered before [99], [115], no such
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extensive research into the viability of laser balancing has been

conducted.

In order to understand and quantify the advantages and
disadvantages of the developed balancing methodology it was
necessary to define what individual components encompass the
area of pulsed laser ablation. Figure 106 gives an overview of
the different research areas, which are essential to fully
understand, and apply, the developed pulsed laser ablation
method.
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Accuracy and determining the
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Pulsed
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shape for the
removal process
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laser machining
process

laser
ablation

of the balancing
process

Figure 106 Schematic of the research areas defining the pulsed laser
ablation method

Essentially, there are seven key areas contributing to the

understanding of pulsed laser ablation:

e A kinematic model of the balancing process is an
academic approach to demonstrate the feasibility of the
proposed pulsed laser ablation method. It can be used to
simulate different balancing scenarios to evaluate the
effectiveness/performance of the proposed pulsed laser

ablation method.
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The prediction of the material removal rate is essential
for any balancing method, as it is key to evaluate whether
the process duration is within the required time limits
(e.g. to balance large components a higher material
removal rate is necessary to achieve balancing within a
reasonable time frame). Additionally, being able to
predict the material removal rate allows informed choices
regarding the laser system used for the specified
balancing job.

The error model is necessary in order to evaluate the
feasibility of the pulsed laser on-the-fly balancing in
regards to the tolerance requirements of the imbalance
correction process (e.g. if an accuracy of x mm is
necessary and x-2 mm can be achieved pulsed laser on-
the-fly balancing is a possible process).

It is important to understand which feature shape for
the material removal process (i.e. wide or long rectangle
etc.) yields the best compromise between machining
time, accuracy, and material removal. Moreover, it is
essential to consider the dimensional restriction of the
feature shape by the specific targeted part (commonly,
rotors have balancing planes, which are designated areas
for material removal during balancing).

The accuracy and precision of the material removal
method (i.e. pulsed laser ablation) are essential in
determining the potential application range for the pulsed
laser ablation technique. A high on-the-fly pulse
placement accuracy on a targeted rotating part at a wide
range of velocities ensures that developed method is
capable of a high material removal rate and therefore,

useable with a diverse array of different rotating
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components (e.g. fine balancing of miniature components
or the balancing of large engine assemblies).

e The implementation of the in-situ pulsed laser ablation
method into control hardware is essential to validate the
method on basis of a prototype and confirm the predicted
performance results from the simulation.

e The residual area surface roughness of the chosen
material removal process (i.e. pulsed laser ablation)
determines whether additional steps after the balancing
process are necessary to achieve the desired component
surface area roughness quality standard. Therefore, a
higher surface finish enables the utilisation of this method
for a wider range of components and in particular, in-situ
applications, which make additional machining operation
difficult to incorporate due to space restrictions within the
assembly.

Pulse laser Legend
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Figure 107 Workflow for pulsed laser ablation on-the-fly balancing

Figure 107, introduces a general flowchart describing the
process of PLA on-the-fly balancing. It connects the research

conducted within the last chapters to a proposed finished
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manufacturing workflow. Initially, the system is calibrated by
determining the relationship between imbalance mass and
acceleration amplitude. Then the angular position and mass of
the unbalance are determined using the obtained calibration
constant. The angular position detection of the unbalance has
been shown to be accurate within 1° as detailed in Section
4.6.2. The detected balance grade according to ISO 1940-1 is
checked against the desired balancing grade. If the standard
is not fulfilled, then the user chooses an ablation (i.e. mass
removal) shape and dimensions (e.g. a rectangle of Dx by D,
mm). It has been shown in Section 5.5.1, that increasing the
circumferential length of the ablation track (of the feature)
significantly decreases process time (and therefore increases
the material removal rate) with no recognisable increase in the

error of the feature.

While a higher laser power increases the material removal rate,
it also increases the area surface roughness, which may be
undesirable depending on the to be balanced component and
its required surface finish. However, changing the
“traditionally” used square laser pulse placement strategy to a
hexagonal laser pulse placement decreases the area surface
roughness by up to 17% (see Section 5.4.2). Additionally,
conventionally employed surface treatment processes to
further reduce the area surface roughness, like ablating at a
lower power in order to use the melt effects of the laser
machining process to smoothen the surface, may be used if the
targeted area surface roughness could not be achieved

otherwise. However, those come at a process time penalty.

After the shape, dimensions, and desired pulse placement
strategy of the feature are selected, an optimisation study is

conducted in order to determine the best laser process
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parameters for ablating the measured unbalance while
minimising the process time using on-the-fly laser machining.
The optimisation results have shown to offer good agreement
between the predicted and experimentally generated features
using the calibrated laser system with errors below 4 mg (see
Section 5.5.1). It was found, that the process time and material
removal rate are highly dependent on the chosen laser system
and the dimensions of the chosen feature shape. The process
time is minimised by increasing the rotor speed, however,
increasing the rotor speed increases the pulse spacing, and
therefore, a grid of holes instead of a pocket is generated. The
possible process parameters (e.g. rotor speed, laser power
etc.) are limited by the required pulse energy to ablate the
targeted material (i.e. the threshold fluence, see Equation
(81)). Therefore, the selection of the laser system used for
pulsed laser ablation needs to be guided by the expected
material of the components to be balanced and their
corresponding ablation threshold. Furthermore, a high pulse
repetition frequency above the threshold pulse energy
increases the achievable material removal rate for the

imbalance correction process.

The errors are calculated based on the optimised process
parameters for the selected feature and dimensions. Then, they
are used to determine whether the chosen feature shape can
be ablated within the tolerance requirements of the user. The
error analysis approach enabled the accurate prediction of the
shape error. It is shown in Section 5.5.2 that in this example
experimental set-up the error is mainly due to the variations in
the rotor speed controller and the accuracy of the ANN.
Therefore, to further minimise the error in this particular set-

up, either the ablation speed needs to be changed to a speed
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at which the controller exhibits a lower error (however, this
directly impacts the spacing of the pulses and therefore the
material removal rate), or the control of the motor needs to be

improved to reduce the error.

Before the correction process (i.e. the removal of the
imbalance) can be started, the user is able to review the
process time, mass removal, and error predictions in order to
verify its compliance to the specification set out for the process.
If the predictions fail the verification, the user is required to
choose a different set of dimensions, as the optimisation has
not yielded any acceptable process parameters. Otherwise, the
laser is triggered and the ablation process is started. The
algorithm developed in Section 4.4.2 features a constant
velocity check to ensure variations are kept within a user
specified threshold (e.g. 5% of the total speed in rpm) and the
laser is triggered x encoder pulses in advance to account for
the lag between triggering and the laser firing due to the pulse

build up or electronic delays.

The ablation process can either be halted after a specified
number of passes to re-measure the imbalance in order verify
the unbalance position and mass, or the ablation process can
be completed before any more measurements are taken. After
the ablation/correction process has been completed, the
unbalance of the motor is measured again to ensure it is within
the specified balancing grade. If it is not, the process as

detailed above is repeated. Otherwise, the process is finished.
6.2 Conclusion and key findings

The idea of balancing using PLA has been the key subject of the
academic research in this thesis. It has been shown, that while

some challenges remain (see Section 6.4), the method itself is
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feasible, and if used correctly, viable in an industrial
environment. A strategy to balance components using PLA was
detailed in Chapter 4. In Chapter 5 a concept for on-the-fly
laser machining enabling the prediction of ablated features, as
well as, an extensive error budget for the process has been
developed. Section 6.1 introduces an example workflow
combining both parts to a complete manufacturing process.
Henceforth, this thesis will conclude with a comparison between
the targets set out at the beginning of the research project (see
Section 1.3), and the achieved results. In relation to the targets
set out in Chapter 1 all aims and objectives have been

accomplished as detailed below:

1) A testing rig has been designed and manufactured (see
Section 3.7) with an easily changeable rotor and easily
mountable accelerometers acting as vibration measurement
sensors. Then, a motor with an encoder (see Section 3.3)
has been connected to the rotor shaft using a flexible
coupling. The controller hardware (see Section 3.4) was
chosen and connected, ensuring compatibility with the
connected devices and the software packages used to
program them (see Section 3.8). Finally, the laser has been
connected via a BNC connector (see Section 3.2). This
enabled conducting the necessary experiments to fulfil the
remaining objectives.

2) An innovative method has been developed to balance
components on-the-fly using PLA (see Chapter 4). It
intelligently analyses the encoder and accelerometer
measurements to determine the position and severity of the
imbalance and balances the component to the desired
unbalance grade (according to ISO 1940-1 [95]). This is

done by utilising a laser to remove mass at the angular
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position of the imbalance, while accounting for time delays
due to the pulse build up and the electrical circuit. By
reducing an artificially created imbalance of a rotor from G
22.5to G 19.5 at 1200 rpm, this method has been validated.

3) A material removal model for Inconel 718 has been
established (see Chapter 5). The model is based on a series
of calibration trials and allows the reliable prediction of the
removal depth (and therefore indirectly mass) on Inconel
718. It is lightweight from a computational point of view,
and therefore, easily used within a manufacturing
environment. It has shown to be accurate within approx. 4
mg while ablating material using on-the-fly laser machining.

4) A strategy to detect the angular position of the unbalance
on a rigid rotor has been developed and integrated into the
main control algorithm. It utilises the combined feedback of
the acceleration sensor and the encoder to determine the
angular position of the unbalance. For signal conditioning it
employs an IIR peak filter (i.e. inverse notch) before it uses
a specifically designed peak detection algorithm to identify
the local maxima within the signal (see Section 4.3.2 and
4.3.3). It has been validated to detect an imbalance with an
accuracy of < 1% (see Section 4.6.2).

5) To find the optimum process parameters for the on-the-fly
laser machining system to remove a desired mass/volume
within a minimum process time, a model utilising
optimisation methods has been presented in Chapter 5.
Additionally, it uses hexagonal laser pulse placement to
reduce the surface area roughness of the HAZ (Heat
Affected Zone). All laser process parameters have been
selected in view of avoiding any detrimental effects to the
performance of the targeted part. The model has been

validated on Inconel 718 predicting the optimum process
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parameters for a range of different features, which showed
a good agreement with the user selected dimensions and
mass removal (see Section 5.5.1). The algorithm is a
valuable tool in order to find the optimum parameters for
imbalance removal using pulsed laser ablation.

6) A model capable of predicting the errors caused by on-the-
fly laser machining has been established and tested (see
Chapter 5). The model allows the user to individually assess
the factors contributing to the overall error in mass
removed, and the dimensions of the ablated feature and
therefore target the most influential factors in order to
minimise the overall error. Furthermore, it led to the
development of a guide to assess different on-the-fly laser
machining strategies.

The initial aim of the work, to develop a new methodology

capable of balancing components in-situ (i.e. without

(dis)assembly) using PLA, has been fulfilled. To conclude, the

benefits of this work are not just limited to a new balancing

method, i.e. pulsed laser ablation, but also to an extensive
model on on-the-fly laser machining, which is used in
conjunction to the balancing method in order to attain a reliable

and fully automated balancing solution.
6.3 Highlights of significant contributions of the thesis

This thesis details many key enabling techniques for facilitating
on-the-fly PLA balancing as a one-step process with possible
in-situ application (i.e. balancing components within their
assemblies). The following section highlights these findings

with a concise description giving a brief overview if required:

1. Development of a new on-the-fly PLA process capable of
accurately targeting a position on a circular component,

rotating at a constant velocity. This process can be used
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to machine circular components without the need of
expensive specialist feedback stages, but still benefit
from being able to ablate such component without
decreasing efficiency, due to machining off focus. This
concept and associated algorithms can be utilised for any
other arbitrary moving part within the scanning field of
the laser.

2. This thesis investigated the effects of different laser pulse
placement strategies used to generated ablated features
on components in terms of surface finish (i.e. surface
area roughness). In particular, it studied the effect of the
most commonly used square pulse placement, and
conclusively proved densest hexagonal pulse placement
[135] strategy on Inconel 718. This research may
eliminate the need for additional post surface finishing
processes on some components depending on the surface
area roughness required.

3. The influence of process parameters onto the material
removal rate of Inconel 718 using PLA utilising a Yb:YAG
fibre laser has been investigated. A model was developed
linking the energetic parameters like maximum average
power, wavelength, beam quality factor, and waveform
(defining the pulse duration) with the kinetic parameters
like angular velocity of the targeted rotor, velocity of the
galvanometric mirror, frequency of pulses, spot radius,
and radius of the targeted rotor in order to simulate the
material removal. This allows the operator to predict
accurately the depth and shape of the generated feature
(i.e. ablation pocket) of the PLA process in advance.

4. Development of an optimisation algorithm based
methodology to compute the optimum kinetic (rotational

velocity of the targeted component, frequency of pulses,
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and velocity of the galvanometric mirror head system)
and energetic parameters (average power) to ablate a
desired feature (i.e. ablated pocket) on a part rotating at
a constant velocity with a specified volume/mass and
minimum process time. The algorithm is based on an
extensive set of trials relating on-the-fly laser machining
process parameters to material machining response
values (like depth of the cut) obtaining the optimum
solution. This is used in conjunction with the laser
balancing method in order to accurately remove
imbalances using the optimum laser process parameters.
It can further be used to evaluate the effectiveness of
generating features using on-the-fly LBM against user
specified design goals.

5. An error budgeting method for machining user defined
ablated pockets/features using on-the-fly laser
machining has been developed. The method takes into
account errors in pulse placement in the circumferential
and axial direction of the rotor, as well as the error in
depth during on-the-fly laser machining. Moreover, it
visualises the contribution of the individual error sources
to the overall error. Being accurately able to predict the
errors (i.e. tolerances) of the machining process in
advance enables the operator to make an informed
decision regarding the suitability of the machining
process and/or possible design alterations.

6. A novel, fully automated balancing method, capable of
balancing components within their assembly (i.e. in-situ)
utilising an AMP specifically LBM, was developed. In
particular, the methodology relies on using an
accelerometer as a phase measurement device to

determine the angular position and mass of the
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imbalance, before using a synchronised PLA process to
ablate such during constant angular motion of the
targeted rotative. This is especially useful during routine
maintenance operation of engines to remove any
unwanted vibrations, and therefore, increases lifetime
and efficiency of the component. Additionally, the process
can also be used during the initial manufacturing of the
components to reduce expenditure on skilled workforce

III

necessary for “traditional” balancing processes.

6.4 Future work

After the conclusion of the research presented in this thesis it

is possible to further investigate/develop the pulsed laser on-

the-fly balancing method. This will further benefit the area of

laser balancing as an academic research field and as an

economically viable alternative to “traditional” balancing

approaches.

A deeper integration with laser systems would allow the
implementation of the on-the-fly laser machining concept
into the main pulsed laser ablation control method. This
would allow the development of automated methods,
capable of deciding on the ablation feature/patch
dimensions and shape, as well as, pulse placement
strategy based on the current component and its
individual requirements. Additionally, the mirror could be
controlled to target the next track placement immediately
after the previous track has been completed to avoid
misfire due to mirror movement (see Section 4.6.2 and
Figure 91).

All tests have been carried out using a Yd:YAG nano
second laser. In chapter 4 within this thesis (see Section

4.6.2) it has been suggested that a micro second laser
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may vyield significantly higher material removal rates,
which would positively benefit the balancing of larger
components, which require the removal of several grams
for balancing. Therefore, the integration of different
lasers into the on-the-fly laser machining concept would
allow the model to guide the user in the laser selection
process for the balancing. However, it is important to
note, that especially for in-situ applications the laser
system choice may also be influenced by available space
for the laser head.

By adding a second accelerometer to the experimental
set-up the method could be extended from single plane
balancing to two plane balancing. This is necessary for
many balancing scenarios. However, this also requires an
integration of the mirror control so the z-axis can be
actively controlled during the balancing process.

Future developments of the on-the-fly laser machining
model could include effects like different x and y spacing
of individual pulses or differently placed Ilayers.
Additionally, the development of a calibration strategy to
achieve the above, with a minimum amount of trials, is
needed.

Extensive material trials (i.e. balancing of several
different components with different materials) may
further enhance the knowledge about potential laser
balancing applications. Especially, in combination with
different laser systems operating in different ablation
regimes, and therefore, with very different material
removal characteristics, completely new balancing
strategies could be developed. For example, in the
microsecond regime, pulse stretching if ablating at high

rotor speeds, may result in very different suggestions in
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terms of maximising material removal rate and
minimising errors than if the laser system is operating in

the nano second regime.
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Chapter 8 — Appendix

8.1 General assembly drawing of the testing rig
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8.2 State space model of the rotor bearing system

A, B, C and D are the state, input, output and feedthrough

matrices given as

0 0 0 0 1 0 0 0 (84)
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
A= klxxbl klxybl k2xxb2 kabe Clxxbl Clxyb7 C2xxb2 Cnyb9
klyxbl klyybl kabe kabe Clyxb7 Clyybl CZyxb9 CZybe
k1xxb, klxybz koxxbs k2xyb3 Cixxb2 Clxbe Caxxbs C2xyb10
_klyxbz klyybz kaxb3 kayb3 Clyxbs Clyybz CZyxblo C2yyb3 .
0 0
0 0 (85)
0 0
0 0
B= bs(1f21 — Li1,2,) 0
0 bs (132, — 111,25)
bs (152, — l11,2,) 0
0 be(l2z, — l;1,2;)]
0 0 0 0 0 0 0 0 (86)
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
C=] o 0 0 0 0 0 0 0
klyxbl klyybl k2yxb2 k2yxb2 Clyxb7 Clyybl C2yxb9 C2yyb2
0 0 0 0 0 0 0 0
_klyxbz klyybz kabe kayb3 Clyxbs Clyybz CZyxblo CZybe-
0 0
0 0 (87)
0 0
0 0
D=0 0
0 be(l5z, — Lily2,)
0 0
0 be(122, — 1,1,2,)]
where
(mlf + i) (mlyl; — i)
by = 2 =

Cmi (L, + )2’ T mi (I + )2
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_ (ml3 +i,) _ ip(mwlf + mwlyly)
mi. (I, + )%’ 4 mi.(l; + 1,)?

b3:

_ip(mwll + mwlyly)
5 mit(ll + lz)z

b = w?i,(z1 + ) + mw?
’ T mi(ly + )2

b7=b1+b4, b8=b2+b5

b9:b2+b4, blO:b3+b5
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