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Abstract

Additive Manufacturing, which builds componentsdayy layer, opens up exciting
possibilities to integrate sophisticated internehtéires and functionalities such as
fibre optic sensors directly into the heart of aaheomponent. This can create truly
smart structures for deployment in harsh envirortsmen The innovative and
multidisciplinary study conducted in this thesismamstrates the feasibility to
integrate fibre optics sensors with thin, proteetivickel coatings (outer diameter
~350 pm) into stainless steel (SS 316) coupons blec8Bve Laser Melting
technology (SLM).

Different concepts for fiore embedment by SLM amgeistigated. The concepts
differ in which way the fibre is positioned and hdle powder is deposited and
solidified by the laser in respect to the optighrd. Only one approach is found
suitable to reliably and repeatable encapsulatedilvhilst preserving their structural
integrity and optical properties. In that approa8ls 316 components are
manufactured using SLM, incorporating U-shaped gesowvith dimensions suitable
to hold nickel coated optical fibres. Coated agitiibres containing Fibre Bragg
Gratings (FBG) for strain and temperature sensiagtaced in the groove. Melting
subsequent powder layers on top of the FBGs fuse§ilire’'s metallic jacket to the

steel and completes the integration of the fibresseinto the steel structure.

Cross-sectional microscopy analysis of the fabedatomponents, together with
analysis of fibre optic sensors’ behaviour duriabrfcation, indicates proper stress
and strain transfer between coated fibre and a8&816 material. During the SLM

process embedded Fibre Bragg grating (FBG) sermorgde in-situ temperature

measurements and potentially allow measuring tlid-ogp of residual stresses.

Subsequently, FBG sensors embedded into SS 31&wt&a using our approach
follow elastic and plastic deformations of the % 8omponent, with a resolution of
better than 3 pm*i'. Temperature measurements are also conducted awith
precision of 3 pm*k. Such embedded fibre sensors can also be uséigho

temperatures of up to ~400 °C.



However, at elevated temperatures issues arise thensignificantly larger thermal
expansion coefficient of SS 316, leading to delatiom of the more rapidly
expanding metal from the glass. Rapid thermal esiom of the metal also leads to
high axial stresses within the glass exceeding fthees tensile strength and

ultimately leading to structural damage of the cgtfibre.
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Chapter 1

Introduction

This chapter provides the background informatiantlids thesis. The key technologies
that are being used and combined in this thesisnar@duced. Following from there

the motivation of this thesis is developed.

1.1 Background

Additive Manufacturing (AM) technologies offer ndvend exciting possibilities when
constructing and fabricating components in polymearsd metals [1]. Where
conventional manufacturing technologies such as Qhiing, turning or drilling
reduce solid components to a specific design, Abhitelogies work in reverse by
building up components one layer at a time. PalytAM is being amongst the most
innovative and disruptive manufacturing technolegairrrently available, decoupling
the’ manufacturing costs of a part from its comfilez [2] and revolutionising supply
chains (“Time-to-Market”, “Direct Digital Manufacting”) or component design
processes (“Design for Manufacturability”) [3].

By overcoming the accessibility constraints of Cbcesses (machining tool is
typically on a spindle), AM opens up exciting pbé#ies to fabricate sophisticated free
form components with complex geometries and integranternal features (Figure
1-1)[4]. Consolidated designs for components ogth for lightweight functionality

deploy material only where the functionality re@sirspecific strengths [5], resulting
often in hollow or porous structures potentiallayang room for the integration of

sensors at points of interest.

In one of the key laser-based AM technologies f@tahmaterials (Selective Laser
Melting - SLM) pure metal material in form of powds solidified layer-by-layer using
focused laser beams. The physical properties bf falbricated components exhibit the
properties of conventionally manufactured composigf}. A wide range of metals
material can be processed using SLM including Easteels such as SS 316 or
nickel-based super alloys for high temperature afpers IN738LC [7].



- positioning accuracy of
i~ 1 laser in built-plane

accuracy built-axis

© WithinLabs

Figure 1-1 Photographic image (from WithinLabs) ofSLM fabricated part showing the
geometric freedom SLM technology offers (left). Swematic illustration of SLM process

highlighting the mechanisms involved defining the pcess’s accuracy (right).

A major problem when fabricating components by Advthie occurrence of significant
residual stresses particularly for materials witbhhmelting temperatures and large
thermal expansion coefficients such as metals [d]gh melting temperatures cause
large temperature gradients between the moltenrrabsad the solid surround, leading
to steep gradients in volume expansion. Rapid-douin freezes the volumes in their
expanded states, leading to residual stressesnwitiei component once it has cooled
down. In SLM fabricated parts, the distribution rekidual stresses is typically in a
highly complex 3-D pattern [9]. Residual stressas cause delamination between
layers, cracking, in-accuracy in the dimensiongheffabricated parts and unacceptable
surface morphology. Another problem that can ans&M manufactured components
is the occurrence of anisotropies of the composepliysical properties. Research
shows that changing the position where a compoisetilt within the AM machine,
different physical properties such as Yield strangir Young modulus are
exhibited [10]. Due to the huge potential of AMti@ology, it is highly desirable to
investigate and understartdie mechanism for the generation and accumulation o

residual stresses and anisotropies within SLM-&abeid components [6, 11].

The accuracy and resolution of the SLM processdatermined by three fundamental
process characteristics, (i) layer thickness iealion of the built axis; (ii) positioning
accuracy of the laser over the build plane; &g seam width of the solidified material
which is dependent on the laser beam diametersspet(Figure 1-1; right). Using 2-

axis beam deflection systems such as galvanomedansers, the positioning of the laser



beam over the build plane is an order of magnitndee precise that the resolution due
to layer thickness and beam diameter. Availableag@meter scanners achieve high
resolutions (e.g. < 12 urad [12]) and in combinatiath low distortion f-theta lenses
exhibit high precision (e.g. < 3 um for f = 160 pnnmMThe minimum layer thickness is
determined by the average powder particle size,nmailly one powder particle is
solidified at a time (e.g. commercially availablewglers for SS 316 ~ 10 — 40 pum).
The excellent beam quality of commercially avaialbligh brightness laser systems
such as fibre lasers allows power delivery with bis@ot sizes of a few tens of micro-
meters in diameter [13]. Small spot sizes are fi@akbecause they lead to smaller
melt pools of similar dimension and furthermoressléeat conduction into surrounding
material and minimised heat affected zones occdi. [1 Hence, using SLM in
combination with high brightness lasers, metal congmts can be relatively precisely
(few 10 um resolution) fabricated, containing cditsded internal geometries such as
hollow channels. These internal geometries offerthkr potential to integrate
dissimilar materials such as sensing elementsnrirémised manner directly into the

heart of the component.

Figure 1-2 Comparison between single mode fibre ana paper clip highlighting the compact
dimensions of a optical fibre sensor. (picture fronj15])



Fibre optic sensors offer the advantages of ligitt eompact design (OD 125 um for
uncoated SMF-28 single mode fibre; Figure 1-2)viliag huge potential for savings
in space and weight e.g., in vehicles, in particufa aircraft or spacecraft [15].

Information is measured intrinsically within thendinsions of the optical fibre itself.
Wavelength encoding of the measurand offers theipitisy of several sensors along a
single fibre or multiplexing of several fibres intptical networks, allowing compact
lightweight distributed intrinsic sensing grids,nsething not yet accomplished with

conventional electrical sensors [16].

For continuously monitoring strain and temperatofemetal components at elevated
temperatures exceeding 1000 °C, appropriate setesdinologies are required.

Electrically based sensors suffer from limited akility at high temperatures and are
likely to be disturbed by electromagnetic fieldSptical sensors based on silica fibres
overcome these limitations [17]. The softening permature of fused silica is almost
1200 °C which means that fibre optic sensors agilfisuitable for high temperature

applications in the aerospace and energy indudiBy?D]. Generally, optical fibres

withstand high temperatures better than electriedlles and are more robust in the
presence of aggressive chemicals. Moreover, ddttma@s are insulators and provide
perfectly separated electrical potentials, highlgsicable, e.g., in petrochemical

installations [15].

1.2 Motivation — combining Selective Laser Melting andibre optic sensing

The inclusion of an optical sensor by SLM into nhetanponents is ideal for structural

health monitoring [21]. The precision of SLM prases with high brightness lasers is
appropriate for the dimensions of optical fibrd3uring the SLM process, the optical
sensor will provide temperature and stress mea®menfrom close proximity to the

SLM process zone, helping to understand the ocecereof residual stresses or
anisotropies and potentially providing valuableomfiation for future standardisation of

SLM processes.

Once integrated, the optical sensor is protectann frthe potentially hazardous
environment by the component itself offering thegbility of in-situ measurements in
harsh environments from the heart of the componemtating intelligent and smart

structures. In-situ measurements offer potental énhanced asset management,



including lifetime monitoring, and the safe usecmimponents closer to their design

limits of mechanical stability [22].

The overall motivation of the research conductedthis thesis is therefore to
demonstrate the feasibility of integrating fibretiopsensors into metallic SLM
fabricated components suitable for commercial pgses and for high temperature
sensing applications, ideally capable of measuefastic or plastic straining and
temperature changes of the component. This vall ko the fabrication of truly smart
metal structures, highly desirable for high tempeea and or harsh environment
applications in e.g. in petrochemical (oil wells)daenergy industries (turbines) or in

aircraft and space applications.

1.3 Thesis outline
The chapters of the thesis are outlined below:

B Chapter 2 provides the theoretical background for variougshi®logies
involved in the embedding of fibres into metals M. The technologies
involved are fibre optic sensors, applying metakgting to such sensors and
SLM technology. Previously reported concepts foref embedding are studied

and following from there the objectives of thisstseare specified.

B In Chapter 3 techniques for coating optical fibres with metatkets are

developed, suitable for high temperature operations

B Chapter 4 describes the development of a home-built experiatiesetup for

laser-based sintering processes (SLM) for stairdessd powder materials.

Chapter 3 and Chapter 4 only reproduce technologjies literature and hence
they add only limited new insights to both techgms. However, it was
necessary to allocate a substantial percentagéisfRhD work into developing
and evaluating both technologies. In-depth emairiknowledge for metal
jacketing of fibres and SLM processes with metaldey materials was not

available within the research group at the startteé PhD studies.



B Chapter 5 focuses on the key novelty of this work in whicighhbrightness
laser-based SLM processes are used to integraiealofibres into metal
components. The best practices for fibre inclusimidentified and parameters
are incrementally changed to test the process lzoigsd Potential means for

further improvements for fibre integration are exipentally tested.

B Following from this, SS 316 coupons with embeddbrkfsensors are fabricated
and strain and temperature testedCimapter 6. The fibre sensor behaviour
during the SLM encapsulation process is monitorgthigh-speed interrogation
providing new insights into the temperature in SpMcesses. The build-up of
residual stresses in SLM fabricated components aitored. Strain and

temperature measurements of SLM embedded fibroseare investigated.

B Chapter 7 summarises the conducted work followed by a disiomsof the main

findings and also providing an outlook for futurenk.



Chapter 2

Literature Review and Background

This chapter reviews existing technologies and ¢uaces, providing important
background for integrating optical fibres into SE63y SLM. Background about fibre
optics is provided and is followed by a more dethiteview on Fibre Bragg Gratings
and their behaviour as sensing elements. A reae®LM is provided, focussing on
aspects important to achieve the objective of ipemting fibre optic sensors.
Ultimately, after reviewing previously reported cepts for fibore embedment into metal
components, the objectives of the following expermtal work are outlined.

2.1 Optical fibres

Optical fibres consist of a core surrounded byadding. The cladding has a lower
refractive index &n = 10%. A ray of light coupled into an optical fibre guided
through the fibre’s core according to the totalerntl reflection mechanism
(Figure 2-1). Optical fibres are made from a widage of materials, such as fluoride
glasses, chalcogenide glass or crystalline sapphimet for applications in
telecommunication and fibre optic sensing, fibres gredominately made from silica-

dioxide glass, which is normally referred to asefiisilica glass [15].

n=npa
8.
Z L ;
P
/ n=ng > nNa
7
7
1/
I
Il
II
Figure 2-1 Schematic illustration of internal reflection mechanism. At the boundary between

two transparent materials with different refractive indexes, light is totally reflected (path #3) for
angles larger than the critical angle ¢) at the boundary. (from [15])



Silicon based glasses have an extremely low thermgbansion -coefficient
(~ 5.5*10") allowing it to undergo large and rapid temperatwhanges without
cracking [15]. Silicon is ubiquitous and is, afexygen, the second most frequent
element in the earth’s crust. Making silica basptical fibres is cheap and extensive
expertise making such fibres has been acquiredst ammon way to fabricate silica
fibres is by drawing them from preforms. Therepeforms which inner compositions
represent the different refractive indexes of thelhed fibre are drawn to longer aspect
ratios (Figure 2-2). The preform composition césoade doped to further change the
silica’s optical and physical characteristics. i@anium doped fibre core for example

exhibit a higher photosensitivity, beneficial faser based Bragg Grating inscription.

feed mechanism

\/
preform \

furnace

bare fiber

‘—
\ measurement
of fiber diameter
extruder ¢
measurement
fiber with coating
—_—

of coating diameter

0@Q...

J test for tensile strength

winding drum

Figure 2-2 Schematic illustration for the drawing pocess of optical fibres. The fibre is drawn
from a preform. Thereby the properties of the prebrm is a scaled-up version of the final

composition of the fibre with different refractive indexes in core and cladding. (from [15])

Silica optical fibres do not plastically deformethrespond to stresses purely by elastic
deformation. The Young Modulus for amorphous a#itioxide is about 72 GPa. If
stresses exceed the strength of the fibre, therimlatgacks. Under ideal conditions,

fiores can endure tensile stresses of about 20 GPH. For standard



telecommunications fibres (SMF-28; OD 125 pm) tinplies that in theory critical
tensile forces of about 245 N can be applied. eklity these values are significantly
lower, since endurable stresses are highly depéndernthe fibre surface quality.
Findings indicate an inverse proportion betweeangjth and scratch size on the fibre’s
surface [15]. Cracks of less of a few nanometeghkice the fibre strength to about
5 GPa. From this it follows that bare optical ébrhave to be treated with utmost care
to avoid the creation of small scratches. Any nahmandling, such as mechanically
and chemically stripping the fibre from its polyneyating will significantly reduce its
strength [23]. High temperatures can also sigaifity impact the strength [24].
Empirical studies of fibres annealed at high terapeges show that annealing at 380
can reduce the strength to less than 0.5 GPA wisidass than 3 % of the strength

under ideal conditions.

2.1.1 Propagation of light through silica fibre optics

Light propagating through silica glass is attendédtg three fundamental mechanisms
(Figure 2-3), absorption in the ultraviolet dueetectronic transitions, absorption in the
infrared due to excitation of molecules, and Ragescattering due to the amorphous
structure [15]. The lowest losses in silica-diexifibres occur at a wavelength of
1550 nm. At that wavelength the theoretical minimiosses are about 0.12 dB*Rm
whereas in practice losses of about 0.2 dB*kane widely obtained in commercially

available fibres [15].

Additional losses in transmission occur when optiddres are bent either
macroscopically or microscopically. Losses duamacro-bending occur when fibres
are bent with radii greater than the fibre diamegeto a few cm. In this regime small
radii lead to propagation of light into the cladglidue to the occurrence of low

incidence angles (Figure 2-1) hence losses inrmétes] intensity occur.

Losses due to micro-bending can be simply explaimedhe fibres deviation from a
straight line, leading to small changes of the diags refractive index [25] causing
local failure of the total internal reflection megtism (Figure 2-4). Smallest
perturbations (0.1 — 1 um) on the fibre’s surfabange the fibre’s loss characteristics
by superimposing a loss spectrum [26]. With inseshamount of micro-bends along

the fibre, increased losses in transmission occur.
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Figure 2-3 Plot losses as a function of wavelengih silica-dioxide fibres. Lowest absorption

occurs at around a wavelength of 1550 nm. (from [1b
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Figure 2-4 Schematic illustration showing mechanisrteading to micro-bending losses.

Perturbations in the fibres surface leads to pertubation at the core-cladding interface locally
modifying the internal reflection mechanism leadingto coupling of light into the cladding and

therefore to losses.

Losses due to micro-bending can be exploited fosisg applications e.g. pressure
sensing, where light transmitted through opticérés embedded into concrete is
gradually more attenuated with increased forcediegppnto the concrete [27]. With
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increased pressure the concrete’s rough surfaceesancreased micro-bending of the
fibre, reducing fibre transmission. Periodic mix@nds along the fibre can form
gratings and as a result, specific wavelengthsciag into the fibre are reflected

according to the periodicity of the micro-bends][28

2.1.2 Fibre optic sensors

Fibre optic sensors can be broadly split betwe&msic and extrinsic sensors [16]. In
extrinsic applications optical sensors that are mex close to the fibre end, quantify
the measurand and couple a corresponding lighekigio the fibre. The fibre acts

only as a transmission medium. In contrast, ieidrsensors use the fibre itself or part
of it to directly read the measurand. The fibreb&th the sensor and transmission

medium, thus minimising the size of the sensor.

Further distinction is possible when taking intc@ant the actual dimensions of the
sensing element. If the measurand is only takem @articular point, this is typically
referred to as point sensing. Most electrical eenswork on this basis (e.g.
thermocouples, strain gauges) and no further irdtion about the spatial resolution of
the measurand is provided. Also, most extrinsiwefioptic sensors, such as fibre
cantilever sensors, dip-in ends for measuremeniigjuinds or mounting of the fibre to

resonant structures (transducers, e.g. hydropheveg)on this basis.

The full potential of fibre optic sensors is reafisf used in so called distributed sensing
arrangements [17]. The fibre acts as a seriesmmdisg elements providing information
as a function over its length. Thereby arrangememist be differentiated between
fully distributed sensing and quasi-distributedsseg (Figure 2-5). In fully-distributed
sensing arrangements information is discriminatedpatial mode, widely applied in
fibre optics using Raman or Brillion scattering.heTfibres used are often similar to
standard telecommunication optical fibres and &erefore low cost, however the
additional equipment necessary for interrogatingséh fibres in a fully distributed
manner is very costly especially in cases wheré Bgatial resolution is necessary. A
high spatial resolution of about 10 cm is achieweBaman scattering using picosecond
laser pulses, leading to a resolution of the measliof about PC or 25 ¢ [29] but
costs remain high (> 100k GBP for the interrogasgstem (year 2015))
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Figure 2-5 Schematic illustration for fibre sensingarrangements, point sensing (a) distributed
sensing (b), and quasi-distributed sensing (c). r@fm [17])

More efficient in terms of cost and practicalitye ayuasi-distributed sensors where the
measurand information is obtained at particular pretdetermined points along the
length of a fibre network. Fabry-Perot based sengpFibre Bragg Gratings (FBG) are
such sensors. E.g. numerous FBGs can be placeng abptical fibres and
independently interrogated using techniques suchwagelength-multiplexing [30].
These sensors are mainly based on standard telaauigations fibres and are therefore
low cost, and extensive knowledge is available.er&fore, research reported in this
thesis concentrates on Fibre Bragg Gratings. HewavV is worth highlighting that
once optical fibres can be integrated into metalagiSLM, all the other measurement
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techniques such as Raman or Brillion scattering mamapplied since these techniques
are all based on similar optical fibres.

2.1.3 Photosensitivity of fused silica and inscription &ragg Gratings

The high absorptivity of silica-dioxide for UV-lighA = 100 nm — 400 nm) can be
exploited to cause changes in the refractive irafeke glass when exposed to such UV
light. In the literature, this effect is often eefed to as photosensitivity of glass
[16, 31-34]. When using a one dimensional spatiabdulated illumination with UV-
light and high intensities, this leads to a oneatfisional spatially modulated refractive

index changes along the core of the fibre, creaiRr@G ().

cladding

cladding

refractive index modulation in core

Figure 2-6 Schematic illustration for optical fibre with cladding and core. Refractive index

modulation of the core is creating a FBG.

One technique to write such a spatially modulaliednination is to use a phase mask.
Phase masks are one of the most effective mettmdEBG inscription [35]. The
excitation laser beam is spatially modulated byffradtive optical element, the phase
mask [33, 34]. The surface of the phase mask limdd from a one-dimensional
periodic-relief pattern which is etched with a périApy). The profile of this surface-
relief grating is designed that the incident laseam is diffracted into different orders
(Figure 2-7).

13



optical
fibre

0 order
Diffraction
(P<3%)

Figure 2-7 Scheme of a setup for FBG inscription bysing a phase mask. (derived from [35])

By irradiating the phase mask perpendicular tsitsace, the zero-order, un-diffracted
beam is almost suppressed (< 3 % of the incidesgrigpower) due to destructive
interference. Each of the two (t) first order diffted fractions of the incident laser
beam contains more than 37 % of the incident lgssver. Overlapping these two
beams results in a near-field fringe pattern, tesylfrom the interference of the (z)
first-order diffracted beams. The periodicity bist fringe-pattern is one and a half
times the periodic-relief pattern of the phase magnerating a refractive index
modulation in the core of a photosensitive optfdale. Thereby the fibre is typically

placed in close proximity (less than 100 um) toghase mask [33, 34].

The phase mask technique requires a laser soutbegaod spatial coherence. Higher
coherences allow the fibre to be placed at gretistances from the phase mask due to

the larger spatial dimensions of the interfererattepn [33, 34].

2.1.4 Properties of Fibre Bragg Gratings

The basic operation principle of FBG-based sengetems is the monitoring of the
shift in Bragg wavelength\g) [34]. A typical interrogation system for a FBgstem is
shown schematically in Figure 2-8 [36]. The systaniudes a broadband source, an
optical spectrum analyser (OSA) and the FBG itsé&le light of the broad-band source
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is coupled into the optical fibre with FBG. The GRacts as a reflector for a specific
wavelength, the Bragg wavelength. Light with wawgjths around the Bragg
wavelengthAg is reflected by the FBG with intensities in acarde to the FBG's
reflectivity. The selective reflectivity of the EBcauses the appearance of a loss band

at the Bragg wavelength in the transmission spettru

Ig h Ag
A A
ls ls FBG | Transmission
Broadband Source > Coupler < > ///—t> Sensor
II’
I I“ A
Reflection
Sensor A
Figure 2-8 Scheme of a FBG sensor layout. Lightdm broadband source is injected into

optical fibre containing a FBG. According to Bragg Law, light at the Bragg wavelength\g is
reflected by the grating. (derived from [36])

Using a coupler directs the back reflected lightlef FBG to a detector or spectrum
analyser to allow the measurement of the wavelekgtif the back reflected light [32].
The measured Bragg wavelength does not dependedigttt intensity of the emitter or
losses which might occur at the interfaces of diffe components, which is a particular

advantage of FBG sensors [32].

The reflectivity of a FBG can be calculated by gssolutions of coupled mode theory
[37]. The reflection R of a FBG at the Bragg wagthAg is a function of the grating

length | and the optical fibre constant K and tkeactive index modulatioAn:

-2
S rmnn [ (2o

B
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Whereby the optical fibre propagation constant Kdétermined by the material and
geometrical properties of the fibre, namely theraetive index of core @@ and

cladding () and also the core diameteg)(d

The reflectivity of a FBG is in literature is ofteeferred to as its strength. This strength
is dependent on the refractive index modulation ignithus strongly dependent on the
fluence, the accumulated energy per area, of tiseription process. High peak
fluencies during pulsed inscription processes keathe occurrence of type Il damage
gratings if the fluence of each laser pulse is abitne damage threshold of fused silica
[38]. These type Il gratings provide a large refiree index modulation and hence a
high strength. However, this is compromised bwrgé signal width and significantly
developed losses in the spectrum for wavelengtbsteshthan the Bragg wavelength
compared to type | gratings. FBG inscription bgela pulses below the damage
threshold increases the refractive index modulag@eumulative to the irradiated

fluence of the laser source until a level of sdtanais achieved [39].

The reflectivity of a Fibre Bragg Grating is incsead by larger grating lengths [40].
However, achieving strong FBGs with good spectrapprties such as a small spectral
width or overall spectral signal quality is a compise. The signal quality of the
gratings is decreased by longer grating lengths tduarising sidelobes next to the
Bragg wavelength [40]. These sidelobes and largéngy widths are not suitable for
multiplexing many gratings into a network. Moreedd are gratings with a narrow
spectrum and high reflectivity [33, 34]. A refraet index modulation of at least
1 x 10" should be obtained in a standard optical fibre FSM8) to achieve a high
reflectivity of the grating. To overcome the smlsds arising with longer grating

lengths, apodization is used which modulates tnenite over the grating length [41].

2.1.5 Sensitivity of Fibre Bragg Gratings to external faars

FBG are based on periodic refractive index modohatdf an optical fibre over a
specific length [34]. This index perturbation isngparable to a stop-band filter. A
narrow part of the incident spectrum of light ifleeted by successive coherent
scattering from the index modulation and the stemhgnteraction occurs at the Bragg

wavelength Xg). The Bragg wavelength\§) is dependent on the periodicity of the
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index modulation A) and the effective refractive index ogh of the
fibre core[33, 34] :

A, =20, [\ EQN 2

Differentiating EQN 2 leads to the Bragg wavelensjift:

Ay =2[AnIA +2[n[AN EQN 3

The shift of the Bragg wavelengthAg is sensitive to changes in strain and
temperature [31]. A FBG sensor is sensitive to perature changes due to the
temperature dependency of the refractive indexdnthe elongation of the grating pitch
(A\) due to thermal expansion. The variation of g@pitch length with temperature
(AA*ATY) is equals the thermal expansion coefficient & specific material constant.

The dependence of the Bragg wavelength shXt) to a temperature changsT) is:

Mg 1dn EQN 4
= Qla+=—
AT n AT

For bare uncoated silica-dioxide fibres the therexaansion coefficient = ~5.5 x 10
(at ambient temperature) is an order of magnitudallsr than typical values for the
refractive index temperature sensitivity &'~5 x 10°. At higher temperatures the
refractive index temperature sensitivity signifitgnncreases. At room temperature
the sensitivity of Bragg wavelength to temperaiarabout 7 pm*C (@ wavelengti\g

~ 1.5 pm) and shows an exponential increase to abbdt pm*C' for temperatures
above 150 °C (Figure 2-9) [34, 42, 43].
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Figure 2-9 Bragg wavelength shift as a function demperature for an uncoated FBG sensor.

The FBG tracks temperature changes with a sensitityf of about 11.6 pm*C* for temperatures
above 150 °C. (from [16])

If the fibre is jacketed or embedded into materidie thermal expansion coefficient is
influenced by the surrounding material and henee grating temperature sensitivity
also changes. Assuming a model of two parallehgpr the thermal expansion of a
nickel jacketed FBG (Ofe = 125 um) is dominated by the thermal expansion of
nickel provided that the coating thickness excedmtait 50 um [43].

The fibre also responds to strain, via the physstahgation of the sensor and therefore
the elongation of the grating peri@dd and the change in the average refractive fibre
index due to the photo elastic effect [33, 34, 4ZThe dependency of the Bragg

wavelength shiftAAg to the relative physical elongatiog) (nduced by strain is given

by:

EQN 5

Whereby the termdn*n™ is dependent on the photo elastic effect and amntaterial
constants such as the Poisson constant and theelRombefficient. Using standard
parameters for standard silica fibres, the wavetespift is in the range of 1 pm*¢i*

for axial straining [36, 44]. If straining is notisotropically applied
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(axial e, transversalg;) further derivation of the photo elastic terfnfn™) leads to

incorporation of the direction dependent Pockedsfficients py:

A, EQN 6

AB

2
=& _(7) [ﬂpn L&, + P, +8t)

From this it follows that in presents of transvésaaininge; of the FBG the shift in
Bragg wavelengths for axial straining is mitigatélthe spectral response of an FBG for
different strain modes is displayed in (Figure 2-18pplying only longitudinal stresses
(axial straining) the grating spectrum shifts while reflection width remains constant.
Applying additional transverse stresses onto th& Ffawuses a negative wavelength
shift, but also the grating spectrum can be sigaiftly widened with two double peaks

clearly evident [45].

This phenomenon occurring when transversally strgdsBGs is also often referred to
as birefringence. The double-peaking is highlysgam to the polarisation of the light
propagating through the fibre. If the polarisatimngle matches the direction of the
applied transverse load, double peaking occursr dfeer polarisation states some

broadening remains but the spectral response afrtiting is more complex.

35 9
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Figure 2-10 Spectral response for FBGs with diffenet load cases. In case longitudinal tensile
load is applied the Bragg wavelength simply shifte longer wavelengths. Applying loads with

transversal elements the spectral response of theagjng is distorted. (from [45])
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A thorough study on birefringence in single-mode3sBs conducted in [46]. A fibre is
squeezed between two plates and the force is imeridly increased and spectra are
recorded (Figure 2-11).
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Figure 2-11 Spectra of FBG recorded under differentransverse loads (top). The higher the
transverse load, the greater the widening of the giting, leading to pronounced double-peaks. Plot
(bottom) displays the differences in centre wavelgh of peaks as a function of transverse force.
(all from [46])

The whole reflection spectrum shifts negatively hwihcreased transversal load.
Thereby, the peak with the higher Bragg wavelemgthains almost constant and the

second occurring peak at lower wavelengths shitmtively.

2.1.6 Fibre Bragg Gratings at elevated temperatures

FBG sensors inscribed into standard germanium ddpkstommunications silicon

fibres with UV laser excitation (Type | gratings) @ first glance are not suited for
applications at high temperatures [16, 33, 34]. mperatures above 80°C lead to
bleaching out of the defects causing the refractivéex change and hence to
incremental losses in grating strength. Tempeeatwf more than 300 °C cannot be

endured for longer periods (>hrs) [47].

Doping fibres with Selenium stabilises the FBGs ggerature range up 650 °C [48].

Gratings written into hydrogen loaded phosphoeatk fibres are capable of enduring
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temperatures up 500 °C without showing any signdetay in reflectivity over

time [49]. Type lIA gratings which are producedlbgg exposure times can operate up
to 800 °C depending on preparation in terms of dgdn loading and heat treatment
recipes [50, 51], Type Il gratings inscribed withsér irradiation above the damage

threshold survive even higher temperatures up @9 2C .

However, the problem with all these approachesas they compromise the excellent
properties achieved with standard type | gratingdtem into germanosilicate fibres.
FBGs other than type | are accompanied by low céfra index modulations,
degradation of the signal profiles, oscillationsréflectivity or large diffractive losses
such as those observed with type Il damage grafs)s

It has been shown that by pre-annealing FBGs wirittéo germanosilicate fibres with
temperatures up to 745 °C and 20 min of total aimgéme, type | FBG temperature
survivability can be increased significantly. Cangnet al describes this recipe [47, 52,
53] for boron co-doped and hydrogen-loaded standamhanium silicate optical fibres.
The FBGs are written with an ArF excimer laser avelength of 193 nm. In
subsequent annealing processes these gratings rehalgcay in signal strength over
time for temperatures up to 600 °C and furtherntbecloss in signal strength at 700 °C
is slightly less than 3 dB. For temperatures gretttan 700 °C the refractive index
modulation and therefore the reflectivity of thating starts to decay exponentially and
vanishes at about 800 °C. Further trials demotestfa2], that this kind of heat
treatment enables both hydrogen-loaded as welloashgdrogen-loaded germanium
silicate fibres to survive temperatures up to 500o%er long periods without showing

any sign of decay in reflectivity.

Regenerated FBGs (RFBG) can be produced by angethenfibre with even larger

temperatures in a subsequent annealing step [A7& temperature of about 800°C no
sign of the former type | FBG is detected (Figur&2). If the temperature is further

increased, however a new grating emerges withaheeBragg wavelength and similar
spectral properties. These gratings are called®FBhe former type | FBGs produced
by the pre-annealing recipe are called seed grsating to their role as a source for the
regenerated Bragg gratings. The strength of #gemerated Grating is usually about
20% of the original seed grating. Regeneratedrgratendure temperatures up to the

softening temperature of fused silica and achiegeas qualities comparable to type |

21



gratings. Unlike other high temperature gratingshsas type Il damage gratings they
can also preserve the complex functionality, likedization, of an advanced type |
grating making them to appear a ideal choice fghhtemperature applications [47]. A
disadvantage is that the refractive index modutatioan order of magnitude less than

that of the original type | seed grating.

reflectivity
[dB] regeneration threshold
~ 750 °C

| regenerated FBG
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5 —] exponential
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500 1000
Figure 2-12 Schematic illustration for germano-siltate single mode-grating reflectivity over

temperature. The grating is stabilised to temperatres up to 500°C by pre-annealing with a
temperature of 650°C for 20 mins. When temperatures exceed 50 the grating continues to
exponentially decay until it vanishes at around 750C. Further increases in temperature cause

reappearance of the grating, a Regenerated Fibre Bgg grating is formed. (derived from [47])

The reflectivity of the regenerated FBG is strond@ypendent on the fluence of the seed
grating inscription process [39]. The regeneratfactor, the ratio between the
maximum reflectivity during the regeneration praceand the reflectivity at room
temperature before the regeneration process issaltnpled to 1 by doubling the
fluence for seed grating inscription. The dopingnaentration of the fibre also
influences the reflectivity and the regeneratiompgerature for the RFBG [54]. An
increase of the germanium concentration in fibrgsiicantly increases the reflectivity
and lowers the temperature threshold for the reg¢ioe process. For example the
reflectivity of a FBG in a fibre with a germaniurarentration of 10 % is almost twice
that of a FBG in a standard telecommunicationsefieith a germanium concentration
of 3 %. The regeneration temperature for achiethegregeneration process is lowered
by about 100 °C to 850 °C.
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Regeneration of gratings written into germanosiéaaptical fibres holds great promise
for high temperature applications. Germanosilidétees are ubiquitous and can be
readily commercially obtained with written gratingslow cost. This and their good
spectral properties make gratings written into sfilstes with high fluencies the first

choice for investigating embedment of such FBGs metals by SLM and subsequent

high temperature applications.

2.2 Metal fibre coatings

For integrating optical fibres into metals by SLMdasubsequent strain and temperature
measurements a fibre coating is necessary to dttadhbre to the metal and protect the
fibre from the energy of the SLM process. Commeandard telecommunications
fibres typically use ultraviolet (UV)-curable polyrs as coating materials. These
materials have advantages in terms of very higtirnpa@peeds and low micro bending
losses [55]. Polymer coating materials are howewsuited for embedding of fibres in
metallic structures by SLM. The melting temperatof commonly used polymers is
usually below 200 °C and moreover polymers areaie to integrally join with metals
[55]. Polymer-epoxy adhesion can be used to ghiieal fibres for sensing purposes to
metal components. But epoxies can only be usetbuglatively low temperatures,
even high temperature epoxies cannot sustain tepes exceeding 35 and are
therefore not an viable option for applicationshigh temperature environments [56].
Additionally, fibre optic sensors attached by epadghesion suffer from non-linear
strain transfer because adhesive layers consunag shergy due to shear deformation
[57].

Barrera [19] describes a technique for packagiggmerated Bragg gratings on the base
of a ceramic protection tube with an outer metalager. The two-bore ceramic
protection tube holds the fibre grating straight Hgving just a slightly larger bore
diameter (130 pm) than the diameter of the opfibaé (125 pm). Trials show that the
response to temperature changes of the packagedamhckaged regenerated Fibre
Bragg grating is unchanged. Furthermore no hysierdeehaviour is detected in the
sensor signals. Despite these advantages, no rpatfaEhment between fibre and
jacketing exists. Strain and thermal expansiothefjacketing material is therefore not

measured by the fibre.
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Applying metals directly onto the fibre is more nable. However, when coating

optical fibres with metal materials, it is importao minimise energy inputs during the
process to protect the fragile optical fibre. Tiere, recipes for coating optical fibres
with metals found in literature have in common ttiet process temperature is limited
to low temperatures to protect the fibre from haadl residual stresses [19, 55, 58].
Low temperature coating techniques of metal jackefgtical fibres are based on dip
coating [55, 58], sputtering [44, 59] and platidg [ 58, 59].

Coating approaches based on drawing through orrdjppto molten metal materials
can be used with a wide range of materials witmiBmant differences in melting
temperatures. Drawing fibres containing FBGs tglomolten tin is described by Seo
[55]. The melting temperature of tin is only ab@30 °C. Different drawing speeds
are analysed. Results show that with specific drgwpeeds void free coatings can be
achieved. The signal quality of FBGs inscribeditie fibre is not influenced by
residual stresses, which can occur during the peoceTin readily bonds with iron
atoms but also tin has a very low melting tempeea(tr230 °C) and therefore large
guantities of Tin inside a component deployed ghhiemperature applications are not
desirable. The concept of embedding fibre optitsees into aluminium by casting is
reported in [60]. The fibre is positioned in atoag form which is subsequently filled
with molten aluminium (~ 660 °C). Stainless stieddes are used to protect the fibre at
the interface between molten aluminium and air.ingyone of such approaches for
drawing bare fibres through molten metals was nathle option for the PhD studies
described in this thesis. The objective of theeaesh is to open up possibilities for
temperature and strain sensing at temperaturesatbatlose to the softening point of
silica-dioxide (T ~ 1195 °C). Any metal material suitable for ttesnperature regime
will have a higher melting temperature and infittuctural damage to a bare optical
fibre drawn through the molten material. E.g. IREZ@ at 850°C still exhibits two-
thirds of its ambient temperature tensile strengtiilst the melting point is about
1400°C [61].

Sandlin [58] describes a technique to apply thivesilayers (T, ~ 960 °C) of 1 um

thickness onto fibres by a technique called mim@king. The purpose of the thin
silver layer is to enable electrical conductivity fsubsequent electroplating of nickel
onto the fibre. The thin silver interlayer is appl to the fibre by the reduction of a

silver ammonium complex with glucose in strongljkadine conditions. In the
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subsequent electroplating process nickel layenspaio 25 pm thickness are deposited
on to the fibre. Nickel has a high melting pointlareadily integrates into iron-based

alloys.

An alternative approach to applying a conductiwetds to use RF sputtering [10, 14].
A titanium layer with 1 pum thickness is sputteradoothe optical fibre to enhance the
adhesion of the fibre to nickel. Subsequentlyira 6f about 2 pum thickness of nickel is
sputtered on top of the titanium layer. Finalle thickel layer is increased by low
temperature electroplating to a total thicknesupfto 1 mm. Another paper [59]
describes a two-step technique for plating nickebaoptical fibres using electro-less
plating by applying an initial electrical conduaikeying layer and subsequently
electroplating (higher deposition rates) for rapigposition of much thicker coating
thicknesses. The nickel layer is deposited by eBdn of a nickel sulphate complex
with sodium phosphate, ionic acid and boric acith a subsequent electroplating
process the thickness of the nickel coating iseased to different thicknesses in the

range of 2 — 335 um by varying the time of the tetgifating process.

It is clear that applying metal jackets using l@mperature processes such as mirror-
making, rf-magnetron sputtering and electroplatinthe best route for jacketing optical
fibres. The mirror-making technique is not ideaédo the comparatively low melting
temperature of silver. It was decided to conceat@n a rf-magnetron sputtering
approach to provide an electrical conductive métying layer and subsequent

electroplating of nickel. For both processes faefl are available within the research

group.

2.3 Melting metals with lasers

In laser processing of metals, the laser beam gnerabsorbed at the material surface,
resulting in an increase in temperature. The amadrenergy 4Q) necessary to
increase the temperatuT() of a specific material volume & specific heat capacity;

p = density; V = volume) is expressed by the follegvadiabatic equation [62]:

AQ=ATIc,lplV EQN 7
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For temperatures exceeding the material meltingp&gatiure (T,) an additional term for
the melt enthalpy (K) is added. Differentiating the equation over ti(dédt) allows
expressing the power (B.esy Which is necessary to achieve the desirable tesmpe

change for a beam moving across the specimen’acgurfith a speed V/t:

d
_tAT ¢, bV =AT [, Eb[—l\ti

rocess =
d

d EQN 8
—AQ=P
dt Q=R

The laser radiation is only absorbed at the mdt®isarface according to the materials

absorption coefficient (#), which is dependent on wavelength.
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Figure 2-13 Absorption coefficient for solid iron axd SS 316 material as a function of substrate

temperature. For both materials in average only 4046 of the incident laser energy is absorbed
(@ 1 um wavelength). The remaining energy is reftéed back into the environment and is lost.
(from [63, 64])

For solid SS 316 material the absorption is abdut@ at ambient temperature and
slightly increases to about 40 % at melting temipeea as shown in Figure 2-13,
together with data for pure iron [64]. Therefoiteis assumed that for processing of
iron-based steel alloys only about 40 % of the gyngrovided by the light source is
utilised for the actual melt process, the remainewergy is reflected into the
environment and is lost.

When processing materials with large thicknessaspaoed to the beam diameter, the
width of the melt pool approximates the beam di@mesince only the laser beam
delivers energy and no energy is “reflected” frdra materials bottom surface into the

process zone [65]. Provided that temperaturesodexceed vaporisation temperature
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heat is transferred due to heat conduction andemiion within the fluid melt pool
leading to half-spherical melt pools [66]. Appnmwting the volume of molten material
by the laser beams diameter (d) and in case of\angdaser beam the speed)(lay
which the beam is travelling across the speciméneats dV/dt. In combination these
assumptions lead to the powes2which the laser needs to provide to achieve ngltin
of the material [66, 67]:

dfz EQN 9
Pprocess = A - Plaser = (Hm + Cp(Tm — Too)) pelm ? vy

Quadratic increases in light intensity.{fd®) occur with smaller spots and therefore
with significantly less laser power, intensitiesnche high enough for with high
brightness laser sources and small spot diameféin® necessary intensities for laser
processes of iron are displayed as a function tefraction times in Figure 2-14. In
continuous laser processes, the interaction timedefined by spot size over

speed (gvy).

From this it follows that in order to embed optifires, high brightness lasers are the
ideal choice. The small spot size is up to a faofaen smaller than the optical fibre
itself. Small-spot sizes enable high intensitied the higher the intensity, the quicker
melting temperature is reached, minimising theradton time which is advantageous
because the energy input into the optical fibredege be minimised. Putting this into
perspective with existing laser sources in our asde group, a high brightness fibre
laser with a maximum intensity ~2.5x 10v*mm™ reaches melting in interaction times
of a few microseconds (Figure 2-14). A diode lasbich was also available has an
intensity of only 4x 18 W*mm requires four orders of magnitude more interaction

time (~tens of milliseconds) to achieve a simiksuit.
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Figure 2-14 Estimates for necessary intensities exhieve laser material processing of solid

iron material as a function of interaction time (from [67]). Using values for the available
equipment in our research group the fibre laser syyem (100 W) due to its higher intensity achieves
melting of the material four orders of magnitude fater than the available high power diode laser

system (200 W) with small maximal intensity.

During the process, energy dissipates from the puwt into the surrounding material,
not contributing to the process and over time legdto power loss from the
process [14].

d, v, Jos EQN 10
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These losses are dependent on the thermal diffoitle material and the spot size.
Smaller spots lead to less heat conduction intcstlreounding material. The thermal

diffusity o is a material constant

A EQN11
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WhereA is thermal conductivity, ccheat capacity ang density. Processing materials
with high thermal diffusity such as copper or alomim larger amounts of energy are
necessary to overcome losses, since the energilyreiftlses into the environment
[68]. Once a melt pool is created, melt pool disiens are also typically larger, since
high diffusity results in smaller temperature geads. Steels are characterised by
comparatively lower thermal diffusity compared thear, non-iron based metal alloys.

Melt pools hence are locally defined and typicalpproximate beam diameter [68].

The total power g, needed for the stationary melting process is time sf the power
for melting and the power for replacing lost enedyye to conductivity. Estimates for
Pota @s a function of feeding speed for SS 316 ardalisp in Figure 2-15. Two cases
are presented representing the two different Igghirces available of this work in our
research group, a high brightness fibre laser (10@Wd a diode laser (200 W) with
comparatively larger spot size.

P, fibre laser (spot @ 100 um) - P,y diode laser (spot @ 300 pm)
100
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Figure 2-15 Calculated laser power required for meing as a function of feeding speeds The

fibre laser offers a significantly wider process widow.

With increasing feeding speeds the power requicedrfelting rises more rapidly than
the power losses, increasing the efficiency ofléilser melting process at higher speeds.
For feeding speeds where ig P Pyeitprocesses are inefficient, more energy dissipates
into the environment than is used for melting [63furthermore processing metals with
small feeding speeds is disadvantageous for thehamézal properties of the metal.

When laser processing austenitic steel materiath sis SS 316, slow speeds lead to
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long interaction times and therefore long cool ddinres leading to weaker mechanical
properties in areas remote to the process zonehiohwthe material is annealed. In
combination with the available output power of theer source therefore a potential
process window can be estimated. For SS 316 tije Iightness fibre laser with
smaller spot leads to significantly larger processdows, offering more potential to
achieve melting process with high efficiencies almv heat conduction into

surrounding material volumes.

At high intensities or long interaction times vaigation can occur [67] (Figure 2-14).
This results in the formation of a vapour fillede$khole” inside the melt pool. The key-
hole is kept open by the vapour pressure. The dbom of the key-hole leads to a
significant increase in laser absorption and metigbration.

I . intensity deep penetration
conduction - melting threshold “key - hole”
£A
[
-
c
2
s
©
c
[0]
/ )
melt-pool /
- key-hole
laser intensity
Tmelting <T< Tvaporisation Tvaporisation <T
Figure 2-16 Schematic illustration for transition from conduction melting regime to

vaporisation. Increasing laser intensity just abog the vaporisation threshold leads to significantly
deeper penetration depths. The incident laser lighis better absorbed in the formed key-hole due to

multiple-reflections, leading to more efficient useof the laser power.

The increase in melting depth happens rather napirticularly for materials with
comparatively low thermal diffusity such as SS 31Bnce the intensity is sufficient to
cause vaporisation the amount of absorbed energigmsficantly increased since the
incident laser light is absorbed inside the keyehioy multiple reflections. For steel
materials then the absorption coefficient is rapidicrease from 40 % to almost full
absorption leading to an increase of the melt poadlme of up 300 %. The melt pool
width however almost stays constant and only thgthdes increased leading to larger
aspect ratios of the melt seam. Rays of the imtildeser light are absorbed according to

the materials absorption coefficient and propadeim the top to the bottom of the
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keyhole due to multiple reflections inside the kalgh Along their way to the bottom
the rays incrementally lose their intensity. There further increases in laser intensity
lead mostly to deeper penetration depth into thekvpiece. Using very high power
lasers (kW regime) with relatively small spot si£880 um) aspect ratios of more than
40 are reported [69], therefore this regime offlggecesses is often referred to as “deep

penetration welding”

2.4 Selective Laser Melting

Abe was among the first to describe an experimesatlp for SLM (Figure 2-17) [70].

A thin layer of powder is spread onto a base plétescanning laser is then used to melt
particular areas of this powder which then fusthbase plate. The base plate is then
lowered and a further powder layer applied usingiger. The scanning laser is used
again to fuse selected areas of this second laykjoin to the already solidified parts of
the first layer. Oxidisation during the meltingopess is prevented by applying a low
oxygen atmosphere either by implementing a vacuurbyousing shielding gases to
suppress the ambient oxygen. Setups similar t@tieedescribed by Abe can be found
in the majority of commercial SLM systems, wherefmpst commonly used are

galvanometer scanners for beam positioning insdéadscanning laser.

Optical fibre

3D Model
(Solidified part)
Molten part

Wiper

Base plate

Metal powder

Table

Figure 2-17 Experimental setup for Selective Lasevielting according to Abe. (from [70])

The physical mechanisms that are involved in sudd $rocesses are absorption and
scattering of laser radiation by the powder mateheat transfer into surrounding
powder and substrate material. Due to the heafihgse transformation occurs from

solid to fluid and surface-tension gradients cdiigd flows within the melt pool. The
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volume fraction of gases in the solidified powdaydr decreases from a high value

upon starting to nearly zero after process [71].

In SLM processes, the resulting characteristicsthaf fabricated components are
dependent on various process parameters. Bel@nntst critical parameters will be
discussed to ensure SLM manufactured solid metalimponents have physical
properties similar to components fabricated by othere conventional techniques such

as casting.

2.4.1 Powder material

In SLM processes metallic powders of single contpmsiare used. Therefore, pre-
alloyed bulk material is atomised into particlecitriesses in the range of tens of
micrometres. The two most commonly used ways aseagd water atomisation. Gas
atomised powders particles typically possess a raheshape (Figure 2-18 left)

whereas water atomised powders possess a morelareghape (Figure 2-18 right)

[72].

Figure 2-18 Microscopic analysis for gas (left) anavater atomised SS 316 powder particle.
(from [72])

Samples fabricated from gas atomised powder possédemnser structure compared to
samples from water atomised powder. The sphesicape of gas atomised powders
allows higher packing densities [72]. The smallee powder particles size the
smoother the resulting surface morphology. Ideally3D-SLM processes the ratio

between particle size and layer thickness is less bne [73].
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2.4.2 Atmosphere

Fabrication of iron based metal components with Sukder the presence of oxygen,
increases the melt volume formed during SLM prochss to exothermic oxidation of
iron. The presence of any oxygen within the sinteatmosphere and powder bed
allows surface oxides and slags to form as the povial heated and melted by the
scanning laser beam. This leads to a deteriomuddce quality of single layers and
also 3D components and is therefore undesirablé¢ [@bserving the growth and
effects of these scales in differing atmospheriedétions has shown that elimination of
all oxygen is required in order to reduce the nweliume allowing surface tension

forces to become less dominant [75].

Therefore, SLM processes are either conducted walarum or inert-shielding gases
such as argon or nitrogen. It was found that pesssity is obtained when sintering is
carried out under an argon atmosphere. This coeldttibuted to the dissolution of
nitrogen into the liquid iron during the courselader sintering [76]. Murr investigated
the influence of argon and nitrogen atmospheremgwatomisation of the powder and
the laser melting processes of stainless steel [fAyas found that argon atmospheres
during the SLM process more reliably conserve theedu steels martensitic

characteristics.

2.4.3 Single track formation - laser parameters

In SLM processes sufficient energy input by theefasource is required for melting

both, powder and solid substrate, for intermixihgrh and ultimately form solid and

strong components. Adding single tracks by SLMoamisubstrate the most influential
parameter for the resulting quality of in termssbape, morphology and bonding of the
added material is the energy input, which is tyljbjcdefined by laser power over

feeding speed.

In empirical studies of SLM processes, three déffierprocess regimes for the energy
input in single-track formation can be differentit For specific material and

experimental equipment therefore possible processlows for scanning speeds and
laser powers can be determined, in which the SLdtgss delivers optimal results [71,
78] (Figure 2-19).
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If the energy input is not sufficient to penetrated melt the substrate, e.g. at high
scanning speeds or low power levels, the moltendegownaterial contracts due to
surface tensions to spherical droplets and barelg the substrate, a phenomenon often
referred to as the balling effect [79] (Figure 2-I@®ttom right). The height of the
formed droplets can exceed the actual height ofléposited powder layers, potentially
interfering with the powder delivery for subsequéayers. The balling effect can be
overcome by adjusting the scanning speed and faseer depending on the thermal
conductivity of the material. In general, highdhiiness laser with high intensities lead
to a wider process windows for stable melting psses without occurrence of the
balling effect [71].
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Figure 2-19 Single track process map for the firstayer of SS grade 316L (-25um) powder.
Powder layer thickness is 50 um. (from [71])

A study of SLM processes with SS 316 and a higlyhbniess laser with similar
characteristics to the laser in our research gwagp conducted by Li [72]. Figure 2-20
shows cross-section of single tracks conductedffarent speeds. At a power of 60 W,
the powder material is molten consistently over léngth of the conducted track with
no balling occurring. However, in this case theltnp@ol barely penetrates into the
solid substrate. With increased laser power thé pmol extends further into the

substrate. Ideally the penetration depth intostiiestrate is similar to the thickness of a
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layer of powder material, guaranteeing good intgimgj of the added powder material
with the solid substrate [71].

Figure 2-20 Cross-section analysis of SLM solidifteSS 316 powder with different laser power.
(speed 50 mm*g; spot size: 80 um) (from [72])

Generally larger laser powers lead to larger hati@d zones and if the laser power is
too high other distortions and irregularities ie tBLM process occur, such as spattering
(Figure 2-19 left). Large amounts of energy defgasinto the material leads to rapid
expansion of heated material, propelling the matexrivay from the process zone, and
interrupting the single track formation. Therehy,high powers surface roughness is
negatively influenced by poor melt pool stabilitydasputtered particles [80]. Pulsing
the laser source to allow the material to cool dasva feasible method for maintaining
good surface quality in high intensity laser preess However, using pulsed laser

sources and low pulse-to-pulse overlap, built comepts suffer from porosity [81].

2.4.4 Scanning strategy — fabricating 3D components
Features that exceed the dimensions of single grack SLM fabricated by applying
single lines in parallel to each other, applyingtgras layer by layer which outer

dimensions approximate the dimension of the toalbeidated component. In literature,
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the distance between parallel lines, is typicadyerred to as line-to-line-spacing, -
distance or simply hatching. The hatching parametehighly influential for the

resulting surface morphology and density of the Salticated component [78].

The interaction of the laser light with the powderdifferent to the interaction that
occurs with solid materials [82]. In solid metahtarials the laser light is absorbed
according to the Beer-Lambert law within severahdned nanometres of the surface.
For highly reflective materials such as coppera@®@ % of the emitted laser light is
back reflected and the absorbed energy is traesfeoy the heat conductivity into
deeper depths. While processing powders the lagdrpenetrates the material much
more deeply, up to several hundred micrometrestaltiee voids and gaps between the
powder particles as numerical estimates for singys of light by Wang [82] show. A
ray of light is scattered at a powder particle #relreflected part of the laser ray may
subsequently hit another powder particle and soTdns cycle continues until either the
initial laser ray is totally absorbed or the rayeflected out towards the environment.
Therefore the total absorption of laser energy wpescessing powder materials is
significantly increased compared to solid materiéds example for copper and steel
powders is as much as 80 % [82]. Because of tlterbenergy absorption of steel
powder at shorter wavelengths, the formerly wideagrCQ —lasers have been replaced
by solid state lasers\(= 1 pm) or diode lasers\ (= 0.8 um) to increase process

efficiency [8]

zone of \ ‘

laser
powder ‘
consolidation powder
i % e
N,
1%t line 2" line >2 lines
Figure 2-21 Schematic illustration for formation ofzone for powder consolidation. (from [78]).

The first line solidified from freshly depositedvpder material typically leads to larger
dimensions than subsequent lines in close viciditg to increased absorption of the
laser energy by the powder materials compared lid seoaterials. More energy is

available for the melting process, resulting inuasalation and densification of powder
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material from a wider material. This leads to aegof powder consolidation where for
subsequent lines less powder material is availal#@lidified metal materials have
much lower absorption for light. From this it fmlVs, if subsequent lines are placed in
close vicinity to one of the initial lines, partiahitting either the previously solidified
material or the zone of powder consolidation, leswder material and less energy for
the melting process are available, ultimately lrgdb smaller dimensions of the lines
[78].

The effect is mitigated by adjusting the scannitigtegy so that for the first line with
higher absorption less energy input is appliedsoAlstudies on the zone of powder
consolidation show that with increased feeding dpe# constant energy input, the ratio

between zone of powder consolidation and line wimtbomes smaller [78].

In cases where the line spacing exceeds the lidéhwaf single tracks, macro-porosity
occurs. Studies on porosity behaviour of stainkiegl SLM processes, for different
scanning strategies indicate strong correlationvéeh porosity and scanning strategy
[83]. Figure 2-22 depicts microscopic analyse$8f316 samples fabricated by SLM
with different hatching parameters in a study caned by Li [72].
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Figure 2-22 Microscopic images of SLM fabricated cmponents with all similar parameters

but varying hatching parameter. Provided that thehatching is less the single track width no
porosity occurs, exceeding the single track widthgrosity scales with the
hatching parameter (from [72]).

Provided that the hatching parameter does not ext®e width of the single tracks
(compare to Figure 2-21) parts free of macro-ptyoare fabricated. For hatching
larger than the single track width, the porositgles linearly with this hatching. The

scanning strategy also has a strong influence @siinface morphology. Studies show

37



that the hatching distance should not exceed theage width of the individual lines in

order to manufacture smooth surfaces [78].

The scan direction angle is the angle between ksamning directions on consecutive
layers. Changing the angle for subsequent layéigates the occurrence of anisotropy
in SLM build components [10]. Currently, reseaishunderway to understand the
occurrence of anisotropy but preliminary resultdicate that some variation of the
angle in subsequent layers can significantly redneeoccurrence of anisotropy in SLM
built components [84].

2.4.5 Residual stresses in SLM fabricated components

When fabricating with SLM large temperature gratieoccur within the component.
Locally confined to areas of similar dimension thaser spot, the material is heated up
exceeding melting temperature, leading to tempezagwadients which easily exceed
10" K*m™ [9, 85]. Rapid shrinking of the material inducesidual stress into the

component leading to deformation and in the woosisible cases cracking.
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Figure 2-23 Model for residual stresses developirgduring SLM processes (top). Plot for

modelled stresses for substrate (base plate) and Bladded material. (from [86])
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Modelling residual stresses for substrates with SaNtled materials illustrated in
Figure 2-23. The model developed by Shiomi [8&uases that each added layer
contributes an incremental increase of stress budth substrate and SLM added
material of the fabricated component. For stamiteel materials and typical values for
layer thickness (0.1 mm) the model indicates sigaift tensile stresses in the
components surface and compressive residual strewsi@in the component. Stress
levels can easily exceed the Yield Strength oftla¢erial and cause plastic deformation
(Figure 2-23).

Avoiding long track lengths mitigates residual sses. Therefore, it is desirable to
divide the SLM processed area into small segmeargs|ar scanning [9]. Relaxation of
residual stresses in casted or SLM fabricated oompis is achieved by subsequently
annealing or hot isostatic pressing [87]. Residiiedsses near the surface are relaxed
by shot peening [88]. Residual stresses can bsunege.g. by X-ray techniques [89],
neutron diffraction or hole drilling [90]. Theseeasuring techniques are complicated
and costly. Li [44] demonstrated the feasibilifjngeasuring residual stresses of an AM
fabricated (Fused Deposition Modelling, see secfds) part using embedded fibre
optic sensors, however measurements where condoctgdafter applying the first

layer on top of the fibre and not in real-time.

2.5 Embedded fibre sensors

Embedding of optical fibre sensors into compositganals has been widely reported
and has seen extensive use across a wide ranglafations for measuring strain and
temperature from within components [91]. Fibreioptave also been embedded into
plastics [92] and attached to metals by utilisipg»y adhesion [93]. However, all of

these  approaches limit the wusable temperature range below

350 °C due to the limited temperature stabilityhef involved polymer-based materials.

Three different concepts have been previously teddor incorporating optical sensors
into metal components. In [94] the encapsulatibbawe silica fibres into aluminium is
described by using ultrasonic consolidation. Hosvewltrasonic consolidation of
aluminium will limit the temperatures of possiblgpdication to below the melting
temperature of aluminium (T ~ 680 °C). Furthermore, the bonding between
subsequently consolidated layers is only due tmatdevel forces. A study conducted

by Yang states that no localised melting and inbemyg in ultrasonic consolidation
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processes occurs, inherently limiting the physipedperties (e.g. strength) of the

fabricated components [95].

The other approaches work by metal jacketing thealfibre prior embedding. These
metal jackets are typically applied by low temperatprocesses such as electro-less
plating [59] or a mixture of electroplating and magon sputtering [44]. Sandlin
describes the embedment of such coated fibreddrgooove shaped steel materials by
using brazing [58]. The brazing filler material ataching the fibre to the steel
component, however the brazing materials low mgltintemperature

(~ 400°C) will inherently limit the applicable temperatuange.
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Figure 2-24 Approach for embedding optical fibresmto metals by using Fused Deposition

Modelling and electroplating of nickel. Nickel layers of significant thicknesses are necessary to
protect the optical fibre from the energies of thdaser cladding process. (from [44])

The only approach suitable for high temperaturdiegion is the embedding approach
described by Li [44] (Figure 2-24). The method ksby building U-shaped grooves of
SS 316 material by laser cladding in combinatiothwnilling (net shape). Powder

material is sprayed onto a substrate and solidiigdg a laser. Subsequently the added
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material is machined down to its design shape usiitigng. After building the groove,

the process is interrupted, the specimen is remdred the AM machine and a
chromium rf-sputtered optical fibre sensor is pthagto the groove. The fibre in the
groove is electroplated with nickel with thicknessaf at least 1.5 mm, filling the
groove. Subsequently the specimen is returnegkted into the AM machine and the

build process is continued.

Li’'s work, dated 2001, is the state of the art éonbedding optical sensors into metal
components suitable for high temperature applioati@and therefore acts as a
benchmark for this thesis. Li's thesis demonsgrdite feasibility of embedding optical
fibres sensors into SS 316 and shows that such ddgedesensors are suitable for
measuring strain and temperature from within th@ponent. However, Li’'s approach

suffers from several disadvantages:

= The increased volume of electroplated nickel tdgmothe fibre within the steel
component is a significant distortion of the comgats physical properties.
The reported cross-sectional areas of nickel withia steel component are
typically about 3 mm x 1.5 mm, highly undesirableder aspects of
minimisation (Figure 2-25).

= The poor beam quality of the laser used for thelditay process (2.4 kW cw
laser, reported spot diameter: 2 mm). The largd size leads to large melt
pools an order of magnitude larger than the dinmssiof the optical fibre
sensor. Therefore, large nickel coatings to ptatee fibre sensor during the
cladding process are necessary. Li reports thahwloating thicknesses of less
than 1.5 mm are used significant attenuation otriéwesmitted light through the

fibre occurs.

= Temperature measurements reported in the work @rexteeding 356C. A
specific explanation why no tests with higher terapgres are conducted is not
given (Figure 2-26).

= Strain testing was conducted in the elastic andtiglaegime showing linear

response to deformation in single strain cyclesily@ingle tests are reported
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and no information about the long-term behaviouthefembedded fibre sensor

is given (Figure 2-26).

Generally, the approach suffers from impracticaditand many aspects of the behaviour

of such embedded sensors are not investigated. AWh@rocess must be interrupted

and the specimen removed from the AM machine ireoid attach the fibre via

electroplating. The metal powder melting is coniddcwith a laser of poor beam

quality, resulting in large spot sizes and themfarge melt pool volumes, hence large

nickel coatings are necessary to protect the filbmeaddition, prior to electroplating the

surfaces of the steel component must be treatedpimve adhesion of the electroplated

nickel.

process and the fibre is encapsulated.

Figure 2-25

Then, the component is returned into thd machine to continue the build

Stainless steel substrate

Cross-section analysis of fibres embeedd into steel using nickel electroplating and

laser cladding. Due to the large energy input ofiie cladding process (2.4 kW) significant nickel

coating are necessary to protect the fibre duringhte embedding process. (from [44])
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2.6 Thesis objective

Following from the review above, the objectivestsd work presented in this thesis are
outlined below. These are either incremental imeneents [d) to previous work, in
particular that conducted by Li [44] or can be ¢desed a novelty®) in the sense that

such research was not yet reported elsewhere:

0 Reduce the physical size of the embedded sensigesls and therefore
mitigate their influence on the physical propert@sfabricated components.
This is made possible by the high brightness lagstems, which are now used
for the SLM processes. The high beam quality aldlae volume of the melt
pool to be precisely controlled reducing the likethd of damage to the optical
fibres being embedded and melt pool dimensionsaarerder of magnitude

smaller than the optical fibre.

O Minimise interruption to the AM process. Ideallyhe AM fabricated
component remains in the AM machine for the whaleritation process, rather
than being taken out for sensor embedding, as ibescin Li's thesis. A

minimal interruption is vital for a commerciallyable process.

B Identification of the minimum coating thickness fasing the fibre metal jacket

to the steel component using the high brightneses la

B Conduct temperature measurements in environmergsewbmperatures exceed
1000 °C. Measurements of temperatures in thigmregvith metal embedded

fibre optic sensors have not been demonstrateaeefo

B Determine whether elastic straining and plastiodeétion of the component is

reliably tracked and measured by the SLM-embedited dptic sensor.

B Demonstrate continuous interrogation of the fibpticosensor during the SLM
process. Commercially available interrogation esyst for fibre optic sensors
allow such sensors to be monitored at very highpsag rates (10 kHz),
providing useful data about the temperature distidin in the component during

the SLM process and also monitoring the developrokrgsidual stresses.
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The experiments described in this thesis were masihducted using bespoke self-
designed laboratory equipment, e.g. mounts forefibwating or home-built setup for
SLM processes. However, all these systems werngraab to allow future transfer to

commercially available equipment.

Given the limitations of the home-built SLM setupstresearch was carried out using
SS 316 material, to demonstrate feasibility, eveugh, it is not an ideal material for
long-term high temperature applications. Howe®3,316 has the advantage of easy
availability, low cost, significantly simplified Imalling and lower health and safety risks
compared to more suitable high temperature maseréapecially nickel-based alloys.
Furthermore, in the scientific literature SLM fatation of SS 316 components is

extensively reported.
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Chapter 3

Coating optical fibres

To embed optical fibres into metals by SLM, a petitee layer around the fibre is
required to protect the fibre and also to form aper mechanical interface between
silica fibre and metal component. Melt pool tengeres in steel sintering processes
are typically several hundred degrees above tled stelting point (~1500C; [96] ) to
ensure that the localized melt zone extends bejloadocal volume of the laser beam
to facilitate partial re-melting of the neighboiwgimaterials and hence help to achieve a
crack free solid component [97]. The softeninghp@ivhere silica creeps under its own
weight) of fused silica however is only about 12@) [98]) Therefore, coating is
essential to shield the fibre from the high tempess of the embedding process not
only to preserve the fibre’'s structural integritytkalso to preserve FBGs that suffer

from decay at elevated temperatures (Figure 3-1).

thermal
protective
layer

interface
for strain
transfer

Figure 3-1 Schematic visualisation of the embeddingrocess, highlighting the necessity of a
fibre coating. A fibre coating is required that fecilitates thermal protection during the SLM

process and also bonds to SS 316.
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For coating optical fibres a combination of RF $gtibg and electroplating is proposed
according to the recipe developed by Li [44]whigbscribes sputtering of electrical
conductive keying layers. This keying layer actsbash an adhesion layer and a
conducting path for subsequent electroplating. ifggant is available to RF sputter
substrates with various metals (Figure 3-2). Rittgping is a non-thermal vaporization
process. Surface atoms are physically ejected feorsolid surface (“target”) by

momentum transfer, typically by gaseous-ions acatdd from a plasma [99].

Sputtering is well established for thin film meisdition of semiconductor or glass

materials.

inlets

e.g. for multimeter to measure resistance or door open
| fibre interrogation
7 1)

stepper rotor

Figure 3-2 Image of the RF sputtering equipment. &up consists of a vacuum chamber and
its necessary control unit. Inlets at the top alle electrical wires and optical fibres to be fed inb the
vacuum chamber (e.g. for in-situ interrogation of @ FBG during sputtering, electricity for stepper

rotor). Inside the vacuum chamber are a stepper ror and the sputter target.

The metals of interest are restricted to the higmperature sensing applications.
Copper (melting point~108%C) and silver (~960C) often used for fibre coatings were
hence not investigated and so the research repoet@dconcentrates on coating fibres
with chromium (~1910C), nickel (~145(°C) and titanium (~1670C) which are also
constituents of common stainless steel alloys anthige good intermixing with steel
in the following embedding process (melting tempaes from [100]). For the

electroplating process only a nickel plating fagilvas available.
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3.1 Sputtering of keying layers

The RF sputtering characteristics of nickel, titemiand chromium were investigated.
Preliminary tests indicated that sputtering rektiMarger thicknesses (~ 1um) of nickel
using the available equipment is not feasible, ttheenickel’s magnetic behaviour. In
combination with the limited power of the sputtgrisystem (250 W), the nickel's

magnetism leads to extremely low sputter yieldgesithe dissolved nickel nuclei are
drawn back to the magnetic sputter target. Tdifat deposition of thicker layers of

nickel in reasonable times (>un thickness; < 1hr) extensive upgrades (power suppl
adding counter magnets etc.) to the sputteringesysvould be necessary to mitigate

the sputter target's magnetic characteristics [101]

For process evaluation rectangular glass plates pastioned 10 cm above the
sputtering target. The glass substrates are [ha@ered by tape and after sputtering
the tape is removed. To measure the differenteight between the sputtered and un-
sputtered section of the specimen white light fetemetry (Zygo) is used. Sputtering
is conducted in high vacuum (i®ar) conditions. The sputter frequency is seit3®6
MHz and argon is used as the plasma gas to fdeiliteghest sputter yields [99]. The
measured thickness for RF sputtered chromium dadidim for different sputtering
power and durations are plotted in (Figure 3-3) @fidure 3-4) respectively. For both
materials, the coating thickness increases lineaitit sputter duration. Chromium
achieves much higher sputter yields. Layer thiskee of lum are achieved after 15
min at 200 W or after 30 min at 133 W. Sputtetitgnium of a similar thickness takes

almost twice as long.
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Figure 3-3 Deposition rates for chromium  Figure 3-4 Deposition rates for titanium
on microscopes slides as a function of time and on microscope slides as a function of time and

sputtering power. sputtering power.
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Sputter yields for chromium are higher due to d@weér sputter threshold [99]. For
every material a specific sputter threshold exigigch is dependent on many variables
such as mass or molecular structure of the spuogtetarget. If the energy of the
bombarding ions is below the threshold no sputterrcurs. Above the sputter

threshold an increase in energy linearly increésesputter yields.

The sputter coated fibres are subsequently eldatesp The available power-supply
for the plating-process allowed the currents tadetrolled to a precision of 1 mA for
voltages up to 30 V. Therefore the resistancé@fsputter-coated fibre has to be in the
range of several hundred Ohms, to allow platingcess to be controlled in a precise
manner. The sheet resistance R of any electridwzdive material is determined by the

following equation [102]:

R=,0E—!i EQN 12

Increased lengths L or high specific resistapcencrease the overall resistance R,
whereby larger cross-sectional areas A lead tolemedsistance. Optical fibres are
insulators. The cross-sectional area of the fima&ting is calculated by subtracting the

area from the fibre Ofg. from the outer diameter of the applied coating.#ag

— (ODczoating4_ ODﬁbre) 07 EQN 13

The specific electrical resistance of Chromium 25 ITQ*m whilst for titanium the

A

specific resistance is 4202fm [103]. The calculated resistance of chromiund an
titanium as a function of coating thickness is fgdtin Figure 3-5. The results indicate
that for chromium a coating thickness of at le@¥ @m and for titanium a thickness of

1 um are desirable to achieve a resistance below(s00
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Figure 3-5 Plot for estimated resistance for chromim and titanium coatings over coating

thickness applied onto an OD 12fm optical fibre.

Both materials chromium and titanium bond equallgllwo oxide surfaces such as
silica-dioxide [99]. Chromium achieves much higtsgutter yields while having a
lower specific resistance, making it the ideal ckofor the RF sputtering process to
provide an adhesive metallic jacket to the optithte and provide an electrical

conductive path for subsequent electroplating.

The coatings are required to be uniform arounditite’s circumference. The available

sputtering system could only provide one-directi@pattering, therefore it is necessary
to rotate the fibres during the process. In otdeprovide a rotatable support, a glass
tube of 5 mm diameter was fabricated as showngnr€i3-6. A fibre is spanned freely

across a length of about 8 cm, which is hence theimmum coating length. The glass-

tubes’ shape ensures that fibres are not shielded the sputter target by rotating the
glass tube, which is achieved by mounting the gtadson a stepper-motor. The ends
of the fibre were coiled up and taped to the eridkeglass tube, preventing accidental
trapping whilst rotating.

Before taping onto the sputtering mount, the fibm® either mechanically or
chemically stripped from the polymer jacketing.rifgiing is applied over a length of
about 6-7 cm, in order that a small section ofuthestripped fibre is also coated leading
to a smooth transition from polymer coating to rhgdaketing. The glass tube with
fibre is attached to a stepper motor about 10 crovebthe chromium target
(Figure 3-7). The rotor is set to slow speedshmfua 5 r*miri*. Typically, the rotor is
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set not to conduct whole revolutions. In casediass rod is in-between sputter target
and the fibre shielding occurs. Therefore, theomrds set to only conduct half
revolutions ensuring that the glass rod is notehasleen fibre and sputter target. The
fibre holder and the sections of the fibre thatdeenot wish to be coated are covered
with tin foil to prevent deposition of material tiese locations. This is important for
the subsequent electroplating process, to mininiiee area which is electrically
conductive. Then, after sealing the sputtering and applying a high vacuum of less
than 1x1@ bar the sputtering process is started by indusimgll amounts of argon
(pressure at inlet 3xI0bar). Sputter power is set to 200 W and sputjdsrconducted

for approximately 60 min.

glass tube @ 5 mm polymer coated @ 250 pm

O]

. SMF-28 fibre
stripped @ 125 um

tape

Figure 3-6 Mount to clamp stripped optical fibre in sputter unit. The fibre is stripped and
taped to rectangular shaped glass tubes. The endEfibre are coiled up to prevent interference
with rotation when sputtered.

tin foil

chromium target

Figure 3-7 Fibre on mount attached to rotor in sputering unit. Rotating the fibre over the

chromium target allows uniform coatings to be appkd by RF sputtering. Only half revolutions are

conducted to prevent shielding of the fibre by theglass rod.
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RF — sputtered SMF-28: (200 W; 60 min)

OD: $130 um
Figure 3-8 Chromium coated SMF — 28 fibre after 6@nin of RF sputtering at 200 W sputter

power.

After the process, the sample is taken out of guttering chamber and examined using
microscopy. Sputtered fibres are uniformly coatétth chromium (Figure 3-8) to outer
diameters of typically around 130m, indicating that about 2.pm of chromium has

been applied uniformly around the fibres circumfee

No obvious imperfections in the sputtered coatiagld be seen. The resistance of the
applied coatings is well below @ as predicted, low enough to facilitate the folilogy

electroplating process.

3.2 Electroplating

After RF-sputtering, the tin foil is removed frolmetsample holder. Electrical wiring is
applied to the coated fibre just at the interfateme the freely spanned fibre is attached
to the sample holder (Figure 3-9). During the REtgering process this area is not
shielded by tin foil, making both, glass rod aratdi electrical conductive. It is difficult
to determine the exact area that was coated aRespRttering, important to predict the
optimum parameters of the subsequent electroplatilngess. However, over many
experiments this approach was developed as bestigarasince the partly coated

sample holder provides additional surface aregpdyahe electrical wiring.

Using electrical conductive tape bridges an eleatconductive path from wire to fibre
improving the electrical contact mechanism. Subseat] application of PTFE tape
around the glass tube seals off unshielded entleddlectrical supply wires, preventing

that the wires are permanently joint to the optfitak by electroplated nickel.

For process evaluation rectangular glass plates pasitioned 10 cm above the

sputtering target. The glass substrates are [hat@vered by tape and after sputtering
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the tape is removed. To measure the differenteight between the sputtered and un-
sputtered section of the specimen white light fetemetry (Zygo) is used. Sputtering
is conducted in high vacuum (1®ar) conditions. The sputter frequency is set3&6
MHz and argon is used as the plasma gas to fdeiliteghest sputter yields [99]. The
measured thickness for RF sputtered chromium dadidim for different sputtering
power and durations are plotted in (Figure 3-3) @fdure 3-4) respectively. For both
materials, the coating thickness increases lineaitit sputter duration. Chromium
achieves much higher sputter yields. Layer thiskee of lum are achieved after 15
min at 200 W or after 30 min at 133 W. Sputtetitgnium of a similar thickness takes

almost twice as long.

The sample holder is then deployed for electroptati A nickel-sulphamate bath is
used that is kept at a constant temperature ofCo5arfd a pH-level of about 4. Both
electrical wires are connected to the power supptyde and the cathode is connected to
the nickel source that is also deployed in the .bafthe power control is set to a
maximum current of 60 mA. At this current, a catréensity of about 15 A*dihis
achieved (length fibre: 8 cm, OD 18fn) which is just at the higher end of the plating’s
bath specificationffom manual Lectro-Nic 10-03g - 15 A*dm?), to deposit porosity
free and smooth coatings. Coatings applied witthsturrent densities also are also
typically applied with little residual stresses 410105]. While in the bath, the

deposition rate over time is decreasing (Figur®B-1

electrical lead to I -
anode of plating bath electrica

conductive
PTFE - tape ( w%

e R adl == o
& N

polymer coating - OD ~ @ 255 um stripped OD ~ @ 130 um
RF — sputtered Chromium

Figure 3-9 Schematic illustration for the sample hlaer of the electroplating setup. After RF-
sputtering the electro plated fibre remains and theholder and electrical wiring is applied. PTFE
tape and electrical conductive copper tape facilites both, proper bonding between electrical wire
and coated fibre and protection of their interfaceto prevent the wire and fibre from being

permanently joint by the deposited nickel.
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With increasing outer diameter, the current densitythe coatings surface reduces,
leading to lower deposition rates. As long as dbating thickness is not exceeding
400 um, no further adjustments to the current settimgsnecessary since at this outer
diameter the current density is still within spegifions (ca. 5 A*drif). The large
spread of experimental results can be explainedniogrtain contact mechanisms at the
beginning of the process. In some cases, nickétsselectroplated onto one of the
fibore ends and then bridges a connection to theerosfide, until the fibre is
homogenously coated over its whole length. Howewesubsequent measurements, no
significant differences in coating thickness over fibre length are observed. Once the
material starts being deposited along the fibrel®le length, deposition rates are
repeatedly following the curve plotted in Figurd®-

30 min coating
500 - OD =180 um
400
E
=
9 v
4 300 : 190 min oating‘
S 0D = 500 ym
O
200
130 | ; ...........r.....T.bb.ﬁf_;p.u.t;e.raah |!ellll
100 : - : — e
0 30 60 90 120 150 180
time [min]

190 min

SN P G R NS I MRS O e S R e AR SRR A AR S

Figure 3-10 Increase in coating thickness in timeof electroplating chromium coated fibres.
Coating thickness increases as a function of timdecreasing current density at larger coating

thicknesses leads to reduced deposition rates.
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In order to obtain a fibre coating of particularckmess, it is necessary to periodically
remove the fibre from the bath, in order to meastive outer diameter using
microscopy. Then the specimen is returned intgthBng bath and the remaining time
necessary to achieve a certain coating thickness \m) can be calculated. Cross-
sectional analyses of the coatings show circulapst coatings, with no porosity. No

obvious imperfections are visible from the outside.

3.3 Chapter review

The techniques and procedures necessary to apgiglrgoatings are reproduced and
demonstrated. Thin chromium layers of thicknessalobut 2-3um applied by RF
sputtering are found to be sufficient to act asappropriate keying layer for the
subsequent electroplating process. Using electiog, homogenous nickel coatings
up to large thicknesses (OB 1.5 mm demonstrated) can be applied. These nickel
coatings have a circular cross-section and arespigréree with no other obvious
imperfections. Provided that the coating processplioperly monitored, coating

thickness can precisely be estimated with a pratisf about + 3im.

optical fibre with FBG

ghrorlnlum nickel coating
interlayer > 100 um
~1 um
Figure 3-11 Concept for applying metal jacket to ofical fibre sensors suitable for SLM

embedment in SS 316.

The ability to coat optical fibres with nickel coajs is a fundamental step towards
embedding these fibres in SS 316 by SLM. The piaciwith which the coating
thickness can be selected (few pum) in combinatidth whe precision of the SLM
process (few ten pum) opens up potential for embeddiuch coated fibres in a
minimised and precise manner. The melting tempegatf nickel is similar to that of
SS 316, potentially protecting the fibre during tBeM process if sufficient coating
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material is present. Furthermore, nickel is a trent of SS 316 capable of readily

going in solution with iron-based steel alloys [L06

It is only the adhesion between fibre and metaltingathat is considered to be a
possible weak point. The thermal expansion cdefficof metal materials is typically
an order of magnitude higher than the one of ghaaterials. This will induce thermal
axial stresses via the bonding mechanism into itire.f This is of concern, since the

temperatures of desirable applications are in exo€4000°C, which leading to axial

stresses in the fibre of up to 1.1 GP&ACTEjassnicker = 15 * 10°%
Young Modulus glass = 72 GPa).

The adhesion between fibre and chromium is depénadlerthe sputtered chromium
nuclei occupying troughs on the fibre’s surface demce the bonding's strength is
highly dependent on the fibre surface charactesgti5]. Furthermore, at the interface
between glass and chromium, the chromium formsolafpbonds with the oxygen
present in the glass matrix, leading adhesion bgnisorption (atomic forces)
promising strong bonds provided that the fibre'dfae is clean [99]. The adhesive
stresse®gheateportedor such coatings are about 20 MPa and scratch itredicate that
shear forces of about 10 N can be tolerated, wheaeaormal force of 0.15 N was
applied [107].

To evaluate the adhesive strength of the glassetialnbond, a model for a cylindrical
pressure joint from mechanical engineering appboatis used. The required bonding
strength p for obtaining a joint between an axialiyessed and embedded cylinder and

its surrounding can be estimated using [108]:

O it 1 e EQN 14

axial
p >

I |Jlglass—chromium

Apart from the axial stresgaia Of the embedded cylinder, the equation takes into
account the cylinder diameter d and length | ara fiiction coefficient of the two
counter surfaces (sputtered chromium on glassisncéise). No values for the friction

coefficient of chromium sputtered on glass couldob&ined from literature but using
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the above values from the scratch test (F = 10\Ns B.15) a friction coefficienp of

65 is estimated.

Applying this equation on the dimensions of an agitfibre, the coating length (~ cm)
is at least two orders of magnitude longer than dizneter of the fibre (125 um).
Despite the relatively low adhesive strength ofctheomium coating on the glass, using
the derived friction coefficient from above, forcaating length of 5 cm the necessary
adhesive strength for an axial stress of 1 GPat ¢asuld occur at 1000C) is less than
500 kPa, well below the 20 MPa of the adhesivengtte This indicates that the
adhesive strength of the coating is sufficient ossibly occurring axial stresses for
strain measurement applications at ambient temyrestsince the fibre strength is not
more than 2 GPa and the strength of most metalriaksteloes not exceed 1 GPa. Also,
the adhesive strength is sufficient for the ocogriaxial stresses at elevated
temperatures caused by differences in thermal exparbetween metal and glass.
However, the friction coefficient might be signdiatly reduced at elevated
temperatures. The surrounding chromium cylinder| valso expand laterally

significantly more rapidly than the glass henceuo#alg the friction value.
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Chapter 4

Selective Laser Melting

The use of a high brightness laser for laser ngelfirocesses provides very precise
spatial and temporal control of the energy inpt ithe process zone, allowing overall
good control over the melt pool dimensions. Byngssuch lasers to embed fibres, the
amount of energy transferred into the fibre canmieimised, potentially reducing the

thickness of the metal jacket required to proteetftbre during the embedding process.
This in turn minimises the structural intrusiontbé manufactured component created

by the sensor element’s incorporation.

The objective of this chapter is to characterise 8LM process appropriately, to
identify parameters that allow the fabrication eatures designed to precisely hold the
fibre before over-coating with additional powdeydes (Figure 4-1). In addition it is
important to minimise the energy input close to fibee whilst still achieving good

bonding between subsequently deployed powder layets10 porosity.

coating

low fibre
energy

| -

density accuracy

Figure 4-1 Requirements for the SLM process to emigecoated optical fibres. The main
objective is to fabricate SS 316 structures with lgh density, high precision and minimised melt pool
dimensions.
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4.1 Experimental setup laser melting

The optical system for SLM is shown in Figure 4The laser beam is expanded before
the galvanometer scan head in order to providefficismtly small focus spot at the
work piece. The galvanometer scan-head is usddftect and therefore move the laser
light across the substrate’s surface. F-thetacspitached to the scan-heads maintain

the beam focus in a flat plane as it is scanneaisacr

CCD camera
+ lens
collimating optic
(expansion)

light source scanhead
XY - axis
@ collimated
beam f-theta lens
\! J focused beam
Figure 4-2 Optical setup for laser melting processe Light from the source is expanded and

the collimated beam is deflected by a two-axis mior system (scan-head). On the substrate the
collimated light is focused using an F-theta lensBeam deflection across the substrate surface is
achieved by movements of the mirror system.

To improve the alignment and targeting of the SLjgdtem a CCD camera system is
attached to the optical setup. A dichroic mirremplaced in the expanded collimated
beam path to collect visible light from the subsranto the CCD chip. By using the
camera system, the positioning of the laser beanbegprecisely aligned to features on
the work piece. In combination with the scan sysseaccuracy, the position of the

beam can be controlled to a precision of aboyim5

Two suitable laser sources were available for SENE® 316, a diode laser and a high
brightness fibre laser. The diode laser is anyaofadiodes, resulting in poor beam

quality (~M? > 80) which means that the smallest focal spdtc¢bald be obtained was
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255 um providing a maximum intensity of 3.92 *3l&v*cm™ (Table 4-1). The fibre
laser meanwhile has an®Mf ~1.1, providing a focal spot of 38n and intensities of
2.4 * 10 W*cm™  The intensity provided by the fibre laser is terwo orders of
magnitude higher than that of the diode laser. anng these values with the findings
from Steen (Figure 2-14;[67]) for laser materiabqessing of solid iron, the fibre laser
can melt of the materials in the ten microsecomihme, whereas the diode laser system

requires millisecond timescales.

light source max power | wavelength| f-focus| @ beam @ focus | max intensity
[ (W] [hm] | [mm] [um] [W/cm’]
diode - LASERLINE LDM 200 -20 200 940 80 255 3.92E+05
fibre - SPI C-100 W 100 1035 160 23 2.41E+07
Table 4-1 Laser and optical equipment used in expenents.

Both the fibre laser and diode laser can be cdetioby the scan-head software
(Raylase). Typically, a value for the output povgeset in the software and the laser is
enabled by using the software. Both laser systéstiew changes in set power
precisely in a range of £ 0.5 W, as it was measwvid a power meter at the work
piece position. In the following, the power valume those specified in the software.
Additionally the fibre laser output can be moduthte frequencies of up to 10 kHz,
providing pulses of down to 10 ps. Figure 4-3 ldigp the pulse characteristics
measured by photodiode positioned in the collimdiedm path. The photodiode is
connected to an oscilloscope. At the beginninghefpulse the laser typically slightly

“overshoots” the set ouput power.

10 ps pulse

Figure 4-3 Pulse characteristics using the fibre Eers power modulation for 10 ps pulse.
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The SLM experimental setup is designed to imitatgudres found on commercial SLM
systems ([70]; Figure 4-4). A vertical stage akoadjustment relative to the focal
plane. On top of the stage an aluminium table &itbut-out, sitting on 4 pillars, is
mounted. A second vertical stage is mounted betwable and the lower stage,
holding a brass piece that is able to slide ingide cut-out of the aluminium block,
simulating a standard powder bed mechanism busatal scale. The brass piece will
drop inside the aluminium block according to thevament of the second vertical

stage, to precisely set the height of the brassepielative to the aluminium block.

sample

powder
depositioning
stage

focusing
stage

Figure 4-4 Experimental setup for SLM experiments.Base is a vertical stage for control
aluminium top-plate relative to the focal plane. Asecond vertical stage controls the height of the

brass platform. Gas shielding can additionally bapplied.

A gas shield box is placed on top to provide atrhesic encapsulation. The glass on
top of the shield is transparent for the lager(1 um). Gas in-lets allow gas to flow
inside the chamber. The shield does not hermbticaal the specimen from the
environment however the inflowing gas will displabe oxygen over time within the
box. In preliminary experiments argon flows of ab®.5 I*min were found to be

sufficient to prevent any noticeable oxidation effe
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Substrates are clamped into a recess machinedhatbrass bar. SS 316 sheets are
laser cut to fit into this recess. SS 316 powdedeposited between the aluminium
block’s boundaries on top of the SS 316 sheet (Eigd5). The studies are carried out
using gas-atomised SS 316 powder, sieved with gbarizes smaller than 40 ym.

After the SLM process, the specimens can be reagiihoved and replaced with a new

substrate.
e |
reference plane
layer thickness As
Figure 4-5 lllustration of powder deposition proces.

(a)

lower powder bed
+ add layer

add gas shield +
start laser process

Figure 4-6 Procedure for applying layers on SS 31€ubstrates by SLM. The substrate is
clamped onto the brass recess, powder is deposited& b). After applying gas shielding the laser
process is started (c). The gas shield is removafier laser scanning is completed, the powder bed

is lowered and another layer can be applied (d).
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The cycle for applying powder layers is illustratedFigure 4-6. After clamping the
substrate on the brass piece and depositing tee gowder layer the gas shield is
applied and the laser process is started. Aftecgmsing the gas shield is removed and
either the specimen is removed from the holderuathér layers are applied using the

same principle.

This small-scale setup allows speedy investigatbmumerous different parameters.
Spot diameters can easily be changed by adjustimdotver vertical stage’s position,

single layer tests for identifying suitable spepdwer or hatching parameters can be
conducted quickly while only consuming little améainf gas and powder. The system
is also easily transferred between different lagemtems. Compared to commercial

SLM systems powder consumption is significantlyueetl (mni instead of dri).

4.2 Calorimetric assessment

To embed optical fibres, the SLM process main dhjes have to be maintained, with
the fibre in place, it is necessary to melt th&kelicoating, intermixing it with SS 316 to
form a solid bond whilst minimising the heat inpuoto the fibre. If the fibre reaches
too high a temperature, the FBG will decay, alse karge differences in thermal
expansion between the glass and metal will caugk kiresses, possibly inflicting
structural damage to the fibre. It is useful tosider the heat conduction mechanisms
that will lead to increase temperatures in theefforenvironment during the SLM

process.

According to EQN 7 in an adiabatic system, the terapre of a given volume of
material increases linearly with incident energhhe laser beam moves along its path
with a set feeding speed typically in the ranga ¢éw hundred millimetres per second.
The width of each solidified path is similar to thpot size and to ensure that dense
objects are manufactured, subsequent paths typicedirlap previous paths by at least
half this width. Given that spot sizes are onlpatba few hundred micrometres at the
most, the time to fuse e.g. a single rectangulgrlaf dimensions 15 * 30 ninfsize of
SS 316 specimen’s used in experiments is 20 * 56)mequires extended time periods
(e.g. 45s for 100 pm hatching at 100 m*and leads to significant heat input into the
specimen, increasing its temperature. Naturallg, gystem is not adiabatic and heat
will dissipate mostly via conduction, so a longeogess time whilst maintaining the

energy input will clearly result in a lower tempen®. The SLM process offers
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variables to accomplish this, e.g. insular scanningnot connected areas or simply

inducing breaks into the process.

Modulation of the laser source output-power opgmsunther potential to prolong the
process. Power on times need to be long enoudtintba@nergy delivered is sufficient
to solidify the powder material and to solidly boido substrate and fibre coating.

Laser off times need to be sufficient long enougttlie heat energy to dissipate.

Powders have a higher absorptivity for the incidasér light, leading to increased melt
pool width when processing powders. Below the pawsd solid material (e.g. SS 316
or nickel coated fibre). The heat energy absotbethe powder is conducted through
the powder into the solid material. In case theamh of heat energy is sufficient to
melt the substrate underneath. a secondary meltgow the powder in the solid
substrate occurs, typically narrower than the powuelt pool (Figure 4-7). The
narrower melt pool width in the substrate, in congmn to the width in the powder,
allows 1-dimensional solutions of the heat equatmbe used to approximate the heat

conduction in the solid material [66, 67].

=¥

1-d heat transfer
into substrate

................

melt pool solid

Figure 4-7 Schematic illustration of occurring meltpools in SLM processes (left). Cross-
section analysis of SS 316 powder fused to solidosstrate (right from [72]).

In the following model the differences in therméfukity of powder and solid material
are not addressed, since the main concern of ésisarch is heat conducting through
either solid nickel or SS 316 which is possibly damng the fibore. To model the
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thermal penetration of a power-modulated processnwhelting solid SS 316, a one-
dimensional solution of the heat equation is chasbith is applicable when melt pool
widths do not exceed the beam diameter and healysransferred via conduction [66,
67]. The solution states the change in temperaiueg time and distance to the heat

source AT;y):

8[AP z EQN15
AT . =——— g [{ [erf
I T5 {Mmtﬂj

Nickel and SS 316 have quite similar thermal diffes (usssis = 1.1 x 10 ;
oni = 1.6 x 10°). For the following estimates the diffusity of 8%6 is used assuming
constant laser power {R), absorption coefficient A and spot size (d). Tdwor

function denominator is described in literaturdhasthermal penetration depth [66]

3y = VAL EQN16

which provides an rough estimate how far heat ieduzy a remote source travels over
time (Figure 4-8). The thermal diffusity is part the radicand, which means that
differences in thermal diffusity of nickel and S$63change the result by less than
20 %[65].

t, =0 L>t >t

z=0

EEEER SEEESEEEEEESR
spot size l

thermal penetration X
B'th="4 X oxt 1-d heat transfer

Figure 4-8 Schematic illustration for the thermal genetration of heat induced into a specimen
for different times, assuming that the laser is a @int source for heat.
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The thermal penetration depth of solid SS 316 spldiyed in Figure 4-9. In the
conducted experimental studies, the powder laydicfes size is below 37 um. From
Figure 4-9 it follows that the illumination timerféhe heat to penetrate to a depth of
75 um in solid SS 316 is about 150 ps. The thidsbb2 times the powder size is
arbitrary. However, it is assumed that at leastttlickness of one powder patrticle is
molten and that also further heat is necessanattgly melt the substrate to a similar
depth to facilitate bonding between both, powdef substrate.
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Figure 4-9 Plot for the thermal penetration of SS B6 as a function of time.

The higher the intensity of the power modulate@ddseam, the sooner that the melting
temperature will be reached at a certain deptbwallg the laser to be switched of so
that the sample can cool down. Figure 4-10 dispkstimates for the temperature over
time and various depths. Two different cases axestigated, both representing
specifications of available experimental equipment both cases the laser power
represents 80 % of the laser maximum output powére diode laser (right) has a ten
times larger spot diameter than the fibre lasdt)(ldn both cases the laser on time is
set such that the process reaches melting temperatwa depth of 75 um. In cases
where temperatures exceed melting or vaporisagarpérature, the model can simply
be extended by adding summands «(ef) for melt (Hnswee = 300 kJ/kg) and

vaporisation (Ksweei= 7600 kJ/kg) enthalpy of steel. The model proside good

estimate at which time at which depth melting terapee is reached.
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The high intensity of the fibre laser allows a mumbre rapid heating of the material
(Figure 4-10 left). About 50 us after the lasertiome, the melting temperature is
reached at a depth of 75 um. 25 um deeper intm#terial, the predicted temperature
is still about 60C°C whilst at a depth of 250 um the temperature chasgnminimal.

After stopping the energy input the material caalgidly since only 4 mJ in total was

deposited into the specimen.

The diode laser provides a much lower intensity @uthe increased spot size (Figure
4-10 right). It takes about 400 ps for the matewareach melting temperature at a
depth of 75 um. This prolonged time allows thettiearavel much further into the
material. At that time, the temperature at 250depth is already 158C. Also cooling
occurs much slower, since 20x more energy (80 mf)pared to the fibre laser was
deposited during the process.

spot size: @ 30 um spot size: @ 300 um
t,=50ps t,=400 ps
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Figure 4-10 Simulated results for temperatures as tunction of time for different depths. Two

different cases representing different available agpment.

Figure 4-10 indicates that the intensity of therdilbaser is too high when using the
minimum spot size. It is of concern that predidiechperatures almost reach 100a0

at the specimen’s surface. Vaporisation will oostnich is disadvantageous for SLM
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processes, leading to distortion and irregularitiethe process [71] and can lead to the
occurrence of micro-porosity due to entrapmergasfes by the re-solidifying vaporised
material provided that large aspect ratios areeaetni [109]. Two possible solutions
exist to tackle this issue. Either the laser poweeduced, or the spot size is increased
by de-focusing the laser. De-focusing is more psorg since the full laser out power
is utilised and also the speed of the SLM processcreased with larger spot-sizes. For
embedding SMF-28 fibres (OD 125 um + coating mate®80 um feature sizes are
considered small enough.

In Figure 4-11 simulation for a case is presentéere the spot size is 80 um. Laser
power is 80 W. Heating occurs fast and meltinggerature is reached after about 100
ps at a depth of 75 pum. No significant temperataceease is predicted at a depth of
250 pm. Vaporisation temperature is not exceed&iter another 100 ps the induced

heat energy (8 mJ) has almost completely dissigatedhe environment.
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Figure 4-11 Predicted temperatures as a function dfme for different depths for case with

increased spot diameter of 80 um.

The results from the model indicate that modulathreylaser source is a useful method
to prolong the process, ensuring that the energysited by the laser beam has
dissipated into the environment before the nexrlasilse is delivered. The dissipated

energy will however remain within the specimen @aging the overall temperature.
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This can easily be mitigated by adding further gelanto the SLM process itself.

Furthermore, the model shows that higher interssitead to steeper temperature
gradients, resulting in rapid heating and less leeaduction into more remote areas.
The use of the high brightness fibre laser withhitgh intensities at small spot sizes is
desirable to minimise the energy conducting ineoe¢hvironment and in particularly the
optical fibre. Therefore, in the experimental stsddescribed below, a particular focus
there was on studying the SLM process using the fifiser using time modulation of

the laser power.

4.3 Experimental results

4.3.1 Fibre Laser - SPI 100 W

As described above a high brightness light sousceuch more likely to achieve the
objective of embedding optical fibres with minimdseoating thickness and without
fibre damage. The high quality of the laseF @11.1) allows a spot size down to about
25 um to be easily used. The Rayleigh-range ofdbesed beam is about 1.4 mm. In
the following a study using this laser system fovgessing SS 316 solid and powder

material is conducted.

No powder

Figure 4-12 displays cross-sectional and etch amalyf a parameter study conducted
for different energy inputs and at different fogalsitions on a bare SS 316 substrate.
Melt seams of 10 mm length were applied using &ser and subsequently substrates
were cut (perpendicular to seam direction at Ha¢f seam length), polished, etched

(“Aqua Regina”) and analysed using microscopy.

From analysis of the results presented, it is dleatr the melt pool width is more or less
constant when changing the focus position in-betweé x the Rayleigh range. If the
feed speed or power is changed, the melt pool wibtinges, as a result of the energy
input. The depth of the melt pool and therefore tnoss-sectional area of molten
material volume, significantly vary with focal pten. With high power levels
(100 W) and long-interaction times, vaporisatioows, forming a “Key-Hole” and due
to multiple reflection inside the trough causedvaporisation, the overall absorption is

significantly increased leading to a significartrease of the volume of molten material
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hence high efficiencies of the melting processisTificrease in molten material leads to
a deeper penetration depth and does not causegnificant increase in width of the

seam, hence the aspect ratio depth over widthasese

z;=2.0 mm z=1.0 mm z;=0.5 mm %=0 z;=-0.5mm z=-1.0mm z=-2.0mm

T % oW W

=100 W; v, = 100 mm/s e e e S ey BHepE <>
Figure 4-12 Cross-section analysis of welds applied SS 316 sheet with varying feeding speed
and power.

With Powder

Powder layers (SS 316) of 50 um thickness are eglh a SS 316 substrate and
solidified by single lines scanning under argon@dphere. The laser beam is travelling
with a speed of a 100 mmi*s If no modulation is applied and the laser is téng
continuously (cw-mode; Figure 4-13 left), a homagesline of added material is fused
to the substrate. The dimensions of the line Bou100 um in width and 120 pm in
height, where the width is measured at the interfaetween substrate and the melt
height is measured from the bottom of the melt podhe top of the melt bead. When
power modulation is applied (100 us laser on & b6:% “duty-cycle”) a homogenous
line of similar height is still produced, but thédéh is significantly reduced by about 50
% to 85 um (Figure 4-13 right).

As predicted by the model, modulating the laserlmamised to minimise the heat input

during the SLM process. During laser off times théa dissipated leading to
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solidification of the melt pool which is indicatégt lines in the cross-sectional analyses,
showing that the melt pool solidified 5 times. @tspeed of 100 mm#*sand 80 W
power the seam width is about 80 um. Each indalidegment along the beam path is
processed 4-5 times leading to melting and sotidifon of the material, resulting in
lines shown in Figure 4-13 (right). The height thie added material is almost
unchanged. The seam produced during the cw-praesggnificantly wider since more

time is available for heat energy to penetratenagerial deeper and wider.

P=80W P=80W
V; =100 mm/s V; =100 mm/s
Z;=0mm Z;=0mm

Figure 4-13 Cross-section analysis and view from abe of etched SLM seams for processes

with cw (left) or modulated laser.

To identify a suitable process window for singlaek formation with the given

equipment and powder material, sets of experimemse designed, conducted and
examined, similar to many studies reported in therdture. Examination was
conducted by microscopic examination of the seam® fabove and in cross-sectional

analyses.

Figure 4-14 displays the cross-sectional and et@meadysis of single lines of 50 um
thick powder layers molten to the SS 316 substfatedifferent powers and speeds
using a power modulated laser beam with 50 % Ddthiwone Rayleigh length into

both directions of the focal plane the process wadasonably well and not only the
powder is molten but also the energy input is sidfit to partially melt the substrate
allowing intermixing both of substrate and powdeatemials. For focus positions
further away than one Rayleigh length from the Fpmant, the spot size is too large and

energy at the beam’s edges is only dissipated withlting the material. Also, in this
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regime, molten material does not properly bondh® substrate and surface tension
causes contraction and therefore leads to thengadiifect (Figure 4-14; e.g. top left).
The bonding in this regime can be improved by iasigg the laser energy but this

leads to significantly larger feature sizes dutholarger spot size.

2=2.0mm z;=1.0mm 2= 0.5 mm %=0 z=-0.5mm z=-1.0 mm 2;=-2.0mm

P=60W; v;=100 mm/s

P=80W; v;=100 mm/s

P =100 W; v;=100 mm/s

Figure 4-14 Cross-section analysis of lines of addlenaterial of SS 316 powder onto a SS 316

substrate for varying laser powers and constant fetng speed.

Typically for the investigated parameter range\idth of the line of added material is
about 80 — 100 um. At high intensities, the peietn depth of the melt pool reaches
deep into the substrate (200 um) due to “key-hd@mation. This regime is
considered unsuitable for the SLM process becaaseegtrapment can lead to the
occurrence of porosity (Figure 4-14; bottom). Fanbedding fibres, this is not
acceptable when fabricating overlapping featuresnotase a coated optical fibre is
underneath. More ideal is the regime where thalfpoint is slightly below the surface
of the substrate (z = - 0.5 -z =- 1.0). Inteesiare high enough over a wide range not
only to sufficiently melt the powder material bus@to melt the substrate up to a depth
of about 50 um (depending on energy input). Igedlie seam of added material is
fused to the substrate over its whole cross-sedtisidth. Then, a half spherical melt

pool extends into the substrate leading to a patietr depth typically half the seam
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width [71]. The powder is properly bonded to thibstrate and also the penetration
depth into the substrate is deep enough to re-thelpreviously added layer, overall
minimising the occurrence of porosity when stackingividual seams together to
fabricate 3D components.

4.3.2 Diode Laser — Laserline LDM 200 — 200 W

Trials were conducted to establish the diode lasea secondary system. The system’s
maximum output power is 200 W which might be besiafiwhen trying to melt thicker
powder layers. Lines of SS 316 powder melted @35 316 substrate with varying
feeding speeds and different initial powder thigdses are displayed in (Figure
4-15;left). The laser beam diameter is about 26@ The thickness of the initial
powder layer is about 400 um and the laser powsstiso 200 W. At feeding speeds of
about 30 mm/s uniformly shaped lines are formeths&sections of these lines (Figure
4-15; middle) show hemispherical formed agglomeratdf material. The width of
each line is about 500 um and the height is roughll® um. At feeding speeds
exceeding 50 mm/s balling occurs, because enemgyt iper unit length is not high
enough to overcome the influence of the melt psalgace tension. In cross-sections
almost spherically formed agglomeration of mateai@ observed.

vi= 60 mm/s
o S e
r.\ =
i vi= 30 mm/s .53

s =300 pm; Av = 10 mms™ s=300 pmv;=30 mms® ~ s=2300 pum v;= 60 mms™

Figure 4-15 Analysis of SS 316 material added to Bstrate using diode laser. Left: Top view on
single lines of added SS316 to a SS316 substratengshe diode laser system; middle & right:

Cross-sections of these lines (dimensions in [mm]).
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Figure 4-16 Cross-section analysis of SS 316 matdradded to substrate by using the diode
laser. Development of the balling effect for varyig feeding speeds (dimensions in [mm]).

Thinner powder layers allow less energy input toused. The development of the
balling effect for a layer thickness of 100 um b&nseen in

Figure 4-16. For a laser power of 200 W and oweide range of feeding speeds up to
60 mm*s', layers with a width of about 400 pm and a heighbout 100 pm are
produced. Above a feeding speed of 60 mfrtte height of the deposited material is
significantly increased while the width is reduceAit a feeding speed of 100 mns
the added material forms a sphere with the sechieaded toward the substrate
becoming thinner.

The results indicate that the minimum feature widttypically in the range of 1.%5the
laser spot size of 300 um, i.e. a minimum featuckdtwof 400 um. This is not ideal for

embedding fibres of 125 um in outer diameter.

4.3.3 Fabricating components by Selective Laser Melting

In the previous section parameters suitable foitingekingle lines of SS 316 powders
onto SS 316 substrates were identified. When amplthese single lines with small
spacing next to each other and when additionalréapé powder are added, dense
components can be fabricated. The fibre laserocuded about 0.7 mm into the
substrate leading to a spot size on the surfacbotit 80 um. Feeding speed is set

100 mm*s' and laser power is set to 80 W. Argon is usedfoinert atmosphere.

Figure 4-17 shows a cross-sectional and etched @raof 2 layers of added material
using these parameters. The first layer is apptietirection perpendicular to the cross-
sectional plane. The line to line distance ists&0 um, and given that each individual

line width is ~85 pum this provides a line to lioeerlap of about 40 — 50 %. Scanning
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is conducted bi-directional from both sides ancerathe first layer is solidified the
powder bed is lowered by 50 um and another layepmfder is deposited. For
processing the second layer the direction of theireictional scanning pattern is
changed by Y0prevent the occurrence of macro-porosity and redasidual stresses.
In the first layer, applied perpendicular to th@ss-sectional plane, no porosity is
obvious. The line to line spacing is close enotmlpartially re-melt lines applied
before and the penetration depth into the substsatbout 35um, facilitating good

bonding of the added material to previous layers.

substrate

50 um

Figure 4-17 Cross-section analysis of two layers &S 316 deposited changing direction of

scanning by 96.

The second layer is initiated just above the cdinieeof the most outer line of the first
layer in a direction perpendicular to it. For abthe first 50 um, equivalent to about
0.5 ms, the process has not reached equilibriudicated by the gradual increase in
penetration depth. More layers (Figure 4-18 (51gy& Figure 4-19 (10 layers)) can be
applied in a similar manner. Rotating the scanmattern by 90 after each layer

components with straight walls and no obvious maosity are built.
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Figure 4-18 Cross-section analysis of 5 layersFigure 4-19 Cross-section analysis of 10 +
applied by SLM. layers applied by SLM.
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EUR 15178N

Amplitude Parameters

Sa 5.62 pm
Sq 7.24 pm
Sz 282 pm
Ssk 0.868
Sku 4.37

Sp 344 m
Sv 16.8 um

51.2

Figure 4-20 Microscopic, surface and cross-sectiohanalysis highlighting the surface
roughness of SS 316 material added onto a substraig SLM.

75




A larger cross-sectional area of another samplé \BitM added SS 316 material
solidified to a substrate is displayed in Figur@®4- After adding 0.5 mm the surface
roughness is about 6 um with a peak-to-valley raegh of about 35 um which is equal

to the powder size.

Figure 4-21 Iillustrates the feasibility for fabricey features with overhanging
geometries with no supporting material underneghfier applying one layer the area
where the process is applied is offset by certe@ipss When choosing a step size of 50
pm the component follows the geometry of the aplplieilding process on both sides,

the supported side (left) and unsupported (righif) wo powder underneath.

50 um steps 100 pm steps 150 um steps

Figure 4-21 Cross-section analysis of different oveanging geometries fabricated by SLM.
In case the step size exceeds the line width of t8&M process accuracy of overhanging surfaces is
significantly reduced.

The angle on both sides is abouf, 4% expected when using a layer thickness and step
size of 50 um. Increasing the step size to 10Gapdthe geometry of the overhanging
structure does not follow the geometry of the hnoddprocess. The angle of the
overhanging feature remains at about 45 % and dinace is much rougher. The
supported geometry follows the geometry of the @dbwilt process. Further increases
in step size lead to similar poor results in accym@n surfaces which are not supported

by solid material.

In case the step size exceeds the single line widthe SLM process (~ 85 um) and the

laser is processing powder with no solid materiadiarneath, the melt pool extends
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much further into the powder leading to poor swfataracteristics of overhanging

geometries. This is to be considered when falinigahternal voids.

4.4 Conclusion & Discussion

The feasibility of adding SS 316 powder materiaS® 316 substrates using a home-
built SLM setup is demonstrated. Laser radiati®ralbsorbed by the powder and at
sufficient laser energy not only the powder meltsp the surface of the substrate melts
allowing intermixing of both materials and strongnds to form. Different process
parameters such as spot size, speed and powerinvertigated to identify the most
suitable parameters allowing building porosity-fre@mponents with relatively high

accuracy (down to £10m).

Furthermore it is theoretically and empiricallyadsished that using a high brightness
fibre laser with high intensities has numerous athges compared to using a diode
laser system with relatively larger spot size. nidsthe fibre laser and spot sizes of
approximately 80 um features with sufficient aceyrare fabricated which allows the
fabrication of features such as grooves or voidgrézisely matching the dimension of
round coated optical fibres. High intensities whilsing power modulation reduce

significantly the energy that is conducted into shierounding material volume.
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Chapter 5

Embedding optical fibre sensors with Selective Laser Melting

The aim of this chapter is to identify possible way embed nickel coated optical fibres
by SLM. When building components layer-by-layersarting coated fibres into the
SLM process causes a disturbance, especially iascatere the dimensions of the
coated fibre are thicker than the powder layers t thare applied
(schematic in Figure 5-1). The fibre is an obstdor deploying powder material. In
this chapter approaches are explored to embeddtiates without interfering with the

powder delivery and to identify best practicesridiable and repeatable embedment.

bond
steel - coating

coating thickness low energy

Figure 5-1 Obijectives for embedding coated opticdlbres into powder based SLM process.
The main objective is to achieve proper bonding bateen the fibre coating and steel surround and
to adjust the energy input of the SLM process sucthat the optical fibre’s structural integrity is
preserved. ldeally the coating thickness is mininsied to reduce the influence of its mechanical
properties.

An additional requirement for the embedding prodes® achieve a proper bonding
between the fibre, its coating and the fabricatedlscomponent, in order that strain and
temperature changes applied to the SLM fabricatadttsire are transferred into the
fibore and measured. Thus, the necessity of cigatinond between SS component and
fibre coating leads to the requirement that thegnaput of the SLM process is high

enough not only to melt the powder but also toiplyt melt the coating material,
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ideally inter-mixing both materials. Pure nickeldaSS 316 should easily form such a

bond since nickel and carbon steels can easily golution with each other.

The induced laser energy for melting the powderenigt must be minimised to avoid
damaging the optical fibres. As reported in Chagtgparameters for the SLM process
were established to minimise the heat input dutiregprocess. A key objective of this
work is to identify the minimum coating thicknesscessary to protect the optical fibre
to minimise the influence onto the physical projesrtof the SLM fabricated

component.

5.1 Experimental setup fibre embedment

The SLM setup from Chapter 4 is extended with fesgtuhat enhance the positioning
and constraining of coated optical fibres during 8LM process (Figure 5-2). The
coated optical fibres have a number (typically 33e&ctions of different outer diameters
since the polymer coating is only stripped from #weetion to be embedded. The 3
sections are, (i) the nascent polymer-only coatd (@lways OD 25Q@um), (ii) fibre
plus metal coating and (iii) polymer-coated fibrethwmetal coating (see also
Chapter 3). A range of substrate holders with ¥eges of different dimensions was
machined to hold fibres with different coating #messes. The fibres are held on the
substrate holder by using small clamps. Ideal, fibre is only loosely clamped so
that it is only laterally and not axially constrad) to allow thermal expansion of the
coated fibres during the embedding process. Oh bats, fibres are pulled with a
force of about 2 N to overcome the friction in tl@amping mechanism and guide the
movement of the expanding fibre during the SLM g The force is typically
applied by guiding the fibre over a rounded comuad attaching a mass of up to 200 g
onto the free floating fibre (Figure 5-2; top left)
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V - groove 'Y
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substrate
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ss substrate

V - groove
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polymer coating

Figure 5-2 Experimental setup for embedding nicketoated optical fibres. Coated fibres are
positioned in V-shaped grooves. Groove sizes amlbred to position the polymer stripped but
nickel coated section directly on the surface of 1SS substrate. Additional clamping can be

applied to hold fibres in position.

5.2 Techniques for embedding nickel coated optical files into stainless steel.

Using SLM technology, the implantation of coatelrdis with thicknesses of at least
several hundred micrometres is an obstacle for powdklivery. Additionally, a
particular challenge arises from preventing theeBbmovement due to thermal stresses
during the SLM process. Laser induced melt paolgicinity of fibres locally induces
thermal energy into the fibres, causing expansiom dherefore bending and
misalignment. The length of the coated fibresygidally 7 to 8 cm. The nickel
material is very flexible and easily bends. Prgpéxing and clamping the fibres is a
major obstacle on the way to embedding and indaliewing sections the most practical

solution for achieving embedment in a repeatabtepaacise manner are discussed.

5.2.1 Welding coated fibres to steel substrates
One straight forward way to attach nickel coatédefs to the steel substrate is to firstly
to use the laser of the SLM system to partiallytrtted fibre coating and hence locally

weld it to the substrate (
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Figure 5-3). The fibre can then be subsequenttapsulated by applying powder next
to the fibre and continuing the SLM process. THeaatage of attachment by welding
the coating to the substrate prior to encapsulatamat the fibre’s position is firmly
fixed over the section which is to be embeddedenThhe position of the fibre is more
easily accessable, to tailor the parameters ofthbedding process in respect to the
fibre. Additionally, welding the coating to thebsirate prior to encapsulation allows a

thorough assessment of the bond.

The maximum output power of the fibre laser is 10 allowing melting layer

thicknesses of up to 4Q0m. To develop the process nickel wires of 400 diameter

were initially used in place of the nickel coatéolés. The wires were clamped onto
SS 316 substrates, and either spot welds or linkelswgenerated using the laser
(Figure 5-4). Various parameter settings are itigated by changing power from 50
W to 100 W and the illumination timer per spot t¢we tfeeding speed is varied
respectively. The beam was focused about 100 poweathe SS 316 substrate to
guarantee intensities high enough to facilitatetimglover a wide range along the beam
path. The camera system is used to preciselyddbatlaser spot relatively to the wire.

However, reliable bonding between the wire and satescould not be achieved.

J SS 316 - substrat

S5 316 - substrate

Figure 5-3 Schematic illustration for attaching thenickel coated fibre to the SS substrate

using laser melting (left) and subsequent encapsuian by continuing the SLM process (right).
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SS 316 - substrate

direction of weld

Rayleigh

NI - coating length

SS 316 - substrate

spot welds

Figure 5-4 Left: Schematic illustration of geometre interdependencies between the curvature
of fibre and Rayleigh length of optical system. Midle and right: schematic illustration of spot

welding and line scanning approaches to attach caad fibres to substrate by using laser welding.

This is because despite the clamping mechanismwitee bends significantly when
heated by the laser, resulting in movements irrdnge of several tens of micrometres.
Figure 5-5 illustrates a model for estimating tleed angle when applying a spot weld,
for a laser spot size of 80 um half of which isdent on the fibre. The laser on-time is
100 ps, and after finishing the illumination, theeltimg temperature is reached at a
depth of 100 pm into the wire. Given that the wge400 um in diameter, the heat
induced by the laser on the one side will not haaarhed the other side at this time
(thermal penetration depth @ t = 100 ps: ~150 g@;msodel in 4.2) leading to a large
temperature gradient from one side to the otheriffei@ntial thermal expansion
therefore occurs, leading to an increase in lendtthe outer surface of about 4 pm,
assuming that melting temperature is reached ap#df 100 pum and that expansion
occurs in both directions away of the heating po#s a result, just after processing the
wire is angled by about°l Over a length of 1 cm this angle corresponda tuiss-

alignment of the wire by about 150 um which is at881% of the wire diameter.

Applying stronger tensile forces is the only wayctoimpensate for the miss-alignment.
The necessary force to straighten the wire wouktine exceed the Yield Strength of
the nickel (150 MPa) in order to sufficiently strahe wire. For a wire diameter of
400 um this represents a force of about 20 N.ppfiyang such force onto the optical
fibre it would lead to stress levels of about 1BaGwithin the uncoated sections of the
fibre, which is an issue since it is close to thestle strengths of ideally treated silica-
dioxide fibres (~ 2 GPa). Also, nickel is an ertedy brittle material (HV ~ 600 N) and
its Yield strength (150 MPa) and tensile strengi90 MPa) are quite similar.
Therefore, partially melting the wire during theopess seems not be possible with the
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comparatively large melt pool dimension (=50 pmhegated by the laser. Also the
wire’s cross-sectional area might be reduced dutitegy melting process and forces
applied by the clamping mechanism will increasesitenstresses further. A further
problem is that the cylindrical shape of the wireams that it is difficult to achieve

strong attachment between the coating and thersidst

before process after process

t = 0 t= 100 us R = As/ (¢ wire- 8thermal)

R~1°

T

ambient

As =ty * T, 2*8

melt thermal

As =4 pum

Laser
80 W, 100 ps
=15 *10:°
Tl = 1460 °C

damplng 8thermal =100 um

Ni - wire
400 pm ~
@ " Gyveld strength, Nickel ™~ Giensile strength Nickel
Figure 5-5 Schematic illustration for estimating tke occurring forces and expansions when

single-sided heating nickel wires up to melting teperatures. Large temperature gradients cause
bending of the fibre leading to miss-alignment inghsequent processes.

It should be noted that partially laser melting goishing of metal components with
dimension similar to the used nickel wires is comipa@onducted for e.g. in integrated
circuit packaging applications. This is accommidle.g. by using rectangular shaped
bonds and high forces (50 N) by applying localiseimping [110]. Neither obtaining
rectangular shaped coating of fibres nor developimgclamping mechanism
sophisticated enough to apply such forces withotgriering with the powder delivery
system or damaging the incorporated optical sem&® investigated in this thesis.
Both concepts would require substantial engineesffgrt with possibly unknown

outcome in terms of feasibility and practicability.
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5.2.2 Attaching fibres to substrate using additive matari

An alternative approach is to attach the fibre ipiioencapsulation by using the powder
material of the SLM process itself, as additivérfg material. The powder material is

used to fill the gap between the coated fibre anustsate, overcoming the geometric
issues of welding a cylindrical fibre to a flat stdate. Furthermore, the added material
allows the laser spot to be placed further awamftibe coating, reducing the amount of
heat that is induced into the fibre/coating systévtolten powder material bonds to the

coating by wetting rather than trying to directlglirthe coating with the laser.

Deposition of a powder layer and subsequent deptoyraf the optical fibre into it, is

considered not feasible. The distortion in the gemiayer caused by insertion of the
fibre is too significant. Therefore, the fibre hasbe deployed first and the powder is
deposited thereafter. Three different approachedefmsit powder layers next to the

coated fibres were identified (Figure 5-6):

i.  Thin powder layers are deposited independentleegfde of the fibre (left).

ii.  Powder is deposited next to the fibre powder usitijade with a cut out for the
fibre (middle).

iii.  The fibre is completely covered by a powder laykesimilar thickness to the

coated fibre (right).

laser

feed

feed | laser

T NI - coating e NI - coating NI - coating

SS 316 - substrate SS 316 - substrate

powder
SS 316 - substrate

Figure 5-6 Schematic illustration for methods to alch coated optical fibres to steel
substrates. Either by depositing a thin powder lagr next to the fibre (left), by using blade with a
cut out for the fibre (middle) or covering fibre with powder layer of similar thickness (right).
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Particular challenges arise with approach (i), esinlce powder wiper needs to be
perfectly aligned to the substrate which is paléidy difficult if it is only supported
from one end. Aligning the angle of the devicaiway that its surface is parallel to the
surface of the substrate requires much engineerffayt, especially when applying
layers of less than 50 um thickness. Additionahg, wiper needs to be well-aligned to
the fibre.

Approach (ii) is more straightforward. In this eathe blade is supported from both
sides, significantly improving the precision of ttheposition. To allow free movement
between wiper and coated fibre, the cut-out needtslightly larger than the diameter
of the coated fibre. Therefore the fibre is nolyarovered with a small powder layer
but also powder of significant thickness is accuated next to the fibre (Figure 5-7,
left).

To investigate the feasibility of this approachesiess of tests were conducted, where
powder layers of 10Qm thickness are homogeneously deposited next to4@Dum
nickel wire to simulate the coated fibre. A shapéate with a half spherical cut out of
about 500 um in width is used to deposit the powdEne wire is then joined to the
substrate by applying spot-welds along the wirealernating pattern (Figure 5-7,
right). Over the series of tests it was estabtistiet the alternating pattern prevents
significant wire movement due to induced therma¢sdtes during the process. The
diode laser system is used due to its high outputep allowing the melting of powder
layers with thicknesses exceeding 408. The beam is focused on the substrate and
targeting at the powder, half a spot size away fteenwire’s surface. In the test series
a laser on time for each spot of about 80with a laser output power of 140 W was
identified as the most suitable settings. Usingséh settings the energy input is
sufficient to partially melt the wire and substrated fully melt the powder material.
Spot to spot distance along the wire axis is sdt tam reducing the thermal heat input

into the wire.
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spot welds line scanning

SS 316 - subsuawe

Figure 5-7 Left: Schematic illustration for applying powder with a shaped blade in vicinity
of the coated optical fibre. Right: lllustration for the applied pattern of spot welds and line

scanning that is used to weld the fibre to the subsite.

Subsequently, the laser spot is linearly scannedgathe fibre to generate continuous
joints between the spot welds. The best resulte wehieved with a laser power of 100
W at a processing speed of 50 mm/s and the lireeplaced 10@um further away from
the fibre than the spot welds (Figure 5-7 righit), order to minimise the heat energy
that is deposited into the fibres. After weldirthe wire is still intact and cross-
sectioning and etching indicates that the wireastially molten and intermixing has

occurred between wire and added material (Figusg 5-

However, when substituting the nickel wire with &kel coated fibre of similar
diameter the energy input is too high and the ogapartially delaminates from the
fibre, due to surface tension (Figure 5-9). TRisiserious problem, as the silica fibre
would therefore be directly exposed to the heatg@nef a subsequent encapsulation

process and is most likely to be damaged.
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um nickel

Figure 5-8 Cross-section analysis of nickel wire ided onto SS 316 substrate with the scheme
illustrated in Figure 5-7 (right).

400 um nickel coated
SMF — 28 fibre

Figure 5-9 Cross-section analysis of nickel coate®MF-28 fibre (OD 400 pm) welded onto
SS 316 substrate with the scheme illustrated in giire 5-7 (right).

Increasing the diameter of the nickel coated fitwefurther protect the fibre is not
feasible. More laser power would be required togbate the powder and melt the

substrate therefore increasing the energy inpatthe fibre further.
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Approach (iii) is to cover the fibre completely tvia powder layer that is thicker than
the optical fibre. To reduce the heat input irite toated fibre, the area of the coated
fibre itself is not illuminated for the initial l&y. This has the advantage that the melt
pool is established remote from the fibre and tleathnput into the fibre can be
regulated by determining the offset of the scanmatiern with respect to the fibre
(Figure 5-10).

line scanning
3 b o 4
owder NI - coating /
SS 316 - substrate l I ‘L ‘L
Figure 5-10 Schematic illustration for embedding cated optical fibres with powder layers of

similar thickness to the metal coating. For embedimt line scanning is conducted parallel to the

fibre sparing out the area directly above the coatfibre.

The coated optical fibre with an outer diamete4@® um is placed on the substrate and
is clamped down on both sides (according to Figu®. Powder is deposited next to
the fibre on the plate with a thickness of aboud 4dgh. The powder layer has to be
slightly thicker than the coated fibre to prevem fibre being touched by the wiper.
The diode laser system is used due to its highubyipwer, and parameters for the
SLM process are set to 200 W laser power and 50srifeefiing speed. The powder is
solidified in a scan pattern with lines parallethe coated fibre. Line to line separation
is set to 100 um in order to build dense componeiitse offset to the midpoint of the
optical fibre is set to 400m. A melt line width of about 500m should provide partial
melting of the fibres coating. After the initisdyler has been deposited, the fibre is
attached to the substrate indicating a good bomdden coating and added material.
Subsequently, further powder layers can be applidlg, encapsulating the optical fibre

into stainless steel (Figure 5-11).
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Following the embedding process, cross-sectionalyais (Figure 5-11) indicates that
the fibre is embedded and the structural integritthe fibre in its coating is preserved.
About 75 % of the fibre circumference is bondedh®e steel surround. However, the
bonding of the added material to the substrated pdicating that the laser power is
in-sufficient to fuse such a thick layer of powderthe substrate. When injecting light
through the fibre no light is transmitted indicatithat structural damage must have
occurred with the fibre, somewhere along the emédddngth. This experiment was
conducted several times, also for two times forteddibres with an slightly larger OD
of 450 um. In none of the total 8 trials light wesnsmitted through the fibre after the
SLM process.

coated
fibre

embedced ———

sectron

=) Increased porosity between added material and substrate
L—mﬂ_—

Figure 5-11 Left: Picture of specimen with fibre erbedded by applying thick powder layers
next to the fibre. Right: Cross-sectional analysisf the embedded fibre indicates good bonding on
the sides and top and extremely poor bonding betwaeadded material and substrate.

In summary the approaches discussed above allrsiuffimm a requirement for high-
energy input to melt a relatively large volume awgaler next to the fibre. Hence,
significant layer thicknesses are required forrf@drprotection, adding to the dilemma
between minimisation of the embedded sensor commpcered achieving embedment

with the fibre’s physical and optical propertiegyailed.
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5.2.3 Pre-fabricated groove

The high brightness fibre laser system can prodimreponents much more precisely
and accurately than the diode laser system duks wmall spot size. This allows pre-
fabrication of grooves with dimensions approximatine curved coated fibres with
outer diameters of a few hundred micrometres. Hiding the fibre into a pre-
fabricated groove offers the advantage that th@ipof the fibre is determined by the
groove itself and also the fibre is laterally momnstrained, allowing only movements
vertically and axially when processing, generathproving the positioning of the fibre
(Figure 5-12 left). Coated fibres are then embddol simply continuing the SLM
process (Figure 5-12 right). The disadvantagéisfapproach is that typically the fibre
coating is only attached at the top to the largeelsstructure. Since the fibre with its
nickel coating is a discontinuity in the materiatyaay, not contributing to the
mechanical strength of the component, only paytiadinding around the circumference
is considered acceptable, as long the bond is gtesmough to transfer strain and
temperature changes into the coating and fibreathBtmore, there is the possibility to

apply additional steps to improve the bonding anditles and underneath of the fibre.

powder

SRV
by SLM

NI - coating

NI - coating

constraint

SS 316 - substrate

SS 316 - substrate

Figure 5-12 Embedding of coated optical in prefabdated U-grooves. U-grooves are built with
high brightness fibre laser to fabricate small featre size. The fibre placed in groove is better
constrained than the other approaches (left). Fibrés encapsulated by continuing the

SLM process (right).

This approach for fibore embedding is divided intoee steps. Firstly (Figure 5-13),
material is added to stainless steel (SS-316) mtbst(50x20x1.2 minby SLM. A

‘U’-shaped groove is produced during the SLM predbst is tailored to the dimension
of the coated optical fibres. Typically, the widih each single line produced by the
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SLM process with the selected parameters is ab@yin8. Therefore, the width of the
groove scanned by the scanning program is aboun8Wider than the diameter of the

coated optical fibre.

15t step: built U-groove by SLM

sections

-0.22 mm 0 +0.22 mm

0.55 mm
e i
= 100 mnvs
045 mm layer thickness = 25 uym:
line to line = 50 ym
0.00 mm ——
Figure 5-13 First step for embedding an optical fibe in a pre-fabricated groove. Small layer

thickness allow the cross-section to match that dfie coated fibre.

The parameters of the SLM process have been selsat# that for each layer the re-
melt depth into the substrate is in excess of 10@f%he topmost layer thickness,
eliminating porosity and guaranteeing proper bogdletween supporting layers
(Chapter 4). The laser is used in a modulatedepursode with 50 % DC further
minimising the energy requirements. The focal pointhe optical system is about 1
mm below the powder bed surface leading to a Sgetaf about 80 um on top of the
powder bed. This guarantees sufficient intensady only to melt the powder but also

the steel substrate. A feeding speed of 100 rinatsd an output power of 80 W are
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selected, with reference to the results presemt€hapter 4. The small layer thickness
and overall minimisation of the energy input enlemthe precision of the U-shaped
groove, enabling the manufacture of a groove wittrass-sectional profile matching

that of the fibre (cross-section Figure 5-13).

In the second step, metal jacketed fibres are texdento the groove (Figure 5-14),
clamped and a tensile load of 2 N is applied. dwaihg this attachment, the fibres are
encapsulated by continuing the SLM process on fabefibre. In the encapsulation
stage, the powder is melted in a controlled mamisarg a laser beam that is scanned
perpendicular to the direction of the fibre. Insthwvay, the powder bonds to itself,
forming a homogenous solid layer and it also botwdshe substrate and the nickel
coated fibre. Scanning is conducted towards theaumped end of the fibre allowing
the guide the expanding fibre by the applied tensitce (2N). Further applications of
powder layers and laser processing allow fabrigasiolid metal component with layer-

by-layer control of features.

2"d step: fibre inserted in U-groove

coated AL parameters:
fibre R~ N P = 80 W; DC = 50 %
v; =100 mm/s;

Aline = 100 pum

o

Alayer =50 um

fixed
clamping

Figure 5-14 Second step of the embedding procesBhe fibre is placed in the groove and
powder is applied on top of the fibre. The fibre$ encapsulated by using parameters similar to
those of the SLM process.
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The laser properties must be carefully selectezhgure that the powder layer is melted
without damaging the coated optical fibres. A sresction of a fibre encapsulated in
this manner is shown in Figure 5-15. In this exkngbout 30 % of the circumference
of the nickel coated fibre is well bonded to thersunding steel environment.
Imperfections in encapsulation remain at the siges underneath-side of the coated
fibre. Two mechanisms cause this gap, surfacehmess of the groove (R 6 um; B

~ 40 um) and debris of the SLM process remainirtfpéngroove.

3'd step: encapsulating fibre

laser

perpendicular
scanning

Sample afr.
embedding

coated
fibr

by SLM

Figure 5-15 Third step of the encapsulation processontinuing the SLM process on top of the
fibre. Cross-sectional analysis shows that coatdibres are well bonded on the top but no bonding

on the side and underneath.

Embedding optical fibres in pre-fabricated grookias several advantages. The grooves
themselves can be tailored with respect to the noas of the coated optical fibres
without altering the parameters of the SLM proce&y deploying the fibre in the
groove the position of the fibre is precisely (< 1) determined and also during the

encapsulation process the fibre is constrainedhéyside walls.
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5.2.4 Best practice for embedment

Sections 5.2.1 to 5.2.3 describe the investigatibooncepts to reliably embed optical

fibres with small coating thicknesses into SS 3bénponents. The final approach

described, in which the fibre is placed in pre-fedied grooves, was found to be the
most reliable and repeatable. In the other appemovhere fibres were clamped onto
the substrate and powder material is molten nettigdibre, the fibres can significantly

move due to thermal stresses. Also, when meltowder layers of similar thicknesses

to the fibre itself, too much thermal energy is\gferred into the fibre causing damage.

Deploying the fibre in pre-fabricated grooves mehiviocates the fibre in respect to
the substrate, within the accuracy of the SLM syste10 um in our case). As a result,
the fibre can only move upwards during encapsulatido prior attachment of the fibre
to the substrate is necessary due to the constrgiven by the groove itself.

Furthermore, the laser power required for encapisulas significantly reduced, since
the powder layer thickness for encapsulating theefiis independent of the fibre

diameter.

5.3 Damage threshold embedding coated fibres in pre-fatlzated grooves

In this section the SLM parameters for encapsudatine coated fibre placed in

U-grooves are in investigated. However, the preqerameters laser power (80 W),
feeding speed (100 mmi*s and duty cycle 50 % (10Qs laser on/off times) are

unchanged to ensure that continuous lines are moiteto the substrate material and
that the energy is sufficient to partially re-meteviously added material or the coating
of the fibre underneath. Fibre transmission is mooed for a range of different

parameters, during the embedding process.

By changing the layer thickness, the line to lipasng and scanning direction during
the fibre’s encapsulation, it is possible to sigmaintly vary the energy input into the
substrate and therefore influence the thermal sgsesnduced into the optical fibre
underneath while maintaining the ability to fabtecgarts which are free of porosity.
For the first encapsulation layer, a wider lindite spacing can be chosen to reduce
the actual process time and therefore also redime heating (Figure 5-16). By
increasing the line-to-line spacing to 80 um, denseponents with very limited

amount of macro-porosity can be fabricated whilgnicantly reducing the process
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time by about 50 % compared to the standard SLMrpaters. In addition, increasing

the layer thickness can help to shield the fiboenfthe deposited laser energy.

parallel scannning perpendicular scannning
laser

laser

line to line spacing

Figure 5-16 For the third step of the encapsulatioprocess three parameters can be varied,
line-to line spacing, layer thickness and the scaimg direction (parallel and perpendicular). Other
parameters like scanning speed or laser power arééd to at least ensure that continuous lines are
molten.

5.3.1 Layer thickness and scanning strategy

To investigate the influence of different parametEr the encapsulation process four
example sets of parameters were identified aneéde€fable 5-1). In all cases, the
fibres were first of all RF sputtered with chromiuth hr; 200 W) and subsequently
electroplated with nickel to coating diameters bbat 350 um. U grooves were built
according to the scheme illustrated in Figure 5with steps of 25 um precision to

approximate the curvature of the coated fibre. ffiekness of the first encapsulation
layer is chosen to be slightly larger to ensuré tihe fibre is fully covered with powder

since the fibre might not sit perfectly flat on thattom of the groove.

case description layer thickness line to line scan direction
[# [ [um] [um] [-]
1|l 2] 3]afa]2]3]afla]2]3]a4
A SLM parameters from chapter 4 50| 25| 25] 25 50| 50| 50| 50 | ppf| ppf| ppf| par
B lower energy input - larger layer thickness 100 50 | 251 25| 50 | 50 | 50 | 50 | ppf | ppf | ppf | par
C low energy input - wider line to line spacing 50| 25] 25| 25 1100| 70 | 50 | 50 | ppf | ppf| ppf| par
D very low energy input 100 50 | 25| 25 J100]| 70 | 50 | 50 | ppf | ppf | ppf | rpp

ppf = perpendicular towards free floating end
par = parallel to fibre
rpp = perpendicular scanning -reversed direction

Table 5-1 Set of parameters which are investigatefdr applying the encapsulation layer on a
fibre lying in a U-shaped groove.
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In case A, a coated optical fibre placed in therbege is encapsulated by simply
continuing the SLM process using standard parameterdeveloped in Chapter 4.3.1.
In case B the thermal input to the fibre is redubgdincreasing the layer thickness
whereas this is done in case C by using a widertlinline spacing. In both cases the
relevant parameter is changed back to the valtleeo$tandard SLM process in a series
of steps. Case D is the case with the lowest gnemut, where the initial parameters
have the largest line-to-line distance and lay@ktiess. In all cases the first three
layers are applied by scanning perpendicular tofittre towards unclamped end. In
preliminary trials it was found that parallel scargnalong the fibre deposits too much

thermal energy into the fibre causing it to break.

@ parameters:
GCJ P =80W;v; =100 mm/s; DC =50 %
Aé Aline = 70 um
= Alayer = 25 um -
= o)
o e
> @
= g’; =
= A
= £
=
e c
@
Q
wv)
Jarameters:
P =80W, v; =100 mm/s; DC=50%
Aline = 100 pum
Alayer = 50 um
substrate
Figure 5-17 Example illustration of the process sategy to encapsulate coated optical fibres

deployed in U-groove shaped features.

The fibre transmission is monitored by splicing AB@nhnectors to both ends of the
optical fibre and connecting one side to a broadbssurce (centre wavelength: 1550
nm) and the other side to an optical spectrum gealfOSA). The length of the
embedded section is about 3 cm. A picture of thgeemental setup is shown in
Figure 5-18.
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Figure 5-18 Photo and schematic illustration of thexperimental setup for measuring

transmission through the optical fibre when encapslating fibres by SLM.

For selected cases from Table 5-1, the fibre tréssmon (intensity measured at a
wavelength of 1550 nm) for the first 4 layers of #ncapsulation process is displayed
in Figure 5-19. Using standard SLM parameterseiocapsulation (A) a significant
drop in transmission (75 %) is observed. Varyiitges powder layer thickness (B) or
line-to-line spacing (C) mitigates these lossesiiaantly (only 30 — 40 % loss). Only
small losses (~10 %) occur when increasing botlerlahickness and line-to-line
spacing (D). Typically, as displayed in Figure &-for any encapsulation strategy, the
majority of losses in transmission occur for thstf3 layers. As subsequent layers are
applied, the transmission characteristics changésincrementally, as expected since
the re-melt depth of the SLM process which is tgflicnot more than 50 um into the
substrate.
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Figure 5-19 Fibre transmission (measured at 1550 nnfior the first four layers when

encapsulating optical fibres according to the casedisplayed in Table 5-1.

In case A the largest losses in transmission octharefore this case is the most
interesting and more thoroughly discussed heree gdmeral trend should be applicable
to the other cases too. When applying the firgeddn case A, the intensity of the
transmitted light gradually drops throughout thegass by about 18 %, despite a slight
increase by about 3 % at the beginning of the m®ceA magnified version of the
measured transmission for the first two layers adec#A is displayed in Figure 5-20
(top). This is quite a complex trace, and the ntigsly explanations for the changes
with time are proposed below.
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Figure 5-20 Top: Transmission measurements for thBrst two layers of case #A.
Bottom: Normalised transmission spectra for selectetimes.

One possible explanation for the increase in trassion at the beginning of the process
(Figure 5-20; top; ~5 s) is reduced micro-bendinthe fibre due to thermal expansion
of the U-groove. Before encapsulation, the fibithwoating is squeezed into the U-
groove. The groove width is tailored to tightly tetathe coated fibres outer diameter.
The U-groove however, has a comparatively rougfasarroughness (R- 40 pm) and
its peaks will induce stresses into the nickel inga(Figure 5-21). These stresses will
be transferred into the fibre and cause lossesaimsmission due to micro-bending.
During the process the U-groove gradually becomigemdue to thermal expansion
caused by the heat energy provided by the lasettaadexpansion gradually releases

the stresses caused by the surface roughness acel the losses due to micro-bending.
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before process during process

thermal expansion

Figure 5-21 Schematic illustration for the occurrere of micro-bending for the non
encapsulated fibre placed in U-groove (view from aive). When applying the first layer the groove
is expanding due to the heat induced by the lasepunteracting the losses due micro-bending.

However, at some point during the application o tiirst layer, the increase in
transmission due to less micro-bending caused éygthove’s side wall roughness is
overcome by the micro-bending induced by the stiesm top of the fibre due to the
SLM process (Figure 5-22). The SLM process incraalyy induces stress fields on
top of the fibre with a periodicity equalling thimé-to-line spacing of the scanning
strategy.

Figure 5-20 (bottom) displays the normalised trassion spectra at times of interest
for the first two layers of case A. After the fitayer is applied (time #1), not only was
the average intensity of the transmission droppgdl® %, also the losses are in-
homogenously distributed over the spectral rangthefmeasured spectrum. The in-
homogenous distribution of losses is attributecatibss band due to micro-bending
which is super-imposed onto the fibre's transmissibaracteristics. The loss band is
highly dependent on the periodicity of the straskifcaused by the scanning strategy.
The peak of the loss band is centred on a wavéieoigabout 1540 nm. Sakata [28]
reports similar loss characteristics in single-mddwes where stress fields with

periodicities in the range of 50 — 100 um causeoriends along the fibre.
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Figure 5-22 Schematic illustration for stress field induced by SLM leading to losses in

transmission due to micro-bending (cross-sectionaiew).

When applying the second layer, initially the irgiy of the transmission continues to
gradually drop until time #2. Within 30 ms (meamuents #2; #3; #4) losses in
transmission (worth 40 % of the initial transmisgi@ccur. Spectra recorded at these
times indicate that until time #2 only the intepsdiropped with no changes in the
imposed loss-band. Between measurements #3 arh #dstantaneous drop occurs.
The spectrum measured at time #3, apart from tlezage losses, shows increased
losses centred around 1560 nm and at time #4 tlosses are even more defined

centred around 1565 nm.

The sudden drop in transmission is only explaindiylestructural damage of the fibre.
The penetration depth of the SLM process might uféicgent to partially re-melt the
first layer but the fibre is solidly embedded owetength of 3 cm and the melt pool
width is less than 100 um. Therefore, when apglyive second layer, the fibre with its
coating is solidly attached to the metal componantall times. During the SLM
process of the second layer, the specimen is expgrahd the fibre is additionally
strained by the high thermal expansion coefficansteel, 30x that of the fibre. This
axial stress in combination with further lateralesses induced by the SLM process

leads to cracks and therefore eventually to sutizkses in transmission.
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Following the sudden drop the induced losses aduzlly relieved until a maximum is
reached at time #5. Then, the measured spectramoris homogenous, indicating that
the expanding steel causes less micro-bendingeofiltine. The average transmission
rises by 75 % compared to time (#4) just aftershdden drop occurred. The increase
in fibre transmission is within the same magnitofi¢he incremental losses (excluding
the sudden drop at times #2-4) caused by the pauefar. These losses are eased by
the rapid thermal expansion of the metal due tahé&usr energy input of the SLM
process. The losses which occurred during theesuddop (cracking) are irreversible.
Following this both mechanism increased lossestduerther applied stresses by the
SLM process and easing stresses by the increasguetature results in alternately
increasing and decreasing losses. After the enldeoprocess (@50s), the transmission
exponentially plateaus, since the energy inputhef $LM process has stopped. The
specimen gradually cools down, shrinks with thertied expansion coefficient of steel

and leads to increased losses due to increased-beading.

In cases B and D larger layer thicknesses of abh®Qtpm are applied on top of the
fibre for the first encapsulating layer. This ceptseems to sufficiently dissipate the
heat induced by the SLM process, and hence redacsniission loses. However,
increased porosity is observed in vicinity of theapsulating layers (Figure 5-23). In
case B, a large layer thickness is chosen whilentai@ing a narrow line-to-line

spacing. Cross-sectional analyses disclose tliknae layer, apart from some minor
occurrence of porosity is added to the fibre. Hesveno proper bond between fibre
and added material is formed indicating that tlyedahickness is too thick and that the

process energy was in-sufficient to partially ntleé coating.

In case D, not only is a larger layer thicknesssemobut also a wider line-to-line
spacing. This causes a significant increase inogyr in the vicinity of the

encapsulation plane. In both cases B and D, dgdiiraes were embedded, however the
poor bonding between fibre coating and metal surdoand also the occurrence of

porosity are of concern.
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Figure 5-23

(left) and case #D (right) from Table 5-1.

More ideal is the approach applied in case C (Eda#24). The layer thickness for
encapsulating the coated optical fibre is mainticenstant, whilst ensuring that before
encapsulation the fibre is fully covered with powd®aterial. Line-to-line spacing was
increased to 80 um. The wider spacing seems tcatess localised stresses into the
fibre. In particular this case, the fitting betweére diameter and U-groove dimension
is extremely tight (Figure 5-25) leading to sigcént losses due to micro-bending

before the process. During the process, thermadresion of the U-groove results in

significant spikes in the fibre transmission.
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Figure 5-24
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Cross-sectional analysis of coated fibres embedaedrding to the recipe in C are
displayed in Figure 5-25. The penetration deptthefmelt pool is sufficient enough to
partially melt the fibre coating by about 25 um.n @e top of the coating, etching
demonstrates that both the nickel and steel, apeply intermixed, indicating a good
bond capable of transferring strain and temperatin@nges induced into the steel
component. This is backed up by SEM and EDX amalghowing movement of

chromium from the steel into the nickel coating.

good bonding

WD12mm  SS53

#C.2 EDX
chromium
distribution

_ substance-to-
substance bond
cr keying layer

initial
fibre
diameter

'200um ' Cr Kat

Figure 5-25 Cross-section analysis (top left), SEMNnalyses (top right) and EDX analyses

(bottom) for fibres embedded according to the recips for case C.
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Embedding according to case C provides the begltieserms of combination of bond
strength and low induced loss. The resulting bbativeen the fibre and coating is
better than cases where the layer thickness igauimly increased. The increased
line-to-line spacing significantly reduces the thal load into the fibre counteracting
losses due to micro-bending while maintaining thiellitg to fabricate dense

components.

5.3.2 Coating thickness
A further variable of the process, the thicknesshef nickel coating, is of particular

interest since one objective of this work is mirsation of the coated fibre.

Any material between fibre and melt pool tends totgrt the fibre from stresses
induced by the SLM process. Therefore larger ogathicknesses reduce micro-
bending that leads to losses in embedded fibréwe sirategy for encapsulating coated
fibres in pre-fabricated grooves is easily adjudiedvarious coating thicknesses by
applying an SLM strategy that tailors the dimensiaf the fabricated groove to
approximate the width and underside of the coapgdal fibre (Figure 5-26).

maximum gap
~ 75 pm ~ 125 pm ~ 175 pm

450 pm fibre

Figure 5-26 Schematic illustration for adjusting the process for fibore embedment for various
coating thicknesses. The thicker the fibre coatinghe more difficulties arise in achieving a proper

bonding along the coated fibres circumference.

Nickel coated fibres with different coating thicleses are embedded according to the
recipe described in the previous section (case Gyoove dimensions are tailored
according to the outer dimensions of the coatectalptibres. In this manner, nickel
coated optical SMF-28 fibres are embedded whilsgeng their mechanical integrity
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and optical properties. Figure 5-27 displays tmaission losses (measured at 1550 nm)
for nickel coated SMF-28 fibres for various coatthicknesses after completion of the
embedding process. Typically, for outer diametlyss than 335 um, successful
embedding could not be achieved, with fibre trassion dropping to zero in all these
cases. For outer diameters in the range of 3ED@oum, losses are in the range of 60
% down to 10 %, lower for larger coating thicknesg®r an embedding length of
3 cm). For nickel coated fibres with an outer déden >500 um losses are below 10 %.

loss transmission
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Figure 5-27 Summary of transmission losses for embded fibres as a function of coating
thickness. Coating thickness of more than 350 pnrearequired for successful embedment of optical

fibre with the approach developed above.

Analysis of samples with outer diameter of les®1tB80 pm suggests that the heat input
during the encapsulation process causes crackingroplete melting and delamination
of the coating. Locally induced stresses, duénéotteat input of SLM process, causes
in-homogenously distributed stress levels alongdbating, leading to cracks in the
coatings. Also, when the heating exceeds certa@sholds, the majority of the coating
instantaneously melts, leading to contraction eftiolten coating material most likely
due to surface tensions (Figure 5-28 bottom). Thimately leads to exposure of the

optical fibre to the incident laser radiation oktlSLM process and hence damage.
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Outer diameters of at least 350 um are therefansidered essential to allow successful
embedment of SMF-28 (OD 125 um) optical fibres with chosen SLM parameters.

With larger outer diameters however, the diffieatiarise are associated with bonding
issues at the top of the fibre. The larger diameteans that there are larger gaps
between the fibre coating and the plane of the &rcapsulation layer (Figure 5-26).
The penetration depth in powder with the given Shlameters is about 100 um. Two
possible solutions exist to tackle this issue. @ag is to change the energy input of
the SLM process to provide larger penetration depth these areas of concern.
However, this causes the dilemma that increasirggggninput of the SLM process
reduces the advantages of larger coating thickedsseuffer the fibre from the heat of

the SLM process.

BEC 30kV  WD10mm SS53
10 Sep 2014

coating

fibre

delaminated
; coating

Figure 5-28 Cross-section analysis for embedded figss with small coating thicknesses. With
outer diameters of less than 35@m the coating is too thin and either cracks (top) ocompletely
delaminates from the fibre (bottom).
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Figure 5-29 Cross-section analysis of coated fib§eOD 450 um) placed in U-groove. Height of

U-groove was reduced by 5@m to minimise amount of powder material between fibe and
U-groove resulting bonding over about 40 % of theibres upper circumference.

Another simpler technique is to reduce the heighthe side-walls of the groove,
according to the coating thickness and penetratépth of the SLM process. In Figure
5-29 (left) an outer diameter 450 um coated filsrelisplayed, sitting in a U-shaped-
groove that was designed in a way that the sidésvaaé 50 um below the top of the
coated optical fibre sitting in the groove. Inligathe edge of the SLM fabricated U-
groove is typically slightly higher due to powdesnsolidation for initial line scans.
When the encapsulation process is continued ptuogating between fibre and stainless
steel can be observed over an extended area fibthecircumference. Etch analysis of
the cross-sectional sample suggests that the gaatlhonded to the SLM structure over
approximately 40 % of the coatings circumferendenis approach has the advantage
that the standard SLM parameters are used andcefartre providing a better bonding

over a wider area between fibre coating and metaband.

5.4 Improved Embedding

In the previous sections of this chapter, the apginaf embedding optical fibres in pre-
fabricated U-grooves was identified to deliver mediable and repeatable results. The
disadvantage of this approach is that typicallyydsdnding between fibre coating and

metal surround is achieved on the top of the optilbee (Figure 5-30).

In the following section two possible ways for iraped embedding are investigated.
To achieve better bonding on the sides of the dofitee in the U-groove, deep

penetration laser welding can be applied afteffitsefew layers of material have been
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applied on top of the fibre. The bonding underhethie fibore can be improved by
deploying a layer of easily diffusing low meltingniperature “met-glass” underneath
the fibre.

laser

deep-penetration laser
welding

Side wall

NI - coating

metglas

no bonding

Figure 5-30 Schematic illustration for strategiesd improve bonding for coated fibres
embedded in U-shaped grooves.

5.4.1 Additional “deep-penetration” welding

To improve the overall bonding between the fibratow and the adjusted steel walls,
deep penetration laser welding is a feasible agbrodt could be used to re-melt the
edges of the coated fibre and groove, and fuse tbgether after the coated fibre was
encapsulated. Coated optical fibres (OD 350 pmeacapsulated in U-shaped grooves
according to the recipe described above. Aftellyapgp 4 powder layers on top of the
fibre (~100 um material) deep penetration lasedwelke applied in a direction parallel
to the fibre (Figure 5-31), whilst monitoring fibteansmission. The parameters of the
deep penetration welds are chosen according teethéts in (Chapter 4). The focus of
the fibre laser system is positioned on the tophef surface to achieve the deepest
possible penetration. Laser power is set to 108t/ full duty cycle. Feed speed is set
at 75 mm*§ to minimise the lateral heat affected zone whitstintaining a high

penetration depth.

With these parameters the weld seam typically remehwidth of about 100 um and a

penetration depth of 250 to 350 um. Various welanss are positioned parallel to the
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optical fibre in distances of 150, 200 and 300 pAm example cross-sectional analysis

is shown in Figure 5-32.

parameters:
P =100 W vf =75 mm/s; DC = 100 %
spot- @ = 35 um

Figure 5-31 Schematic illustration for applying dee-penetration weld seems to improve
bonding between coated fibre and side-wall of U-gaves.
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Figure 5-32 Cross-section analysis of the embeddé&bre with the weld seam placed 150 um

apart from the fibre. No transmission was measureafter applying this weld, indicating the fibre

was structurally damaged during the process.
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The weld at 150 um has severely penetrated the ¢ibating. Etching indicates that the
nickel has easily gone into solution with the stewterial, forming a strong bond
between coating and metal surround. Unfortunatedyvever, the fibre did not survive

the welding process. As soon as the process dtidngetransmission dropped to zero.

When applying the weld 50 um further away, thediburvives the embedding process
but severe losses in the transmitted intensity o(€igure 5-33). When measuring the
transmitted intensity during the process, the miogr shows typical behaviour for
fibres that experience thermal overload (see abovd)the beginning the transmitted
intensity is increased due reduced micro-bendingead by thermal expansion of the
U-groove. Shortly thereafter, (~3 s) the transaditintensity suddenly and severely
starts to drop by about 90 %.
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Figure 5-33 Cross-section analysis of embedded cedtfibre with deep-penetration welds

applied to the sides (top). Transmitted intensity irough the fibre for both applied welds (bottom).

Placing the weld about 350 pum away significantijuees the heat input into the fibre,
almost no losses in transmission occur, indicativag the material between fibre and
melt pool is a sufficient thermal protection. Tsarission measurements show during

the process significant increases by reduced ntieraling of the heated SLM structure
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but only small losses after process end (~3 %).wéder, this is too far away to
improve the bonding between fibre and metal summ since the coated fibre only

has a diameter of only 350 um.

In conclusion deep-penetration welding offers tb&eptial to significantly improve the
bonding of the coated fibre, provided that the waddm is at least 350 um away from
the mid-point of the fibre to preserve the specmalperties of the fibre during the
process. Taking into account the results for theedding, the indication is strong that
the fibre will survive a welding process as longe#tber sufficient coating material or
added material is buffering the heat input into fibee. With larger laser power only
the aspect-ratio of the deep-penetration weld ssamcreased, without increasing the
width of the weld seam. In theory a fibre with 66000 um OD nickel coating could
be embedded and subsequently laser welded to des by applying roughly about
300 W laser power to the side. However this inmisaa dilemma in terms of

minimisation of the embedded sensor component.

5.4.2 Met-glass

Met-glasses are nickel-based alloys with low mgltiemperatures due to their
significant boron or phosphor contents (both 1 © %; [111]). At elevated
temperatures both boron and phosphor easily difinfgesurrounding metals and also
lower their melting temperature [111]. Therefdhe bonding of the fibre can easily be
improved by depositing met-glass underneath théedofibre. After embedment, the

specimen is deployed in an oven and heated up ltingpeemperature of the met-glass.

To investigate the feasibility of adding met-glasso the process the embedding
process is expanded by making the U-groove deé&pgureé 5 34; top). . This allowed
met-glass foil to be placed in the bottom of theoye before adding the optical fibre.
The met-glass foil (MBF 20; Tm ~ 1030 C; 25 pum khifl12]) was laser cut
(SPI G4 20 W MS pulsed laseparameters: 20 W; prf: 0; 50 mn)Jsinto slides of
approximately 350 um in width. Two layers of mé&iss were deposited on top of each
other in the U-groove. A nickel coated fibre oD45m was subsequently placed in the
groove and embedded. Finally, the specimen wasimata furnace and baked at
1100 °C for 30 min.
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Figure 5-34 Schematic illustration for approach forimproved embedding of nickel coated
fibres with met-glass. Height of U-groove is incresed by 50 um and to layers of met-glass are
deployed underneath the optical fibre in the groove

Cross-sectional analysis of the sample indicatest the met-glass foil melted
sufficiently during the temperature process andieagld a bond between the groove
surface and metal coating (Figure 5-34; bottomtjigfihis is a promising indicator that
by simply applying met-glass foil this techniquenbe shows promise to significantly

improve the bonding to the fibre.

5.5 Chapter review

This chapter provides an overview on different apphes and strategies to embed a
coated optical fibre into a metal component withvBechnology. The most successful
technique was to place the fibre into SLM-fabridate)-grooves. Only minor
modifications to the SLM parameters for the enchgigun process are necessary to
guarantee reliable embedment of optical fibres withimised transmission losses. The
line-to-line distance was increased when scannarggndicular to the optical fibre for
the first layers. Having established the fibre edding process, the next step was to

embed fibres containing sensing elements, as thesci chapter 6.
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Additional steps, such as deep penetration weldioge to the fibre or the introduction
of met-glass into the process, can easily be aclisimeol with minor changes of the
SLM process. The capability that deep penetratieiding can significantly increase
the area of bonding is demonstrated. However titecal fibre has to be properly
shielded from the welding process, increasing teguirement for larger coating
thicknesses. Met-glass can easily be introducéd the process and shows good
potential to provide a bonding between the undersidthe coated optical fibre and the

steel substrate.
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Chapter 6

Embedded Sensing

In this chapter, the methods developed for embeddiptical fibres (described in
Chapter 5) are utilised to embed Fibre Bragg Ggati(FBG). These FBGs not only
offer potential for in-situ structural health mamihg of strain and temperatures
changes of SLM fabricated components, they can piewide information about the

SLM process itself.

This chapter is divided in three sub-sections. fit in section 6.1, the embedding
process of FBGs is described and investigated. fbllewing two sub-chapters
evaluate the feasibility for using SS 316 embedeB@ for strain (6.2) and temperature

measurements (6.3).

6.1 Embedding Fibre Bragg gratings

The bare optical fibres used in previous experimeme replaced with photosensitive
germanosilicate fibres containing FBG. The fibngere H-loaded prior to FBG
inscription to enhance their high temperature perémce (see section 2.1.6). The
FBG'’s length is about 10 mm and fibres are typjcalihbedded over a length of about
4 cm (Figure 6-1) with the FBG positioned in thentte of the embedded section.
FBGs are RF sputtered with chromium and subsequeldttroplated with nickel. The
Bragg wavelength negatively shifts by about 0.5 tonshorter wavelengths after
electroplating. No significant birefringence iretbratings spectral response is observed
after coating. The negative shift in Bragg wavegténis caused by the nickel’'s high
thermal expansion coefficient, compared to glassl, the elevated temperature of the
plating bath. When placing the chromium coatedefiln the plating bath, glass
dominates the thermal expansion since the chronayer thickness is only a few pm.
Nickel is then electroplated in much larger quagitonto the fibre at a temperature of
50 °C; when the nickel coated fibre is removed frim plating bath the thermal
coefficient of nickel dominates, yielding compressi stress onto the FBG

(see section 2.1.5).
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Figure 6-1 Schematic illustration for position andinterrogation of Fibre Bragg Grating
sensor during embedding by Selective Laser Melting.

A substrate containing a U-groove was fabricate@®hbiyl and a coated FBG (OD 420
pm) was placed in the groove and encapsulated Gbapter 5). A high frequency
interrogator (IBSEN) was used for interrogating B#G. Powder is deposited on top
of the fibre and scanning the SLM process is cotatliperpendicular to the direction of
the optical fibre typically for the first three ks (Figure 6-1). The width of the
embedded section is typically about 7 mm. The SpMgresses at a speed of
100 mm*s' and the line-to-line spacing is set to 100 um tle first layer with
narrower spacing is used for subsequent layerssgdon 1.1.1; case #C). The overall
speed by which the SLM process moves along the fibabout 1.5 mm#*sfor the first
layer.

6.1.1 Applying the first layer

The transmission spectra of the deployed FBG aerded at 1Qus intervals. The
spectra for the first 9s after starting the pro@ssplotted together in Figure 6-2. When
starting the SLM process no significant changehe spectrum is observed. Five
seconds into the process, the SLM process isabilut 10 mm away from the FBG, and
Bragg wavelength and spectral profile of the ggatine almost unchanged. The closer
the laser spot gets to the FBGs location, the lotige Bragg wavelength, indicating

that the temperature of the grating increases. uABs after starting the process, the
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SLM process has travelled by about 15 mm and iosiiran top of the grating. The
Bragg wavelength has shifted by about 950 pm (rez).l For a nickel coated FBG this
shift indicates a temperature increase of aboullG(@see section 6.3.2). The grating
width (FWHM) also increases, caused by a tempezagtadient along the grating. The
side of the grating facing the SLM process is warthan the opposed side. Therefore,

along the grating, the grating pitch length is hotnogenously strained, leading to a
broadening of its spectral response.
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“: I AT ~45°C
9 (assuming CTE of Nickel)
@ 20000 | -
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@ 15000 - temperature gradient #
- causes wider grating
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wavelength [nm]
Figure 6-2 Transmission spectra for the first 9 sfothe encapsulation process. The Bragg

wavelength gradually shifts to longer wavelengthswk to proximity of the melt pool. Temperature

gradients along the grating lead to widening of thegrating.

While scanning directly above the grating, the Bragavelength increases further,
indicating a further increase in temperature (FeggH3). The highest Bragg wavelength
is reached just when the laser spot has movedetéathend of the FBG. At this point,
the Bragg wavelength has shifted by about 3.5 nimichvindicates an increase in
temperature by about 20C. The grating spectral width at this point iglstly larger
than at the start of this process (green line)e 3pectral profile of the grating indicates

a reversed direction of the temperature gradierigathe FBG. When the laser spot is

117



at the centre of the grating the spectrum is mormnsetric, indicating equal
temperature gradients in both directions of theefifblue line). The double peaking
that is observed is caused by in-homogenous stlesgbution across the cross-
sectional plane. The two peaks are separated bytatDO pm which indicates a

transversal load of about 35 MPa (see section ;P46]5.
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Figure 6-3 Transmission spectra when the SLM process directly above the FBG. The

grating reaches its maximum temperature of about 22 °C indicated by a large shift in wavelength
of about 4.8 nm (red line). The grating width renains almost constant. However, double peaks

indicate the occurrence of birefringence due to trasverse loading.

Once the SLM process has sintered the powder ahevgrating, the Bragg wavelength
gradually starts to move to shorter wavelengthsinagas the grating cools down

(Figure 6-4 left). Significant residual heat oétBLM process remains at the grating’'s
location for more than 5 s after processing thea.arét that time, the laser spot is

already more than 8 mm away from the grating.

As the processing laser moves further away, thetsp@arrows again and the Bragg

wavelength moves to a shorter wavelength due téingband decreasing temperature
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gradients. Once the SLM process has stopped (erang in Figure 6-4 right), the
Bragg wavelength continues to shift towards shavi@relengths, until the sample cools
to ambient temperature which takes about 120s.
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Figure 6-4 Transmission spectra recorded shortly aér the grating has been encapsulated

and the process zone of the SLM process is movingay from the now embedded FBG.
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Figure 6-5 Transmission spectra of the SLM embeddeBEBG recorded before (green), at

maximal shift during process (black) and 120 s aftethe end of the SLM process.
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After applying the first layer, no losses in tranmt$ed intensity occur, demonstrating
that nickel coatings with an outer diameter of 4@0 are sufficient to prevent losses
due to micro-bending (Figure 6-5). The grating twiFWHM) is increased from 440

pm before embedding to 570 pm after embedding (%o3hcrease), and the Bragg
wavelength has shifted by about 420 pm to shoréarelengths.

When encapsulating the fibre with the first layag FBG is gradually heated before the
SLM process creates a solid bond between the cd@&land the SS 316 surround.
During this heating, the nickel coated FBG expaactsording to the thermal expansion
of nickel which is slightly smaller than the theimaxpansion of SS 316
(CTEnickel ~15%10°% CTEsssis ~17x10°. During this process the grating reaches
temperatures of about 25 (derived from spectrum in Figure 6-3 and datamfro
section 6.3.2) when a bond between nickel and $S3formed. Once a proper bond
between nickel and the SS 316 is formed and tts¢ fyer is complete, the nickel-
coated FBG’s shrinkage is dominated by the sligttigher CTE of the SS 316,
generating a compressive stress into the embedBléd Biven the CTE values and the
temperature measured by the grating, the optitaé fis theoretically compressed by
about 400 g when the temperature drops back to ambient wreshlts in a negative
shift in Bragg wavelength of about 450 pm, matchivedl with the experimental value

of about 420 pm.

The widening of the grating when applying the fil@yer is caused by temperature
gradients along the grating during the SLM proceRse grating is heated up during the
SLM process, and temperature gradients from thecgs® zone to the ambient
environment cause in-homogenous straining of tlairgy along the fibre, leading to

wider spectral profiles of the grating. The SLM@ess above the section with the FBG
takes a comparatively long time (~ 6s for 10 mmipton a solid bond between fibre, its

coating and metal surround. Continuous energytiupties the temperature of not yet
bonded sections, so that in-homogenously straiRBG is preserved by incrementally

attaching the grating to the metal surround.

The results obtained with an FBG with a thinnertiega(OD 352 pum) are shown in
Figure 6-6. The black trace is the transmissicgc8pm after depositing in a tailored,

pre-fabricated U-groove, but before embedding. fldngre also shows the transmission
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spectra after each of the first five layers havenbapplied by SLM and after adding
more than 14 layers. The spectral width (FWHMYh# nickel coated grating before

embedding is 663 pm and no indication of signiftchinefringence is observed in the

spectrum.
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Figure 6-6 Transmission spectra of FBG recorded afr applying layers of stainless steel

powder on top of the fibre with FBG.

After applying the first layer by SLM, the gratingdth almost doubles to 1.183 nm
which is a significantly larger increase comparedhe grating with thicker coating
which width only increased by 25 %. Similar to fitee described earlier, the Bragg
wavelength similarly shifted by about 0.4 nm, hoesew this case losses in transmitted
intensity of about 1 dB occur. Reduced coatingkihésses hence lead to widening of
the grating’s spectrum and losses in transmissftar @mbedding. Less material is
available to buffer the FBG from the heat energyhef SLM process, leading to steeper
temperature gradients within the optical fibre aherefore wider gratings. The
negative shift in Bragg wavelength due to differgr@rmal expansion coefficients after

applying the first layer is not affected by diffeteoating thicknesses.
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6.1.2 Applying further layers

Applying the first three layers, the grating widdmains almost constant after the initial
increase due to the 1st layer (see Figure 6-6atsalFigure 6-7 top). From the fourth
layer onwards the scanning strategy alternates dagtwparallel and perpendicular
scanning to the optical fibre. Applying the fouldlyer by scanning parallel to the fibre,
the grating width is further increased by about P00. Subsequent scanning in the
direction perpendicular to the optical fibre rewsrshe widening. However, after
applying six or more layers, changes in width beedess distinguishable and the

grating width plateaus at around 0.95 nm.

Accumulation of material between (~ 100 um aftelaygers) fibre coating and SLM
process shields the grating from further chandgethe polarisation of the injected light
is changed following the SLM process, the specthéracteristics at the peak
wavelength slightly change, indicating the occucesrof Birefringence due to non-
axisymmetric tensile stresses over the fibres esestional plane (Figure 6-7 right).
Double peaking occurs, with the peaks separatedbloyit 400 pm which indicates a
transverse load onto the FBG of about 25 MPa (Ei@yt1; [46]).

The Bragg wavelength shifts to shorter wavelengiien adding more layers of
material on top of the fibre. The shift follows @&xponential decay function and
plateaus after having added 7 or more layers. @mee&SLM process is finished, after
adding 14 layers the Bragg wavelength is at 1458154 corresponding to a shift of
about 920 pm compared prior embedding (Figure 6-6& negative shift indicates that
the grating is under compressive stress. Trangldkie shift in Bragg wavelength into
compression using a sensitivity of 1 pme* and using the Young Modulus of fused
silica (72 GPa), this indicates that after 14 |layde fibre is under a compressive stress
of about 70 MPa.
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Figure 6-7 Plot grating width (top left) and chang in Bragg wavelength (bottom left) as a

function of applied layers. Grating spectrum for dfferent polarisation angles (right).

6.1.3 Residual Stresses

Residual stresses built up during the SLM procegdae both the change in grating
width and the negative shift of the grating whemliag more than one layer. When
applying subsequent layers, the penetration defptheoSLM process does not extend
sufficiently deep to re-melt the bond between nliokeating and steel. Melt pool

dimensions are only in the range of ten pum whetieadength of the FBG is ~10 mm,

so when applying subsequent layers, the FBG isyawalidly attached to the SS 316
surround, no further yield in compressive stressaacur due to differences in thermal

expansion coefficients.
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Shiomi was among the first to develop a model wxdbe the layer-by layer built up of
residual stresses during SLM processes [86]. Thixdel was applied to the
experiments described above to determine the eagetistribution of residual stresses
in the axis of building up the component. The niadeicates that in the plane where
the FBG is located, compressive stresses of al#uiMiPa occur (Figure 6-8). Indeed,
once the SLM process is complete, stresses of al5ohtPa have been measured by the
FBG when translating the wavelength shift of theGHBto stress (red line in Figure 6-7
bottom left). About 40 % of the measured stresthénfibre (400 pm wavelength shift
after ' layer = 400 [ = 35 MPa) is caused by differential thermal expamsio
coefficients between nickel and steel (see sedfidnl). Assuming that FBG and
SS 316 are strained similarly and considering tineost three times higher Young
Modulus of SS 316 (205 GPa), the remaining streissirwthe optical fibre (about
40 MPa) corresponds to a stress of about 110 MMBaeisurrounding metal, indicating
that the compressive stresses predicted by the Inaoden good agreement with the
experimental results measured by the embedded FBG.
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Figure 6-8 Plot for simulated residual stress as function of position within the specimen for

both substrate & SLM added material. The model preicts compressive residual stresses of about

120 MPa in plane where the optical fibre is located
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To hold the sample in position during the procdss rectangular shaped sample is
clamped down in each corner by screws. When remgatvie clamping mechanism of
the fabricated component the specimen bends. &asittesses are responsible for this
bending. When un-clamping the specimen, thesduakstresses lead to rapid bending
of the component, adding further compressive stmgs the FBG, indicated by a
further negative shift in Bragg wavelength of abaut nm (Figure 6-9). Assuming
again, that both FBG and SS 316 are strained sisngand that the SS 316 is relaxing
linear-elastically, the change in stresses withim $S 316 is about 300 MPa. This is
close to the Yield Strength of the material andrelates well with the model which
predicts high residual stresses as high as sucplames close to the surface of the

specimen or at the interface between substratadaded material.

_ plastic deformation
remove of clamping after SLM due to high residual stresses
process
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=
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! Elastic relaxation
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Figure 6-9 Embedded FBG spectrum recorded after spémen is removed from clamping

mechanism. The Bragg wavelength negatively shiftsy more than 1.2 nm indicating elastic

relaxation of the steel material as high as the matial’s Yield Strength (300 MPa).
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The overall distribution of residual stresses ghhy complex in a 3D manner and the
distribution is highly influenced by other varyingarameters, such as ambient
temperature or scanning strategy of the SLM proceRse changes in grating width
when changing the scanning direction of the SLMcpss indicates that a much more

complex distribution of residual stresses occurmpbcess parameters are changed.

To verify the observations from above and furtherestigate phenomena occurring
when embedding FBGs, two more gratings with thekel coatings (~OD 350 um) and
shorter grating lengths are embedded. The gré&imgth is only about 3 mm, therefore
leading to weak grating characteristics (gratingregth ~1 dB). The gratings were
written “in-house” during preliminary studies byrowesearch group (Jinesh Matthew)
into photosensitive Floaded germanosilicate fibres using a copper-vajeser and

phase mask (see section 2.1.3). Different writimyes lead to different fluence,
causing different grating strengths (Figure 6-10)he grating written with at higher
fluence (left) is stronger than the one with Idsgtice (right). Due to the weak initial
grating strength of both gratings, the occurrenteesturbations along the grating is

easier to distinguish.
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Figure 6-10 Transmission spectra for two FBGs ofterter length (3 mm). Gratings lacking
the strength of longer gratings. Short grating legth and strength increase gratings sensitivity for

perturbations induced by the SLM process.
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In both cases, after the first layer is appliedt@m of the fibre, the Bragg wavelengths
shifts towards shorter wavelength and significamtiggens. A periodicity occurs in the
spectral profiles of both gratings, and in casthefweaker grating (right) the amplitude
of this periodicity is as strong as the gratinglits Losses in transmission occur after
applying the first layer (~0.5 dB). In both casies transmission spectra remain almost
constant when applying the second layer, albeilightsshift to shorter wavelengths
occurs. When applying the third layer, both grggimarrow again, indicating a more
homogenous stress distribution along the fibre.e Bnagg gratings spectrum again
approximates in both cases a Gaussian profile. nénewer line-to-line spacing of the
SLM process when applying the third layer leadsntre heat energy accumulated in
the specimen. High speed interrogation of theirgyatduring application of the third
layer with only half the line-to-line distance (f@n) show positive wavelength shifts of
about 6 -7 nm. This wavelength shifts indicatesperatures within the optical fibre of
about 400 — 500C for typically more than 5 s, albeit already ménan 100 pm of
SS 316 material deposited in-between fibre coatindg SLM process. Temperatures
exceeding 500°C are considering high enough to relieve SLM fadied steel
components from residual stresses and hence the §B8tral profile becomes

narrower.

For the 4" layer the scanning strategy is varied. When cantinthe SLM process by
scanning perpendicular to the direction of theagbtfibre (Figure 6-10 left) the grating
slightly (<100 pm) shifts towards shorter waveldrsgpreserving its Gaussian profile
and grating width. In case where the scanningoisdacted parallel to the fibre
(Figure 6-10 right) the, gratings spectrum is digantly influenced by the change in
scanning direction. The gratings spectrum has ifgsgntly widened, barely

distinguishable from the perturbations in spectrimdjcating that changing scanning

direction makes the distribution of residual stesssignificantly more complex.
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6.2 Strain sensing

One major application for embedded sensing is m@asistrain changes of SLM

fabricated components induced by stress. Thealmaensor is deployed directly in the
heart of the metal component allowing to followastrchanges in-situ from within the
component. In this section the feasibility is expd and evaluated, in order to follow

the development of elastic and plastic strain ckamwgth embedded FBG sensors.

To stress the sample sufficiently to reach the d¥i8trength of SS 316 (~290 MPa),
loads of several thousand Newton are applied. €fbes, additional space has to be
provided on the substrate to allow it to be clampethe tensile testing machine. The
rectangular shaped samples used in other expesmeht have lengths of 5 cm. Using
1 cm on each side for clamping in the tensile ngsthachine, the remaining length is
too short to provide a homogenous distributionhef &pplied stresses. Finite Element
Simulation (FEM) reveals for stresses reaching 38's3Yield Strength that the

specimen in the remaining 3 cm is only homogengostshined over a length of about
2 cm (Figure 6-11). In particular the SLM addedtenal located outside the plane
where the load is applied is strained very in-hoemmysly. The embedded FBGs
typically have lengths of about 1 cm and the lengfthihe “clip-on” extensometer is

about 2 cm. Longer samples are hence required.

. standard SS 316 substrate

T __.r.lj‘ﬁl-_ -

Figure 6-11 FEM analysis for conventional rectangur SS 316 substrates (top) and “dog-
bone” shaped substrates (bottom).
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The dimensions of the RF sputtering process fotoyepy the chromium keying-layer
unit generally limit the length available for emdedy. Chromium keying-layers can
be applied for lengths of only up to about 8 cruitéble “Dog-bone” shaped substrates
were therefore designed according to current stasda The tapered profile
significantly reduces the cross-sectional areaeictisns where material is added by
SLM. In this case homogenous distribution of straxsd strain should be achieved over

a longer area (about 5 cm).

A sample with an embedded FBG on a dog-bone shsydestrate (Figure 2; top left) is
fabricated with SLM. The sample is mounted onrsite testing rig. The experimental
setup includes optical spectrum analyser (Microni€®©@25) for interrogating the

embedded FBG and digital readouts for both tentlting machine and FBG
interrogation.  Signals, from load cell, extensceneand optical interrogator are
recorded and correlated using LABVIEW software.e Hetual strain of the specimen is
measured by an extensometer (Instron “axial clipympe 2630) clamped onto the rear
side of the SS 316 substrate. Strain is appliethbying one clamping mechanism of
the tensile testing machine at very slow speedgni®min™). The load cell of the

tensile testing machine provides correspondingesafar the applied force.

Results for tensile tests conducted with bare speies without added material are
displayed in Figure 6-13. The bare SS 316 specsnasults are well within the

specifications for this austenitic stainless steElrstly, the material linear-elastically

deforms when increasing the sample’s load. Abduess levels of about 210 MPa
(2500 N) the material plastically deforms. Theldietrength (0.2 % permanent
deformation) of the material is reached at abo@t [@%a, in our case at a load of about
3500 N. The Young's-Modulus for the material iscodated to about 208 GPa. When
releasing the load the material linear-elastic @t and in subsequent load cycles,
where load levels do not exceed previously apdbed levels, the material elastically

follows changes in load with the Young's Modulus.
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FBG embedded in SS 316 on
dog-bone substrate

embedded FBG
length =8 mm

SLM dded /
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optical interrogation syste digital readouts tensile testing machine

Figure 6-12 Experimental setup for strain testing 6SLM embedded FBG sensors. SLM
substrates are dog-bone shaped to facilitate homageus stress levels during tensile straining.
Specimens are clamped into tensile testing machinan “clip-on” extensometer measures physical
elongation of the sample. LABVIEW software is usedor recorded and correlating sensor data

from extensometer, load cell and interrogated FBG.
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Figure 6-13 Plots for load as a function of appligstrain showing tensile tests conducted with

bare SS 316 specimen.
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6.2.1 Measuring plastic deformation

The specimen with the SLM added material showsifsgmtly different behaviour
compared to the bare SS 316 sample (Figure 6-12¢spite the increased cross-
sectional area of the SLM sample, the materialushmmore easily strained. The bare
sample reaches about 0.07% elongation at a load tévabout 2000 N. At the same
load, the SLM sample reaches much more elongaidn%). No pure linear elastic
behaviour is observed for the SLM specimen evennwdpplying small loads. When
releasing the load from the SLM specimen the samgjeatedly linear-elastically

relaxes with a Young’'s Modulus of about 205 MPa.
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Figure 6-14 Plot for load as a function of appliedtrain for tensile tests substrate with SLM
added material and embedded fibres. Despite itsriger cross-sectional area the sample with SLM

embedded fibre is more ductile.

After the SLM process the SS 316 material appeanset more ductile. A possible
explanation for the increased ductility are residuigesses and anisotropies induced by
the SLM process [113]. The substrate only hadaively small volume due to small
thickness (1.2 mm). High residual stresses of reéVeindred MPa are predicted by
models and are also measured from embedded FB@f#noimg the model (see section
6.1). High tensile residual stresses are partilyulabserved in planes close to the
specimen surfaces, both in the substrate and tMe&lded material. Residual stresses

easily exceed the material’'s Yield Strength andd léa plastic deformation. The
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specimen is already tensile stressed to level® tipet Yield Strength and therefore any
additional tensile stress will instantaneously léaglastic deformation. Anisotropies

in the mechanical properties induced by differar@nsing directions perhaps also add
to the more ductile behaviour of the SLM fabricatgmcimens. When tensile testing
and plastic deformation occurs, the material igisthardened and subsequently linearly
and elastically relaxes with a Young Modulus of atb805 GPa [114]. Subsequent
straining of the sample, where applied load lenelsexceed levels of previous cycles,

does not cause further plastic deformation of tiagenmal.
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Figure 6-15 Change in Bragg wavelength recorded asfunction of applied strain. Residual

stresses within the specimen lead in-homogenousaitting of FBG and extensometer during plastic

deformation.

The data for the embedded FBG is displayed in Eigdt5. When straining the sample
for the first time and therefore plastically defang the specimen, the FBG shows a
sensitivity of about 0.35 pm*t’. At the beginning of the strain cycle, the resgmis
slightly reduced due to the bending of the samplénd the SLM process. When the
applied load is reduced, the FBG repeatedly foll@estic deformation of the sample
with a sensitivity of about 0.9 pm#jt, leading to compression once the sample is
released from the load, indicated by an negatiife ishBragg wavelength of about 250
pm. In subsequent load cycles, where load levelaal exceed the levels of previous

cycles the FBG follows the linear-elastic deforroatrepeatedly with 0.9 pmejt. In

132



case load levels exceed previously applied lewettantaneously, the sample continues

to plastically deform and the response of the FRG&ehses to about 0.35 pna*fy

The reduced sensitivity of SLM embedded during tptasieformation is possibly

explained by high residual stresses and anisosopithin the specimen. Model and
data from embedded FBGs indicate high compressgaual stresses in the plane
where the FBG is located. When taking the specimérof the clamping mechanism

after the SLM process, the sample bends and thggBravelength shifts by more than
2 nm compared to before embedding. This shiftesgmts a compression of the fibre of
about 2 m. FBG data from the tensile test demonstratesends of a proper bonding

between fibre, coating and SS 316. In sectionit3wgas established that the bonding
mechanism between fibre and coating is suitableefauring the occurring stresses in
strain measuring applications at ambient tempegatuAnd indeed, the data suggest
homogenous staining of the FBG when linearly insie@the load. Any occurrence of
“stick-slip-effects” caused by weak bonding stréngtould result in pronounced

discontinuities in the gratings response, whichcearly not observed. Therefore it is
assumed when tensile straining the specimen, doemplex residual stress distribution
and anisotropies, the specimen is in-homogenouséined over its cross-sectional

area, mitigating the FBGs sensitivity during plasteformation. Cold hardening during
the plastic deformation results in homogenous rstigi of the sample over its cross-
sectional area during subsequent elastic strailesycThen, the FBG in the centre and

the extensometer on the outside of the specimestiai@ed equally.

6.2.2 Elastic-strain measurements

To investigate the long-term stability of SLM embed FBGs in the linear elastic-
regime of SS 316, a sample is strain cycled atlsmiaiad levels. A maximum load of
2 kN was chosen which is equivalent to a stressl lievthe coupon of about 100 MPa.
When reaching the maximum load of 2 kN, the ten®ting machine was set to
reverse to relieve the strain at the same speed. compensate for temperature
sensitivity of the embedded FBG, a thermocouplglued onto the test coupon and the
temperature measured. Subsequently the FBG respsnsompensated for ambient
temperature changes. LABVIEW software is usedeword and correlate both data
streams from FBG interrogation and tensile testmgchine. Recorded data for

measured strain and interrogated FBG covering alaoutday after initial plastic
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deformation and slippage in the clamping mechariacheased are displayed in Figure
6-16.
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Figure 6-16 Plot for strain and change in Bragg waglength as a function of time for elastic

strain cycling of the SS 316 specimen with SLM emlblded optical fibre
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Figure 6-17 Change in Bragg wavelength over appliestrain for one cycle after more than 500

cycles have been applied to the specimen.
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In this manner, the sample was strain tested ielastic dynamic mode for more than 3
weeks where apart from the first initial cycles pgrmanent plastic deformation of the
component is observed. The temperature compensa@tge in Bragg wavelength
over applied strain for one cycle of straining aelieving after more than 500 cycles is

illustrated in Figure 6-17.

Linear fitting to the plot in determines the sengy of the embedded FBG to strain of
about 0.92 pm*i& which is slightly less than the 1.0 pm*heredicted for a bare
SMF-28 fibre with similar grating properties. Thdeviation is to some extent
explainable through axial misalignment betweenpila@e where the fibre is located and
the plane in which the axial stress is induced.sidR&l distribution of the measured
Bragg wavelength about this fit is spread withinaad of + 3 pm*p@é. For individual
cycles of straining and relieving, data sets aihiwi2 pm of each other, indicating the

reliability of the conducted measurements.
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6.3 Temperature sensing

This section explores the feasibility of using SL&mbedded FBGs for high
temperature applications. For comparison reaspegimens of bare, nickel coated and
embedded FBGs were separately investigated. Spasinwvere placed in a high
temperature ffax ~ 1200°C) tube furnace (CARBOLITE) for temperature cycling
assess their temperature sensing characterigtest. specimens were packaged together
with K-type thermocouples. Typically, the furnad® programmed to change
temperatures at slow speed (1 K*Mjrio mitigate temperature gradients in the furnace.
A Micron Optic interrogator system (SM 125) is kginsed to interrogate the FBGs.
LabVIEW software is used to record and correlat@a diam both the FBG interrogator
and thermocouple. A"2order polynomial peak fit is applied to the spestrof back-
reflected light from the grating, for accurate detmation of the location of the Bragg
peak. The reflected power (also referred to angth) of the grating is determined by

the peak reflectivity at the Bragg wavelength.

({/‘m/ﬂ

furnace

thermocouple + readout

o by

N mw
LABVIEW PC

light sc;urce +FBG

interrogation

Figure 6-18 Experimental setup for temperature teshg of FBGs. Specimens and
thermocouples are deployed in a high temperature fmace. Data from FBG and thermocouple is
correlated using LABVIEW software.

6.3.1 Characterising bare optical fibre

In this sub-section techniques for reliably measyutemperature with bare non coated
FBGs are established. After mechanically stripgnogn their polymer coating, optical
fibres containing FBGs were put into the furnace ewterrogated.
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Figure 6-19 displays the recorded data for thermpletemperature, peak intensity for
back-reflected light at Bragg wavelength and Bragayelength. Firstly, the furnace
was set to cycle two times between 1@ and 500°C and then subsequently three
times between 108C and 700°C and finally heated up to 838C, at which the grating
completely decays. The reflected power was adjustethe spectral profile of the light

source.

When the temperature was cycled between®@nd 70°C, the gratings gradually
lose strength at temperatures above 800 However, the Bragg wavelength reliably
tracks the temperature changes. Ultimately, if tdraperature is increased further to

about 85(°C the grating rapidly loses strength until it coetply vanishes.

Plotting the Bragg wavelength as a function of terafure, the grating’s sensitivity for
temperature changes is typically about 7.5 pihfr the case when the fibre is heated
up for the first time. In subsequent temperatweles where temperatures do not
exceed previous maximum temperatures the gratitmafe temperature changes with a
sensitivity of about 11.5pm*K at 400°C. The theoretical value for the used fibre is
11.35 pm*K! so experimental data conducted in this study spords well with
results found in literature (see section 2.1.5)nficming the reliability of the

experimental setup.

The lower sensitivity when heating the FBG for finst time is explained by the cross-
sensitivity of the Bragg wavelength for spacing atgbngth of the refractive index
changes. According to EQN 3 the Bragg wavelengtbatively shifts with weaker

gratings. The grating’s weakening during initigimiperature cycles is caused by

annealing effects [52].

This section establishes temperature measurematiisbare uncoated Fibre Bragg
gratings. After the initial annealing effects hdeen completed, typically after heating
the fibre for the first time, the fibre Bragg graji follows temperature changes with
approximately 11.5 pm*K in average. At elevated temperatures of above®8)@he
gratings written into H2-doped germanosilicatedibsuffer from accelerated decay (as
described in section 2.1.6). At temperatures alf®@°C the grating decays even more

rapidly and completely vanishes at a temperatuabdatit 85FC.
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Figure 6-19 Recorded data for temperature measurenms with an bare untreated

(mechanically stripped) FBG over time, data from tlermocouple place next to fibre (top), intensity
(strength) of the applied Gaussian peak fitting funtion (middle) and central position of the peak
fitting (bottom).
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Figure 6-20 Plot for measured Bragg wavelength frona bare uncoated fibre as a function of

thermocouple temperature.
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6.3.2 Characterising nickel coated optical fibre

In this section the temperature characteristicaiokel coated FBGs are established.
The experimental setup and procedure is similathéd used in the previous section
where bare uncoated fibres are tested. A fibréatoing a FBG is RF sputtered with
chromium and nickel electroplated to an outer di@mef about 35Qum. The coated
fibre is placed next to a K-type thermocouple ia thrnace. For temperature testing the
furnace is programmed such that the maximum temyrerancreases by 1 after 3
cycles, whereby the starting temperature is se0@°C. Figure 6-21 displays the
measured Bragg wavelength as a function of temperatmeasured by the

thermocouple.
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Figure 6-21 Plot for measured Bragg wavelength froma RF sputtered and nickel coated FBG

as a function of thermocouple temperature.

Similar to the bare uncoated fibre, the sensitiatythe coated fibre is decreased the
first time it is heated up to a temperature thatinat been applied before. Provided that
previous applied temperatures are not exceededibtleefollows temperature changes
with a sensitivity of about 24.6 pm*K(@ 300°C). This is more than twice the
sensitivity of an uncoated FBG and similar to thsutts reported for nickel embedded
fibres by Li (~24 pm*K%; [44]). The increased sensitivity is explained the

significantly higher thermal expansion coefficieftthe nickel coating compared to the
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fused silica. The cross-sectional area of thealickating is significantly larger than
that of the one of the fused silica or the chromiaterlayer. Provided that the coating
thickness exceeds 50 um the fused silica shoultbwolthe thermal expansion
coefficient of the surrounding material [43].

If temperatures are increased further, the grafimther decays until it completely
vanishes at about 780C. Figure 6-22 shows the reflected power (intghsind
position (Bragg wavelength) of the applied peakini. ~When increasing the
temperature even further to about 88D in this particular case the Bragg grating
reappeared, it is regenerated (see section 2.Tl&). grating continues to follow
temperature changes with similar sensitivity. Tnatings reflectivity achieves about
15 % (@400 C) of the reflectivity prior to regenéa.
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> - 1545 %
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Figure 6-22 Regeneration of nickel coated FBG. Atbout 800°C the previously annealed and
completely decayed starts to regenerate.

During the cooling phase the coated fibre brokebably just inside the coating leading
to the generation of a cavity whose back reflestiomerlapped the back reflected light
from the FBG, making it difficult to distinguisheéhFBG signal. Further attempts to
reproduce the regeneration inside nickel coateckdifailed. It may be that stresses

induced into the optical fibre by the higher thekmepansion coefficient of the nickel
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cause fatigue in the fibre leading to structurairdegration. Experimental studies to
investigate the physical strength of SMF 28 fitgeew that poor handling and elevated

temperatures significantly reduce the mean enderstoéngth of optical fibres [24].

6.3.3 Fibre Bragg Gratings embedded into Stainless St

FBGs are coated and embedded according to the qurmzealescribed in section 6.1.
The outer diameter of the coated fibres is in thiege of 350 - 40@m. A typical
temperature profile applied to SLM embedded FBGdisplayed in Figure 6-23
(lower plot). Heating to a set temperature ocdaigy quickly over a period of
10-15 minutes. The specimen was allowed cool daiter reaching the set
temperature. Between successive cycles the s@etamure was increased by 100 °C.
The grating response to the temperature profile twee is displayed in Figure 6-23.
(upper plot). For the displayed temperature pedfito discontinuities in the gratings
response are observed. The first occurs aftegrtieng has been heated from 100 °C
(previous data not shown in figure) to 200 °C amaltemperature was held at that level
for three hours. The Bragg wavelength remains teodor the first 150 min but then
suddenly drops by about 1.5 nm. The second disaotyt occurs when heating up the
specimen to 500 °C. At about 440 °C (@ 1150 ntie) measured Bragg wavelength

again spontaneously drops by about 2 nm.

The Bragg wavelength follows temperature changeth i 2° order polynomial
function, whereby the®lorder slope, the sensitivity, is about 32 prit*kvhich is about
three times the sensitivity of an uncoated FBGFijure 6-24 the Bragg wavelength is
plotted over temperature with the data from Figéh23. Following the discontinuities
in wavelength, the sensitivity to further increasitemperature is reduced to ~
10 pm*K*, which is typically close to the sensitivity of ancoated FBG. However,
when the specimen is cooling, the sensitivity iwagls about 32 pm*K.  After
applying this temperature treatment, the Bragg \eangth at ambient temperature has
reduced by about 8 nm to about 1542 nm compar#tetmitial value of 1550 nm prior

temperature cycling, indicating that the gratingnsler significant compressive stress.
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Figure 6-23 Temperature profile applied to SLM embeded FBGs. Discontinuities occur in the
gratings response leading to rapid relaxation of té fibre indicated by a sudden drop in Bragg

wavelength.
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Figure 6-24 Plot for Bragg wavelength as a functioof temperature. Discontinuities occur two
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Figure 6-25 Plots for change in Bragg wavelength asfunction of temperature for 2 specimens

where slippage has occurred.

Repeating these measurements with similarly emle&@&s (Figure 6-25) indicates
that this phenomenon repeatedly occurs at tempesatbove 206C, whereby the
discontinuity displayed in Figure 6-24 (@20C) was observed at the lowest

temperature in the conduct experiments.

The occurring discontinuities must be caused bwyrdelation of the embedded fibre
from its metal environment due to significant diffeces in thermal expansion. At a
temperature of 500C the estimated size of the lateral gap betweekehmoating and
silica fibre due to differences in CTE at 580 is more than 300 nm (Figure 6-26).
Also, the fibre is axially strained with the 30 @#mlarger CTE of SS 316. During
delamination the strained fibre spontaneously edaresulting in an immediate drop in
Bragg wavelength. The exact point when delamimadiccurs is difficult to predict, but
possibly handling of the fibres before coatingiggting, cleaning etc.) has an impact on
the endurable stresses of the glass-metal bonca témperature of 50U the fibre is
additionally strained by the more rapidly expand®§ 316 by about 7.5 amwhich

corresponds to a wavelength shift of about 7 nrher&fore it is obvious that the fibre
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only partially slips and the slippage is best ustierd considering a “stick-slip-effect”
due to weak adhesive bonding between glass and (setasection 3.3).

adhesive delaminated

bonding gap due ACTE coating

@ AT=500°C
>300nm

metal-coating

100 °C 500 °C
Figure 6-26 Schematic explanation of the occurrindelamination at elevated temperatures.

The argument that fibre partially delaminates frim metal at high temperatures is
supported by the significantly reduced sensitivitythe FBG after a discontinuity
occurs, dropping from ~32 pmo 11 pm K*, which is the response of a free-floating
FBG to temperature changes. In this case the fibifece floating within the metal
component, which is expanding much more rapidiynttiee fibre. When cooling the
specimen, the grating instantaneously follows teels contraction again. As a result,
when the specimen is further heated following détation, the compression at
ambient temperature is dependent on the temperatarease after delamination. In
Figure 6-25 (left) the temperature after delamorais increased by AL resulting in a
negative wavelength shift of 2.5 nm at ambient terafure. A temperature increase

after delamination by a 10 yields a 4 nm negative wavelength shift.

The recorded reflection spectrum of a FBG afterabeurrence of slippage is displayed
in Figure 6-27. After embedding the Bragg wavetarghifted to shorter wavelength
and broadened. After slipping the grating widthagain similar again to the width
before embedding. This is another indicator thatind) the slippage the fibre is
detached from its metal surround since the additiepectral features that were induced

during the embedding have vanished.
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Figure 6-27 Spectra of SLM embedded FBG before anafter embedding. After applying
temperatre treatment to the specimen such that sligage occurred the FBG's reverts to that
measured before embedding, indicating that the grag while slipping completely delaminated

from the metal and hence stresses induced during ¢hrembedding process vanish.

The increased temperature sensitivity of embedd&@sFof 31.7 pm*K corresponds

to a thermal expansion coefficient (CTE) of 15.8%10", which is close to the CTE of
SS-316 (16.2*18 KY). The axial stress between the fibre and its hoetting linearly
increases with temperature due to significant wkiiees in CTE of silica
(5.5*10" K™) and steel. At 400 °C the stress level induceddifferential CTEs
corresponds to an axial strain of about 6 ¢Rigure 6-28). This is well below the
theoretical limits for fused silica fibres (~ 3G)nhowever, increased temperatures and
manual handling of fibres (etc. stripping, coatimgn significantly reduce the tensile
strength of such fibres [24]. Therefore the s&esmduced by differential thermal
expansion are of concern for possible applicati@ntemperatures exceeding 700.
Regeneration of the embedded FBGs was not obseénvady of these experiments.
Typically, at temperatures above 780 the grating vanishes and transmission through
the fibre is interrupted indicating structural ta#é of the fibre. The tensile strength of
the used optical fibres is not sufficient to suppbe occurring axial stresses due to the

large thermal expansion of the surrounding metals.
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Figure 6-28 Plot for change in Bragg wavelength as function of temperature for SLM

embedded FBG and bare uncoated FBG. The significahigher thermal expansion coefficient of
SS 316 causes straining of the embedded opticalrigh

Cross-sectional analyses of a temperature treategle are shown in Figure 6-29. The
outer diameter of the nickel coated FBG before afdivgy is 355 pum, with no obvious
imperfections. After embedding the specimen isperature cycled with temperatures
up to 120C°C. The cross-section in Figure 6-29 (right) sholed the outer diameter of
the nickel coating has shrunk significantly by ab@0 % to about 328 um. Cracks

occur along the coatings circumference, reachimgp dieto the coating material.

SEM analysis of the sample disclose further cracksppear on-top of the nickel
coating where a solid bond was created by the Skdtgss. Nickel diffused into
SS 316 material. Phosphor-sulphate from the niplalng bath is trapped between
deposited nickel particles. At elevated tempeestuhe sulphate is outgassing leading
to shrinkage of the coating material and henceksraxappear. The deterioration of the
coating material at elevated temperatures mighdfbeoncern but in the experimental
studies the FBG always vanished or the fibre biio&ire any conclusions about the

long-term stability of the glass-metal bond at higimperatures could be made.
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Coated fibre before embedding

Coated fibre after embedding and temperature treatment (1200 C)

WD12mm  SS54

30kV

Figure 6-29 Image of coated optical with FBG beforembedding (top). Cross-sectional and
SEM analysis after FBG is embedded and heated up temperatures of up to 1200 °C.
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6.4 Chapter review

Fibre Bragg Gratings have been integrated sucdgsseiing bespoke powder bed SLM
technology into SS 316 components whilst preservihgir spectral properties.
Interrogating gratings during the process showsemental built-up of residual
stresses, layer-by-layer during the process. Medsiesidual stresses by the FBG are
in good agreement with predictions by models. Dgiplg an FBG in vicinity of the
SLM process can contribute in-situ information lbé tbuild-up of residual stresses in
AM fabricated components. They hence have greahise as tools to investigate and

understand the residual stresses in such components

Repeatable strain measurements with high dynanastiel stress levels have been
demonstrated. Plastic deformations are equallské@ by embedded FBG, however
high residual stresses and anisotropies in the ooms significantly influence the
results, adding complexity. For temperature sensapplications at elevated
temperatures issues occur with the glass metalibgndEventually, the fibre slips
inside the metal due to insufficient bonding stterigetween glass and metal as a result

of the more rapid expansion of metals caused lgeldifferences in thermal expansion.

However, provided that temperatures remain sufiityelow (~ 500°C), embedded
fibres can provide in-situ temperature measuremiata within the component. At
higher temperatures the grating starts to decayth&rmore, the research indicates that
the occurring axial stresses due to differencehénmal expansion between glass and
metal exceed the fibres tensile strength, leadinstriuctural damage and ultimately to

destruction of the fibre.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

In this thesis the feasibility of embedding and agsulating fibre optic sensors into
SS 316 components during the Selective Laser MeHiiditive manufacturing process
is demonstrated. To achieve this objective, it Viiast all necessary to acquire
techniques for jacketing optical fibres with metalsd procedures for Selective Laser
Melting processes; these were reproduced fromatilee. Nickel coatings are applied
onto optical fibres with micrometre accuracy foe tboating diameter. Laser melting
processes of SS 316 are analysed and parametenssepitfor reduced energy input (to
protect fibre) are identified. Both technologies fibre coating and SLM are combined

to integrally embed optical fibres into solid SSS3bmponents.

Different approaches for fibre incorporation by SLdte investigated. Only the
approach of deploying the nickel-coated fibre inMBpre-fabricated U-grooves was
found to reliable and repeatable incorporate coditees into SS 316. The other
approaches suffer from increased energy input @f3hM process, which is necessary
to facilitate melting of larger powder volumes. tiblately, when operated in vicinity of
the optical fibre, this increased energy input teém damage of the deployed optical
fibres. The U-groove approach is only a compromiige coated fibre is only fused to

the surrounding metal structure at its upper side.

Using met-glass and additional deep penetratiordinglfor improved attachment of

the coating over its whole circumference is possiblrials demonstrate that laser “key-
hole” welding can significantly improve the bondingthe coated fibre on the sides.
Positioning nickel-based “met-glass alloys” undathehe fibre enables bonding on the
underside. Both innovative approaches potentiallpw improved joining of the

embedded coated optical fibre along its whole cmarence with the metal structure.
Achieving a proper bond along the whole circumfeeenf the coated fibre is naturally

desirable to avoid having voids inside a componétiwwever, the embedded fibre is a
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foreign inclusion anyway, and if considered as Ement of zero strength in a stress
analysis then should not necessarily pose a stalgitoblem. Considering the fibre as

a non-load-bearing part, the occurrence of gapdearccepted.

Using the U-groove approach for fibre embedmenti@antly reduces the obstruction
that the integration of the sensor causes for thid Srocess, compared to techniques
reported prior to this work (see chapter 2.5). TieM process is only temporally
interrupted, and the fabricated component can meméhin the SLM machine and the
sensor is deployed for embedding. Furthermorefibine sensor is constrained by the
SLM fabricated U-groove allowing embedment with thigrecision (~ 10 um -
determined by the accuracy of the pre-fabricatedwg) and only small changes to the
process parameters of the SLM process (wider bA@e spacing) are necessary to

encapsulate the fibre optic sensor.

The use of high brightness fibre lasers also alltives dimensions of the embedded
sensor to be minimised. Detailed experimental istudising fibres with a range of

different coating thicknesses identified that &alcoating thickness of about ~350 um
outer diameter is sufficient to protect the fibensor during embedment. With such
coatings only small losses in fibre transmissior2$-26) are caused by micro-bending
mechanisms. These losses are due to stressedhbdydche SLM embedding and the
results presented show that they are caused by+bending mechanisms, induced by
two phenomena, surface roughness of the U-groodeiraduced stresses by partially
melting the fibre coating on the top during embaddi These losses reduce to zero if
nickel coatings exceeding > 420 um outer diameter wsed. This represents a
reduction in size of a factor of 6 compared to wegorted by Li prior to this thesis,

leading to minimised obstruction of the SLM fabtexd component’s physical

properties.

Optical properties of FBG’s are preserved during ¢éimbedding process, enabling in-
situ measurements of strain and temperature changtigh-speed interrogation of
embedded FBGs during SLM process provides temperanformation in close
vicinity (e.g. 400°C measured ~200 um apart) to the SLM process. djpesns up
further potential for SLM process control usingréitoptic sensing. Embedded FBGs

also allow monitoring of the build-up of residudtesses during the SLM processes.
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Residual stresses increase incrementally as additiayers are added to the component
and are precisely measured by the embedded FB&o, &ie FBG's spectral response
is sensitive to the scanning direction of the SLNkbgess potentially helping to
investigate the occurrence of anisotropies of AMhofactured components. E.g. if the
laser scanning direction is changed by 8fectral profile of the grating is widened

indicating a more complex distribution of residaaksses.

In-situ strain measurements with high dynamic stiesels have been demonstrated
with embedded FBGs. The embedded sensor folloastieldeformations reliably and
precisely. Long term elastic strain cycling (~56¢cles) was conducted and no
deterioration of the embedded sensor functionaldg observed. The embedded fibre
sensor follows elastic strain changes up to hadf Yield Strength (100 MPa) of the
component precisely with a sensitivity of 0.92 pre*p Measuring plastic deformation
is more complex due to the occurring residual sessand anisotropies in the SLM
fabricated components. However, results indichtg plastic deformation is equally
measured to elastic deformation from within the ponent by the embedded fibre
optic sensor, but residual stresses within the ispat superimpose the measurements

of the fibre sensor during plastic deformation.

At high temperatures delamination of the fibre frima metal occurs. The weak glass-
metal bonding causes discontinuities in the embeéddasor signal. After the sensor
slips within the surrounding metal no further distiouities are observed provided that
temperatures do not exceed previous temperatusieapplied to the sensor. A
specimen which showed such slippage at a temperadfirabout 450°C was
subsequently temperature cycled more than 50 tinedween ambient and 43(C.
Changes in temperature were reliably tracked by eéh#edded FBG with high
precision (+ 3pm*K!). However, at temperatures above 3GChe gratings suffer from
severe losses in grating strengths and also fitm@se due to high axial stresses caused

by the thermal expansion of the surrounding metal.

7.2 Future Work
The observation of the silica fibre slipping insittee metal component at elevated
temperatures and ultimately the damage of sucledilis a cause of concern for the

implementation of SLM embedded FBGs as practical eliable sensors in high
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temperature applications. A potential solutiontfee problems arising from high axial
stress levels at elevated temperatures is the fusapphire optical fibres. Sapphire
fibores can endure much higher stresses comparesilita based fibres. A study
conducted with nickel coated sapphire fibres shthas such fibres can exhibit tensile
strengths of about 2.5 GPa after annealing the&8@0°C [115]. This is a factor of
5 higher than the tensile strength observed inasiiibres. The approach developed in
this thesis for fibore embedding can easily be adpido facilitate sapphire fibres
(commercially available with similar dimensionsind more importantly the CTE of
sapphire is about 10x higher (Gdpphire= 6*10° K™) compared to silica, reducing the
stresses induced due to differences in thermalrestpa between sapphire and metal
significantly when deployed in high temperature immmments. However, sapphire
fibres are extremely costly and more difficult tanklle in terms of connecting them to

other optical devices (splicing).

The developed processes for coating and embeddistiaa fibres still hold promise

for further improvements. Promising research Hesaey started to tackle the issues
discovered in this thesis, concentrating on mitigathe observed phenomena of fibre
slippage at elevated temperatures and ensurindiliree sensor is used in a regime

capable for long-term operations at elevated teatpegs.

Replace mechanical with chemical stripping of theilbire before coating

One way to improve the glass-metal bonding and &igweserve the fibres strength is
to strip the fibre more carefully from its plastioating and also guaranteeing the glass-
surface is properly cleaned prior metal jacketiig.a small study, three FBG sensors
were chemically stripped and more thoroughly clelansing an ultrasonic-bath and a
mixture of isopropanol and acetone rinsing. Chaiticstripping reduces the chance of
damaging the fibre surface and hence the fibrengthe[116]. Two of the sensors
showed slippage similar to the results described ¢ection 6.3.3), however one of the
sensors successfully tracked a temperature increase ambient temperature up to
850°C (Figure 7-1).
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Figure 7-1 Plot for Bragg wavelength as a functioof temperature for SLM embedded FBG
in SS 316. Fibre was chemically stripped and rinseusing a ultrasonic-bath with

isopropanol and acetone.

This behaviour was only observed for temperatustirtg of a single sample and
therefore is presented here and was not includedtite main experimental chapter.
No slippage occurred and the fibre endured axiasses of almost 1 GPa without
breaking. Astonishingly, the Bragg wavelength extssl the spectral range of the used
interrogation system. At temperatures above %D0the FBG position was tracked
manually and above 600 another optical spectrum analyser with a widerctpl
range was quickly connected to the temperaturedesinbedded FBG. Above 830
the grating strength deteriorated rapidly. Theiggastrength soon became too weak
for tracking the Bragg wavelength any further. &wgration of the grating was not
observed and fibre transmission ceased, indicativag the fibre was potentially
destroyed due to high axial stresses induced bye#panding metal. This one-off
results indicates that embedded silica fibres mightpotentially suitable for high
temperature measurements if treated more cargflty developing a fully automated

process with minimised manual handling for carsftipping and coating).
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Variable diameter fibres

A method to improve the stress transfer from muiaglass is by embedding optical
sensors with varying outer diameter (Figure 7-8)silica fibre containing a FBG with
outer diameter 125 um is spliced on both ends tiimadibre with an outer diameter of
80 um and after electroplating the outer diametehe nickel coating is 400 um and
350 um respectively (Figure 7-2). When embeddedstttions with smaller diameter
act as a clamping mechanism, ideally mitigatingasistresses in the bonding between

fibre and metal at elevated temperatures.

All preliminary attempts to embed such fibres w#hM have failed so far. Preliminary
results show that the interface where fibres witfegent outer diameter are spliced is a
particular weak-point and fail during the embeddprgcess. In all cases where such
fibres were embedded, fibre transmission abruptlysed after a few seconds into the
process, when processing above the section wigingaouter diameter. Potentially the
strength of such fibres could be increased by cciiviy further research to improve the

splicing process and also by applying larger cggtiicknesses.

@ 80 pum fibre GF1B _
UV photosensitive fibre @ 80 pum fibre

A Image of stepped
Gratin ~1536.2 nm diameter fibre
0.25mm by

15mm 0.25mm

——

after electroplating

Figure 7-2 Schematic illustration for fibres with varying outer diameter for improved
transfer of axial stresses (top) and microscopic &w of nickel coated section with varying outer
diameter.
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deposit powder
~50 um thickness &8

Figure 7-3 Top: Microscopic of image of FP-sensorde floating in silica capillary. Bottom:

Approach for embedding of single-ended fibre senser

Strain isolation using silica capillary tube

Another approach is to place the fibre sensor esidarger diameter silica capillary in

order to strain isolate the fibre and stoppingranf becoming axially stressed at

elevated temperatures due to differences in theex@dnsion between glass and metal
(Figure 7-3 top). By nature, this type of sensnlyallows to measure temperature.
Ideally, the fibre is free-floating and stressesrfrthe expanding metal capillary are not
transferred into the fibre sensor. Preliminarydsts were conducted to validate the
feasibility of embedding such capillaries into SI% 2ising similar methods from above

(Figure 7-3 bottom)

Results indicate the embedment of single endedehickated silica capillaries is

feasible and that subsequently a single ended @ptie sensor can be inserted in such

155



embedded capillary. Research is under way eithplaice FBGs inside these capillaries
or, more promising, deploy high temperature su@dtdbry-Perot based optical sensors.
Such sensors are currently developed by the rdsegmamup (Jinesh Matthew and
Dimitrios Polyzos) and are by nature single end@dstudy on the necessary steps for
SLM embedding of single ended sensors has beeructadland successfully proven

the feasibility.

Embedding at elevated temperatures

Another approach is to conduct the embedding atagde temperatures in order to
provide compression of the embedded FBG at amliénperature. The component
containing an optical fibre, cooled down after #mbedding process, will shrink with
the much more rapid rate of the metal. Subseceemperature increases will initially
relieve the compression of the fibre and only wteanperatures exceed the temperature
of the embedding process the fibre will be axialiyained. The higher the temperature
during the embedding process the smaller the asttaihing of the embedded fibre due
to differences in thermal expansion. Estimatesu®ing embedding temperatures of
about 500°C show, that such embedded fibres can be usedosequent applications

with temperatures of up to 100G within their tensile strength.

Additionally the energy input of the SLM processcessary for melting the metal
powder will be reduced (small&T; see EQN 7), allowing to potentially increasihg t
speed of the SLM process. Also, smaller tempesaguadients between ambient and
melting temperature of the metal will occur, potalht reducing the coating thickness
of the embedded fibre. However, conducting sugf bkémperature SLM processes is
highly complex and the necessary engineering workddress issues arising at such
temperatures (thermal expansion of components,rtiose of the fibre, thermal

shielding, safety) was initiated based on the tesflthis thesis.

Applications

Despite the observed issues at elevated tempesathee approach developed for
embedding fibre optic sensors into metals alreguyne up huge potential for a wide

range of applications. The pre-fabricated U-groaperoach significantly reduces the
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obstruction on the SLM process caused by the famméedding compared to the
approach by Li [44]. The long-term aim of the war&nducted in this thesis is to
transfer the embedding process onto commercial Sydems. Based on the work
presented in this thesis one of our collaborattdSIPIRE AG) is currently working to

implement the necessary functionalities on a cormiae8LM system (Figure 7-4)

Figure 7-4 In-lets for adaption of the fibre embedthg process in an commercial SLM
machine. (from Inspire AG)

At the moment a particular challenge is implementihne necessary features for the
positioning of the fibre into the SLM machine (ectamping, pulling mechanism) in a
way that these features are not interfering witlke thowder delivery system.
Furthermore, some further obstacles remain whesgiating coated optical fibres into
the SLM process e.g. breaking of the inert atmospler fibre insertion or quality of

the powder deposition above sections with U-groarescoated fibres.

Currently work is also underway to implement SLMbedded FBG for initial proof of
feasibility applications in oil and gas industry evd temperatures do not exceed
200°C. SLM embedded sensors into SS 316 will be p@tinplaced in locations with
poor accessibility and high pressure (oil dwellsithancing asset-management and

leading to more economic use of assets.
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