
Investigations into Process Monitoring for

Selective Laser Melting

Thesis submitted in accordance with the requirements of

The University of Liverpool

for the degree of

Doctor in Philosophy

by Ian Robert Thomas Ashton

7th November 2016





Abstract

This thesis investigates process monitoring for Selective Laser Melting (SLM). Although

SLM involves a dynamic melt pool, little in the way of process monitoring has been invest-

igated. The fusion zone produced by the laser melting of metallic powders, emit a wide

range of electromagnetic radiation from the near ultra violet to infrared. This study has fo-

cused on methods of collecting and interpreting the emission spectra to further understand

the fusion process in SLM.

Techniques were developed to separate two distinct emission radiation types, blackbody

continuum radiation and discrete spectral line emissions, from the spectral data. This

separation allowed for the temperature of the vapour cloud emitted from the melt pool to

be calculated. An off-axis configuration was used to study the effect that changes to the

SLM process parameters have on the melt pool and the vapour. Increases to hatch input

energy resulted in increases to blackbody continuum radiation magnitude and spectral line

intensity. However, the vapour temperature didn’t rise with input energy as the fusion

interaction acted as a steady state heat source.

Varying laser beam diameter lead to contrasting trends in blackbody continuum radiation

magnitude and spectral line emissions. The vapour temperature, using spectral line intens-

ities, was found to be at a maximum for the smallest laser beam diameter, 52 µm. However

this corresponded to a minima in blackbody continuum radiation output. When compar-

ing the monitoring results to the physical specimens, no trend was found with respect to

the beam diameter, with all samples of identical input laser power having equal track di-

mensions. It was concluded that melt pool dynamics changed with beam diameter which

lead to variations in melt ejection, effecting surface finish. However, powder insulation

maintained equal localised energy levels which lead to consistent track widths.

To improve the effectiveness of emission radiation collection, an existing SLM system was

modified to allow for a co-axial process monitoring. The internal optic system was re-

designed such that a spectrometer could be coupled into the optical track. The effectiveness

of the system was hampered by chromatic aberrations and signal attenuation from mirror

coatings. A consistent spectrally resolved signal could not be achieved due to unavoidable

chromatic aberration in the f-theta objective lens. This optic traditionally provides flat

field focus required to maintain an equal laser beam diameter across the powder bed.

The feasibility and the design an f-thetaless optical track for an SLM system is presented.

By removing the f-theta objective lens, not only would co-axial monitoring performance
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increase, but higher power laser sources could be used, as thermal lensing would be reduced.

A system which used a Galilean focusing unit, which dynamically altered system focal

length, was design to maintain flat field focus. Using the prototype f-thetaless optical unit,

consistent emission coupling was achieved across the powder bed.
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1 Introduction

Additive Manufacturing (AM) is the common terminology for manufacturing processes

which produce parts by the joining of material, layer-upon-layer. The field of AM is a

relatively new and developing manufacturing method which only began in the 1980s with

the development of Stereo Lithography (SLA), which was patented by Charles Hull in

1986 [1]. Many variants of AM techniques have developed such as Selective Laser Melt-

ing (SLM), Selective Laser Sintering (SLS), Fused Deposition Modelling (FDM), Three

Dimensional Printing (3DP) and Electron Beam Melting (EBM) among others. Each of

these processes employes a different method with which to produce parts layer-upon-layer.

This group of manufacturing processes has developed alongside conventional subtractive,

e.g. Computer Numerical Control (CNC) machining, and casting manufacturing methods.

AM is of interest as complex part geometries can be manufactured without significantly

increasing build time, part cost and the technical expertise required. Early developments

in this area centred on the production of form and fit models for prototyping purposes;

this gave rise to the collective description of these techniques as Rapid Prototyping (RP).

However as certain methods were investigated and refined, the physical properties of ad-

ditively manufactured parts have increased such that they now can be classed as viable

end use components [2]. SLM is at the forefront of AM process development, as it enables

the production of fully dense components from industrially relevant metallic materials [3].

An example end use component manufactured with this method is the tibial tray element

of the Stryker Tritanium total knee implant [4].

SLM is a powder bed based AM techniques in which thin layers of powder, measuring

between 20 µm – 50 µm, are successively deposited on a build substrate of similar mater-

ial. Following each layer deposition, a high power laser selectively melts a predetermined

pattern into the powder layer, melting both the powder and the underlying geometry en-

suring a metallurgical bond occurs on freezing. As each layer is bonded to the previous,

complex 3D parts are manufactured. The individual layer patterns are determined by the

processing of a 3D model representing the desired part. This is sliced into a number of 2D

layers separated by the powder layer thickness. An individual scanning pattern is calcu-

lated to fill the enclosed area for each layer which is then followed by the laser. After the

completion of all build layers, the unfused powder is removed revealing a physical copy of

the desired part.

Although SLM involves a dynamic melt pool and, although process monitoring studies have

been performed, process parameter development is achieved by experimental investigation
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and empirical evidence. This approach can be extremely time consuming and can be

unreliable as the process tends to be effected by parameters in a non-linear way [5]. The

quality of SLM parts is driven by component design. The underlying geometry affects heat

flow from the fusion zone into previously solidified material. This can alter the dimensions

of the melt pool. When overhangs and thin geometries occur the reduced heat flow causes

an increase in melt track volume [6, 7]. This not only reduces the dimensional accuracy of

the component but can lead to surface finish degradation as the molten track breaks apart

due to surface tension instabilities [8, 9]. Excess thermal energy also increases residual

stress through the solid, resulting in layer delamination and reductions in fatigue life.

Process validation and resultant component assessment has therefore been achieved by post

build testing and especially when analysing density, destructive techniques are used. For

the verification of components for the use in extreme environments, such as in aerospace,

defects must be eliminated within the entire production batch [10, 11]. Aerospace com-

ponents may undergo hot isostatic pressing to eliminate porosity before deployment [12].

In any industries which would like to move into manufacturing components via additive

methods the process repeatability and part reproducibility must be ensured [13]. There

are numerous part faults which could be identified via remote sensing in SLM. These could

be overbuilds due to reduced thermal energy conduction in certain geometries, porosity

due to incorrect process parameters or hatch offset distances and layer delamination due

to thermal stresses or incorrect powder deposition. A monitoring system could view the

changes of melt pool characteristics with respect to variations in process parameters or

underlying geometries.

The fusion zone, produced by the laser melting of metallic powders, emits a wide range

of electromagnetic radiation from the near ultra violet to infrared [14]. This is due to

continuum blackbody radiation [15] and spectral line emissions [16]. Improvements to part

quality could be achieved by studying these emissions and relating them to build features.

Limited research has been performed in process monitoring for SLM due to the infancy of

the technology. Typical research has used photodiodes, cameras and pyrometers to study

the radiation emitted from the fusion zone [17–19]. All have made the assumption that

the thermal signals are derived from the melt pool. However on viewing the SLM process

a bright vapour emission is visible along with material ejection, as shown in Figure 1.1.

Process monitoring is likely to record this vapour emission and the influence on obtained

signals should therefore be investigated. The additional information about temperature

obtained from spectral line emission could produce further insight into the dynamics of the

laser melt pool interaction.

Another limiting factor in future SLM development arises from the current optical config-

uration. The technology is dependent on the scanning of a focused laser beam across the

powder bed. The raw process beam propagates through a set of optical components which
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Figure 1.1 Optical emissions from the vapour plume of an SLM system.

are used to deflect and focus the beam. Central to the process in existing systems is a

component known as an f-theta objective lens. This lens corrects the focusing of the system

as the beam is deflected such that the focal position is maintained in a two dimensional

flat field aligned with the powder bed. These optical components are not only expensive

but contain upwards of four optical elements. On transmission through each element a

portion of the laser energy is absorbed. This causes the element to expand and change in

refractive index, collectively altering light ray refraction, resulting in a shift in the axial

focal length; this is known as thermal lensing. As f-theta objective lenses have multiple

relatively thick elements, they are largely prone to this effect. This results in defocusing of

the process beam which negatively affects process accuracy and material properties. Cur-

rent commercial SLM systems are limited to 400 W in laser power. To increase commercial

uptake of the technology, increases in process speed are required. This could be achieved

by increasing laser power however the f-theta objective limitations prevent this. Removal

of this optical component whilst maintaining flat field focus is therefore important to future

proof the technology.

The aim of this study is to investigate process monitoring in SLM and develop new meas-

urement methodologies to further understand the fundamental process. This will require

a redesign of the standard optical system currently used in commercial SLM systems. The

redesign will allow the opportunity to investigate the removal of the f-theta objective lens.

To achieve this the following objectives must be met.

1. Undertake a thorough literature review on process monitoring techniques used in

SLM. This must also be expanded to applicable monitoring techniques used in other

laser material interactions such as welding.

2. Determine and develop a new monitoring methodology to apply to the SLM process.

3. Test the monitoring system in relation to variations in process parameters and link
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the results to manufactured samples.

4. Fully integrate the monitoring system into the optical track of an SLM system to

improve recording effectiveness.

5. Redesign the SLM optical track via the removal of the f-theta objective lens to

improve co-axial monitoring and high laser power performance.

Chapter 2 presents a literature review covering the development of the SLM process. This

is followed by a discussion of the state of the art in-process monitoring techniques currently

applied to SLM. As SLM researchers have failed to investigate the vapour emissions from

the melt pool, vapour monitoring techniques applied to laser welding have been researched.

The chapter is concluded with explanations of laser material interactions and spectral emis-

sions from vapours. Chapter 3 describes equipment and analysis techniques used during

experimentation. In Chapter 4 the development of a methodology to measure the vapour

emission from the fusion zone of the SLM process is described. The technique is tested

in Chapter 5 with an off-axis experimental configuration. In Chapter 6 the integration of

the co-axial monitoring system into an existing SLM optical track is described. Chapter

7 presents a new optical design for SLM which solved the main difficulties encountered in

the previous design. Overall conclusions of the study are presented in Chapter 8 along

with suggestions for possible future work.

1.1 Publications

The industrial sponsors of the project required legal protection of the SLM spectroscopic

measurement methodology and investigations presented in Chapter 4 and Chapter 5. The

research has therefore been subject to a patent application.

Ashton I, Kloss S, Sutcliffe C, Ferrar B. Additive Manufacturing Apparatus and Method,

WIPO Patent WO2015040433 (A2) 2015
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2 Background

This section presents a literature review of relevant background information. The review

starts by discussing the additive manufacturing process. The development of modern Se-

lective Laser Melting (SLM) from its technology precursors is then covered. In-process

monitoring techniques which have been applied to SLM are then discussed followed by a

review of spectroscopic techniques employed in laser welding. The chapter is concluded

with explanations of laser material interactions and the derivation of plasma electron tem-

perature from spectral line emissions.

2.1 Additive Manufacturing Principles

Additive manufacturing (AM) has been defined by the ASTM as the ”process of joining

materials to make objects from 3D model data, usually layer upon layer, as opposed to sub-

tractive manufacturing methodologies” [20]. The 3D data can come from several sources.

These can be computer aided design (CAD) models, computerised tomography (CT) or

magnetic resonance imaging (MRI) data or other surface profiling models. The data is

then processed into a stereolithography (STL) file which recreates the geometry with a

series of tessellating triangles. The resulting file is then split into a series of layers with a

predefined thickness. The thickness of each layer is a feature of the AM technology in use.

Layers can range from 20 µm for SLM to 254 µm for fused deposition modelling (FDM).

As each layer has a defined thickness, under certain part orientations and geometry, these

layers become visible. This is known as stair stepping and, depending on layer thickness,

can affect surface finish. The closer a surface is orientated perpendicular to the build axis,

the less pronounced this will be.

AM technologies can take numerous forms, using different source materials and joining

techniques. These can be spilt by the source material which can be either solid, liquid or

powder based. As this study centres on the use of SLM systems, the following review will

concentrate on the melting and re-solidification of metallic powder based systems. These

systems build parts by adding layers in the z-axis. After a 2D layer has been produced in

the powder bed, the build platform drops by the thickness of one layer. The system then

coats a new layer of powder above the part by a roller or scrapper system. The next layer

of the part is then produced, fusing to the layer below. This is repeated until a part is

completed.
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Power based AM technologies have to employ support structures around parts. The sup-

port structures are required to hold overhanging or floating areas until the part is mech-

anically able to hold the required form. In processes which involve high thermal stresses,

support structures are required to attach parts to the base plate in order to prevent layer

curling from the x-y plane, due to material shrinkage. Supports also allow for heat flow into

the base plate, to minimise track growth. Support structures must be carefully designed

in order to not have a detrimental effect on the contact surface on removal.

2.2 Evolution to Selective Laser Melting

SLM developed from an older AM technology called Selective Laser Sintering (SLS). The

first SLS prototype was developed at the University of Texas in 1986 with an off shoot

company, DTM Corporation, charged with commercialising the technique in 1987 [21]. In

1993 the first consumer system, the Sinterstation 2000, was made available [22]. SLS uses

an infrared CO2 laser to join powders together for each layer of a part. The powder is not

completely melted but fuses together [23]. Fusing is the surface only melting of the build

powder, which on cooling causes particle cohesion. This technique can produce functional

parts from Nylon [24], wax patterns for investment casting [25, 26] along with ceramics,

polycarbonate, and other engineering thermoplastics [27]. Metal powders can also be

sintered with the aid of a thermoplastic binder. Badrinarayan and Barlow successfully

manufactured in copper with a PMMA binder [28]. Post processing of metal parts is

required to achieve densities required for functional operation. The initial parts are referred

to as green and exhibit poor mechanical properties. A furnace cycle is then performed to

improve mechanical strength. These parts are then referred to as brown parts. However

density is still low, with Badrinarayan reporting relative part density of 48% after a furnace

cycle [29]. The brown parts can be infiltrated with metal via capillary action to produce

a final dense part. These additional steps can increase the part build time [30]. The

process was developed such that polymer coated metal powders were used. These were

shown to have green strengths twice that of mixed stock and ensured homogeneous material

composition across the powder bed [29].

By the early 90s attempts were made to remove the binder from the process, with an out-

look to produce fully functional parts. The use of binary metallic powders was investigated

[31]. The powders were mixtures of high and low melting point metallic components. The

laser partially or fully melts the low temperature metallic component, which solidified to

hold the high temperature metallic component, forming a metal matrix. Early examples

investigated mixtures of Bronze and Nickel, as Bronze is an important moulding material.

Post processing of these parts was still required to produce near fully dense parts [32].

SLM arose from the desire to produce fully dense parts from a single component powder
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via SLS type methods. With the advent of small high power solid state and fibre lasers,

the complete melting of the powder was achieved [33] and produced parts with less than

1% porosity [34]. Electromagnetic radiation absorption in metals is inversely proportional

to wavelength. By using these shorter wavelength sources, ∼1064 nm, higher levels of

energy absorption, and therefore melting, occurred compared to older CO2 lasers used in

SLS systems, running at 10.6 µm.

A SLM system comprises of a laser with a scanning galvanometer system, a moveable build

platform, heating elements and a powder delivery system. The build platform, heating

elements and powder delivery system are housed in a controlled atmospheric chamber. In

operation, the chamber is evacuated of oxygen and filled with an inert gas to reduce the

oxidation and fire risks associated with fine metal powders. The powder bed temperature

is raised to reduce the energy required by the laser to melt the powder and reduce thermal

stresses as the layers freeze. A basic system schematic can be seen in Figure 2.1.

Figure 2.1 Schematic of a SLM system [35].

The laser is used to fully melt the metal powder for each layer of a part. Each layer is

produced by the scanning system moving the laser beam across the powder surface in a

predetermined path called the hatching pattern. The melt pool produced not only consists

of the latest powder layer but also the upper region of the previous layer, as shown in

Figure 2.2. As the material solidifies a metallurgically sound bond is formed as epitaxial

grain growth occurs from previously deposited material [14]. SLM systems are currently

available from Renishaw PLC, SLM Solutions GmbH, Realizer GmbH, EOS GmbH, Phenix

Systems and Concept Laser GmbH.

For the continued industrial adoption of SLM as a viable manufacturing technique, research

on the process continues in order for consistent part production within design tolerances.

The range of materials is also expanding to increase the application range of this technique.
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Figure 2.2 Melting process in SLM in which previously solidified material is remelted
[36].

Later in this chapter, the development of fully density SLM parts will be discussed along

with improvements to surface finish, internal stresses and bulk mechanical properties. The

current range of suitable materials will also be stated along with industrial applications.

2.2.1 Density and Surface Characteristics

For the wide spread industrial adoption of SLM, the production of fully dense parts with

optimum surface finish is required. With achievable densities exceeding 99.5% [37], parts

have properties similar to existing cast and wrought components and therefore SLM parts

can be used as replacements. The surface finish of the parts is also of importance, not only

for aesthetics, but to improve fatigue life [11]. For certain applications a surface roughness

of 0.8 µm or less is required to avoid crack initiation or premature failure [38].

Currently this level of surface finish is not achieved by SLM and therefore post processing

is required, this adds significant time and cost penalties. Various SLM parameters can

be controlled in order to optimise the density and surface finish. These include laser

parameters such as power, beam diameter, point distance, exposure time, pulse repetition

rate and hatch distance i.e. the separation between individual scan lines. However, the

length of scan lines and hatching patterns also affect the track wetting across each layer,

which can alter part density. Other parameters which affect finished parts include the

powder particle size, atmospheric composition and the thermal conditions driven from

underlying geometry.

The factors which give rise to porosity, i.e. lack of full density, and surface roughness are

closely related and stem from the characteristics of the melted scan lines. The adjustment

of power, beam diameter, scanning velocity and repetition rate adjust the energy density

incident on the powder surface. It has been shown that decreasing the scan speed increases

density, as a larger amount of energy is absorbed and therefore more powder is melted [9].

It was observed that increasing hatch distance increased overall density. If the hatch
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distance allows for too great a track overlap, excessive heat build up can occurs. This

causes subsequent scans to produce larger melt pools, which use more of the available

powder. On further scans there is insufficient powder available to form dense areas and

leads to pore formation. This effect increases as the number of build layers increase due to

larger quantities of residual heat. The pores lie parallel to the scanning direction and

align diagonally through subsequent build layers, as shown in Figure 2.3 [37]. These

diagonally arranged pores have also been observed by Yadroitsev [39]. They determined

that the alignment angle of these pores, with respect to the build plane, increases as hatch

spacing increases until the angle is equal to 90◦. After this point, neighbouring tracks no

longer adhere together resulting in a strong increase in porosity. This is known as wall

delamination, which has also been observed by Louvis [40].

Figure 2.3 Diagonally aligned pores in Ti-6Al-4V, shown in the XZ plane [37].

Early attempts to remove the systematic porosity where developed by Morgan et al. [41] in

which the layer was rescanned, to reduce top surface roughness, and then the orientation

of the hatches of the next layer was rotated by 90◦, which reduced the interconnecting

porosity. This produced a part density of 99.65% in 316L stainless steel. The interlayer

rescan was later removed resulting in the scanning strategy shown in Figure 2.4. Some

large pores where created as the top surface roughness allowed for gas entrapment. On

subsequent layer scanning, the expansion of this gas would form a permanent pore in the

bulk solid, although relative density was still reported to be >than 99.5% in 316L stainless

steel [34]. Mumtaz et al. used the same strategy to produced 99.7% dense Waspaloy

samples [42]. A study of the microstructure of Ti-6Al-4V SLM part found that cross

hatching not only produced an isotropic microstructure, but raised part density to 99.9%

[37].

To reduce porosity with a constant scanning direction, a two scanning technique has been

devised [39]. A first scan formed tracks across the layer which were not laterally connected

but exhaust all the powder supply. A second scan was then used to melt the tracks together
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Figure 2.4 Alternating hatch strategy used to decrease part porosity [37].

with a resulting part porosity less 1% in Inconel 625.

Porosity and surface roughness can increase if process parameters cause a phenomenon

known as balling. This is breaking up of the melt pool into small spheres due to the

Plateau-Rayleigh instability [43]. If the length of a melt pool becomes longer than the melt

track circumference, a lowering of surface energy can be achieved if the melt splits apart

into separate beads. However for uneven substrates, such as the powder bed in additive

manufacturing, the separation of the melt pool can occur when the length reaches
√

2/3 of

the track circumference [44]. The balling of individual tracks leads to an inconsistent part

surface, which inhibits the even deposition of subsequent powder layers, which can cause

porosity [45, 46]. Balling of material has a larger effect on the side surface roughness due

the scattering of these balls to the edge of the melt pool. A high scanning speed should

therefore be used in order to limit melt track growth and reduce the possibility of balling

[8]. However, at high scanning speeds melt instabilities can also cause droplets, smaller

than the powder feed stock, to form on the edges of melt tracks [47]. The side surface

roughness can also be affected by satellite formation. This occurs when powder particles

at the edge of the melt pool do not have sufficient time or thermal energy to fully melt

and therefore are trapped on the melt pool surface as the material freezes [48].

It has been noted that for the processing of aluminium powders high laser powers are

required, due to high reflectivity and thermal conductivity, and also powder flowability

is poor effecting layer deposition. However, the formation of aluminium oxide appears to

be the limiting factor in the growth of aluminium processing in SLM [33]. Research with

AL6061 and AlSi12 produced a relative density maximum of 89.5% [40]. Large amounts

of oxide formation, due to the atmospheric conditions within the build chamber, at the
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extremes of the melt pool were observed. Although at the base of the hatch line the oxide

was disrupted, allowing freezing to the lower layer, it was not broken up along the side

walls, leading to porosity between individual scan lines. Thijs et al. were able to produce

densities of >99% in AlSi12Mg [49] as a high power laser source was available to break up

the oxide layers, as suggested by Louvis et al [40].

2.2.2 Thermal Stresses

As SLM parts are produced by the rapid melting and freezing of material, this gives rise

to residual stresses through the structure. This can combine with applied stress during

part operation to lower overall part strength and favour crack propagation [50]. This also

occurs with SLS parts but the post process furnace cycle involved with this technique

releases these stresses. Residual stresses through SLM parts are formed via two processes.

Firstly temperature gradient mechanism (TGM) can impart stresses. This is caused when

high thermal gradients are formed through solidified geometries. As the heated regions

are restricted by the surrounding material, elastic compressive strains are formed. If these

build to a level above the materials yield strength the strain becomes plastic and on cooling

the material tries to contract. Due to the surrounding mechanical strength of the part,

this is inhibited and stress remains in the layer [45]. However if the layer is free to move,

a counter-bend toward the laser source is produced, which causes layer delamination.

Stress is also formed by constrained contraction. As the new layer is added, it is at a higher

temperature than the bulk material below. As the layer cools to the bulk temperature it

contracts, causing tensile stresses to be developed in the new layer along with compressive

stresses in the bulk material below [45, 50–53].

The effect of scanning strategy has been investigated to reduce residual stressws. Mercelis

and Kruth built rectangular samples with hatches aligning with either the long or short

side of the test geometery as well as layers made of small islands of alternative hatch

direction. The stress was found to be reduced by the breaking up of the layer into small

islands, although island size was not important [51]. They also concluded that parts fixed

to the base plate exhibit very large stresses and that heating of this plate would reduce this

affect. A furnace cycle would relax all internal stresses in these parts but increase total

build time. Robinson extensively tested different scanning strategies to reduce residual

stress [54]. The highest levels of stress were found when the scan vectors aligned with the

longest dimension of a part layer. All strategies in which hatch orientation was rotated

reduced residual stress to a similar level. Stress was found to be reduced by up to 40%

when the layer was rescanned with an identical scan pattern. No remelting occurred due

to the increased reflectivity of the solidified layer compared to virgin powder. However,

the heating effect allowed for localised yielding which reduced deformation.
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2.2.3 Mechanical Properties

Due to the layer by layer nature of AM techniques, mechanical properties tend to be aniso-

tropic. The fusing of each layer together produces parts which are weaker to applied strains

perpendicular to the build axis. For the use of SLM parts in commercial applications, the

mechanical properties must achieve required levels in all axes. As each new layer is fixed

to the lower layer by full melting, excellent interlayer bonding is achieved however high

thermal stresses can remain weakening parts, as previously discussed.

Tensile strength tests, following ASTM standards, have been undertaken for SLM tech-

niques. A comprehensive 316 stainless steel study by Tolosa et al. [55] varied the build

orientation of the tensile test sample geometry. Parts were manufactured directly on to

the build substrate in three orientations, along with two sets of parts angled in the XZ

and YZ planes, as shown in Figure 2.5. These arrangements covered many possible build

orientations. Measurements of ultimate tensile strength (UTS) and yield strength were

performed and although the proprieties were not found to be isotropic, both tensile and

yield strengths were found to be high with respect to wrought 316L samples. Parts ori-

entated with the largest face on the build substrate produced the highest UTS and yield

strength at 691 MPa and 678 MPa respectively. This compares favourably with wrought

sample with UTS and yield strengths reported to be 560 MPa and 230 MPa respectively

[56].

The yield strengths have been moved closer to the UTS values due to high cooling rates

inhibiting grain growth in SLM parts. Cooling rates of 108 K/s have been reported,

resulting in a maximum grain size of 10 µm in 316L [57]. As grain boundaries impede

lattice dislocations, increasing the number of grains hinders plastic deformation, which

results in the increase in yield strength. If increased ductility is required, this can be

improved via heat treatment [58]. Tolosa et al. discussed that SLM not only provides

greater design freedom but also the possibility to further save component weight due to

higher material strengths [55].

Yadroitsev [39] built Inconel 625 test parts orientated parallel and perpendicular to the

build plane. The parallel parts therefore had a low number of large layers and the per-

pendicular parts had a large number of small layers. The Youngs modulus values for the

parallel orientated parts were found to be higher than that of the perpendicular parts.

They attributed this to the higher number of thermal cycles producing greater stresses

in the perpendicular samples. Parallel built parts had Young’s modulus values similar

to wrought samples at approximately 200MPa. It is worth noting that the mechanical

strength of any additively manufactured component can be reduced by porosity in the

bulk material due to poor process parameter choices. The pores locally reduce the cross

sectional area and therefore result in a lowering of the apparent Young’s modulus
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Figure 2.5 Various orientations of tensile test samples produced by Tolosa et al. [55].

2.2.4 Materials

An ever-growing number of materials can be processed via SLM to create parts. As SLM

can reproduce novel geometries for high value components, the majority of research is

centred on high value base materials. Various steel powders have been investigated due

to the wide range of engineering applications. There has been much investigation into low

carbon austenitic steels due to the material biocompatibility and its use in thin walled

(0.5mm) components [55]. 316L stainless steel has been a prime research material for SLM

as it is known to have good weldability [47, 57, 59, 60]. H13 tool steel has been investigated

to develop tooling mould and inserts [61].

Many studies on titanium and titanium alloys studies taken place [46, 62–65] as they

are important build materials for high value components in the biomedical and aerospace

sectors, among others [66]. This is due to titanium’s low density, high strength to weight

ratio and excellent biocompatibility [67]. Various nickel superalloys, such as Inconel 625

[68] and Waspaloy [42], have also undergone research relating to the control of surface

roughness and density. These materials are prime candidates for SLM as they are heavily

utilised in the aerospace and nuclear sectors.

Aluminium alloys are widely used in engineering applications; however they are currently

not widely available as a SLM build material due to the formation of cracking on cooling.

Studies have been undertaken in the processing of aluminium 6061 with limited success

[40, 69] due to layer delamination. However AlSi10Mg, originally developed for casting
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[70], has been successfully processed [49] and is now available as a stock material from

major SLM manufacturers [71–73].

The use of cobalt-chrome alloys in SLM is of interest due to the high wear resistance and

notch insensitivity of the material, which may lead to its use as load bearing surfaces in

medical implants [74]. Limited research into tantalum has also been undertaken as it has a

high melting temperature, of around 3300 K, and therefore require high energy densities to

process [75]. However, it is an important material as it exhibits excellent biocompatibility

and corrosion resistance [76].

2.2.5 Applications

As SLM technology improves the range of applications is ever increasing. A current major

research area is the application of SLM in the manufacture of medical implant devices. The

general design freedom and ease of part individuality makes AM an excellent technology

for personalised implants, but SLM also offers extra advantageous features. The biocom-

patibility of many SLM materials is a major factor but also the use of selective porosity.

Early SLM research focused on the production of fully dense parts; however, recent re-

search into designed porosity has been undertaken as it has medical applications. These

porous structures allow for excellent osseointegration (bone integration) which makes the

technology a prime candidate for joint replacement components. Stamp et al. developed

a technique to produce parts with designed porosity [77] which could mimic the cellular

structure of bone, as shown in Figure 2.6.

Figure 2.6 A: CT scan image of trabecular bone structure. B: SEM image of beam overlap
structure [77].

This technique was improved to a unit cell base regular lattice structure by Mullen et al.

[35]. The methods developed did not require an STL file of the lattice and therefore vastly

reduced computational costs in the generation of a part file. The node locations of the

lattice were later randomised to further mimic trabecular bone. This also increased the

strength of the structure, which was postulated to be due to the removal of symmetric

failure planes [78].
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Parts with fully dense and porous areas have been produced. Early examples include

titanium dental root implants consisting of a solid core with a porous surface [79]. More

recent work has attempted to produce porous titanium and tantalum coatings onto cobalt-

chromium alloys. This was attempted due to the biocompatibility of the coating with

the wear and notch resistance of the base material. Titanium coatings integrated poorly,

with cracks forming on cooling, but tantalum coating was promising [75]. Figure 2.7A

displayes a porous/solid knee implant. Lattice structures and scaffolding were promoted

as a design hope for bone integration [80] and have now been fully commercialised into

products. Stryker Orthopaedics have released the Triathlon Tritanium Knee System which

contains a porous osseointegration surface for fixation (Figure 2.7B) [4].

Figure 2.7 A: Porous and solid prototype medical implant deposited on a dissimilar
material substrate [75]. B: Stryker Triathlon Tritanium Knee System [4].

Lattice structures not only provide medical application benefits but are also being invest-

igated as a candidate for energy absorbing and light weight structures. Research into 316L

stainless steel lattices, with various designs, found them to be attractive candidates for

further research as energy absorbing structures [81]. Other research with the same mater-

ial has focused on open cellular lattice structures for use in the aerospace industry, but

resulting properties were not competitive with existing techniques [82].

The ability to produce novel geometries has lead to research in heat sink manufacture

via SLM with Tsopanos et al [83] and Wong et al [69] producing 316L stainless steel and

6061 aluminium heat exchangers respectively. SLM has also been used to produce tooling

inserts with conformal cooling channels [84]. Additive manufactured parts are now being

used in aerospace applications with General Electrics introduction of SLM manufactured

fuel injectors for the current generation of CFM LEAP engines; a sample injector is shown

in Figure 2.8. By combining 18 components into a single part, a 25% weight saving was

achieved [3]. Another aerospace application is the manufacture of seat brackets for Airbus

A350 XWB aircraft [85].
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Figure 2.8 a SLM manufactured fuel injector for commercial jet engines [3].

2.3 Selective Laser Melting In-Process Monitoring

Although SLM involves a dynamic melt pool, little in the way of process control and part

verification has been integrated into commercial systems. System parameter development is

achieved by experimental investigation and empirical evidence via post process evaluation.

This can be extremely time consuming and can be unreliable as the manufacturing process

tends to be effected by parameters in a non-linear way [5]. For example both increasing or

reducing hatch spacing can lead part porosity.

Process validation and resultant component assessment has therefore been achieved by post

build testing and, especially when analysing density, destructive techniques. For the veri-

fication of components for the uses in extreme environments, such as for aerospace applic-

ations, defects must be eliminated within the entire production batch [10, 11]. Aerospace

components may undergo hot isostatic pressing to eliminate porosity before deployment

[12]. In any industries which would like to move into manufacturing components via addit-

ive methods, the process repeatability and part reproducibility must be ensured [13]. There

are numerous part faults which could be identified via remote sensing in SLM. These could

be porosity due to incorrect process parameters or hatch offset distances, layer delamin-

ation due to thermal stresses or incorrect powder deposition and optical contamination

reducing process energy input.

Non-destructive techniques are available and will be briefly outlined with usage issues

identified. X-ray Computed Tomography (XCT) is a non-destructive technique that can
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be used to assess defects within additively manufactured metallic components; however

there are issues [49]. A compromise between resolution and sample size has to be made.

Investigated samples with a maximum dimension of 15 mm [86] resulted in minimum pore

identification between 20-40 µm [87]. However imaging parts with a single dimension

up to 60 mm whilst maintaining a sub-15 mm part thickness, minimum pore diameter

identification increased to 70 µm [88]. Not only does part size affect resolution, the heavy

attenuation through metal test samples also limits the maximum dimensions [89]. In a

serial production environment, XCT would also be uneconomical due to the large scanning

times (75 minutes for a 15 mm cube [86]) and additional computational analysis time

required. In scaling such analyses to typical components sizes of around 100 mm, the loss

of resolution would make the technique invalid and expensive. XCT therefore has limited

use in major additive manufacturing environments.

Although the Archimedes method [59] and helium pycnometry [90] have been used to

accurately calculate component density in a non-destructive manner, no knowledge of

pore location can be garnered from these techniques. Defects in non-critical areas of

manufactured parts may be acceptable for certain applications. However, a non-destructive

method of assessing defects would be beneficial to industrial manufacturers.

The quality of additively manufactured parts is driven by component design. The underly-

ing geometry affects heat flow from the fusion zone into previously solidified material. This

can alter the dimensions of the melt pool. When overhangs and thin geometries occur, the

reduced heat flow causes an increase in melt track volume [6, 7]. This not only reduces the

dimensional accuracy of the part but can lead to surface finish degradation as the molten

track breaks apart due to surface tension instabilities [8, 9].

The fusion zone produced by the laser melting of metallic powders emits a wide range

of electromagnetic radiation, from the near ultra violet to infrared [14]. This is due to

thermal blackbody radiation [15] and spectral line emissions [16]. Improvements to the part

quality could potentially be achieved by studying these emissions and relating them to build

features. In-process monitoring signals could be used in a number of ways. Part quality

verification could be achieved by accessing an emission band intensity and confirming that

it remained between allowed limits. Short duration variations in a recorded signal could

allude to a specific defect occurring within a manufactured part. These signal deviations

could be related to a 3D part location, which could later be analysed for relevance. Ideally

these signals could be used as a feedback tool to maintain melt pool dimensions via the

adjustment of process parameters.

There are two main pathways to monitoring the SLM process; these are co-axial or off-axis

monitoring systems. Co-axial systems look directly through the optical track at the fusion

zone. With off-axis systems, the build area is viewed in a single spatially resolved camera
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image, or a small area is viewed directly by pyrometers. The current process monitoring

research in SLM will be presented below and separated into co-axial and off-axis techniques.

2.3.1 Co-axial Monitoring

Co-axial monitoring systems use modified versions of standard scanner based laser optical

systems to attempt to view the melt pool at all locations across the build platform. By

viewing the melt pool at all times, these systems attempt to assess the quality of individual

melt tracks.

Research into co-axial monitoring has been undertaken by Kruth at KU Leuven since 2007

and has been continuously evolving [6]. The monitoring system is fitted to an in-house

development SLM machine, named LM-Q, which is controlled via a National Instruments

PXI system [18]. The original optical system has been modified to contain a dual sensing

system. This consists of a high speed CMOS camera and a photodiode which both collect

back reflected light through a standard f-theta objective lens and dielectric coated scanner

mirrors. A schematic of the system is shown in Figure 2.9. The signals are separated from

the laser source via a dichroic mirror. Both sensors are limited to a range of wavelengths

between 780-950 nm, which the authors believe is close enough to the design wavelengths

of the mirrors and optics to be unaffected by chromatic aberrations.

Figure 2.9 Schematic overview of the KU Leuven experimental monitoring system [91].

It is stated that the camera and photodiode systems collect thermal data directly from the

melt pool while vapour plume emissions are not considered. Using an Field Programmable

Gate Array (FPGA) processing system, the camera data is analysed to produce area,

length and width calculations of the melt pool. This has been calibrated experimentally by

comparing the width of a melt track to a grey scale intensity value in the recorded images,
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as shown in Figure 2.10. After which any grey value above the set limit is defined as molten

material. On the varying of process parameters, to adjust melt track widths, a correlation

between the camera derived melt pool area to the photodiode signal was detected [91]. By

correlating the spatially resolved camera to a spatially integrated photodiode, the research

could vastly reduce the cost of the sensing system.

Figure 2.10 Methodology to infer track width from camera signal. A: Scaled calibration
image of melt track. B: Camera signal with cross section displayed. C: Section intensity
profile. Grey level determined at measured track width. Adapted from [6].

Differences in melt tracks across different hatch vector types have been studied. The

research system produces the external contour vectors first and then fills the inner area

with parallel hatch vectors. A final scan then is made around the interface between the two

vector types. The initial contours resulted in larger photodiode signals than the later hatch

vectors. It was determined that this was due to the reduced heat flow pathways into the

underlying geometry, as there was no solid material around the vector. For internal hatch

vectors, the signal would reduce to a steady state level as the heat sink of previously melted

material became large, as shown in Figure 2.11. The final vectors, linking the previous two

types, returned further reduced signals as mainly remelting occurred [92]. Laser coupling

into this region is reduced as the bulk solid has a higher reflectivity than the the powder

and therefore reduced absorption will occur.

Figure 2.11 Heat flow from contour and fill scans [93].
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The camera signal could identify melt pool dimensions; this was used to determine that

the initial contour vector had the largest melt pools. Elongation of melt pools was also

seen when studying overhang geometries. These are similar to the contour vectors as there

is a reduced thermal conduction pathway to the underlying solid geometries. In both these

cases, the increases in melt pool length resulted in the breaking apart of the tracks, earlier

described as balling. This resulted in poor part density and a degradation of surface finish

for overhanging geometries [47].

The system was further developed to log the x,y location of the laser scanner as the

monitoring signals were recorded. This allowed a two dimensional map of each layer to be

created [94]. The data for each layer is pixelated to a regular grid, such that an average

signal value is created for each pixel location. The pixel dimensions were not supplied

and it was also not stated if the photodiode or camera data was used for this mapping

technique.

Investigation into the use of support structures below overhangs was undertaken. In SLM

support structures are used anchor components to the build substrate. These supports

allow for thermal conduction pathways from the part to the substrate, which can limit

track width growth. They also reduce the effects of residual stress attempting to deform

parts and delaminate individual scanned layers. This occurs due to thermal shortening

and temperature gradient mechanisms. By varying the density of support structure, melt

track dimensions were found to vary whilst employing the same process parameters. The

2D maps, as shown in Figure 2.12, can be used to access areas of oversized melt tracks,

in this case displayed in red. This data is proposed to be used for user knowledge in

part preparation when assessing support structure density. This information appears more

promising in understanding of the thermal history in each layer and could have been related

to residual stress deformation.

Figure 2.12 Mapped melt pool areas for two T shaped overhang geometeries with dif-
fereing quantities of support structures. A: Final layer preceeding overhang. B: Inital
overhang layer. The upper component has more support structures. Adapted from [94].
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It was proposed that defects, such as porosity, could be captured in the photodiode signal

as deviations from the norm. A set of signal confidence limits were experimentally defined

and test samples produced which had regions of porosity. By producing 2D maps of

each layer, a 3D voxalised model of each test sample was produced via image stacking in

medical CT software. The locations of pores were identified as regions with signals outside

the predefined confidence limits. These samples were compared with CT images which

confirmed the identification of the defect locations [93], as shown in Figure 2.13. This

was proposed as a quality assurance technique for highly regulated industries, with a hope

that this could be used as a closed loop feedback mechanism in the future. However, the

difficultly of closed loop feedback for SLM systems must be highlighted. Kruth et al. first

discussed closed loop feedback in their initial monitoring publication in 2007 [6]. A PID

feedback system was employed to adjust laser power as the melt signal varied and this was

tested over simple overhangs. The lack of further research in this development may have

been a result of complications in processing the signal data at a rate which could used to

alter the process parameters for use in the manufacture of complex SLM geometries.

Figure 2.13 Comparison of CT and processed data image of a NiTinol block with designed
defect. [93].

To use these signals for feedback purposes, knowledge of the vector type in use would

be required. Each vector type would require a different confidence band, between which

the signal should be maintained. This is due to different heat flow characteristics from

underlying geometries. Noting that a contour scan is tuned to minimise the surface rough-

ness and maintain dimensional accuracy, whereas as fill hatch parameters should efficiently

produce 100% dense bulk solid in the lowest build time. This can result in different track

dimensions for each vector type. A large database of empirical data would have to be

collected for each vector type to allow for differing signal boundaries. However, underlying

geometry knowledge would not be required, as the feedback system would maintain the

appropriate track dimensions.

Developments from KU Leuven has been introduced into commercial systems by Concept

Laser. Two types of fault mechanisms can be detected. The first of these is notification
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of excessive soot build up on the f-theta objective lens. As some of the metal powder is

vaporised on melting, fine condensates accumulate in the atmosphere. These can condense

on the f-theta objective lens and can absorb a significant proportion of the laser energy.

This reduces energy available for powder melting, resulting in a degradation in part quality.

The system records an average photodiode signal per layer. As soot builds up the layer

average reduces. If the signal drops below a predetermined level, the operator is notified

and remedial action is advised.

The second fault mechanism relates to z-axis malfunctions. Occasionally the elevator

may jam for several layers, after which it frees and immediately shifts to the correct z-

axis location. If this occurs, an excessively thick layer of powder is deposited. Due to a

reduction in thermal pathways to the underlying geometries, large melt tracks will form.

This drastically increases the magnitude of the recorded layer average signal. The operator

is again notified to visually inspect the condition of the build process to assess if it may

continue.

Co-axial pyrometry research has been carried out at ENISE in France. The group led by

Smurov has moved from laser welding, through direct laser deposition [95] into SLM re-

search. The system is based on a Phenix PM100 with a two colour pyrometer, wavelengths

1.26 and 1.4 µm respectively, which has been co-axially coupled to the laser optics via a

400 µm diameter fibre optic cable [17].

Pyrometer signal variations due to changes in the separation of adjacent scan lines, known

as hatch distance, was investigated. Figure 2.14 displays the trend in pyrometer signal.

When significant scan vector overlap occurred the pyrometer signal was low, due to heat

conduction into the adjacent tracks removing energy from the fusion zone. A rapid rise

in signal occurred as the hatch distance increased such that adjacent hatches became

detached. This was due to powder insulating the melt pool from the heat sink effect of

other tracks. As hatch distance further increased the signals slowly reduced. This is due

to the size of the viewing area of the pyrometer at the powder bed (560 µm). As the

hatch distance increased, fewer of the cooling isolated tracks would be coupled into the

pyrometer. It must be noted that the initial scan vector always produced a large thermal

signal as no heat pathway was available, consistent with the previous researchers.

A CCD based camera was later added to the system as the authors suggest that the 2D

nature of the sensor can cope better with optical aberrations [96]. This camera was used

to identify the brightness temperature of the melt pool via a spatial distribution model

[7]. Using the camera system, the temperature of an initial scan vector was again found

to be higher than subsequent vectors [97]. The recorded temperatures peaked at 1900 K,

this was lower than the researchers has predicted using radiation and heat transfer models.

Temperatures above the boiling point of 316L stainless steel, >3200 K, had been predicted
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Figure 2.14 Pyrometer signal as hatch distance increases [17].

[98]. The camera signal had a much lower refresh rate than the pyrometer at only 300 Hz.

An average signal over a 50 ms time period was output, therefore the camera brightness

temperature signal fluctuated as the scanner jumped from adjacent hatch vectors. The

additional spatial information that the camera provided was found to be unimportant

when a spatially integrated signal could be employed at an increased recording rate. It is

worth noting that the 2D CMOS camera used by Kruth et al. runs at 10 kHz [92]. This

is fast enough for the dynamic process but at an expensive price.

A final f-theta lens based system has been developed by Lott et al. which included both

a coaxially coupled high speed camera and illumination laser [99]. The system was de-

signed via ZEMAX optical modelling software. The authors specified the use a two colour

corrected f-theta objective lens, with the f-theta wavelengths corresponding to the laser

source and an emission signal band. An idealised f-theta objective lens was used in the

ZEMAX model to confirm that a diffraction limited system would be achievable. The

model is shown in Figure 2.15. However, the performance of a real f-theta objective lens

is considered unlikely to produce the image quality reported, as single wavelength systems

do not perfectly maintain equal beam diameters across the entire image field. An appro-

priate two colour f-theta lens was also not available for use with a test disk laser source. A

prototype system with a two colour f-theta objective lens was demonstrated to prove the

concept: however, this research does not appear to have been developed further.

2.3.2 Off-Axis Monitoring

Off-axis monitoring systems have some limited advantages over co-axial techniques. Al-

though modification to the build chamber may add improvements to the functionality

of an off-axis system, initial experimentation can be achieved through existing viewing

ports or windows. This allows for process verification without expensive modifications and

therefore a wider variety of researchers have studied SLM processes using off-axis config-

urations. As the laser optical track remains standard, process dynamics will be identical
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Figure 2.15 ZEMAX model of an imaging system through an idealised f-theta objective
lens [99].

to un-modified systems which is useful verification against commercial systems. The use

of viewing ports also allows for a wider range of wavelengths to be studied, some of which

would not be compatible with the transmissive laser optics. Research has centred on the the

use of visual/NIR silicon based cameras for accessing powder layering, or microbolometer

infrared thermal cameras and pyrometers for studying thermal histories [100].

These systems are however compromised in other aspects as they can only analyse the data

as a single data recording across an area of build plane. This is usually taken at the end

of each layer and therefore a temporally integrated dataset is collected. The field of view

is also compromised by the non-orthogonal viewing angle. This creates distortion which

must be corrected via digital image processing and/or complicated lens systems. Even so,

if the full build plane is observed only low resolution images are obtained. Therefore the

majority of off-axis research only views a small area of the build plane to achieve acceptable

image resolution.

The difficultly of integrating a wide field viewing system into a SLM system is highlighted

by the set-up of Krauss et al. The authors use a long wavelength infrared (LWIR) camera

mounted at 45◦ to the build plane, as shown in Figure 2.16 [19]. A germanium window

was used to allow for high transmission of LWIR radiation. Although the camera can cover

160 x 120 mm of the 250 x 250 mm build platform not all this data is usable. The focal

plane is orthogonal to the central optical axis of the camera system and is therefore at 45◦

to the build plane. The depth of field is shallow, so usable data can only be collected in a

narrow strip region across the centre of the field of view.

This system was used to assess heat flow into solid geometries. Samples 5 mm wide
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Figure 2.16 Krauss et al. IR camera set up. Note that the focal plane is at 45◦ to the
build plane [19].

were manufactured with thermal images collected at a refresh rate of 50 Hz with an 8

ms exposure time. The slow refresh rate was required in order for the sensor to cool to

sufficient levels between each sample. This resulted in several new hatches being built

between each image. Figure 2.17 shows an example thermographic recording showing the

area of recent melt with the cooling underlying solid. As the image exposure time is

long compared to the laser interaction time a large area of powder was process in each

image. The researchers therefore studied the variations in a heat affected zone. These

were defined as areas contained within a contour of specific intensity. For each parameter

set, several different intensity heat affected zone’s were calculated. Generally as the input

laser power was increased from 80 - 200 W heat affected zones increased in area. However

for 80 W down to 50 W, the areas rapidly increased in size. This was attributed to lack

of cohesion between adjacent hatch vectors resulting in low levels of thermal conduction.

Hatch separation and scanning velocity was also studied; however, these results are difficult

to properly assess. When varying power the same length of new hatch vector is shown in

each image. With differing scan speed and hatch spacing this is not the case so there is

little to gather from the trends the authors described.

The effect of powder layer thickness was also assessed by Krauss and increasing thickness

resulted in larger heat affected zones. This is due to the lower conduction through powder

volumes and therefore heat energyy remains in the local area for longer. This was used

to identify flaws in the strip geometry, which could be spotted by localised increases in

intensity. For each layer the image sets were composited together to create complete a

single image of maximum temperature for that layer. These could be stacked to create a

3D report of the temperature history of a component [101].

Although maximum temperature is important, it is proposed that the cooling rate gives
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Figure 2.17 Narrow strip exposure strategy with recorded thermal image [19].

a good indication of part quality. To assess cooling rate, an effective thermal diffusivity

for each layer pixel was calculated. Localised deviations from global cooling rates would

suggest defects. By comparing the localised value with the diffusivities for the same location

in previous layers, defects in 3D could be assessed. However, this would only be useful for

parts with constant xy geometry. If the layer design changed, the cooling rate would be

different layer to layer and therefore comparing the diffusivities across these layers would

be invalid.

The effect of powder layer thickness on surface temperature was investigated by Bayle and

Doubenskaia using pyrometery. Consistent with co-axial research, higher temperatures

were found for thicker powder layers isolated from the build substrate. The heat sink

effect of adjacent tracks was also noted due to a decrease in signal value as hatch spacing

decreased [102].

Fischer et al. also investigated the temperature in consolidating melt tracks, recorded

with the use of a mid wavelength infrared camera (3-5 µm) [103]. An experimental rig

was used with a low power Q-switched Nd:YAG laser. Continuous wave and pulsed laser

strategies were studied. The thermal imaging showed smaller heated areas for pulsed laser

operation; however, the resultant tracks were more consolidated than for the continuous

wave strategy. The investigators concluded that the temporal resolution of the thermal

imaging camera was not sufficient to record the high temperatures that the pulsed source

produced. However, the parameters used in this study are not consistent with current SLM

technology.

High speed cameras have also been used to study the melt process of metal powder. Fur-

umoto et al. used a 10 kHz visible camera with metal halide illumination lamp to view a

40 W fibre laser melting a mixture of 70% alloy steel powder (ISO: 42CrMo4), 20% cop-

per phosphorous alloy powder (ASTM: C52100) and 10% nickel powder by weight [104].

Powder layers of 1 mm were initially used and the camera images displayed balling of

molten tracks. The powder layers were reduced to a typical SLM thickness of 50 µm.
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However the researchers decided to drop the scanning speed from 50 mm/s to 1 mm/s,

which caused an excessively wide unconsolidated track to be formed due to a large increase

in energy input. A two colour pyrometer was later added to the system to assess the peak

temperature in the tracks as they were formed [105]. Figure 2.18 shows the development

of the broken melt track. The authors varied scanning speed from 1 - 88 mm/s, which

is far slower than typical SLM process speeds of 1 m/s and above. The slow speed again

increased energy input such that balling occurred, leaving no consolidated tracks. As scan-

ning speed increased, the surface temperature measured by the pyrometer decreased. This

led to a decrease in fragmentation of the track as the volume of melt was reduced and

therefore balling occurred at a reduced rate.

Figure 2.18 High speed images of consolidation of molten powder [105].

A pyrometer has been used to assess maximum layer temperature and cooling rates for

small samples. Islam et al. used an off-axis pyrometer and CMOS camera with illumination

to record the surface temperature of a 5 mm x 5 mm stainless steel (EOS PH1) sample

built on two different systems, one with powder bed pre-heat and one without [106]. On

each system the volumetric energy input, Evol, was varied and calculated by the following

equation:

Evol =
P

vsp
(2.1)

where P is the power, v is velocity, s is the hatch spacing and p is the powder layer

thickness. It is unknown which of these parameters was varied. As the volumetric energy

was initially increased, the temperature rose towards a peak. However, further energy
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input resulted in a lowering of surface temperature. The authors believe that after the

temperature peak, additional energy is reflected off the melt pool. Another explanation

could be that energy coupling is reduced as the beam is attenuated on passing through the

vapour emanating from the melt pool. This will reduce energy available for melting and

can defocus the beam, thereby reducing energy density [107–109]. A further explanation

could be that at higher volumetric energy levels a keyhole welding mode begins to form, in

which the hottest part of the melt pool recedes into the powder bed and is shielded from

view. This welding mode will be extensively covered in Section 2.4.

The maximum temperature for a given volumetric energy input was found to be similar

between the two systems; however, the cooling rate was found to be lower for the system

with bed preheat. This is of no surprise as the thermal gradient between the maximum

and the base temperature is lower. Using the visual camera no apparent differences were

found in the morphology of the melt tracks with respect to balling, however the authors

believe that the microstructure of the components manufactured in the system with the

pre-heated powder bed would result in larger grains.

The cooling of parts is not only driven by laser energy input and part geometry. Dadbakhsh

et al. suggested that the inert gas flow could provide cooling to the top of parts and would

vary across the build chamber [110]. A low temperature Ti40FT (Fluke, US) LWIR camera

was used to assess bed temperature post layer build, as shown in Figure 2.19. The bed and

built parts were found to be cooler upstream in the chamber. All parts were colder than the

surrounding powder, but this is to be expected as they had a solid conductive pathway to

the substrate and therefore a higher thermal conductivity allowed for more cooling. Parts

built with the long axis aligned with the gas flow, as shown in Figure 2.19, had higher levels

of delamination than parts aligned perpendicularly. This was regardless of position across

the bed, which was found to be hotter downstream. It was concluded that the thermal

gradient was larger when aligned with the gas flow and therefore residual stress development

was greater, causing increased delamination. Further mechanical testing was undertaken;

however the validity of any conclusions is in question due to poor build parameter choices

resulting in part densities never exceeding 82 % in 316L stainless steel.

The previous off-axis studies discussed have centred on accessing the thermal emissions

from melt tracks to understand the fundamental processes and in most cases a limited

build area was assessed. However the quality of manufactured parts can be affected by

inconsistencies in the powder bed surface. This could be due to short feeding, in which a

complete powder layout is not dosed, or thermal stresses can cause part deformation which

damages the dosing wiper blade, as shown in Figure 2.20A.

Craeghs et al. used an off-axis monochrome camera with low angle illumination to record

the consistency of the powder bed. A series of vertical line intensities were measured across
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Figure 2.19 Thermal image of powder bed temperature at the end of the build process.
Four cylindrical bars were produced. [110]

Figure 2.20 A: Powder bed damage from wiper blade. B: Line intensity measurement
across the build plane. C: Line intensity with acceptability limits. Adapted from [18]

an unaffected powder layer. This was used to calculate a range of grey scale values which

corresponded with an acceptable powder layer. In process, after powder deposition but

before laser scanning, an image was taken. When wear occurred on the wiper blade, the

level of the powder would be disrupted. As the angle of illumination was low this would

result in shadows and bright lines appearing in the image. Line intensities were recorded

across the bed and if signal spikes appeared which were outside the pre-determine range,

the powder layer was labelled as compromised [18]. Figure 2.20 shows an example of a

faulty powder layer (B) and line intensity signal (C). The authors state that for this system

to be useful, careful calibration must be undertaken as powder material and size can effect

reflectivity and therefore variations in the acceptable grey scale range will occur.

Powder layer consistency has also been researched by Zur Jacobsmuhlen et al. The system

utilised a tilt-shift lens systems to skew the focal plane of a CCD based camera and also

employed multiple chamber illumination lights [111]. This allowed the entire build plane to

be viewed without the depth of field or area limitations of other off-axis spatially resolved

imaging systems. It must be noted that LWIR camera researchers are not afforded this

tilt-shift lens set-up as they are primarily designed for photography applications and are

therefore manufactured in standard optical glasses which are opaque to LWIR wavelengths.
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Although the tilt-shift lens system was used, further geometric image correction was per-

formed by scanning calibration marks onto the build plane in known locations or selecting

the corners of the build substrate. Resultant images were processed through a Python

based OpenCV bicubic interpolation to warp the images to the correct aspect. An ex-

ample of this is shown in Figure 2.21.

Figure 2.21 A: Tilt-shift camera image. B: Aspect corrected image [112]

The system was used to identify features which could cause build failures if appropriate

preventative measures were not taken. These feature could be due to over built regions

due to excessive laser power or damage to wiper blades [112]. Images of the powder bed

post process were assessed and defects in the powder plane were automatically highlighted

for user assessment. Catastrophic build failures, such a total part delamination after wiper

activity, were also highlight and could be used to automatically terminate the process.

The authors also suggest the system could image the parts before powder is applied. If

the hatches appeared inconsistent this could allude to insufficient energy input producing

a non-continuous melt layer, which would lead to poor final part density [111]. It is

stated that these underexposed regions could be rescanned to increase density, although

no information on how this would be implemented is given.

The system was later tested to assess the stability of the imaging process. A set of calib-

ration markers were scanned at each corner for every layer of a test build. Each marker

therefore would end up being a 3D part. The drift in calculated marker positions, with

respect to the layer zero marker, was calculated for 1100 layers. Maximum deviation of

any marker was found to be 156 µm but was attributed to wiper/part collision. The mean

deviation was calculated as 46 µm [113]. This is a significant measurable shift, as it is

above the dimensions of a single pixel of 20 µm. Only the instability of the camera seems

to have been assessed, whereasany shift in marker due to thermal deformation of the part

has been ignored. It is understood that each track should be scanned in the same location

by the optical system; however, the underlying geometry could have caused inconsistent

cooling conditions leading to stress contraction laterally shifting the marker.
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2.4 Spectroscopic Monitoring in Laser Welding

Laser welding is analogous with SLM as fundamentally the process is the same. A high

laser power energy source is used to melt metal, which on freezing fuses two adjacent

objects. Since the invention of the CO2 gas laser by Patel in 1964 [114] attempts to join

metals with these systems quickly began. This was achieved as early as 1965 with the

joining of metallic wires [115]. In-process monitoring tools began to be developed towards

the end of the 1980’s with the use of ultrasonic surface sensors to measure weld penetration

and UV monitoring to assess changes in process conditions [116].

Laser welding monitoring has utilised similar sensing techniques as have been used in SLM.

Photodiodes have been used to monitor focal position, process stability and keyhole weld

penetration [117–120]. Visible wavelength cameras have assessed melt pool dimensions

and focus positioning [121, 122] and pyrometers have also been used to adjust pulse delay

to maintain full penetration in the welding of copper [123]. Several of these system have

achieved closed loop feedback control [117–119, 123]. However another technique used in

welding has been the investigation of the wavelength spectrum emitted from the vapour

plume via spectrometry. This is especially relevant to the work described in this thesis.

As previously discussed, the current SLM monitoring research has centred on the use of

cameras, pyrometers and photodiodes to record thermal signatures from the melt pool.

However all research has neglected to investigate the vapour plume which is visible above

the fusion zone, as shown in Figure 2.22. Co-axial SLM vision systems will view this plume

and it may block the melt pool emission. This may result in the false assessment of real-

time melt pool dimensions derived by Kruth et al. as they assume their system is clearly

viewing molten material [6].

Figure 2.22 Optical emissions from the vapour plume above the fusion zone of a SLM
system.

The vapour plume above the melt pool in laser welding is a hot gas of metal vapour
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or weakly ionised plasma which emits electromagnetic radiation. As the vapour plume

emission has a broad span of wavelengths, it can be analysed via a spectrometer. The

emissions can be split into two types; blackbody continuum radiation and spectral line

emissions [124]. The blackbody continuum radiation arises from two sources. Firstly

there are recombinations of free thermal electrons with bound electronic atomic states,

known as free-bound interactions. Secondly, there are free-free interactions, in which elec-

trons lose kinetic energy during coulomb interactions with atomic nuclei; this is known

as Bremsstrahlung (German for braking radiation). Both these interactions give rise to

a broadband emission of continuous wavelengths [19, 125]. A schematic of free-free and

free-bound electron transitions can be seen in Figure 2.23.

Figure 2.23 Different electron transitions which occur in a hot vapour [126].

The shape of the continuum spectral emission follows Planck’s law and can be used to

determine the temperature of the vapour [127]. As the gas increases in temperature, the

free electrons gain more energy. When interacting with nuclei or recombining with bound

atomic energy levels, higher energy photons are emitted. This shifts the peak emission

wavelength of the spectrum towards lower wavelengths, as shown in Figure 2.24.

Line emissions are due to electrons moving between bound energy levels within an excited

atom or ion. When an electron moves from a higher energy level to a lower level, a

photon is emitted with an energy equal to the difference. The corresponding wavelength

is therefore a marker of a specific bound-bound transition. As many of these transitions

occur in different atoms in the vapour plume, sharp peaks are recorded in the spectrum and

are known as spectral lines [128]. As atomic energy levels are individual to each element,

these spectral lines can be used for the analysis of vapour composition. Noting if gaseous
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Figure 2.24 Planck’s law curves from differing temperatures.

molecules exist in the vapour, changes to vibrational and rotational energy states can also

emit discrete wavelength emissions [126].

When viewing an intensity spectrum of a hot gas, the spectral line emissions produced

sharp peaks due to the emission of many identical transmissions from different nuclei. The

intensity of different transitions can be used to assess the temperature of the electrons

in the plume, known as the plasma electron temperature. This was first described by

Griem [129] and can be calculated by either producing a Boltzmann plot, which consists

of intensities of several spectral transitions, or by relating the intensity of two individual

lines. The relative line intensity method can only be used if the difference in upper energy

levels of the two chosen spectral lines is much greater than the estimated plasma electron

temperature [16, 130]. Both these methods use probability and weighting parameters

for each transition which are obtained via the NIST spectral line database [131]. The

mathematical derivation of these techniques will be discussed in Section 2.5.4.

As the laser energy is absorbed into a melt pool, the temperature will rise such that

some material will be vaporised. The incoming laser energy can then be absorbed into the

vapour directly via inverse Bremsstrahlung, i.e. photon energy will be absorbed directly by

electrons, and will therefore increase the vapour temperature. As inverse Bremsstrahlung

is proportional to wavelength [130], higher levels of vapour absorption occur when welding

using CO2 lasers (λ = 10.6 µm) than Nd:YAG sources (λ = 1064 nm) [132]. This has

therefore led to some stating that it is less likely to view spectral lines from Nd:YAG

excited vapours [133]. However, others have recorded distinct line emission when welding

with Nd:YAG and Yb Fibre laser sources, as shown in Figure 2.25 [108, 109]. Noting,

Nd:YAG lasers are relevant to SLM as the emission wavelength of 1064 nm is very close to

the 1070 nm emission from Ytterbium fibre laser sources which are used in all commercial
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systems.

Figure 2.25 Spectral emissions of AISI 304 stainless steel from A: Pulsed Nd:YAG and
B: Continuous wave fibre laser sources. The discrete spectral lines can be seen above the
blackbody continuum radiation [109].

When no lines have been present in a recorded spectrum it has be argued whether the

thermal blackbody emission is mainly from the melt pool or the vapour. Sibillano et

al. state that if a Planck curve is fitted to experimental emission data, the resultant

temperatures are above the melt point for 304 stainless steel [134] and therefore at least a

proportion of the thermal blackbody continuum radiation is emitted from the vapour. Zou

et al. attempted to curve fit against the continuum radiation in the welding of pure iron

with a 6 kW fibre laser and reported a plasma temperature of 5000 K. They state that

this method is more reliable than investigating line emission at larger distances from the

plume [135]. However this increases the likelihood of viewing of the melt pool which could

dominate recordings.

Greses et al. measured the temperature of the vapour plume generated when processing

mild steel with a 3.5 kW Nd:YAG laser. When fitting a blackbody curve to the continuum

radiation, plume temperatures between 2000 - 2200 K were reported [136]. This is only

slightly above the melting temperature of the alloy. Figure 2.26 shows the curve fitting

performed; however, if the fit would have been attempted along the spectrum from 600 nm

- 800 nm, a much higher plume temperature would have been calculated.

Yermachenko et al. used Wien’s displacement law, which relates the peak blackbody

wavelength to temperature, to assess the iron vapour plume produced by a 10 kW fibre

laser. Temperatures between 2700 - 3000 K were reported, which is around the boiling

temperature of the iron samples [132]. They appeared to be directly viewing the melt pool
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Figure 2.26 Blackbody continuum radiation fitting of Nd:YAG generated vapour plume
by Greses et al. Note that the two sharp peaks are are due to a Copper vapour laser
illumination source [136].

as opposed to the vapour. Once the liquid has reach boiling temperature, no temperature

rise in the melt will occur. Variation in melt pool volume will be recorded as changes to

the magnitude of the blackbody emission curve. When attempting to measure the vapour

temperature, the signal from the molten material can overwhelm a hotter signal from the

vapour plume, if the melt pool is large. To avoid this Sibillano et al. positioned a collection

optic at a low angle with respect to the work piece. Using this method a clear view of the

vapour plume was achieved with minimal addition of blackbody continuum radiation from

the melt pool [109]. A schematic of the experimental configuration can be seen in Figure

2.27 and is typical of the majority of laser welding configurations.

Figure 2.27 Experimatal schemantic for assessing vapour plume temperature by Sibillano
[109].

Excess vapour heating may cause beam defocusing, thereby changing coupling efficiency

with the melt pool, causing process instability which gives rise to a lack of weld depth or

other flaws [134, 137]. The excess vapour pressure also gives rise to spatter/spark release
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from the fusion zone [138]. When performing a keyhole weld the vapour plume is essential

for correct operation. The keyhole welding mode occurs when the vapour emission causes

the surface of the melt pool to recede into the work piece. This increases laser absorption

via repeated Fresnel reflections and therefore further increasing vapour emission, causing

the cavity to increase in depth. The vapour pressure is required to maintain the opening by

preventing the molten walls of the cavity collapsing under gravity [14]. Therefore analysis

of the vapour from the fusion zone can be used to assess or control the welding process.

As the melt pool can affect the assessment of the vapour in welding interaction, many

researchers have used the spectral line emissions to measure the plasma electron temper-

ature within the plume. It must be noted that careful assessment of the vapour is required

if relative line ratio or Boltzmann plot methodologies are to be used. The vapour must

be determined to be optically thin, this means that a spontaneously emitted photon can

escape the volume [107]. If this is not the case self-absorption occurs, where a generated

photon is absorbed by another atom before it can escape the plasma volume. This results

in a reduced line intensity of the original transition, which can effect the temperature calcu-

lation. The techniques for identifying self absorption will be discussed with the theoretical

explanation of plasma electron temperature in Section 2.5.4.

Sabbaghzadah used a 400 W pulsed Nd:YAG laser in the welding of ST14 steel and meas-

ured vapour temperature via a relative line ratio technique. The temperature of the plume

was found to decrease from 7600 K to 6800 K as the Argon shielding gas rate was increased

between 5 - 25 litres per minute. This was attributed to the cooling of the plume by the

gas; however, it was likely due to the vapour being removed from the fusion zone quicker

and therefore less heating of the gas occurred [108]. This agrees with Lacroix et al. who

varied shielding gas flow rate between 0 - 40 litres per minute when welding with a 1 kW

pulsed Nd:YAG source. The plume temperature was also found to decrease with increasing

flow rate for temperatures varying from 7150 K to 6000 K. Millar and DebRoy adjusted the

argon flow rate when welding AISI201 steel with a CO2 laser source, but it was found that

the plume remained at 8800 ± 400 K when varying from argon flow rate between 1 - 8 litres

per minute. They concluded that it was not the temperature but the absolute intensity

of the chosen spectral peaks which varied. Therefore the volume of plasma increased at

lower shield gas rates, but the plasma was in a steady state condition with the fixed laser

input power [107]. It must be noted that the gas flow range was not as large as in other

research.

Szymanski and Kurzyna, using a similar set up, measured a peak plasma electron temper-

ature of 8650 K for welding of stainless steel. It was also reported that using helium as a

shield gas reduced the vapour temperature as the lower molecular mass allowed for higher

levels of collisional heat conduction from the plume [139]. Repeating the experiments with

titanium, temperatures of around 8500 K were reported. It was noted that the accuracy
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of plume temperatures is increased by performing an Abel transform measurement tech-

nique. This is where individual slice measurements are taken through the vapour volume

and combined to find the centre peak temperature. Using this technique, the researchers

found that the axial plume temperature was over 11000 K for the welding of stainless steel

and titanium, noting that the plume’s extreme measurement matched the earlier reported

temperatures [137].

Ancona et al. used a two line ratio methodology to produce real-time measurements of

the plume temperature for CO2 welding of stainless steel tubing. The temperature was

found to remain steady at around 11500 K along a 3 m long weld. When the translational

speed of the weld was temporarily increased, to produced a weld defect, a sharp increase

in plasma electron temperature was recorded [140]. The authors deduce that the vapour

temperature rapidly adjusts with energy density variation. The increase in temperature

as the translation speed increases is initially of surprise as the energy applied to an area

reduces. It would be assumed that a temperature increase would occur when the energy

input increases. Sibillano et al. also recorded a decrease in plasma electron temperature

as energy input increased. In this study the input laser power was varied, as opposed to

translational speed, in the welding of 304 stainless steel. When using either a CO2 (0.8 -

2.4 kW) or Nd:YAG (80 - 200 W) source, temperature would decrease as the input power

increased, agreeing with the previous researchers findings [134].

The temperature decrease with increased energy input was attributed to the production

of a keyhole welding mode. As the power increases, the keyhole recedes into the work

piece resulting in deep weld penetration. This moves the hottest plasma plume inside

the work piece. The colder extremes of the plume are left outside the keyhole and are

therefore measured. Using the lowest Nd:YAG average pulse power of 80 W, an electron

temperature of 7750 K was recorded; however, this dropped to 7550 K when the power

was increased to 200 W. The authors therefore postulate that the penetration depth of

weld can be controlled by measurement of the plasma electron temperature and varying

laser input power [109]. It may be beneficial to position the collection optic close to the

optical axis to view inside the cavity. However, this will give rise to viewing of the melt

pool around the keyhole entrance [141]. If the peaks are large in magnitude with respect

to blackbody continuum radiation contribution, a plasma temperature calculation could

still be made.

The keyhole shielding of the hottest plasma explains the low electron temperature some

researchers have recorded with very powerful fibre laser sources. Kawahito et. al measured

the plume temperature, via a Boltzmann plot method, for the processing of 304 stainless

steel with a 10 kW fibre laser source. The reported temperature of 6000 K was lower

than other researchers; however, an extremely deep keyhole welding was produced. The

researchers produced a very high aspect ratio weld, which had a penetration depth of 12
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mm for a narrow 1.3 mm bead width, as shown in Figure 2.28 [142]. With such a deep

cavity only low temperature vapour was visible via the horizontally positioned spectrometer

collection optic.

Figure 2.28 Deep section keyhole welding performed by Kawahito et al. Surface humping
was noted due to instability in the keyhole [142]

Konuk et al. investigated if the location of the collection optic for a spectrometer resulted

in difference in temperature calculations. The position of the collection optic was moved

between a front view and a side view of the fusion zone, at a fixed angle of 65◦. Lap

welds were manufactured between 1.3 mm and 2 mm AISI304 stainless steel sheets with

a 4 kW continuous wave Nd:YAG laser source, as shown in Figure 2.29. No difference in

temperature recordings were made between the two collection optic positions [133]. This

suggests that the plume remains radially symmetric even with the side flow of shield gas.

The researchers determined that a plasma electron temperature of 6850 K was required

for full weld penetration. A PI controller was used to adjust laser power to maintain the

set point temperature. In ideal conditions the system could maintain full penetration;

however, if gaps appeared between the two metal sheets the system failed. The set point

temperature was still controlled but the separations in the work piece led to a wide weld

bead in the upper sheet with no penetration to the lower. Therefore for the system to

be employed as a control tool, careful lay up of the sheets would be required. When

increasing shield gas flow the plasma temperature remain the same however, the stability

of the control system decreased. This was due to a reduction in spectral line intensity,

which increased system uncertainty. This agrees with Miller and DebRoy reporting of a

decrease in plasma volume, not temperature, with increased gas flow [107].

In laser micro machining, assessment of spectral line intensity has been used to assess

material ablation rates when processing with Q-switched Nd:YAG sources [143]. When
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Figure 2.29 Schematic of experimental set-up used by Konuk et al. with example record-
ing [133].

varying focal position in the processing of steel, a minimum in both line intensity and

ablated mass was found at smallest focal beam diameters. This was attributed to a sat-

uration of ablation due to the high aspect ratios of machined channels [144]. Hanif et

al. assessed the plasma electron temperature of titanium samples machined using a Q-

switched Nd:YAG laser. A peak temperature of 8760 K was measured directly at the

fusion zone, decreasing to 8400 K a distance 2 mm above, for 130 mJ pulse energies [145].

It was postulated that increasing pulse power would not lead to a vast increase in electron

temperature. This was due to an increase in the density of the plasma which would lead

to increased laser reflection. By calculating the electron density inside the plasma plume,

whilst varying the pulse energy between 85 - 130 mJ, this was found not to be the case

and therefore the majority of energy was actually used to increase vapour temperature.

De Giacomo et al. assessed the development of electron temperature over the first 3 ms

of the plasma lifetime when titanium was ablated with a 8 ns duration 3.3 Jcm−2 fluence

pulsed Nd:YAG source [146]. A blackbody continuum spectrum was produced directly after

excitation. However discrete spectral lines began to appear after 100 ns. Therefore, initially

the plasma is dominated by free-free transitions before transferring energy into free-bound

and then bound-bound emissions. The blackbody continuum radiation disappeared from

the plasma after 400 ns in this short pulsed case. This corresponded with a decrease from

a peak temperate of 12000 K to 8500 K after 3 ms. The temperature therefore stabilises

rapidly after energy input [147].

Analogous monitoring research has also been undertaken in arc welding. This uses a hot

plasma, created via an electric arc, as a heat source to join metallic materials. Mirapeix

et al. have used the two line ratio techniques to assess weld seem quality, using identical

methodologies to laser welders [148]. However they have simplified the technique by using
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a non-abel inversion technique developed by Marrotta. A single recording of the entire

plasma can be used to calculate temperature if the plasma is assumed to have a radially

symmetric Gaussian profile [149]. The researcher also developed a methodology of remov-

ing the blackbody continuum radiation from spectra in order to accurately assess peak

intensity. This involved the subtraction of an unweighted sliding average of a range of

wavelengths around each specific wavelength [150], as shown in Figure 2.30.

Figure 2.30 Blackbody continuum radiation removal via sliding average [151].

Spikes in electron temperature were found when temporally decreasing shield gas flow rate,

owing to increased energy input into the vapour before exiting the fusion zone. The peaks

in blackbody continuum radiation curves were also used to track temperature variations

and relate to process instabilities. The peaks wavelengths were found to shift to the right,

therefore denoting a lowering of the blackbody radiation temperature, when incomplete

welding was achieved. This therefore relates the lowering in vapour temperature with

lowering in material melting [151]. Ancona et al. also calculated the plasma electron

temperature in arc welding and noted that the sharp spikes in temperature corresponded

to pore creation and dips related to lack of penetration [152]. Some of the outcomes of arc

welding research differ from that of laser welding due to differences in the welding mode

and therefore direct comparison is difficult. However, the monitoring technique is still valid

in both welding processes and therefore the investigation of arc welding was valid.

It has been demonstrated that spectroscopic techniques used to analyse laser welding give

an insight into process stability. It is therefore worthwhile pursuing an investigation into

employing these techniques in SLM. If the variation in temperature of the vapour relates to

the melt volume, spectrometry could be used to maintain melt track dimensions irrespective

of underlying geometry and therefore in the future could be used as a process analysis tool

or feedback mechanism.
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2.5 Laser Material Interactions

For any useful materials processing to occur via laser irradiation, the energy must be

absorbed into the build material. Unfortunately, the metallic build materials related to

SLM are inherently reflective at process laser wavelengths. In the wavelength region of

industrial process lasers, around 1 µm for solid state Nd:YAG and Ytterbium fibre lasers

or 10.6 µm for CO2 gas lasers, absorption is typically low. In the 1 µm range optical

absorption percentages into iron, titanium and aluminium are only 36%, 37% and 9%

respectively [14].

However, absorption does occur and this develops into an internal energy source of the ma-

terial. This has the effect of altering the physical properties of the material which in turn,

aides in increasing laser absorptivity and therefore increases process efficiency. Once energy

has been absorbed, secondary processes occur which cause the melting and evaporation of

the process material. In the following section the absorption of electromagnetic radiation

into metals and powders will be discussed. This will be followed by an explanation of the

plasma electron temperature calculations which were used in this thesis.

2.5.1 Fundamentals of Light Absorption

As the name suggests, Selective Laser Melting is fundamentally a process in which a high

intensity coherent light source, a laser, is used to melt a build material. To full understand

the process, the physical interaction of electromagnetic radiation with matter must be

understood.

The propagation of light through a non-absorbing (Vacuum) medium can be represented

by describing the electric field, E, as:

E = E0e
i(2πz/λ−ωt) (2.2)

where z is the propagation direction of the light, ω is the angular frequency, λ is the

wavelength and t is the time. The wavelength and the angular frequency are related via

the velocity, v, of the wave through the medium such that:

λ = vν = v
c

n
=

2π

ω

c

n
(2.3)

where ν is the frequency, c is the speed of light in a vacuum and n is the refractive index

of the propagation medium.
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The magnitude of the magnetic field component, H0, of electromagnetic radiation can be

linked to the electric field magnitude via:

H0 = cE0 (2.4)

Although the magnetic and electric field components of an electromagnetic wave contain

equal (on average) magnitudes of energy, the electric field is the most importance for

absorption. Photons apply a force on electrons when propagating through a transmissive

medium, this is known as the Lorentz force, which is described by:

F = −e

[
E +

(
n

c

)
(v ×H)

]
(2.5)

where e is the electric charge. The velocity of these electrons will however, be small

compared to the speed of light and therefore the magnetic field component of the Lorentz

force becomes negligible leading to:

F = −eE (2.6)

For an electromagnetic field the energy flux density, i.e. the rate of energy transfer per

unit area, is can be calculated via the Poynting vector:

S =
1

µ0
E×H (2.7)

where µ0 is the magnetic permeability in free space. However, as the frequency of electro-

magnetic radiation is very high in the optical region, it is more useful to consider the time

averaged value:

S(z, t) =
1

µ0
E(z, t)H(z, t) (2.8)

Save = I =
E0H0

2µ0
(2.9)

Where Save is the time averaged Poynting Vector which is more commonly known as the

Intensity, I. By substituting Equation 2.4 into Equation 2.9, plus noting that ε0µ0 = 1/c2,

it can be shown that intensity is dependent on the magnitude of the electric field given by:
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I =
E0H0

2µ0
=

E2
0

2µ0c
=

1

2
ε0cE

2
0 (2.10)

where ε0 is the permittivity of free space. However, apart from propagation, a proportion

of the incident radiation will be absorbed. This can be explained mathematically be

substituting the refractive index with the complex refractive index:

n ≡ n+ iκ (2.11)

where κ is the extinction coefficient, a measure of absorption loss. By inserting the complex

refractive index in Equation 2.3 and substituting into Equation 2.2 it is found that:

E = E0e
i(2πz/λ−ωt) = E0e

i(ωnz/c−ωt) = E0e
i(ωnz/c−ωt)ei(ωiκz/c−ωt) (2.12)

E = E0e
i(ωnz/c−ωt)e−ωκz/c (2.13)

The introduction of the complex extinct coefficient produces a real exponential decay factor

related only to the propagation direction. As this factor is time independent its inclusion

will alter the intensity formula stated in Equation 2.10 to the following:

I =
1

2
εvE2

0e
−2ωκz/c = I0e

−2ωκz/c (2.14)

Note that permittivity has changed to a material specific value, a complex function in

metals, and the wave propagation velocity is no longer equal to the speed of light.

The exponential decay in the intensity of a propagating wave can be shown to have a

material specific absorption coefficient, α, which is defined such that:

e−αz = e−2ωκz/c (2.15)

α =
2ωκ

c
=

4πκ

λ
(2.16)

Therefore the intensity of a propagation wave, known as the Beer-Lambert Law [14], is

given by:
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I = I0e
−αz (2.17)

On interaction with a medium boundary, the electromagnetic radiation is not completely

transmitted due to surface reflection. On interaction with the medium surface, the wave-

fronts of the beam are distorted, splitting the beam into two components, one of which is

transmitted, the other reflected. Fresnel equations are used to explain this behaviour with

respect to angle of incidence and refractive index. For the special case of beam incident

normal to a vacuum (or air) medium interface, the reflectance, R, is given by:

R =

∣∣∣∣n− 1

n+ 1

∣∣∣∣2 (2.18)

Therefore the proportion of beam intensity transmitted into the medium is:

I = (1−R)I0e
−αz (2.19)

For opaque materials, the absorption coefficient is very large and therefore the transmitted

energy is fully absorbed over a short distance and can be considered a surface effect. With

this in mind the fraction of energy absorbed by a medium can be simplified as (1 − R)

of the incident energy [153]. This energy transfer occurs in a short distance within the

material surface and the heat is carried deeper into the material via thermal conduction

[154].

To quantify that optical absorption can be treated as a surface effect, a skin depth, δs, is

defined as the distance from the surface that the electric field has decayed to 1/e of the

incident value. This corresponds to a 1/e2 decay of the incident intensity. From Equation

2.17 and 2.18 the skin depth can be calculated via:

I(δs) = I0e
−2 (2.20)

αδs = 2→ δs =
2

α
=

λ

2πκ
(2.21)

For a Ytterbium fibre laser incident on a titanium substrate, κ(λ = 1070 nm) = 4.0113

[155], the skin depth is 42 nm, this is only a fraction of the wavelength of the incident

radiation. Therefore, for the length scales used in materials processing, optical absorption

is a surface effect.
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2.5.2 Optical Absorption in Metals

Electromagnetic radiation incident upon a metal will be either reflected, transmitted or

absorbed as previously discussed in Section 2.5.1. All incident photons contain an electric

field component which induces vibrations when passing a charged particle. As the electric

field of a photon is very small, heavy nuclei are unaffected, and therefore in metals these

vibrations occur in the conduction cloud of electrons in the metallic lattice. The absorption

of the photon energy as a forced vibration is known as Inverse Bremsstrahlung.

This is derived from ”Bremsstrahlung”, a German term meaning breaking radiation, in

which an electron emits a photon when subjected to an inelastic Coulomb interaction

with a atomic nucleus. The collision causes the electron to decelerate and therefore its

trajectory is altered. This reduces the energy of the deflected electron and therefore, in

order to satisfy the law of conservation of energy, a photon is emitted as shown in Figure

2.31.

Figure 2.31 Bremsstrahlung interaction: An electron with energy E1 is decelerated by
the heavy atomic nucleus thus reducing the its energy to E2. A photon with energy equal
to the difference is emitted in a random direction.

The excited electron is required to re-emit the extra energy and return to its previous

energy state within the conduction cloud; there are two options. A photon of equal energy

to the incident photon can be emitted in any direction, this gives rise to reflection or

transmission through the medium. The second option is an electron-phonon interaction,

in which the energy is transferred to the metallic lattice. In this case the energy has been

considered to be absorbed by the material [14].

The vibration of the lattice is known as heat and this diffuses through the material. These

phonons can transfer energy back to the conduction cloud electrons, which may then emit

photons which give rises to blackbody continuum radiation. If a sufficient level of energy

is absorbed into a local area, the vibration of the inter-metallic bonds are stretched to a

45



degree in which the material is no longer able to exhibit mechanical strength; the material

has melted. On further increased energy input, bonding is further decreased due to strong

molecular vibrations. Atoms or molecules become detached from the liquid and evaporate.

The vapour is only weakly absorbing as only bound electrons remain. However, with high

levels of incident intensity, electrons can be striped from atoms and a plasma is formed

[14].

The vapour emanating from the the melt pool under high levels of incident radiation can

have positive and negative effects to further the beam coupling into the material. At low

intensities (sub 106 W/cm2) the vapour is transparent to incoming radiation; however,

small particles (sub-micron) can condense in the vapour. This can lead to scattering

and unwanted absorption. The vapour also exhibits a differing refractive index to its

surroundings and therefore can distort the incoming beam, altering the energy distribution

[127].

If the incident radiation intensity rises to between approximately 107 - 1010 W/cm2, the

vapour starts to be partially ionised [154]. This further increases the vapour’s ability to

absorb the incident beam. This is due to the excited electrons existing in higher quantum

states, further from the Coulomb potential of the nucleus. The vapour, now a partially

ionised plasma, will radiate as a blackbody and can be absorbed by the underlying material.

This can be beneficial for infrared wavelength sources which often exhibit low absorption

into metal and as a result increases overall energy absorption [153]. As the plasma resides

close to the surface of the melt pool, heat conduction can also occurs transferring energy

into the melt pool.

If the proportion of incident beam energy blocked from reaching the melt pool is outweighed

by energy transferred via blackbody emission and heat diffusion from the vapour; this is

termed as plasma coupling [153]. As the incident energy density increases, the vapour

increases in temperature and density which causes the vapour to expand and detach from

the surface in some cases. This reduces energy coupling as thermal conduction ceases and,

as the vapour emits blackbody continuum radiation in all direction, a reduced proportion

of energy is absorbed into the melt. This is known as plasma shielding and tends to be

cyclic. As the plasma detaches, thus reducing energy into the melt pool, further vapour

production is reduced, stemming the shielding effect. This then allows a higher proportion

of energy to reach the melt pool which causes a rapid vapour production which readily

absorbs the incident energy causing the cycle to repeat. Therefore plasma generation

should be controlled to produce consistent melting in laser material processing [130].
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2.5.3 Optical Absorption in Powders

The absorption of electromagnetic radiation is strongly dependant on polarisation and

angle of incidence [156]. The surface finish of the material can also have an effect but this

is a manifestation of localised variations of angle of incidence with respect to the global

surface normal. With certain surface geometries, this can cause increased absorption as

the incident radiation will reflect on multiple occasions, with absorption occurring on

each interaction as shown in Figure 2.32. Therefore, energy not absorbed in the initial

interaction may have secondary opportunities. Light trapping usually occurs with surface

features sized at approximately equal to the incident wavelength and above [157].

Figure 2.32 (a) Specular reflection from a flat surface. (b) Multiple reflections due to
localised surface structures. [157])

Powder bed absorption is aided by a similar multiple reflection process, provided by the

individual powder particles. Therefore, energy can be absorbed at a much greater depth

with respect to the surface of a solid substrate [158]. Figure 2.33 displays an example of

a 2D ray tracing model. As an incident light ray interacts with a particle, a proportion

of energy is absorbed and the remainder is reflected. The unabsorbed proportion propag-

ates deeper into the powder bed and continues to interact with further particles until the

reflected energy becomes negligible.

As the surface of the powder bed is not 100% dense, i.e there is inherent porosity due to

powder packing, the highest levels of absorption do not occur at the surface but slightly

below. The multiple reflections allow for high level absorption of incident radiation in

sufficiently thick powder layers. Wang et al. observed that >96% of incident laser radiation

was absorption within a 0.4 mm thick layer of Tungsten Carbide-Cobalt powder [159].

Early ray-tracing studies modelled powder beds with one or two different sized powder

particles and ignored polarisation and incidence angle. However, absorption is heavily

dependant on these two physical properties. Parallel polarised rays increase in absorption

until a maximum at high angles of incidence, due to the electric field component oscillating

into the material. These rays are therefore absorbed readily at the edges of powder particles
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Figure 2.33 2D illustration of a powder bed ray-tracing model with a binary powder
particle distribution [159].

as shown in Figure 2.34.

Figure 2.34 (a) Absorption in stainless steel for 1 µm radiation in perpendicular, s,
and parallel, p, polarisation states at varying angles of incidents; (b) Absorption across a
spherical stainless steel particle [160].

Boley et al. [160] have developed the technique by including polarisation and incident

angle response into a ray tracing model but more importantly added a randomised particle

packing approach. This mirrored actual AM powder, provided by Concept Laser [161],

with a distribution of particle sizes. The significance of this was a variation of absorptivity

in the powder locally due to difference in powder composition sizes. This could lead to

variations in melt track width or pore development as a non constant energy input is

achieved.

It is worth noting that the radiative transfer of energy through the powder bed is by far

the most important transfer mechanism. Loosely packed powder does not exhibit high
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levels of thermal conductivity and therefore locally absorbed energy is entirely used for

melting. It has been shown that thermal conductivity is two orders of magnitude lower for

AM powders as opposed to bulk materials. For example, 316L stainless with bulk thermal

conductivity of 15 W/mK has been found to have a powder thermal conductivity of 0.16

W/mK for spherical 57 µm average powder particle size with a packing density of 60%

[162].

A different approach to the absorption of incident radiation in powder beds has been invest-

igated via radiation transfer models. In this case, the powder is treated as a homogeneous

absorbing and scattering volume with effective radiation transfer properties equivalent to

that of a powder bed [163]. The transmission through a powder bed can be described by

the effective extinction coefficient, β, in an equation analogous to the Beer-Lambert Law,

in which the transmission, T, can be described as [164]:

T (z) = e−βz (2.22)

The effective extinction coefficient is not however effected by the particle material or incid-

ent wavelength but by the cross sectional area of the void through a unit volume of powder.

Rombouts et al. experimentally determined the effective extinction coefficients and these

were found to be higher than values derived through theoretical analysis [164]. More

importantly, the incident energy, regardless of input beam distribution, whether Gaus-

sian or Top-hat profile, could travel radially as a beam propagated through the powder.

Therefore, if the radiation travels significantly through the powder, i.e. βz ≈ 2, a narrow

beam can spread producing a wide area of energy input. If this is sufficient for melting a

wide melt track will form, negating the initial narrow beam diameter [165]. This analysis

method does produce very similar results to ray tracing methodologies, but overestimates

the energy absorbed at the surface, as no powder topology is considered.

It is worth noting that in powder bed manufacturing, thin layers of powder usually cover

a solid substrate or previously melted material. These solid substrates result in lower

absorption than the powder above. This allows for light to be reflected back through the

powder layer and have a second absorption chance [163]. However, sufficient absorption

must occur in the solid substrate layer to cause melting and allow for intermetallic bonding

with the melt pool above on freezing.

2.5.4 Plasma Electron Temperature

As discussed in Section 2.5.1, if sufficient laser energy is absorbed into a material, melting

and then vaporisation will occur. This vapour can then be further ionized by the incoming

laser to produce a partially ionized plasma. The plasma will emit temperature information
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in two ways. It will act as a blackbody emitter, radiating a wide range of wavelengths,

which can be used to calculate the temperature as discussed in Section 2.4.

The partial ionized plasma will also emit spectral line radiation. These are specific wavelength

photon emissions due to discrete electron transitions from one atomic energy level to an-

other in a gaseous atom. The emissions are material specific owing to electron level config-

urations in the constituent atoms. As each energy level has a specific energy, a transition

between two discrete levels will produce a photon with a characteristic wavelength specific

to that stated transition. Figure 2.35 shows a schematic of the photon emission. An excited

electron in level m of an atom spontaneously decays into level n. As the lower quantum

level requires a lower energy, the excess energy is conserved by the release of a photon.

Figure 2.35 Electron transition from level m to level n emitting a photon with energy
equal to the energy between the levels

The relative intensities of selected discrete atomic transitions can be used to calculate the

electron temperature of the plasma above the melt pool. A mathematical description of

the analysis technique will now be discussed.

The plasma electron temperature, Te, can be determined with the use of the Boltzmann’s

Equation, as stated in Equation 2.23 [129]. This states that the number of atoms within

a plasma volume which are excited into the mth quantum level, Nm, with energy Em can

be calculated from the following expression:

Nm

N
=
gm
Z
exp

[
−Em
kbTe

]
(2.23)

where N is the total number of atoms within the volume, Z is partition function, kb is

Boltzmann’s constant and gm is the statistical weight of level m. This is calculated directly

from the azimuthal quantum number, J, and is the number of allowed quantized angular

momentum states within an energy level [166] given by:

gm = 2Jm + 1 (2.24)
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If a plasma is assumed to be under local thermal equilibrium and optically thin, such that

the spontaneous emission from the plasma volume can escape the surface [167], then the

emission intensity of a spontaneous emission from quantum level m to n, Imn can be related

to the population density of the upper level m via:

Imn = NmAmn
hc

λmn
(2.25)

where hc/λmn is the energy between the transition levels and Amn is the transition probab-

ility. Self absorption can be confirmed by calculating the relative intensity of two spectral

lines, which both originate from the same upper bound energy level. If the measured ratio

is equal to the theoretical ratio of the photon energy multiplied by the transition prob-

ability, for each transition, no self absorption occurs [139]. This can be simplified to the

relationship described in Equation 2.26 for transitions from levels m→ n and m→ o. Self

absorption can also occur if the upper transitional state is inside kBT of the ground state

energy [136].

Imn
Imo

=
Amn
λmn

λmo
Amo

(2.26)

The plasma must also be in local thermal equilibrium, in which energy spread has settled to

a Maxwellian distribution and therefore energy transfer is dominated by collision processes

[140]. Although this is material and laser wavelength dependant, as the plasma rapidly

become steady state with a few nanoseconds this is usually assumed [130].

By combining Equations 2.23 and 2.25 and rearranging, the following expression can be

obtained:

ln

[
Imnλmn
Amngm

]
= ln

[
hcN

Z

]
− Em
kbTe

(2.27)

This relationship can be used to produce a Boltzmann-plot. By measuring the intensities

of many lines from an atomic species and plotting these with the respective excited energy

levels, the gradient of the resultant plot is proportional to the electron temperature. An

example plot can be seen in Figure 2.36

However, it is common to simplify the plasma electron temperature calculation by using

only two emission line intensities. Consider the ratio of the number of atoms excited to

quantum states with energies Ei and Ek, as described by Equation 2.23:
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Figure 2.36 Boltzmann plot calculation of plasma electron temperature for titanium
samples ablated via a Q-switched Nd:YAG laser [145].

Ni

Nk
=
gi
gk
exp

[
− Ei − Ek

kbTe

]
(2.28)

Now considering two emission lines, described by transition from level i→ j and k → l, by

rearranging Equation 2.25 with respect to the population of the upper level and substituting

into Equation 2.28, the following is obtained:

Ni

Nk
≡ IijλijAkl
IklλklAij

=
gi
gk
exp

[
− Ei − Ek

kbTe

]
(2.29)

Iij
Ikl

=
λklAijgi
λijAklgk

exp

[
− Ei − Ek

kbTe

]
(2.30)

Therefore two independent electron transition line intensities are exponentially propor-

tional to the electron temperature. By rearranging Equation 2.30, the electron temperat-

ure can be calculated by the ratio of two emission line intensities, as described in Equation

2.31. This method was first proposed by Griem [129] and was used to calculate the plasma

electron temperature of the vapour emitted from the SLM fusion process in this thesis.

Te = − Ei − Ek
kbln

[
IijλijAklgk
IklλklAijgi

] (2.31)
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3 Materials and Methods

This chapter discusses the manufacturing equipment, software packages and measurement

techniques used in the research described in this thesis.

3.1 Manufacturing Equipment

Two SLM250 (Realizer GmbH, Germany) SLM machines were used in this study. Although

built several years apart each system was identical in operation. SLM systems contain four

main subsystems which work in unison to produce three dimension metallic components,

these are:

• Optical laser track

• Atmospheric control

• Powder management

• Computer processing and control

The optical track of each system was identical in configuration. Each used a single mode

continuous wave ytterbium doped fibre laser with an emission wavelength, λ = 1070 nm,

maximum power output of 200 W and emitted a collimated beam with a 5 mm diameter

from an optical isolator. However the two system used different lasers, these being a R4

RedPOWER (SPI Lasers, UK) laser and a YLR-200 (IPG Photonics, US) for the older

and newer system respectively.

After the beam exits the laser aperture it is expanded via a Galilean beam expander (Sill

Optics, Germany) mounted to a lens actuator system. From this the beam entered a two

mirror scanning galvanometer system (Cambridge Technology, US) which deflected the

beam through an f-theta objective lens (Sill Optics, Germany). This lens passively adjusts

the focal length with respect to scanner angle such that the beam focus is maintained on

a two dimensional plane orthogonal to the central optical axis.

A beam expander is positioned in the optical track to shift the axial location of the two

dimensional focal plane by adjusting internal lens separation. This results in an increase of

the spot diameter across the powder build plane. Increasing the beam diameter entering

the f-theta objective also reduces the minimum beam diameter achievable which was 51

µm for each system.
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Due to the high energy density achievable by the laser system, some of the metallic build

material is vaporised. This condenses within the system producing a condensate consisting

of nano powders which have a very high surface area to volume ratio. The condensate

is therefore pyrophoric and must be safely removed from the system. The system is run

under an argon atmosphere, with an oxygen content below 0.2%, to prevent explosion of

the condensate. The system operates at a 10 mbar overpressure such that oxygen ingress

is unlikely. The atmosphere is circulated through a filter which removes the nano particles

and can be isolated for safe disposal.

As SLM is a powder bed manufacturing technique a methodology of powder management

is required. An externally filled hopper holds the majority of the build powder. This is

fed to a smaller movable dosing system which deposits an appropriate quantity of powder

and spreads it onto a build substrate. The build substrate moves in the z-axis to allow for

repeated layers of powder to be dosed. A schematic of the mechanical subsystems can be

seen in Figure 3.1.

The system is completed by a computer control system. This converts pre-processed CAD

files into two dimensional slices to be used to build components. The computer system

then controls the atmosphere, optical track and powder dosing to manufacture metallic

components.

3.2 Manufacturing Process

The subsystems described in Section 3.1 are run in the following sequence in order to

manufacture an SLM component.

1. A flat metallic plate, matching the build material, is fixed to the build piston then

positioned in the build plane. The build plane is defined as the base of the build

chamber.

2. The atmosphere within the build chamber is replaced with argon via a purging cycle.

The system is ready for operation when the oxygen content falls below 0.2%

3. A quantity of powder is dosed and uniformly spread across the build plate via a

silicone wiper.

4. The laser system scans a pre-determined pattern across the powder layer causing

melting. On solidification a continuous metallic layer is formed.

5. The build piston is lowered by a pre-determined layer thickness. The dosing and

laser scanning process is repeated. Melting is achieved not only in the new layer of

powder but in the solidified layers below, thus achieving full metallurgical bonding.
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Figure 3.1 Schematic of a SLM system.

6. Process repeated until the complete component has been manufactured.

7. Whilst the system remains under an inert atmosphere, un-fused powder is removed

from the build plate into an overflow hopper via manipulation through glove ports.

8. The build plate is removed from the system with the components attached. Com-

ponents can be heat treated in-situ or removed.

By manufacturing layer-by-layer, SLM can produce many complex geometries that were

previously impossible to manufacture such as components with internal cooling channels.

As no tooling is required, designs can be manufactured directly from CAD data and it is

possible to build many differing geometries simultaneously.

Two differing types of structural formats are available for manufacture. These are solid

and porous geometries. Solid geometries consist of volumes of material with high density

(> 99.5%) constructed into the desired shape. Porous geometries are produced from a

lattice of struts which form the desired shape with a designed level of porosity. This can

be used to reduce weight for aerospace applications. Also, it is currently being adopted for

the biomedical industry as porous geometries allow for osseointegration into the surface of

orthopaedic implants [168].
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The manufacture of solid geometries begins with a computer representation of the desired

component. A component could be designed via a computer aided design (CAD) package

such as Creo Parametric 3 (PTC, US) or extracted from CT or MRI scan data via software

packages such as Mimics (Materialise, Belgium). The component is then converted into a

standard file format called a stereolithography (STL) file.

An STL file is a surface representation of the component made of tessellating triangular

facets. Each facet is described by three co-ordinates in a Cartesian space. The direc-

tion normal to the surface is determined through a right-hand rule reading of the three

co-ordinates [169]. The accuracy of the conversion of the component to an STL file is

determined by the size of each facet and the curvature of the desired component, i.e. a

cube would have perfect representation due to the lack of surface curvature. Increasing

the facet counts improves component accuracy but can produce unmanageable file sizes.

The STL file is then processed by software either provided by the manufacturer, such

as Fusco for Realizer systems, or a 3rd party part preparation package, such as Magics

(Materialise, Belgium). The enclosed surface is sliced into a number of two dimensional

layers which contain one or more enclosed areas. These enclosed areas will be recreated in

the build material by a specified laser scanning pattern. The separation of these layers is

dependant on the SLM system’s z-axis resolution, build material size and required surface

finish.

Each scanning pattern is separated into two parts, these being internal hatch lines and the

contour scans. Figure 3.2 displays the generalised scanning strategy. The hatch lines fill the

majority of the area by following a raster pattern and are surrounded by a single contour

scan which outlines the shape. The contour scan is internally offset (Contour offset) by

half the resultant wall thickness of the contour scan such that dimensional accuracy of the

part is maintained.

Figure 3.2 General scanning strategy of a single layer in the SLM process.
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The hatch scan lines and the contour scan lines are produced by different process para-

meters, as they serve different purposes. The hatch lines must efficiently melt the volume

of powder within the enclosed area at the fastest rate for least energy usage, whilst main-

taining a density > 99.5%. The contour scan must be correctly set to ensure dimensional

accuracy and produce the low surface roughness. Each scan type is determined by the

following parameters:

• Laser power

• Laser focal position/Spot size

• Hatch distance

• Point distance

• Exposure time

Each individual hatch line is defined by the point distance and the exposure time as shown

in Figure 3.3. Each line is split into a series of locations separated by the point distance.

The laser is positioned at the start of each hatch line and dwells on each spot for the

exposure time. The galvanometer system then moves the beam to the next exposure

location and repeats. With the Realizer systems, the laser remains on constantly between

all individual points along each hatch line.

Figure 3.3 Layer parameters required for the manufacture of solid geometries via SLM.
Note the alternating hatch direction.

It must also be noted that the orientation of the hatch lines are rotated by 90◦ between

each scan layer. This reduces deformation of the manufactured components due to residual

stresses [54].

3.3 Post Manufacturing Processes

On removal of manufactured components from the SLM system the following processes

were used to allow for testing.
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Part Cleaning

In order to remove any loose powder or other contamination from the manufactured com-

ponents the following cleaning processes were undertaken. Firstly the build plate, with

components still attached, was positioned upside down onto a powder collection box and

fixed via thumb screws. The rear of the build plate was then agitated via a hammer drill

to remove the majority of loose powder. The parts were then removed from the build plate

via general workshop hand tools (chisels, pliers etc). The parts were then cleaned using

the following protocal:

• Sonicate components in a 5% solution of Decon 90 detergent at 60 ◦C for 60 minutes.

• Components rinsed in deionised water.

• Sonicate in deionised water for 60 minutes.

• Repeat previous two steps.

• Rinse with deionised water then ethanol.

• Hot air dry to allow for analysis.

Powder Recycling

After removal of the build plate the SLM system is filled with unfused powder. This must

be recycled before it is suitable for reuse. The loose powder may contain larger sintered

globules or irregular particles ejected from the melt pool, these are known as overs. These

undesirable particles must be removed as they have detrimental effects within the powder

deposition cycle, reducing flowability and powder layer uniformity. They can also become

entrained in future melt tracks effecting part density and/or surface finish.

The used powder is sieved to remove these overs using a Compact Sieve fitted with a 56 µm

mesh sieve screen and ultrasonic debinding (Russell Finex, UK). The system applies low

frequency vibrations from an eccentric rotating mass vibration motor on the sieve screen.

An ultrasonic axial vibration is also applied to the sieve mesh to prevent mesh blockages;

this is known as debinding. The sieved powder is then returned to the SLM system for

reuse or stored in appropriate containers. Undesirable waste is then disposed of via local

regulations.
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3.4 Software Packages

A number of software packages were used for the generation of 3D CAD geometries, com-

ponent manufacture, analysis of results and optical modelling.

Creo Parametric 3/Pro Engineer 5 (PTC, US)

Creo Parametric (and its predecessor Pro|Engineer) is a parametric 3D CAD package

which can be used to design complex geometries. This software has been used in the

design of mechanical components and assemblies for use in optical system modifications

and prototype design. It has also been used to generate test part geometries which were

exported as STL files for manufacture.

Magics (Materialise, Belgium)

Magics is the market leading part preparation software package for the additive manu-

facturing sector. Components are imported as STL files and are manipulated, labelled,

duplicated and nested within the software. Individual components are also processed to

generate support structures required to fix SLM parts to the build plate. Slicing and hatch

operation are also possible for certain additive manufacturing systems.

Fusco (Realizer, Germany)

Fusco is the bespoke control software used by Realizer SLM systems. The software is used

to process the STL component files and the Magics generated support structure. This

software slices and hatches the components to a predetermined set of material specific

process parameters. Parts can then be nested, duplicated and arranged. The software also

provides the user with manual motor control over the Realizer systems to allow for build

preparation.

Python (Python Software Foundation, US)

Python is an open-source high-level programming language which has been used through

this research. It has been used for data handling and results analysis.
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ImageJ (NIH, US)

ImageJ is a Java based image processing package originally developed for life science im-

age manipulation. It has been used to perform automated image analysis of metallurgy

samples.

BeamGage (Ophir, Israel)

BeamGage is a laser beam data acquisition software package use to record and analyses

laser beam profiles. It has been used to measure the focal spot diameters on the powder

build plane in the Realizer SLM systems.

ZEMAX (ZEMAX LLC, US)

ZEMAX is a ray tracing program which is used to develop optical systems. It has been

used to design an f-thetaless optical system for use in SLM. This software package will be

further discussed in Chapter 7.

3.5 Measurement Methods

This section describes the measurement methods used within this research.

Sample Microscopy

In order to measure the morphology of thin walls manufactured during this study, samples

were mounted in Eposet low viscosity epoxy resin (Metprep Ltd, UK). Cold mounting was

used, as opposed to the more typical hot mounting, as the pressure involved in the later

technique deformed the delicate wall structures. Post mounting samples were polished with

decreasing particle size to a 600 grit level. The relatively rough level was chosen because of

the importance of overall wall morphology as opposed to internal microstructure. Images

were then captured with a InfinityX-32 CCD camera (Lumenera, Canada) connected to

an inverted microscope (Nikon, Japan) at 50x magnification to allow for further analysis.

Wall Thickness

An automated macro program was designed to accurately measure the thickness of SLM

manufactured walls. A flow chart of this process can be seen in Figure 3.4. Each image was
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loaded in sequence and then cropped. Walls either side of the test wall were visible. 875

µm wall length was visible in each image, or 17.5 powder layers of 50 µm layer thickness.

Raw images were cropped from 1616 x 1216 pixels to 800 x 1216 pixels and then converted

to 8–bit grey scale.

Figure 3.4 ImageJ analysis process for the measurement of wall thickness.

A binary threshold operation was then applied to the image to separate the wall from

the background. The threshold value was manually determined for each dataset due to

variations in image contrast and lighting. The binary images were then despeckled, each

pixel was replaced by the medium value of a 3 x 3 surrounding grid of neighbouring pixels

and then rounded to either 0 or 255 to maintain an 8–bit binary image. This function was

applied twice and removed ”salt and pepper” noise, caused by the course polishing. Figure

3.5 shows cropping and thresholding of a sample wall.

Unattached holes were then filled via a ”Fill Holes” function. This filled any white area

which did not connect with the edge of the image. Note that the test wall was always

positioned such that it filled the whole height of the image. The operation can be seen

in Figure 3.6. The filled features arose from two sources. In the bulk mounting material,

away from walls, holes were caused by deep scratches from the polishing process. Holes

positioned near the walls were due to sintered on satellite powder particles. They appeared

to be floating as they where attached to the wall outside of the polished plane.

With the processed binary image the number of white pixels in each individual row were
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Figure 3.5 Left to right: Raw 24–bit colour image; Cropped 8–bit image; Processed binary
image with labelling.

Figure 3.6 Close up of wall before and after the ”hole fill” operation.

counted. As the images had been calibrated using an image of a graticule, the dimensions

of the pixels were known. The width of wall for each pixel row could be calculated. For each

sample 1216 readings were taken as this corresponded to the number of rows in each image.

By automatically measuring every line, user bias was removed from the measurement. The

ImageJ macro would then calculate an average and standard deviation of each wall width.

An overlay with the process parameters and wall thickness data was then applied to the

binary image and stored.

On completion of a test image the program loops to the next image in the list and repeated

until all images were analysed. The log file consisted of a tab de-limited text file containing

all findings was output for further analyses. Careful imaging was required in order to

position the wall vertically in the image such that the measurement lines were perpendicular

to the wall build direction.
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4 Development of Emission Spectra Measurement

in SLM

The investigation of the literature showed that monitoring techniques can be used to as-

sess the formation of melt tracks in SLM. Typically researchers concentrated on the use

of photodiodes [6], high speed cameras [6, 104], thermographic cameras [19] or pyrometers

[96]. Each of these techniques recorded a narrow band of near infrared radiation emitted

from the fusion zone. None of the research was able to isolate the discrete electromagnetic

emission spectra emitted from the vapour above the melt pool. Laser welding researchers

have successfully used temperature trends in the generated vapour to infer weld charac-

teristic inside the workpiece [133, 134, 136, 137, 140, 141, 143]. Isolation of the vapour

temperature allows the fusion process being studied to be separated from the melt pool

and underlying geometry, which only emit blackbody continuum radiation. The emission

from the underlying geometry could skew results as it is a legacy of previous energy input.

In SLM, removing the effects of the varying underlying geometry could improve knowledge

of the overall process.

This chapter concentrates on the development of a system to use spectroscopic techniques

for the measurement of vapour temperature in SLM. The SLM system characteristics are

discussed to understand the process used to deliver energy into powder bed. This is followed

by a description of the spectrometer system used and the calibration methods developed.

Finally the techniques used to remove blackbody continuum radiation from spectra to

isolate spectral line emissions and the selection of individual transitions which were used

in plasma electron temperature calculations are described.

4.1 SLM System Characteristics

To correctly capture and interpret emission spectra, knowledge of the laser input charac-

teristics of the SLM system are required. This section discusses the delivery of laser energy

into each individual hatch vector and how the laser beam diameter can vary on the powder

bed.

63



4.1.1 Hatch Configuration

To accurately record the emission spectra from the fusion process, knowledge of the method

used by the SLM system to manufacture individual hatches is required for spectrometer

triggering. When processing a part file for manufacture a material file was provided which

included the values for point distance and exposure time. However, it was unknown how

these parameters were used to produce each hatch vector. The laser firing modulation

signal was probed to investigate hatch manufacture.

The SLM system was configured to build a 5 x 5 x 5 mm cubic sample. The laser power

was set to 0 W in the material file, this allowed the modulation signal to be assessed

without any manufacturing occurring. The laser modulation signal from the SLM control

system was connected to a TDS2000B oscilloscope (Tektronix, US). A recording of the

modulation signal can be seen in Figure 4.1. The modulation circuitry was controlled by a

+5V transistor–transistor logic (TTL) circuit and therefore could only exist in two states,

high and low. A low signal would cause the system to fire.

Figure 4.1 Screen grab of a typical laser modulation signal produced by the Realizer
SLM250. Note that the laser fires when the signal falls to zero.

The number of laser modulations in a layer was equal to the number of hatches present

in the build file. Therefore the laser emission was confirmed to remain constant for each

individual hatch and not fire at each individual point distance location. At the end of each

hatch the laser signal was turned off as the mirrors moved to the start of the new hatch

vector known as a jump. If the hatch spacing was below 50 µm the laser was no longer

modulated. It was assumed that if the jump distance was short enough negligible mirror

settling time was required before the new hatch scan began and therefore overmelting at

the start of the vector would not occur.

A theoretical hatch build time taken, tt, can be calculated by the following:
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tt =

(
LH
LPD

+ 1

)
tEXP (4.1)

where LH is the hatch vector length, LPD is the point distance and tEXP is the exposure

time. The parameters within the brackets denote the number of exposure locations along

a hatch vector with the plus one allowing for an exposure at the start. When comparing

theoretical times with actual recorded times a mismatch was found. The recorded hatch

vector time, trec, always exceeded the theoretical calculations. It is important to know

the actual time taken to manufacture each hatch as this would allow a full understanding

of energy input. By adding an additional hatch delay time per exposure, tDLY , to the

exposure time, a relationship to hatch vector time can be described by the following:

trec =

(
LH
LPD

+ 1

)
(tEXP + tDLY ) (4.2)

To calculate hatch delay time the exposure times, point distances and hatch spacings of the

5 mm test sample were varied and the hatch vector time was recorded. Full test parameters

can be seen in Table 4.1. Figure 4.2 shows that a linear relationship was found in that, as

the exposure time shortened, the delay time increased. As hatch delay was unaffected by

variations in point distance, and therefore was not affected by scanner performance, the

likely source of the delay was bottlenecks in the SLM control software.

Table 4.1 Machine parameter settings used to investigate hatch delay time.

Exposure Times [µs] Point Distance [µm] Hatch Spacing [µm]

1 50 100
10 100 200
50 150 300
100 20 400
200

Equation 4.3 describes the linear trend between hatch delay time and exposure time. This

was input into Equation 4.2 to produce a relationship to estimate hatch build time, tEST ,

for any hatch vector. This relationship was used for the calculation of energy input into an

individual hatch vector. It should be noted that doubling the exposure time is not directly

proportional to a doubling of the build time/energy input.

tDLY = MDLY tEXP + CDLY (4.3)

MDLY = −0.078;CDLY = 25.22
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Figure 4.2 Hatch delay time against input exposure time. Note that as exposure time
increases the delay time per exposure location decreases.

tEST =

(
LH
LPD

)(
(1 +M) tEXP + C

)
+ tEXP (4.4)

4.1.2 Laser Beam Profiling

To fully understand the energy delivery into the powder bed, characterisation of the laser

beam delivery system was performed. For different vector types used to build SLM parts

the beam diameter on the powder bed was varied. This was achieved by adjusting the

separation of lenses in the focusing optics. The Realizer SLM system uses a Galilean

beam expander in which the divergent entrance lens was moved with respect to the fixed

objective lens. By adjusting the lens separation a variation in divergence of the expanded

beam occurred. As the F-theta lens was designed to focus a parallel ray bunch, any slight

divergence caused the minimum focal position to be shifted along the optical propagation

axis. This resulted in a change in beam diameter on the fixed powder bed plane.

The focal control software allowed the lens separation to be adjusted in 10 µm steps from 0

to 32 mm and therefore adjusting this value actually gave no indication of beam diameter

at the powder bed. A series of beam profiles were taken to relate lens separation to beam

diameter. Figure 4.3 shows the configuration used. A Spiricon SP620U CCD laser beam

profiler (Ophir, Israel) was positioned below a series of four optical wedges mounted at

45◦ producing a wide etalon. As no focusing optics are used in the profiler, the beam was

imaged directed on the CCD sensor with a resolution of 4.4 µm per pixel. The entrance of

the profiler assembly was positioned such that the optical path length to the CCD sensor

was identical to the unobstructed path to the powder bed. The multiple reflections of the

incoming laser beam significantly attenuated the beam power such that, with the aid of

additional neutral density filters, the system could directly view the beam.
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Figure 4.3 Schematic of the beam profiler assembly.

For each optical wedge the proportion of reflected light was calculated via the Fresnel

Equations for perpendicular (s-type) and parallel (p-type) polarized light:

Rs =

∣∣∣∣∣∣∣∣∣
n1cosθi − n2

√
1−

(
n1
n2
sinθi

)2
n1cosθi + n2

√
1−

(
n1
n2
sinθi

)2
∣∣∣∣∣∣∣∣∣
2

(4.5)

Rp =

∣∣∣∣∣∣∣∣∣
n1

√
1−

(
n1
n2
sinθi

)2
− n2cosθi

n1

√
1−

(
n1
n2
sinθi

)2
+ n2cosθi

∣∣∣∣∣∣∣∣∣
2

(4.6)

R =
Rs +Rp

2
(4.7)

where Rs is the reflection proportion of perpendicular polarised light, Rp is the reflection

proportion of parallel polarised light and R is the combined reflection proportion. The

wedges were made from fused silica with a refractive index of 1.45 @ 1070 nm, the process

laser wavelength. The reflection proportion of each surface was calculated to be 0.043 and

therefore after four reflections the beam had been attenuated to 3.5 × 10−6 of the initial

power. For the 200 W beam, only 0.7 mW was incident on the sensor, this was below the

sensors damage threshold limit. The additional neutral density filters were used to adjust

the saturation level for clear imaging. A 1000 nm longpass filter was also used to filter out

chamber lighting.
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The configuration used allowed the profiles to be recorded at full power. Heating of the

optical elements through the SLM laser system would alter the beam profile via two mech-

anisms. Thermal expansion of the lenses changed the surface curvature and the refractive

index changed as it is temperature dependant. Both of these effects alter the focal length of

the lens under operation at high power and therefore measurement under these conditions

was essential for accurate profiling.

As the lens separation for minimum focus at the powder bed plane was known, a set of

profiles were taken with a lens separation offset, doffset, ranging from -0.9 mm to 0.6 mm

around this position. Images of the recorded profiles are shown in Figure 4.4. Data was

collected via BeamGage Laser Beam Measurement data acquisition software (Ophir, Israel)

and provided beam diameters for each lens offset. The beam diameter was defined as the

diameter at which the intensity has reduced to 1/e2 of peak value.

Figure 4.4 Beam profiles of the SLM250 system at various beam expander offsets. The
minimum focus location has been set at 0 and all other images are offset from this location,
stated in mm.

Figure 4.5 shows the change in diameter with varying lens offsets. When the lens spacing

was reduced, this acted to increase the focal length of the optical system, moving the

location of the minimum focus below the powder bed. The profile at the powder bed

remained Gaussian.

When the lens separation increased, such that the minimum focal location was above the

bed, the beam diameter and profile degraded rapidly. This can be seen in the lower right

profile in Figure 4.4, the profile has changed from a Gaussian to an annular ring. Note that

the profile change was not investigated and the sole weighting factor for beam diameter
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Figure 4.5 Beam diameter measured at the powder bed plane against lens offset.

was provided by the 1/e2 point.

The loss of the Gaussian beam profile was due to an increase in the lens separation, adding

spherical aberrations into the system. As the separation is increased the marginal rays are

incident on the objective lens at an increased radial distance. The angle of incidence of

the marginal rays are high and therefore are brought to focus before the majority of the

beam passing through the centre of the lens. The specific radius that this occurs is know

as the aplantic point [170]. The distorted rays then enter the f-theta which increases the

aberration. In correct operation the rays should be entering parallel to the optical axis,

deviations from this disrupt the wavefront and lead to disruption of the Gaussian profile.

It must be noted that in laser cutting/welding the focal position is typically positioned

below the surface. If the beam is focused above, the rapid loss of beam profile reduces the

energy density at the workpiece and therefore an incomplete process occurs [171]. Having

the focal position above the workpiece also positions the highest energy density portion of

the beam, i.e. point of minimum focus, into the plasma above the workpiece, which can

cause excessive plasma absorption and self focusing, affecting the melt conditions.

4.2 Spectrometer Configuration

The use of CCD based spectrometers can prove an effective entry into the analysis of emis-

sion spectra. A common design is known as a Czerny-Turner spectrometer. A broadband

optical source passes through a narrow slit causing the signal to diffract. The light is

then collimated onto a diffraction grating which separates the signal into its constituent

wavelengths. The separated signal is then focused onto a linear CCD sensor to record

the full spectral profile. The footprint of these devices can be reduced by configuring the

optical path in an asymmetric cross, as seen in Figure 4.6.
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Figure 4.6 An asymmetric crossed Czerny-Turner spectrometer layout (Courtesy of Ocean
Optics, Inc [172]).

Typical spectrometer spectral ranges cover 200 - 1000 nm with resolutions of approximately

1 nm [125]. However, by changing the entry slit width and diffraction grating the resolution

can be improved at the detriment of range. The spectrometer used in this study was a

USB2000+ (Ocean Optics, Inc. US) with a spectral range of 200 - 850 nm and a resolution

of approximately 0.34 nm. The spectral resolution was non-linear across the wavelength

range with a variation of 0.29 - 0.38 nm.

The emission collection performance of the spectrometer will now be discussed along with

an explanation of the trigger method used throughout this study.

4.2.1 Emission Collection Performance

A QP400-UV-VIS (Ocean Optics, US) fibre optic patch cable was fitted to the spectrometer

to couple input light into the unit. The cable had a 400 µm core and a numerical aperture

of 0.22 therefore a ± 12.7◦ field of view should be obtainable. To ascertain the actual field

of view the bare fibre was mounted into a rotational optical mount as shown in Figure 4.7.

This was positioned 350 mm, the approximate viewing port to bed centre distance, from

a diffuse reflection screen on to which a 5 mm diameter HeNe beam (λ = 533 nm) was

projected.

The spectrometer was connected via USB to a LINUX based computer system and data

was collected using propriety Spectra Suite software (Ocean Optics, US). The angle of

the bare fibre was adjusted between −15◦ to 15◦ in 1◦ intervals. The integration time,

analogous with camera exposure time, was adjusted such that at 0◦ the signal was close to

saturation. It was found that a full width half maximum (FWHM) field of view of ± 5.25◦

was achievable. The field of view can be seen in Figure 4.8. The integration time required

was 300 ms, too long to record single hatch vectors in later experiments.
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Figure 4.7 Light coupling testing of the spectrometer with (A) bare fibre and (B) collection
optic.

Figure 4.8 Coupled intensity into the bare fibre with rotation angle.

To increase optical coupling into the spectrometer a collection optic was added to the end

of the optical fibre patch cable. With increased light entering the spectrometer a reduction

in integration time was possible. The lens system chosen was a F810SMA-543 Collimation

Optic (Thorlabs, US). This was designed to collimate a 543 nm optical output from an

optical fibre to a 6.4 mm diameter beam. The collimator was connected to the fibre optic

patch cable via a SubMiniature version A (SMA) connector.

On repeating the analysis, only a narrow ±1◦ FWHM field of view was achievable. This

was not surprising as the collection optic was designed to collimate and therefore any off

axis input would not be focused on to the fibre optic face. When directly viewing the

reflected HeNe spot however, the integration time of the spectrometer could be reduced to

15 ms at the saturation limit. Figure 4.9 shows the normalised signals with respect to a

unit integration time. The additional optic allows for increased coupling as the collection
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area had been increased. The optic had a collection area of 32.2 mm2 as opposed to 0.13

mm2 for the 400 µm core fibre.

Figure 4.9 Normalised intensity measurements for the two collection methods.

4.2.2 Triggering

As the spectrometer had a minimum integration time of 1 ms it was not able to resolve

individual exposures, which were in the region of 50 - 150 µs for normal SLM operation.

The spectrometer also had to read and write separately and therefore a 1 ms integration

time exposure would only be recorded every 2.9 ms, resulting in a 345 Hz recording rate

[173]. This would result in only a third of the emission being recorded. As such the

spectrometer could not be set to a free-running recording mode. Careful triggering was

required to accurately collect emission spectra. The laser modulation signal, described in

Section 4.1.1, was used for this purpose.

The modulation signal was first inverted as the spectrometer triggers on the rising edge

of a TTL signal. An inverter circuit was constructed using a 7404 TTL hex inverter chip

(Texas Instruments, US), a schematic of which can be seen in Figure 4.10. The chip was

powered via a USB port from the SLM control computer.

Figure 4.10 Modulation signal inverter schematic.
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Due to the lack of a buffer memory, a gap between the end of a spectrum recording

and the start of the next occurred. For accurate recording it was decided that a single

recording would be taken for each hatch vector. This would therefore use the Hardware

Edge trigger mode (HW Edge). A diagrammatic representation can be seen in Figure 4.11.

When a rising edge from the external trigger input occurred the Field Programmable Gate

Array (FPGA) would start to record a spectrum with integration time determined by the

software. The spectrum was then read to the FPGA and the CCD cleared. The system

then waited till the next rising edge occurred and repeated the process. Note that the

trigger level could rise and fall within the integration time period but only once the CCD

reset operation occurred, would the trigger function search for a rising edge to record a

subsequent spectrum. The HW Edge mode would always start a recording the beginning

of a hatch vector, though vectors could be missed.

Figure 4.11 Hardware Edge trigger mode on the USB2000+ Spectrometer. AQ = Acquire
spectrum on CCD, R = Read spectrum to file.

4.2.3 Spectrometer Calibration

To initially assess the spectrometer, a stationary 200 W beam was fired onto a grade II

titanium coupon in the Realizer SLM system under an inert atmosphere. The emission was

recorded by viewing the laser interaction through an upper chamber window. This initial

data is displayed in Figure 4.12 and has been overlaid by predicted spectral line emissions

of titanium at vapourisation temperature of 3650 K. The spectral lines were produced via

a local thermodynamic equilibrium model (LTE) provided by the National Institute of

Standards and Technology (NIST) [131].

The spectrum was similar to recordings in laser welding [108, 109, 134] displaying a black-

body continuum area with discrete spectral emissions. The recorded peaks aligned to the

predicted line emissions, but were wider and did not match in intensity. There are sev-

eral reasons for this. The recorded peaks are wider as this initial recording had a box-car

smoothing filter, such that the recorded intensity value for a specific wavelength is an

average of a range ±5 pixels. Without the box-car smoothing, the peaks were still sig-
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Figure 4.12 Recorded spectrum for a grade II titanium coupon overlaid with predicted
spectral emission lines for titanium at vaporisation temperature as predicted by a local
thermal equilibrium model produced by NIST [131]. Both data sets have been normalised.

nificantly wider than the emission lines due to the course resolution of the spectrometer.

The predicted spectral lines have very narrow defined wavelengths, specified to sub pico-

meter accuracy. The spectrometer had a spatial resolution of approximately 0.37 nm and

therefore peaks appear rounded but also would merge in the same CCD pixel, producing

artificially large peaks. Low coupling of emissions below 450 nm was due to poor optical

performance of the collection optic in this region. Optical transmission of the SF6 optical

glass dropped from 0.99 % at 450 nm to 25 % at 365 nm [174] drastically attenuating the

signal as shown in Figure 4.13. The refractive index of the SF6 optical glass also rapidly

increased such that short wavelengths were not effectively coupled into the fibre further

attenuating the signal.

Figure 4.13 Transmission of Schott SF6 optical glass 10 mm thick [174]

A calibration file was produced to remove the losses due the performance of the collection

optic and the transmission characteristics of the optical fibre. The relative transmission

curve of the QP400-2-UV-VIS fibre optic patch cable were provided by the manufacturer.
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The data was scanned and then the profile was traced via DataThief III software (Data-

Thief, Netherlands). As the resultant data points did not match CCD wavelengths of the

spectrometer a formula based curve fitting was performed. By splitting the data at 450

nm and using a 6th order polynomial on either side of this break point, a good curve fit

was achieved (R2 = 0.979 and 0.983 for before and after the 450 nm divide respectively).

The raw transmission and fitted curves are shown in Figure 4.14.

Figure 4.14 Relative transmission curve through the fibre optic.

To calibrate the transmission losses through the collection optic, a white light MC24171

LED (Multicomp, China) was shone into the spectrometer in two configurations, these

being a fibre only assembly and the lens fibre assembly. The two signals were individually

normalised due to different collection apertures coupling vastly different proportions of

the LED emission. As can be seen in Figure 4.15A from the peak at around 450 nm the

LED emission rapidly dropped to zero and hence calculating a calibration curve from this

region would be inaccurate. It was decided that a flat response would be artificially added

to the calibration curve below 425 nm. As this wavelength region could not be accurately

calibrated with the method used, spectral peaks in this region were ignored for temperature

calculations. It is worth noting that the system had already shown poor coupling efficiency

in this wavelength zone. This can be seen as the mismatch between predicted emission

line intensities and the recorded spectrum below 425 nm, as displayed in Figure 4.12. The

completed lens calibration curve is displayed in Figure 4.15B.

The transmission losses through the fibre and the lens were combined to produce a final

calibration file which would be multiplied to all raw data before analysis. The final curve

can be seen in Figure 4.16.
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Figure 4.15 A: Normalised recorded optical emissions through both the lens/fibre as-
semble and fibre only. B: Calibration profile used to correct for transmission losses through
a Thorlabs F810SMA-543 optic.

Figure 4.16 Final calibration curve to correct for optical transmission losses.

4.3 Plasma Electron Temperature Calculation in SLM

In this section the techniques used to remove continuum radiation to isolate spectral peak

data is discussed. This is followed by the identification of the spectral emission lines used to

calculate plasma electron temperature of Titanium metal processed via SLM. The section

is concluded by an explanation of the script used to automatically analyse data.

4.3.1 Isolation of Spectral Peaks

As previously discussed in Section 2.4, the recorded spectra contain a blackbody continuum

emission from the melt pool and vapour and also a purely spectral emission of discrete
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atomic transitions. To calculate the plasma electron temperature the continuum radiation

must be removed to accurately measure spectral line intensity.

Mirapix et al. investigated the use of an unweighed sliding average smoothing algorithm,

seen in Equation 4.8, to calculate the continuum radiation [151]. This was then subtracted

from the original signal to provide data on the purely spectral line emission. However,

this technique overestimates the magnitude of the background radiation, as can be seen

in Figure 4.17. The calculated background cuts through the base of the spectral peaks,

reducing the absolute individual peak magnitudes and therefore was not used to remove

continuum radiation contribution.

(Ik)smoothed =

i=m/2∑
i=−m/2

Ik+i
m+ 1

(4.8)

Figure 4.17 Background signal removal via smoothing average [151].

Two alternative methods of removing the continuum radiation were investigated. These

were defined as Gaussian Removal and Linear Interpolations, each will be discussed in the

following sections.

Gaussian Removal Analysis

On visual inspection of the emission spectra, the thermal continuum radiation appeared

to follow a near-Gaussian distribution. Figure 4.18 displays the method which was used

to separate the two emission types via a Gaussian curve.

To perform this separation, a curve fit was applied to a list of low points across each

spectra. To find these positions each spectral wavelength, i.e. xn, is compared with nine
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Figure 4.18 Annotated spectrum denoting the two district optical emission regions.

points either side, as in Equation 4.9. If xn is the smallest value of the range it was selected

as a fit point. Comparing across a ±9 range was used to ensure that small dips in peak

spectral emissions, which were caused by closely spaced emission lines, were not selected.

Fit Point(yn) = if[xn = min of range(xn−9 : xn+9)] (4.9)

A Gaussian function (Equation 4.10) was fitted to the selected minimum point using a Py-

thon programming script. This curve was subtracted from the original data set to provide

information containing the purely spectral peaks, as shown in Figure 4.19. Subsequently

line intensities could be taken from this data to calculate plasma electron temperature.

f(x) = ae−
(x−b)2

2c2 (4.10)

Figure 4.19 Post Gaussian fit removal display of spectral peaks isolated from raw data.
Original data set shown in Figure 4.18.
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Linear Interpolation Analysis

An alternate method for removing the local background radiation underneath a specific

spectral line was developed via linear interpolation. For a particular spectral line emis-

sion, the local minimum either side was located and a linear interpolation used to find the

apparent background radiation below the selected peak wavelength, as shown in Figure

4.20. The calculated background magnitude was then removed from the absolute spec-

tral intensity to measure the discrete line emission. Two spectral lines were measured as

described to allow for a line ratio temperature measurement to be performed.

Figure 4.20 Linear interpolation method to remove background radiation and calculate
peak intensity.

4.3.2 Spectral Line Selection

The plasma electron temperature calculations performed in this research used the two line

ratio method, developed by Griem [129] and discussed in Section 2.5.4. The equation

repeated here to aid in the understanding of this section.

Te = − Ei − Ek
kbln

[
IijλijAklgk
IklλklAijgi

] (4.11)

To measure an accurate plasma electron temperature via a two line ratio method, careful

selection of the chosen emission lines was important. There were many spectral emissions

which could be seen in the data. However, the limited resolution of the USB2000+ spec-

trometer resulted in many lines merging into a single pixel and therefore the intensity of

each individual electron transition was lost.
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To identify electron transmission recorded via the spectrometer, the NIST Atomic Spectra

Database was used [131]. This database is a list of known atomic transitions, with emission

wavelengths, for abundant elements.

This is not only used to identify emission lines in spectral data but it can also predict

emission line intensities for a given temperature. When assessing the recorded emissions

the predictive model was used with an electron temperature of 1.0 eV (approximately

11000 K), as shown in Figure 4.21, which gave representative line intensities that could be

compared with recorded data.

Figure 4.21 Predicted line emission intensities of titanium atoms (Ti I) at a temperature
of 1 eV (approximately 11000 K) [131].

By predicting approximate line intensities, individual peaks which had merged together into

a single pixel, or a small grouping of pixels, were identified and ignored for the analysis.

On investigation of a spectrum, such as the one shown in Figure 4.22, wavelength regions

with broad areas of spectral intensity can be seen.

Figure 4.22 Example recorded spectrum with dark spectrum removed but un-calibrated.
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Spectral emission merging was evident in the strong emission peaks around 500 nm. Al-

though there were many intense emission lines predicted within this region, the close prox-

imity of the adjacent lines resulted in a lack of positive identification as peaks were merged

within the low resolution of the spectrometer. With analysis of the predicted peaks against

recorded spectra a list of possible electron transitions was developed and are displayed in

Table 4.2. Each peak was identified by zooming in on the recorded spectra around specific

peaks to find clear spikes in intensity. Heavily grouped areas were therefore ignored as

individual peaks could not be identified. All peaks utilised were excited atomic species,

as opposed to fully ionised atoms, as the majority of ionised emissions occurred in the

sub-400 nm region and therefore would not be coupled into the spectrometer due to the

lack of transmission through the optical glass.

Table 4.2 Line emissions chosen for electron temperature analysis

Wavelength Upper Energy Level Transition Probability Statistical Weight
λij [nm] Ei [eV ] Aij [s−1] gi [−]

453.3240 3.582655 8.83E+07 11
491.3615 4.395742 4.44E+07 9
511.3440 3.867150 8.41E+06 5
521.0384 2.426863 3.89E+06 9
550.3897 4.830363 2.60E+07 9
586.6449 3.179414 4.00E+06 7
622.0472 4.669244 1.80E+07 7

As discussed in Section 2.5.4, the accuracy of an electron temperature measurement via

ratio of emission line intensity is proportional to the difference in the upper level transition

energies of the two transmissions. Therefore, the emission lines at 521.0 nm and 550.4

nm were chosen for the analysis as these had the largest difference. Complete information

regarding the transitions is shown in Table 4.3. An additional benefit of using the stated

peaks was due to their wavelengths. As these two emissions were close to the design

wavelength of the collection optic, efficient coupling into the fibre would occur. Therefore

the intensities would be less reliant on the calibration file for adjustment.

Table 4.3 Peaks used to calculate plasma electron temperature including the electron
level configurations of the upper and lower transition levels. Note the configurations only
include levels above an Argon core.

Wavelength Lower E Level Upper E Level Lower Level Upper Level
λ [nm] Ej [eV ] Ei [eV ] Conf. Conf.

521.0384 2.426863 0.0479663 3d24s2 3d2(3F )4s4p(3P )
550.3897 4.830363 2.5783261 3d3(2H)4s 3d3(2G)4p

The difference between the two upper energy levels was also larger than the predicted

temperature, such that Ei − Ek > kbT . This ensured that no self-absorption occurred

[16, 130]. The difference for the chosen emissions was 2.4 eV, which would correspond to
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a temperature of approximately 28000 K. This is higher than any recorded laser induced

Titanium plasma electron temperature in materials processing. De Giacomo recorded a

peak temperature of 12000 K [147].

4.3.3 Data Analysis Process

To automate the data processing, a python script was developed. A block diagram of the

process is shown in Figure 4.23. Each spectrum file consisted of a list of wavelengths with

corresponding recorded intensities and was input into python. The first process involved the

removal of the ”dark spectrum” inherent in the recorded signal. This consisted of random

noise within the sensor and was removed by calculating the intensity average between 200

nm and 350 nm and subtracting this value from the dataset as shown in Figure 4.24. Note

that transmission through the collect optic was zero in this wavelength range and therefore

any recorded signal could only be due to electronic noise. The calibration file was then

applied to the dataset.

Three different calculations of plasma electron temperature were then made using the two

line ratio method developed by Griem [129] and described in Section 2.5.4 using the two

defined spectral lines described in Section 4.3.2. The Gaussian removal and line interpol-

ation methods were used to isolate peak heights from the continuum radiation before the

temperature was calculated. A third method which used the raw peak intensities without

continuum removal was attempted. This method was investigated to ascertain if the re-

moval of the blackbody continuum radiation was required to calculate the plasma electron

temperature and/or identify if a trend between peak intensities and melt track width/track

quality could be made.

Along with these temperature measurements the script would also output the peak spec-

trum intensity and corresponding wavelength and the area under both the spectrum and

Gaussian curve to give a measure of total energy coupled into the spectrometer.
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Figure 4.23 Python script block diagram for the three techniques used in determining
the plasma electron temperature.

Figure 4.24 Removal of the the dark spectrum from an example recording. Raw data =
blue line; Processed data = gold line.
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5 Off-Axis Plasma Spectrometry of the SLM Pro-

cess

The previous chapter discussed the development of a strategy for collecting emission spec-

tra and the spectroscopic measurement of the plasma electron temperature for the SLM

process. This chapter will discuss the application of these techniques in an off-axis config-

uration.

5.1 Off-Axis Experimental Arrangements

The process chamber of an SLM system is a hazardous environment for sensitive process

monitoring tools. The metal vapour from the fusion zone is carried by the internal gas flow

and could condense on the collection optic aperture. The optic was therefore positioned

outside of the chamber and was directed through a viewing port to observe the laser powder

interaction. Once aligned all experiments discussed in this chapter used this configuration.

To align the system the optic was mounted in a kinematic mount fitted to a post and stand.

The assembly was fixed to an internal wall within the optical enclosure and positioned

above the viewing window. A 633 nm HeNe laser was coupled into the fibre in place of

the spectrometer. The kinematic mount was then adjusted until the emergent beam was

positioned at the centre of the build platform. A CAD representation of the alignment is

shown in Figure 5.1. The spectrometer was then refitted to the fibre optic. An overall

schematic of the SLM assembly including the spectrometer can be seen in Figure 5.2.

To assess the achievable field of view of the collection optic on the build platform, a 5 x

5 grid of single point exposures at 1.25 mm intervals centred at the bed centre (0,0) were

recorded. Note, bracketed co-ordinates are given in millimetres. Each sample consisted of

a 200 ms 200 W single laser exposure fired onto a grade II titanium metal coupon. Both

the maximum peak spectral intensity and spectral area, which is a measure of total energy

collected in a single spectrum, were recorded. The maxima were found to be shifted towards

(-1.25,-0.5), as can be seen in Figure 5.3. The alignment of the system was therefore not

perfect however all samples would be built in an identical location so each dataset would

be comparable.
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Figure 5.1 CAD representation of the approximate position of the collector optic.

Figure 5.2 Schematic of the SLM system including the spectrometer collection optic.

5.2 Measuring the Effect of Scanning Parameters on Spec-

tral Emission

In this set of experiments the effect of varying hatch build parameters was investigated and

related to the recorded emission spectra. The four parameters which were investigated are:

laser power, focus offset, exposure time and point distance. Each parameter was tested

with a slightly different method to best capture the effect on spectral emission. These

studies were used to gather information on the process which were later used to design a
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Figure 5.3 Normalised single spot recordings around the centre of the build platform.
Left: Area under spectrum; Right: Maximum spectral peak intensity.

more rigorous investigation relating vapour temperature to physical parts.

5.2.1 Laser Power

Laser power is usually maximised in the SLM process for internal hatch vectors. This

allows for efficient use of the available energy to manufacture wide dense tracks. The

laser source is also the most expensive component in the SLM system. If the entire power

available is not required for acceptable part manufacture, a lower specification unit could

be fitted and provide cost savings. In this section the effect of power level on spectral

emission is discussed.

Experimental Arrangements - Laser Power

The effect of power was tested by single point 200 ms exposures. The laser was positioned at

(-1.25, -0.5) with a focus offset of 0 such that minimum focus was positioned in the powder

build plane. Emission samples were recorded from the ablation of Grade II Titanium

coupons with the upper surface aligned with the powder bed plane. The coupon was

manually moved through the glove port such that each recording was incident on virgin

material. The laser power was varied between 40 W - 200 W at intervals of 20 W. Each

spectra consisted of a 50 ms integration time recording triggered by the pulse.

Results - Laser Power

When increasing the laser power incident on the titanium coupon the magnitude of the

spectral profiles increased as shown in Figure 5.4. Below 120 W the laser energy density was
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only sufficient to melt the titanium coupon. Little vapour was produced which resulted in

emission profiles without spectral lines. From 120 W and above the peaks begin to develop

as the temperature rises, such that vapour is emitted from the melt pool. The laser further

heats the vapour which allows for atomic excitation and therefore spectral line emission.

Figure 5.4 Recorded spectra from Grade II Titanium for differing laser powers.

If the magnitude of the profile maxima at 502.50 nm is plotted against input power the

trend is not linear as can be seen in Figure 5.5. At low power the signal increases linearly

with power until 120 W when spectral peaks begin to form and then a rapid increase in

emission occurs. The spectral peaks at 180 W and 200 W are distinct across the entire re-

corded spectrum and therefore signification laser energy is increasing vapour temperature.

Discussion - Laser Power

There is no surprise that increasing the input energy in a single location will cause an

increase in emitted energy. As the laser power increases, more energy is absorbed by the

titanium coupon, resulting in an increase in material melting. This is recorded by an

increase in spectrum magnitude. However, sufficient power is required to start exciting

elements in the vapour cloud before recombination transitions can occur and therefore

spectral line emissions can be recorded. The energy input has to be sufficient that vapour

is evolved from the melt pool and is heated by the incoming laser.

5.2.2 Focus Offset

Through experimentation previously performed at the University of Liverpool into the

processing commercially pure Titanium (cpTi), the maximum part density was achieved
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Figure 5.5 Maximum peak intensity for varying input laser powers. Wavelength peak =
502.5 nm.

when the process laser was defocused to around 70 µm [54]. However, the minimum

focus diameter, ∼ 52 µm, was used for contour scans to achieve the low surface roughness.

Probing of the emission spectra gave an insight into the characteristics of the plasma caused

by variations of energy distribution along each hatch vector. This section addresses the

effect that changes to focus offset, and therefore beam diameter, has on spectral emission.

Experimental Arrangements - Focus Offset

To test the effect of focal position variations, emission spectra recordings were made by

building 5 x 5 x 0.5 mm blocks with 50 µm layer thickness. Each was manufactured from

cpTi powder. The powder stock was manufactured via gas atomisation which produced

spherical particles with D50 size of 45 µm. The focus offset was varied between -1.0 mm

and 1.0 mm at 0.1 mm interval. The complete build parameters used are listed in Table

5.1.

Table 5.1 Part and machine parameter settings used for the investigation of focus offset.

Parameter Sample Spacer

XY Part Edge Length [mm] 5 6
Z Height [mm] 0.5 1

Focus Offset [mm] -1.0 - 1.0; 0.1 step -0.6
Exposure Time [µs] 100 100
Point Distance [µm] 70 70
Hatch Spacing [µm] 100 100

Laser Power [W ] 200 200
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As the spectrometer collection optic had a very limited field of view, at ∼ 6 mm diameter

circle, each sample was built in the centre of the powder bed at (0,0). Due to this each new

sample was built on top the previous. Although this was not ideal it was impractical to

build a single sample and then reset the entire machine. To maintain standard substrate

conditions a SLM manufactured spacer was build before each test sample, the parameters

of these are also listed in Table 5.1.

As the spacer dimensions were 6 x 6 x 1 mm, the top surface was larger than each test

sample. Therefore, each sample was manufactured on internal hatch vectors and this

avoided any boundary finish issues affecting the test samples. When building the spacer

on top of a previous test sample an unsupported 0.5 mm overhang was produced. The

overhang built poorly with a loss of dimensional accuracy however the spacer would self

correct after 10 layers such that the top surface finish was flat on completion. A CAD

representation (A) and example sample stack (B) can be seen in Figure 5.6.

Figure 5.6 A: CAD representation of the spacer/sample test stack; B: Completed test
stack assembly.

All samples had fixed motion parameters, i.e. point distance, hatch spacing and exposure

time, and therefore the layer scanning time for each was identical. However, if an integra-

tion time was set to collect the full layer the sensor would saturate. Therefore the initial

hatch vector was recorded. A single 4.8 mm hatch vector build time was calculated at 8.15

ms, via Equation 4.4, therefore an integration time of 5 ms was set. It is worth noting that

due to the contour scan around each square sample, the internal hatches were offset by 0.1

mm at each end, resulting in a 4.8 mm vector length.

Results - Focus Offset

Variations in focus offset, and therefore changes to the beam diameter incident on the

powder bed, resulted in a distinct growth pattern of both continuum and spectral emis-

sions. At large focus offsets, and therefore large beam diameters, little emission signal
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was recorded from either emission regime, as can be seen in Figure 5.7A. When the con-

tinuum radiation contribution was subtracted, via the Gaussian removal method, very low

undefined peaks were measured (Figure 5.7D). As the beam diameter was reduced both

continuum and spectral emissions increased, as displayed in Figure 5.7B. This is due to

an increase of energy density at the beam powder interface. On isolation of the spectral

emission data, line emissions can clearly be defined (Figure 5.7E). As the focus was moved

to the minimum diameter, approximately 52 µm, the amount of energy collected by the

spectrometer actually reduced, as shown in Figure 5.7C. The continuum contribution was

lower than the slightly defocused beam. On isolation of the purely spectral output the

line intensities have again increased in magnitude (Figure 5.7F). Therefore, the vapour

temperature had either risen or the volume had increased in size.

On plotting the maximum peak spectral intensity against focus offset, the trend follows

that the closer to minimum focus, i.e offset close to 0, the higher the spectral intensity as

shown in Figure 5.8A. However, when the continuum radiation is compared to focus offset

a dip in output is measured as the focus moves towards its minimum, see Figure 5.8B.

Discussion - Focus Offset

The dip in blackbody continuum radiation at the tightest focal diameters was a surprise as

an increase in energy density was thought to produce more energy emission. The tighter

focus may be producing a concentrated volume of vapour which is rapidly heated by the

laser. The temperature rise could have shifted the blackbody Planck’s curve to the left.

As lower emission coupling into the spectrometer occurred at shorter wavelengths the

increased heating may not be seen. However, an increase in temperature of the vapour had

occurred as the spectral emission lines had grown.

If the ratio of peak intensity and thermal energy for each focus offset is plotted a trend can

be seen which has its maxima at the smallest beam diameter of 52 µm (Figure 5.9). This

could be used to produce a low cost focusing system for SLM. The system could consist of

two photodiodes, one filtered to a spectral line emission, the other a broadband sensor to

collect the entire emission. A series of laser pulses with different focus offsets could be fired

onto a build substrate. The ratio of the two signals could be calculated with the maximum

ratio corresponding with the minimum focal position.

The filtered peak sensor would have to be material dependant; however, only a few would

be required as build substrates tend to only be made of steel, aluminium or titanium.

This system would be far cheaper than using CCD based beam profilers and far faster

than a scan and measure methodology. The scan method is when a series of test lines,

at differing focus offsets, are scanned across laser mark paper and then measured with an

optical microscope to find the tightest focus. Also both conventional methods cannot be
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Figure 5.8 A: Peak spectral intensity against focus offset. B: Energy in the continuum
emission against focus offset.

Figure 5.9 Ratio of spectral peak intensity and thermal emission plotted against focus
offset.

performed when the machine is set up for a normal build. A photo-diode method could

be performed at the start of each process run to confirm the system remains with previous

parameters.

5.2.3 Exposure Time/Point Distance

As maximum laser power is usually always applied the main method of controlling energy

input into a hatch vector is the point distance and exposure time. In Section 4.1.1 it was

found that for the Realizer SLM250 system, changing the exposure time was not directly

proportional to changes in energy input per hatch vector. This section will explore the effect

of changes to point distance and exposure, therefore energy input, on spectral emission.

Experimental Arrangements - Exposure Time/Point Distance

As hatch vector build time is proportional to both point distance and exposure time the

previous square sample method could not be used. If a fixed integration time was set,

different lengths of hatch vector would be recorded, invalidating the results. A single 5
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mm long hatch wall was manufactured for each parameter set. The parameters used for

both point distance and exposure times are listed in Table 5.2. Two different focus offsets

were used to relate the results with the focus offset data. Powder layer thickness was 50

µm using the same powder stock as before.

Table 5.2 Machine parameter settings used in point distance and exposure time investig-
ation into spectral output of CpTi under SLM conditions.

Experimental Set Point Distance Exposure time

Focus Offset [mm] -0.6, 0 -0.6, 0
Exposure Time [µs] 100 50 - 150; 25 step
Point Distance [µm] 40 - 100; 15 step 70

Laser Power [W ] 200 200
No. of Layers [−] 6 6

The start location of the hatch vector was positioned at (-1.25, -1.25) in order to pass

through the most efficient optical coupling region. Each sample was again built on a

standardised 6 x 6 x 1 mm spacer. As only a single vector was built in each layer the

integration time was set to be longer than the longest build time. Using Equation 4.4 the

longest duration vector was estimated to be 14.2 ms long, for a point distance of 40 µm

and exposure time of 100 µs. This was confirmed via recording the laser modulation signal

with an oscilloscope. The integration time was therefore set to 15 ms. Figure 5.10 shows

a complete test assembly of single wall sample built on spacers.

Figure 5.10 Completed single wall test sample assembly for point distance and exposure
time testing.

Results - Exposure Time/Point Distance

When varying exposure time, both spectral and blackbody continuum emission magnitudes

increased, as show in Figures 5.11A and 5.11B. When increasing exposure time the beam is
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stationary for longer at each point. Therefore, more energy is applied to the powder bed,

increasing the energy delivered and therefore an emission intensity increase is recorded.

Two focus settings were used and the tightest focus, at focus offset 0.0 mm, the peak

intensity is higher and blackbody continuum emission is lower than the wider beam at

offset -0.6 mm. This confirms the trend seen in the focus offset results, shown in Figure

5.8.

Figure 5.11 A: Spectral emission intensity for varying exposure time. B: Continuum
radiation magnitude for varying exposure time. C: Spectral emission intensity for varying
point distance. D: Continuum radiation magnitude for varying point distance.

When varying point distance the trend is again as expected. When reducing the point

distance the magnitude of both spectral and blackbody continuum emission increased, as

shown in Figures 5.11C and 5.11D. Reducing point distance means that there are more

laser exposure locations along a hatch vector and therefore more energy is applied to the

bed. Once again the tightest beam at focus offset 0 mm produced higher spectral emission

and lower thermal emissions than the wider beam.

Discussion - Exposure Time/Point Distance

The above analysis failed to include information on the actual energy input per scanned

vectors. For each test parameter set, the build time was calculated via Equation 4.4 and this

was multiplied by the input power, 200 W, to calculate energy per hatch. Figure 5.12 shows

the changes in both spectral emission intensity and continuum thermal emission signals as

laser input energy per hatch was varied. It can be seen that the different parameters do

not result in different emission magnitudes if the laser input energy is identical. Both sets
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of experimental data, for either a -0.6 mm or 0.0 mm focal offset, are grouped along the

same linear trend.

Figure 5.12 A: Peak spectral intensity against energy input. B: Continuum emission
against laser energy input.

It was surprising that a shorter exposure time/short point distance produced equal spectral

and continuum emissions as a longer exposure time/large point distance, if the relationship

shown in Equation 5.1 was true, i.e. equal energy input.

tEXP1 + tDLY 1

LPD1
=
tEXP2 + tDLY 2

LPD2
(5.1)

It was assumed that longer exposure times would raise the melt pool temperature higher in

a local area resulting in higher vaporisation levels and therefore increased spectral emission.

However, this could not be determined as the full scan line was temporally integrated into

a single recording. Local variations in intensity across a point by point basis were lost.

5.3 Measuring the Relationship Between Plasma Electron

Temperature and Physical Wall Dimensions

In the previous section the spectral emissions from the fusion zone of the SLM process

were discussed. However, the methodology used provided few physical parts which could
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have been investigated. As each sample was built upon the previous, all samples were des-

troyed apart from the final sample of each test stack. To truly understand the relationship

between spectral emission and the SLM process, manufactured hatches were required for

dimensional investigation.

In this section, the collection of further spectroscopic data will be discussed along with a

sample manufacture methodology. The calculation of plasma electron temperature from

the raw spectrometer data will be discussed and compared to the physical characteristics

of single hatch wall samples.

5.3.1 Experimental Arrangements

From the experiments discussed in Section 5.2 it was decided that exposure time and focus

offset would be further investigated. As was previously described the variation of either

point distance or exposure time produced identical results and therefore the total energy

per line was deemed as the influencing factor. Exposure time was selected to vary energy

input.

The focus offset drastically effected spectral emission profiles and therefore was deemed

important for further investigation. State-of-the-art parameters used in the manufacture

of cpTi SLM parts used different beam diameters for different hatch vector types. The

Realizer SLM system uses a ∼ 70 µm beam for the internal hatch vectors to produce

dense parts. For contour scans a smaller ∼ 50 µm beam is used to control surface finish.

Investigating the spectral characteristics of differing beam diameter and relating these to

physical walls would give an insight into emission markers which could be used to control

these vector types in the future.

Separate samples were made for physical and spectroscopic analysis. Table 5.3 contains the

exposure time and focus offset parameters investigated, along with the fixed parameters

which were maintained across all data sets. Note the reported laser power is 172.5 W.

This is the actual power measured at the powder bed, as opposed to the power reported

by the Realizer SLM system which was used in the previous analysis. The Realizer system

calculated the power directly from an applied pump current. Optical absorption and laser

degradation has reduced the power actually incident on the powder bed.

Emission data was collected by the manufacture of 5 mm long single hatch walls consisting

of 6 layers. The start and end locations of the walls were (0,-2.5) and (0,2.5) respectively.

The wall location had changed from previous experimentation as the spectrometer had

been removed and refitted to the system. Before each sample a 6 x 2 x 1 mm spacer

was manufactured such that the initial build conditions for each sample was identical. An

example of a test stack assembly can be seen in Figure 5.13. The integration time of
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Table 5.3 Test parameter setting for spectroscopic analysis of SLM.

Test Parameters

Exposure Time [µs]
Focus Settings

Focus Offset Beam Diameter [µm]

50 -0.8 80.6
Focus

below bed
100 -0.6 73.3
150 -0.4 66.1

-0.2 58.8
0.0 51.6 Focus on bed
0.2 85.1 Focus

above bed0.4 118.6

Fixed Parameters

Power [W ] 172.5
Point Distance [µm] 70

Powder Layer Thickness [µm] 50

the spectrometer was set to be 15 ms which was significantly longer than the estimated

maximum laser scan time of 11.8 ms calculated from Equation 4.4. The spectrometer was

triggered by the laser modulation signal.

Figure 5.13 Sample test stack assembly. The final sample wall is visible on the left edge.
Support structures which anchor the part to the substrate are visible on the right.

Physical wall samples were required for optical analysis. Although single hatch walls can

easily be built onto the build substrate in a SLM machine, it would be difficult to analyse

them from this position. Firstly they could be easily damaged by side loaded forces which

could have caused them to break off or be deformed. Strong walls can be produced however,

as this investigation was looking for trends in performance, some of the samples would be

built with parameters outside of the usual tight range which could be used to produce

fully dense parts. Therefore, test walls could be weak and prone to dislocation from the

build plate with little applied force. As the walls could not be analysed on the build plate

they would have to be removed. This would lead to loose walls without any clear physical

markers. Confusion in sample order would be very easy and many metallurgical sample

mounts would be required
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A sample holder was designed onto which the test walls would be manufactured. The

holders protected the samples, aided in mounting and allowed for labelling to maintain

knowledge of part order. A CAD representation of these holders can be seen in Figure

5.14. Each of these had a different physical marker built into the base, this was designed

such that the position of each wall would be know irrespective of the orientation of the

sample holder in the metallurgical mount.

Figure 5.14 CAD representation of three sample holder. Note the physical marking labels
on the bases.

The test walls were positioned on the build plate and were constructed with the sample

holder as displayed in Figure 5.15A. The side walls on the holders would protect the test

walls on removal from the plate. The test wall height was 1 mm shorter than the sample

holder end walls. This not only protected the test walls but allowed three sample holders

to be stacked on top of each other and still allowed to be mounted in a single 30 mm

diameter epoxy mount.

Figure 5.15 A: CAD representation of sample holder with test walls. B: Realizer software
display of example holder with test walls and supports. C: Epoxy mounted samples.

Each test wall was built to a z-axis height of 3 mm within the sample holder, with a

spacing of 1 mm between each wall. Samples were mounted in low viscosity epoxy resin to

protect the samples from wall deformation which occurred with hot compressive mounting

techniques. After imaging, wall thickness measurement was performed by an automated

ImageJ macro script. The polishing and wall measurement techniques have been discussed

in Chapter 3.
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5.3.2 Results

When viewing the spectral profiles for each fixed exposure setting the largest emission

profile did not correspond with smallest beam diameter of 51.6 µm. Figure 5.16 displays

the spectral profiles for the 100 µs exposure time set. When defocused to 73.3 µm the

coupled emissions appeared to be at a maximum (Figure 5.16B). As the beam diameter

was reduced the area of continuum radiation reduced to a minimum at 51.6 µm, i.e. focus

offset 0.0 mm (Figure 5.16E). As the focus moved above the powder bed, and therefore

beam diameter once again increased, the continuum contribution also rose. This agreed

with the findings of Section 5.2.2.

A measure of the total coupled energy for each sample setting was undertaken by two

methods. Firstly the area under the Gaussian curve fit was used as a measure of total

blackbody continuum emission output. Secondly a trapezoidal rule method was used to

calculate the area under the entire spectral and blackbody continuum emission . Figure 5.17

displays the results across all test exposure times. Both methods produce near identical

trends, with the trapezoidal method larger in magnitude with respect to the Gaussian

curve fit. The ratio of Gaussian to trapezoidal areas was 0.90 ± 0.03, therefore only 10 %

of the energy emission was stored within the spectral emission peaks. It was postulated

that the larger parameters with larger volumes of blackbody continuum radiation would

correspond to wider melt tracks. It was initially thought that continuum radiation was

mainly emitted from the melt pool. Therefore an increase in signal magnitude would

correspond to an increase in melt volume.

Figure 5.18 displays the spectral profiles for the 100 µs exposure time dataset with the

continuum radiation removed by the Gaussian removal method. The minimum focus offset

no longer produced the highest spectral peaks as reported in Section 5.2.2. The defocused

73 µm beam now displayed the highest intensity spectral peaks (Figure 5.18B). Note, the

scales of the images in Figure 5.18 are twice that used in Figure 5.7 and therefore the peaks

look less defined but are of similar magnitude. However, the maximum peak at tightest

focus, 51.6 µm, has the lowest magnitude (Figure 5.18E). The change in trend from the

initial experimentation was thought to be due to the realignment of the collection optic

and therefore the viewing angle of the fusion zone had changed.

Figure 5.19 displays the plasma electron temperature, calculated by the method described

in Chapter 4, with peak isolation via the Gaussian removal method. The temperature of

the vapour increased as the beam decreased in diameter for all three exposure settings.

However, the temperature trend with the minimum focus below the bed was different

to that when the focus was above. The temperature rose rapidly with decreasing beam

diameter until minimum spot size was incident on the powder bed plane. As the beam

increased in diameter with the minimum focus above the bed the rate at which temperature
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Figure 5.17 A representation of energy emitted from the fusion zone measured as the
area under the recorded spectra.

decreased reduced. For the 80.6 µm beam, with minimum focus below the powder bed,

the temperatures had reduced by 9.9% compared with the smallest beam diameter. For

the nearest comparable sized beam with focus above the bed, 85.1 µm, a smaller reduction

of 1.4% was found.

Using the linear interpolation method to remove continuum radiation, the same temper-

ature trend was found. Rapidly increasing plasma electron temperature with the focus

below the bed, slow drop off with the focus above, as shown in Figure 5.20. Comparing the

same beam diameters as before. The 80.6 µm beam, focused below the bed, and 85.1 µm,

focused above, had temperatures 10.5% and 1.6% lower than the minimum beam focus

temperatures respectively.

The differences in temperature with the minimum focus location above or below the powder

bed plane can be explained by the following. When focused furthest below the bed a wide

energy distribution occurs which results in a low temperature gradient across the surface

of the melt pool. A volume of material is vaporised but the low energy density of the

incoming beam results in low levels of absorption and therefore significant vapour heating

does not occur. As the focus is tightened the temperature gradient increases such that

more vaporisation occurs. The higher energy density of the beam causes increased levels

of absorption resulting in a hotter vapour. As the focus moves above the bed the energy

density on the powder decreases, this reduces the volume of vapour. However, the evolved

vapour enters a region of higher energy density above the melt pool, this caused significant

vapour heating. This resulted in the temperature for 85.1 µm diameter beam with focus

above the bed being 10% higher than the 80.6 µm beam with focus below the bed.

The maximum plasma electron temperatures calculated at minimum focus, with a 150 µs
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Figure 5.19 Electron temperature calculations, with the continuum radiation removed
via the Gaussian removal method, across varying beam diameters at A: 50 µs, B: 100 µs
and C: 150 µs exposure times.

Figure 5.20 Electron temperature calculations, with the continuum radiation removed
via the linear interpolation method, across varying beam diameters at A: 50 µs, B: 100 µs
and C: 150 µs exposure times.

exposure time, were 7560± 120 K and 7900 ± 190 K for Gaussian removal and linear in-

terpolation method respectively. These temperature correlated well with work undertaken
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by Szymanski who reported temperatures of 8000 K for line ratio calculated temperature

measurements in titanium welding [137]. However, higher temperatures have been repor-

ted in titanium when high peak pulse power Nd:YAG sources have been used. Hanif and

DeGiacomo report temperatures of 8760 K and 8500 K respectively [145, 146]. This is to

be expected, as the high energy densities passing through the vapour will cause significant

heating.

One notable feature was that the electron temperature did not increase when the exposure

time was increased. The temperature of the vapour at minimum focus for 50 µm expos-

ures was 7440 ± 140 K, a reduction of only 120 K with respect to the longest exposure

setting, using the Gaussian removal method. However, as the errors overlap, a statistically

significant difference was not found. The 150 µs exposure times input approximately 2.3

times more energy into the fixed hatch vector than with 50 µs exposures, as discussed in

Section 4.1.1. Therefore, the vapour rapidly reaches steady state conditions in time scales

much shorter than the exposure time [130]. This results in a stable laser/vapour interac-

tion which act together as a stable heat source. Increased powder melting will occur if the

sources remained stationary however the vapour did not significantly rise in temperature.

The difference in reported temperatures between the two continuum removal method res-

ulted from the accuracy of determining peak intensity. The high volume of line emissions

in the 490 - 540 nm region broadened the line widths of the collective emissions. This

resulted in the local minima, used for both Gaussian curve fitting and linear interpolation,

residing above the natural fit of the continuum curve. In Figure 5.21 a shaded region has

been added to highlight the area where the lines have merged, increasing the apparent

background continuum radiation. With respect to the Gaussian curve fitting these minima

were only a small proportion of the points for fitting and therefore did not negatively ef-

fect the resultant continuum curve. However, for the linear interpolation method utilising

one of these shifted minima, in order to calculate the linear interpolation line under the

521.04 nm peak, the minima at 510.12 nm and 534.50 nm were used. The lower 510.21

nm minima was located within this shifted region resulting in a reduced peak magnitude

measurement for the 521.04 nm transition. Contrast this with the emission peak at 550.39

nm, the linear interpolation used the emission intensities at wavelength 534.50 nm and

558.35 nm. This interpolation method closely fitted to the Gaussian curve, resulting in

line intensity of similar magnitude. On comparison the ratio of linear interpolated peak

intensity to Gaussian removed peak intensity was 0.812 ± 0.052 for the 521.04 nm peak

and 0.973± 0.053 for the 550.39 nm. Note that if the ratios were the same, the calculated

electron temperature measurements would have been equal. As the linear interpolation

method reduced the magnitude of the 521.04 nm peak. The ratio between the two line

emission magnitudes reduced and this resulted in the elevated plasma electron temperature

recording.
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Figure 5.21 Sample spectrum displaying the difference in continuum radiation removal
reference level for Gaussian and linear interpolation methods.

It must be noted that the linear interpolation method only required 3 wavelength intensity

measurements for the calculation of each peak magnitude, as opposed to the hundreds

required for the Gaussian fit methodology. This would vastly decrease computational

processing time if used in a feedback situation. Comparing all calculated temperatures

between the two methods, the linear interpolation temperatures were found to be 4.8 ±
1.2% larger than the Gaussian removal method. However, the trends produced by both

methods are the same and therefore could be used to assess or control the focal conditions

of the fusion process.

The dip in temperature recorded for the 150 µs exposure times when the beam was de-

focused to 73 µm could be due to the large volume of continuum radiation. Figure 5.22

displays the spectral profile for a single layer. The merging of the spectral peaks and high

levels of continuum radiation left few minima for curve fitting. Therefore, poor estimation

of peak intensity occurred resulting in temperature deviations from the trend found for

lower energy inputs.

The raw peak intensities after calibration were also used to calculate an electron temperat-

ure, these can be seen in Figure 5.23. It is worth noting that the temperature scales used

are the same as displayed in the Gaussian removal and linear interpolation temperature

Figures 5.19 and 5.20, to aid in comparison. There is no identifiable trend in these results

and therefore it is concluded that the removal of the broadband continuum radiation is

required to produce a temperature trend from the spectral data.

In Figure 5.24 the wall thickness measurements are displayed. It was hoped that there

would be a trend between measured emission spectra and wall thickness, however this

was not the case. There was no distinct trend with respect to changes in beam diameter.

An average wall thickness for each exposure setting can be seen in Table 5.4. Initially
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Figure 5.22 Sample spectrum at 73 µm spot size for a 150 µs exposure time. The
separation between the Gaussian curve and linear interpolation line is significant.

Figure 5.23 Electron temperature calculations utilising raw peak intensities after data
calibration, across varying beam diameters at A: 50 µs, B: 100 µs and C: 150 µs exposure
times.

it was thought that the higher blackbody continuum radiation emissions recorded when

defocused to 73 µm may have had favourable energy coupling conditions and may have

resulted increased melting, this was not the case (Refer to Figure 5.17).

Table 5.4 Average wall thickness for differing exposure times. Collective results from all
beam diameters at 172.5 W.

Exposure time, EXP, µs 50 100 150

Wall Thickness, t, µm 131.6 ± 22.6 168.2 ± 20.8 199.0 ± 19.8
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Figure 5.24 Wall thickness measurements across varying beam diameters at A: 50 µs, B:
100 µs and C: 150 µs exposure times.

None of the walls produced were narrower than the beam diameter incident on the powder

bed. It was assumed that the majority of incident laser energy was absorbed into the

powder as models have shown that multiple reflections occur as the beam enters the powder

layer and therefore offer many absorption opportunities [159]. As the powder becomes

molten the reflectivity also decreases and therefore additional absorption occurs [14].

Due to the insulating effects of the surrounding powder this energy remained in the local

area. Therefore the energy per unit volume was equal regardless of beam diameter. With

equal energy available the melt pools produced were similar in volume regardless of focus,

resulting in consistent wall thicknesses. It is therefore justifiable that the increased energy

input due to increased exposure time resulted in wider walls as larger quantities of energy

were available for melting.

Due to the elementary build material of cpTi the melt track cross section was difficult to

assess. Figure 5.25 contains a micrograph of the transition from the SLM sample holder

to an individual wall sample. There is a lack of distinct boundaries between each hatch

vector. As there are no alloying elements, as the melt pool freezes large β grains (body

centred cubic) are formed. As the temperature of the solid fall below the α− β transition

temperature α grains (hexagonal closed packed) start to nucleate along the boundaries of

the β grains. As the cooling rate is very high many of these nucleation occur and the fine

microstructure observable is formed. The needle like α grains do vary across the sample

shown in Figure 5.25, however individual layers, each 50 µm thick cannot be identified.
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Figure 5.25 Micrograph of test sample wall acid etched with Hydrofluoric acid. Note the
lack of clear definition between the 50 µm powder layers. Magnification 400x.

At the interface between the holder and the single track walls, long α grains are formed

due to the recent thermal history of the part. The sample holder was manufactured by a

standard part 90◦ rotating hatch pattern, with a hatch spacing of 100 µm. Therefore, there

were many closely packed hatch vectors in the bulk solid and, although this acted as a large

heat sink, the bulk temperature was still elevated when the single track sample walls were

scanned through the volume. This extra energy, due to the holder being manufactured,

caused the entire sample to cool more slowly, allowing extra time for increased grain growth.

Once the sample holder had been completed, the thermal input into each layer was vastly

reduced and therefore a higher temperature gradient occurred. When scanning the single

hatch vectors, rapid cooling inhibited grain growth.

The analysis technique used to calculate the wall thickness removed satellite powder fixa-

tion if the fixation point was outside the image plane, i.e. they appeared as floating islands

as show in Figure 5.26. The raw (5.26A) and binary (5.26B) image show rows of loose

islands of metal following the vertical edges of the wall. These particles are solidly fixed to

the surface of the walls as they would have been removed by the sonication cleaning pro-

cess. When manufacturing bulk solid, the sintered on particles would not have negatively

affected density, as they would be remelted on the next melt track. However, these would

affect resultant surface finish. It can be qualitatively seen in Figure 5.27 that the frequency

of satellite particles increase as the beam tends toward the minimum beam diameter. The

sintered on particles are not from the powder as they are much smaller than the 45 µm

diameter stock. These are likely due to material ejection from the melt pool due to vapour

pressure.
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Figure 5.26 Process in which satellite powder fixation was removed from wall samples
under optical analysis. Sintered on powder was removed if the fixation point was outside
the image plane.

5.3.3 Discussion

For increased energy input per hatch vector, produced by increases to exposure times, the

wall thicknesses increased. This was measured in the recorded spectral data as an increase

in the magnitude of the peak emission intensity and continuum radiation (Figures 5.17

and 5.18), however, not as an increase in plasma electron temperature. It was therefore

determined that the vapour entered a steady state condition rapidly as laser input occurred.

The energy flow in and out of the fusion zone remained constant and therefore the laser

vapour interaction acted as a stable heat source. When the exposure time was increased,

more energy was input into an area and the melt pool increased in width.

However, when relating emission spectra to resultant wall thickness whilst varying beam

diameter no relationship was found. The different beam diameters produced vastly dif-

ferent spectral emissions, in both continuum and spectral outputs, but very similar wall

characteristics. It is therefore concluded that the melt pool could not have had the same

structure for differing beam diameters. If this was the case the blackbody continuum

emission from the melt pool would have been similar for all focus offset settings, for each

exposure setting. Figure 5.28 displays that when higher levels of continuum radiation were

recorded, this corresponded with the lowest electron temperatures. The largest magnitude

peak intensities also corresponded to the highest continuum recordings as shown in Figure

5.29. Noting, it is the ratio of peak intensities not magnitude which dictates temperature.
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Figure 5.27 Raw wall sample images for 150 µs exposure times across all beam diameters.
The sintered satellite particles can be seen to increase in frequency as the beam tends to
a minimum at 52 µm.

Figure 5.28 Total energy within each spectra compared to the electron temperature at
differing beam diameters for 150 µs exposure times.

These differences in signal have been produced by the formation of a small keyhole welding

mode occurring as the beam diameter decreased. As discussed in Chapter 2, if the energy

density of the laser beam is high enough material is vaporised from the melt pool. The

pressure which this vapour imparts on the molten surface causes the centre to recede into
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Figure 5.29 Magnitude of isolated 521 nm emission at differing beam diameters for 150
µs exposure times.

the workpiece. This moves the vapour volume into the cavity as shown in Figure 5.30.

Figure 5.30 Schematic of laser keyhole welding process [175].

Figure 5.31 shows the process schematic for two differing diameter laser beams. In Figure

5.31A a defocused beam is shown. The melt pool has a hemispherical like profile as the

wide density profile has distributed energy evenly. Low levels of vapour are generated but

it does not create enough pressure to disrupt the molten surface significantly. The low peak

energy density passing through the vapour does not produce significant heating resulting

in a low plasma electron temperature. However, as the melt pool surface is close to the

powder bed level and the vapour is mostly above, a large volume of hot emitters can be

viewed by the spectrometer. This results in the high continuum radiation and spectral
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peak magnitudes which were recorded for the 66.1 µm to 80.6 µm beam diameters, as

shown in Figures 5.28 and 5.29.

Figure 5.31 Schematic of melt pool shapes affecting emission coupling into the spectro-
meter for two different energy density beam profiles.

Figure 5.31B displays the melt pool conditions as the focus tightens producing a narrower

higher intensity energy profile. The energy is concentrated over a smaller area and therefore

the temperature rise in the centre of the melt pool is high. It is worth noting that the

smallest focal diameter of 51.6 µm had a beam area half that of the 73.3 µm beam and

therefore the peak energy density was twice as high. The vapour that is evolved is heated

by the high energy density incoming beam, exerting a pressure on the melt pool, producing

a small cavity. The vapour recedes inside the melt pool below the powder bed level. This

reduces the volume of both vapour and melt available to view at the powder bed surface.

Due to the spectrometer viewing angle, it is unable to see the majority of the heat emitters.

The continuum and spectral peak intensity magnitudes decrease, however the vapour is

still hotter on exiting the keyhole and was recorded as such.

In laser welding it has been reported that as the keyhole increased in depth the vapour

temperature visible above the work piece reduces due to the hottest plasma moving deeper

[109, 142]. However, the keyhole mode was well developed in these studies and variation of

laser power was used to adjust penetration. In the SLM case presented here, the transition

between a conduction limited and keyhole welding mode is occurring. The maximum
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keyhole depth will only have been in the region of the melt track widths of 150 - 200 µm.

The vapour therefore did not have sufficient time to cool before exiting the cavity and

entering the spectrometer field of view. However, due to the high scanning speed used in

SLM, ∼ 1 m/s, only a small volume of vapour was produced and therefore any significant

depression resulted in the majority of the melt pool being removed from the spectrometer

view.

In SLM, King et al. have shown that the onset of keyholing can be predicted by calculating

the normalised enthalpy from the process parameters [176]. Equation 5.2 describes the

normalised enthalpy calculation and was first formulated by Hann et al. for laser welding

[177].

∆H

h
=

AP

h
√
Dv(2ω)3

(5.2)

where ∆H is the specific enthalpy, h is the enthalpy at melting, A is the absorptivity, D is

the thermal diffusivity and v is the scanning velocity. It is the ratio of energy containing

in the volume of melt due to laser energy input divided by the energy required to melt the

material, i.e. the enthalpy of melting. A condition for the onset of keyhole formation is

given by:

∆H

h
=
πTv
Tm
≈ 6 (5.3)

where Tm and Tv are the melting and vaporisation temperatures of material respectively.

For titanium the onset of keyholing occurs when the normalised enthalpy exceeds 6. There-

fore, if the laser interaction provides enough energy into the melt pool, vaporisation starts

to occur, and a keyhole begins to form. Using Equation 5.2 the normalised enthalpy was

calculated for various beam diameters and exposure times presented in this chapter and dis-

played in Figure 5.32. It is worth noting that exposure times where converted to scanning

velocities with the use of Equation 4.4.

Figure 5.32 shows that there is the high likelihood of keyhole formation as the beam size

tends towards the minimum beam diameter for all exposure settings. As the normalised

enthalpy increases, the depth of the keyhole will increase and therefore the viewing of

both the melt pool and vapour will be reduced as previously discussed. Although the

parameters with minimum focus above the bed are less likely to form keyholes, high electron

temperature were still be produced. This is due to the high energy density passing through

the vapour plume above the fusion zone, increasing the vapour temperature.

At the smallest focal diameter, the increased vapour pressure coupled with a higher tem-

perature gradient across the melt pool increased the likelihood of spatter ejection from
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Figure 5.32 Normalised enthalpy for differing beam diameters and exposure times. The
normalised enthalpy threshold for the onset of keyhole welding approximately 6.

the fusion zone. The higher peak energy density of the beam formed a large temperature

gradient between the centre and the edges of the melt pool. This forms an imbalance in

surface tensions, which drive Marangoni convection currents through the molten material

[178]. The Marangoni flow can be seen in Figure 5.30 as the dashed arrow lines in the melt

pool. This flow, plus the additional vapour pressure, can lead to material ejection from

the melt pool. These spherical splashes land on the edges of the melt pool and become

trapped on freezing, giving rise to micrometer scaled particles [47]. This led to the increase

of satellite particle fixation on the edge of the sample walls at lower beam diameters as

larger force imbalances occur due to higher temperature gradients.

It was stated earlier in this chapter that for the manufacture of cpTi parts in the SLM test

system, the minimum focal diameter beam was used to form contour scans. This helped

produce the lowest surface finish, but disagrees with the previous statement. The above

discussion did not take into account the laser power used. The contour scans are produced

with 90 W of laser power and therefore the energy input rate is 48% lower than the focus

offset results presented in Section 5.3.2. In the initial power experimentation presented in

Section 5.2, no clear spectral peaks were present at sub 120 W power levels, alluding to

low levels of vapour emission from the melt pool. This is consistent with the conduction

limited welding mode which is more stable than the keyhole mode achieved with higher

energy densities. With less vapour pressure and reduced Marangoni flow, the melt pool is

unlikely to eject material.

Variations in beam diameter have not resulted in changes to track dimensions even though

it has been shown that the melt pool varies in shape whilst the energy input is occurring.

Therefore, the off-axis sensing system has given an insight into the robustness of the SLM

process. The beam diameter and profile have little impact on the resultant track width.

Regardless of the profile, the energy remains close to incidence location and it is therefore
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the quantity, not distribution, of energy in this region that dictates melt volume.

When multiple hatches are scanned together the energy may not be maintained in the

localised area, as was found with single hatch walls. SLM in-process research has found

that broadband signals emitted from the melt tracks are 20% - 50% higher for initial hatch

vector due to insulation of the surrounding powder [17, 93]. This broadband signal reduced

for subsequent hatch vectors as the connected heat sink increases in size. Variations in the

melt pool dynamics may occur as this happens which could be viewed by the developed

system. However, in the current off-axis configuration the limited viewing area would

not allow for significant 2D layers to be manufactured. When the collection optic was

realigned, different spectra were obtained for comparable parameters. The system was

therefore sensitive to the location of hatch vector inside the field of view. As the emission

rays were not entering the collection optic parallel to the central optical axis, coupling

varied across the field of view. Only the centre area of the field produced effective coupling

and therefore positional sensitivity to hatch location was high.

In the initial focus offset experimentation, the spectrometer was aligned with the highest

density vapour, which led to the largest spectral line emissions recorded with the smallest

beam diameters. Figure 5.33 shows the electron temperatures calculated from the initial

focus offset experimentations, presented in Section 5.2. The trend of highest temperatures

at the smallest beam diameters is again shown. However the temperatures are higher, up

to 8600 K using the linear interpolation method, then previously reported as the hotter

denser vapour zone has been recorded, noting that the experimental arrangement also

differed. In the later experimentation the alignment was not as central to the fusion zone

and therefore lower magnitudes of vapour were recorded at the smallest beam diameters.

However, an identical vapour temperature trend remained with tightest focuses producing

the highest recorded temperatures.

Recording several hatch vector across the small viewing area would have led to different

coupling conditions for each individual scan and this would make analysis of any trends

difficult. A co-axial monitoring system was therefore required. This would collect emissions

using the existing laser optic track and therefore maintain the coupling stability regardless

of powder bed position. The development of such a monitoring system into an existing

SLM system is presented in Chapter 6.
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Figure 5.33 Electron temperature calculations, with the continuum radiation removed
via the linear interpolation method, across varying focus offsets.
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6 Co-Axial Monitoring Development for SLM

The off-axis monitoring method investigated in Chapter 5 has several issues which caused

the system to be inefficient as a research tool. The limited field of view only afforded a

small experimental area reducing the efficiency of data collection. Moreover across the

narrow field of view, differences in coupling were found. If adjacent hatch vectors were

manufactured differences in spectra were recorded which would make quantifiable analysis

difficult.

An off-axis configuration is generally used in plasma monitoring of laser welding. This is

due to the general configuration of the welding set-up, whereby the laser head is positioned

orthogonally above the work piece and then the xy axis translation performed via a moving

linear stage [107–109, 133, 137, 140–142, 150, 152, 179]. An example set up can be seen

in Figure 6.1. Whether the work piece is moved or the welding head with the monitor

attached, with respect to the frame of reference of the melt pool, there is no change in

location between the energy source and the spectrometer collection optic. Therefore a

consistent optical coupling is achieved as the view of the melt pool never changes. This

was not found to be the case in SLM as the fusion zone moved with respect to the collection

optic.

Figure 6.1 Example welding spectroscopy set-up with a fixed location with respect to the
energy source/work piece location [142].

The traditional welding sensor configuration is therefore not applicable in SLM. Further-

more the limited field of view does not allow for a complete sensor picture across the entire

build platform. If a wide field collection optic was used to collect data from the entire

bed, differences in viewing angle would vary the signal collected. A co-axial vision system,
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viewing directly through the laser optical path, was therefore investigated. This system

viewed the vapour directly through the optical track which diverted the laser to the powder

bed. Using this configuration the system would always be able to view inside the fusion

zone. It also allowed for the whole build platform to be utilised for experimentation, which

vastly increases data collection.

Co-axial vision systems have previously been attempted in SLM, however none of the

research considered the contribution of radiation emitted from the vapour [17–19]. All

radiation was assumed to derive from the melt pool. In Chapter 4 this was found not to

be the case. It was concluded that the variations in emitted signals derived mainly from

vapour emissions and therefore, there is scope for further investigation.

This chapter will discuss the development and utilisation of a co-axial vision system for

collecting emission data via SLM. The first section will discuss the design of the new optical

system. This will be followed by a discussion on the calibration and performance of the

system.

6.1 Development of a Co-Axial Monitoring System

The SLM250 (Realizer, Germany) machine used for the co-axial sensing experiment re-

quired extensive modification in the optics enclosure. It is worth noting that this was not

the same SLM system that was used for experimental research in Chapter 4. This sec-

tion will explain the concept undertaken followed by details of the mechanical and optical

design.

6.1.1 Concept Design

To achieve a co-axial monitoring system for the SLM machine, a redesign of the optical

track was required. This involved the relocation of the process laser such that it was at 90◦

from the original optical axis. A dichroic mirror was then employed to reflect the process

beam along the optical axis, through the focusing optics to the scanning system and the

f-theta objective lens. Figure 6.2A shows the modified assembly layout with the process

laser path highlighted.

A dichroic mirror acts as a broadband optical filter in which the reflectance of the compon-

ent flips from approximately 100% to 0% at a set wavelength, see Figure 6.3 for an example

of a short-pass dichroic mirror reflection curve. Figure 6.2A shows that the process laser

was reflected off the additional dichroic mirror. Reflection, rather than transmission, is

desirable as there are fewer optical losses in this configuration for the process laser.
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Figure 6.2 A: Process laser path through modified optics. B: Return optical emission
path through modified optics.

Figure 6.3 Reflection curve of Thorlabs DMSP805 Dichroic Short-pass mirror [180].

Any emission signals from the vapour and melt pool would propagate via an identical

path through the optical system, apart from travelling in an opposite direction. However,

when the signal interacts with the dichroic mirror, any wavelengths below the short pass

limit would be transmitted allowing for capture via the spectrometer collection optic as

shown in Figure 6.2B. The developed system is the first SLM system to co-axially collect

spectroscopic emission data. The existing optical arrangement in the SLM system was not

designed in a way which could be modified to allow for the additional dichroic reflector,

therefore a new optical assembly design was required.
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6.1.2 Optical Design

Before the mechanical design could be attempted, certain optical aspects of the design had

to be firstly finalised. The fixed output beam diameter of 5.0 mm from the R4 laser (SPI,

UK) [181] would be required to be expanded to allow for fine focal length adjustment and

also maximising the input beam diameter into the f-theta lens. This was desirable as the

final spot diameter, dmin, is inversely proportional to the input beam diameter, DL, as

given by Equation 6.1 [14].

dmin =
4M2fλ

πDL
(6.1)

where f is the focal length of the f-theta lens and M2 is the beam quality factor. This is a

measure of increased beam divergence with respect to an idealised Gaussian beam.

There was however a limit to the magnification of the existing system and this was due to

the maximum aperture size of the scanner, which was found to be 15 mm. This diameter

was derived from direct measurement of the x-axis deflection mirror. The quoted raw beam

diameter was specified as twice the 1/e2 radius, ω0. This is the radial distance from the

central peak to the point at which the beam intensity has decreased to 1/e2 (13.5%) of

the peak intensity, I0 as shown in Figure 6.4. Note that this is only valid for Gaussian like

beam profiles, as produced by single mode fibre laser sources [181].

Figure 6.4 Theoretical Gaussian beam profile. 86.5% of the enclosed energy is inside the
ω0 radius. An additional 12.5% is enclosed in the next 0.5ω0 radial distance and therefore
total enclosed energy reaches 99%.

For a Gaussian beam the intensity distribution from the centre is given by Equation 6.2.
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I(r) = I0exp

(
−2r2

ω2
0

)
(6.2)

However this is just the point at which the intensity has fallen to given percentage. If the

intensity is integrated from 0 to a radius, r, the power enclosed within the radius is given

by Equation 6.3.

P (r) = P∞

1− exp

(
−2r2

ω2
0

) (6.3)

At the 1/e2 limit, 86.5% of the total power is enclosed as highlighted by the inner shaded

region in Figure 6.4. As power is energy per unit time, 86.5% of the energy of the beam

is enclosed within this limit. However, throughout the optical system the beam must not

be clipped at this diameter as 13.5% of the available energy would be wasted. Secondly

clipping the beam at this radius would result in optical aberrations forming an airy disk

profile in the final focused beam, as shown in Figure 6.5. This is a result of a radial

diffraction pattern due to coherent interference as explained by Huygen-Fresnel principle

[182]. Note Figure 6.5 displays an idealised aberration due to a circular aperture. To negate

this effect the proportion of energy through any aperture should tend towards 100%. A

limit of 99% is usually applied as 100% would theoretically only exist at infinity. Therefore

if P (r) = 0.99P∞, the radius with 99% enclosed energy is equal to 1.5ω0.

Figure 6.5 Theoretical Airy disk pattern generated via a python script.

Using the 99% enclosed energy limit, the beam was now defined to have a diameter of 7.5

mm, 1.5 times the SPI specification. Therefore, the input aperture into the beam expander

had to exceed this limit. On exiting the beam expander, the beam could not exceed 15 mm

at the 99% enclosed energy limit so as to prevent energy clipping by the scanner mirrors,

which had a 15 mm aperture. As this limit was twice the input diameter, a 2x beam
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expander was specified.

The beam expander chosen was derived from a S6EXP0020/328 adjustable beam expander

(Sill Optics, Germany). This Galilean expander was chosen due its high power performance.

This is due to the sole use of Fused Silica in the lens manufacture and the tailored anti-

reflection coatings for 1070 nm [183]. In order to make a bespoke optical system, the bare

lenses were obtain from the manufacturer, see Figure 6.6. The beam expander consisted

of a divergent entrance lens and converging objective lens set.

Figure 6.6 Technical drawing of a S6EXP0020/328 beam expander. Note, only the com-
ponents labelled 10, the entrance lens, and 33, the objective lens set, were obtained. Ad-
apted from [184].

The dichroic mirror also had to be defined before the mechanical design could commence.

A DMSP805 (Thorlabs, US) short-pass filter, which would allow transmission below 805

nm, was chosen. This choice was due to the poor optical coupling performance of the

collection optic at wavelengths above 800 nm. In all data recorded in the previously used

off axis configuration, little or no light of wavelength greater than 800 nm was recorded

therefore a cut off at this wavelength was suitable. If a cut-off wavelength closer to the

process wavelength (1070 nm) was used, the lower limit of the short-pass region would be

shifted into the region of useful coupling for the collection optic. For the chosen 805 nm

cut-off the lowest transmission wavelength was 400 nm. If a 1000 nm cut-off filter was

used, allowing for increased long wavelength coupling, the lower transmission limit would

have been 520 nm. This would have removed some of the highest intensity data resulting

in a poorly performing Gaussian curve fit to allow for blackbody removal. See Table 6.1

for the quoted specifications of the discussed dichroic filters.

124



Table 6.1 Assessed dichroic filter specifications.

Component Type
Cutoff

Wavelength
[nm]

Transmission
Band
[nm]

Reflection
Band
[nm]

DMSP805 Shortpass 805 nm 400 - 788 nm 823 - 1300 nm

DMSP1000 Shortpass 1000 nm 520 - 985 nm 1020 - 1550 nm

6.1.3 Mechanical Design

The original beam expander can be seen in Figure 6.7. It consisted of a large machined

tube, Optical Enclosure Bulkhead Mount, which was bolted onto the bulkhead at the end

of the sealed optical enclosure. External from the optical enclosure was the Beam Delivery

Optic (BDO) Assembly Mount. Attached to this was the Beam Delivery Optic (BDO)

consisting of the collimated fibre laser exit aperture and an optical isolator.

Figure 6.7 Original optical assembly in a Realizer SLM250

The polarisation independent optical isolator protected the laser fibre from back reflected

laser emision. This consisted of a Faraday rotator with a birefringent optical wedge po-

sitioned on either side, as shown in Figure 6.8. Laser light entering from the left is split

into vertical (0◦) and horizontal (90◦) components. As a birefringent material possesses

different refractive indices for these two components, the beam is split. The two split com-

ponents then travel through a Faraday rotator. This device uses a magnetic field applied

across an optically transparent dielectric medium to rotate the polarisation plane of light

as waves pass through it. The device is manufactured such that the laser light, of specific

wavelength, is rotated by 45◦ such that the final polarisations are at 45◦ and −45◦ (Note

90◦ + 45◦ = 135◦ ≡ −45◦). The light then travels through a second wedge which has been

rotated by 45◦ with respect to the initial wedge. The two beams are therefore refracted by

differing magnitudes which recombine the beam [185].
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Back reflected laser light is split by the second wedge to into 45◦ and −45◦ polarisations.

The Faraday rotator then rotates the polarisation by a further 45◦, i.e. the polarisation is

not un-rotated, as the Faraday effect is non-reciprocal. This means that the polarisation

plane is rotated in a material specific direction, such as clockwise, in any propagation

direction. The two split planes exit the Faraday rotator at 90◦ and 0◦, however they enter

the birefringent wedge at the locations which the opposite polarisation states emerged.

Therefore instead of being recombined they are further separated. The two split beams

are no longer co-axial with the laser source and therefore do not re-enter the optical fibre

which can cause adverse heating and affect the stability of the internal laser cavity mode.

Figure 6.8 Schematic of a polarisation independent optical isolator.

At the opposing end of the bulkhead mount are the adjustable focusing optics. This

consists of a Galilean beam expander, in which the separation was adjusted via a stepper

motor. This system was an off-the-shelf solution. As this entire system was fixed to the

optical enclosure bulk head, it was deemed difficult to reuse any of these parts to achieve

the optical fold which was required to allow for a co-axial monitoring system. A completely

new system with a different focusing optic assembly was therefore envisaged. This would

include the new Gaussian beam expander, as discussed in Section 6.1.2, with the separation

adjusted with a linear actuator. A general schematic can be seen in Figure 6.9. Note the

optical isolator and fibre laser aperture would remain.

To correctly design the new mechanical components, the optical axis datum was required

to be known. As the original optical assembly was cylindrical and mounted to the optical

enclosure bulkhead, this aperture was used to define this datum. A detailed version of

the bulkhead was therefore modelled in Pro |Engineer (PTC, US), as shown in Figure

6.10. The highlighted red optical axis was known to interface centrally with the scanner

mirrors. Also on the figure, the locations of the surface centre of the objective lens of

the beam expander was noted. This was defined from measurement of the original optical

configuration. This datum location was used to correctly position the new optics to mirror

the original configuration.
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Figure 6.9 Schematic of the new optical design to allow for the integration of a co-axial
monitoring system.

Figure 6.10 CAD representation of the original bulkhead design. The optical axis has
been highlighted. Note this is concentric to the circular mounting hole.

Additional components were either modelled or obtained for source manufacturers to build

a representation of the optical enclosure as shown in Figure 6.11. The location of the

scanner and f-theta lens were only representative in order to visualise the entire system.

Their exact locations were not required for engineering purposes, as they were already

aligned to the optical axis.

The rotary lens actuator of the original design was replaced by mounting the entrance

lens onto a mobile mount attached to a linear actuator. This would be driven from a

stepper motor which was mounted to the enclosure bulkhead. A high precision actuator

was therefore sought as it would be required to have a high degree of repeatability and low

lead-screw backlash.
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Figure 6.11 CAD representation of the base optical enclosure with the scanner and f-theta
lens shown. The enclosure base is semi-transparent.

A KR20 (THK, Japan) 30 mm travel linear actuator was obtained and this was paired

with a ST5918 (Nanotec GmbH, Germany) stepper motor. As the actuator had a 1 mm

pitch lead screw and the motor had a step angle of 1.8◦, a linear resolution of 5 µm was

achievable. The highest grade of the selected actuator was bought. This has a positioning

repeatability accuracy of ±3 µm and also a backlash of 3 µm [186]. The control software

of the lens actuator always moved it in the same direction, away from the objective lens,

to the set location so backlash would not be an issue in this design. For example if the

lens separation was to be reduced, the entrance lens mount would be moved past the set

point then the lead-screw direction would be reversed until the mount was in the correct

position.

The beam expander assembly was designed to be fixed to the bulkhead with an externally

mounted stepper motor. The linear actuator would be mounted onto an large L-shaped

block which was dowelled and bolted to the bulkhead. The block was mounted such that an

L-shape face lay on the enclosure base. This would reduce stress in the mounting points.

The finalised beam expander assembly can be seen in Figure 6.12. This configuration

would mean that the linear actuator would be mounted laterally, i.e. rotated 90◦ about

the propagation z-axis. However, the high rigidity of the U-shaped outer rail and the ar-

rangement of the bearing runners, all set to 45◦ with respect to the horizontal plane, allow

this particular actuator to be mounted in any orientation with no effect on performance.

The actuator was fixed both to the objective holder and to the enclosure bulkhead. There-

fore the enclosure bulk head was modified to allow mounting locations for the objective

holder, linear actuator and stepper motor.

Both sets of lenses were mounted in removable caddies. This would allow for careful

seating of the lenses, maintaining the optical axis with the central axis of the mounting

bores, before safely mounting into the main assemblies. These sub-assemblies can be seen

in Figure 6.13. The technical drawing supplied with the lenses was used to dimension the
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spacer between the objective lens set [184].

Mounting points for two limit switches were machined into the top face of the objective

holder. An actuator arm was fixed to the entrance lens holder to allow for contact with

the switches. The switches would be used to limit the range of the entrance lens and allow

for a zero point reference to be ascertained at the beginning of all build cycles.

The laser input was positioned vertically in the optical enclosure in order to reflect off the

dichroic mirror positioned at 45◦. The location of the BDO laser aperture, i.e. point at

which the laser beam begins to propagate in free space, in the original optic system was

not measured. This was due to the low divergence of the laser beam. With an original

1/e2 beam diameter, D0 = 5.0 mm and M2 = 1.1, the beam would only expand to Dz

= 5.009 mm after a propagation distance of z = 1 m, calculated via Equation 6.4. As

no appreciable expansion of the beam would occur before the entrance lens in the length

scales of the optical system the original location was arbitrary.

Dz = D0

1 +

(
4M2λz

πD2
0

)2
 1

2

(6.4)

The laser input mount, onto which the BDO assembly would be mounted, was designed

to interface with the bulkhead and the enclosure base with a removable dichroic mirror

mount. The mount height was designed such that the chassis mounting holes and dowelling

locations would be above the original bulk head mounting aperture. The dichroic mirror

mount was removable only to aid in machining of the components. In Figure 6.14 the laser

input assembly is shown. The laser input mount consisted of a flat face to which the laser

Figure 6.12 CAD representation of the beam expander assembly.
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Figure 6.13 CAD representation of the objective and entrance lens sub-assemblies.

sub-assembly was mounted. A support leg, which interfaced with the enclosure base, was

also machined with a 45◦ slope. This angled the dichroic mirror mount in order to fold the

laser beam by 90◦.

Figure 6.14 CAD representation of the laser input assembly. A: The two main manufac-
tured components with the Dichroic mirror fitted. B: Entire assembly with laser source.

Two sets of mounting holes were manufactured into the upper face of the laser input mount.

This would allow the laser to be mounted either with or without the optical isolator. It

was beneficial for alignment tasks to use the pilot laser built into the SPI laser system.

The pilot laser was a co-axial <5 mW 650 nm source, which is spliced into the main output

fibre optic. As this is a class 2 source, open use of the beam is acceptable as the human

blink reflex will protect from unsafe exposure [187]. Note, the mirrors were replaced whilst

reassembling the system and alignment was much safer performed using this low power

source.
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The target laser could not be used in conjunction with the optical isolator as the Faraday

rotator is wavelength specific. After the 650 nm beam is split into two orthogonal polar-

isation planes, the Faraday rotator fails to rotate the polarisation by 45◦ and therefore

the components beams are not recombined into a single beam on output of the second

birefringent wedge.

In the final design, the path length from the isolator aperture to the entrance lens was

approximately 200 mm, noting that fine tuning of the entrance lens position would occur on

final calibration. Only lateral adjustment of the laser system was achievable via positioning

of the BDO mount on the top of the optical isolator. No pitch adjustment was available

but this mirrored the original system and the alignment was controlled by high tolerance

machining processes.

A cross section of the complete assembly can be seen in Figure 6.15. The optical path

through the system has been highlighted via a thin red line and the relative position of all

the major components are shown. A full isometric view of the CAD design for the co-axial

vision system can be seen in Figure 6.16. This model was used to produce all drawings

and the components were manufactured in-house.

It must be noted that the spectrometer collection optic mounting was not included in this

design. The spectrometer was very sensitive to pitch alignment in order to obtain good

optical coupling. The spectrometer was mounted through the original mount location via

kinematic optical mounts to allow for fine adjustment along with a laser safe shroud.

6.1.4 Mirror Design

The original mirrors fitted to the scanning galvanometer system were not suitable for use

in the co-axial vision arrangement desired; this was due to the dielectric reflection coating.

A dielectric coating consists of alternating layers of two differing refractive index dielectric

materials, such as titanium dioxide and silicon dioxide. As an incoming wave interacts with

a medium interface of differing refractive index, some of the wave is reflected as explained

by Fresnel reflection. Figure 6.17 shows a representation of a multilayer dielectric reflector

consisting of alternating layers of two dielectrics with refractive indices nh and nl, where

the nh > nl > nair. A proportion of the light is reflected off the initial air medium (nh)

interface. This results in a π phase change as the wave is attempting to propagate into a

region of higher refractive index. Note this does not occur when interfacing with a region

of lower refractive index [166]. The wave passing across the boundary is not phase shifted

so if the layer thickness is set at λ/4 the wave will travel a distance of λ/2 when reflected

off the next interface, therefore emerging at an equal π phase shift to the wave reflected

off the initial coating surface.
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Figure 6.15 CAD cross section of the final modified optical design. A thin red line
denotes the central laser path through the system until the scanner. Note the scanner was
manufacturer supplied surface CAD with the wide beam attached.

Figure 6.16 Isometric CAD view of the finalised optical design.

Some of the wave will pass from the first layer to the second, this layer thickness is set

to λ/2 such that the total round trip distance is equal to λ due to a π phase shift at the

reflected interface. At each interface an exponentially decreasing intensity wave propagates
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Figure 6.17 Graphical representation of multilayer dielectric reflection. Note refraction,
optical path length and interface phase shifts have been ignored in this figure.

and therefore, if sufficient numbers of layers are used, the reflection off the dielectric coating

tends to 100% [188].

Note that these thicknesses must be adjusted if the angle of incidence is not equal to 0, as

is usual for a scanning mirror. The addition of further different layers of a third, fourth

etc. refractive index materials will widen the reflection band achievable and/or increase

consistency of reflection with respect to angle of incidence variations.

As the layer thicknesses of a dielectric reflector are typically designed for a specific wavelength,

only a narrow reflection band occurs. On visual inspection the scanner mirrors appeared

transparent to the human eye, see Figure 6.18, noting that the mirror substrate was Fused

Silica which is also transparent in the visual spectrum. Some violet light can be seen

refelcting in the right image of Figure 6.18. This corresponds to wavelengths which have

been constructively reflected across a number of layers, for example n integer number of

violet wavelengths are reflected at every seventh dielectric boundary.

Figure 6.18 Original scanner mirrors noting that the mirrors are transparent to the
majority of the visual spectrum. A: X axis; B: Y axis.
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A replacement system was required, and initially would have consisted of off-the-shelf

silver coated mirrors supplied by the scanner manufacturer. These would have consisted

of a silver reflection coating which would provide broadband reflection. These mirrors are

not typically fitted to laser systems as they exhibit lower overall reflection percentages over

narrow band dielectric coatings. Figure 6.19 displays the broadband reflection curve of a

silvered mirror at 45◦ and it can be seen that the reflectivity is > 97% from 500 - 1200

nm. However, although at 1070 nm the reflection is approximately 97.5%, this is a 2%

reduction from a standard dielectric coating provided by the manufacturer. A minimum

reflection percentage of 99.5% is quoted [189].

Figure 6.19 Reflection performance of a ”Durable Silver” coated Cambridge Technology
scanner mirror [189].

By using silvered mirrors with the 200 W laser system approximately 4 W of energy

could be transmitted through the coating into each mirror substrate, which could cause

unwanted heating, resulting in substrate distortion. However, to produce a vision system

the broadband reflection provided by a silvered mirror would be essential. Also a metallic

coating has little variation in reflection performance as the incidence angle of any light

waves varies. This is not the case with dielectric coatings due to the previously mentioned

layer thickness relationship to coherent reflection.

Off-the-shelf mirrors could not be fitted as the SLM manufacturer had used a custom

design. The scanner control circuitry was propriety and therefore changes to the mirror

mass would cause incorrect scanner function; therefore, a different solution was attempted.

The mirrors were made of flat plate Fused Silica and therefore the rear surface could

be of use. In the left image of Figure 6.20 the original performance of the mirrors are

shown. The broadband signals of interest are not reflected off the dielectric coating and

are therefore lost. By coating the rear surface, light from the chamber will pass through

the front dielectric coating and then be reflected off the rear surface allowing it to pass

through the focusing optics and be picked off by the dichroic mirror for collection into the

spectrometer.
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Figure 6.20 Left: Schematic of existing mirror performance. Right: New design with rear
face reflector with a broadband reflection coating.

There were three main choices for metallic reflection coatings, these were Aluminium, Silver

or Gold. The general reflection performance of these types of coatings can be seen in Figure

6.21. The best performing broadband coating was Silver, this exhibits > 95% reflectivity

from 450 nm to past the laser wavelength of 1070 nm. However, silver would be expensive

to be retrofitted to the mirror substrates.

In-house gold coating was available however reflection percentage is only better than 80%

above 550 nm and more than 90% at wavelengths > 700 nm. As peak spectral recordings

were found to be in the 500 nm region, a gold coating would be wasteful of usable signal

as it only reflected around 50% of this wavelength. The drop in reflection below 550 nm

gives rises to the recognisable gold colour.

Figure 6.21 Typical reflection performance of three metallic mirror coatings as produced
by Thorlabs inc. [190]

This left aluminium as the final choice with a reflection percentage of > 80% across a 400 -

700 nm region. It was also found to be relatively cheap to get the mirrors retrofitted with

an aluminium coating via physical vapour deposition. Coating was performed by Orion

Optics (UK), a manufacturer and repairer of reflector telescopes. The manufacturer also
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applied a dielectric multi layer coating to protect the aluminium and increase reflection

to > 97% across the 400 - 700 nm region. This would not actually increase the mirror

performance as the new coating would be used as a rear surface reflector.

6.1.5 System Assembly

The optical system was reassembled with the newly manufactured components. As there

were no adjustment features built into the components the process was straightforward.

The lenses were positioned into the caddies and these were fitted to the larger holders.

The majority of the assembly was undertaken on the bench before being finally attached

to the optical enclosure bulkhead and refitted to the entire enclosure. Figure 6.22 displays

the completed optical assembly. Note that the spectrometer had not been positioned at

this time.

As the galvanometer mirrors had been removed initially the optical isolator was not fitted.

This allowed for the use of the red targeting laser for mirror alignment purposes. This

was achieved by mounting the mirrors onto the galvanometer shafts, setting the deflection

position to 0 and then, whilst the targeting laser was activated, rotating the galvanometer

assembly within the mount until the beam interfaced with the powder bed plane at (0,0).

Once suitably aligned the BDO assembly was removed and the isolator was refitted.

Figure 6.22 Completed optical system. Note the aluminium reflector on the rear face of
the y axis mirror. Under the dichroic mirror is a small beam dump to collect the small
proportion of 1070 nm light transmitted through the optic.

With the new lenses in place the system was recalibrated to find the lens separation at

which the minimum spot diameter was achieved at the powder bed. As no laser beam
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profiler was available at this time this was achieved via the production of a series of beam

prints at low power onto laser marking paper. Each of these prints had a different lens

separation. Via a visual inspection the region with the smallest diameter prints was further

investigated. A finer range of lens separations were then printed and analysed. An image

of the prints was taken, see Figure 6.23, and then binary thresholded to produce clear

images of the individual laser exposures. The area was determined by cropping a fixed

size area round each spot and calculating the percentage of black pixels in the area. The

lowest percentage was determined as the minimum focus and therefore the appropriate

lens separation was noted.

Figure 6.23 Binary thresholded image of beam prints where the black spots are the laser
marks.

6.2 Investigations Using the Co-Axial Monitoring System

On reassembly of the optical system, full functionality of the SLM machine had been re-

gained. The spectrometer collection optic now required alignment and full field calibration

before melting of materials could occur and spectra recorded. In this section the calibration

and performance issues of the monitoring system are discussed.

6.2.1 Calibration Techniques

To carefully align the spectrometer collection optic the stability of the position of back

reflected light at the collection plane was investigated. This was achieved by the manufac-

ture of a calibration plate. This consisted of a grid of white light LEDs on a plate which

fitted into the build piston. Figure 6.24 shows the layout of the calibration plate. The

plate was laser cut from 3 mm thick clear acrylic.

Only the outer edge and the mounting holes were manufactured via the laser cutter. The
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Figure 6.24 Schematic of the original calibration plate with 80 mm spacings.

location of each of the LED holes was made via the process laser in the SLM system. This

ensured that any errors in scanner calibration could be ignored. The pilot holes made by

the process laser were then drilled out to 3 mm. The top surface of the plate was then

coated with multiple layers of black spray paint in order for the LED light to stand out.

A series of LEDs where glued to the underside of the calibration plate. The LED type

used were OVA-1021 white surface mount LEDs (Multicomp, UK) which consisted of an

InGaN LED with a phosphor coating. These LEDs had a round emitter surface which

were 3 mm in diameter and 1.9 mm high therefore the top of the LEDs were below the

plate surface, this gave rise to the appearance of consistent circular light emitters. The

LEDs were wired to a DC-DC regulator. This allowed the voltage to be fixed (3.05 V

per LED) and therefore, when using different power supplies, the output intensity would

remain constant as long as the voltage was set above a 10.15 V threshold. Note the LEDs

as three parallel sets of three LEDs in series. The calibration plate can be seen in Figure

6.25.

Figure 6.25 80 mm spaced LED calibration plate fitted within the build cylinder. Note
the DC-DC regulator shown at the bottom middle of the image.

After fixing the calibration plate into position the spectrometer was attempted to be
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aligned. The collection optic was placed in an adjustable stand, protruding through the

mounting hole for the original optical system as previously described in Figure 6.10. On

moving the mirrors to each of the LED locations it was found to be extremely difficult to

align the spectrometer to a single position to collect a signal at all locations.

To visualise the signal at the collection plane a calibration graticule was manufactured.

This consisted of a cross hair and concentric rings printed on a circular mount which could

be positioned in the original optical mounting hole on the enclosure bulkhead. On fitting to

the optical system the mirrors were moved to view each LED location and a photographic

image of the signal at the collection plane was taken, these images can be seen in Figure

6.26. It was seen that the position of the back reflected light moved between locations,

with a positional shift of around 5 mm for a 160 mm scanner shift in either the x or y

axis. As the collection optic aperture was only around 5 mm in diameter, shifts of this

magnitude could remove all signal coupling when moving between one extreme LED to

another.

Figure 6.26 Images of the back reflected LED light at the collection plane. Axis scale in
mm.

It was found that the shifts in location were due to refraction of the return signal through
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the back reflected mirrors. As the signal transmitted through the Fused Silica mirror

substrate the signal was refracted, however the degree to which the signal was shifted

was related to the angle of incidence, as described by Snell’s law. In Figure 6.27A the

refraction of the returning light is shown. The path of the light is deviated across the

medium boundary. After the rays are reflected of the aluminium coating the light is

refracted again on exiting the mirror substrate. The light rays have undergone the same

angular deflection as a ray which reflected of the the front surface of the mirror, as the

laser beam does, but a lateral shift has occurred.

Figure 6.27 Diagrammatic representation of the effect of scanner mirror angle on the
offset shift of refracted light off a back surface coated reflector. A: 45 ◦ angle of incidence.
B: 60 ◦ mirror angle of incidence.

This lateral shift remains as the beam propagates through the Galilean focusing optics as

shown in Figure 6.28. Note that the propagation direction and expansion factor of the

optics remains identical but laterally shifted. As the angle of incidence of the beam with

respect to the mirror surface alters, the lateral offset distance is changed. This can be seen

as an increase in offset as the incidence angle increases, as shown in Figure 6.27B. As the

mirrors change angle, the back reflected light is laterally shifted, this gives rise to the shifts

in position of the beam at the spectrometer collection plane shown in Figure 6.26.

Figure 6.28 Graphical representation of two beams passing through a Galilean beam
expander. Note that the upper blue beam is expanded to the same degree as the red
beam, just laterally offset. The direction of optical propagation is irrelevant.

The second issue with the system that became evident was optical dispersion. Figure 6.29A

shows close-up images of two back reflected LED signals at different locations across the

build plane. The chromatic dispersion of the constituent wavelengths can be seen. This

is due to the refractive index of a medium being a function of wavelength. Therefore on

optical propagation some wavelengths are refracted more than others leading to optical

dispersion of the signal. There was also a difference in magnitude of the dispersion across
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the image field. When the laser is deflected to negative x or y locations the scanner

mirror angle of incidence is higher than when deflected at positive locations. The higher

angle allows a for longer optical path length through the substrates, resulting in increased

chromatic dispersion. The dispersion can be seen by the wider spread of colours in the

signal from the (-80,-80) LED in Figure 6.29A.

Figure 6.29 A: Close up images of the back reflected LED light at the spectrometer
collection plane at (-80,-80) and (80,0). B: Graphical representation of optical dispersion
through a flat plate back reflection mirror.

It was decided that the experimentation would continue across a smaller 60 x 60 mm area

of the build platform. This limited the magnitude of lateral signal shift and chromatic

dispersion and therefore allowed acceptable levels of signal coupling. The calibration plate

was modified with a grid of 25 LEDs in a 5 x 5 arrangement with a spacing of 15 mm.

The DC-DC regulator was adjusted to maintain a 3.05 V voltage drop across each LED,

therefore emission output matched the previous calibration set-up. Figure 6.30 shows the

reduced area back reflected signals with lower magnitude shifts.

Although there remained a small degree of lateral shift, the maximum deflection was around

2.5 mm and deemed suitable for collection purposes. The spectrometer collection optic was

refitted to the system, as described by Figure 6.31. The kinematic optical mount was used

to adjust the position of the collection optic until a strong signal was found at the centre

of the image field.

6.2.2 Emission Data Collection

Initially data collection was undertaken with the LED calibration grid. A typical spectral

recording through the entire optical system can be seen in Figure 6.32. The blue line

displays the spectrum of a LED positioned at (30,00). There are some main features which

must be described. Firstly the recorded intensities around the 400 nm mark are reduced.

This is due to optical dispersion effects covered in Section 6.2.1. As the LED signal was

dispersed the entire signal could not be equally coupled into the spectrometer. Figure

6.33 visualises the offset between the collection area and the back reflected signal in the
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Figure 6.30 Images of the back reflected LED light at the collection plane for LEDs
arranged across the central 60 mm x 60 mm square area.

Figure 6.31 Schematic of the optical system with the spectrometer collection optic in
position. Not the slight positional shift of the beam after the dichroic mirror due to
refraction.

collection plane. In the example the blue end of the spectrum has been sacrificed. Note

however it is the signal that shifts with respect to the fixed optic location and therefore in
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other areas the red end of the spectrum may have been lost.

Figure 6.32 Spectral recording of the raw LED signal through the collection optic and
fibre along with the spectra recorded through the entire optical system. LED position
(30,00).

Figure 6.33 Diagram of optical dispersion of an idealised white light source with an offset
collection region. The blue end of the spectrum is uncoupled and therefore would not be
recorded in a spectral recording.

The overriding feature of the signal was however the introduction of fringe interference.

This is the pattern of repeated peaks and troughs across the signal and were a result of

the dielectric coating which were present on the scanning mirrors and the dichroic turning

mirror. This dielectric interference effect was described in Section 6.1.4 in which repeated

layers of alternating dielectric media produce efficient reflectors. Weaker wavelength de-

pendant reflection can occur when the optical path length through multiple layers is an

equal integer number of a non-design wavelength, this causes some reflection. However, if

the path length equals n+1/2 integer wavelengths, destructive interference can occur. The

effect of this is the superposition of a wave-like signal across the original LED spectrum.

As the optical path length varies with the angle of incidence, the superimposed signal shifts

laterally along the wavelength range as the mirrors rotate. To show this effect the output

of a LIUCWHA white LED array lamp (Thorlabs, US) was coupled into the spectrometer

and a base-line spectra was recorded. The LED output was then reflected off the DMSP805

dichroic mirror, which possessed a dielectric coating, at various angles and spectra were

recorded. Figure 6.34 displays the difference is spectra for three angles, 30◦, 45◦ and 60◦
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respectively. The interference pattern for each angle is not identical but has shifted to the

left and varied in intensity as the angle of incidence increased. This would make a truly

calibrated system extremely difficult as the interference pattern would be different for each

bed location at each recorded wavelength. If each millimetre square had an individual

calibration spectrum, 3600 files would be required for the 60 mm x 60 mm test region

utilised, rising to 62500 for the entire 250 mm powder bed, and therefore would not be

feasible.

Figure 6.34 Differences in spectra on reflection off a Thorlabs dichroic mirror at various
angles of incidence.

It must be noted that the angle of incidence on the dichroic mirror would remain constant.

This optic was only used to assess the interference shift with rotation as it was easy to

remove and then refit to the optical system. The two scanner mirrors would actually cause

independent interference shifts and therefore the change in coupling would be a function

both mirror angles.

To assess coupling into the spectrometer a set of six imitation parts were scanned. This

involved the manufacture of 2 mm x 2 mm blocks on top of six test LEDs locations.

Unfortunately only six samples were taken due to a short circuit in the calibration plate

damaging several of the LEDs. The laser power was set to 0 W and layer thickness to 0

µm and therefore no powder was deposited. Ten layers were recorded with full machine

parameters listed in Table 6.2. The block size was chosen to be fully enclosed within the 3

mm diameter LED. All six test scans were produced in the same build mimicking a typical

SLM build. The spectrometer was set to record 1 ms integration time spectra via a HW

Level triggering mode. The spectrometer would continue to record spectra whilst the laser

modulation signal remained high. A python script was used to separate the individual part

spectra and produce an average spectra for each layer.

In Figure 6.35 the differences in coupling over six test locations can be seen by variation in

the under curve area magnitudes. The dielectric shift can also be seen by differences in the
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Table 6.2 Machine parameters used to assess emission coupling into the spectrometer
assembly for LED and powder melt sources.

Sample Set LED 316L

Laser Power [W] 0 145

Layer thickness [µm] 0 50

Point Distance [µm] 70 70

Exposure Time [µs] 50 50

Hatch Spacing [µm] 100 100

superimposed fringe patterns. It is most noticeable moving between the two different Y

axis locations. Looking at the data around 550 nm for the y = 0 a double peak is visible.

Moving to the y = -30 data set a single large peak is visible. This test however proved

that data could be coupled into the spectrometer.

Figure 6.35 Recorded spectra for six locations coinciding with lit LEDs. Ten layers for
each location are displayed. On each graph: x-axis displays wavelengths [nm] 400 - 700,
y-axis displays intensity [counts] from 0 - 2500.

As the modified system manufactured in 316L stainless steel, initial test parts also used

this powder material. Test parts measuring 2 x 2 x 0.5 mm were manufactured in all 25

locations matching the undamaged calibration plate. Complete machine parameters can

be seen in Table 6.2. It was foreseen that spectra similar to the LED scans would be

recorded along with additional spectral peaks, however this was not the case. Figure 6.36

shows the recorded spectra from all 25 locations across the centre of the powder bed. The

results were not as excepted as firstly no spectral peaks were present, but also the strongest

signals were now found to the right side of the build area.

Figure 6.37 compares the six recorded LED emissions with stainless steel optical emissions

from identical locations. The interference peaks caused by the dielectric coatings line up

between each data type. This is easiest to identify in the x = 30 data sets. However, there

is a dramatic shift in the coupled emission to positive x axis locations. It was expected

that the general magnitude of actual data from the system would mirror the LED signals
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but this was not the case. At negative x axis location almost no signal had been collected.

The laser driven signal was also more unstable than the LED signals however this was to

be expected due to small variations in the powder bed conditions for each layer.

Through further analysis a major flaw was identified. The broadband coating on the back

face of the scanner mirrors was not in fact directing the emission from the fusion zone but

a region close by. Figure 6.38 shows the optical path of the processing laser reflecting off

the dielectric coating on the front face of the mirror. This light has travelled co-axially

through the focusing optics. Optical emissions from the fusion zone will radiate in all

directions however a portion will travel back along the pathway of the process beam. The

majority of this light, >95%, will not reflect off the front coating but will be refracted

through the mirror substrate and reflected off the rear surface and then refracted a second

time on exiting the substrate.

As the mirror substrate is a parallel plate the light will be travelling parallel to the process

beam however the offset will cause the light to no longer travel co-axially through the

focusing optics, Figure 6.39 graphically displays this effect. This offset will cause the light

to miss the collection optic into the spectrometer. On alignment the LED was large enough

that light from the outer edge would be coupled along the central optical axis and reach

the collection optic.

The offset on a single mirror can be calculated via Snell’s Law,

n1sinθ1 = n2sinθ2 (6.5)

where n1,2 are the refractive indices of two media in which a electromagnetic wave is

propagating and basic trigonometry. With a plate of thickness, t, the internal offset, γ is

given by:

γ = t tanθ2 = t tan

[
sin−1

(
n1sinθ1
n2

)]
(6.6)

Therefore at the boundary of the plate after the internal reflection the offset along the

mirror face will equal 2γ. The lateral offset, Γ, in the plane perpendicular to optical

propagation in free space will therefore equal,

Γ = 2γcosθ1 = 2t tan

[
sin−1

(
n1sinθ1
n2

)]
cosθ1 (6.7)

As the mirror substrates were 3.2 mm thick Fused Silica with a refractive index of n =
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Figure 6.38 Schematic of the optical paths due to the rear broadband coating on the
scanner mirrors.

Figure 6.39 Schematic of optical path path offset due to propagation through a flat plate.

1.4599 at 550 nm, this resulted in lateral offsets between 2.24 - 2.49 mm for angles of

incidences of 35 - 55◦. Noting that the lateral offset is wavelength dependant and therefore

the shift will not be constant.

In order for light to travel co-axially through the optics, the light must originate from this

offset location. Across the scanning field, for each x,y location, the collection area will be

offset by around -2 mm in both the x and y axis. The offset vectors for an idealised scanner

were calculated using Equation 6.7 and further trigonometry. This scanner model ignored

the effect of the f-theta lens, which will reduce the angle of incidence of the beam with

respect to the powder bed and therefore reduces the actual lateral offset. Note, scanner

geometric effects will be extensively covered in Chapter 7, when a complete optics redesign

is discussed. Figure 6.40 displays the offset vectors for a 60 mm square field centred at

(0,0). Very little variation in magnitude or direction is seen with only a 50µm shift between

-30 to 30 in either axis.

This shift in view due to refraction through the mirror substrate was confirmed via ex-

perimentation with the scanner mirrors. Each mirror was mounted on a rotatable optical

mount and a 543 nm HeNe laser was directed onto the mirror. A sight screen was posi-

tioned at 90◦ to the original laser path direction, as shown in Figure 6.41B. Images were
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Figure 6.40 Collection offset vectors due to back reflection scanner mirrors

taken from the rear of the translucent sighting screen to view the multiple reflections (Fig-

ure 6.41C). The mirror acts as an etalon, with multiple reflections through the substrate.

At each medium boundary some energy escapes which forms the multiple beams. It can

be seen that the second reflection, i.e. the first off the aluminium coating, contained the

vast majority of the laser energy. A schematic of this is shown in Figure 6.41A. If the front

and rear reflectivities were estimated to be 0.05 and 0.95 respectively, 86% of the energy

would be in this second beam. Note that these are only example reflectivity values.

Figure 6.41 At: Schematic of the multiple reflections within the scanner mirrors. B: Test
set up. C: Recorded multiple reflections.

As light is invariant any signals returning in the opposite propagation direction would

be mirrored and therefore the majority of signal travelling along the central optical axis

would be the first reflected beam. The separation between the first and second beam

was measured for angles of incidences between 35 - 55◦. These ranged from 2.44 - 2.77
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mm and this is comparable to the theoretical values previously calculated, with the extra

offset due to difficulty in assessing the centre points of the recorded beams and a slight

underestimation of mirror thickness.

In Figure 6.35 it was shown that signals had been collected by the spectrometer in spite of

the discussed offset when a small imitation block was scanned. Figure 6.42 schematically

shows why this occurred. The LED output is fixed across the entire scan strategy. There-

fore when the initially track is scanned the collection area is not over any output. Later in

the layer scan the collection area is over the LED and a signal is collected. As all spectra

were averaged across each part, this was not identified.

Figure 6.42 Collection offset vectors due to back reflection scanner mirrors

When processing metal powder, the main source of optical emission is the fusion zone at

the laser location with only a residual signal emanating from the cooling hatch tracks. The

collection area is behind the laser beam and therefore does not directly view the vapour

emission. As the laser scans more of the part the collection area begins to overlap solidified

material, however, as the material cools, it will not emit a large emission, resulting in little

to no signal recorded. However, the collection area/laser position mis-match still does not

explain the higher signals found on the right side of the tested scan field as displayed in

Figure 6.36.

The direction of the scan and the gas flow direction was then analysed. Figure 6.43 shows

a representation of the vapour direction due to the gas flow in a SLM system. The gas flow

across the powder bed travels from right to left and this therefore perturbs the vapour to

the left. Therefore there is a difference in view with respect to any emissions from the melt

pool. On the left side of the bed, i.e. the negative x-axis, the field of view is angled across

the volume of vapour, therefore a small optical path length through the vapour is viewed.

On the right side of the powder bed the field of view is angled through the long axis of the

vapour and therefore there is a larger optical path length and more optical emission was

coupled into the spectrometer.

The effect must be due to the gas flow as the trend is only affected by x axis location. Any

differences in the y axis are small, with a maximum signal reduction of 40%, as opposed
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to 100% in the x axis over the same 60 mm distance. The overall trend across the entire

powder bed may be more variable but the range 60 mm x 60 mm test area was all that

could be successfully coupled into the spectrometer collection optic.

Figure 6.43 Vapour diversion due to gas flow across the powder bed.

Vapour deflection may have a wider implication in SLM. Build characteristics across the

build platform are well known and this is usually attributed to gas flow characteristic across

the chamber [191]. However, this may also be due to the laser/vapour interaction. On the

right side of the bed the laser is angled into the vapour as it is perturbed by the gas flow.

This could cause further vapour heating which would apply a higher vapour pressure onto

the melt pool. This could disturb the dynamics and increase melt ejection. On the left

side of the bed the additional vapour heat may not occur increasing melt pool stability.

6.2.3 Alternative Mirror Arrangement

As the lateral offset due to the back reflected mirrors was found to move the collection

zone away from the fusion zone it was decided to remove this defect from the monitoring

system. The scanner mirrors were therefore rotated by 180◦ such that the added aluminium

coating was now the front surface. The mirror coating would be vulnerable to damage as

the coating was designed for low power telescope applications and not high power laser

use. However, as a low proportion of energy would be absorbed, damage could possibly be

avoided. When realigning the mirrors only lower power, sub-40 W, was used to protect the

coatings. If the monitoring system performed acceptably, higher powers would have been

attempted. With the front coated mirrors, the only major component which could effect

the monitoring performance was the f-theta objective lens.

After mirror realignment, a test was performed to ascertain optical coupling into the spec-

trometer with the LED calibration plate. The original calibration locations of ± 80 mm

were used. When pointing the scanner directly at a LED, low coupling occurred. However,
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if the scanner location was manually shifted radially inwards by a half a millimetre or so,

a strong signal could be recorded across the entire calibration plate. The recorded spectra

can be seen in Figure 6.44; each has been individually normalised. The interference due to

the dielectric coatings through the system has stabilised across the entire recorded scan-

ner range. The mirrors only had a broadband aluminium coating and therefore no longer

produced an angle dependent interference pattern into the signal.

The interference pattern was due solely to the dichroic mirror and, as all rays interact

with this component at 45◦, no variation with powder bed location now occurred. The

general shape of the spectra had also stabilised and, across the range displayed, the lowest

magnitude spectra was approximately 80% of the central maximum. This was due to

the emission characteristics of the LEDs in which the emission is reduced as the viewing

angle increases from normal incidence. However, as previously stated, these were not the

recorded spectra when the scanner was pointing at the known LED locations. It had to

be determined if the scanner alignment was poor or if the f-theta objective was the source

of the misalignment.

To confirm scanner calibration, i.e. the laser was actually pointing at the LEDs, small

squares of laser mark paper were positioned over each LED and a short 20 W laser pulse

was fired. Figure 6.45 displays the mark locations with respect to the underlying LEDs.

The resultant marks confirmed that the scanner was calibrated suitably. It must also

be noted that, due to the low power and short duration, the laser mark paper was not

penetrated; the black coating was removed leaving the white backing. The LED lenses

therefore suffered no damage.

The spectrometer collection optic was realigned using the central LED and a suitable

signal was obtained. However, the alignment had been shifted towards the blue end of

the visible spectrum as can be seen in Figure 6.46. It is worth noting that the collection

optic required realignment as the flipping over the mirrors removed the lateral offset which

previously compromised alignment.

When viewing an entire set of LEDs a drastic difference in coupled energy could be seen

in Figure 6.47. On the right side of the build area vastly more energy was coupled into the

spectrometer than the centre and almost no information was gathered on the left. The fact

that the more energy could be coupled into the spectrometer away from central alignment

position highlighted the difficulty in aligning the optical system embedded in a commercial

machine.

The signal shifts due to the back reflecting mirrors had been removed and therefore to

assess the changes in coupling, the spectrometer was removed and the alignment graticule

was refitted in the bulk head mounting hole. Figure 6.48 displays the location of the back

reflected LED signals in the plane of spectrometer collection. The signals are chromatically
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Figure 6.45 Laser bed interaction locations with respect to LED position. Note the use
of a hand held camera to collect images inside the chamber has caused the differences in
viewing angles of each location.

Figure 6.46 Spectrum on the central LED with the scanner set to (0,0).

dispersed and shift with bed location. As the scanner was confirmed to be aligned, the

shift in image location and dispersion had to be from chromatic aberration in the f-theta

lens.

When travelling through the centre optical axis of the f-theta lens, only axial aberrations

occur, i.e. the colour spectrum is not focused in a single plane. The image of the central

LED confirms this as the signal is circular with the colours appearing to shift from a

central blue out to a red ring. When travelling off the central axis, both axial and lateral

chromatic aberration occur, as shown in all other images. Note, no chromatic aberrations

occur through the dichroic mirror, as the parallel faces cause the angles of incidence and

exit to be equal and any internal chromatic aberration is cancelled out.

The aberrations are due to the differences in refractive index of each wavelength through

the optical media of the f-theta lens, in this case Borosilicate (BK7). It is easier to consider

a mixed spectrum signal travelling through the lens from the laser side as shown in Figure

6.49A. All wavelengths will reflect off a scanner mirror without any dispersion occurring.

When travelling through each interface of the multiple elements of the f-theta lens, the
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Figure 6.48 Position of the LED back reflected signals at the spectrometer collection
plane.

refraction angle of each wavelength will be different. This causes the signal to disperse to

a location away from the the laser location. In the case of scanning across the LEDs to

obtain the highest signal, shifting the location of the laser will move the region of dispersion

over a LED. The light emitted will follow the laser path up through the f-theta lens and

be combined into a signal travelling coaxially to the central optical axis and be passed

into the spectrometer collection optic. This is why, without the initial realignment of the

collection optic, a strong even signal could be obtained across the entire plane. However,

the system in not viewing the laser beam location.

Figure 6.49B shows the situation when the scanner is aimed directly at an emission source.

A visible broadband emission occurs and this will emit radially from the interaction loc-

ation. Some rays of each wavelength will be travelling at the same angle to those of the

dispersed spectrum in the left image. These rays will therefore be refracted on exit of the

f-theta at an identical angle to the process laser beam. However, these rays will no longer

be co-axial with the central optical axis, but offset by some distance. As they are travelling

parallel to the optical axis they will be remain collimated through the focusing optics and

not lost from the system. The lateral shift still remains and moves as the image plane
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location is changed. This is why the signal can be seen to shift in location in Figure 6.48.

It is also worth noting that the coupling appeared better on the right side of the bed after

the mirrors were flipped and the collection optic was realigned. This was not the same

effect as when powder melting signals were recorded earlier. After mirror flipping, the shift

was only generated by f-theta aberrations. However, the coupling into the spectrometer

had been found to be equal when scanning over the LED areas earlier. It was only on

scanning the more dynamic signal from the laser melting process that the large differences

were found to occur.

6.2.4 Discussion

The results presented in this chapter indicate a number of road blocks which inhibit the

performance of co-axial monitoring systems in current SLM optical tracks. Although ini-

tially it was thought that the back reflecting mirror was the main source of signal shifting,

it was later found to be a fundamental issue with the f-theta objective. The signal offset

distance is driven by the angle of incidence through the f-theta optic. Therefore, as the

scanner moves around the bed the location of the optical emission signal also shifted. With

such a monitoring optical system design, the entire bed would never be coupled into the

spectrometer sufficiently to provide suitable recordings.

Even considering a small 60 x 60 mm central area of the bed, the chromatic dispersion

caused by the f-theta lens still spread the signal such that coupling efficiency into the

Figure 6.49 A: Dispersion through a f-theta objective lens. B: Dispersion through a
f-theta lens from the bed.
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spectrometer remained a function of position. Considering the central bed location, as

shown in Figure 6.47, the relative proportion of blue (450 nm) to green (530 nm) spectrum

is around equal. Now compare this to (60,60) location, the blue spectrum is only a third

of the peak green spectrum. The dispersed signal does not allow equal coupling into the

fibre and therefore cross bed calibration would have been difficult and conclusions from

the analysis of powder melting with different process parameters would be weak.

As the shifting of back reflected signal would not be constant into the spectrometer, even

over a further reduced range, this f-theta based system was deemed ineffective. Achromatic

F-theta lenses are not available and therefore optical dispersion could not be removed by

simple lens replacement. A limited number of two-colour f-theta lenses were available,

these could focus the process laser and another wavelength without aberration. However,

a suitable example could not be obtained. No unit possessed the correct focal length

for the test SLM system and chromatic aberration would still occur for the majority of

wavelengths so this would still not allow a co-axial spectrum based monitoring system.

It was therefore proposed to completely remove the f-theta objective from the SLM optical

track. This would remove lateral chromatic aberration from any back reflected signal and

would allow for a stable emission coupling. However, the flat field focusing required by the

SLM process would have to be maintained. It was proposed that by dynamically varying

the focal length of the optical system, this could be maintained. A f-thetaless configuration

would be a completely novel configuration in SLM; not only would it allow for an effective

monitoring system, higher laser powers could be used without thermal lensing effects in the

large f-theta objective. In Chapter 7, the feasibility and design of a f-thetaless configuration

for use in SLM is presented.
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7 F-Thetaless Optical Design for SLM

Current commercial SLM systems maintain flat field focus with the use of an f-theta

objective lens. In Chapter 6 it was seen that the chromatic aberrations caused by this optic

prohibited the use of a co-axially coupled spectrometer. F-theta based co-axial monitoring

systems are therefore limited to a narrow bandwidth close to the design wavelength of the

f-theta lens.

F-theta objectives have additional drawbacks which could limit the future development of

SLM systems. These components have multiple optical elements and therefore result in

high optical losses. Typical absorption percentages are 4% and 3% for BK7 Borosilicate

glass and Fused Silica f-theta objectives respectively [192, 193]. Cost effective single mode

fibre lasers, of upto 1 kW, are now becoming available. The integration of these into SLM

systems could increase build rates dramatically. However, this will result in increased optics

heating. With such sources, 30 – 40 W of energy could be absorbed within the f-theta.

This will affect the component performance in two ways. Firstly, thermal expansion of

each optical element results in surface curvature changes, which are manifested as focal

position shifts. Secondly, as refractive index is temperature dependent, further focal shifts

occur. The drift in focal position due to variations in energy input across many layers can

result in inconsistent build quality. Figure 7.1 shows the dramatic effect thermal lensing

can quickly have on beam profile.

Figure 7.1 Thermal lensing in a S4LFT0300/126 BK7 f-theta objective shown as changed
to beam profile in the image plane.

Thermal effects within f-theta objectives are further complicated due to their use in scan-

ning systems. The light is not transmitted co-axial through the objective. Across each

manufactured layer, certain areas of the scan field may have concentrated scanning, result-

ing in localised heating, and therefore shape deformation, through a portion of the f-theta.

This causes the focal position across an individual layer to vary, again effecting resultant

part quality.
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In this chapter the feasibility of an f-thetaless optical track for a proposed SLM system

is discussed. The constraints demanded for a SLM system are defined and geometric

analysis of a scanning galvanometer system is performed to produce an initial layout.

Optical models, produced in ZEMAX, are then discussed followed by a description of the

mechanical design of a complete optical module. The chapter is concluded with a study of

a prototype system manufactured by the industrial partners.

7.1 General Optical Track Design

SLM machines incorporate a common set of optical components which transmit the laser

beam from the laser aperture to the build plane. A simple schematic of a general optical

set up can be seen in Figure 7.2. A collimated beam exits the laser aperture and is

then expanded by a set of focusing optics. The beam then enters a two mirror scanning

galvanometer system which allows the beam to be deflected in two dimensions. The beam

is then brought to a 2D flat field focus by a passive f-theta objective. This aligns with the

powder build plane of the SLM system.

Figure 7.2 Current optical layout of a SLM system.

In the proposed optical track the f-theta lens was removed and flat field focusing was

performed by the focusing optics. The final focal length of the optical system can be

controlled by adjusting the separation of the optical elements in the focusing unit. As

the beam is deflected across the powder bed, dynamically varying the lens separation can

compensate for changes in optical path length, maintaining flat field focus. A schematic

of this layout is displayed in Figure 7.3.
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Figure 7.3 Proposed dynamic focusing layout.

The focusing unit was derived from a Galilean beam expander, consisting of a diverging

lens followed by a converging lens. When arranged as a beam expansion the diverging

lens causes a parallel beam to expand. This is then brought to focus at infinity with a

converging lens. This condition is met if the focal points of each optic are in the same

location, as shown in Figure 7.4A. Galilean beam expanders are used in high power laser

systems as there is no internal focal point between the two lenses. Internal focus does occur

inside Keplerian expanders, which can result in atmospheric breakdown in high power laser

systems, affecting beam quality. Galilean beam expanders have the added design advantage

that they are shorter than Keplerian designs, if the same objective lens is used. If the lens

separation is increased, such that the focal positions no longer align, the emerging beam

converges to a focus.

Figure 7.4 Basic schematics of A: Galilean and B: Keplerian beam expanders. Note the
objective lens focal length is identical in both designs.
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A set of generalised design constraints were formulated. These were not intended to provide

a fixed design specification but guidelines to achieve a suitable design for a SLM system.

The constraints are as follows:

• A dynamic focusing optical unit without an f-theta lens for mounting on a develop-

ment Renishaw SLM system.

• Focal spot diameter to be no greater than 75 µm across the entire powder build area,

maintaining current commercial system standards.

• RS-400W (SPI, UK) fibre laser source with a collimated output diameter of 5.0±0.7

mm.

• 6240H scanning galvanometer (Cambridge Technology, US) to produce a 250 x 250

mm scan field. The 1/e2 input beam diameter into the scanner must not exceed 15

mm.

• Optical unit height greater than 350 mm. The development SLM machine would

be required to produce parts with a z height of 350 mm. Sufficient space must be

available to allow for component removal. Final height would determine chamber

dimensions in the development system.

• A protective window must be included in the optical design. This flat optical com-

ponent will be the interface between the enclosed optics and the main chassis vacuum

chamber.

• The entire optical track to be housed in a sealed unit. This must be removable from

the build chamber whilst remaining internally aligned.

• An adequate cooling method must be employed to maintain constant optical track

temperature.

• Viewing port to allow for co-axial process monitoring system integration.

A basic layout view of the proposed design can be seen in Figure 7.5.

7.2 Design Development

In this section the process which was followed to develop the optical design will be discussed.

This is followed by a description of the mechanical design produced to house the optical

track. Note in Section 7.2.1 and Section 7.3 the powder bed plane will be referred to as

the image plane as this is more appropriate for a discussion of the optical design.
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Figure 7.5 Basic proposed optical module configuration. Viewing port not shown.

7.2.1 Scanner Geometric Effects

The starting point for the new optical track centred on a 6240H scanning galvanometer

system (Cambridge Technology, US) fitted with 15 mm aperture mirrors. Larger mirrors

could have been specified which would result in a theoretically smaller minimum focal

diameter, but this would be to the detriment of scanning speed. Small step response, i.e.

time required to perform the smallest angular step change, rises from 350 µs to 1200 µs as

the mirror aperture rises from 15 mm to 30 mm in diameter, therefore reducing scanning

speed [194, 195]. Using the information provided by the manufacturer, it was possible to

produce an accurate ZEMAX model of the scanner.

To produce flat field focus as the beam is scanned across the image plane, the focusing

unit is required to shift the internal lens separation thus adjusting the Back Focal Length

(BFL) of the optical system. The BFL of the system has to be adjusted since the optical

path length, P, defined as the distance from the centre of the 1st scanner mirror to the

final (x,y) image location, varies as the beam is deflected.

It would be intuitive to assume that a straight line would be scanned across the image

plane if a single mirror was rotated through an angle whist the other mirror remained

stationary. However, this only occurs if the first mirror in the system is rotated. If the

second mirror is rotated a curved line is scanned. The curvature of the line increases as

the distance from the image plane centre increases, this is known as pillow distortion and

can be seen in Figure 7.6.

By geometrically analysing the scanner,dependent a set of control equations could be for-

mulated which relate an (x,y) image plane location to the applied tilt angles of the two

scanners mirrors. Figure 7.6 shows a diagrammatic representation of a scanner system.

The tilt angles of mirror 1 and 2 are defined as θx and θy. When these angles are set

to zero the beam will be incident with the centre of the image plane. The relationship
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Figure 7.6 Pillow distortion due to optical path length changes in a galvanometer system.
Adapted from [195].

between the tilt angles and image plane location can then be used to calculate the posi-

tion dependent optical path length. The difference in path length from the centre to the

extreme of the image plane will determine the change in focal length required to maintain

flat field focus.

Consider the y component of the beam deflection in the image plane. Irrespective of the

location in which the beam is incident on mirror 2, the y component of deflection across

the image plane is only produced by θy, this can be visualised by imagining the deflection

projected onto a YZ plane. Therefore the y axis component of the image height, y, is given

by Equation 7.1.

y = hstanθy (7.1)

Figure 7.7 Triangle highlighted.

where hs is the scanner height measured from the centre of mirror 2 to the centre of the

image plane. Now consider the distance from the first mirror to the image plane when

both tilt angles are zero such that the incoming beam is orthogonal to the centre of the

image plane. The optical path length, P(θx=0,θy=0), is:

P(θx=0,θy=0) = ms + hs (7.2)
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where ms is the separation between the two mirrors. If mirror 2 is tilted the path length

from the second mirror to the image plane will increase from hs to a line length, ly,

following:

cosθy =
ly
hs
→ ly =

hs
cos θy

(7.3)

Therefore the optical path length from the first mirror to the image plane for any y tilt

angle when the x tilt angle is zero, P(θx=0,θy), can be calculated by substituting hs for ly:

P(θx=0,θy) = ms +
hs

cosθy
(7.4)

Figure 7.8 Path highlighted.

The x axis component of the image height, x, can now be formulated from Equation 7.4

and the mirror 1 tilt angle, θx, such that:

tanθx =
x

P(θx=0,θy)
(7.5)

x = P(θx=0,θy)tanθx (7.6)

x =

(
ms +

hs
cosθy

)
tanθx (7.7)

Figure 7.9 Triangle highlighted.

Equation 7.7 clearly demonstrates that x axis deflection is determined by both the θx and

θy tilt angles. The optical path length, P(θx,θy), from the first mirror to the image plane

can now also be calculated as a function of the two tilt angle. This is given by:

cosθx =
P(θx,θy)

P(θx=0,θy)
→ P(θx,θy) =

P(θx=0,θy)

cosθx
(7.8)

The pillow distortion effect is therefore explained by Equation 7.1 and Equation 7.7. The
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y component of the image height is only dependent on the mirror 2 tilt angle, θy. If a fixed

θy is applied and a scan varying the x axis tilt angle is performed, a straight line across

the image plane is scanned with fixed y component image height.

This is not the case with the x component of the image height. This depends on both

θx and θy. For a fixed θx with varying the mirror 2 tilt angle, the x axis component in

the image plane varies with the inverse of cosθy. This occurs as the magnitude of the θy

increases, the path length to the image plane is also increased. The x axis deflection has

further to travel before intersecting the image plane resulting in an increase in the x axis

component of the image height.

The above analysis has not only explained pillow distortion in two dimensional scanner

geometries but has produced a mathematical relationship between (x,y) image plane loc-

ations and scanner mirror tilt angles. Rearrangement of Equation 7.1 and Equation 7.7

produces the tilt angles required for a given (x,y) image plane location:

θy = tan−1
(
y

hs

)
(7.9)

θx = tan−1

 x

ms + hs
cosθy

 = tan−1

 x

ms + hs

cos

(
tan−1

(
y
hs

))

 (7.10)

This can be taken further by calculating the optical path length from the image plane to

the first scanner mirror with respect to the (x,y) image plane location. This is achieved

by inserting Equation 7.9 and Equation 7.10 into Equation 7.8:

P(θx,θy) =
ms + hs

cosθy

cosθx
(7.11)

P(x,y) =

ms + hs

cos

(
tan−1

(
y
hs

))

cos

tan−1 x
ms+

hs

cos

(
tan−1

(
y
hs

))


(7.12)

With the use of Equation 7.12 the difference between the optical path length at the centre

of the image plane, (0,0) to the image plane extreme, (xmax, ymax), can be calculated.

This is the focal length shift, ∆, required to maintain focus across the entire image plane,
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formulated as:

∆ = P(x,y) − P(0,0) (7.13)

∆ =



ms + hs

cos

(
tan−1

(
y
hs

))

cos

tan−1 x
ms+

hs

cos

(
tan−1

(
y
hs

))




− (ms + hs) (7.14)

A schematic of the (0,0) and (x,y) location optical path lengths can be seen in Figure 7.10.

Figure 7.10 Schematic of a scanner. The blue line denotes the optical path to an x,y
image location, the gold line denotes the minimum path length at 0,0.

The only physical variable which effects tilt angles to image plane locations is the scanner

height. Note mirror separation is fixed at the manufacturers value to prevent mirror clash

or beam clipping. For the 6240H scanner the mirror separation was 19.33 mm. The

scanner must be positioned above the image plane such that a 250 x 250 mm field can

be scanned whilst remaining inside the scanners angular range specification. Each 6240H

scanning galvanometer has maximum tilt angle of ±20◦ [194] therefore an estimation of

the minimum height which the scanner could be placed could be calculated from Equation

7.9 and Equation 7.10. To ascertain the minimum possible scanner height three conditions
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were investigated. Firstly the maximum mirror 2 deflection to reach the y axis limit, i.e.

(x, 125), noting that y axis image height is independent of x axis deflection. Secondly the

maximum mirror 1 tilt angle at the extreme corner of the image field (125,125). Finally

the maximum mirror 1 tilt angle at (125, 0) as x axis deflection is dependent on both tilt

angles therefore θx must increase to compensated for a zero θy as described by Equation

7.10. Note that the magnitude of mirror tilt angles for negative deflections in the image

field produce identical values.

The relationship between scanner to image plane distance and maximum tilt angles is

displayed in Figure 7.11. Mirror 2 tilt angle defines the lower limit to scanner height as

this is the closest optic to the image plane and the only method of y axis deflection. A

larger tilt angle is therefore always required to reach the y axis image plane extreme than

deflections in the x axis which originate further from the image plane. The vertical dashed

line in the Figure 7.11 denotes the scanner height limit beyond which all maximum tilt

angles are below 20◦. This results in hs = 350 mm which equals the minimum part z height

requirement however this does not include additional distance for part removal.

Figure 7.11 Maximum scanner tilt angles at varying scanner heights. Note the tilt angle
of the mirror 2 is independent of x axis location in the image plane.

The focal length shift can also be plotted with respect to scanner height via Equation

7.14, as shown in Figure 7.12. With the lowest acceptable scanner height of 350 mm, the

maximum focal shift required was approximately ∆ = 41 mm. This value decreased as hs

increased which would reduce the lens travel required in the optical system. This will later

be used to predict lens shift to maintain in plane focus.

The eccentricity of the beam at the image plane interface is another consideration with

scanning systems which do not maintain image plane orthogonality. Any non-zero angle of

incidence of the beam would distort the circular beam cross section to an ellipse as shown

in Figure 7.13A.

The eccentricity of the beam occurs due to the tilt angles applied by the two scanner
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Figure 7.12 Focal shift requirement as hs increases. The minimum scanner height limit
at 350 mm has been included.

Figure 7.13 A: Beam eccentricity due to non-zero incidence angle with respect to the
image plane normal. B: Geometry of the beam from the second mirror interface.

mirrors. Considering the geometry displayed in Figure 7.13B it can be derived that the

cosine of the incidence angle is equal to the product of the cosines of θx and θy. Equation

7.3 defines the relationship between ly and θy and can therefore be used to calculate the

path length from the second mirror intersection and the image plane, lxy, for an x tilt

angle, θx:

cosθx =
ly
lxy
→ lxy =

ly
cosθx

=
hs

cosθxcosθy
(7.15)

Note that lxy differs from Px,y as it is measured from the incidence location of mirror 2 as

opposed to the face centre of mirror 1. The angle of incidence with the image plane can

therefore be calculated by:
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cosθ =
hs
lxy

=
hscosθxcosθy

hs
(7.16)

cosθ = cosθxcosθy (7.17)

The eccentricity of an ellipse, e, is given by:

e =

√
1− b2

a2
(7.18)

Where a is the semi-major axis and b is the semi-minor axis. As the beam moves round

the bed the semi minor axis is not distorted and therefore is equal to the incoming beam

radius, r, as labelled on Figure 7.13. However, the semi-major axis is lengthened due to

the incidence angle given by:

a =
r

cosθ
(7.19)

By substituting Equation 7.19 and b = r into Equation 7.18, a relationship between incident

angle and eccentricity can be produced:

e =

√
1− b2

a2
=

(
1− r2

( r2

cos2θ
)

) 1
2

(7.20)

e =
(

1− cos2θ
) 1

2
(7.21)

as→ 1 = sin2θ + cos2θ (7.22)

e = sinθ (7.23)

Therefore a limit to the maximum allowable eccentricity was required. Figure 7.14 displays

a visual representation of ellipses with varying degrees of eccentricity. It can be seen that

at eccentricities up to 0.4, very little area expansion occurs.

However a more defined eccentricity allowance was required. An area increase of 10% was

deemed suitable in order to limit the reduction of peak energy density the eccentricity

would cause. The area of an ellipse, A, is calculated by:
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Figure 7.14 Example ellipses with various eccentricities.

A = πab (7.24)

Therefore a 10% area increase will lead to a 10% length increase to the major axis of the

ellipse. This would limit the widening of any scanned line to 10%. Noting that this would

only occur at the image plane extremes for a curved line with radial centre at (0,0). The

eccentricity due to a fractional area increase, K, can be derived from rearranging Equation

7.18 to give:

a =
b√

1− e2
(7.25)

Substituting Equation 7.25 into Equation 7.24 the area with respect to eccentricity is:

A = πab =
πb2√
1− e2

(7.26)

The fractional area increase can therefore be calculated and rearranged for eccentricity:

K =
A(e)−A(e = 0)

A(e = 0)
=

(
πb2√
1− e2

1

πb2

)
− 1 =

1√
1− e2

− 1 (7.27)

e =

√
1−

(
1

1 +K

)2

(7.28)

With K = 0.1, a maximum allowable eccentricity of e = 0.416 was calculated. The eccent-
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ricity at (125,125) with respect to scanner height was calculated using Equation 7.9 and

Equation 7.10 to calculate the tilt angles, Equation 7.17 to find the combined image plane

angle of incidence and then Equation 7.23 to calculate the eccentricity. It was found that

a scanner height of at least 377 mm was required to maintain eccentricity below e = 0.416

(K = 0.1 limit) as displayed in Figure 7.15.

Figure 7.15 Beam eccentricity with increasing scanner height. The K = 0.1 expansion
limit has been displayed.

It is worth noting that in Chapter 5 variations in beam diameter were found to have

little effect on melt track widths. However, the consistency of beam diameter had to be

maintained across the image plane as the melt pool dynamics did vary and this could

result in differences to surface finish, density etc. If beam distortion was not controlled,

the semi-major axis length at bed extremes may have exceeded a limit after which energy

density was no longer sufficient to produce equal melting, again resulting in inconsistent

part quality.

From the theoretical analysis displayed in Figure 7.11, Figure 7.12 and Figure 7.15 it can

be concluded that as the scanner height increases the following occurs:

• The required scanner tilt angles reduce.

• The required focal length shift reduces.

• The eccentricity tends to zero.

It is assumed that the larger the scanner height, the better the system would perform.

However, this does not take into account other engineering factors. As the distance in-

creases, smaller tilt angles are required. The tolerance in angular accuracy would create

larger errors in image plane positional stability. The optical track design should utilise the

majority of the scanning systems range, as this will provide the system with the highest

degree of positional resolution. The minimum achievable spot diameter is also proportional

to the final focal length of the system. Therefore, if the scanner height is increased suffi-
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ciently, the minimum required spot diameter of 75 µm may not have been achievable with

the dimensions of the chosen scanner mirrors.

The scanner to image plane distance would also not be free of components. To protect the

optical track from fume and powder ingress, a vacuum specific protective window would be

required. The process chamber would be gas evacuated during process set-up and therefore

the protective window must withstand an applied vacuum pressure load. Existing Renishaw

systems utilise a 15 mm thick window with a diameter of 150 mm. Without an f-theta

objective the protective window could be mounted closer to the scanner and therefore a

reduced diameter window would be required. As the window diameter would be reduced a

thinner optic would be able to withstand the vacuum pressure load of 101 kPa. In initial

optical designs, the window was set to a 10 mm thickness and positioned 20 mm below the

centre of mirror 2.

A set of physical demands on the scanner height of the system were now defined. The

design specification required a part with a z-axis height of 350 mm to be manufactured.

Allowing 15 mm clearance for part removal, a 10 mm thick protective window and a 20

mm clearance to the second scanner mirror, a minimum scanner height of hs = 395 mm

was defined. This height is above the minimum 377 mm distance calculated from the

theoretical optical analysis. However, without the previous analysis, verification that a

physically realisable system was achievable could not have been confirmed.

7.3 Optical Modelling

As the general location of the scanner was defined, detailed optical design of the new SLM

optical track was then performed. In this section ZEMAX, the optical modelling program

which was used, is discussed. Following this, two iterative design cycles of the optical

track are presented, the first with a single objective, the second with a doublet objective

design. The section is concluded with an explanation of the finalised optical design with

full scanner modelling.

7.3.1 ZEMAX Optical Modelling Software

ZEMAX is a ray tracing program which is used to develop optical systems. Designs can

range in complexity from shaping a simple focusing lens to the designing multi-element

telephoto focusing for SLR cameras. For system designers to model realistic systems the

software is provided with lens models from many lens manufacturers such as CVI Melles

Griot, Newport Corp. and Thor Labs. Lens designers are catered for by the inclusion

of glass catalogues from major suppliers such as Pilkington and Schott. ZEMAX-EE was
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used as it included Gaussian wave propagation tools which allowed for diffraction effects

to occur within the optic design.

As ZEMAX is fundamentally a ray tracing program, the analysis of light propagation

through each optical design was governed by two laws. For transmissive optics, Snell’s

law is applied which governs the angular change in trajectory of a ray crossing a medium

boundary:

n1sinθ1 = n2sinθ2 (7.29)

were n is the refractive index of each medium and θ is the angle with respective the surface

normal. For reflective optics the angle of the incident ray, θi is equal to the angle of the

reflected ray, θr.

θi = θr (7.30)

Models in ZEMAX are produced in a spreadsheet form in what is referred to as the Lens

Data Editor (LDE). Each row of the spreadsheet is defined as a surface in the model. Each

surface could be an aperture, lens interface, a mirror and so on. Each row of the LDE

contains the information for that surface. The basic properties are radius of curvature,

distance to the next surface and material type. The material property could be a glass, a

mirror or, if left blank, air. The radial size of each surface can be defined; it is labelled

semi-diameter to avoid confusion with the radius of curvature.

Unless otherwise stated all these surfaces are positioned centrally along a central optical

propagation axis. The software launches rays which travel in straight lines. When they

reach a surface the trajectory of each ray is recalculated due to the curvature of the

surface and the refractive index beyond. The rays then continue on the newly calculated

trajectories until they are incident on the next surface where the calculations are repeated.

Figure 7.16 contains a simple model of a collimated beam focused by a Newport KPX094

plano-convex lens. The lens design is described in rows 2* and 3*. Row 2* contains the

curvature of first face, the lens thickness and the glass material. The second surface contain

the back face curvature, a material return to air and the distance to the next surface.

Along with the LDE information, ZEMAX requires additional parameters to complete ray

trace analysis. One or more wavelengths must be selected and the initial beam diameter

and ray distribution must be set. For all models in this thesis the ray distribution was a

radially symmetric Gaussian distribution and therefore the ray density increases towards

the optical propagation axis.
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Figure 7.16 Example LDE consisting of a Newport KPX094 f=100mm lens.

The first row in the LDE is defined as the Object Plane (OBJ). This surface is positioned at

infinity and is the source of the rays. Coming from infinity the rays are travelling parallel

to the optical axis when they pass through the aperture stop (STO) which defines the

beam diameter. The aperture stop is the first surface to appear on any ray trace diagram

as shown in Figure 7.17. The final surface in each model is the image plane (IMA), all rays

are terminated at this surface and the distribution of rays are used to calculate the focal

spot size.

Figure 7.17 2D ZEMAX layout image of traced rays through the lens system defined by
the LDE. Each row of the LDE has be labelled.

One of the most useful aspects of ZEMAX is its ability to optimise optical designs. The

main function of the optimisation processes is to minimise the focal spot size on the image

plane. This is achieved by allowing the program to vary selected parameters set within the

LDE. Main variables include lens separation, lens thickness, surface curvature and beam

radius. However, many design factors must be included to prevent the program producing

physically unrealisable designs. For example, when designing a new lens a minimum limit

to the lens outer edge thickness could be provided to ensure that lens does not become too

thin and therefore easily damaged or unmountable.

When attempting to optimise multi-component designs, careful parameterisation must be

undertaken. ZEMAX will produce unachievable designs, such as positioning lenses within

each other, in order to get the desired system result. ZEMAX therefore does not replace

an optical system designer but provides a powerful and time saving program to optimise

new designs.
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The optimisation process undertaken is termed the Merit Function. The program iterates

the allowed variables to minimise the focal diameter at the image plane. The square of

the radius of each ray from the centre optical axis is calculated and then multiplied by a

weighting factor. The weighting and ray distribution method utilised by ZEMAX is taken

from work undertaken by Forbes [196]. The square root of the average of these values is

taken; this is the merit function value. The system attempts to minimise this value by

varying the allowed variables. The settings which produce the lowest merit function value

are deemed to be the most optimised configuration.

The Merit Function parameters are arranged in a separate spreadsheet known as the Merit

Function Editor (MFE) as shown in Figure 7.18. Each row of the MFE has a separate

system constraint with the blue rows shown corresponding to individual ray weighting

factors. In the example system, the distance from the back of the lens (3*) to the image

plane was allowed to be varied in order to reduce spot size. The merit function reduced

the distance from 100 mm to 96.75 mm in order to reduce the spot diameter from 490 µm

to 150 µm.

Figure 7.18 Merit function applied to improve focal performance of the Newport KPX094
lens.

The example used in this section is very simplistic, but provides a basic understanding of

the program. To produce the more complicated models used in this research, additional

surfaces were required. These include mirror surfaces for reflective objects which required

additional co-ordinate break surfaces in the LDE. These surfaces rotate the propagation

axes of a model without altering ray properties. The propagation of these rays are therefore

deflected by the rotation without affecting convergence/divergence. This is the technique

utilised by ZEMAX to model mirrored objects. Figure 7.19 demonstrates this functionality

with a two mirror scanner deflecting a collimated beam.

7.3.2 Single Objective Optical Designs

In this section the initial optical design process will be presented. The final designs are

modelled in 3D; whereas for the initial design assessment linear 2D designs were produced.
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Figure 7.19 ZEMAX model of a collimated beam reflecting off two mirrors.

Adding a scanner representation to the initial ZEMAX optical models would add unneces-

sary complication and therefore was not included. The location of the dichroic fold mirror,

required for co-axial monitoring applications, was also not included in any optical model.

The process beam is collimated and propagated parallel to the central optical axis; any

reflection off a flat component between the laser aperture and focusing optics would not

effect optical system performance. The schematic layout which all linear models followed

is shown in Figure 7.20 and modelled the beam focused at the centre of the image plane.

Figure 7.20 General layout of the optical track.

Each model contained a 5 mm Gaussian distributed ray bunch with the wavelength set at

1070 nm which propagated along the central optical axis. The first optic encountered is the

divergent entrance lens of the beam expander followed by the convergent objective lens,

these are separated by a lens separation, d. The separation was not fixed as the program

would adjust the value in order to produce the smallest focal spot diameter in the image

plane.
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On exiting the objective lens the next optic is scanner mirror 1, the separation being defined

as the Objective – Scanner distance, k. This model surface does not affect ray trajectory,

as it represented a reflective optic. Its inclusion in the model was for realistic spacing of the

components to be achieved. An additional constraint demanded that the beam diameter

on this surface ranged between 14.5 mm and 15 mm. This allowed for full utilisation of

the mirror area in real world situations. The software adjusted the separation, k, to find

the smallest focal spot diameter whilst maintaining the mirror diameter constraint.

Scanner mirror 1 is followed by scanner mirror 2, separated by 19.33 mm, as defined by

the scanner manufacturer. The surface does not affect ray trajectory as it represented a

reflective optic. The final optical component is the protective window. This is modelled

as a 10 mm thick fused silica plate and is positioned an arbitrary 20 mm after the second

scanner mirror. The location was not important in linear modelling as the magnitude of

any beam distortion through a flat plate is independent of position along the propagation

axis. The final surface is the image plane. This is analogous to the powder build plane

in a SLM system. The distance from scanner mirror 2 to the image is set at the scanner

height of 395 mm, as defined in Section 7.2.1.

With the layout of the models defined, selection of lenses for the system was performed. A

Galilean beam expander is employed to maintain image plane focus. For a beam expander

the relationship between the lens focal lengths and the expansion factor, M, is given by:

M = −fo
fe

(7.31)

where fo is the objective lens focal length and fe is the entrance lens focal length. As

the initial beam diameter is 5 mm and the diameter on the scanner mirror 1 had to be

approximately 15 mm, a three times expansion factor was defined. Therefore the objective

lens focal length had to approximately 3 times that of the entrance lens. The lenses

separation for collimation is calculated by Equation 7.32. Short focal length optics were

therefore chosen as this would minimise the overall optical track length. This was used as

a guide as actual separation was be slightly larger to form a convergent beam.

d = fo + fe (7.32)

Lenses were selected from CVI Melles Griot (US). This manufacturer offered a large se-

lection of fused silica lenses in various shapes but, most importantly for the initial optical

designs, all spherical singlet lens components were available in a pre-made ZEMAX lens

catalogue. This resulted in all design models being physically re-creatable. Fused silica

lenses were specified, as they are less susceptible to thermal lensing than BK7 optical glass.
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This is due to the lower coefficient of thermal expansion of fused silica, 0.5 µm/mK [197],

than that of BK7 at 7.1 µm/mK [198].

On study of the CVI Melles Griot lens catalogue four divergent lenses were suitable for the

entrance lens, each with an approximate lens diameter of 20 mm, as listed in Table 7.1.

A diameter of 20 mm was defined such that a the full beam at 1.5x 1/e2 diameter beam

could pass through unabberrated, whilst being the lowest mass, as this optic is dynamically

moved. Where possible lenses designed for 1064 nm were chosen as this wavelength was

close to the fibre laser output wavelength of 1070 nm.

Table 7.1 Entrance lens selection. All lenses were made from Fused Silica. Note * focal
lengths are measured at 404.7 nm.

Manu. No. Shape Diameter [mm] f (@1064 nm) [mm]

PLCC-25.4-13.1-UV Plano-Concave 25.4 -29.1
BICC-19.1-20.9-UV Bi-Concave 19.1 -22.9
BICC-25.4-26.1-UV Bi-Concave 25.4 -28.7
LUB-25.0-24.0-UV Bi-Concave 25.0 -25.0*

The selected entrance lenses varied from -20 to -30 mm in focal length and therefore, to

achieve the 3x magnification of the beam, converging lenses with focal lengths from 60 to

90 mm were selected with lens diameters of at least 25 mm to allow full unabberated beam

propagation. Table 7.2 shows the lens choices.

Table 7.2 Objective lens selection. All lenses were made form Fused Silica. Note * focal
lengths are measured with 404.7 nm wavelength.

Manu. No. Shape Diameter [mm] f (@1064 nm) [mm]

PLCX-25.4-33.7-UV Plano-Convex 25.4 75.0
LUP-25.0-35.2-UV Plano-Convex 25.0 75.0*
LUP-25.0-29.4-UV Plano-Convex 25.0 62.5*
LUD-25.0-69.6-UV Bi-Convex 25.0 75.0*
LUD-25.0-57.9-UV Bi-Convex 25.0 62.5*
BICX-25.4-64.4-UV Bi-Convex 25.4 72.7
BICX-25.4-61.0-UV Bi-Convex 25.4 68.6
BFPL-25.4-75.0-UV Best Form 25.4 85.6

With the lens selections defined, an estimation of lens shift requirement to maintain in-

plane focus for the final scanning system was performed. By altering the separation of the

lens a beam can be brought to focus. The distance from the objective lens to the minimum

focus location is known as the back focal length, BFL. A schematic of a Galilean assembly

being used as a beam expander and a focusing unit are shown in Figure 7.21A and 7.21B

respectively. Note that the BFL tends to infinity when the lens separation is equal to the

sum of the elements’ focal lengths. This is the afocal requirement for a beam expander.
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Figure 7.21 Schematic of a Galilean telescope when utilised as a beam expander (A) or
a focusing unit (B).

For a Galilean beam expander the BFL can be calculated by the following relationship

[156]:

BFL =
fo(d− fe)
d− (fe + fo)

(7.33)

Equation 7.33 can be rearranged for lens separation, as shown in Equation 7.34, and can

be used to estimate the required lens shift for the optical system.

d =
BFL(fe + fo)− fefo

BFL− fo
(7.34)

Using Equation 7.34 the required lens shift, δ, can be estimated via the difference between

lens separation for a BFL in the centre of the image plane to the BFL at the extreme

corner:

δ = d(0,0) − d(x,y) =
BFL(0,0)(fe + fo)− fefo

BFL(0,0) − fo
−
BFL(x,y)(fe + fo)− fefo

BFL(x,y) − fo
(7.35)

The BFL at the centre of the image plane was estimated to be 500 mm for a realistic

sized SLM system. This included the 395 mm scanner height defined in Section 7.2.1,

the 19.33 mm mirror separation plus an additional 85.67 mm to the objective lens. If the

scanner was deflected to the image plane extreme, (125, 125), an additional focal length

increase of 37.0 mm would be required. This was calculated using Equation 7.14 and the
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395 mm scanner height. Using Equation 7.35 theoretical lens shifts between 0.70 – 1.45

mm were calculated. Piezo-electric linear actuators are available which can accommodated

this range requirement. An example of a suitable actuator is a PIHera Piezo Linear Stage

(PI, Germany) which has a 1.8 mm range and 3 nm resolution [199]. The proposed layout

of the optical track proposed in Section Equation 7.14 was therefore achievable.

A ZEMAX model was created for each lens combination, resulting in 32 models. In each

design the orientation of the lenses were flipped until the lowest focal spot size was returned.

This was due to lens shape orientation affecting spherical aberration magnitude [200]. The

spot size was defined as the RMS focal spot size and is determined as the root-mean-

square of all rays in the image plane. This puts equal weighting on each ray; however, the

distribution of rays entering each model was Gaussian to mimic the actual laser source.

As defined at the start of this section the lens separation and Objective – Scanner distance

were variable. ZEMAX optimised these spacings until the lowest achievable RMS spot size

was found whilst maintaining the beam diameter constraint on the first scanner mirror. 9

of the 32 designs were rejected from the design process as the Objective – Scanner distances

of these models were required to be negative to fulfil the beam diameter constraint on the

first scanner mirror. This would not be physically possible in the real world. An example

linear ZEMAX model is shown in Figure 7.22

Figure 7.22 Linear ZEMAX model of design A6. Entrance lens: PLCC-25.4-13.1-UV.
Objective Lens: BICX-25.4-64.4-UV

To ascertain the actual lens shift requirement, the remaining models were altered such

that the distance from the scanner to the image plane mirrored the distance when the

beam was deflected to the image plane extreme, (125,125). Therefore hs → l125,125 =

hs + ∆ = 395 + 37.0 = 432mm, as calculated from Equation 7.13. The thickness of the

protective window was also increased to match the increased optical path length due to the

non-zero incidence angle which would occur in a reall scanning system. The image plane

angle of incidence is 23.6◦ for a 395 mm scanner height. Therefore, using trigonometry,

the apparent window thickness is 10.9 mm.

The updated model configuration is shown in Figure 7.23B. The original layout has also

been included for comparison Figure 7.23A. The Objective – Scanner distance of each

model was fixed to the value previously optimised, therefore only the lens separation was

adjusted to find image plane focus.
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Figure 7.23 Schematic of ZEMAX model layouts for A: Image plane centre. B: Image
plane extreme. In each diagram parameters which varied are highlighted in bold.

Entrance lens shifts ranged from 0.9 mm – 1.4 mm to maintain focus across the image

plane. The lens separations were in the order of 50 mm – 70 mm. Objective – Scanner

distances varied from 5 mm – 170 mm and therefore some models would be problematic in

the real world. At the low end of the range for Objective – Scanner distance, the objective

lens would have had to be mounted very close to the scanner mirrors, making assembly

difficult. At the high extreme of the range the overall size of the optical unit would be

large and optical alignment would be sensitive. However, none of these models produced

acceptable focal spot diameters. RMS spot diameters ranged from 145 µm – 854 µm. All

were outside the minimum spot diameter specification of 75 µm. The details of each model

can be seen in Appendix A.

The large spot diameters were a result of spherical aberration introduced by the single

element objective lens. Marginal rays at the outside of the beam are brought to focus at

a shorter axial length than rays passing through the centre of the optic. An alternative

objective design was therefore investigated.
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7.3.3 Doublet Objective Optical Designs

To reduce spherical aberrations, a doublet objective lens design was investigated. This

consists of two plano-convex lenses of the same focal length positioned with the curved

surfaces facing together as shown in Figure 7.24B. Plano-Convex lenses exhibit the lowest

level of spherical aberration for simple lens shapes, i.e. lenses with non-aspheric surfaces.

However, this is only achieved when focusing a collimated beam, the planar surface facing

the non-parallel rays [14]. In the focusing unit the diverging rays from the entrance lens

enter the planar face of the first objective lens, this brings the beam towards collimation,

with the second objective refocusing the beam to the desired focal length. The opposing

elements act to cancel out the effects of spherical aberration due to the lens shape. As-

pheric lenses are approximately 4 times the cost of spherical lenses and therefore were not

investigated to keep system costs down.

Figure 7.24 Spherical aberration reduction due to a doublet design. A: Single lens ar-
rangement. B:Doublet arrangement. ZEMAX optimised the image plane distance to pro-
duce the smallest RMS spot diameter for each optical assembly.

Although the extra optical component would introduce additional transmission losses these

would be negligible for a thin optical component. However, it was necessary to achieve the

75 µm spot diameter.

The focal length of a combination of lenses is given by Equation 7.36. As the single lens

objectives had focal lengths between 60 – 90 mm, lenses with focal lengths of double this

range, 120 – 180 mm, were selected. Objective lenses with diameter of >50 mm were

chosen to prevent any beam clipping at the 99% encircled energy diameter (1.5x 1/e2) as

discussed in Chapter 6. This condition was only just achieved by the 25 mm lenses in the

single objective lens designs, so it was thought appropriate to expand the diameter. The

lens selection is displayed in Table 7.3.
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f
=

1

f1
+

1

f2
(7.36)

Table 7.3 Objective Doublet lens choices. Note * focal lengths are measured with 404.7
nm wavelength.

Manu. No. Shape Diameter [mm] f (@1064 nm) [mm]

PLCX-50.8-51.5-UV Plano-Convex 50.8 114.5
PLCX-50.0-61.8-UV Plano-Convex 50.0 137.4
PLCX-50.8-64.4-UV Plano-Convex 50.8 143.2
PLCX-50.8-65.4-UV Plano-Convex 50.8 145.5
PLCX-50.8-67.0-UV Plano-Convex 50.8 149
PLCX-50.8-72.1-UV Plano-Convex 50.8 160.4
PLCX-50.8-77.3-UV Plano-Convex 50.8 171.9
LUP-50.0-58.7-UV Plano-Convex 50.0 125*
LUP-50.0-70.4-UV Plano-Convex 50.0 150*
LUP-50.0-82.2-UV Plano-Convex 50.0 175*

Using the existing four entrance lens choices, 40 doublet linear models were produced,

see Figure 7.25 for an example model. The same constraint on mirror beam diameter was

applied and the objective – scanner distance was optimised. Complete details of each model

can be found in Appendix B. The minimum spot diameters ranged from 45.8 µm to 278.7

µm. The complete set of diameters are shown in Table 7.4. The eight highlighted designs

produces RMS spot diameters below the 75µm design limit. The minimum RMS spot

diameter of 45.8 µm was achieved by design D-D1 (Entrance-Doublet Lens). The doublet

designs had reduced spherical aberrations. Before the extreme image plane models were

created, all designs with entrance lens B, BICC-19.1-20.9-UV, were discarded due to no

design returning a spot diameter below 140µm. On completion of the image plane extreme

linear models, entrance lens shifts ranged from 0.74 mm – 1.95 mm to maintain focus across

the image plane and lens separations were between 33.7 mm – 76.1 mm.

Figure 7.25 Linear ZEMAX model of design CD6. Entrance lens: BICC-25.4-26.1-UV.
Objective Lenses: PLCX-50.8-72.1-UV
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Table 7.4 RMS spot diameter for doublet lens models. Designs which produced diameters
below 75µm have been highlighted. Blank cells indicate systems which could not achieve
focus whilst remaining within other design constraints.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - 80.7 82.9 87.0 79.6 66.7 - 84.5 55.1

BICC-19.1
-20.9-UV

B - 161.5 176.7 181.9 191.9 222.1 252.0 141.9 210.5 278.7

BICC-25.4
-26.1-UV

C - - 61.0 63.3 67.5 80.3 93.1 46.3 75.5 104.5

LUB-25.0
-24.0-UV

D 45.8 83.6 92.8 96.0 102.0 120.3 138.4 71.8 113.3 154.6

7.3.4 Final Optical Design

The eight designs with the smallest RMS spot diameters, all of which contained doublet

objectives, were taken forward for further analysis. Full 3D models of each design were

made, which included both a scanning system and a protective window, to allow for ac-

curate calculation of the lens shift requirement for each design. The two scanner mirrors,

which previously consisted of blank surfaces, were replaced with reflective surfaces. The

angle of the surfaces could be adjusted such that the beam was deflected in 3D. An example

3D model is shown in Figure 7.26.

The protective window could be reduced in diameter as it no longer had to be positioned

below an f-theta objective lens. By fitting the window closer to the scanner, a reduced

diameter could be used whilst still maintaining the ability for a 15 mm beam to pass

through at all scanner angles without being clipped. A stand-off distance of 30 mm from

the centre of the second scanner mirror was defined as this allowed adequate clearance for

assembly. This is larger than the arbitrary 20 mm stand-off used in the linear models. At

the maximum angle extent of the scanner, 20◦ on each mirror, the outer edge of a 15.0 mm

beam was calculated to be 24.4 mm from the scanner centre line and therefore a 48.8 mm

aperture would be required. A 80 mm window diameter was defined as this left adequate

outer area for mechanical mounting.

The thickness of the protective window could also be reduced as the diameter reduced. This

had two benefits, firstly the fused silica material, in which the optic was made, is expensive.

The current Renishaw AM 250 vacuum window is 150 mm diameter, 15 mm thick plate

costing around £1000 [201]. As cost closely matches volume a thinner plate vastly reduces

costs. Secondly for all non-zero angles of incidences the beam is distorted. As the beam is

converging through the optic, individual rays are refracted to differing degrees. A lateral

offset of the rays occurs, resulting in a skew of the beam at the focal plane. By reducing the

optical path length through this element, the lateral offset is reduced, resulting in a smaller

less distorted focal spot. However, the reduced thickness window still had to withstand

vacuum pressure on machine set up.
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Figure 7.26 Fully optimised 3D ZEMAX model of design C-D3. Note that the position
of the entrance lens has varied which has given rise to the apparent thickening of the lens
construction lines.

An FEA model of a 3 mm thick 80 mm diameter plate was made with Pro|Engineer Mech-

anica (PTC, US). The plate was constrained around the outer edge and a one atmosphere

pressure load, 101 kPa, was applied. The maximum stress in the window was 14 MPa,

this is below the ultimate tensile strength of Fused Silica, which is 50 MPa [202]. A 3

mm thick window was therefore appropriate. Figure 7.27 shows a deflection model of the

window under vacuum load. Although the maximum deflection was 24 µm in the centre,

the optical system does not run under vacuum and therefore no additional aberrations due

to this curvature would occur.

The laser input diameter was also changed to the maximum tolerance value provided by

the laser manufacturer at 5.7 mm. If the previously calculated separations were used, the

larger beam would have been clipped by the mirror apertures, resulting in a loss of energy

and an increase in optical aberrations. The newly defined beam was again constrained to

a beam diameter of 14.5–15.0 mm on scanner mirror 1. This was achieved by adding a

black surface with the constraint at the same location as this optic. As the mirror tilt

angle varied the beam distorts along one axis and therefore would exceed the limit.

Previous models employed geometric ray tracing to optimise the lens separations to calcu-
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Figure 7.27 Displacement of the protective window under vacuum load. Maximum dis-
placement < 24µm. Note the deflection has been enhanced.

late the smallest RMS spot diameters. This would not accurately represent a real system

when a coherent Gaussian beam was propagated. A real world beam is a continuous Gaus-

sian wavefront. Diffraction occurs on transmission through fixed apertures. This causes

interference in the wavefront, resulting in a non-Gaussian intensity profile at minimum

focus.

The focal length of a Gaussian beam through a converging lens is also shorter than predicted

through classical ray tracing. Figure 7.28 shows a Gaussian beam passing through an

idealised converging lens. On exiting the focusing optic the extremes of both the Gaussian

beam and geometric rays are coincident. Note that in this case the extremes of the Gaussian

beam are defined by the intensity radius at 1/e2 of the peak value. As focus is approached

the spherical wavefronts of the Gaussian beam transform into plane waves and form the

minimum waist of the beam, labelled ω0, before diverging again. The geometric rays do

not interfere collectively and therefore continue to travel in their original directions until

a small focal spot is produced further along the optical axis.

Figure 7.28 Shortening of focal length of a simple lens when a Gaussian beam is trans-
mitted.

After passing through each focus the Gaussian and geometric beams will diverge at the
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same rate with the discrepancy in focal length. ZEMAX was therefore altered to position

the minimum Gaussian beam diameter at each image plane location when optimising lens

position. Returned diameter were at the 1/e2 level. Figure 7.29 displays an example

intensity profile at minimum focus. The resultant shape, with the secondary peaks either

side of a central maxima, is inherent with any wavefront passing through an aperture due

to diffraction.

Figure 7.29 Example irradiance profile at image plane of a 400W Gaussian beam direct
from ZEMAX.

With the inclusion of scanner model into each design, a single model could calculate the

lens shift and focal spot diameter variation required when moving the beam from the image

plane centre, (0,0), to the image plane extreme, (125,125). As previously investigated, the

Objective – Scanner distance and lens separation were free to be adjusted to produced

the smaller focal spot diameter. However, as the protective window position and thickness

had been defined, the distance from the window to the image plane was given a separation

range of 365 mm to 400 mm. The lower limit was set at 365 mm as this was the maximum

part height, 350 mm, plus 15 mm part removal clearance. Note the scanner was still at

a sufficient distance to maintain a spot shape with eccentricity below the e=0.416 limit.

The upper limit was set to 400 mm to limit overall height of the entire system and utilise

sufficient scanner tilt angles to maintain system accuracy. The scanner height therefore

ranged between 398 to 433 mm.

In each model the scanner was set to point at the centre of the image plane (0,0) and

optimisation of lens separation, Objective – Scanner distance and scanner height was per-

formed and the focal spot diameters recorded. The Objective – Scanner distance and

scanner height were then fixed and the scanner was moved to the image plane extreme at

(125,125) to ascertain lens shift and the maximum increase to focal spot size. In all cases
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the beam at the image plane extremes was larger than at the centre. Focal spot diameter

is directly proportional to the system focal length, as described by Equation 7.37. To focus

at the image plane extremes, a longer optical path length occurs and therefore the system

focal length must increase, resulting in a larger spot. Additionally the non-zero angle of

incidence would elongate the beam.

dmin =
4M2λf

πDIN
(7.37)

The focal diameters for each design are displayed in Table 7.5, listed in order of smallest

diameter at the image plane centre. The two designs with the smallest spots diameters,

D-D1 and C-D8 could not used due to the small Objective – Scanner distance. The

measurement point on the scanner mirror is along the central line and as it is tilted to 45◦,

the edge of the mirror would clash with the objective lens at these short distances. Design

A-DA was also discarded as the focal spot size varied by over 10 µm across the image

plane, this would result in an inconsistent optical system. The final design was selected

to be model C-D3, which consisted of a BICC-25.4-26.1-UV bi-concave diverging lens and

two PLCX-50.8-64.4-UV plano-convex converging lenses. This had the best compromise

of lens positioning and focal spot stability.

Table 7.5 Centre and extreme focal diameters for a 5.0 mm input beam of each 3D
ZEMAX model. The chosen design, C-D3, has been highlighted.

Model
Identifier

Focus Diameter Centre,
2ω0(0, 0), [µm]

Focus Diameter Extreme,
2ω0(125, 125), [µm]

Focus Diameter
Difference, [µm]

Objective–Scanner
Separation, k, [mm]

D D1 49.6 49.7 0.1 9

C D8 50.6 51.3 0.7 5

A DA 64.1 74.7 10.6 184

C D3 64.6 66.1 1.5 49

C D4 66.8 68.4 1.6 55

C D5 70.9 72.7 1.8 68

D D8 74.1 76.1 2.0 35

A D7 75.0 87.0 12.0 148

Before final analysis of this design was performed the model was adjusted to resemble a

physical system. In original designs the two objective lenses were positioned such that the

curved surfaced touched. In the final model this was changed to have a 0.5 mm spacing.

This would prevent surface damage on assembly and allow for thermal expansion to occur

without surface interaction. The Objective – Scanner distance was also fixed at 49.0 mm,

rounding the ZEMAX optimised value. This would produce more sensible measurements

for manufacturing the optics enclosure. The final optical design is displayed in Figure 7.26.

The lens shift requirement to maintain in plane focus was 1018.6 µm. The final surface

separation layout of the system can be seen in Table 7.6. For a full ZEMAX description

of the design refer to Appendix C.

After the adjustment to surface separation was undertaken, the final predicted beam pro-

191



Table 7.6 Final lens selection with surface separations. Note the * distance is adjusted
to maintain image plane focus.

Component Surface Radius [mm] Distance to next surface [mm] Material to next surface

BICC-25.4-26.1-UV -26.1 2.00 Fused Silica

26.1 49.619*

PLCX-50.8-64.4-UV ∞ 7.30 Fused Silica

-64.4 0.50

PLCX-50.8-64.4-UV 64.4 7.30 Fused Silica

∞ 0.00

Scanner Clearance ∞ 49.00

Mirror 1 ∞ 19.33 Mirror

Mirror 2 ∞ 30.00 Mirror

Protective Window ∞ 3.00 Fused Silica

∞ 373.00

Image Plane ∞ NA

files at the image plane centre, (0,0), and image plane extreme, (125,125), were calculated

for the entire range of possible beam diameters, i.e. 5.0 ± 0.7 mm that the SPI R4 laser

could emit. Figures 7.30 and 7.31 display the profiles for 4.3, 5.0 and 5.7 mm input beams

at the centre and extreme. All focus profiles resulted in a Gaussian distribution with

1/e2 beam diameters ranging from 56.6 µm – 69.0 µm at (0,0) to 58.6 µm – 74.4 µm at

(125,125). The variation was due to the inversely proportional relationship between focal

spot diameter and input beam diameter, DIN , as described by Equation 7.37. Therefore

the largest input beam resulted in the smallest focal spot diameter. In the final design

the maximum scanner angle to reach image plane extremes was ±17.2◦ and therefore an

appropriate usage of the total ±20◦ scanner range was achieved.

Figure 7.30 Theoretical beam profile at centre (0,0) of the image plane for various input
beam diameters. Data from ZEMAX.
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Figure 7.31 Theoretical beam profile at extreme (125,125) of the image plane for various
input beam diameters. Data from ZEMAX.

7.4 Mechanical Design

A suitable mechanical design was required to mount the finalised optical track. As pre-

viously defined, the optical track was placed in a sealed unit which provided cooling, to

maintain a constant system temperature, and also included a co-axial viewing port. This

was achieved by the addition of a dichroic fold mirror between the laser output and the

entrance lens. An overview of the design will follow with explanations of various design

choices.

Figure 7.32 shows the main chassis design which would house all optics. It was designed to

be manufactured from a 5” Aluminium 2014 plate, this is a standard stock thickness. This

Aluminium 2014 was chosen due to excellent machinability and high thermal conductivity.

In a typical scanning galvanometer mount the two mounting bores are machined to accur-

ately align the axes. An identical methodology was used in the chassis design, but with

the addition of mounting points for the objective lenses, the laser input and the dichroic

mirror mount. By machining all this bores together in a single CNC machining operation,

alignment was achieved without individual alignment assemblies.

A 65 mm diameter bore was specified for the objective lens, laser input and dichroic mirror

locations. This would allow for a suitably stiff tool to be used, which would not wander

when machining and therefore maintain alignment. The objective lens assembly and the

two galvanometers would be held in position by cotter pins. The internal optics were sealed

with a lid machined from a 1” Aluminium 2014 plate. Sealing the main chassis opening

required a single silicone seal. The protective window was held in position by a sealed

retaining ring.

A major source of heating in the module would derive from the mirror galvanometers,
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Figure 7.32 A: Plan view of the module chassis. Transparancy has been added for
visualisation of internal bores. B: Isometric view of the module chassis.

these can draw currents upto 16 A. In the chassis design a large volume of material was

left around each galvanometer for an effective heat sink to be produced. Some laser power

absorption would also occur in the optical track. The two heat sources would raise chassis

temperature and therefore cooling channels were machined into three external faces of the

chassis. Panels were sealed to these faces to enclose the channels.

Optical alignment was achieved by the accuracy of the machining, yet the laser input still

had to be adjustable. This is because the beam does not emerge co-axially from the laser

aperture. The aperture of the SPI fibre laser in mounted in a component known as the

Beam Delivery Optic (BDO). This component required cooling to protect the fibre core

from thermal damage due to the back reflections of optical radiation. A mounting assembly

was designed to provide alignment and cooling.

Figure 7.33 displays a cross sectional view of the BDO mounting assembly. BDO cooling

was provided by the BDO Cooling Jacket. This was a SLM manufactured cylinder with

conformal cooling pathways. The channels would form a tight double helix around the
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BDO, joining together at the aperture end, such that there was a single input and output.

This reduced the likelihood of leaks compared to the manufacturer’s supplied design which

has 4 individual channels, each connected via push fit piping.

Figure 7.33 Cross section of the BDO assembly.

The BDO Cooling Jacket was mounted inside the BDO Mount, which would be fixed to

the main chassis housing. The jacket was suspended on two O-rings to provide dust and

radiation sealing and allow for alignment. Two sets of radially spaced grub screws were

used for alignment and fixation. By adjusting the two sets of screws the pitch, yaw and

xy plane alignment of the laser was achievable. An exploded view of the assembly can be

seen in Figure 7.34.

Figure 7.34 Exploded view of the BDO assembly.

The objective lens set were mounted in a removable caddy, this allowed for safe insertion

into the chassis. An exploded view of the design can be seen in Figure 7.35A showing

the spacer and lock ring used to hold the lenses firmly with the required 0.5 mm spacing.

When fitted in the chassis, a flange on the caddy was positioned flush with the face of

the objective bore as seen in Figure 7.35B. This datum positioned the objective lens the

specified 49.0 mm away from the scanner.
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Figure 7.35 A: Exploded lens caddy assembly. B: Close-up of chassis with caddy mounted
to the datum face.

A cross section of the completed design can be seen in Figure 7.36. This shows the pos-

itioning of the dichroic mirror and entrance lens assembly. The piezoelectric-electric lens

actuator shown is a PI M-664 piezo-electric stage; however a final choice of actuation

method was not defined. The project industrial partner, Renishaw PLC, had previously

designed lens actuators based on voice-coil technology that was appropriate for this ap-

plication.

Figure 7.36 Cross section of completed design. Note the cross section plane is incident
with the output laser axis not the axis through the focusing optics.

Figure 7.37 displays the finalised internal optical pathway through the optical module. A

final external view of the completed module is shown in Figure 7.38.
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Figure 7.37 Internal optical pathway through critical components.

7.5 Prototype Assessment

The final design was never manufactured in the form described. In the intervening time

between the initial development and final design, the industrial partner changed the spe-

cification of the input laser to a newly available system. This consisted of a 500 W SPI

Fibre laser, however crucially the optical output consisted of a divergent beam. This was

not compatible with the design discussed in Section 7.3 as this required a collimated input

beam. The laser could have been collimated but this would have added an additional op-

tics to the design, increasing losses and physical size. However, as the raw beam would be

divergent, the entrance lens was no longer required. A simpler system was used, in this the

doublet objective was shifted to maintain in-plane focus. By using a simpler magnification

system, lens shift was reduced by 50%. Using the geometrical analysis put forward in this

chapter, an f-thetaless SLM optical system was developed in-house as show in Figure 7.39.

Figure 7.38 External view of the completed optical module.
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Figure 7.39 External view of the an f-thetaless optical system for SLM applications.

7.5.1 Spectrometer Integration

Limited access to the prototype optical module was made available by the industrial spon-

sor, however, a short investigation was performed. As with previous experiments, alignment

of the spectrometer proved difficult. An LED calibration plate was used to position the

spectrometer collection optic, as was performed in Chapter 6. With no f-theta objective

lens, chromatic aberration through the system was lower and therefore a 200 mm x 200

mm LED grid, with a 100 mm spacing was made to access a larger area of the powder bed.

An even signal could not be obtained across the entire 200 mm x 200 mm area. Figure

7.40A displays the total energy coupled into the spectrometer across the calibration plate.

The total energy being defined as the area under each recorded spectra. The highest signals

were recorded on the left side of the calibration plate. It was assumed that the highest

signal should nave been recorded from the central LED at (0,0). This is because the light

emission from an LED decreases as the viewing angle of incidence increases. Emission

coupling into the fibre was very sensitive to pitch and yaw rotation of the collection optic.

The strongest signals were obtained when the collection optics central axis was misaligned

with the optical module, as seen in Figure 7.40B.

The alignment difficulty in this optical system was due to the move from a collimated to

a divergent laser source. The process laser beam was now either diverging or converging

throughout the optical system. Any back reflected light propagating through the system

was also either diverging or converging. In the designed optical system, the return signal

would have been travelling co-axially around the central optical axis in a collimated beam.

When passing through the dichroic turning mirror, all rays would have been refracted by

the same magnitude, resulting in a beam which was offset but not chromatically dispersed.

With the converging rays of the actual prototype, this was not the case. Figure 7.41 shows

a converging ray bundle through a 45◦ transmissive optic. The incidence angles vary across

the ray bundle and therefore refraction is not constant, such that rays are dispersed away
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Figure 7.40 A: Normalised total energy field across the LED grid. B: Angular offset of
the collection optic with respect to the optical module.

from the central optical axis on exiting.

Figure 7.41 Converging rays distorted by 45◦ transmissive plate.

The signal will also be chromatically dispersed with the converging rays as refraction is

dependent on wavelength. Figure 7.42 show a linear representation of the optical system

without the turning mirror. The focusing optics have been positioned to focus at the bed

centre and some other location (x,y). A return signal with shorter wavelength, following

the same optical path as the process beam, will be focused some distance away from

the fibre plane. When the focusing optic moves, to focus the process beam at another

position, the return signal is not focused to the same location as before due to differences

in incoming ray incidence angles on the lens. Therefore the signal shifts with powder bed

location. This explains the difficulty in coupling into the spectrometer system. The light

was chromatically dispersed and the location of the circle of least confusion, i.e. smallest

ray bundle, shifts as the system scans across the powder bed.

The movement of the signal was however undetectable to the naked eye. Only the extreme

sensitivity to axial alignment that the spectrometer collection optic exhibited detected

this movement. Alignment sensitivity could have been reduced if the collection optic was
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Figure 7.42 Chromatic shift changes due to lens position.

positioned in the zone of least confusions; however, the dimensions of the collection optic

assembly prevented this. Furthermore, direct emission coupling into the fibre optic would

have improved performance as the axial alignment issues, stemming from the collection

optic, would have been removed. A larger diameter or multiple core optical fibre would

have been able to contain the shifting emission signal. Unfortunately the limited time

available with the prototype optical system did not allow for any spectrometer set-up

modification.

Figure 7.43 shows the attenuation of the central LED signal through the optics. The

dielectric interference is still present and the signal is attenuated below 600 nm. The

reflection curve of the dichroic mirror for wavelengths between 500 - 1200 nm is shown in

Figure 7.44A. The reflection between 600 and 750 nm is >80%, this due to a requirement

for an alignment band for optical set up. However, this range had the highest recorded

intensity in the recorded spectra. The lack of signal below 600 nm was a result of low

reflection characteristics of the scanning mirrors. Although the reflection curve was not

available for the Beryllium substrate scanner mirrors, on visual inspection they appeared

gold. This is indicative of poor reflection at the blue end of the visible spectrum.

The mirrors in the prototype unit were standard off-the-shelf components. The primary

goal of the unit was integration with the SLM system control software and therefore it was

not primarily designed for monitoring applications. Figure 7.44B displays the dielectric

coating specification agreed with the scanner manufacturer for a monitoring application.

7.5.2 Experimental Arrangements

A study of Ti6Al4V single track wall samples was investigated on the prototype system.

Each wall consisted of a 30 mm hatch vector, the locations of which can be seen in Figure
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Figure 7.43 LED attenuation through the F-Thetaless optical module. The intensity of
the recorded signal has been adjusted to match the curve between 600 - 700 nm.

Figure 7.44 A: Reflection curve of the custom CVI dichroic mirror at 45◦. B: Mirror
coating specification for the designed co-axial monitoring system.

7.45A. Three power settings were investigated: 200 W, 180 W and 160 W, with fixed point

distances and exposure times of 50 µm and 50 µs respectively. Each recording consisted of

20 layers. The optical system produced individual hatch vectors in a different method to

the Realizer systems used earlier in the study. Each hatch vector was made out of a series of

points. The laser modulates on for the specified exposure time at each location. However,

no emission occurs whilst the mirrors deflect to the next exposure location. Figure 7.45B

displays the laser pulse train for each hatch vector with the spectrometer triggering regime.

An oscilloscope was used to measure the pulse train duration for each vector, with each

taking 34 ms. The rising edge of the first pulse was used to trigger the spectrometer for

a 36 ms integration time in HW Edge mode. Each recording finished as the mirrors were

moving to the next vector location and therefore the next rising edge would start the

subsequent vector recording.
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Figure 7.45 A: Wall layout Locations of sample walls. B: Laser modulation and spectro-
meter collection regimes.

7.5.3 Results

An averaged spectrum of a sample wall at (20,-82.5) can be seen in Figure 7.46A and

compared to the LED recording at (50,-100) in Figure 7.46B. Little difference in spectrum

shape was found with respect to LED recording. The dielectric coating interference pattern

dominates both spectra. There is increased signal in the powder melted spectrum between

400 nm – 430 nm and above 700 nm however this is due to the lack of emission by the

LED at these wavelengths.

Figure 7.46 A: Average recording for a 200 W single hatch wall at central location (20,
-82.5) and B: LED signal from a similar location.

No strong peaks can be seen in the spectrum and therefore the plume is a hot vapour, as

opposed to a partial ionised vapour, as was found in Chapter 5. The vapour only emits

blackbody continuum radiation which was recorded via the spectrometer. It was noted that

the gas flow of the system was very fast. This suppressed the temperature and volume of the

vapour as limited exposure to energy source occurred before removal from the fusion zone.

This agrees with the findings of Lacroix and Sabbaghzadeh who independently researched

the effect of gas flow on vapour suppression in laser welding [108, 141]. Direct comparison

of gas flow between the Realizer and Renishaw systems was not available. Both systems
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define gas flow as a cyclic frequency of the gas pump and therefore actual gas velocity

across the bed is unknown. It is also worth noting that the laser beam diameter on the

powder bed was not made available and therefore comparison with beam characteristics

found in the Realizer SLM250 system could not be made.

As no clear peaks were detected, the total intensity in each spectra was calculated. Figure

7.47 shows the normalised intensity field across each laser power dataset. Regardless of

input power, the trends appear similar. It is worth noting the 160 W dataset was effected

by wall delamination, which gave rise to inconsistent melting and therefore resulted in a

slight deviation in trend. However, it does eludes that the recorded signal appear consistent

across each field regardless of input power level.

Figure 7.47 Normalised energy fields across the powder bed for 200 W, 180 W and 160
W.

Signal stability does however vary with power. In Figure 7.48 the variance of the signal over

20 layers at each location is displayed by marker size. For the 200 W and 180 W dataset

the signal variance is consistent across the bed. The 180 W dataset has lower variance. A

close up on a corresponding spectra is shown in Figure 7.49 in which the consistency of the

180 W spectra is shown by the tightly packed spectra. It is speculated that the vapour and

melt pool are more stable at this power level. With the increased energy density at 200

W, increased vapour heating will occur, disrupting the melt pool surface and leading to

variations in energy coupling. A weak spectral peak also began to appear at 626 nm across

the 200 W dataset, which has been highlighted in Figure 7.49A. There are 3 Ti excited

atomic transitions which emit close to this wavelength. The increased total intensity and

the development of a weak spectral peak, show that the increased energy input has lead to

a rise in vapour temperature. It is worth noting that the line emission must be from the

vapour and not the melt pool as spectral line emission can only occur in a partial ionised

vapour/plasma. Unfortunately due to the short duration of the study no physical samples

were made available to relate the recorded signals to the structure of the melt tracks.
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Figure 7.48 Variance of each spectral recording for 200 W and 180 W.

Figure 7.49 Signal variations at different power settings at an identical location.

7.5.4 Discussion

If further experimentation was performed, a calibration field could be calculated to correct

recorded emission signals with respect to powder bed location. This would lead to the

development of a relationship between emission signal magnitude and laser power. By

relating the recorded signals to physical track width measurements a method of controlling

melt pool dimension, regardless of underlying geometry, could be developed. The different

heat conduction characteristic could be compensated for in process by power variation.

This is similar to the methodology employed by Kruth et al. [6]. However, this feedback

technique has not developed since 2007 and therefore there is scope for continued research.

In the investigations presented whilst using the prototype optical unit, no clear spectral

emission lines were recorded. This was due to the gas flow rate across the build chamber

but also likely to be due to the low levels of sub 600 nm coupling into the spectrometer.

Different mirror coatings would be required to ascertain if this monitoring methodology is

worthwhile.
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The spectrometer does however give an insight into the regions of the emission spectrum

that could be recorded by other sensing technology. If the entire build area was investigated

a region of wavelength in which low signal variance occurred could be filtered and collected

by a broadband sensor, such as a photodiode. Even if the full broadband spectrum was

recorded across the bed, a spectrally integrated sensor would be beneficial as they exhibit

much higher refresh rates (approximately 200 kHz) than the spectrometer (344 Hz). The

spectrometer was also inefficient as no data could be recorded below 400 nm due to lack

of optical transmission, and therefore 25% of the range/bandwidth was wasted. If spectral

line emission in the vapour did occur whilst a spectrally integrated broadband sensor was

employed, the increase in total energy would be low. In Chapter 5 is was found that the

difference between continuum blackbody radiation energy and total spectrum energy was

only 10%
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8 Conclusions

The aim of this study was to investigate process monitoring in SLM and develop new

measurement methodologies and techniques to further understand the fundamental fusion

process. To achieve this aim it has been necessary to:

• Develop a method of collecting emission radiation into a spectrometer for monitoring

the SLM process.

• Develop methodologies to remove blackbody continuum radiation from the discrete

spectral line emissions in the vapour cloud to allow for vapour temperature measure-

ment.

• Arrange an off-axis experimental configuration and ascertain the effect that changes

in the process parameters have on emission radiation, vapour temperature and phys-

ical characteristics.

• Modify a commercial SLM machine to allow for a co-axial monitoring system to be

installed and study the systems effectiveness.

• Study the feasibility and then design an f-thetaless optical track for an SLM system.

• Investigate co-axial monitoring of the SLM process with the use of an f-thetaless

optical unit.

A methodology to measure the emission spectra temperature from the SLM process has

been presented. This was achieved by the use of a low cost spectrometer fitted with a fibre

coupled collection optic. The emission from the SLM fusion process was found to have

two different components. These were the blackbody continuum emission and spectral line

emissions. A direct measure of vapour electron temperature was made by assessing spectral

line intensities. However, the blackbody continuum radiation contribution of the recorded

spectra had to be removed. Two removal methods were presented. The first method used

a Gaussian curve fit, plotted along the emission peak minima. This was subtracted from

the recorded signal to produce a data set containing spectral emission line data only. The

area of the Gaussian curve was also used as a measure of blackbody continuum radiation.

The second removal method used the local minima either side of a specific spectral line

emission. Linear interpolation was used to calculate the blackbody continuum radiation

magnitude below the spectral line, which was then subtracted to give a measure of spectral

line intensity. Two emission lines from atomic titanium species, which could be isolated

despite the low spectrometer resolution of approximately 0.3 nm, were selected. A two
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line ratio method was employed to calculate plasma electron temperature of the vapour

emitted from the melt pool in the SLM process.

Emission spectra were recorded from the fusion zone of the SLM process via an off-axis

configuration which observed the process through a chamber view port. When increasing

energy input per hatch line, the magnitude of the spectra increased. This was accompanied

with increases in wall thickness, recorded in single hatch wall samples. However, this did

not correlate with an increase in vapour temperature. Using the Gaussian removal method,

peak temperatures for the 150 µs laser exposures at the minimum beam diameter were

7560 ± 120 K. With the exposure times reduced to 50 µs, the temperatures only fell to

7440±140 K. It was therefore determined that the vapour entered a steady state condition

rapidly as laser input occurred. The energy flow in and out of the fusion zone remained

constant and therefore the laser vapour interaction acted as a stable heat source. When

the exposure time was increased, more energy was input into an area and the melt pool

increased in width.

When relating emission spectra to resultant wall thickness whilst varying beam diameter

no relationship was found. Regardless of laser beam diameter, the wall thicknesses were

consistent. The laser input energy remained in the local powder area on exposure due

to the insulating effects of the surrounding powder. Therefore, the local energy per unit

volume was equal regardless of beam diameter. With equal energy available, the melt

pools produced were similar in volume, resulting in consistent the wall thicknesses. This

displays the robustness of the SLM process, the energy density profile of the laser beam

on the powder bed is not critical for effective material processing.

Variations of the beam diameter did however effect the recorded emission spectra, in both

blackbody continuum and spectral line outputs. At the larger beam diameters, 66 µm

- 81 µm, high levels of blackbody continuum emission were recorded coupled with low

vapour temperatures. As the beam diameter reduced to a minimum, 52 µm, the blackbody

continuum contribution reduced and the vapour temperature increased to a maximum. It

is therefore concluded that the melt pool could not have had the same structure for differing

beam diameters. If this was the case the blackbody continuum emission from the melt pool

would have been similar for all focus offset settings. It was determined that at the smallest

beam diameters, a keyhole welding mode occurred which moved the vapour and melt pool

below the powder bed level, which inhibited emission collection by the spectrometer. This

reduced the magnitudes of both blackbody continuum radiation and spectral line emissions,

however, the vapour was still hotter due to the higher energy density passing through. The

keyhole mode also increased Marangoni convection flows within the melt pool. This lead

to increased levels of melt ejection, which fixated to the edges of the melt track resulting in

higher levels of satellite particles. The vapour temperature can therefore be used to access

the melt pool dynamics which effect surface finish.
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Two methodologies were used to remove blackbody continuum radiation from the raw

spectra allowing for the measurement of spectral line emission intensity. It was found

that the linear interpolation method reported temperatures which were 4.8± 1.2% higher

than the Gaussian removal methodology. However, each method has its own benefits.

The linear interpolation method only required six wavelength recordings to calculate the

vapour temperature and therefore could easily be integrating into an on-line monitoring

tool. The Gaussian removal method required the entire spectrum of many hundreds of

wavelengths, however, this method also reported a measure of the blackbody continuum

radiation emission, which was useful for recording total energy input. However, the trend

of temperature with respect to laser beam diameter was the same regardless blackbody

continuum removal method, therefore the use of either would be suitable for a process

monitoring guide.

As signal coupling was found to be ineffective with an off-axis configuration, a modific-

ation was performed on an SLM system to integrate co-axial process monitoring. The

optical track between the laser exit aperture and the galvanometer scanner mirrors was

removed and replaced by a new design. The modified system reflected the process laser

beam off a dichroic mirror before propagating through the focusing optics to the scanning

system. Any emission radiation propagating back along the optical track passed through

the dichroic mirror, where it was recorded by the spectrometer. Multiple complications

were encountered with the modified system. Spectral profiles were disrupted by dielectric

mirror coatings and chromatic dispersion through different transmissive optics, resulting in

difficulties in consistent emission coupling. Mirror coating selection could remove dielectric

effects, however, chromatic aberrations could not be avoided in the f-theta objective lens.

A consistent spectrally resolved signal therefore could not be achieved.

As chromatic aberration in the f-theta objective lens was the main obstacle for co-axial

monitoring in SLM, the feasibility of removing this optical component was investigated.

On the analysis of scanner geometries and Galilean focusing optics, optical designs were

produced which could maintain a sub 75 µm laser beam diameter across a 250 x 250 mm

powder bed plane. The final optical design consisted of a BICC-25.4-26.1-UV bi-concave

diverging lens and two PLCX-50.8-64.4-UV plano-convex converging lenses (CVI Melles

Griot, US). In-plane focus could be maintained by dynamically shifting the diverging lens

by 1018.6 µm. The laser beam diameter across the powder bed plane was maintained

between 56.6 – 58.6 µm to 69.0 – 74.4 µm depending on the laser output beam diameter

tolerance, 5 ± 0.7 mm. A mechanical housing for the optical track was also designed.

This consisted of a monolithic chassis with an SLM manufactured Beam Delivery Optic

mount. Alignment issues were reduced by the machining of the main chassis from a single

aluminium block.
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Directly from the research presented in Chapter 7 of this thesis, the industrial sponsor has

developed an f-thetaless optical module for their SLM systems. On release of their next

generation SLM system, this will be the standard optical configuration and will include

a 500 W laser source, 2.5 times the power of their current systems. This will be the

first commercial SLM system which does not require an f-theta lens. Thombansen et al.

have also developed an f-thetaless SLM system, however, this is primarily a research test

assembly [203].

Process monitoring was also investigated using a prototype f-thetaless optical module.

Due to the unoptimised mirror coatings, recorded spectra were disrupted by dielectric

interference. However, emission signals across the powder bed were found to be consistent

as input laser power was varied. The individual part signal consistency did however drop

as laser power increased. This eludes that the stability of the melt pool can be adversely

effected by excessive energy density as vapour pressures distort the surface and lead to

melt ejection. However, spectral line emissions were not present in the data. This has

been attributed to the fast chamber gas flow inhibiting vapour heating.

The work has determined that the removal of the f-theta objective lens was required for ef-

fective process monitoring, however, mirror coatings are still an issue. The ideal monitoring

mirror coating would be silver, as it produces constant reflectivity across a larger angular

range. However, the reflectivity is not high enough, ∼99%, for the process laser wavelength.

At high laser powers, significant heating would occur leading to mirror warping or failure.

Careful selection of broadband dielectric coating for selected emission wavelengths could

be used as a compromise and allow for a spectrally resolved monitoring system.

8.1 Future Work

For process monitoring in the future, with the goal of feedback control, it is recommen-

ded that monitoring research continues with the use of a broadband spectrally integrated

sensor as opposed to a spectrometer. The added knowledge that the spectroscopic in-

vestigations highlighted variations in melt pool dynamics during the process and not on

the final track shape. The sensing system provided insight into satellite fixation however

magnitudes of the signals with regards to power input could be related to track widths.

Therefore the limited recording rate of spectrometers is a hindrance. As was presented in

Chapter 7, the variation in power input could be assess and should related to melt track

dimensions. However, the use of laser power control as a feedback mechanism should be

avoided. Maximum utilisation of the laser power on offer should be used as the laser is the

most expensive subsystem in an SLM machine and therefore not using the full specification

is not appropriate.
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Research should focus on varying exposure time as a method of controlling melt track

dimensions. This would allow the software to produce a laser scanning pattern, with as-

sociated individual exposure locations, separated by the standard material file parameters

of point distance and hatch spacing. However, the exposure time would be determined

by the recorded emission signal through a co-axial monitoring system. With the use of

a photodiode, reading could be taken every 5 µs. A signal limit could be defined, once

achieved the laser is modulated off and the mirrors moves to the next location. Knowledge

of underlying geometry or hatch location is not required for a system of this description to

maintain even track dimensions.

The effect of gas flow must also be researched and a spectrometer may still have benefi-

cial features. For a monitoring and/or feedback tool the stability of the signal must be

known. The changes in gas flow are known to suppress vapour volume and temperature,

as presented in Chapter 6. This will change the magnitude of emission collected by any

sensor, however, it must be proved how the underlying build quality is effected by gas flow.

If it transpires that gas flow does not effect the melt pool dimensions, any flow changes

may result in variations in signal magnitudes and therefore previously defined signal melt

relationships will no longer be valid. Under or overmelting could occur and therefore any

sensing mechanism could not predict or control the part quality. A relationship between

the gas flow and signal characteristics is therefore necessary for the future development

of monitoring in SLM. A spectrometer in this case would be useful as it can assess when

vapour heating is evident and can be related to a changes in melt pool dynamics.
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A Single Objective Lens Designs

The configuration of each ZEMAX model is contained below. Blank entries denote designs

which could not produce a valid system within design constraints.

Table A.1 Lens orientation of each design. P = Planar, C = Concave, X = Convex
surface.

Objective
Lens

PLCX-25.4
-33.7-UV

LUP-25.0
-35.2-UV

LUP-25.0
-29.4-UV

LUD-25.0
-69.6-UV

LUD-25.0
-57.9-UV

BICX-25.4
-64.4-UV

BICX-25.4
-61.0-UV

BFPL-25.4
-75.0-UV

Entrance
Lens

Identifier 1 2 3 4 5 6 7 8

PLCC-25.4
-13.1-UV

A PCPX PCPX - PCXX - PCXX - PCPX

BICC-19.1
-20.9-UV

B CCPX CCPX CCPX - CCXX CCXX CCXX CCPX

BICC-25.4
-26.1-UV

C CCPX CCPX - CCXX - CCXX - CCPX

LUB-25.0
-24.0-UV

D CCPX CCPX - CCXX - CCXX CCXX CCPX

Table A.2 Objective–Scanner distance in mm.

Objective
Lens

PLCX-25.4
-33.7-UV

LUP-25.0
-35.2-UV

LUP-25.0
-29.4-UV

LUD-25.0
-69.6-UV

LUD-25.0
-57.9-UV

BICX-25.4
-64.4-UV

BICX-25.4
-61.0-UV

BFPL-25.4
-75.0-UV

Entrance
Lens

Identifier 1 2 3 4 5 6 7 8

PLCC-25.4
-13.1-UV

A 16.84 36.11 - 38.99 - 5.75 - 79.71

BICC-19.1
-20.9-UV

B 98.97 120.57 36.26 - 40.84 89.73 63.46 172.37

BICC-25.4
-26.1-UV

C 16.86 35.89 - 37.76 - 5.14 - 78.77

LUB-25.0
-24.0-UV

D 49.14 69.30 - 73.43 - 38.77 14.55 115.62

Table A.3 Lens separation at image plane centre in mm.

Objective
Lens

PLCX-25.4
-33.7-UV

LUP-25.0
-35.2-UV

LUP-25.0
-29.4-UV

LUD-25.0
-69.6-UV

LUD-25.0
-57.9-UV

BICX-25.4
-64.4-UV

BICX-25.4
-61.0-UV

BFPL-25.4
-75.0-UV

Entrance
Lens

Identifier 1 2 3 4 5 6 7 8

PLCC-25.4
-13.1-UV

A 57.34 60.69 - 63.02 - 55.94 - 71.21

BICC-19.1
-20.9-UV

B 59.30 62.54 47.40 - 49.69 57.92 53.76 72.83

BICC-25.4
-26.1-UV

C 56.70 60.07 - 62.45 - 55.34 - 70.62

LUB-25.0
-24.0-UV

D 57.54 60.86 - 63.17 - 56.16 51.91 71.29
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Table A.4 Lens shift required to maintain focus in mm.

Objective
Lens

PLCX-25.4
-33.7-UV

LUP-25.0
-35.2-UV

LUP-25.0
-29.4-UV

LUD-25.0
-69.6-UV

LUD-25.0
-57.9-UV

BICX-25.4
-64.4-UV

BICX-25.4
-61.0-UV

BFPL-25.4
-75.0-UV

Entrance
Lens

Identifier 1 2 3 4 5 6 7 8

PLCC-25.4
-13.1-UV

A 1.37 1.38 - 1.38 - 1.37 - 1.40

BICC-19.1
-20.9-UV

B 0.90 0.91 0.87 - 0.88 0.90 0.89 0.93

BICC-25.4
-26.1-UV

C 1.37 1.38 - 1.39 - 1.37 - 1.40

LUB-25.0
-24.0-UV

D 1.15 1.16 - 1.16 - 1.15 1.14 1.18

Table A.5 RMS spot diameter at image plane centre in µm.

Objective
Lens

PLCX-25.4
-33.7-UV

LUP-25.0
-35.2-UV

LUP-25.0
-29.4-UV

LUD-25.0
-69.6-UV

LUD-25.0
-57.9-UV

BICX-25.4
-64.4-UV

BICX-25.4
-61.0-UV

BFPL-25.4
-75.0-UV

Entrance
Lens

Identifier 1 2 3 4 5 6 7 8

PLCC-25.4
-13.1-UV

A 222 244 - 181 - 146 - 189

BICC-19.1
-20.9-UV

B 809 854 678 - 619 707 664 749

BICC-25.4
-26.1-UV

C 384 405 - 340 - 306 - 349

LUB-25.0
-24.0-UV

D 518 547 - 476 - 429 401 474

Table A.6 RMS spot diameter at image plane extreme in µm.

Objective
Lens

PLCX-25.4
-33.7-UV

LUP-25.0
-35.2-UV

LUP-25.0
-29.4-UV

LUD-25.0
-69.6-UV

LUD-25.0
-57.9-UV

BICX-25.4
-64.4-UV

BICX-25.4
-61.0-UV

BFPL-25.4
-75.0-UV

Entrance
Lens

Identifier 1 2 3 4 5 6 7 8

PLCC-25.4
-13.1-UV

A 204 227 - 175 - 138 - 174

BICC-19.1
-20.9-UV

B 818 863 685 - 644 734 690 758

BICC-25.4
-26.1-UV

C 382 404 - 350 - 315 - 349

LUB-25.0
-24.0-UV

D 519 549 - 492 - 444 416 477
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B Doublet Objective Lens Designs

The configuration of the final optimised ZEMAX models are contained below. Blank entries

denote designs which could not produce a valid system within design constraints.

Table B.1 Lens orientation of each design. P = Planar, C = Concave, X = Convex
surface.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - CPPXXP CPPXXP CPPXXP PCPXXP PCPXXP - PCPXXP PCPXXP

BICC-19.1
-20.9-UV

B - CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP

BICC-25.4
-26.1-UV

C - - CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP

LUB-25.0
-24.0-UV

D CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP CCPXXP

Table B.2 Objective–Scanner distance in mm.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - -5.37 0.64 11.57 50.07 84.37 - 37.37 115.39

BICC-19.1
-20.9-UV

B - 68.10 88.52 95.88 108.95 149.12 189.15 42.52 134.59 225.44

BICC-25.4
-26.1-UV

C - - -1.35 4.73 15.78 49.60 83.31 -39.14 37.10 113.77

LUB-25.0
-24.0-UV

D -59.18 15.19 33.61 40.20 52.07 88.47 124.75 -7.96 75.13 157.59

Table B.3 Lens separation at image plane centre in mm.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - 50.58 51.43 54.12 62.96 69.60 - 59.10 74.72

BICC-19.1
-20.9-UV

B - 50.98 54.33 55.13 57.74 64.73 71.16 45.83 60.94 76.08

BICC-25.4
-26.1-UV

C - - 51.61 52.46 55.14 62.36 69.02 42.18 58.50 74.17

LUB-25.0
-24.0-UV

D 33.68 49.07 52.49 53.32 55.97 63.08 69.64 43.84 59.25 74.68
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Table B.4 Lens shift required to maintain focus in mm.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - 1.20 1.42 1.43 1.42 1.41 - 1.40 1.41

BICC-19.1
-20.9-UV

B - - - - - - - - - -

BICC-25.4
-26.1-UV

C - - 1.39 1.39 1.39 1.41 1.95 0.74 1.40 1.42

LUB-25.0
-24.0-UV

D 1.13 1.15 1.15 1.16 1.14 1.17 1.18 1.15 1.17 1.19

Table B.5 Gaussian spot diameter at image plane centre in µm.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - 83.2 85.3 8.9 87.3 75.0 - 92.0 64.1

BICC-19.1
-20.9-UV

B - 161.6 176.7 181.9 191.8 221.9 251.6 142.2 210.3 278.0

BICC-25.4
-26.1-UV

C - - 64.6 66.8 70.9 83.5 96.2 50.6 78.7 107.6

LUB-25.0
-24.0-UV

D 49.6 86.0 95.1 98.3 104.3 122.5 140.6 74.1 115.5 156.8

Table B.6 Gaussian spot diameter at image plane extreme in µm. Note all entrance lens
B designs were discarded.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - 86.1 89.0 93.1 87.3 87.0 - 106.4 74.7

BICC-19.1
-20.9-UV

B - - - - - - - - - -

BICC-25.4
-26.1-UV

C - - 66.1 68.4 72.7 83.5 99.2 51.3 80.9 111.0

LUB-25.0
-24.0-UV

D 49.7 88.3 95.1 101.2 107.5 126.6 145.4 76.1 119.2 160.2

Table B.7 RMS spot diameter at image plane centre in µm.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - 80.7 82.9 87.0 79.6 66.7 - 84.5 55.1

BICC-19.1
-20.9-UV

B - 161.5 176.7 181.9 191.9 222.1 252.0 141.9 210.5 278.7

BICC-25.4
-26.1-UV

C - - 61.0 63.3 67.5 80.3 93.1 46.3 75.5 104.5

LUB-25.0
-24.0-UV

D 45.8 83.6 92.8 96.0 102.0 120.3 138.4 71.8 113.3 154.6

Table B.8 RMS spot diameter at image plane extreme in µm. Note all entrance lens B
designs were discarded.

Objective
Lens

PLCX-50.8
-51.5-UV

PLCX-50.0
-61.8-UV

PLCX-50.8
-64.4-UV

PLCX-50.8
-65.4-UV

PLCX-50.8
-67.0-UV

PLCX-50.8
-72.1-UV

PLCX-50.8
-77.3-UV

LUP-50.0
-58.7-UV

LUP-50.0
-70.4-UV

LUP-50.0
-82.2-UV

Entrance
Lens

Identifier D1 D2 D3 D4 D5 D6 D7 D8 D9 DA

PLCC-25.4
-13.1-UV

A - - 83.4 86.3 90.5 79.6 78.2 - 98.3 65.3

BICC-19.1
-20.9-UV

B - - - - - - - - - -

BICC-25.4
-26.1-UV

C - - 62.0 64.4 68.9 82.4 95.8 46.2 77.3 107.7

LUB-25.0
-24.0-UV

D 45.0 85.6 92.8 98.7 105.0 124.2 143.1 73.0 116.3 159.9

234



C Final ZEMAX Design

The following two tables include all the surfaces in the final ZEMAX design.

Table C.1 ZEMAX data for image plane centre.

# Type Comment
Surface

Curvature [mm]
Surface

Separation [mm]
Glass Radius [mm]

X-Axis
Rotation [◦]

Y-Axis
Rotation [◦]

Z-Axis
Rotation [◦]

0 STANDARD Ray Launch 0.00 10000000000.00 0.00 0.00 0.00 0.00

1 STANDARD Input 0.00 43.28 2.50 0.00 0.00 0.00

2 STANDARD BICC-25.4-26.1-UV -0.03831 2.00 F SILICA 12.70 0.00 0.00 0.00
3 STANDARD 0.03831 49.618 12.70 0.00 0.00 0.00

4 STANDARD PLCX-50.8-64.4-UV 0.00 7.30 F SILICA 25.40 0.00 0.00 0.00
5 STANDARD -0.01553 0.50 25.40 0.00 0.00 0.00

6 STANDARD PLCX-50.8-64.4-UV 0.01553 7.30 F SILICA 25.40 0.00 0.00 0.00
7 STANDARD 0.00 0.00 25.40 0.00 0.00 0.00

8 STANDARD Objective-Scanner Dist 0.00 49.00 7.33 0.00 0.00 0.00

9 STANDARD Scanner Aperture Radius 0.00 0.00 6.57 0.00 0.00 0.00
10 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 0.00 15.00
11 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 45.00 0.00 0.00
12 COORDBRK X-axis Half Tilt + 0.00 0.00 0.00 0.00 0.00 0.00

13 STANDARD Mirror 1 0.00 0.00 MIRROR 9.27 0.00 0.00 0.00

14 COORDBRK X-axis Half Tilt - 0.00 0.00 0.00 0.00 0.00 0.00
15 COORDBRK Mirror Separation 0.00 -19.33 0.00 45.00 0.00 0.00
16 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 37.50 0.00
17 COORDBRK Y-axis Half Tilt + 0.00 0.00 0.00 0.00 0.00 0.00

18 STANDARD Mirror 2 0.00 0.00 MIRROR 7.89 0.00 0.00 0.00

19 COORDBRK Y-axis Half Tilt - 0.00 0.00 0.00 0.00 0.00 0.00
20 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 37.50 0.00
21 STANDARD Co-ordinate shift 0.00 19.33 6.26 0.00 0.00 0.00
22 COORDBRK Co-ordinate shift 0.00 -19.33 0.00 0.00 0.00 -15.00
23 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 -37.50 15.00
24 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 37.50 0.00

25 STANDARD Scanner-Protective Dist 0.00 30.00 6.26 0.00 0.00 0.00

26 STANDARD Protective Window 0.00 3.00 F SILICA 40.00 0.00 0.00 0.00
27 STANDARD 0.00 0.00 40.00 0.00 0.00 0.00

28 STANDARD 0.00 373.00 5.76 0.00 0.00 0.00
29 STANDARD BED-Image Plane 0.00 0.00 0.06 0.00 0.00 0.00
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Table C.2 ZEMAX data for image plane extreme.

# Type Comment
Surface

Curvature [mm]
Surface

Separation [mm]
Glass Radius [mm]

X-Axis
Rotation [◦]

Y-Axis
Rotation [◦]

Z-Axis
Rotation [◦]

0 STANDARD Ray Launch 0.00 10000000000.00 0.00 0.00 0.00 0.00

1 STANDARD Input 0.00 44.30 2.50 0.00 0.00 0.00

2 STANDARD BICC-25.4-26.1-UV -0.03831 2.00 F SILICA 12.70 0.00 0.00 0.00
3 STANDARD 0.03831 48.599 12.70 0.00 0.00 0.00

4 STANDARD PLCX-50.8-64.4-UV 0.00 7.30 F SILICA 25.40 0.00 0.00 0.00
5 STANDARD -0.01553 0.50 25.40 0.00 0.00 0.00

6 STANDARD PLCX-50.8-64.4-UV 0.01553 7.30 F SILICA 25.40 0.00 0.00 0.00
7 STANDARD 0.00 0.00 25.40 0.00 0.00 0.00

8 STANDARD Objective-Scanner Dist 0.00 49.00 7.25 0.00 0.00 0.00

9 STANDARD Scanner Aperture Radius 0.00 0.00 6.54 0.00 0.00 0.00
10 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 0.00 15.00
11 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 45.00 0.00 0.00
12 COORDBRK X-axis Half Tilt + 0.00 0.00 0.00 7.88 0.00 0.00

13 STANDARD Mirror 1 0.00 0.00 MIRROR 10.81 0.00 0.00 0.00

14 COORDBRK X-axis Half Tilt - 0.00 0.00 0.00 -7.88 0.00 0.00
15 COORDBRK Mirror Separation 0.00 -19.33 0.00 45.00 0.00 0.00
16 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 37.50 0.00
17 COORDBRK Y-axis Half Tilt + 0.00 0.00 0.00 0.00 8.58 0.00

18 STANDARD Mirror 2 0.00 0.00 MIRROR 12.37 0.00 0.00 0.00

19 COORDBRK Y-axis Half Tilt - 0.00 0.00 0.00 0.00 -8.58 0.00
20 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 37.50 0.00
21 STANDARD Co-ordinate shift 0.00 19.33 11.96 0.00 0.00 0.00
22 COORDBRK Co-ordinate shift 0.00 -19.33 0.00 0.00 0.00 -15.00
23 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 -37.50 15.00
24 COORDBRK Co-ordinate rotation 0.00 0.00 0.00 0.00 37.50 0.00

25 STANDARD Scanner-Protective Dist 0.00 30.00 11.96 0.00 0.00 0.00

26 STANDARD Protective Window 0.00 3.00 F SILICA 40.00 0.00 0.00 0.00
27 STANDARD 0.00 0.00 40.00 0.00 0.00 0.00

28 STANDARD 0.00 373.00 23.71 0.00 0.00 0.00
29 STANDARD BED-Image Plane 0.00 0.00 176.83 0.00 0.00 0.00
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