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Abstract

This thesis details investigations of residual stress in selective laser melting (SLM).
SLM is an Additive Manufacturing (AM) process that builds parts by melting
consecutive powder layers using a fibre laser. Residual stresses caused by high
thermal gradients create deformation leading to cracking of the final components.
This deformation and cracking limits the geometries that can be built and the
materials from which they can be manufactured using the process. Previous
research on residual stresses has shown contradictory results mainly due to the
differences in measurement methods, processing parameters and materials used.
In order to address this shortcoming this study focused on the use of Titanium
and its alloys for the production of medical devices.

The residual stress in final components was measured using several methodologies:
deflection, hole drilling and EDM cutting followed by FEA (the contour method).
These measurement methods allowed the comparison of commercially available
scanning strategies to be investigated. Results showed that the chequerboard
technique commonly cited in the literature as reducing residual stress had little
benefit over the use of more standard rastered vectors scanned orthogonally to
the previous layer vectors. Using this suite of techniques the principal residual
stress was determined to be parallel to the scan vectors, contradicting a number
of previous studies. A simple finite element model was developed enabling the
comparison of measured profiles with analytical results. This model was then
extended to allow the evaluation of new techniques aimed at reducing the levels
of residual stress. Further experimentation showed that the use of increased bed
temperatures reduced the residual stress in components even at small increases
in temperature.

Hatch angle rotation as a method for increasing part quality was also tested.
Eighteen angles, specifically chosen, using analytical models were investigated
to define the optimum angle. No statistically significant difference was found in
density, surface finish or strength for any of the tested angles.

To minimise residual stress it was concluded that unidirectional scan vectors
should be avoided and that there was little difference between the other rotation
angles.
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In order to measure precisely when and where the residual stresses were generated
in the process an experimental apparatus was designed which allowed in-situ
measurements of stresses and provided an understanding of the transient stresses
in components as they are built. This residual stress dynamometer (RSD) offered
state of the art spatial and temporal resolution. This experimental equipment
allowed the conclusions drawn from the previous post process techniques to be
confirmed on a layer by layer manner

SLM has also been shown to be a viable technique for the production of hybrid
orthopaedic devices that encompass both porous and solid volumes, this work
considered the effect that optimisations on the solid volume of the part, to remove
residual stresses, would have on the porous volumes. Techniques were developed
which made the porous structures less sensitive to part orientation through the
removal of broken links at the surface. Further additional features where then
added to improve the roughness of the surface to increase initial fixation of an
implant.
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Nomenclature

Roman Symbols

P Power [W]
T Temperature [K]
Te Free Stream Temperature [K]
T0 Initial Temperature [K]
c Specific Heat Capacity [JKg−1K−1]
d Lattice Spacing [m]
h Convective Heat Transfer Coefficient [Wm−2K−1]
hb Substrate Thickness [m]
hp Built Part Thickness [m]
ht Combined Thickness of the Part and Base Plate [m]
k Coefficient of Conductivity [Wm−1K−1]
kg Coefficient of Conductivity in Gas [Wm−1K−1]
ks Coefficient of Conductivity in Solid [Wm−1K−1]
q Internal Heat Generation [Wm−3]
t Thickness of the Added Layer [m]
t Time [s]

Greek Symbols

α Coefficient of Linear Expansion [K−1]
α Deflection of the Bridge Pillars [o]
ε Strain [-]
εθ Emissivity [-]
θ Bragg Angle [c]
λ Wavelength [m]
ρ Density [Kgm−3]
ρR Relative Density [%]
σ Stress [MPa]
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σ̄ State of Stress in the Last Layer [MPa]
σy Yield Stress [MPa]
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1. Introduction

Selective laser melting (SLM) is an Additive Manufacturing (AM) technology,
which creates fully dense metal parts from fine metal powders. Over the last 15
years, technological developments have enabled the transition from a prototyping
technology to a manufacturing technology that can be used for one off, batch
or mass production parts. The material properties of the metals produced by
SLM have been shown to be similar and in some cases superior to those produced
by conventional manufacturing processes, with little or no requirement for post
process treatments.

SLM is a powder bed based AM technique where, 20µm-150µm, layers of
powder are successively laid upon a substrate of a similar material to the
building material. Following the deposition of each layer a high power laser of
up to 1kW is used to melt selectively the metal powder, remelting the material
below and ensuring metallurgical bonding between the previous and current
layer. The powder which is melted is defined by the a 3D model of the part.
Which is sliced into layers of corresponding thickness to the powder bed
producing slice data which can be processed. The area of the slice designated to
be processed is then exposed to the laser in a pattern defined by a hatch
strategy. After the completion of all the build layers the unfused powder is
removed, sieved and returned to the SLM machine or storage for reuse.

The additive nature of the SLM process increases the freedoms available to the
component designer. The removal of constraints, such as the ability to
manufacture reentrant features or the inability to remove a part from a mould,
allows features to be created that were previously unrealisable. SLM can
therefore produce parts with complex internal geometries and lattice structures,
easily and repeatably. These characteristics make the process especially
attractive for the production of orthopaedic implants.

In the past, Orthopedic implant fixation has mainly focused around the use of
screws and acrylic bone cement [1]. These can be used to create a rigid bond
between the implant and the host bone stock. The inherent stiffness and the
rigidity of this bond has be shown to cause structural under utilisation of the
bone, this under utilisation called stress shielding causes remodelling of the
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bone. Usually stress shielding results in the failure of the implant [2, 3] by
aseptic loosening rather than failure of the implant itself. In an attempt to
remedy this effect, bone on-growth and ingrowth systems were developed that
encourage osseoitegration with the implant. A number of coating systems have
been developed that can create either a roughened surface which increases the
surface area for the bone to grow onto or a 3D system of interconnected pores
for the bone to grow through. These systems include; the sintering of powder
beads [1, 4–6] or fibres [7, 8] to the implant surface, plasma spraying of the
implant to create roughened [7] or porous surfaces [2], chemical vapour
deposition (CVD) of tantalum onto a carbon skeleton formed by pyrolysis of a
polymer [9] and the use of a leachable space holder to create open porous
metallic structures which can be machined to shape [10].

Porous ingrowth surfaces have also been produced by SLM. One such example
of these are the unit cell porous structures described by Mullen [11]. These
porous structures are based on a repeating unit cell geometry, the most common
of which is the octahedral unit cell. The position of the junctions of the
elements within the structure can by modified using algorithms which apply
perturbations to the junctions to modify the appearance of the structure. This
creates a pseudorandomised structure with a cancellous bone like appearance
based on a regular structure, which can be produced repeatably. These unit cell
structures once formed can then be clipped to the shape of any CAD file using
boolean operations to form the required geometry. Studies of strength, stiffness
and suitability for bone ingrowth have shown that structures with a 600µm unit
cell size, 30% randomisation and 65% porosity give the optimum balance of
properties when produced by SLM [11,12].

A further benefit of the SLM process in comparison to other porous coating
systems is that solid volumes and porous volumes can be produced together,
resulting in hybrid geometries of solid and ingrowth structure. This allows
complex parts to be manufactured which have optimised porous geometries and
levels of porosity throughout the volume. Using the hybrid approach triple
construct hybrid implants [13] have been implemented, that have a porous
surface for osseointegration, a intermediate solid region which acts as a
strengthener or a barrier and a further porous region optimised for polymer
moulding to provide a bearing surface. One such example of this is the patella
component (Figure 1.1) described by Mullen [11]. In this High Density
Poly-Ethylene (HDPE) has been compression moulded into the bearing side of
the patella providing a low friction bearing surface. The solid central volume
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acts as a barrier to the polymer entering the bone ingrowth foam and increases
the strength of the part.

Figure 1.1. SLM manufactured patella resurfacing models [11]

Over the last 10 years SLM has been transformed into a production ready
process, however, many problems still exist with the process. High thermal
gradients caused by the rapid melting and cooling of the material during
melting and solidification cause thermal stresses within the parts. These stresses
remain after manufacture and cause built parts to deform or even crack.
Mullen [11] showed that for tibial knee components, deflections of 78µm were
caused by the application of a 1.2mm thick porous coating by SLM onto a pre
machined Ti-6Al-4V substrate. Parts have also been shown to deform both
during and after manufacture to such an extent that buckling of the component
can occur. Figure 1.2 shows a prototype patella component and a test coupon
which have deformed after build. This is clearly an issue for the production of
devices to the required tolerances in the tightly regulated medical devices
industry.

Figure 1.2. SLM comonents that have deformed (indicated by arrows)
either during or after the manufacturing process due to residual stresses

The residual stresses in a part have been shown to be anisotropic [14], the
orientation of a part on the build plate will therefore affect the levels of
deflection caused by the residual stress seen when the part is built [15]. This
means that there is often an optimum build orientation which reduces the
deflection. The rotation of parts can also affect the quality of the porous bone
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ingrowth structure built on the part due to the orientation of the structure and
the way that it is clipped to the CAD volume. This may affect the performance
of the implant in service, as the current clipping algorithm that is used to fit the
porous structure to the desired volume leaves unconnected struts at the surface.
The building of these broken struts onto an unsupported powder bed can
attract debris onto the part and create weaknesses on the surface [16]
(Figure 1.3). The current unoptimised techniques used to roughen the porous
surface to enhance primary fixation are also dependent on the build orientation
and currently no methodology is available that allows the generation of precise
surface roughness on vertical or near vertical walls. This means that there is
currently a trade off between the optimum orientations for porous structure and
solid volume.

Figure 1.3. Plaque on the surface of a porous structure due to the scanning
of the laser onto an unsupported powder bed when building broken links. [16]

The aim of this study is to investigate the fundamental processes involved in the
production of both solid and porous SLM derived orthopaedic implants,
developing new understanding, methodologies and experimental methods to
optimise design and production. To achieve this aim the following objectives
must be met.

1. Undertake a thorough literature review on the manufacture of solid and
porous structures through SLM. This must focus on the current
understanding of residual stress in SLM devices and how porous structures
are generated, clipped, enhanced and output for manufacture for AM.

2. Determine the mechanisms that contribute to the generation of thermal
residual stresses within SLM components.

3. Test the effect that currently available hatching strategies have on residual
stresses.
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4. Investigate the use of in process and post process heat treatments on the
residual stress in components.

5. Monitor the generation of thermal stresses and strains through the creation
of a residual stress dynamometer (RSD).

6. Develop algorithms for clipping porous structures that produce parts with
connected surfaces which are less sensitive to part orientation.

7. Generate algorithms that improve the performance of porous bone ingrowth
surfaces through additional features such as roughness.

A review of the previous work on the production of both solid and porous
metallic components via SLM is given in Chapter 2. Chapter 3 describes the
equipment and analysis techniques used during the experimentation. The
generation of two dimensional profiles of residual stress using the contour
method in conjunction with incremental hole drilling and deflection are
discussed in Chapter 4. These results are then compared to simplified finite
element models in Chapter 5. The use of hatch rotation as a method for
improving part quality by reducing stress, anisotropy and improving surface
finish is investigated using a simple deflection model in Chapter 6. The study
was then extended to analyse the effect of bed temperature, in-process stress
relief and post-process heat treatment. Two stages of development of the RSD
to measure the effect of residual stresses in a part during manufacture are
discussed in Chapter 7. Chapter 8 describes the investigation of novel methods
for fitting porous structures to STL files. Generic algorithms were created that
allow structures with strong connected surfaces to be created in any volume
automatically. The further modification of these surfaces to add additional
surface enhancements such as surface roughness was also investigated. The
added benefits of these surfaces are analysed and compared to historical data to
determine the advantages they offer. Finally Chapter 9 will draw conclusions
from the research and details the suggestions for possible future work.

1.1. Publications

Jones E, Sutcliffe C, Robinson J, Mullen L, Jones D, Surface Modified Unit
Cell Lattice Structures for Optimized Secure Freeform Fabrication, United States
Patent US2013264749 (A1) 2013

Dong N, Poggie M, Klein R, Jones E, Sutcliffe C, Robinson J, Mullen L, Jones
D, Stamp R Surface Modified Unit Cell Lattice Structures for Optimized Secure
Freeform Fabrication, United States Patent US2013268085 (A1) 2013
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Robinson J, The Measurement of Residual Stress in SLM Components both
Post Process and During Manufacture, presented at Predicting Residual Stress
in Additive Manufacturing, Science and Technology Facilities Council, 04th
November 2013.

Boegelein T, Dryepondt S.N, Pandey A, Robinson J, Singh J, Tatlock G.J,
Mechanical Testing of Ferritic Oxide Dispersion Strengthened Steel Structures
Produced by Selective Laser Melting. presented at TMS 2014, 143rd Annual
Meeting & Exhibition, San Diego Convention Center, San Diego, CA, USA,
16-20 February 2014.
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2. Background

This section presents a literature review of the relevant background literature.
The review starts by covering the additive manufacturing process and the
development from Selective Laser Sintering (SLS) for polymers, to the
generation of fully dense metallic parts created by Selective Laser Melting
(SLM). The problem of residual stress in solid components is then considered,
looking at both the measurement methods and the results of previous
experiments. Finally the review considers the different methods used for the
generation of porous lattice structures via SLM and relative benefits and
drawbacks of each.

2.1. Additive Manufacturing

Additive manufacturing (AM) is defined by the ASTM [17] as “the process of
joining materials to make objects from 3D model data, usually layer upon layer,
as opposed to subtractive manufacturing methodologies”. The 3D model data
can come from either: CAD design, computerised tomography (CT) or magnetic
resonance imaging (MRI) scan data or other surface profiling scan data. The
additive nature of the AM process allows complex designs to be built with little
additional cost. This allows complex structures such as CT scanned bone samples
[18] or large lattice structures [19] to be manufactured accurately and repeatedly.

There are numerous AM systems that operate in different manners using different
source materials and different joining methods. The technologies can however
be separated by their source material this can either be liquid, solid or powder
(Figure 2.1). This review will concentrate on the melting and re-solidification of
powder based systems, how these have developed and the problems that need to
be addressed for the use of these to make production parts.

The apparatus for the selective laser sintering process (SLS) was patented in 1989
by Deckard [21] at the University of Texas. The SLS process involves “Selectively
sintering a layer of powder to produce a part comprising a plurality of sintered
layers ” [21]. The area of powder that is sintered is defined by the slicing of the
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Figure 2.1. Additive Manufacturing Processes (adapted from [20])

3D model into layers of the same thickness as the powder bed. The unsintered
powder remains in place and acts as a support to the created part.

The SLS process commonly produces parts out of polymeric materials these
include Nylon [22] which can be used for functional prototypes and production
parts, wax patterns [23, 24] for the investment casting process and
polycarbonate parts [25]. These parts had advantages over other AM process
that were available at the time in that they needed little additional processing
after manufacture and needed reduced supports compared to the
stereolithography (SL) process. This was because the heated bed in which the
part was built reduced the thermal gradients minimising the effect of thermal
stresses on part geometry.

2.2. The Additive Manufacture of Metallic
Components

The SLS process had been shown to be very successful in the additive
manufacture of polymers such as wax [23,24], nylon [22] and polycarbonate [25].
There was however a drive to be able to make metallic components which could
either be used to make moulds or as functional components. A number of
different techniques were attempted culminating in the current Selective Laser
Melting (SLM) technique. This section will discuss the different methods used
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and how they evolved over time. It should be noted that the term SLM used in
this thesis covers various other processes which are essentially the same, DMLS
(EOS, Germany), Laser Cusing (Concept Laser, Germany) and AM (Renishaw,
UK).

The initial attempts to make metallic parts were carried out using a mixture of
metallic (Cu) and polymer (PMMA) powder [26]. The process ran in a standard
SLS machine and a green part was made where the PMMA had sintered the
copper particles together. The part was then heat treated further to burn out
the polymer binder and sinter the copper powder particles. Further developments
to this method involved using polymer coated metal powders [27–30] rather than
a mixture of each. Polymer coated powders were shown to have green strengths
twice those of the mixed powder [28]. Moreover the use of coated powders ensured
that the composition of the powder bed was homogeneous.

The post process furnace cycle increases the strength of the part compared to
the green part. The relative densities of the parts are still, however, very low
Badriarayan [28] reports parts with 48% relative density after the sinter cycle.
To enable the use of these parts further treatments to increase the density and
strength of the material were required. One such treatment was infiltration.
This involves the filling of the pores within the part with a lower melt
temperature material. Hejmadi [30] discusses the Rapidtool process which
involves the production of a green part from polymer coated steel. This is then
infiltrated with further polymer, this step is required to maintain the
dimensional accuracy of the part during the sintering steps. The polymer
infiltrated part is then burnt out in a sintereing process and is infiltrated with
copper. Once the part has been infiltrated with copper it has similar mechanical
properties to other mould materials [30].

The addition of the the sintering and infiltration steps adds both time and
complexity to the process. There was therefore a drive to produce a single step
SLS process for metal parts. However, the viscocity of metals even at
temperatures approaching the melt temperature of the material are an order of
magnitude higher than SLS polymers [31]. This means that solid state sintering
is not possible and a melting re-solidification system is needed [31]. Liquid
phase sintering is described by Bunnell [32] as being split into three main steps:
1. The formation of a liquid phase which flows and facilitates the rearrangement
of particles. 2. This liquid phase then dissolves the solids and compact density
increases by solution and reprecipitation. 3. The final phase is the formation of
a solid skeleton as the compact becomes homogeneous and the melting point of
the liquid exceeds the processing temperature.
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The direct metal laser sintering (DMLS) process was first described by Sindel
[33]. This process involved a mixed powder consisting of two parts a low melt
temperature metal, often bronze, and a high melt temperature metal. The bronze
could then be melted with the laser and provide a matrix for the high melt
temperature material. The development of parameters for laser power and also
the relative quantities of each constituent in the powder mix, allowed parts to
be made with high relative densities that did not require post process sintering
[34,35]. An example of the early work is shown in Figure 2.2.

Figure 2.2. CuSn-Ni walls manufactured using the DMLS process [34]

DMLS was largely used for the production of mould tools for plastic injection
moulding [36]. Accuracies of ±0.05mm could be achieved [36] and the process was
competitive to standard mould making techniques if the structure was complex
[30]. There were however limitations to the process Karapatis [37] reports that
the moulds should not be used above 300C without further heat treatments as
the parts distorted.

The sintering of single alloy powders had shown mixed results with many studies
producing parts with low densities and strengths [38–41]. The achieved relative
part densities were often of a similar order to that of the powder bed from which
they were produced and so it was concluded that the bed density was the limiting
factor in the generation of fully dense parts [26, 28, 42, 43]. This hypothesis lead
to a number of studies aimed at increasing the powder packing fraction of the
bed in order to improve the properties of the part. Karapatis and Boivie [44,45]
both showed that the introduction of smaller powder particles, or fines, allowed
the bed density to be significantly increased. Karapatis [44] for example showed
that the addition of 30% fines to the powder mix allowed the increase in bed
density from 55% to 63%. Karapatis and Boivie [44,45] also showed that powder
particle shape was important on the achievable density of the bed. The spherical
particles produced by the gas atomisation process allowed much higher densities
than the irregular particles produced by the solid milling process.
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The increases in powder bed density were not sufficient for creating parts with
high density using the SLS process alone. Additional post process treatments were
also required to improve the density of the parts two of these were infiltration
[30,46,47], as described previously and hot isostatic pressing (HIP).

The use of HIP unlike infiltration allows parts to be made from a single alloy
or pure material. In this process parts are subject to a high temperature and
pressure treatment which closes the pores through the shrinkage of the part.
The shrinkage of the part after HIP is clearly related to the density change, and
as a result large shrinkages are common. Both Carter [40] and Agarwala [48]
demonstrated the HIP process on cubic primitives manufactured by SLS. The
shrinkages were in the range of 40%-20% of the characteristic length and were
linear in all directions. A similar technique was developed by Knight, Das and
Wohlert [49–52]. Here SLS parts with leak tight fully dense skins which acted as
the can for the HIP process were produced. The internal structure could either
be left as unconsolidated powder or lightly sintered during the SLS process and
then densified post process. This was demonstrated in Inconel 625 where the
material properties after HIP were similar to those of other powder metallurgy
(PM) processes. An example of the internal structure of a component before and
after HIP is shown in Figure 2.3.

Figure 2.3. Unprocessd powder core, approximately 60% dense (left) , etched
microstructure following HIP, 99.5% dense (right) [53]

Development of Selective Laser Melting (SLM) Technology

The increases in bed densities described by Karapatis [44] were insufficient to
generate fully dense parts from a single alloy or pure metal powder, using the
classic SLS process and the HIP process in parts with high porosities caused
large dimensional changes. A modification in the way the process worked was
therefore needed to make functional parts. The production of fully dense parts
required full melting of the powder [54] and the wetting to or remelting of the
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previously formed solid [55]. A schematic of selective laser powder remelting
(SLPR) process is shown in Figure 2.4. A number of research institutions were
looking into the manufacture of fully dense materials and all had their own names
for the process. These included continuing using the SLS and DMLS names,
direct metal laser re-melting (DMLR), selective laser powder remelting (SLPR)
and selective laser melting (SLM). Each of the processes are fundamentally similar
and will be referred to as SLM for the remainder of this thesis.

Figure 2.4. The development of the process to allow the production of fully
dense parts a) standard SLS, b) SLPR with some remelting of the layer below [56]

The initial focus of SLM research was aimed primarily at the development of fully
dense parts though the modification of the scanning parameters and the laser-
powder interaction. Meiners [56] demonstrated that parts with relative densities
over 99% could be produced, in 316L stainless steel and Ti6Al4V titanium alloy,
through the development of parameters which ensured the full melting of the
material. The use of a protective atmosphere was also vital to ensure that oxides
were not formed on the surfaces of the melt as these produce balling of the melted
material rendering the production of parts impossible [54, 56].

In an attempt to increase the density of parts O’Neill and Morgan [57, 58] used
pulsed lasers to reshape the weld bead. The pulsed laser interacted with the
melt in a different manner to a CW laser which in turn changed the shape of
the weld bead. O’Neill [57] proposed that the balling during processing with CW
lasers may be due to marangoni forces in the melt which make the weld pool
shape less controllable. The method used to solve this employed the principal
that shockwaves are created when plasma is formed due to the ionisation of
the vaporised material. The high peak powers of the pulsed laser were used to
generate the plasma and the resulting evaporation recoil pressure made a flatter
weld bead. This improved the cohesion characteristics and therefore meant parts
with a higher density could be created.

The creation of fully dense walls was shown by Morgan [59] with 316L stainless
steel. The translation of fully dense walls into fully dense solid blocks was
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however, not as simple as just stacking the walls together. Morgan [60] showed
that a maximum density of 89% could be achieved using a 80W CW laser in
316L stainless steel using a scan overlap of -15%, this could however be
increased by modifying the scanning strategy. The first improvement involved
the use of a double deposition of powder during the scan of a single layer
Figure 2.5b. This involved the exposure of unconnected areas of the part
followed by the deposition of powder and exposure of the remaining
area [55, 60]. This allowed the achieved density to be increased to 98%. There
was still however interconnected porosity across a number of layers, to remove
this the process was further developed. The use of scanning vectors which were
normal to the vectors in the previous layer and with an intermediate rescan to
reduce the roughness allowed parts with a density of 99.65% to be produced [60]
Figure 2.5c. The rescan in between layers allowed the surface roughness to be
reduced and so the possibility for gas entrapment was also reduced.

Figure 2.5. Alternating scan strategies [60] a) Two consecutive scan lines with
a -15% overlap, b) Single layer formed by two passes with intermediate re-dose
of powder and c) Single scans each layer rotated, with intermediate cleaning
scan [60]

The research following these initial studies focused on the development of the
SLM process to increase the number of materials that could be processed and
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also the material properties of the manufactured articles. This thesis will focus
on Commercially pure Titanium (CpTi) and also the alloy Ti-6Al-4V. Santos
and Abe [61–63] showed that Titanium could be processed via SLM to a
relative density of 95%. The material strength and hardness were in excess of
values dictated in the standards but its fatigue strength was 10% of what was
expected. This was concluded to be due to the relatively high porosity and
could be improved by a HIP process. Later studies by Mullen [11] showed that
parts over 99% dense could be produced if powers greater than 165W were used.
Mullen [11] used a similar strategy to that defined by Morgan [60] however the
need for the rescan and the refill of powder was removed which increased the
speed of the process.

The processing of titanium also required developments to the machine
architecture. Stamp [64] reports on the need for a clean protective atmosphere
and on the development of filter systems which could be used to safely remove
the condensate formed during the process. During the melting of the powder
some metal is vaporised when this condenses it forms nano scale powders which
are pyrophoric. It is therefore important that these are removed from the
machine and not left on the walls of the chamber. The developments of the safe
change filter system by Stamp [64] meant that CpTi could be processed safely.

The initial studies into the processing of metal powders through both SLS and
SLM showed that warping during and after processing was a problem. Hauser [65,
66] detailed experiments with 314 stainless steel built in an unsupported powder
bed. These parts showed warping and stress cracking in the material. Carter
and House [40,67] proposed that for metal parts anchors to a fixed substrate are
required to remove the possibility for deflection.

The development of the SLM process has allowed for parts in Titanium and it’s
alloys to be produced with high relative densities and material properties close
to those detailed in the relevant standards. The problem of residual stress is still
however present and to enable parts to be manufactured that are within design
tolerances and which perform as expected in use an improved understanding of
the residual stress within the parts is required.

2.3. The Development of Residual Stresses in SLM

There are two major contributing mechanisms to the development of residual
stress within SLM. The first is the solid contraction of the newly formed solid
under cooling [68]. The second is the thermal gradient mechanism (TGM) that
is now commonly applied to explain laser bending of metals [69].
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2.3.1. Thermal Contraction

When a new layer is added to an SLM part it is at a higher temperature than
the layer below. This means that as the uppermost layer cools down to the
same temperature as the bulk below it, the solid contraction of new scan layer is
greater than the one below. This contraction causes a tensile stress to develop in
the newly formed layer and a compressive stress underneath it (Figure 2.6) [14,
68, 70–74]. The strain created by the cooling of the part can be calculated using
the coefficient of thermal expansion (CTE) of the material α and Equation 2.1
where ε is the strain and4T is the temperature difference. If the CTE for CpTi is
8.6×10−6C−1 [75] a temperature difference of only 377oC would produce a strain
sufficient for the material to yield assuming a yield strength of 340MPa. The
yield strength is however, related to the temperature of the material. Increases in
temperature cause a reduction in yield strength and hence at greater temperatures
the required temperature change to yield the material would be considerably
smaller. The analytical model described by both Mercelis and Shiomi [68, 70]
therefore assumes that when a new layer is added it is at the yield stress of the
material . It should be noted that the coefficient of expansion, Young’s modulus,
and yield stress are all, however, dependent on the temperature of the material,
and in reality the situation is more complex than is proposed in this analysis
work. This simple model does however give an initial approximation of the stress
profile through the part, as described below.

ε = α4T (2.1)

The stress profile through the structure was derived by both Shiomi [70] and
Mercelis [68]. The nomenclature used in their derivation is shown in Figure 2.6
and Figure 2.7 where hb is the base plate thickness hp is the height of the part
built so far, ht is the combined thickness of base plate and currently built part
and t is the thickness of the added layer σy is the yield strength of the material.

Both Mercelis and Shiomi use the following assumptions [68,70]:

• The base plate and part being built are at room temperature

• The stress in the σxx direction is independent of the y component so, normal
stresses are neglected.

• The stress applied to the top of the part is balanced by a linear term of the
form σn(z) = az + b

• There are no external forces acting on the system.
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Figure 2.6. The development of residual stresses due to solid contraction
adapted from [70]

Figure 2.7. Nomenclature used in the derivation of the residual stress
throughout a part caused by the solid contraction of additional layers of material
(adapted from [68])

The following derivation uses the equations defined by both Shiomi and Mercelis.
There are no external forces acting on the system so the force (Equation 2.2) and
moment (Equation 2.3) equilibria must be satisfied.

ˆ
σxx (z) dz = 0 (2.2)

ˆ
σxx (z) zdz = 0 (2.3)

This means that the equilibria equations take the form of Equation 2.4 and
Equation 2.5, where σ is the state of stress in the last layer. These equations
can then be simplified to give the constants a and b, which give the stress state
as Equation 2.6.
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ˆ ht

0
(az + b) dz +

ˆ ht+t

ht

σdz = 0 (2.4)

ˆ ht

0
(az + b) zdz +

ˆ ht+t

ht

σzdz = 0 (2.5)

σxx (z) = −6σtz
h3
t

(ht + t) + σt

ht
(2 + 3t) (2.6)

When the new layer is added the shrinkage strain causes the new layer to yield so
the value of σ is equal to the yield stress of the material [70]. Equation 2.6 gives
the distribution of stress within the part and the substrate when an additional
layer of material is added to the part. It should be noted that the coefficients
derived above, for a and b, differ from those derived by both Shiomi and Mercelis.
The derivation by Shiomi neglected the t2 terms due to their size and Mercelis
had additional terms to account for different stiffness of the part and base plate.
For the purpose of this literature review these terms have been ignored to aid in
the simplification of equations.

These derived equations can then be used to plot the stresses in a part and build
plate; for example, Figure 2.8 shows that stress profile in a part and build plate of
a component built from a material with a yield stress of 300MPa. It is clear from
this figure that as the thickness of the part increases, the stress at the boundary
of the part and build plate become increasingly compressive.

Whilst these analytical models provide useful insight into the production of
stresses in the part as it is built the assumptions used limit the application of
the method in predicting the stress in actual SLM geometries. As noted
previously, the properties of the material are highly dependent on the
temperature at which they are measured. This temperature dependence renders
the problem highly non-linear and the analytical solution very difficult. In
reality there are also external forces acting on the system in the form of the
bolts which hold the build plate into the machine, effectively thickening the
substrate. The stresses in the normal direction may also not be negligible, so
may need to be considered to fully understand the state of stress in the part.
Although these simplifications may reduce the accuracy of the stress profile, this
profile acts as a good approximation which can be used to compare against
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profiles measured by other methods and predicted through finite element
models.

Figure 2.8. Predicted influence of the part thickness on the residual stress
profile through the part and substrate, 20mm substrate with up to a 15mm part
built on top with the lines showing the number of added layers [68]

2.3.2. Thermal Gradient Mechanism (TGM)

The Thermal Gradient Mechanism (TGM), which is commonly used to describe
laser bending, is also apparent in SLM particularly in the top surface below the
powder layer [71]. In this case rapid heating and the poor conduction creates a
high thermal gradient. The expansion of the top layer (εth) causes both elastic
and plastic compressive strains because the surrounding material restricts free
deformations (Figure 2.9). Due to thermal expansion and the reduced
mechanical properties at elevated temperature, the layer is plastically deformed
as the material’s yield stress is reached. This yielding during heating effectively
shortens the layer compared to the non yielded layers below and as a result
cooling causes the sheet to bed towards the laser [69].

The stresses caused by the TGM are in addition to those created by the
contraction of the newly formed solid. The solid contraction during cooling
produces an additional tensile stress in addition to the TGM [71]. The addition
of these two effects creates deformation in the part causing it to bend towards
the laser (Figure 2.10). It is strange therefore that these simple and
understandable arguments appear to contradict the research by Zaeh &
Branner [73] which investigated the deformation of a cantilever structure when
the supports were removed at the end of the build. The removal of the supports
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Figure 2.9. Thermal Gradient Mechanism (TGM) [69]

in this stufy, allowed the stresses to be relaxed and so caused deformation of the
part, in this study the part bent away from the laser.

The observation made by Zaeh & Branner [73] could be explained by the geometry
of the part. The different rates of heat transfer to the substrate through the
solid part and through the supports may have changed the way the stresses are
developed and so changed the resultant deformations. The different rates of heat
transfer change the thermal gradients and so affect the residual stresses that are
developed. This makes it clear that there is a lack of knowledge and incomplete
understanding of the generation of residual stresses and also what effect the part
shape and support design have on it.

Figure 2.10. Deflection of a part after scanning with the laser with and without
the powder layer [71]
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2.3.3. Factors Affecting Residual Stress in SLM

The use of different build materials and scanning parameters changes the way
in which residual stresses are developed. The thermal conductivity of materials
is especially important [76] as it determines the temperature gradient during
cooling. Conductivity is not however the only property that effects the thermal
gradient. A more developed way of looking at this would be the relationship
between the thermal diffusivity and the generation of residual stress as discussed
by Rangaswamy et al. [77]. This study explains that for a lower thermal diffusivity
(α), the mismatch between surface and core temperatures will be greater so giving
a higher thermal gradient, which is especially important in the generation of
stresses due to the TGM. The Thermal diffusivity for inconel and stainless steel
is 3.20x10-6(m2/s) and 4.05x10-6(m2/s) respectively, calculated from [78, 79] and
the residual stresses in the Inconel 718 samples were much greater than those in
316L stainless steel samples [77]. However, the yield stress of Inconel is also much
greater than that of Stainless Steel, both at room temperature and at elevated
temperatures. The previous section discussed the importance of the yield stress
of a material on the possible maximum residual stress, with a higher yield stress
always giving a greater residual stress. It is therefore difficult to determine what
is the prime cause for the difference in levels of residual stress as there are a
number of factors each of which has only been addressed independently at this
stage.

Material properties also have large implications in the thermal contraction
mechanism. Materials inherently have different coefficients of thermal
expansion, the deformation generated from the constrained contraction will also
therefore differ. This process is also dependent on the temperature difference
between the already solidified and newly formed layer. Due to the large
coefficient of thermal expansion in materials such as stainless steel and inconel,
Rangaswamy [77] reports that a temperature difference of 100K to 150K could
create the stresses in the region of 445MPa and 1040MPa respectively.

The porosity of samples also effects the residual stress. Due to the fact that the
stress normal to each pore surface is zero [68]. This means that investigations of
residual stresses by changing the scanning strategy must not change the porosity,
as this would mean any changes in residual stress could not be attributed to the
scanning strategy alone. This also means that if a reduced density can be accepted
in the design then, the residual stress in the components can be reduced [68].

The geometry of the parts tested also has a large effect on the magnitude and
orientation of residual stresses. The geometry has an effect on the heat transfer
within the part and this in turn affects the temperature gradient, the magnitude

20



and orientation of the residual stresses [73]. This geometrical consequence not
only has an effect during the testing of parts but also when the preferred
strategies are then implemented to make other parts in SLM. This effect of
geometry is not just present in the heat transfer through the part but also the
local temperature gradient surrounding the melt pool. If the part is melted with
vectors that traverse the full width of the part, the time between consecutive
vectors coming back to the same point will be different for different widths and
therefore the temperature of adjacent vectors will also differ [80]. This means a
greater thermal gradient and so a greater residual stress in parts with long scans
in comparison to short scans [71]. The effect of modified heat transfer is not
only dependent on the geometry, the use of supports can change the way that
the heat is distributed through the part as the supports act as conduction paths
and so affect the stress.

The heat transfer can also cause problems across the slice. The heat transfer
condition on a slice will be different at the edges of the slice to the centre of
the slice. At the edges there is a reduced number of heat transfer paths. This
reduction will cause the edges to be hotter than the centre and so a greater
temperature gradient will be apparent at the edges, if the same parameters are
used, than in the centre as shown in Figure 2.11. This can cause compressive
stresses to be developed in the centre of the part, with a tensile stress in the
outside wall. Vasinonta [81] proposed that different scanning parameters should
be used at the edge and the centre of the part to avoid this problem.

Figure 2.11. Schematic of the patterns of heat flow in a thin wall sample when
the melt pool is in the middle of the top edge and when it is at the side edge of
a thin wall plate (1mm x 25mm x 100mm) [77].

Phase changes in the material can also effect the residual stress, Link [82] showed
that the deformation of parts manufactured from 400 series stainless steel can
be reduced by utilizing the austenite to martensite phase transformation. The
transformation from austenite to martensite results in a change in shape and also
an expansion in volume of the order of 4%. This is of a similar order to the
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shrinkage due to the thermal expansion of the material. If this transformation
can therefore be induced then the residual stress due to the shrinkage of the
material will be reduced or eliminated. It is also important to note that the
change is shape is directional and so by orientating the transformation the stress
in one direction can be removed without creating another in another direction. It
is therefore important to consider if the material being processed has any phase
transformations which involve a change in volume and which will therefore act to
change the way in which the residual stress is formed.

In commercially pure titanium the β − α phase change occurs at 882oC the
change in volume can be calculated from the lattice parameters of the material
and Equation 2.7, Equation 2.8 and Equation 2.9 [75]. The lattice parameters for
the hexagonal close packed (hcp) α phase are a = 0.2970 and c = 0.4789 and for
the body centred cubic (bcc) β phase a = 0.3315 [75]. This gives an expansion of
0.4% on transition from the bcc phase to the hcp, much smaller than that seen in
the work in steel done by Link [82]. This phase change effect will therefore have
a significantly smaller effect in CpTi compared to stainless steel.

Vhcp =
√

3a2c

2 (2.7)

Vbcc = a3 (2.8)

4V = Vbcc − Vhcp
Vbcc

(2.9)

InTi-6Al-4V the transformation from the β − α phase does not take place at a
single temperature but over a temperature range. The calculation of the volume
change is therefore not as simple as the case with CpTi as the volume of each
constituent phase depends on the processing history of the material. In situ
measurements of the lattice parameters for the β − α phase change were
completed by Elmer [83] in mill annealed bar stock at different heating rates.
Figure 2.12a shows the temperature dependent unit cell volumes of the hcp and
the bcc phases. It is clear that the bcc phase is smaller than the hcp phase
resulting in a volume increase on phase transformation during cooling. The
difference in volume between the phases is also greater than was seen CpTi
there is roughly a 1% difference, inTi-6Al-4V, in volume at 882oC compared to
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only 0.4%, in CpTi, this increases with the decrease in temperature to
maximum of approximately 4.5% at 600oC. Figure 2.12b shows the temperature
dependent average cell volume over both phases it is apparent that between
500oC and 750oC there is a change in gradient of the curve with a period that
involves little change in volume of the unit cells. This will affect the way in
which the residual stresses are generated because there will be no shrinkage of
the material for this temperature region.

(a) Relative volume hcp and bcc (b) Average unitcell volume

Figure 2.12. In situ measurements of the lattice parameters for Ti-6Al-
4V [83]

2.4. Analysis of Residual Stresses

The determination and evaluation of residual stresses is an important
engineering subject. Classically the methods used can be broken down into two
distinct groups; destructive and non-destructive. There are also novel methods
that have been developed specifically for the evaluation of parts made using
additive manufacturing processes such as SLM. These methods however often
depend on the deflection or bending of parts so will be included in the section
on destructive testing. The methods of stress analysis vary in terms of
sensitivity, resolution, speed of analysis and depth of measurement from surface.
Figure 2.13 gives a comparison of the depths that can be analysed for some of
the most common methods.
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Figure 2.13. Depth ranges of measurement techniques compared (adapted from
[84])

2.4.1. General Destructive Techniques

The analysis of residual stresses using destructive methods can be split into two
sub categories; general analysis methods and methods unique to the analysis of
SLM components. This section will initially cover the general methods and how
they apply to SLM and then consider the SLM specific methods.

The crack compliance method (CCM) measures the residual stress within a
component by incrementally introducing a slot into a component containing
residual stresses [85]. The strain or deflection of the part is measured at each
incremental cut, the measurement is then subsequently used to infer the
magnitude of the residual stress relaxed by the cut.

The CCM has been used to analyse residual stresses in SLM and confers
advantages in that readings of stress can be taken throughout the thickness of
the component [68]. The strain is measured in two positions while the sample is
cut using wire EDM. The experimental apparatus is shown in Figure 2.14. The
CCM has a considerable disadvantage, it uses the assumption that the material
is isotropic [86] and components that are manufactured using SLM are
anisotropic due to the layered manufacturing process [87]. The CCM also gives
a high uncertainty for the stresses in the top surface, as the deformations
produced at this level are small (5µm) [68] and the residual stress is
extrapolated from the strains that occur at the depth of the first cut. In SLM
this top surface bas been shown previously to exhibit the greatest residual stress
in the component [14,68,70–74] a considerable disadvantage for CCM.

One of the most common methods for the analysis of residual stress is hole drilling.
The hole drilling method can be used to measure by analysis of strain the residual
stress both in parts exhibiting a uniform residual stress [88] and parts with stresses
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Figure 2.14. Experimental set up for the analysis of residual stresses using
CCM [68]

that vary over the depth [89]. In the analysis of SLM components, the value
of stresses at different depths is important so this is the method that will be
discussed in detail. The measurement method is similar to most destructive tests
in that it measures the strains in the part as stresses in the part are relieved due
to material being removed. Measurements of strain are taken with a strain gauge
rosette as a hole of incrementing depth is introduced into the part by drilling [90].

The strain on the part surface can then be related to the stress within the part.
The size of the incremental hole depth steps has a large influence on the errors in
the experiment due to the high sensitivity of the method to strain measurement
errors [90]. The position of the strain gauge rosette used to measure the stresses
in the component is important because if the hole and the strain rosette are
misaligned, then the accuracy of the results is affected [91]. The levels of residual
stress which are being measured are also very important. If the residual stresses
are greater than 60% of the yield stress then the classical evaluation methods are
not valid due to plastic deformation [92]; in this case a finite element analysis
(FEA) model is required for the evaluation of the residual stresses. In the case of
SLM components, the stresses are often in the region of the yield stress rendering
this type of analysis is unsuitable.

The residual stresses calculated using the hole drilling method can also be
evaluated by calculating the strains caused by the drilling of the hole using the
holographic fringe method [93] or speckle patterns [94]. The holographic fringe
method works by making a hologram on the surface of the component prior to
drilling, once the hole has been introduced into the part the hologram is
exposed again and the resulting light and dark fringes can be used to calculate
the local strains [93]. The speckle method uses the local surface texture which
can either be natural or applied to track the movement of the surface over time
using a CCD camera and so calculate the strains [94]. The measurements of
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deformations by these two methods are compared to FEA models to determine
the state of stress within the component. The advantages of these processes
over the classical method are that the strain measurements are continuous and
not just located in 3 positions, high sensitivity (sub micrometer scale) and no
source of inaccuracy due to misalignment between hole and rosette [94].

Hole drilling could also used to evaluate the state of residual stress through an
SLM component. However the magnitude of the residual stresses could create
plastic deformation in the material at the strain rosette upon the drilling of the
holes which means that the classical methods may not be applicable. The high
surface roughness may also affect the quality of strain gauge attachment which
would reduce the accuracy of the strains recorded . Material may therefore need
to be removed before the gauges are bonded to the surface, this would inherently
change the levels of residual stress as the removal of material would allow stresses
to be relaxed.

A sectioning method can be used to determine the residual stresses in a part by
splitting the part down into a series of finite sectors and then further into finite
slices (Figure 2.15). The sectors of the part are removed and the deformation
of the slices is measured. Two analysis methods are used which either measure
the curvature [95] or the shrinkage of the slices [96]. The stress in the part can
then be calculated using Hooke’s law. This gives a two dimensional state of stress
across the width of the part. There are however limitations to this method of
measurement. Firstly, similar to all destructive tests, the sectioning method must
not in itself induce any further residual stresses into the part. Additionally, for
the shrinkage of slices, the only measured stress is longitudinal. The transverse
stress must be negligible in comparison, otherwise the results derived will be
incorrect [96].

Due to the complex state of stress within SLM components, neither the
longitudinal or transverse stresses can be assumed to be negligible. This means
that the method of the evaluation of residual stresses by sectioning is not
suitable for the evaluation of SLM parts.

A further method of determining, but not measuring, tensile internal stress is
by observing Stress Corrosion Cracking (SCC). This is defined as the growth
of cracks due to the simultaneous action of stress (nominally static and tensile)
and a reactive environment [97]. A common cause of SCC is the tensile residual
stresses that are present in the surface of the component [98]. The residual stress
in the component could therefore be assessed by the levels of cracking observed
in a surface. Stress corrosion cracking will occur in titanium samples in a dry
methanol and either FeCl3 or LiCl solution [99]. The levels of stress are however
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Figure 2.15. Process of sectioning and slicing adapted from Alpsten [96]

difficult to quantify as the level of SCC is dependent on the residual stress gradient
into the depth of the part [100]. This method could therefore give an indication
of the location of tensile stresses but not their magnitude.

The use of SCC to analyse residual stresses in SLM could therefore be employed
to evaluate the distribution of tensile stress across a layer. This would however
be a qualitative analysis of the stress with no indication of the levels or any
compressive stresses that may be present.

The contour method can produce a full cross sectional map of the residual stress
in a component, unlike the previous examples which can only determine the
residual stress in one dimension. The contour method, developed by Prime [101],
involves measuring the surface displacements after a straight cut through the
part, the residual stresses cause a deformation in the supposedly straight cut.
The technique then uses Bueckner’s superposition principle and an FEA model
is used to calculate the stresses normal to the plane of the cut that would, if
present, have caused that displacement [101].

The analysis process involves the steps shown in Figure 2.16. Although this only
shows a 2D section, the process is equally valid for a 3D surface cut. Figure 2.16a
shows the original state of stress within the contour. These stresses are then
relieved by the process of cutting the sample into two parts. It is very important
that the plane of the cut is flat as any deviation from this will reduce the reliability
of the results. The method of cutting proposed by Prime was wire EDM with the
sample securely clamped on both sides of the cut.

A 3D map of the surface contour is then created which shows the deformed face
due to the relaxed residual stress. The surface is then forced back to its pre-
cut condition analytically using an FEA model with the boundary conditions
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Figure 2.16. Superposition principal to calculate residual stresses from the
surface contour measured after cutting the part in two [101]

being the inverse of the measured data Figure 2.17. Using the knowledge that
the stresses normal to the surface in Figure 2.16b must be zero, the stress state
normal to the surface in Figure 2.16c can be evaluated. The model assumes: that
all the deformations in the cut face are elastic, the material removal process does
not introduce or affect the residual stresses in the part and that the plane of the
cut was completely flat. This last criterion is difficult to satisfy as the part will
deform during the cutting process. The analysis method is also only applicable
for measuring the stresses normal to the surface of the component and will not
measure any stresses in the transverse y direction. To improve the quality of the
predictions, both cut faces should be analysed and the resulting stresses averaged,
removing the effect of the shear stresses which are not taken into account.

Rangaswamy et al. [77] evaluated the residual stress in laser engineered net
shaping (LENS) components with both the contour method and neutron
diffraction. The process used EDM cutting operating in ‘skim’ mode to
minimise the effect of the wire EDM process on the surface of the cut. The
contour was measured with a laser scanner. The observed maximum
displacement was 12µm for 316 stainless steel and 18µm for inconel. The results
which were evaluated using the FEM model gave good agreement with the
values calculated by neutron diffraction. The author also notes that once the
process is developed the analysis of new materials is simple [77]. This would
suggest that the contour method is a suitable technique for the evaluation of
residual stresses in SLM components as it provides a rapid method for
evaluating the state of normal stress across a whole components surface and is
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less complicated than hole drilling or CCM methods [101]. No evidence was
found in the literature for this methodology having been used in SLM.

Figure 2.17. Boundary conditions applied to the FEA model of the contour cut,
showing the displacement boundary conditions taken from the measured data and
the additional conditions to restrain rigid body rotations

2.4.2. SLM Specific Techniques

The analysis methods discussed in the previous section were general methods that
had been applied or could be adapted for application of SLM components. This
section discusses methods which have been developed specifically for the analysis
of SLM or similar metal AM components.

The flexure of a thin sheet (1mm thick [74]) can be used to evaluate the stress
caused by SLM. The test method involves analysing the deflection of the back of a
thin substrate on removal from the machine. Typical experimental arrangements
are shown in Figure 2.18. The measurement of deflection allows the stresses in
the part to be inferred by the magnitude of the displacement of the back face of
the sheet. This gives a qualitative comparison between experimental samples of
the same size. The experiment is highly dependent on the materials involved and
the geometry of the component. It cannot therefore be used to compare residual
stresses in different materials. The geometry also affects the measured deflections,
for example a large y deflection may inhibit deflection in x so affecting the quality
of the results of the test. This test is also not representative of all samples built
using SLM as the parts are attached directly to the substrate. This situation
would give a different heat transfer condition to a part which was attached to the
substrate plate with supports.

The cantilever method proposed by Zaeh & Branner [73] measures the deflection
of the cantilever arms when the supports are detached using wire EDM
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Figure 2.18. Thin sheet flexure part and measurement apparatus [74]

(Figure 2.19). The deflection is then used to compare qualitatively the residual
stresses caused by different parameters. The results from this experiment seem
to contradict the theory which states that the part edges should deform towards
the laser, both due to the TGM [69] and also the solid contraction of newly
formed material [68]. This result is due to the complex heat transfer that
develops in the part because of the resistance to the flow of heat through the
supports and through the central column that is attached directly to the
substrate. This modified heat transfer could also change the way in which
stresses form reducing the reliability of the results [73]. Buchbinder [102] carried
out a similar study to the one completed by Zaeh and showed deflections in the
expected direction towards the laser. This experiment used aluminium rather
than tool steel and also used a slightly different geometry it is unclear if either
of these factors caused the change the direction of deflection. What can however
be seen from Figure 2.19b is that the cantilevers have cracked in the middle
where the material has shrunk but been restrained by the two solid blocks at
each end. There is no such restraint on the geometries made by Zaeh [73] and
so the stresses would be relieved during building due to the change in shape
which may explain the contradictory deflection directions.

Kruth et al. [14] developed the Bridge Curvature Method (BCM) to evaluate the
residual stresses within parts produced by SLM. The BCM geometry resembles a
simple bridge, with the pillars of the bridge being built directly onto the substrate
as shown in Figure 2.20. After production and removal from the machine the
bridge is separated from the substrate using wire EDM. The deflection of the
bridge pillars (α) is then measured five times for each side of the part. This
method measures the relaxation of residual stresses. The stresses must however
be aligned in the x direction and located in the central bridge portion. The volume
that this process analyses is therefore very small so the measured deflections may
not be representative of the residual stress within the whole component. The
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(a)
(b)

Figure 2.19. Supported cantilever analysis technique a) Zaeh [73] before and
after the cutting of supports in steel b) Buchbinder [102] showing the deflection
of parts after cutting in aluminium

location of this area on top of the powder bed will also affect the heat transfer.
The directionality in the design also means that the conclusions drawn are only
valid for one direction i.e. reductions in residual stresses by rotation of scan
vectors could simply be due to the movement of the direction of the maximum
stress.

Figure 2.20. Bridge Curvature Geometry showing the measured deflection on
removal from the substrate (adapted from [14])

The only in process measurement that was found in the literature survey was to
take readings of strain on the bottom of the substrate as shown in Figure 2.21.
The measurement of the strain in the substrate gives an indication of the
deflection and therefore residual stress within the part. The arrangement used
by Shiomi et al [70] placed two strain gauges parallel and perpendicular to scan
directions. This process is however limited by the maximum allowable strain
before the solidified part fouls on the wiper and the process must be stopped. It
was shown by Pohl et al. [74] that a deflection of 0.8mm could be expected for
10 layers for a thin (1mm thick) substrate. This method was also used, more
recently by Van Belle [103]. In this study the substrate plate was securely fixed
at the corners and strain gauges were attached to the centre. Van Belle [103]
used this information to show a stress profile through the thickness of the part.
There was little information reported on the transient stresses or what

31



happened during the layer while the laser was firing. The study concentrated on
the effect of layer thickness, however, the experiment modified multiple
parameters simultaneously and so determination of the cause of the increase in
stress was difficult.

Figure 2.21. Experimental arrangement for measuring the strain in the
substrate [70]

The strain in the substrate can also be used to analyse the residual stress in a part
after processing. The substrate strain can be measured as layers of material are
removed from the part post process. This measurement may also give unreliable
results as the stresses in the component will be changed fundamentally by the
process of removing material from the part. This does, however, give an indication
of the stress profile of the part after manufacture. A similar method was used by
Klingbeil et al. [104] who attached strain gauges to a substrate and firmly secured
the substrate using bolts at twenty positions round the plate measuring the strain
as the substrate was removed from the build plate shown in Figure 2.22.

The analysis of stresses within the process is imperative in the understanding of
the generation and relaxation of the stresses [70, 77, 105]. Shiomi et al. provided
a method of measurement that could be applied to SLM for basic experiments
but it was not employed further for the analysis of scanning strategies or stress
relieving methods. The measurement of strain in the substrate is also limited by
the allowed deformation of the part during the building process.
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Figure 2.22. Warping test specimen configuration used by Klingbeil et al. [104]

2.4.3. Non-Destructive Testing

The previous section gave an overview of methods used to evaluate the residual
stresses within structures and more specifically parts made using ALM. Here
we will discuss some of the non-destructive methods that are employed for the
measurement of residual stress. The emphasis will be on the suitability of the
processes for the analysis of ALM components.

The first three non-destructive methods (X-Ray diffraction (XRD), Neutron
diffraction and high energy synchrotron radiation) are all based on a similar
principle. These methods all measure the change in the lattice spacing by
radiation of wavelength similar to the interplanar spacing [106]. The
measurement technique involves the analysis of the change in the refracted
angle of the incident radiation. This angle is known as the Bragg angle, which is
defined as θ in Bragg’s law Equation 2.10, where λ is the wavelength of the
incident radiation, n is a constant equal to 1 for XRD and d is the lattice
spacing. Bragg’s law can then be combined with de Broglie’s equation to give
Equation 2.11 which relates the strain to the change in time for the radiation to
travel along a strain free and a strained path [106]. Figure 2.23 shows a
schematic of the neutron diffraction process, which is representative of the other
diffraction methods.

2dsinθ = nλ (2.10)
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ε = ∆t
t

(2.11)

Figure 2.23. Principles of neutron diffraction [106]

The principal stresses can then be evaluated using Von Mises’ equations, if the
strains in the principal directions are known. This therefore makes the assumption
that the direction of the stresses is known. If this is unknown then measurements
of strain will be required in six directions to define the state of stress [106].

The distinguishing factors between the different non-destructive methods are the
depth of penetration and the resolution of analysis. This was first considered in
the previous section in Figure 2.13, a further advancement on this is shown in
Figure 2.24. Which shows the primary non-destructive and destructive testing
techniques. The spatial resolution is especially important in the analysis of SLM
components due to the high residual stress gradients present. There are however
other factors that affect the accuracy such as surface finish and micro structural
texture in the component. The factors affecting each process will be discussed in
the following text.

X-Ray Diffraction (XRD) can only measure the lattice spacing to a depth of
between 5µm [107] and 30µm [68]. A large surface roughness would therefore
affect the results. This means that the surface must be prepared via the steps
as described by Mercelis & Kruth [68] (Figure 2.25). This preparation process
requires the removal of 120µm of material, or more than two layers, from the
top surface. The removal of this material will change the residual stress that is
measured in the material. Not only will it remove the surface where the stresses
are reported to be maximum, the process of removal will change the residual
stresses in the part. The penetration depth of XRD also limits the analysis of
stresses to the surface, if a stress profile through the material is required then
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Figure 2.24. Schematic indicative of the approximate current capabilities of
various techniques. The destructive techniques are shown for reference [107]

successive layers must be removed and the stress in the new top surface analysed.
This therefore means that the measurement of stresses by XRD is destructive.

Figure 2.25. Sample preparation for XRD experiments [68]

The use of neutron diffraction allows a greater depth to be analysed, up to 50mm
in steel [107], with an accuracy of 5-20MPa [106, 108]. This avoids the problems
caused by layer removal which is required for X-Ray diffraction evaluation. The
surface finish has a large effect on the ability of the process to measure strains
close to the surface. This is because the roughness can effect the way in which
the radiation is refracted, changing the Bragg angle and so affecting the results.
The surface geometry and part geometry can increase the path length, which
increases the attenuation of the radiation. The analysis of parts with a curved
surface can magnify the effect of the surface aberrations which further reduce the
quality of the results [106]. The use of neutron diffraction also assumes that a
reliable value of the unstrained lattice spacing can be obtained [108].

Developments in high energy X-ray beams using third generation synchrotron
sources has enabled the investigation of residual stresses using X-rays to increasing
depths [107]. XRD is similar to those of neutron diffraction but with greater
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resolution. The scattering angle however, for this type of radiation is between 2°-
20° which makes the acquisition of the strain in sufficient directions to calculate
the residual stress state difficult . It is therefore used more commonly as a method
for the verification of FEM models [107].

The surface finish and texture of SLM components may therefore be the limiting
factors in the measurement of the residual stresses using non-destructive testing.
It has been shown experimentally that the primary residual stresses are developed
in the top surface of the part [14, 68, 70, 71, 73, 74]. The removal of material to
obtain a surface that can be analysed will therefore reduce the accuracy of the
results that the processes provide.

2.4.4. Finite Element Analysis

Residual stress evaluation methods described above are often used for the
validation of FEA models. These models are then used as a tool for the
prediction of the residual stresses that will develop if the process variables are
changed. The levels of sophistication that are evident in FEA models vary
across the studies that have been evaluated. This is due to the cost in
computing power and time that these advanced models need against the
perceived value. The models created to simulate the SLM process are similar to
those generated to describe both the Selective Laser Sintering (SLS) and Laser
Engineered Net Shaping (LENS) due to the similarity of the processes and
models, these will also be described within this section.

The use of FEA modelling is not solely limited to the analysis of residual stress.
There are a number of studies that use this method to predict suitable process
parameters for new materials or build conditions or to predict the
microstructure of the built material through the understanding of the
temperature gradients in the model. Although these models may have a
different aim to those purely interested in the residual stress, the model
development is still similar and therefore and understanding of the methods
used is vital in any literature review. This section of the report will discuss the
different models, the simplifications and assumptions made, and the effect that
these have on the results.

The studies into the SLS and SLM processes can be split into two distinct groups;
those that purely consider the thermal profiles created in the parts during the
manufacture of the layers [109–120], and those that then take these thermal
profiles and calculate the stresses created in the parts [73, 121–128]. The studies
are, however, similar in their preparation of the thermal model. Figure 2.26 shows
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the factors that can be considered for the heat transfer in a thermal model. The
relative importance of each of these factors is discussed widely in the literature
with models neglecting parameters or agglomerating them into a simpler form.

Figure 2.26. Schematic of the heat transfer conditions during SLM manufacture
that are considered within an FEA model (adapted from [109])

The heat transfer in the FEA model utilises Fourier heat conduction
theory [113, 124, 129]. Carslaw and Jaeger [130] used Equation 2.12 to describe
the governing heat conduction. The initial conditions and boundary conditions
can be described by Equation 2.13 and Equation 2.14, where T is temperature,
k is conductivity coefficient, ρ is density, c is heat capacity coefficient, q the
internal heat generation, T0 the initial temperature, Te the free stream
temperature, εθ the emissivity, σ the Stefan-Boltzman constant, and h the
convective heat transfer coefficient. The treatment of these boundary conditions
is a source of difference in the models described in the literature. The reason for
this is the computational cost that is linked with the addition of further
variables. Some models such as those described by Bontha and
Vasinota [81, 131], neglect both the convection and radiation terms and make
the assumption that the major heat path is through the conduction of the newly
formed material. Another approach is to only model the convection term [122]
or to model the convection and radiation by a combined term this can either be
a constant value, as used by Zaeh [73], or be described by a linear
approximation, for example Equation 2.15 developed by Vinokurov [132], here,
H defines an effective heat transfer coefficient, and is applied to SLM by
Labudovic [123]. It was reported that this approximation gives less than a 5%
reduction in accuracy. The effects that these factors have is difficult to
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determine as no study was found that compared the models with and without
these terms.

k

(
δ2T
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)
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H = 2.4× 10−3εT 1.61 (2.15)

The heat transfer into the part is due to the laser irradiation which can be
modelled as an area of constant temperature [133, 134] or as an area with a set
heat flux distribution [125, 135]. Which technique used will have a direct effect
on the accuracy of the simulation. It has been shown in the literature by
Rangaswamy et al [77] that the temperature of the melt pool can vary over the
slice. The use of a constant temperature laser spot in the simulation would not
capture this effect and so might not take into account the transient thermal
gradients that can be a result. The size of the modelled laser beam also varies
within the literature; it is often dependant on the chosen FEA grid. The volume
of irradiated material is determined by both the size of the laser beam and also
the thickness of the layer. Due to the cost and time implications of FEA
simulations, the volume of irradiated material is often increased [73]. The
studies can therefore be split into two groups; the simulations of small parts or
single layers where real layer thickness and laser sizes are modelled, or larger
parts with increased layer thickness and laser diameter.

The modeling of heat transfer through the powder bed also differs in the
literature. Studies either neglect the conduction through the powder [73], or
determine an effective coefficient of conduction. The coefficient of conduction is
either fixed [128] or dependant on temperature and density of the powder
bed [111, 113, 116, 118, 119, 122, 125–127, 135–137]. This is calculated with an
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equation similar to Equation 2.16, where ρR is the relative density, ks (T ) is the
temperature dependant conductivity coefficient, kg, is the conductivity
coefficient of the gas and φ is an empirical value [135]. The conductivity of the
powder bed that is 60% the density of the bulk material is however reported at
being approximately 10% that of the fully dense bulk material [128, 138] and so
the heat transfer through this path is small in comparison with the transfer
through the bulk material.

keff = ρRks (T )(
1 + φ

(
ks(T )
kg

)) (2.16)

The melting of the powder and subsequent freezing of the molten material, can
be modelled in three ways: the simplest method is to have a fully dense solid
melt and then re-solidify [134]. The other two methods are a development: They
involve modelling the initial state as powder and the final state as fully dense
solid and either neglect [126] or include [127] the shrinkage of the material on
solidification. Matsumoto proposed that the shrinkage on solidification would
only change the layer thickness and have no effect on the residual stress within
the part [128]. This shrinkage, due to the densification of the powder bed, should
not be confused with the thermal contraction of the newly formed solid which is
thought to be one of the main contributing factors to the residual stress in the
part [14, 68,70–74].

The final important factor to consider is the use of temperature dependant
material properties. The finite element method requires information on the
conductivity, specific heat capacity, thermal expansion coefficient, density,
elastic modulus, yield strength and the specific latent heat. With the exception
of latent heat all of these parameters are affected by temperature, making the
simulation highly non-linear [123].

The difficulty in predicting realistic properties for temperatures above the normal
working conditions of the material is discussed in the literature [73, 136]. The
properties of a material within its working region can often be readily obtained
from the relevant material handbook such as [75] which details the properties
of titanium and its common alloys. The determination of properties outside this
range is undertaken using two methods: firstly to use an estimated value based on
the values within the range is applied, or secondly experiments are undertaken to
measure the correct properties of the material outside its normal working range.
Van Belle, who was modelling stainless steel was unable to find properties for
the material at temperatures greater than 1000◦C so estimated a low value for
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modulus of 2000MPa close to melt temperature [136]. Zaeh [73] however used
hot tensile and dilation tests to determine the temperature dependant material
properties of 1.2709 tool steel in this temperature range.

No studies were found that made comparisons between studies that used
measurement or assumptions to calculate the temperature dependant properties
outside of the well documented range. It is however important to note that the
use of temperature related properties is important to ensure simulation quality.
Kolossov [137] showed that simulations which used temperature dependant
conductivity and specific heat capacity, fitted the experimental results better
than those which did not use them.

As stated previously the aim of FEA simulations can be either to determine
the thermal profiles within the part or to use these thermal profiles to calculate
transient and residual stresses. There are two different strategies that can be
used to determine the stress and deformation fields which are caused by the
transient thermal profiles; the first is to add thermal degrees of freedom to a
stress strain analysis producing a fully coupled thermal-stress analysis. This
procedure is used when the displacement field will effect the result of the thermal
simulation. Situations that would give rise to this would be instances where
there are large changes in geometry, which affect the heat flow or situations
where there is generation of extra heat from inelastic deformation [139]. If the
thermal field can be assumed to be independent of the stress-strain fields, then the
simulation can be undertaken as a sequentially coupled thermal-stress analysis.
The simulation flow for the sequentially coupled FEA carried out by Labudovic
is shown in Figure 2.27. Here firstly the thermal solution is calculated and then
this is applied as a boundary condition to the stress model. This method is used
as it is less computationally intensive than the fully coupled analysis.

There are a large number of simplifications in the modelling of the SLM process.
The use of FEA simulations are however an important method for the evaluation
of the transient and residual stresses that are developed during the process. This
is primarily due to the lack of other in process measurement techniques that are
currently available [140].
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Figure 2.27. Flow chart showing the steps in a sequentially coupled thermal-
stress analysis [123]

2.4.5. Errors Introduced in Analysis Methods

Residual stresses within components can be evaluated by a range of techniques,
some of which are more suitable for the analysis of ALM components than others.
There are, however, problems with all the methods that could be employed to
evaluate the effect that different parameters have. The measurements of residual
stress are taken at the end of process thus there is no understanding of which
point in the process the stresses were developed and conversely when they are
relieved. There is therefore no measurement of the transient stress, but this
can be obtained using FEA models. However due to the computational cost,
these are often done with significant simplifications which affect the results of the
simulations and the number of variables that can be changed.

There are other implications of the measurement of the residual stress at the
end of the process. If the transient stresses during manufacturing are large, then
the part will deform or crack whilst being manufactured. This will relieve some
of the residual stresses which can then not be analysed post manufacture. The
measurement of the stresses developed during manufacture is therefore vital for
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the understanding of the process and a knowledge of what might be done to
reduce the stresses.

2.5. Reduction of Residual Stresses

There are numerous process variables in SLM that have been investigated with
respect to reducing residual stress. The most prevalent research is in the area of
scanning strategy, the state of the art being to vary the length of the scanning
vector or to scan in islands [14,68,73].

2.5.1. Exposure Strategies Implemented to Reduce Residual
Stress

The residual stress within a component is reported to be affected by changing the
strategy used to expose the layer to the laser. A range of different strategies are
described in the literature; however the effect of these strategies is not clear. In
this section an overview of the different methods and a critical analysis of previous
studies is given, with an indication of the further work required to quantify the
effect of the strategy.

The first and most common strategy is parallel scanning, Figure 2.29(a). This
involves exposing the layer using a set of parallel scan vectors which can either all
be in the same direction [14,68,70,71,73,74] or back and forth in a raster [70,77].
When parts are not square, parallel scanning strategies can also contain long and
short scan vectors. Subsequent layers can have the vectors aligned at any angle
to the previous layer. The most common embodiment of this is to rotate the scan
vectors by 90° between each layer to form an alternating patten. This strategy is
often referred to as X-Y alternating or XYA.

A further development on the X-Y alternating strategy was proposed in a
patent by Dimter et al. [141] . This patent proposed that the scan vectors on
successive layers should be rotated by any angle on each layer, with 67° being
the optimum (Figure 2.28). The reason proposed for this being effective is that
it removes anisotropy in the part, improving the top surface finish, and reducing
the residual stress. The authors describe the use of 67° because it takes 18
layers for subsequent scan vectors to come within 10° of the current scan vector.
Some of the claims made of the effect of this scan vector rotation have been
tested by Guan et al. [142] in a study using 304 stainless steel. The authors
describe the effect that hatch angle rotations of 90°,105°,120°,135°, and 150°
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have on the strength and ductility of the material. The paper reports that a
hatch angle rotation of 105° leads to an increase of 5% in yield strength, 1.5% in
ultimate tensile strength, and 10% in elongation compared to the results for the
standard X-Y alternating strategy. The number of samples at each angle was
limited to three and the range of the results for some of the samples was large,
questioning the validity of the conclusions drawn. There have been no published
works that document the affect that the hatch rotation has on the top surface
finish or residual stress. It is therefore important to ascertain if there is a
benefit from strategies of this type and what the optimum scanning angle is.

Figure 2.28. The rotation of scan vectors on successive layers by 67° adapted
from [141]

Spiral scanning involves a continuous exposure path around the part circling
from the centre out or from the outside in. The path for this is trivial for simple
geometries, but more complex geometries require the part to be split into bisectors
[143].

A number of different strategies have been developed with the aim of reducing
the length of the scan vector. These include paintbrush scanning and island or
chessboard scanning. Paintbrush scanning splits the parts into columns which
are then rastered with short scan vectors as shown in Figure 2.29(c). Another
approach to the reduction of scan vector length is to split the slice up into small
squares commonly of 2.5mm or 5mm [14,68,71,73]. This is found in the literature
as chessboard scanning and island scanning. In island scanning the order in
which the areas are exposed can take two forms these are successive or least heat
influence (LHI). Successive scanning involves the islands being exposed in order
either along the X or Y axis of the build. LHI scanning is designed to minimise
the thermal influence of previous scanned sectors on the next scanned vector [68].
This is done by scanning the sectors in a random order with no indication from
the literature or manufacturers data that heat input is taken into account.
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Figure 2.29. Selection of scanning strategies used [76]

2.5.2. Exposure Strategy Effects

The effect that different scan strategies have on the residual stresses within a part
has been investigated by numerous authors. However the results of these studies
do not all lead to the same conclusions, with different measurement strategies and
materials being used throughout. It is also important to note that there are other
important variables discussed in subsection 2.3.3 that make the comparison and
extrapolation of results difficult. This complex situation creates further problems
in the comparison of results. This section will discuss a selection of the articles
written on the topic comparing the differences and similarities found within the
literature.

Shiomi et al. [70] used the method of analysing the strain in the substrate to
determine the residual stress and transient stress within the part being made.
The conclusions of the study were that the greatest stress occurred parallel to
the scan, with a state of oscillating transient stress shown in Figure 2.30. It can
be observed that a residual stress is being developed in the parallel direction,
whereas the stress in the perpendicular is purely transient. These tests were
carried out prior to 2004 with scanning parameters (laser power 50W, scan speed
8mm/s and layer thickness of 100µm) that are significantly different from the
standard values used on modern SLM machines (laser powers up to 1KW, scan
speeds up to 3m/s, and layer thickness between 20µm and 50µm [144,145]). This
may limit the use of the conclusions to other experiments.
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Figure 2.30. Strains parallel and perpendicular to scan track at bottom of base
plate during forming [70]

The effect that scanning parameters have on the residual stress is also found by
Pohl et al. [74]. Here the authors attempted to relate the scanning speed to the
residual stress using the thin sheet flexure method. The results showed a
reduction in residual stress for increased scanning speed but did not give an
indication of the density of the produced parts. Without the indication of the
porosity present, it cannot be concluded that the reduction in stress is caused
only by the faster scan speed as any porosity will have some effect. It is
therefore important when assessing the reduction of residual stresses that the
other functional properties of the material are not changed.

Pohl et al. [74] showed that scanning in squares and stripes could reduce the
observed deflection. The results were, however, highly dependent on the
direction in which the sectors were scanned. The sector scans that were done in
the long scan direction have results that are comparable to those of the simple
long scan vectors. The study also found that short scan vectors perpendicular
to the measured direction, give larger deformations than parallel long scan
vectors. This would imply that the greatest stress is perpendicular to the scan
direction. This study, however, used a CO2 laser with a much larger beam size
than the fibre lasers that are used in modern SLM machines. Similarly the
scanning speeds of 75mm/s and 150mm/s are an order of magnitude slower
than the current state of the art, which could affect how these results apply to
modern SLM processes.

Kruth et al. [71] used a similar measuring technique to Pohl but measured the
flexure in both the X and Y directions. They found that for long scan vectors,
the observed deformation was the smallest parallel to the scanning direction
suggesting that the maximum residual stress is developed perpendicular to the
scanning direction.
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Kruth et al. [71] also showed the effect of both successive and LHI island
scanning. They observed that these strategies produced deflections that are in
between the extremes of the experiment in both directions, with LHI giving
slightly higher deflection results than scanning the sectors sequentially. LHI
gives greater deflections due to the fact that there is a greater thermal gradient
present on solidification [71]. In the scanning of successive sectors, some
preheating is given by the scanning of the last sector and therefore the thermal
gradient is reduced. The measurement method used by Kruth et al. does have
some flaws, as detailed in the previous section these mean that for a large
deflection in one direction, the other may be artificially low. However, these
experiments do suggest that scanning in sectors is preferable to scanning long
vectors as a more uniform state of residual stress can be achieved.

Mercelis and Kruth [68] used CCM and XRD to analyse the effect of different
scanning strategies on the residual stress within a component. The study
investigates long and short track scanning as well as island scanning. The initial
studies are all measured using the CCM. The conclusions of this are that short
track scanning yields the lowest state of stress and long track the greatest, with
both island scanning methodologies giving an intermediate value. These results
however are only stated for the stress in a single direction, which is
perpendicular to long track and parallel to the short track scanning. The effect
the exposure strategies have, cannot therefore be fully determined as there is no
indication given from the crack compliance method about the state of stress
perpendicular to scanning. The study also states that scanning of the islands
along the short side of the part yields a lower stress state than scanning on the
long side. The LHI sectors have a similar value to those of the short side. This
also only takes into account the stress in one of the principal direction and
therefore none of the three island strategies can be stated as the preferred
method.

Mercelis and Kruth [68] also investigated the residual stresses using XRD. This
analysis method gave values of the stress in both orthogonal directions. The stress
was greater perpendicular to the scan direction and also increased with a greater
sample height. The article however does not state if these results are taken before
or after release from the substrate. This is an important factor as the authors also
detail a test where measurements were taken pre and post release and the drop of
stress in one direction is greater than that in the other. Due to the XRD process
requirements, 120µm had to be removed from the top of the sample to remove
any surface roughness. This therefore means that the actual top surface stresses
could be higher than the stated value. The scanning parameters used for the
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XRD samples and the CCM were not the same. The CCM samples exhibited a
much higher porosity so the residual stresses within the samples would have been
reduced considerably. This will affect the conclusions drawn from the experiment
on the preferred scanning strategy.

The work done by Zaeh and Banner [73], who analysed the state of residual stress
in SLM components using neutron diffraction and the cantilever method would
appear to contradict the conclusions that were drawn by Mercelis and Kruth.
Their studies suggest that island scanning is preferable to both short and long
scan vectors. The use of neutron diffraction experiments instead of XRD is shown
to be preferable due to the increased penetration depth achievable and eliminated
the requirement for the top surface removal. These results are not conclusive as
the method of testing, and so the geometry built, may have affected the way
in which the stresses are developed. The non uniform heat transfer caused the
arms of the cantilever to move away from the laser. This counteracts what would
be expected due to the solid contraction, or TGM theory, so it may also have
affected the magnitude of the stresses developed within the part. The built parts
did however conform to the FEM predictions that were made. These did include
significant simplifications modelling twenty layers at a time which may affect
overall accuracy. The simplification also meant that no investigation into the
effect on scanning strategy could be included in the simulation.

Kruth et al. [14] concluded that the residual stress measured by the BCM method
is smallest perpendicular to the scan vector. This is contradictory to a large
proportion of the work that preceded this study but is in agreement with the
work done by Shiomi [70]. The paper also discusses the orientation of scanning
sectors which showed that by changing the angle of the sectors the deflection of
the bridge could be changed. There is no indication in the paper whether this
is due to a reduction in residual stress or a change in the direction in which the
primary stresses are acting. The rotation of scan vectors can therefore be used
to reduce the observed deflection but it is unclear if it also causes a reduction in
residual stress. There are other conclusions from the paper however, that agree
with the preceding studies. The residual stresses in a component can be reduced
by scanning in stripes i.e. shortening the length of the scan vectors. The use
of sectors can also be used to reduce the residual stress; however the size of the
sectors does not make a noticeable difference on the residual stress. This could
be due to the same scanning parameters being used for both builds. The author
postulates that if a smaller sector is used then the exposure energy could be
reduced which may reduce the residual stress within the component however it
is unclear if this is based on opinion or experimental observation.
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Jhabvala et al. [76] investigated strategies in an aim to reduce the thermal
gradient. It was shown using an FEA model that the principal temperature
gradient is orthogonal to the scan direction which leads to inhomogeneous
shrinkage, therefore causing the principal residual bending stress in the
perpendicular direction. These residual stresses then cause cracks to develop in
the parallel direction of the part. The study then concentrated on strategies
that would reduce the thermal gradient within the part. One such example is
the spiral scan strategy. This strategy can be employed to reduce the
temperature gradient within a scan layer. To reduce the temperature gradient,
the speed at which the laser scans must be increased. This means, however,
that the laser power must also be increased accordingly so the energy input to
the powder bed is not reduced. It was shown that this was not sufficient to
reduce the residual stress while still attaining dense parts. The concept of
multiple scanning was proposed where the area is exposed a number of times
steadily increasing temperature. This is based on the principle that the heat
losses between each single scan are small compared to the deposited energy [76].
This means therefore that for highly conductive powders, high scan speeds, high
powers, and small sectors must be used. This strategy lead to poor dimensional
accuracy as zones that were not exposed to the laser might also be molten. The
centre of the sectors also exhibited overheating, with a temperature difference of
over 300K across the 5mm sector [76]. This strategy does affect the temperature
gradients within the part; however, the loss in dimensional accuracy and the
problems caused by the overheat mean that it cannot be employed in SLM [76].

Paintbrush scanning and chessboard scanning were also shown to reduce the
thermal gradient within the parts. Paintbrush scanning worked as it reduced
the length of the scan vector and so the time between adjacent vectors being
scanned was reduced. This strategy did, however, have poor bonding between
layers which caused the samples to de-laminate. It is unclear if this is due to the
scanning strategy or the parameters used. The chessboard method was used and
was shown to generate less temperature inhomogeneities than the other strategies,
when using a 1mm sector size. These results and conclusions agree with past work
that if the temperature gradient can be reduced so can the residual stress. The
primary method employed by Jhabvala et al. was to reduce the scan vector size
and therefore reduce the time between successive vectors being exposed.

2.5.3. Substrate and Powder Bed Heating

It was shown in the previous section that the temperature gradient within a part
affects the residual stress. The temperature gradient can also be affected by the
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substrate and powder bed temperature. If the temperature of the powder bed is
raised the temperature gradient can be reduced [71]. A method that is commonly
used to raise the temperature of the powder bed is to heat the substrate which
in turn heats the powder bed. Shiomi et al. showed that a reduction in residual
stress of 40% [70] could be achieved for a chrome molybdenum steel part between
an unheated substrate and a substrate at 160oC. Similar results were achieved
by Mercelis and Kruth [68], who achieved a reduction of 8-17% in 316L stainless
steel at 200oC depending on orientation. Early attempts to develop the SLS
process to manufacture fully dense metal parts involved the creation of a high
bed temperature machine. Das [146] and McWilliams [147] described the design of
an SLS machine intended to heat the bed to 1500oC however significant problems
were encountered by the authors. Significant inefficiencies in the process resulted
in the heat being transferred to the bed also heating the surrounding machine
causing the coatings on the optics to degrade.

A heated powder bed is also used in the Electron Beam Melting (EBM) process,
this involves temperatures exceeding 600oC [148]. When conventionally
produced titanium components are stress relieved, the temperatures range from
480oC (CpTi) to 650oC (Ti64) [149]. The powder bed temperature in EBM is
therefore within the bounds of standard heat treatment. This means therfore
that the residual stresses generated in the process are relieved in EBM by virtue
of the part temperature and the reduced yield strength of the material that this
causes. The temperature gradient is also reduced in this case so any stresses
that are developed will be reduced.

2.5.4. Heat Treatment

Heat treatment of the part is often used to reduce the residual stresses within
components manufactured using SLM. A 70% reduction in stress is attainable [70]
for a 1 hour post process heat treatment at 600oC of steel and 80% reduction for
heat treatment at 600oC of Ti64 [14]. This post process heat treatment does not
however solve all the problems because in process parts deform and cracks develop
during the addition of layers of material. A dramatic reduction in residual stress is
achievable by heat treating the part as it is created. Laser rescanning is a method
used to raise the temperature of the last layer and so relieve the residual stresses
that are developed. To reduce the residual stresses the temperature of the sample
needs to be raised to the stress relieving temperature for that material [149].

The observed effect that post scanning has on the residual stress within a
component is not the same in all the studies performed on the topic. The
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amount of energy and the speed at which it should be applied is also not clear.
The process is obviously material and geometry dependent, as these properties
will dictate the starting temperature and the manner in which the temperature
is dissipated in the part. It has been shown by Shiomi et al. that it is possible
to reduce the residual stress by 55% [70], by rescanning with 150% of the
forming energy. This is three times the energy used by Mercelis and Kruth [68]
who achieved a 30% reduction in residual stress. Other studies completed by
Kruth et al. [14] have shown only small reductions of 8% for energies equal to
and less than the building energy. It is difficult to draw conclusions about the
effectiveness that post scanning has. It is important that the temperature of the
part is raised above the stress relieving temperature of the material to allow the
relaxation of the residual stresses, however, the process of reducing the residual
stresses is also dependent on time. The chosen parameters are therefore very
important in the effectiveness as they must uniformly heat the part to avoid
additional stresses due to the TGM, and must also not re-melt the surface layer
as this would reintroduce residual stresses from the constrained contraction
mechanism back into the part. The stress reduction due to post scanning may
not be due to heat treating of the component. The raising of the temperature of
the previous layer may affect the residual stress by changing the thermal
gradient with the next layer. The studies that have been examined all draw
conclusions about the capability to reduce the residual stress from the stress
state at the end of the process. It is unclear what causes the reduction and
when this happens in the process.

2.5.5. Conclusions

Different exposure strategies yield large variations in results between published
works, primarily due to disparate experimental parameters. Furthermore, the
use of different geometries and evaluation methods leads to results of varying
accuracy. The effect of heat transfer and geometry is especially important when
analysing the residual stress of components. It is important not to create
directionality in the results through the choice of geometry, and if this is
unavoidable then the results must be stated with respect to that given
orientation of the scan.

The different scanning parameters used for different experiments mean that the
comparison of studies and the extrapolation of results is difficult. The chosen
parameters have a large influence on the porosity of the samples, which inherently
changes the residual stress as stress is reduced with a higher porosity. For future
experiments, comparisons should only be made for samples that are built with
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optimised parameters producing in excess of 99.5% density. The comparison
between the early work completed on this topic and more recent work also has
limitations. Process and technological advances mean considerably higher scan
speeds and laser powers are now available, meaning the heat generation and
dispersal in the parts has changed dramatically and therefore so will the residual
stress.

The effect of scanning strategy is not clear however there is a large amount of
evidence that chessboard or island scanning can give beneficial results. It is
however not clear in which order the sectors should be exposed. Studies disagree
as to the benefit of allowing the previous sector to cool before scanning the one
next to it, however, it can be stated that scanning in sectors gives results that are
less dependent on geometry. For parallel scanning, the length of time between
successive scans is highly dependent on the length of the scan vectors. This
means that the generation of stresses will be different in every new part that
is manufactured. When parts are scanned in sectors the time between adjacent
scans can be, in the first order, geometry independent.

All studies addressing the raising of power bed temperature through a heated
substrate imply that a reduction in residual stress can be achieved. The
magnitude of the reduction is not clear, neither is the preferred temperature.
The current SLM processes, shown in this review, have used a maximum
substrate temperature of 200oC. It has been shown through the use of greater
temperatures in the EBM process, that a further reduction is possible if the
other process parameters and machine limitations could allow this.

The use of post process heat treatments is an effective way of reducing the residual
stresses within components. It does not however solve the problems caused by
in process thermal cracking or changes in the dimensions of the part post heat
treatment. The use of multiple scans per layer of manufacture was therefore
employed to heat treat the parts in process. The results of this were inconclusive,
with a range of parameters giving very different results. The temperature which
the part reaches and the length of time that it stays at this temperature will
affect the stress relieving.

2.6. The Generation of Porous Structures through
Additive Manufacturing

Previous work has demonstrated the design freedom attainable from the AM
process which has enabled the production of highly complex structures with
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multiple design features. The creation of parts with both porous and solid
regions, detailed by Jones [13], makes the process highly applicable for the
manufacture of porous orthopaedic devices. The creation of porous structures
on the components often needs careful consideration to the orientation of the
part when it is built. Brooks [19] showed that volumes of porous material could
be lost if the orientation was not chosen well or the structure was improperly
supported. The problem of residual stress in solid components can often also
affect orientation of the part when it is built. This means there may be two
competing factors in deciding the optimum orientation of the part when it is
being manufactured. A full understanding of the design and manufacture of the
porous structures is therefore required to understand how these two factors may
compete.

The production of porous or lattice structures has been documented in a
number of publications with the intended use for these lattice structures being
focused on two key areas; the production of parts with a reduced density but
maintained strength or stiffness properties [150–158] and for the production of
biomedical devices which have the capacity for bone
ingrowth [16, 18, 151, 152, 159–166]. Although the focus of this research is
towards the generation of porous structures for a biomedical environment, the
techniques used in designing all of the structures is similar. This section will
detail the various methods for the creation of lattice structures through additive
manufacturing, focussing on the benefits and drawbacks of each, and areas
which need further development.

Lattice Structure Design

The design of lattice structures to be built by an AM process has been discussed at
length in the literature. The simplest form of structure design is to use an existing
commercial solid modelling Computer Aided Design (CAD) package [152,167,168]
(Figure 2.31). This involves the user designing the structure element by element.
These structures in CAD are then be converted to a file type that is accepted by
the chosen AM machine, with the current standard being the stereolithography
file format (STL). This format uses tessellated triangles to represent the surface
of the object the file only contains information about the triangle vertices and
a vector normal to the surface which indicates the outside of the part. This
method allows simple lattices to be created without the need for any specialist
software. Chen [169] reported that there is a limit to the complexity and size of
the structure that can be created in this manner and for an ACIS based CAD
system the limit is 2400 struts limiting the applicability of this method for the
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creation of fine detail lattice structures. Typically at 600µm cell size with a
coating thickness of 1.2mm on an orthopaedic acetabular cup there would be in
excess of 200000 structures in the finished part and the generation process would
require the creation of over 4.6 million.

Figure 2.31. An example of the very simple lattice structures that can be
designed using software packages such as Pro-Engineer [152]

The limits of ACIS based design means that other methods are required to allow
the creation of larger more detailed lattices. These modeling methods can be
split down into 4 groups:

• Computerised tomography (CT) scanning of existing porous foams

• The beam overlap method

• Parametrically defined mathematical surfaces

• Unit cell structures

Murr et al. [18, 166] investigated using the data collected from a CT scan of
aluminium Kelvin foams produced by liquid-state processing, to build Titanium
Alloy structures using E-Beam manufacturing. In this study they took images
at a resolution of 5µm with a slice thickness of 36µm. These images were then
reconstructed into a 3D object (Figure 2.32) which could be scaled to change
the pore sizes [18]. The author also notes that for samples made by liquid-state
processing, the porosity of the sample is independent of the pore size. This is
because as the pore size increases there is an increase in the corresponding
dimensions of the bridging structures, and this feature is replicated in the CT
scanned and scaled foams. This means that the stiffness of the structure is
maintained independent of the pore size and it may therefore be difficult to
create a functionally graded structure [18]. This technique is also limited in
terms of the size of the components that can be made. To make a component, a
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corresponding foam of greater size must be scanned, or the foams must be
scaled or mirrored and patterned to be larger than the manufactured
component.

Foams similar to the ones scanned by Murr [18] can be created mathematically
through Voronoi tessellation. This method involves the seeding of a volume with
a set of points. Around each of these points is a region of space that is closer to
that point than any other point [170]. This region of space defines the Voronoi
cell and positioning a strut on each edge of each face creates a open lattice
structure. The shape of the created cells is highly dependant on the position of
the seeds that were used to start the tessellation. However, for different random
distributions of seed points, the average number of faces per cell falls in the
range of 13.7-15.5 [170]. The amount of disorder present in the manufactured
foam is dependent on the level of disorder that was present with the seed points.
Roberts [170] details a number of studies where a regular grid of seed structures is
used to create a structure that is based on a regular repeating unit. This creates
a structure inherently similar to the unit cell structures that are described later.

The ability to manufacture both the CT scanned foams and the mathematically
created foams is strongly dependant on the geometry within the structure. The
SLM process is limited in the angle at which structures can be built. The inherent
randomness of these foams means there is little control over the orientation of
the elements and therefore they may not be manufacturable through this additive
manufacturing technique.

Figure 2.32. 3D rendering of an Aluminum foam from CT data a) a side view
b) representations of the blocks to be built by AM [3]

Stamp et al. [160] described the use of a modified scanning strategy that was used
to create a porous structure. The beam overlap technique is based on a hatch
pattern, where parallel vector scans are used to create vertical walls over a set
number of layers and then the angle of the walls is changed to create subsequent
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walls which are stacked upon the previous walls (Figure 2.33). This structure
does not suffer from the limitations in the possible number of elements that the
ACIS structures do and is much simpler to generate than the structures generated
from CT scan data. The method has been demonstrated in both SLM [160] and
E-Beam manufacturing [164,171] to produce structures with the desired porosity
and interconnected pores that are required for bone ingrowth. The structures
are however highly isotropic. Stamp [160] and Heinl [164] report a large, up to
a factor of 2, difference in the compressive strength in the built direction and
normal to the built direction. Stamp also reports that the appearance of the
structure can be distorted when used in shaped components [160].

Figure 2.33. Representation of the elements for the beam overlap porous
structure produced by Stamp [26]

The final two structure types are both based on a principal of a repeating
structure; the difference between them being in how the repeating unit is
defined. The mathematical surfaces technique employed by Hao et al [172] and
Melchels et al. [151] defines a structure parametrically. This implicit method
allows complex structures to be represented by relatively simple equations. The
structures are also infinity periodic and therefore can easily be used as space
filling structures (Figure 2.34). To build these parametrically defined surfaces
using AM, the surface must be translated into a form which is understandable
by the machine control software. This involves creating a mesh of the surface
and converting this into the standard STL file format. This can be done
through additional commercial packages such as ScanFE (Simpleware Ltd,
UK) [172].

The other method for defining the repeating unit is with the explicit unit cell
method. In this method a geometry or “unit cell” is defined and then patterned
to fill the geometry [16, 18, 150, 152–154, 157, 161, 164–166, 169, 171–173]. This
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Figure 2.34. An example of a parametrically defined Gyroid structure used by
Melchels et al [151]

differs from the parametric technique in that the geometries are defined not by
equations but through explicit vectors and junctions of vectors or “nodes”.
Whereas the implicit structures are naturally repeating, the geometry of the
unit cell must be carefully chosen to ensure that connectivity is maintained
when is it patterned. Some examples of possible unit cell geometries are shown
in Figure 2.35. This method is the most documented in the literature, with
many authors using different cell geometries and different manufacturing
techniques.

Figure 2.35. Some possible 3D unit cell geometries defined by Chen [169](top
row, from left to right Tetrahedron, Octahedron, Cube, Vector, bottom row from
left to right Icosahedron, Dodecahedron, Tetrakaidecahedron, Triacontahedron)

The choice of unit cell geometry is highly dependent on the end use and the
manufacturing technique. Mullen et al. [16] discussed the problems caused by
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low strut angles when using SLM to manufacture unit cell parts. Structures
built with strut angles of less 30o to the horizontal can either fail to be built or
accumulate a large amount of plaque or debris which can effect the definition and
strength of the built part. The geometry recommended for manufacture using
SLM by Mullen and Brooks [16, 19, 161] was the octahedral unit cell geometry
(Figure 2.36). This geometry is defined for a cuboid unit cell where struts come
from all 8 vertices and meet in the centre of the unit cell. This geometry has no
horizontal or low angle links and therefore does not attract plaque or debris.

Figure 2.36. Octahedral unit cell which has no low angle struts [19]

Mullen [16] showed that the strength of this unit cell structure could be
improved through the application of pseudo-randomisation. This process
involved the modification of the position of the vertices of the unit cell by a
controlled amount dependant on a random function. The method described by
Mullen was to move each node by a set percentage of the unit cell size in either
the positive or negative direction. This was applied in all three coordinate axis
directions giving eight possible positions that the node could move to
(Figure 2.37). Mullen [16] postulates that this increase in strength is due to the
removal of symetrical failure planes in the structure. This process was also
judged by a panel of surgeons to have improved the appearance of the structure
when it was applied to the different components. The application of this
randomisation removed any obvious repeating patterns typically visible when
regular unit cell structures were used.
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Figure 2.37. Illustration of the position a node can be moved to when a
randomisation is applied [19]

Lattice Structure Population

The application of porous geometries to engineering components requires the
population of a CAD volume with a porous structure. This section will detail
the different methods used to fill volumes with lattice structures and the benefits
and limitations of each. The methods that will be described are:

• Boolean clipping

• Swept Surface

• Meshing

• Random Seeding

• Net Skin Creation

Boolean clipping takes a volume of lattice structure that is larger than the porous
CAD volume and removes all of the structure that falls outside the porous CAD
volume [16] as shown in Figure 2.38a. This leaves a CAD structure whose external
boundary accurately represents the volume it was clipped by. There is however,
no control over the ability for this structure to be built. Brooks [19] details that
if parts of a structure fail to be built, or alternately are clipped off the structure,
then large parts of the structure connected to that point can be lost Figure 2.39a.
This means that when the laser comes to build the structure it is firing onto the
powder bed in an area that has no support or path for the heat to dissipate
along. This creates a large amount of debris or plaque at the surface of the part,
as shown in Figure 2.39b. These truncated or broken links also create a weak
point at the surface as the strut is only supported at one end and so it forms a
cantilever Figure 2.39c. When forces are applied to this cantilever, for example

58



during a cleaning operation or when the implant is inserted into the body, there is
an increased possibility that the strut will break off causing the release of debris.

Figure 2.38. Different Trimming methods for lattice structures a) boolean b)
swept c) meshed d) random [150]

To remove the effect of broken structures at the surface, a more intelligent
clipping or filling algorithm is required. Chu [155, 168] describes the use of a
swept lattice structure similar to that shown in Figure 2.38b. This method
deforms the lattice to make it follow a surface. Craddock [150] however reports
that due to this method of deformation, this is only suitable for the creation of
sheet like structures. It can also be observed in Figure 2.38b and Figure 2.40
that the surface of the structure can be distorted, potentially altering the
accessible pore size and pore size distribution by closing the surface, which
could therefore limit the osseointergration into the surface. Brooks [19] also
notes that the angle of the links of the octahedral structure can become lower
than the buildable limit when the structure is deformed in this manner. This
method of lattice population can therefore only be used in selected cases where
the geometry permits. It is not however a technique that can be used for all
geometries or manufacturing methods.

A similar method to the swept method is used by Gervasi [153]. This method
uses a Finite Element Mesh (FEA) as the base point for the unit cell mesh
(Figure 2.41). This method has mainly been explored in the area of structural
optimisation, as the stress at each element can be used to determine the size
of the elements and shape of the unit cell that populates each repeating unit.
To enable complex structures to be meshed, the size of the elements can change
largely over the structure and elements can become deformed. There is therefore
a need for a skilled operation to create the mesh and elements. Otherwise the
mesh elements in areas with a high curvature could become very small or largely
distorted. This method, although it creates good quality surfaces, allows for the

59



(a)

(b) (c)

Figure 2.39. Problems caused by broken links at the surface of a component
a) Damage to Unit cell lattice structures when nodes (in white) fail to be made
causing large defects in the surface [19] b) SEM image of randomised unit cell
structure produced using boolean clipping showing the debris attached to the
surface [16] c) Struts before (yellow) and after (green) dry ice blasting showing
bending of broken links [174]

grading of structures and has the ability to be easily linked to simulations for
optimisation, cannot be created automatically with minimal input and can also
create structures that have a large variation in size and shape [150].

The creation of porous foams with random seeding such as 3D Voronoi
tessellation, detailed in the previous subsection, creates a structure that is
inherently based on the volume it was created in. There is therefore no need to
clip or fit the structure to the volume. This method is similar to the Mesh
technique; however with the Mesh technique, each repeating unit is often based
on the same shape, be it a six sided hexahedral element or a 4 sided tetrahedral
element, where as with the 3D tessellation, each individual cell can have a
different number of walls and junctions to other cells [170].

Craddock proposed another solution to the problem of broken links at the surface,
this was to create a net skin around the part. The author describes how this was
a development on the standard practice of enclosing the lattice structure with a
solid wall as shown in Figure 2.42b. Unlike a solid skin, a net skin is based on the
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Figure 2.40. Octahedral structure mapped onto a polar grid [19]

Figure 2.41. Conversion of a finite element mesh (left) to a populated unit cell
structure (right) [153]

addition of surface elements to the underlying mesh. It therefore both maintains
the connection of the unit cell elements, and also allows the structure to retain
some of the flexibility that would be lost if a solid skin was used [150]. This
method provides an elegant solution to the problem of truncated elements at the
surface of any geometric part. It does not have the geometry dependant nature
of the swept or polar based systems or the need for user intensive complicated
meshing that comes with the mesh technique.

There are however problems for the application the net skin to lattice structures
such as those defined by Mullen [16,161]. The resolution of these structures limit
the addition of further elements at the surface of the component. It can be seen
in Figure 2.39 that the size of the pores at the surface are of a similar order
of magnitude to the size of the connecting struts. The addition of any further
structures would likely cause a closing up of the surface porosity, which would
inherently effect the ability of the bone to grow into the structure. Figure 2.42
also shows that the resultant net skin has a number of horizontal or low angle
elements. This would cause difficulty in the manufacture of these parts if they
were made using SLM.
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Figure 2.42. Skin types for porous structures a) no skin b) solid skin c) net
skin d) net skin only [150]

The boolean clipping method is the most robust in its ability to create a CAD
lattice geometry for any component. There are however limitations on the ability
to build structures after this clipping operation. The truncation of links at the
surface will also affect the strength and integrity of the surface when the part
is in use. The work done by Craddock [150] on the net skin applies an elegant
solution to this problem. However this method is only relevant for large celled
lattice structures, which are manufactured using techniques where the addition of
horizontal or low angle links is not as detrimental to the function of the structure.
There is however a requirement for the creation of a clipping method that can
be utilised for the small unit cell structures manufactured by Mullen et al which
will remove the truncated links at the surface and the plaque that is associated
with them.

Transferring Information from CAD to AM Machine

The final aspect of the production of lattice structures via additive manufacturing
is the ability to transfer the data created for the CAD model to something that is
readable by the manufacturing equipment. The most frequently reported method
is through the export of geometries to the STL file format [157, 169, 173] which
can then be manipulated by the machine interface into the information required
to build the part.

Starly [163] discusses the increasing file size and complexity that comes from
the production of lattice structures using STL files. Starly describes a ’direct
to slice’ approach, where first the slice information for each unit cell geometry is
calculated. They then use this information to create the slice data for the pattern
of unit cells. Finally a boolean operation between the unit cell information and
the bounding geometry provides the final slice data (Figure 2.43).

Brooks [19] also discusses the drawbacks of using the STL based method. The first
drawback is in terms of the required file size to store the model. Figure 2.44 shows
three possible file definitions. Brooks reports that to store a single closed surface
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Figure 2.43. A direct to slice approach for the production of unit cell structures
[163]

element would require 144 bytes, the open surface would require 72 bytes and the
lattice element 32 bytes. Brooks also notes that the creation of the structures
made from lattice elements would provide no extra problems. However for the use
of the open or closed surfaces, the mesh would have to be manipulated to ensure
there are no unwanted gaps. It should also be noted that the file sizes reported by
Brooks for the closed surface are a minimum. The geometry shown in Figure 2.44
with a triangular cross section is the most primitive available. If additional sides
are required the file size will further increase, as will the complexity of joining
structures.

Figure 2.44. Possible lattice element definitions [19]

Both Brooks and Stamp [19,64] describe how the slicing of these structures affects
the resolution of the created structure (Figure 2.45). When a closed surface is
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sliced, a contour is created based on the intersections of the surfaces and the
slicing plane. This then creates a path for the laser to scan along. Depending on
the area entrained by this contour, it may also include hatch lines to fill in the
centre. Stamp shows that for the slicing of a solid section, the smallest possible
size occurs when the contour is only made up of 4 laser scans on each corner of the
square profile. However, if the single lattice elements are sliced then this can be
reduced to a single point. The minimum size of the structure is therefore reduced
to the size of the melt pool. This is beneficial if very fine lattice structures are
desired as by reducing the strut size the porosity of the structure can be increased
while maintaining the same pore size distribution.

Figure 2.45. Schematic showing the contour and single spot laser scanning
techniques for the manufacture of unit cell structures by SLM [64]

The two direct to slice methods detailed by Starly and Brooks both have
benefits over the use of STL files. However, for the creation of both regular and
randomised biomedical lattice structures by AM, the fine detail afforded by the
lattice element, the ability to process non-regular structures and single spot
scan strategy are definite benefits over the scanned and hatched structures, as
parts with finer detail and increased design freedom are realisable. The STL
method has been shown to be able to make detailed structures with fine
dimensions. However, the increase in memory usage and cost of time in
processing provides very little benefit for such fine structures, particularly where
addition of intricate detail, such as the fillets described in [173], would not be
visible within the final structure.
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3. Materials and Methods

This section discusses the manufacturing methods, software packages and
measurement equipment used in the experiments described in this thesis.

3.1. Manufacturing Equipment

Four SLM machines were used for the manufacture of parts tested in this thesis
due to the lack of availability of a dedicated system for the entire period of
study, the specifications for each are shown in Table 3.1. All the systems use IPG
continuous wave ytterbium doped fibre lasers with wavelength λ = 1.06µm. The
optical system in the Realizer machines comprise a beam expander consisting of
three lenses (Sill, Germany) within a bespoke linear guide system. The beam is
then directed onto the bed using Galvanometer scanner (Cambridge Technology,
Germany) through a f-theta (Sill, Germany). The f-theta optic is used to maintain
a flat field and keep the spot size the same across the build volume. The optical
system for the Concept Laser system is contained within an inaccessible area and
so further information could not be obtained. A schematic of the Realizer SLM
system is given in Figure 3.1.

Table 3.1. SLM machine specifications
Machine Build Volume, [mm] Laser F-theta focal length, [mm] Nominal Focus Diameter, [µm]

Realizer SLM100 125 circular x 80 200W IPG 163 44
Realizer SLM250 (Liverpool) 250 x 250 x 250 200W IPG 250 52
Realizer SLM250 (Mahwah) 250 x 250 x 250 600W IPG 250 -

Concept Laser M2 250 x 250 x 250 200W IPG - -

All the equipment runs under a protective overpressure atmosphere of argon which
gives an oxygen content within the build chamber of less than 0.2%. A gas
circulation system with safe change filter is included for the removal of nano
powders which are formed from the condensation of the metal vaporised during
the process. It is vital to remove these particles as they are pyrophoric due to
their high surface area to volume ratio.
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Figure 3.1. Simplified Schematic of the SLM process for the manufacture of
solid and porous materials, the powder recoating mechanism has been removed
[175]

3.2. Manufacturing Processes

The following steps out line the process that is involved in the manufacture of a
part by SLM irrespective of the machine used.

• A flat substrate is securely fastened to the build piston and then positioned
at the focal position of the laser.

• The oxygen level in the build chamber is reduced by purging with argon
until the level falls below 0.2%

• A uniform layer of powder is deposited on the substrate by the recoating
mechanism

• The laser is scanned over the powder to melt and fuse the power together
to form parts

• The piston moves down by the chosen layer thickness. This process of
powder deposition and laser exposure is repeated until the component part
has been manufactured

• The powder is removed from around the part and any post manufacturing
processes completed.

The SLM process is capable of manufacturing many different complex geometries
simultaneously. Currently all geometries can be split into 2 key sub sections; solids
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and porous structures. The information required to produce these structures is
contained within the build file which provides the information for the scanners and
in the material file which provides the detail of lens positions and laser powers.
The following sections discuss the method in which the two main geometry types
are characterised and produced.

Solid Geometries

Solid geometries can be created and represented in a variety of different ways for
example 3D surfaces extracted from CT scan data or solids produced in CAD
software programs such as Wildfire5 (PTC, USA). To create the data that is
required to build the part the geometric information must be converted into a
standardised file format. The current accepted standard is the Stereolithography
(STL) file format. This file contains an unstructured list of triangles each with a
vector normal to the surface that points to the outside of the part. The triangles
are defined by three points which are ordered by the right hand rule to give the
vector normal to the surface. These triangles form an interconnected surface
that is used as an approximation to the surface of the part. The accuracy and
resolution of this representation is dependent on the number of triangles and the
levels of curvature of the original surfaces.

The STL file can be sliced into a number of two dimensional layers where the outer
boundary of the solid forms either one or a series of undisrupted loops that bound
the solid area. To convert these boundaries into a solid structure the whole area
must be exposed to the laser. When the laser is moved across the powder a weld
bead of finite thickness is created, and so to maintain the dimensional accuracy
of the part the border defined by the STL file must be first inwardly offset. This
parameter defined as the contour offset is commonly half the thickness of a wall
created with the same parameters as the contour or boundary scan.

The process of defining the scan paths for the area inside this boundary is called
hatching. Hatching can be done in many ways depending on the desired
properties of the finished part (Figure 3.2) and as described in the literature
survey. The distance between the hatch lines is defined in the material file as
the hatch distance.

The hatch lines for a Realizer system are further sub divided into a series of
points. The laser moves from point to point along the line pausing at each point
for a set length of time denoted as the exposure time.

The key parameters for manufacturing solids are therefore Figure 3.3:

• The laser power
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• The contour offset

• The hatch distance

• The point distance

• The exposure time

Figure 3.2. Two different methods of hatching the enclosed area

Figure 3.3. Parameters that are required for the manufacturing of solids
using Selective Laser Melting

Porous Geometries

Porous geometries can be designed in a number of ways but this section will
concentrate on the unit cell theory described by Mullen et al [16,161] that has been
further developed by the work in this thesis. The volume in which porous material
is desired is first represented as an STL file as described in the previous section.
This volume is then populated with the porous structure. First the dimensions of
the smallest box that contains all of the porous CAD volume is calculated. This
bounding box is then discretised into a set of repeating geometries called unit cells.
The bounding box is extended so that an integer number of unit cells can be used
in each direction. A further unit cell thickness is added to both ends of each axis
this ensures that the boundary of the porous CAD volume remains within the
volume of the bounded box at all times particularly after randomisation. The unit
cells are then filled with the porous geometry required with the only constraint
that they must have planar symmetry so an interconnected geometry is created
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Figure 3.4. Symmetry restraints for a porous geometry which is patterned
within a unit cell walls of colour show faces that must have the same connecting
features.

Figure 3.4. The structures are made up of struts and nodes where nodes are the
connection of the struts.

The structure can subsequently be modified using pseudo-randomisation, as
described in section 2.6, this process involves the movement of the nodes within
a certain region in order to create a structure with a randomised appearance.
The level of randomisation is controlled by the amplitude in which the nodes are
moved in each of the Cartesian directions. This movement can either be a range
e.g. a point that lies anywhere between -1 and 1 or can be discretized to move
to either a positive or a negative set amplitude e.g. -1 or 1 shown in Figure 3.5.

The porous geometries must then be clipped to the shape of the STL file this
involves removing all of the structure that falls outside of the STL file. There are
a number of different methods of doing this which are covered in more detail in
Chapter 8. The simplest method is a Boolean operation which removes all of the
structure outside the boundary.

Once a structure has been produced in 3D it must be converted into a form that
can be used for production. The structures are therefore sliced into 2D slices at
the layer thickness of the part. The slicing of porous structures can be done in
two ways the first is to slice all the structures with a series of planes i.e. the
layers as described by Brooks [19]. This process calculates the slice data for each
layer of the build file consecutively by calculating the intersection of the plane
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Figure 3.5. Octahedral unit cell (left) and the possible position of the
corner nodes after randomisation

with each segment consequentially and hence to slice the part every slice plane
must be compared to every strut.

A quicker method of slicing, developed in the process of this work, is to slice
each strut independently and generate the list for all slices at once. This means
calculating the planes and then calculating the slice points for each strut. This
process dramatically reduces the number of calculations and so the time taken to
slice. The build file is made up of a list of points at each layer the size of these
points is controlled by the laser power and exposure time spent at each point.

The key parameters for manufacturing porous structures are therefore:

• The laser power

• The exposure time

3.3. Post Manufacturing Processes

Following manufacture components needed to be prepared for testing this section
details the preparation methods used.

Electric Discharge Machining (EDM)

Wire EDM was used for the removal of SLM builds from the substrate after
manufacture. The process employs a continually threaded thin charged wire
being used to cut away material from the part. All cutting was done by an
external contractor Cheshire Wire Erosion (Sandbach, UK)
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Part Sonication

The sonication of parts is completed to remove any contamination for example
cutting fluids for the EDM process or to remove any residual powder that is left
in the porous structure of a part post process. The protocol is as follows:

1. Sonicate parts in 5% micro-90 detergent at 60oC for 90 minutes

2. Rinse the parts with deionised water

3. Sonicate parts for 1 hour in DI water at 60oC

4. Repeat step 2-3 twice

5. Dry parts at 110oC in oven overnight and store

Powder Recycling

After the SLM process the powder that is deposited but not melted needs to be
recycled so it can be used again. The powder after building can have
“containments” typically in the form of larger sintered together particles and
ejection from the melt pool. It is important to remove these as they can cause
problems in the deposition mechanisms or become entrained in future melt
pools effecting the density, surface finish or strength of the parts.

The removal of oversized particles from the powder is done in a bespoke sieving
system this uses a Russell Finex Compact sieve with 56µm sieve mesh. The
sieving unit uses a combination of low frequency and ultrasonic frequency
vibrations to sieve the powder. The powder is then returned to the SLM
machine for re use. The oversized waste is disposed of according to local
regulations.

3.4. Software Packages

A number of software packages were used for the creation of 3D CAD models and
for the analysis of results.

Pro- Engineer Wildfire (PTC, USA)

Pro-Engineer is CAD software capable of the complex modelling of solids and
surfaces. This software was used to model all orthopaedic parts and test
specimens. It also allowed the user to convert these files to STL ready for the
creation of solids or for porous structures in other software packages.
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Magics (Materialise, Belgium)

Magics is a specialist piece of software dedicated to the Rapid Prototyping market
it enables the user to input CAD files and convert to STL. The software also allows
manipulation of the files through Boolean operations, translations and labelling.
The package can also produce support structures, slice and hatch parts ready for
the production in the SLM machines.

Fusco (Realizer, Germany)

Fusco is the control software for the Realizer SLM machines. The software is
used to prepare the machine to build and set process parameters. It also had the
functionality to slice, hatch, merge and arrange parts to be built.

Python

Python was the programming language used for the creation of all the bespoke
software modules used in this package of work these include:

• Conformal Surfaces

• Automated FEA pre-process and post process for analysis of residual stress
in SLM samples

• Data handling and analysis of the in process rig results.

Conform Surfaces (University of Liverpool, UK)

This piece of bespoke software was produced as a part of the package of work
described in this thesis. It takes the algorithms for creating conformal surfaces,
surface modification and structure analysis and allows the user to produce both
Realizer and Arcam build files. The theory behind this software is discussed in
Chapter 8.

Abaqus (Dassault Systèmes, France)

Abaqus is a Finite Element Analysis package that runs from either a command
line or GUI interface. The GUI function allows both pre-processing, solving and
post processing functions. The main use of this software in this thesis however
was through the direct command line and python integration packages with job
files that were written separately.
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CT analysis codes (Imperial College, UK)

The codes written in Matlab at Imperial College, were used for the voxalisation
of SLM parts for the production of 3D printed models and for the analysis of pore
size distribution, porosity.

3.5. Measurement Equipment

The following section details the measurement equipment used to determine
surface profile, release torques and tensile properties.

OSP100 (Uniscan, UK)

The OSP100 is a non-contact surface profiler which uses laser triangulation to
measure the profile of the surface. The laser profiler can take measurements of
the surface topology to 1 micron repeatability on a 100mm x 75mm sample area.
The laser triangulation is completed with a Keyence LK-031 high accuracy CCD
laser displacement sensor (Keyence, Japan) which has a 30µm spot size in the
measurement range of ±5mm in the vertical direction. The included software
outputs results in both raw text files and also in .opd file format for the analysis
of surface roughness data using Vision32 (Veeco, USA).

MGT50 (Mark-10, USA)

The MGT50 is a digital torque meter capable of measuring and recording torque
and peak torque values up to 570Ncm. The equipment operates with an accuracy
of ±0.5Ncm.

Instron 3369 (Instron, USA)

The Instron 3369 is a dual compressive and tensile testing machine fitted with a
50kN load cell controlled by the Bluehill software (Instron, USA). This testing
equipment allows the setting up of testing procedures for either compression or
tensile testing with the output of both raw and analysed data.

3.6. Measurement Methods

This section details the measurement methods and the protocols followed during
testing.
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Hole Drilling

The determination of residual stress by hole drilling was carried out in accordance
to ASTM E 837-08 “Standard test method for determining residual stress by the
hole drilling strain gauge method” [88]. The test involves the incremental drilling
of a hole through the centre of a three-element clockwise hole drilling strain
gauge rosette. Prior to testing the sample surface was prepared to ensure proper
bonding of the strain gauge to the surface. Due to the high surface roughness of
the samples the top surface was slowly ground back using a 1200 grit wet grinding
process to minimise the possibility of additional stresses being added into the part
and to remove the minimum material possible. The three element strain gauges
were then bonded to the surface using M-bond200 and protected using M-coat-A
(Vishay Measurements Group, USA).

The hole drilling was carried out using a RS-200 Milling Guide (Vishay
Measurements Group, USA) Figure 3.6 the milling guide is positioned over the
sample using a cross hair marked eye piece and x-y adjustment screws on the
milling guide base. The eye piece is then replaced with a compressed air driven
milling cutter holding a 1.6mm carbide burr. The high speed compressed air
cutter is used instead of a low-speed drilling using a drill-press or power
hand-drill as these are reported to create machining induced residual stresses at
the boundary of the cut. A zero depth is established by incrementing the cutter
slowly through the strain gauge foil onto the top of the part. The cutter is then
retracted and a first zero reading of strain is taken. The cutter is then
incremented into the part in 50µm increments using the vernier depth gauge,
after each increment the milling guide is rotated by 180o, to eliminate the
chance of eccentricity in the cutter placement, and retracted. The strain
readings on the 3 gauges are then recoreded and the process is continued to a
depth of 1mm. On completion the milling guide is removed and replaced with
the microscope and the hole diameter is measured in two axes. The stress
profiles are then calculated using the H-Drill software (Schajer, CA) which uses
the lookup tables and equations defined in the ASTM standard [88].
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Figure 3.6. Hole drilling apparatus (a) Optical device for centering the tool
holder (b) Hole drilling tool (c) Equipment set up to drill a test piece [88]

Contour Method

The contour method determines the two dimensional state of stress normal to the
plane of a cut. The tests were carried out according to the procedure defined by
Prime [101]. The parts were securely clamped symmetrically about the cut plane,
and then cut using an A320D Wire EDM machine (Sodick, USA). The parts were
removed from the machine and packaged to ensure that no damage to the cut face
was possible. The cut face was measured with the OSP100 laser scanner using a
scan spacing of 10µm in the z direction of the part and 50µm in the y direction
of the part. The laser scan data was smoothed using a least squares bivariate
smoothing spline as described in the literature [176]. The process of smoothing
is designed to remove the noise that is generated through the laser scanning of
the parts.

The calculation of the stress profile involves the use of a FEA analysis routine.
The data is read into the code and smoothed this forms two smoothed surfaces.
An FEA mesh of the geometry is created and the corresponding deflections for
each position on the cut surface mesh is calculated from the two smoothed profiles.
The deflection at each position is then averaged from the two profiles. This is
done to remove the effect of any mis-alignment in the clamping which would
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cause the deflections to be greater on one side than the other. The reverse of
the deflection is then added to the un-deformed FEA mesh. The additional
boundary conditions, shown in Figure 3.7 as arrows, are then also applied to
ensure there are no rigid body movements. The result of the FEA simulation
is then interrogated by additional python scripts to display the relevant stress
profiles. The principles behind this method are discussed in more detail in the
literature review (subsection 2.3.3).

Figure 3.7. 3D Finite element model mesh showing the deformation profile
applied to the surface and the additional boundary conditions required to prevent
rigid body motions

Relative Density of Solids

In order to assess the relative density of the solids the specimens were first
sectioned to reveal the desired surfaces amd vacuum mounted in a low viscosity
epoxy resin (Eposet ,Metprep Ltd, UK). The mounted specimens were polished
down to 10µm surface integrity (grade P2500 SiC paper in water) using
standard metallographic technique. Fine chemical polishing was accomplished
using a "Metaserv Auto-pol" machine (Metallurgical Services Ltd, UK),
operating at 150 rpm (speed setting 1), on a short-napped cotton substrate
(Alpha cloth, Metprep Ltd, UK), using a mixture comprising:

• 1 part (by volume) 40nm colloidal silica suspension (OPUS, Metprep Ltd,
UK)

• 1 part distilled water

• 1 part 30% hydrogen peroxide solution (Fisher Scientific, UK)

Specimen surfaces were checked at hourly intervals during polishing. Specimens
were washed with a mild detergent solution, rinsing initially with distilled water
and finally with ethanol, prior to drying in a stream of hot air. Typically, 2 hours
of polishing was sufficient to produce a good uniform finish suitable for optical
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microscopy. The relative density was then calculated using image analysis. The
image was taken using a Nikon microscope and converted to an 8 bit grey scale
image. This was thresholded to produce a black and white image and finally
the quantities of black and white pixels were compared to calculate the relative
density. All the processes after the image capture where automated into a python
script.

Tensile Testing

Tensile test specimens of the geometry shown in Figure 3.8 were fabricated in
the build direction of the machine. This orientation was chosen as the tested
scanning strategies were proposed to improve the mechanical properties by
removing interlayer defects [141], it was shown by Yadroitsev [177] that parts
built in the vertical direction best highlighted interlayer bonding and defects.
On completion of the build the surfaces of the gauge length of the material were
hand abraded with 240 grit paper to remove any excess roughness and until the
surface was visibly free of defects . The samples were tested in an Instron 4507
(Instron, USA) testing machine with a 2620-001 (Instron, USA) 12.5mm gauge
length extensometer all tests were carried out at room temperature with a cross
head speed of 1mm/min. The cross sectional area of the gauge length was
measured in three places prior to testing and the average was recorded.

Figure 3.8. Geometry of the tensile test specimens (dimensions in mm)

Coefficient of Friction (CoF)

The CoF of a surface is determined, according to an internal Stryker protocol
39147-P32 [178] which was initially developed in accordance with ASTM D4518-
91 [?], by placing a sample in contact with a fixed cellular foam sample with a fixed
force, the sample is then drawn across the surface at a set rate of 0.5mm/s with
the force required being logged. Using these measurements the CoF between the
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surface of the sample and the cellular foam can be determined. The experimental
apparatus for this test is shown in Figure 3.9. The CoF coupon is a 19.05mm x
19.05mm x 6.35mm rectangular sample. The coupons have a solid base and foam
coating of thickness 1.016mm ±0.127mm. The area of the sample in contact
with the cellular foam block was 19.05mm x 19.05mm. The addition of surface
roughening techniques may add up to 0.203mm thickness to the foam. All tests
were run in Air.

Figure 3.9. Experimental apparatus used in the determination of the
coefficient of friction

Protocol 39147-P32 details the steps in testing as:

1. Soak Cellular foam in DI water for 1 minute.

2. Attach metal foam sample to sample holder and fix sample holder to axial
actuator.

3. Fix and square vice on to x-y table

4. Clamp cellular foam on to vice.

5. Align metal foam sample on the cellular foam by squaring the metal foam
sample to the vice. Align the metal foam sample lengthwise 5mm from the
edge of the cellular foam.

6. Centre the metal foam sample widthwise on the cellular foam sample.

7. Apply, over the duration of 5 seconds, a 100 N side axial load between the
sample and cellular foam.
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8. Wait 5 seconds after load ramp and before axial actuator movement.

9. Move sample across the surface of the cellular foam at a constant rate of
0.5mm/s for 20mm

10. The data recorded was: side actuator force and displacement and the axial
actuator force and displacement

The sliding coefficient of friction was calculated using equation Equation 3.1
according to Stryker protocol 39147-P32 [178], where Ff was the force exerted
by friction (the axial actuator force), µ was the coefficient of friction and FN

was the normal force exerted on the surface (applied side actuator force). The
Sliding Coefficient of friction was calculated for every sample tested using force
data recorded from the axial and side actuators. The first 20 seconds of data
was not used in the calculations due to load ramping and machine instability
and the tests ended at 50 seconds. The reported CoF is the mean value over the
relevant time interval.

Ff = µFN (3.1)

Abrasion Resistance

The abrasion resistance was determined, according to Stryker protocol
39147-P32 [178], by measuring the wear when a sample was oscillated against a
polymeric pin in a container of bovine serum. The process was designed to
provide a reproducible means of evaluating the abrasion resistance of
components in a situation similar to the in-vitro conditions. The abrasion
coupons were a cylindrical solid substrate with a foam coating. The solid
substrate is 14.27±0.127mm in diameter by 6.35±0.127mm tall. The bone foam
coating was applied to one end of the solid substrate and had a nominal
thickness of 1.016mm ±0.127mm. The addition of surface roughening
techniques added up to 0.203mm thickness to the foam. The wear test coupon
were securely fixed to a vertical actuator on a 3-axis MTS 858 Mini Bionix®
test frame (MTS, USA) such that the test surface was downward facing
(Figure 3.10). A corresponding polymeric pin that acts as a counter face was
securely inserted into a fixture that was fully contained within a small chamber
that was mounted on a slide table (Thomson Industries inc, USA)
(Figure 3.10). The testing environment was triple filtered bovine serum at room
temperature. After testing the samples are treated in Anhydrous Dimethyl
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Sulfoxide (99.9+%) as this is a polyurethane solvent intended to remove any
material that had become embedded within the foam sample.

Protocol 39147-P32 details the steps in testing as:

1. Samples were weighed to the nearest 0.01mg

2. A constant force of 80N was applied through the sample to the polymeric
pin

3. The samples were oscillated over a distance of 6.62mm for 100 cycles at 1Hz
in an environment of triple-filtered bovine calf serum at room temperature

4. The samples were then removed and exposed to Anhydrous Dimethyl
Sulfoxide , followed by exposure to a vacuum furnace burn out cycle at
315oC.

5. The samples were weighed again to the nearest 0.01mg

The abrasion resistance was determined through the sample weight loss.

(a) (b)

Figure 3.10. Experimental apparatus used in the determination of the
abrasion resistance a) sample held in fixture b) polymeric pin used as counter
surface.
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4. Measuring the Effect of
Exposure Strategy Post Process

The investigation of the literature (subsection 2.5.2) showed not only that there
are high levels of stress in SLM parts but also that these stresses are strongly
dependent on the way the part is built. The strategy used to expose the powder
to the laser irradiation has been shown to have an effect on the properties of the
built material. Many authors have attempted to use a variety of scanning
strategies in an attempt to reduce stress and have shown different and
contradictory results [14, 68, 70, 71, 73, 74]. All methodologies appear to be
dependent on both the measurement method and the geometry of the sample.
Due to the lack of consensus in the literature this Chapter will aim to
understand the effect that common scanning strategies have on the residual
stress. Three methods for the measurement of residual stress are assessed in this
section. These are the deflection of parts post building, hole drilling and the
contour method. The use and quantification of these techniques, for residual
stress assessment in SLM, will further the understanding of how the stress are
developed providing the requisite knowledge required for the design of new
strategies for reducing the residual stress.

4.1. Experimental Arrangements

The following sections detail the tests that were carried out on a group of
samples manufactured on the M2 Cusing (Concept Laser GmbH, Germany) a
reactive material SLM machine. A custom build substrate was manufactured
which consisted of 30 separate 65mm x 22mm x 10mm CpTi mini substrates
fastened to a 245mm x 245mm x 15mm 316 stainless steel plate (Figure 4.1).
Each individual CpTi substrate was attached to the larger steel plate by two
M4 screws with a set torque of 3.5Nm±0.2Nm. The plate was skimmed to
ensure that the top surface of each CpTi mini substrate was flat and planar.
The substrate was designed in this way to enable the test to capture the stresses
that were relieved when the parts were removed from the master substrate by
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measuring the loosening torque and deflection of the mini substrates as it has
been shown that stresses are relieved when parts are removed from the
substrate through deformation [68].

Figure 4.1. CAD Representation of residual stress substrate comprising
a base stainless steel substrate and separate CpTi substrates on to which the
samples are built

The SLM test geometries were 50mm x 20mm x 15mm built centrally on each
of the CpTi mini substrates four repeats were included for each of the 7 samples
resulting in 28 blocks being built. The build files were prepared using Magics
(Materialise, Belgium). This allowed the use of a range of different scanning
strategies to be tested. The strategies tested were:

• All X scan vectors

• All Y scan vectors

• Alternating X and Y vectors on consecutive layers

• 2.5mm chequerboard with 1mm shift on consecutive layers

• 5mm chequerboard with 1mm shift on consecutive layers

• 5mm chequerboard with no shift on consecutive layers

• 20mm chequerboard with 1mm shift on consecutive layers

The first two strategies were chosen to determine if the maximum principal stress
is created parallel or normal to the scan vector. The third, XY alternating, is the
strategy used on all the Realizer systems at the University of Liverpool, finally
the chequerboard strategy was chosen for the remaining tests as the literature
had mixed results for its use and the effect that the chequerboard size had on
the residual stress [14,68,71,73]. Chequerboard sizes were chosen based on those
recommended in the literature [14,68,71,73], 2.5mm and 5mm. The chequerboard
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of 20mm was chosen as this is the depth of the part and so the length of the scan
vectors would be equal to the all Y scan vectors. This would allow the study
to differentiate between scan vector orientation and scan vector length. All the
parts were built with the parameters shown in Table 4.1.

Table 4.1. Process parameters for the creation of residual stress test blocks

Parameter Solid Border
Power [W] 180 100

Scan Speed [mm s−1] 1000 450
Hatch Distance [µm] 105 N/A
Hatch Offset [µm] 80 N/A

Slice Thickness [µm] 50 50

It has been shown in the literature that the position on the build can affect the
quality and mechanical properties of the part [179]. It was decided, therefore,
that the locations of the scanning strategy samples should be randomised in the
array reducing any systematic effects of component build position on the results.
An ANOVA test was carried out on the difference between the measured result for
each part from the average of that strategy, the test compared all 10 rows of parts.
This test showed that each row statistically belonged to the same population and
there was therefore no measurable effect on part location on recorded result.
When the build was completed the substrate was removed from the machine and
the loose powder brushed off (Figure 4.2.).

Figure 4.2. Residual stress test bars built on the M2 Cusing
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4.2. Stress Calculation Based on the Removal
Torque

The use of independent substrates was designed to minimise the effect on stress
from adjacent samples. It also meant that no further post processing was needed
before the analysis could be completed. The literature survey indicated that that
the stresses in the samples would act to make them bend towards the laser [68].
This would mean an increase in the torque would be required to remove the
securing screws and this removal torque would be proportional to the stress within
the sample. Measurement of the torque would therefore provide a quantitative
comparison of the levels of stress within the samples produced using the strategies
discussed.

4.2.1. Experimental Arrangements

To calculate the removal torque for the bolts the MGT50 (Mark-10, USA) torque
meter was used. This allowed the bolts to be removed and the peak torque to be
recorded. The bolts were then tightened back to the loosening torque to minimise
the effect that loosening one substrate would have on the values recorded for the
other samples.

4.2.2. Results

The torque required to remove the screws varied across the samples as shown
in Figure 4.3 along with the standard deviation of the results. To understand
if the variation across the different samples was due to natural variation or due
to statistically significant trends Minitab and the ANOVA statistical test was
used to analyse the data. The ANOVA statistical test can be used to determine
the probability that samples derived from the same population, the samples were
analysed using a 95% confidence interval. This test showed that the all X parts
were statistically different to all the others, the all Y parts showed statistically
lower removal torque at 95% confidence than the chequerboard samples but the
results were not statistically different to the XYA samples.

It can be seen that the maximum and minimum torques required to remove the
retaining screws were for the scan vectors in the X and Y direction respectively.
The trends would suggest that the XY alternating strategy gives results that fall
between the two unidirectional strategies but is closer to the all Y than the all
X. This would imply that the use of XYA strategy is distributing the stress more
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Figure 4.3. The torque required to remove the fasteners for the individual
substrates built with different parameters with error bars showing the standard
deviation between samples of the same scan strategy

evenly in the part so the stress in the measured direction is lower. Although
there appears to be some difference between the chequerboard scans, the large
deviation between the individual results means that no definite conclusions can
be drawn from these results.

4.2.3. Discussion

It is clear from the results that the scanning strategy has an effect on the required
torque for the removal of the bolts. This change in torque shows a measure of the
difference in deformation of the samples and could, therefore, be an indication
of the levels of stress within the parts. The geometry of the samples and fixing
points create an inherent directionality in the results. Due to the method of
having two screws holding the samples down, one at the centre of each end,
the samples were only constrained in the X direction. Coupled with this the
aspect ratio of parts mean that the deformations in the X direction will probably
override anything that is seen in the Y direction. This test can therefore only
differentiate the levels of stress in the X direction. The chosen strategies however
were selected to utilise the directionality of this testing method. It can be seen
from the differences between the torques for the all X and the all Y that the
stresses are greatest parallel to the scan vector.
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The levels of torque required to remove the bolts from the different
chequerboard samples fall within the deviation of the individual populations.
This would suggest that the levels of stress in the part are not dependant on the
size of the chequerboard. These stresses are also higher than those in the
alternating XY strategy. This basic study suggests that the optimum general
strategy from those studied would be the XY alternating. Although the all Y
strategy showed lower stresses in the measured direction, it can be assumed that
the stresses perpendicular to this measurement direction will be much higher
than those measured. The part orientation therefore has a significant effect on
the choice of scanning strategy, the direction of the residual stress is very
dependent on the scanning strategy used. Some geometries, therefore, would
benefit from different scanning strategies more than others and similarly, parts
with features in particular directions may well require variation in scan strategy
to minimise residual stress.

The standard deviation between these results is high which makes the drawing
of statistically significant comparisons difficult. The large deviation between
samples built using the same strategy could be due to a number of factors. It is
unclear if this is due to actual differences in the samples or errors in the analysis
method as there are a number of factors in the experiment that could add
uncertainty. The quality of the threads would have an effect on the torque
required to remove the bolts. The threads were machined into the parts using a
CNC milling machine to reduce the variability, however, to enable the threads
to be put in the tapping was increased due to the toughness of the titanium
used. Contamination of the thread surface with cutting fluid or titanium swarf
would also increase the uncertainty in the results. The parts were also shipped
to Ireland for the building of the samples and then returned to the UK for the
analysis the screws could have loosened in transit. It is therefore difficult to
state whether the deviation is due to actual trends or noise in the measurement
method. For these reasons more sophisticated analysis techniques were used to
increase reliability. The following section discusses a deflection based
methodology for analysing the samples adding confidence to these results.

4.3. Stress Calculation Based on the Deflection of
Samples

The effect of internal stress on the deformation of parts is discussed in detail
in the literature and this deformation is commonly used as a method for the
determination of the stress [74] however, the deformation is generally based on
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shapes that may affect the measurements for example supported cantilevers and
bridges. It was clear from both the torques measured in the previous section
and also the visual appearance of the samples when they were removed from the
steel plate that there was a measurable variation in the deflection of the samples
along the long axis of the parts. This variation could be used as a method for
comparison to the screw torque data that is independent of any errors caused by
the screw geometry or loosing of the samples and also for the calculation of the
levels of stress within the parts post manufacture.

4.3.1. Experimental Arrangements

To provide a first approximation of the levels of stress in the samples the
deformation was measured once removed from the substrate plate using an
optical metrology device. This information was then fed into a finite element
model (FEM) to calculate the magnitude and distribution of stress within the
parts responsible for these deflections.

Measurement of Deformations

The measurements were taken using the OSP100 (Uniscan, UK) laser surface
profiler. This measurement method enabled a large amount of data to be
captured with a high spatial resolution in both the X,Y and Z directions in this
case a grid size of 0.125mm in the Y and 0.05mm in the X was used. Only
deflections of the part surface in the Z direction could be determined due to the
2D planar nature of the scanning process. Initial measurements of the samples
by profiling the top surface showed a large amount of noise in the data due to
the roughness of the surface. The Rt value of roughness for some of the samples
was of the same order of the gross deflection of the samples. If this data was to
be used for the model then a greater degree of data smoothing would need to be
employed. Measurements of the deflection were therefore taken from the base of
the mini-substrate which was considerably smoother due to this surface having
been machined and therefore had a much lower surface roughness resulting in
lower noise.

Analysis

Once the surface measurements had been completed, the raw data was processed
into a usable form and then manipulated and fed into the FEM model. The steps
involved in this operation are described below:
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• Tilt was removed from the data, to suppress any effect that the sample may
not have been positioned square to the measurement device

• Smooth the data

• Create a structured FEA mesh

• Interpolate to calculate nodal displacements for the FEM model

• Create the input file for the FEM solver

• Collect relevant data from the FEM output solver

• Plot of results and figures for analysis.

To increase the number of simulations which were possible the processing of
all these steps was automated through a custom Python script written for the
task. This allowed the process to be standardised and the preparation speed of
simulations increased.

The raw data from the profile was read into the Python program, and tilt was
removed and the data smoothed. The tilt was removed by fitting the data to a
best fit plane. This process is completed to remove any effects that the part may
not have been positioned square to the measurement system. Prime et al. [101]
reported that this does not result in any addition to the residual stress.

This data was then smoothed using a least-squares bivariate spline
approximation, as discussed by Prime [176] who concluded that it was the most
robust method for the smoothing of profiles for the contour method. To
minimise the amount of code used and tested this method was also used for the
measurements of the base profiles. The smoothing code used the interpolation
module for the Scipy Python add-on. Smoothing is required to reduce the noise
in the data, as displayed in Figure 4.5, this noise was due to either roughness on
the surface of the sample noise due to the measurement method. If the noise
was not removed it effects the interpolation to find the nodal displacements of
the FEM model. The level of smoothing is controlled by the number of knots,
the knots are the connection points between consecutive polynomials. The
smaller the knot spacing, the greater the number of polynomials so the smaller
the amount of smoothing (Figure 4.4). The level of smoothing is important
because if the knot spacing is too great then detail can be lost but if it is too
small then noise can be included in the data. To determine the effect that knot
spacing had on the data simulations were run with knot spacing of 1-10mm with
1mm increments. The stress was shown to be largely independent of the knot
spacing with a maximum deviation of 1MPa over the full sample set.

To reduce the user input into the model an automated meshing algorithm was
written. The algorithm was designed to produce a structured mesh based on
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Figure 4.4. Schematic of an interpolation grid showing a coarse (left) and
fine (right) knot spacing

Figure 4.5. Raw and smoothed measurements of the inverted deformation
of samples

hexahedral elements. The software was limited to element sizes that were factors
of the key dimensions of the sample. The simulations were run based on cubic
elements of 1mm and 0.5mm. This gave 29,080 elements with 32,510 nodes
and 97,530 degrees of freedom for the 1mm mesh size (Figure 4.6) and 232,640
elements with 246,135 nodes and 738,405 degrees of freedom for the 0.5mm mesh
size.

The simulations were run through the Finite Element Analysis (FEA) package
Abaqus (Dassault Systemes, F). To automate the running of the samples the
Abaqus input file had to be created and submitted to the Abaqus command line
interface. The input file included the mesh, material properties and boundary
conditions. The material properties for titanium used were taken from the work
completed by Mullen on SLM processing of titanium [11] these were Young’s
Modulus of 95GPa and Poisions ratio of 0.36. The boundary conditions were
interpolated from the smoothed scan data. The conditions applied were the
displacements in the Z direction required to return the deformed structure back
to a flat part. These are applied to an un-deformed part, Prime [101] reports
that this is a reasonable approximation if the deformations are less than 1% of
the characteristic length which they are in this simulation.
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Figure 4.6. FEM grid created by the automated meshing software written
in Python and displayed using ABAQUS

Once the input file had been submitted the Python code was paused until the
results were returned from the solver. Once finished a separate Python code
was run that interrogated the Abaqus output file to collect the data required for
comparison. The element stresses were then written to a Comma Separated Value
(CSV) file and read back into the main Python script. To allow the comparison
of the levels of stresses predicted in different samples the stress in the top centre
element was extracted for each sample at each knot spacing. The stress profile
throughout the part was also plotted for each part using the Python add-on
Matplotlib.

To analyse the effect that the cell size has on the levels of predicted stress,
simulations were run with a reduced cell size of 0.5mm. The calculated values
from these simulations were then compared to the previous simulation and this
showed that the cell size had little effect on the levels of predicted stress with
the maximum difference being 11MPa which was within the standard deviation
of the data.

4.3.2. Results

Deflection

One indication of the levels of residual stress within the parts is the amount by
which they deform when removed from the base substrate. The difference in the
levels of deformation across the substrate was large. Figure 4.7 shows the
difference in deformation of two different samples with a maximum deflection of
0.05mm for the all Y strategy and 0.21mm for the all X strategy. The
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distribution of the curvatures across the different strategies implies that there is
a large difference in stress between the different strategies. Providing a
quantitative comparison of this information however, is difficult due to the
complex shape of the deformations. To quantify the levels of deflection, the
difference in the deformation from the outside to the middle in both the X and
Y directions can be plotted this is shown in Figure 4.8.

Figure 4.7. Smoothed profile of deformation parts made with all Y scan
vectors (left) and all X scan vectors (right)

Figure 4.8. Deformation in the Z direction along centre lines in the X and
Y direction for parts manufactured with different scanning strategies with error
bars showing the standard deviation between samples of the same scan strategy

The deformations in the X direction are clearly different between the samples.
The difference in the Y direction is much smaller and so it may be more difficult
to draw reasonable conclusions from this information. The deformation of the
sample built with the all X strategy is much larger than all of the other
strategies in the X direction and is the smallest in the Y direction. Conversely
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the deformation for all Y is the smallest in the X direction and greatest in the Y
direction. The XY alternating strategy provides a middle ground between the
extremes of the unidirectional strategies; the deformations in this case are not
extreme in either of the principal directions. The chequerboard scans show
deflections which are larger than the XY alternating and show a trend to a
decrease in the deflection with the increase in chequerboard size which is
expected because as the chequerboard size increases it becomes more similar to
the XY alternating strategy.

Predicted Stress

The output from the Abaqus simulation provided the 3D state of stress for all
the elements within the model. Figure 4.9 shows the stress distribution in a
part made with all X scan vectors. This clearly shows the profile through the
part. The stresses are at a maximum tensile stress in the top of the part and a
maximum compressive stress in the bottom of the part. However, these stresses
cannot be considered as the stresses that were in the part prior to the release
from the substrate. This is because the release of the part from the substrate
may not have allowed all the stresses to relax. These stresses therefore are the
stresses that were relieved when the part was un-bolted. To calculate the actual
stresses prior to release, further analysis is required to understand the state of
stress post release.

Figure 4.9. 3D cross section of a part scanned with vectors all in the x
direction, showing the stresses in the x direction

The automated collection of the stress data allowed the automated plotting of
the stress profile through the centre of the part. Comparing these plots with each
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other shows the difference in the stress profile between each strategy (Figure 4.10).
The general shape of the distribution for the parts is the same in all cases, with
a tensile stress in the top of the part and a compressive stress in the base.

Figure 4.10. Predicted stress profile through the centre of parts made with
all Y scan vectors (left) and all X scan vectors (right)

To provide a comparison of the levels of stress in each part, the stress of the top
centre element was extracted. This was done for all parts and at all knot spacings.
For each part the effect of knot spacing, which defines the level of smoothing, was
small the standard deviation of the stress in the top centre element was 1.2MPa
or less for all 28 parts that were run through the simulations. To determine the
effect that different scanning strategies had the mean and standard deviation for
each was calculated and are plotted in Figure 4.11.
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Figure 4.11. Stress relieved by the deformation of samples after the
release from the substrate with error bars showing the standard deviation between
samples of the same scan strategy

4.3.3. Discussion

The levels of deflection in all the parts are indicative of large levels of residual
stress. The comparison between these parts shows that there is a clear difference
between the levels of stress created by different scanning strategies. The process
of quantifying the differences between the parts is however, difficult. The complex
three dimensional profile makes direct comparison almost imposible. It is believed
that the method employed to measure the difference in z position of the centre
line to the outside line in both direction allows a fair comparison between the
samples. This however has the limitation that the centre is assumed to be the
point of maximum deflection out of plane towards the measurement device and
the external edges are assumed to the point of maximum deflection away from
the measurement device. It can be seen from the profiles of the displacement,
Figure 4.7, that this is a good assumption. The peak value may not precisely
coincide with the centre line but the rate of change of the deflection at this point
should make the difference small and within the levels of the other errors in the
measurement.

The finite element model results, which are derived from the deflection results,
attempt to quantify the levels of stress that would create the deformations seen
in the samples. This is not the same as the expected residual stress within the
part. The stresses determined by the model would have been one component of
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the stresses that were in the part prior to the removal of the small substrates
from the master substrate. To fully understand the stresses prior to the removal,
a further test would be required to calculate the stresses which remain in the part
and that have not yet been relieved. The original state of stress could then be
calculated using a method of superimposing these stresses on each other. The
stresses calculated here are therefore indicative of the levels of stress within the
part but would need further validation and experimentation to understand the
complete stress state.

The deviation between results, for both the displacement and the stress results,
shows a good agreement between positions on the plate. This suggests that the
position on the plate does not give a notable difference to the residual stress
within the built part. Any differences that are created are small in comparison
to the differences between parts manufactured using other strategies. The effect
of the levels of smoothing on the stress calculated by the model is also small.
For a knot spacing range of 1-10mm with a step size of 1mm, there is a standard
deviation of less than 1.2MPa or 1% for all the samples.

The deformation in the X direction from samples all X and all Y show clearly
that the deformation is greatest parallel to the scan vector and smallest
perpendicular to the scan vector. The trend of these results can also be seen in
the Y direction deflection, however, the geometry of the part makes these
smaller and therefore more difficult to measure. These trends in deflection are
then clearly carried through into the FEA model, with the predicted stresses
being four times greater for the all X than the all Y. This reduction in stress,
for all Y, is thought to be due to the direction of measurement. It is expected
that the stresses perpendicular to this measured direction would be much larger
for all Y and much smaller for all X. The results from the 20mm chequerboard
confirm that it is the direction of the scan vector, and not the length of the scan
vector, that causes this result. This has shown that unidirectional scan vectors
create high stresses in the parallel direction and low stresses in the
perpendicular direction. This strategy is therefore unsuitable unless a high level
of consideration to part geometry is maintained.

The use of chequerboard scanning shows no perceived benefit over the XY
alternating strategy which is currently employed. The deviation between the
results makes comparisons of the different chequerboard sizes difficult, however
a trend may be apparent, although not supported statistically, which shows an
increase in chequerboard size relates to a drop in the residual stress. This would
be expected due to the fact that as the chequerboard size increases, the strategy
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tends towards the XY alternating strategy which has the lowest measured
residual stress for a multi-directional scan.

4.4. Stress Calculation Based on Hole Drilling

The previous method only analysed the stress in the whole part that was relieved
when the parts were released from the substrate. The use of the hole drilling
method allowed the stresses present in the top of the part after release to be
measured and therefore the stress before release to be inferred. The understanding
of the stresses in the part before release is vital to the understanding of the effect
that scan strategies have.

4.4.1. Experimental Arrangements

One test block from each strategy was prepared for hole drilling according to the
procedure documented in the materials and methods section. The strain gauges
were attached to the centre of the part on the top surface. The measurement
grids were aligned with the X and Y directions of the part to ease the calculation
of the stresses in these component directions. The part was securely held in place
during the drilling using a clamp which attached to feet of the milling guide.
This ensured that the part was unable to move during the process of introducing
the hole. The part was also held only by the sides of the small substrate. This
ensured there were no forces on the part which could interfere with either the
stress state or the relaxation of the part as the hole was drilled. The holes were
drilled according to ASTM E 837-08 [88] with 50µm increments. The results were
then analysed using the H-Drill software (Schajer, CA).

4.4.2. Results

To enable the comparison of the results, the stress profile was assumed to be
constant in the first 1mm of the top surface of the part. The stress that would
have caused the measured deformation is shown in Figure 4.12. This is the stress
that remains in the part after the release from the substrate.

The stress that is left in the part, although important, does not give a full
indication of the stress in the part before release. To calculate the stresses in
the part before it was released, the results from the release FEA and from the
hole drilling have been combined in Figure 4.13. This shows the stress in both
the X and Y direction in the top centre element of the part. The calculation of
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the errors for this plot was completed by summing the worst case stress for each
of the two measurement methods.

Figure 4.12. Stress in the centre of the top 1mm of the part after the release
from the substrate, assuming a uniform stress field calculated by the hole drilling
method with error bars showing the error calculated from the strain readings.

Figure 4.13. Stress in the centre of the top 1mm of the part before release
from the substrate calculated by combining the hole drilling and reverse FEA
methods with error bars showing the combined error calculated from the strain
readings and FEA models.
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4.4.3. Discussion

The use of hole drilling to calculate the residual stress in a part is a well
documented and standardised method. The limitations of this method are also
well discussed; much of the literature and the standard on the topic detail that
as the stresses approach and exceed 60% of the yield stress, the accuracy of the
results decreases. The yield stress for the SLM CpTi was found by Mullen [11]
to be 340MPa these values were for parts built on an other SLM system in 2009,
Stamp [180] reports a yield stress of 382MPa for samples built on the same
machine as the samples described in this chapter. These values were however
after a 900oC heat treatment cycle which may have caused grain growth in the
material reducing the yield stress from the as built properties. If the values
measured by Mullen are used then the 2.5mm chequerboard and the all Y have
components of stress were higher than 60% of the yield strength of the material
and so the accuracy of the hole drilling experiments should be questioned.
However, the higher yield stress that is expected for these components over the
historic data would place all but the component of stress in the Y direction of
the all Y sample within the region of confidence i.e. below 60% yield strength.

The results from the hole drilling shown in Figure 4.12 show that the levels of
stress in the top of the part after release are still relatively high. Considering
the simplified model proposed by Mercelis and Kruth [68], they predicted that
the majority of the stress should be released when the part is removed from the
substrate. If however, the stress measured using XRD is considered for the part
that was attached and one that was released by wire EDM, a drop from 150MPa
to 70MPa was observed. This shows a considerable decrease in stress, but much
less than the predicted 200-10MPa suggested by their simplified model. Although
this is clearly a different situation because the part in this case still had some of
the original substrate attached, we can assume that the stresses that are kept in
the model are not just there because of this substrate, there must be a further
mechanism or stress profile in the part which maintains these stresses on release.

It can be seen that the stresses in the Y direction, for the all Y and XYA strategies,
are much higher than the X direction stresses and are comparable to the stress in
the X direction for the chequerboard strategies. This is to be expected because if
Figure 4.11 is once again considered, it can be observed that the stresses which
were relieved by the bending of the part on release were primarily the stresses
in the X direction. The stresses in the Y direction are very similar to those left
in the part before release. The only part which still shows considerably larger
stresses in the X direction, rather than the Y, is the all X strategy. This provides
further evidence that the primary stress developed during manufacture is in the
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direction of scanning. There is however still a considerable stress generated in
the perpendicular direction. An enhanced understanding of how this stress is
generated and the contribution to the levels of stress form the TGM and shrinkage
is needed to fully understand the residual stresses in the parts.

The combined stress calculated from the bending and reverse FEA shows very
large stresses in the part after manufacture. It should be noted that the predicted
stress for these parts in many cases is far higher than the yield stress found by
either Mullen [11] or Stamp [180]. The measured stresses for all the samples
except the stress in the X direction for the all X strategy were lower than the
UTS measured by Stamp of 498MPa. This suggests that there may be some
inaccuracies in either the simulation, hole drilling, or in the material properties.
This combination of the reverse FEA and hole drilling does show that the stress
is dependent on the scanning strategy used. The all X strategy and the all Y are
fundamentally the same in that they are simply rotated by 90o from each other.
If the stress was only dependent on the direction of the scan, it may be expected
that the stresses for the All X and All Y builds would be the same but shifted by
90o. The stresses in the X direction are much larger than the Y for the all X part,
however for the all Y part the stresses in the principal directions are similar. It
is therefore proposed that not only does the scanning direction have an effect but
also the length of the scan vector in that direction.

If this was true however then it would be expected that the chequerboard samples
would have an equal stress in the X and Y direction. This is because there should
be an equal length of scan vectors in both directions over the time of the build.
For the chequerboard strategy the scan vectors are both of equal length and of
equal number in each direction. The stresses are much larger in the X direction
than in the Y direction. The XYA strategy has an equal area of all X vectors to all
Y vectors, however there are much fewer X vectors than Y vectors. The stresses
however for this strategy are much closer together at 25% less stress in the Y
direction than in the X direction compared, to around 50% for the chequerboard
samples. This suggests that the overall geometry has an effect on the stress and
that the generation of stress in the chequerboard strategy is more complicated
than first thought.
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4.5. Stress Calculation Based on the Contour
Method

The use of the hole drilling method allowed the stress in the top 1mm of the centre
of the part to be evaluated. This measurement does not give any information
about the stress profile through the part thickness. To fully understand how the
stresses are developed and what the addition of layers does to the stresses in
layers below, it is important to investigate the stress profile through the part. To
achieve this the contour method as described by Prime [101] was used to get a
two dimensional map of the stresses across a cut surface

4.5.1. Experimental Arrangements

To evaluate the stress profiles through the samples, one of each of the four blocks
made with each scanning strategy was analysed. The samples were securely held
in a bespoke clamp with the two clamps being positioned symmetrically about
the sample centre (Figure 4.14). The clamp was designed so the sample could
be placed repeatebly, this ensured the wire position relative to the sample was
the same each time and that the samples could be interchanged without re-
calibration of the clamping plate. The samples were cut with a A320D (Sodick,
USA) wire cutting machine. The samples were then measured with the OSP100
(Uniscan, UK) surface profiler and analysed with a finite element model using the
method outlined by Prime [101,176] and described in the Materials and Methods
chapter 3.
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(a) Sample clamp being set up square to the EDM machine

(b) Schematic of the sample clamp showing the path of the cutting wire

Figure 4.14. The alignment of the clamp designed to securely hold the
samples while being cut using wire EDM in preparation for measurement by the
contour method
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4.5.2. Results

The deformed profiles of the cut surfaces give the first indication of the stresses
that were in the part prior to the cut. Figure 4.15 shows the averaged and
smoothed surfaces of both halves of a part manufactured with the all X
scanning strategy. Smoothing followed the methods described in
subsection 4.3.1 where similar methods were used to measure the deflection of
the base. The smoothing values of 0.2mm in the Z direction and 11mm in the Y
direction were chosen following experimentation to remove the cut artefacts in
the Y direction. The smaller spacing in the Z direction was chosen following
observations of the measured data and analysis of the stress profiles predicted
by Mercelis [68]. The changes in stress at the boundary between the part and
the substrate were expected to be large and therefore the changes in
deformation should follow. A sufficiently small knot spacing was therefore
required to capture these but the spacing also needed to be sufficiently large to
remove the noise in the data.

Figure 4.15. Averaged defection profile of the superimposed scans of a
part built with the all X scanning strategy and smoothed with a knotspacing of
0.2mm in the Z direction and 11mm in the Y direction

The cut profile of each part follows the same trend with the surface deforming into
the part at the top and the bottom, which implied a tensile stress and deforming
out of the part in the centre indicating a compressive stress (Figure 4.16).

The stress profile through the cut surface can be seen in Figure 4.17. This
illustrates that the stress is tensile in the top of the part, with an intermediate
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Figure 4.16. Displacement profile up the centre of each part after cutting,
measurement, averaging and smoothing

tensile region, then a further tensile peak and a steep transition to a
compressive stress at the junction between the substrate and the part. It then
goes back to a tensile stress in the bottom of the substrate. The trend is similar
for all the samples, as shown in Figure 4.18. The location of these key features
are very similar but the magnitudes of the stress differ for the various scanning
strategies.

To understand the stresses that were in the part before it was released, the contour
method and multiple cuts proposed by Pagliaro was used [181]. In this case the
stresses from the contour method and the reverse FEA of deflection described in
section 4.3 are combined to give the state of stress before the part was released
from the substrate. Figure 4.19 shows these combined stresses.
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Figure 4.17. The component of stress in the S11, x direction, normal to
the surface of the cut in a part manufactured using the all X scanning strategy
and analyzed using the contour method.

Figure 4.18. Stresses up the centre of each part after release from the
substrate
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Figure 4.19. Stress up the centre of the part before release calculated by
superimposing the stresses which are calculated from the curvature of the samples
after release and profile measured by the contour cut.
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4.5.3. Discussion

The deformation and stress profiles show the same trends and shapes,
independent of the scanning strategy used to make the blocks. This would
imply that the profile of the stress is a function of the manufacturing process
and not of the scanning strategy. The stress levels however are variable
depending on the scanning strategy.

The stress profile through the thickness of a component is not often reported in
the literature, especially not to the fidelity presented here; most articles
concentrate in the near top surface stress or on the calculation of stress at finite
locations through the part using neutron diffraction. This data however can be
compared with the theoretical models proposed by Mercelis and Shiomi [68, 70].
The theory proposed by the authors and discussed in the background section
gives a theoretical stress profile vertically through a part. To enable the
comparison with this work their equations have been used with the parameters
of these experiments. One assumption made in the theoretical model that must
however be considered is that it assumes there are no external forces acting
upon the system. This is not the case when these parts were built as they were
bolted down to a large substrate which in turn was itself bolted down to the top
of the piston. To attempt to mitigate the effects of this Figure 4.20a considers
the case for an unrestrained 10mm substrate which is similar to these parts
after release. Figure 4.20b considers the situation where a thicker substrate is
used in this case a 25mm substrate which accounts for the extra 15mm of
substrate that the small parts were bolted to.

The stress profiles measured using the contour method do show similarities to
those proposed in the literature, with the general trends being of the same order.
The stress profile in the part appears to be less linear than the theoretical model
predicted, with the stress gradient from the top surface being much steeper. It is
proposed that this is due to the subsequent layers heating the already built part
and relieving some of the stresses by creating localised plastic strain. Figure 4.21
shows the data extracted from an FEA simulation described by Roberts [109]
which showed that the temperature in the layer below the formed layer could
approach 1200oC, considerably above the annealing temperature for Ti6Al4V
with successive layers reaching temperatures that would be able to relive some of
the stresses. This would explain why the measured stresses in layers below the
top surface are lower than those predicted by the theoretical model.

The contour method only measures stresses that are normal to the surface of the
cut so in this case the results that are presented are only relevant for the stresses
in the long axis of the part. It should also be noted that the stresses measured
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(a) Theoretical profile compared to the contour method

(b) Theoretical profile compared to the combined contour and base
curvature results

Figure 4.20. Comparison of theoretical stress profiles defined by Mercelis [68]
and measured stress profiles

initially by the cut are the stresses left in the part after the release from the
substrate. The release of the mini-substrates from the master substrates, and the
subsequent deformation that occurred, would allow some of the stresses in the
parts to be relieved. It was shown previously, in section 4.3 where the deflection of
the part after release was discussed, that the parts made with different strategies
would have deformed different amounts after release. This means that the stresses
relieved in each, by this deformation, would be different. To get a full comparison
of the strategies the stress before release needs to be compared, this can be
achieved by combining the stresses calculated by the contour method and those
of the reverse deflection FEA (section 4.3) as seen in Figure 4.19.
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Figure 4.21. Temperature at the centre of a part when successive layers
are added extracted from a FEA model [109]

Figure 4.22 shows a comparison of the results from all of the methods of analysis
used. To allow a fair comparison between hole drilling and contour cut, the results
depict the average stress measured in the top 1mm in the centre of each part. The
error for the contour method was calculated from the standard deviation of stress
calculated at the various smoothing levels. The differences between the results
from the experiments could be explained due to the error caused by plasticity
when stresses close to the yield stress are measured. The contour method also
has larger errors at the boundary due the difficulty of fitting a surface to the
deformation profile at the edge of the part. The trends however are very similar
across all measurement techniques.

Figure 4.22. Comparison of the stress in the top centre element before
release measured by the contour and hole drilling methods and also the take out
torque and deflection data with error bars showing the error calculated from the
strain readings, smoothing values in the FEA model and standard deviations of
the deflection and torque data.

Figure 4.19 agrees with the previous results of hole drilling, deflection and torque
release that the primary stress generated in a part is parallel to the scanning
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direction. This result is contrary to some of the previous work [68, 71, 74] but
agrees with [14, 70]. It is unclear why these results differ but it may be due
to both the measurement techniques and also the parameters used to make the
parts by the previous authors. It should be noted that the most recent study
by Kruth in 2010 [14] agrees with the results presented here on the direction of
maximum stress and disagrees with a number of works done by Kruth in previous
years [68,71].

4.6. The Effect of Scanning Strategy on Surface
Roughness

The use of scanning strategies also has an effect on the surface roughness of the
part. It is important to reduce the roughness as it has implications to both part
quality and cost of manufacture. If a part has a high roughness, especially a
high value of Rt (the maximum peak to trough distance), then the amount of
post process machining is increased. This also affects the build time of the part
because more material needs to melted in order to be machined away adding to
the cost and waste of the process.

The surface roughness is also an important factor to consider when the surfaces
that are rough cannot be accessed for machining. This is especially important
when manufacturing items which have a porous surface coating such as
orthopaedic implants. The roughness of the surface could affect the fatigue life
of the part by providing crack initiation sites.

4.6.1. Experimental Arrangements

The effect of the scanning strategy on surface roughness can be measured on the
top surface of the part. The sides of the parts were all manufactured with the
same single contour scan and so these were not measured. The parts were profiled
using the OSP100 (Uniscan, UK) laser surface profiler. Three 5mm squares were
taken each with a sample spacing of 10µm yielding 250,000 sample points per
5mm square. The three sample sites were chosen to be in a similar position in
each part, with scans being taken at each end and in the middle of top surface of
samples.
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4.6.2. Results

The difference in top surface roughness of the parts can be seen in Figure 4.23.
It is clear that the use of different strategies has an effect on the roughness. This
can also be observed in the appearance of the top surfaces of the samples, as seen
in Figure 4.2. The chequerboard scans show obvious troughs between the squares
and roughness which is highly dependent on the scan direction of the appropriate
square.

Figure 4.23. Surface profiles of parts taken on the OSP100 of different
exposure strategies: XY Alternating, 2.5mm chequerboard (1mm overlap) and
5mm chequerboard (no overlap)

The effect of the scanning strategy on the levels of roughness can be seen from
Figure 4.24. This shows that there is a clear dependence on the strategy, with
the XY alternating strategy having the lowest roughness.

Figure 4.24. The effect of scanning strategy on top surface roughness with
error bars showing the standard deviation between samples of the same scan
strategy
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4.6.3. Discussion

The chequerboard strategies with overlap show a general trend of reducing
roughness with increasing chequerboard size. This is due to the reduction in the
number of troughs created by bordering chequerboards. Chequerboards made
with no overlap show a increase in roughness compared with the corresponding
sample built with an overlap. This is due to the compound stacking of trough
features creating a much larger dip between chequerboards. The increase in
roughness for unidirectional scanning strategies is because successive weld beads
are laid onto of each other. This increases the possibility of troughs between
theses weld beads forming which give an increase in roughness.
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5. Determining the Residual Stress
by Finite Element Analysis

The previous chapter discussed the measurement of a two dimensional profile of
residual stress through a component. It was found that the profile had similar
features to the theoretical model proposed by Mercelis and Shiomi [68, 70]. It
has been was shown however that the stress profile in the part is much less
linear and the gradient of stress profile close to the top surface is much steeper
than predicted. In an attempt to understand the reason for this, Finite Element
Analysis (FEA) was undertaken. This chapter discusses the models created and
how they compared to the results measured in Chapter 4.

5.1. FEA model with a Applied Stress Field

To evaluate the boundary conditions defined by Mercelis and Shiomi [68, 70], an
FEA model was created that simulated their theoretical model. This FEA model
allowed the addition of elements with a known stress distribution to a part of
same dimension to those analysed with hole drilling and the contour method.

FEA Model Development

The applied stress field FEA model had the same geometry as the one described
in the Chapter 4 consisting of; a 64mm x 22mm x 10mm thick substrate of
titanium, with a 50mm x 20mm x 15mm high part attached to it. To enable the
addition of layers to the part, the meshed geometry was separated into groups;
these were the substrate and each individual layer. The model boundary
conditions were defined as having the base of the substrate fixed in translation
in the X, Y and Z directions. To simulate the addition of layers of material with
a known stress state, the stress in the elements was set at the start of the
simulation. These stressed elements were then added to the model using the
model change subroutine in ABAQUS. This allows the addition and removal of
elements in subsequent steps of the analysis. The generation of models and
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boundary conditions was controlled by an automated script written in python
which submitted jobs and analysed results automatically.

The initial simulation set the stress state of each element as the yield stress
of the material, in the same manner as described in the literature. The layer
thickness was 50µm with a cell size of 0.5mm. To allow additional comparisons
of the measured and predicted stress profiles, the release of the part from the
substrate was simulated by the removal of the boundary conditions. The removal
of boundary conditions is effectively the same as releasing the bolts from the
substrate and allowing deformation.

Evaluation of the Model

The results of the first simulation are shown in Figure 5.1. It is apparent that
the FEA model provides a similar stress profile to the theoretical model, however
the boundary conditions are much more realistic. The FEA stress profile is still
notably different from the measured profile from the contour method, with the
stress being much smaller and also the profile being much more linear in the
FEA method. It is proposed that this is due to the FEA model not taking into
account the effect that the temperature of the model would have on the amount
of yielding and stress relief caused by this yielding.

Figure 5.1(b) also shows a large disparity with the measured stress profile. The
model predicts that on release from the substrate, the stresses in the top of
the part should be mostly relieved by its deformation and therefore the stresses
measured by the hole drilling or contour cut in the area would be low. This is
clearly not the case and so there must be some other effect that limits the amount
of stress that is relieved by the deformation of the part on release.

The final comparison that can be made between the model and the measured
data is by comparing the profiles of the deformed base of the parts, as shown in
Figure 5.4. These results show that the all X and XYA strategies have good
agreement between the measured profile and the actual profile. The all Y
however shows a large disagreement with the predicted profile, bending in the
opposite direction to the measured deformation. This again would suggest that
the stresses that are generated during SLM are much more complicated than
has been assumed with this simplified model.

To fully understand how the stresses were generated, it is important to understand
the effect that the temperature has on the build process; a model was therefore
constructed that simulated the addition of hot elements rather than elements
with a known stress state.
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(a) before the release from the substrate

(b) after the unbolting of the substrate

Figure 5.1. Comparison of measured, theoretical stress profiles with the
one predicted via a simple finite element model
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5.2. Development of a Thermal FEA Model of the
SLM Process

The previous section on the simplified FEA model showed that the addition of
elements with a known stress field did not accurately predict the levels of stress
in the part after manufacture. The main deficiency in the model was thought
to be due to the lack of temperature dependent material properties in the FEA
model construction. The use of temperature dependent material properties is
discussed extensively in the literature. The literature survey found that these
temperature dependent properties are important for the accurate modelling of
high temperature processes. The values used in this study were extracted from
the Materials Properties Handbook: Titanium Alloys [75]. This source provides
a compiled data set from a number of sources. The collection of data used for
the analysis described below collected using the tables provided and the graphs of
temperature dependent properties. A full list of the values used in the simulations
can be found in the Appendix A.

The high temperature material properties for titanium and titanium alloys are
seldom reported at temperatures approaching the melt temperature. Typically
yield stress is not reported for temperatures greater than 500oC, which
considering the work of by Roberts [109], which showed that previously
deposited material could reach 60% of the melt temperature, will not only
reduce the accuracy of the simulation for the layer that is being deposited but
also for previous layers that have already been formed. This should therefore be
remembered when the results of the simulation are compared with the measured
results.

The model generated here is very similar to that described in the previous
section with the following exceptions. This model sets the initial nodal
temperature of the elements, which are added using the model change
command, to the melt temperature of the material. These elements are then
added to the part sequentially and at the end of each full layer the part is given
a resting time to simulate the building of other parts or the deposition of
another layer of powder. The time given for each step is calculated based on the
time to produce the same geometry in the actual SLM process. At the time the
model was created, the parameters that were used for building solid Ti were:
exposure time 100µs and point distance 70µm. This converts to a speed of
0.69ms−1 and so if the track is 0.1mm wide and 0.05mm tall, the volume that is
created in 1 second is 3.45mm3 giving the time to produce 1mm3 as 0.29
seconds. To calculate the time for the step, the total volume of the elements
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being added is calculated and multiplied by the time per unit volume to give
the total time for that step.

The heat transfer away from the model has also been shown to be very
important to the accuracy of the model in the literature. Three main heat
transfer paths were identified from previous work: through conduction to the
base of the substrate and then into the machine, through coupled radiation and
convection from the top surface of the part into the build chamber, and through
the conduction into the powder surrounding the part. The heat transfer
through the part to the substrate was addressed by setting a boundary
condition of temperature on the base of the substrate. The convection and
radiation was modeled in the way described by Zaeh as a constant value of
convection coefficient which would approximate both the radiative and
convective parts [73]. The value used for these simulations was taken as that
used by Zaeh of 40Wm−2K−1. Shiomi and Matsuoto [128, 138] reported that
the conductivity of the powder bed at 60% the bulk density, is 10% that of the
fully dense bulk material and so the heat transfer through this path is small in
comparison with other paths of heat transfer. To simplify the model and reduce
the number of elements needed heat transfer through the powder was neglected.

The analysis was set up as a coupled temperature-displacement simulation. In
which both the thermal and the displacement problems are solved simultaneously.
The reason for this was due to the relative simplicity in converting the previous
model to a thermal model. The literature discusses the use of a sequentially
coupled temperature displacement model which first solves the thermal problem
and then the stress model, based on the output from the thermal system. This
method would be less computationally intensive than a fully coupled method that
was used but requires a greater understanding of the input files for ABAQUS.

In order to generate a representative model of the samples produced in the
previous chapter, the sensitivity of the model to the method in which elements
were added needed to be determined. The speed of a simulation is linked to
both the number of elements and also the number of steps in the analysis. In an
attempt to reduce the number of steps, experiments were completed to
determine the difference between adding a row of elements simultaneously
versus adding elements individually. Figure 5.2 shows two models of a simple
weld track of dimensions 200µm x 200µm x 10mm. The first simulation adds all
of the weld track simultaneously then has a 10 second wait. The second adds
the weld track in 200µm chunks and then also has a 10 second wait. The
simulation that added all elements simultaneously took 2.5 minutes to reach a
solution, whereas the simulation that added chunks sequentially took 13 minutes
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to reach a solution. Figure 5.2 shows that the simulation results are similar to
each other with the same level of stress in the top of the part and this may
therefore be an acceptable simplification to allow the analysis of a larger model.

Figure 5.2. Simulation of a wall built using selective laser melting a)
elements added in individual chunks and b) elements added all at the same time
as a complete track

To enable to verification of the model against the experimental results measured in
the last chapter, a model was created with the same geometry as those built using
the SLM process. The same parameters were used as those described previously,
however a cell size of 1mm was used with a layer thickness of 1mm following the
work of Zaeh [73] to reduce the computation time and the RAM requirement of
the model. Figure 5.3 shows the comparison of the thermal FEA model versus
the other models and measured data. It is clear that the thermal model shows
a subtly different shape than the principal stress model with the stresses in the
part being less linear. The model also shows a higher level of stress in the part
after it has been released from the substrate. This shows closer agreement with
both the contour method and hole drilling results than the previous model.

The deformation results also showed closer agreement than those of the principal
stress FEA model. Figure 5.4 shows that the deformations for the XYA and all
Y strategy show good agreement with the model, however the deformation for
the all X strategy is smaller than that which was measured. These results imply
that although the simulation does not exactly reproduce the real situation, it
provides a simulation of the SLM process which can aid in the understanding of
the residual stress.

The simulations agree with the results from the previous chapter in that the
principal stress generated by the SLM process is aligned with the scanning
direction. This is evident both from the predicted deformation of the samples
but also from the stress profiles through the thickness of the part. It is clear
however, that although the principal stress is parallel to the scanning direction,
there is also a stress normal to the scanning direction. Figure 5.5 shows the
stress profiles through the centre of the part in each of the principal directions.
It can be seen from the all X and all Y that the stress normal to the scanning
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direction is roughly 100MPa less than that in the scanning direction when
measured in the X axis but is much closer when measured in the Y axis.

(a) before the release from the substrate

(b) after the unbolting of the substrate

Figure 5.3. Comparison of measured, theoretical, principal stress FEA and
thermal FEA stress profiles through the centre of a part
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Figure 5.4. Predicted and measured deformation of the bottom surface of samples for the comparison of theoretical models
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(a) component of stress in the x direction

(b) component of stress in the y direction.

Figure 5.5. Predicted stresses in the part before release from the substrate
on a part built with different scanning strategies

Figure 5.5 also shows the rotation of the principal stress with the XYA strategy,
the stress can be seen to zig zag from layer to layer. It is suggested that the
magnitude of the zig zag is probably due to the thickness of the layers in the
simulation which are thicker than in the actual situation, if a thinner layer was
used, the difference from layer to layer would be smaller and so amplitude of the
zig-zag would be reduced, forming a line equidistant between all X and all Y.
This would imply therefore that the XYA strategy would result in a stress which
is half that of the all X plus half that of the all Y. This does not however fit
with the measured results from the hole drilling and the contour method which
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suggest that the stress from the XYA is much smaller than half of the all X plus
half of the all Y. The model must not be modelling the situation fully. This
could either be due to the thicker layers, material properties, or simplifications
of adding hot elements to the model instead of modelling the interaction of laser
with the powder and then subsequently the melt pool.

The XYA simulation also appears to have a greater stress in the X direction
than it has in the Y direction. This would suggest that the length of the scan
vector is affecting the levels of stress generated. The shorter scan vectors across
the part are generating less stress than the longer ones along the part. This
agrees with the hole drilling experiment where, the XYA had a greater stress in
the X direction than in the Y direction. It would also suggest that the stress
should be equal in both directions for the chequerboard samples which have
both an equal area of scan vectors in each direction and they are all the same
length. This was not shown by the hole drilling experiment with the
measurement having a greater mismatch with chequerboard scanning than for
XYA. There must therefore be some other features that affect the levels of
stress in a given direction which can not be determined from the simplified
model or from the analysis or results destructively post manufacture. To fully
understand how the stresses are generated, a dynomometer is required to
measures in situ stress development.

Development of a Thermal Model with Re-Melting

The model described previously had a reasonable agreement with the measured
residual stress profiles described in Chapter 4. The model however, had an
artificially low level of heat that is added to the part when it is manufactured.
In reality when a new layer is added during the process, part of the last layer is
also re-melted ensuring that there is a strong weld between the layers. To model
this, a further step was added before each set of elements was added to the
model. This step involved determining the nodes of the existing solution that
would be in contact with the added material and heating them up to the melt
temperature simulating the real process. The new material was then added and
the process was repeated until complete.

These simulations have up to double the steps of those previously discussed,
and are therefore considerably more computationally intensive. To reduce the
computational cost, the simulation was split into a sequentially coupled analysis,
This meant the thermal problem was solved first and then the solution of the
thermal problem was used as the input to the stress model. This is reported to
be an acceptable solution if the thermal field can be assumed to be independent
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of the stress-strain fields [139]. The levels of deformation in the model are small
during the building of the part and so the stress strain fields should have little
effect on the heat transfer.

Figure 5.6 shows the stress profile through the centre of the two thermal models
and the profile measured by the contour method. The two thermal models give
very similar results to each other. This would imply that the additional heat that
is added does not greatly change the predicted profile. The deflection, shown in
Figure 5.7, also shows very similar results to the other FEA model.

(a)

(b)

Figure 5.6. Comparisons of stress profiles predicted through the different
FEA models and with the measured data with a) before release from the substrate
and b) after release
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Figure 5.7. Comparison of the measured and predicted deflection of the
bottom surface of the part

It is clear that neither of the thermal models precisely emulate the profile of the
stress that was measured using the contour method. The stresses predicted in
the part after release, are, in both cases, much lower than those measured using
the contour method. This means that the stresses in the part before release are
also much larger in the measured case. The measured stresses in the part before
release are much greater than the yield stress of the material given to the model.
These stresses would therefore never be predicted by the model as yielding would
occur.

The material properties that were chosen for the model were extracted from the
materials handbook for titanium [75] and from the experimentation completed
by Mullen [11]. The samples for the contour method experiments were built on
a different SLM machine with different processing parameters to those used by
Mullen. The only available strength data for the parts manufactured with the
same parameters is shown in Table 5.1. There is no available data for the as built
condition, the parameters can however be assumed to be no worse than those
after the lower temperature heat treatment. The heat treatment would cause
some grain growth in the material, if the Hall-Petch equation is considered this
increase in grain size would in turn cause a reduction is strength of the material.
The grain growth would be greater for the higher temperature heat treatment
which explains the strength decrease. It could therefore be proposed that the
yield stress and UTS of the as-built material may be slightly higher than the
heat treated value.

To evaluate the affect that these changes would have the model was re-run with
the modified values of yield stress and UTS. Figure 5.8 shows the component of
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Table 5.1. Strength Data for CpTi Produced on the Concept Laser M2
after Heat Treatment

Condition 0.2% Offset Yield, σy, [MPa] Ultimate Tensile Strength, σUTS, [MPa]
Post 900oC Sinter Cycle 382 498
Post 1400oC Sinter Cycle 332 452

stress in the x direction for the different scanning strategies with the initial lower
values, for yield and UTS, in (a) and with the increased values in (b). Its is
shown that the changing of the parameters has very little effect on the shape of
the graphs. It does however modify the stress in the top of the part, it can be
seen that the stress increases to the new yield stress of the material. This shows
that the simulations are dependent on the use of accurate material properties.
The shapes of the graphs however are largely unchanged which would imply that
this is more a function of the process rather than the material properties.

Figure 5.8 also allows the difference between the typical scanning strategies used
in SLM to be analysed. It can be seen that the all X strategy has the greatest
stresses in the X direction. The XYA strategy also shows a level of stress which
is much closer to the all Y than the all X, this would fit with the results from
Chapter 4 where the stresses for the XYA were smaller than the sum of the two
components from the all X and all Y. It can also be seen from this simulation
that the stress profile is much smoother than the earlier thermal model shown
in Figure 5.5. This fits better with the measured profile from the contour cut
analysis and implies that this model with the higher UTS and re-melting is an
improvement on the previous one.

The use of simplified FEA models without melt pool analysis to simulate the
stress profile through SLM parts has been shown to have some merit. The
predicted profiles are similar to those measured using experimental techniques.
The simplifications and lack of material properties for high temperature
situations mean, however, that the simulations do not provide precise
representation of the process. For FEA to replace experimentation new methods
are required that allow simulations to be run faster with more detail. Currently
to enable the rapid simulation of this complex process simplifications are
required. This inherently reduces the confidence in the predictions made and
which increases the number of experiments that are needed to validate the
results.

To allow the full validation of FEA models additional data is required during the
build process. Currently all models are validated at the end of the build with
the transient stresses which occur during the build being neglected. If a method
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was available to determine these transient stresses then the quality of the FEA
models could be increased making them more reliable.
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(a) Original material parameters

(b) Increased yield stress to simulate the increased strength of the material

Figure 5.8. The component of stress predicted by the FEA models in the
X direction through parts made with various scanning strategies, the yield stress
and UTS of the material was increased in b to simulate the difference between
SLM titanium from different machines.
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5.3. Modelling the Effect of Substrate Preheating

The previous section showed that the thermal model offered a reasonable
representation of the state of stress within the part. This model can therefore
be used to understand techniques for relieving the stresses within a part. One of
the main methods for reducing the stress in the part during manufacture is
substrate pre-heating during the build. Substrate preheating reduces the
thermal gradient in the part and hence the stresses that are developed during
manufacturing.

The effect of the substrate temperature was simulated by setting the
temperature of the base of the substrate and running the simulation described
previously. Figure 5.9 shows the stress profile through the part at three different
temperatures. It can be seen that raising the temperature of the base from
20oC to 100oC gives a 28% reduction in the level of stress in the top of the part,
raising it to 200oC gives a 45% reduction, and raising it to 600oC gives a 70%
reduction.

Figure 5.9. Determining the effect that substrate heating has on the state of
stress within a component manufactured using SLM using the all x scan strategy

The reduction in stress also changes the levels of deformation in the part. Raising
the temperature of the base from 20oC to 100oC gives a 25% reduction in the
deflection, raising it to 200oC gives a 43% reduction, and raising it to 600oC gives
a 59% reduction. An increase in temperature of the build plate should therefore
improve the quality of built parts. There is both a reduction is stress in the part
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and also deflection of the part when it is removed from the machine. This also
shows that the deflection of the part gives a good indication of the stresses within
it, which suggests this can be used as a reasonable analysis method.

To aid in the understanding of why the stress in the parts is reduced the
temperature at a point located on the top of the substrate was plotted against
time (Figure 5.10). It can be seen for all parts that the initial layer takes the
part up to the melt temperature of the material, this is where the substrate is
partially melted and the new layer of molten material is added on top.
Subsequent peaks in the temperature are also evident in the simulation, these
are where additional layers of material are deposited on to the top of the
already formed part. It is the deposition of this material that warm the layers
below as shown in Figure 5.10.

Figure 5.10. Temperature at a point located at the centre of the substrate on
the top surface over the duration of the build for different substrate temperatures

Boyer [75] discusses the affect that elevated temperatures have on the properties
of titanium alloy (Appendix A). As the temperature of the material increases
the yield strength and UTS decrease. This means that the increase in bed
temperature will decrease the yield stress of the material and so the material
will yield at lower stress reducing the residual component of the stress by
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yielding. The successive peaks of temperature will also allow the stresses in the
part to be relieved as they take the material past its annealing point. This may
explain why the gradient of stress in the measured profiles is much steeper than
in the analytical or simple FEA model.

In a real build the annealing of material by subsequent layers would probably be
more evident than in these simple simulations. In these simulations the layers
had a thickness of 1mm, in a real build with 50µm layers the material would be
reheated 20 more times. This would give more successive peaks of temperature
which would allow a greater amount of annealing and so would change the profile
of stress. The energy put into each layer, however, would be smaller so it is
unclear if the temperature reached in the layers below the 1mm top layer would
be the same. The modelling of the part with accurate layer thickness would be the
ideal situation however the computational cost of this with current FEA models
renders it impossible for parts of this geometry.

This simulation is limited by the material properties that are available for
titanium at elevated temperatures. The Materials Property Handbook [75] only
discusses the effect on the yield strength and UTS up to 500oC. This means
that any stress relieving at temperatures above this is limited to this value.
These standard values may not also represent the titanium that these parts
were built with. Table 5.1 showed that the strength of this material is much
larger than the expected values the effect that temperature has on the these
strengths has not been investigated.

5.4. Simulation of In-Process Stress Relieving
Through Laser Rescanning

The previous section showed that the stress in a part were reduced by heating
the substrate during the build. The maximum available pre-heat temperature
of current SLM systems is around 200oC. This has been shown to reduce the
stresses compared to the unheated build, but still left considerable stresses within
the part. The model produced also assumes an idealised situation where there is
minimal heat loss to the surroundings. In reality the powder will conduct heat
away, there will also be conduction through the walls of the piston and other
surfaces of the build.

Shiomi, Mercelis and Kruth [14, 68, 70] all describe the use of the laser to heat
treat the part during the process. The authors discuss the use of rescanning
on already formed layers, this raises the temperature of the material and so
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reduces the residual stress through yielding. The parameters used and reductions
possible are however different for all the studies. To reduce the sample set for a
real build the previous FEA model was adapted to enable the simulation of laser
re-scanning.

To simulate the process a heat flux was applied to the top of the part at the end of
each layer. The distributed surface flux subroutine was used, the inputs for this
are the surfaces which are acted upon and the power per unit area. The planned
real experiment involved using a laser power of 180W. To take into account the
the absorptance, which is 70% for Ti at λ = 1.06µm [182], the effective power
was reduced to 126W.

The simulation was set up for a small wall which was 200µm wide, 50µm high,
and 10mm long. The amount of energy going into the part was determined as
a fraction of the forming energy. The forming power was the same so the time
spent heating the top of each element was simply a fraction of the time taken
in the forming step. The optimum number of passes was also investigated, for
multiple passes the dwell time on each element was calculated as the reheat time
divided by the number of passes.

At the end of the simulation the temperature of the model was exported. It
is important that reheating step did not cause any remelting, if the material
was melted then the constrained contraction stresses would be reintroduced on
freezing. It was found that for a single pass with 1

16 of the forming energy the
temperature reached 1540K. A simulation with 1

8 of the energy was shown to
produce temperature over 2000K and would therefore cause melting in the top of
the part.

The stress profile through the part was then plotted, Figure 5.11 shows that none
of the rescanning parameters were able to reduce the residual stress in the part.
It is unclear if this is due to problems with the model or that the laser rescanning
will not work. The previous experiments described in the literature have shown
considerable reductions in the residual stress of a part. This would suggest that
the model is not capturing some of the relieving mechanisms. To fully understand
laser re-scanning further more complex simulations are required to measure any
possible benefits this could have or experimentation both post process and in-situ
is needed.
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Figure 5.11. Stress profile through a part, consisting of a single layer of a thin
wall, after different re-scanning heat treatments
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6. Development of Methods for the
Reduction of Residual Stress

It was shown in the literature review that a number of scanning strategies have
been developed and tested with authors claiming various benefits including
increases in strength, improvement of surface finish, reduction of anisotropy or
most commonly to reduce the residual stress. Chapter 4 explored the most
commonly used strategies which are available to most users of SLM via
commercial software. Recently authors have reported a new scanning strategy
that involves the rotation of scan vectors on successive layers by angles other
than the standard 90o, the so called XYA strategy [141, 142]. It has been
proposed that rotation other than 90o would benefit the material properties and
reduce the residual stress, there has however been little work to show the effects
of this rotation or to determine what or if there is an optimum angle. Chapter 6
will focus on testing these new scanning strategies and also the development of
further strategies using the knowledge gained from the experiments.

6.1. Development of Hatching Software

Due to the relative novelty of the scanning strategies investigated and also to
enable the creation of bespoke strategies new hatching software was required.
This software enables the design and testing of different hatching patterns. To
simplify the process of developing new scan strategies the software was specified
to be as general as possible, to minimise the additional software that would have
to be written if a new pattern was required. The methodology that was chosen
was to write the hatching software in Python and use the slicing and hatching
tools of the FreeSteel developed by Todd and Dunschen [183]. The software sliced
the STL files then generated hatch lines based on easily modified algorithms. The
hatch lines were then written to the F&S file format, used by the Realizer SLM
machines, and read into the SLM machine.
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6.2. Development of Fully Dense CpTi Parts

To ensure that the results derived in this chapter give a fair comparison
between the methods, it is important that the build parameters used are
optimised for the production of solids. These tests were run on the Realizer
SLM250 in Liverpool, this allowed the creation of bespoke hatching strategies
due to the open file formats accepted by the Realizer systems. New parameters
had to be developed as they are independent to each machine. Ngo [184] showed
that by defocusing the laser, the speed of the process could be increased while
maintaining the relative density of the part. The reason for this is discussed by
Ashton [175], Figure 6.1 shows that for a beam with a narrow waist a large
proportion of the energy is above the threshold required for vaporisation of the
powder bed. This means that this extra energy is being wasted. If the size of
the beam is expanded and the power is maintained at the same value the
effective melt track width is increased. This increases the speed and efficiency of
the process.

Figure 6.1. Theoretical Gaussian beam profiles with different beam
diameters and powers, showing the energy effective melt width [175]

Experimental Arrangements

To determine the effect that the change in focus has on the build parameters
9 focal positions where chosen, these focal positions were set by moving the
positions of the beam expansion optics. The reference position for this experiment
was taken as 15.93mm separation between the lenses, this was the position known
to give the smallest spot size at the image plane. Moving the lenses further apart
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would cause the focal distance to decrease and so the focus would be above the
bed. If the lenses are shifted closer together then the focus would move below
the bed. The exposure time and hatch distance were also varied on the different
test blocks. Table 6.1 shows the parameters that were tested.

Table 6.1. Parameters used for the production of test blocks used to
optically assess the relative porosity of SLM CpTi solids

Parameter Tested Values
Exposure time [µs] 25,50,75,100,125,150
Hatch Distance [mm] 0.1,0.11,0.12,0.13

Lens offset from focus position [mm] -0.9,-0.6,-0.3,0,0.3,0.6,0.9
Point Distance [µm] 70

Power [W] 180

The combination of all the parameters in Table 6.1 gave 168 possible variations,
the sectioning, mounting, and polishing each of these would be very costly in
terms of time and material. To reduce the number of samples, twelve 5mm
samples were arranged on a pillar geometry (Figure 6.2). The geometry was
designed to be clamped in the IsoMet Precision Saw (Buehler, USA) where the
top 1mm of the sample was removed to ensure that when the sample was
polished there were no effects of looking at the top surface. The samples were
then vacuum mounted in epoxy resin and polished to a 40nm finish using the
standard protocol defined in Chapter 3. The samples were imaged at 25x
Magnification and automatically analysed with the optical porosity software
(UoL, UK) detailed in Chapter 3 the threshold value used for 8bit analysis was
set to 100 by observation.

Figure 6.2. Pillar geometry designed to hold 12 blocks produced with
different parameters
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Results

The top surface of the built samples gave the first indication of the quality of
the parts. Figure 6.3 shows all the pillars after manufacture and before the top
surface had been removed. It is clear that the top surface of samples A-F are much
more discolored than the equivalent samples (G-L) were the focus was positioned
below the bed. Some of the samples where the focus has been set below the bed
show a notable dip in the top surface, this is evident on towers I, K and L. This
is characteristic of over melting where a large amount of material is vaporized by
the laser during the manufacturing process. This would suggest that the energy
from the laser is being coupled into the part much more effectively than in the
samples with the focus above the bed.

Figure 6.3. Manufactured pillars for the evaluation of the effect of
focal position, exposure time and hatch distance on the relative density of CpTi
samples. Samples M an N are built at focus, Samples A-F are built with the
focus above the bed and Samples G-L are built with the focus below the bed.

The relative densities of all the samples are given in Appendix B. Two of the
polished samples with the same parameters but different lens positions are shown
in Figure 6.4. It is clear that the samples which had the focus position below
the bed have much less porosity and the size of the porosity which is evident is
much smaller. This was true for all the samples built, it was observed that the
amount of energy required to build samples with the same relative density was
much lower for parts where the focus was below the bed.

To further evaluate the samples additional blocks were built for the analysis of
the top surface roughness. To minimise the number of samples which needed
to be built anything that had a density of less than 99.95% was removed from
the sample set. This left a total of 49 samples in a 7 x 7 array of 10mm cubes
was produced. The top surfaces of these samples was scanned with the OSP100
(Uniscan, UK) laser surface profiler and the Ra was calculated.
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(a) (b)

Figure 6.4. Polished sections through two parts both built with laser power
180W, exposure time 50µs and hatch distance 0.1mm and a focus off set of 60 a)
offset of +60 (focus above the bed) b) offset -60 (focus below the bed)

To determine the optimum block the relative speed of the samples was calculated,
this was done by calculating the time it would take to scan a 10mm cube. The
optimum block must have a good surface finish and a rapid build speed. The mean
value of roughness was calculated for all the samples, as 13.9µm, any sample that
had a roughness over this was neglected. Then the sample with the quickest build
speed was chosen. The parameters for this block are shown in Table 6.2. This
part had a relative density of 99.99% and a top surface Ra of 11.5µm.

Table 6.2. Process parameters for the Realizer SLM250 for CpTi

Parameter Solid Border
Power [W] 180 100

Exposure Time [µs] 50 300
Point Distance [µm] 70 65
Hatch Distance [µm] 100 N/A
Hatch Offset [µm] 50 N/A

Slice Thickness [µm] 50 50
Focal Lens Position [µm] 1533 1593

Discussion

The choice of focal position has a marked effect on the relative densities of the
samples. The focusing of the laser below the bed has been shown to provide
samples with a much greater relative density than those with the laser at a
corresponding position above the bed. There are two possible reasons for this.
The first is due to the size of the laser beam when it goes through the second
set of beam expansion lenses. If the lenses are moved further apart then the
diameter of the beam when it reaches the second lenses will be larger. This
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means that the beam will pass the Apalantic point of the lens and so the
spherical aberrations will increase. This means that the rays will not all focus to
the same point and so the beam will become distorted. Beam analysis
experiments done on the SLM250 have shown that the beam shape becomes
more toroidal rather than the expected Gaussian distribution when imaged
below focus [175].

The second factor discussed by Fisher [182] is the interaction of the beam with
any plasma that is created during the vaporisation of the metal. If the beam is
focused above the bed there is a region of high energy density above the bed this
will interact with the generated plasma and so will cause shielding of the melt
pool from the laser irradiation. This shielding prevents the utilisation of the laser
energy for melting material and therefore reduces the efficiency of the process.

It is unclear which of these mechanisms is dominant in this case however it is
evident that to increase the speed and efficiency of the process the laser beam
should be focused below the bed. To get an equivalent density with a focused
beam the exposure time needed to be doubled. The parameters developed in
this section can now be used as a base for further experimentation on scanning
strategies.

6.3. Hatch Rotation

Hatch rotation by different angles has been reported by Dimter [141] to be able
to reduce the residual stress in the part, in the patent the authors suggest 67o

was the ideal angle with the reason for this being it takes 18 further layers for the
next angle angle to come within 10 degrees of the original direction. The authors
did not show any evidence for this or how sensitive the process was, for example
if there was a notable difference between 67 or any other angle that takes a large
number of layers to repeat. This section will first discuss a number of metrics
that have been defined to propose optimum hatch angle and then investigate the
effect of these angles on the density, surface finish, strength and residual stress
in the parts.

6.3.1. Determination of the Optimum Hatch Angle

The following assumptions have been made and are used in all of the methods
described:

• Scan vectors will follow a raster pattern i.e. subsequent vectors are reversed.
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• Due to the raster scanning of parts angles greater than or equal to 180
degrees i.e. reflex angles are converted to their obtuse or acute equivalent.

• When calculating the angle between scan vectors the smallest angle will be
chosen therefore they must be acute.

• For the purpose of this study only integer values of the angle are considered.

The first factor that was considered was the number of layers before the initial
vector comes within a certain angle of the current vector, this was the reason
given by Dimter [141] in the patent application for the rotation of scan vectors.
Dimter cites 67o as being the optimum as it takes 18 layers to come within 10o

following analysis using the assumptions above, shown in Figure 6.5, it is clear
that if the assumption that a raster pattern is used is included and reflex angles
are equal to their obtuse or acute equivalent then the number of layers until
repeat reduces to 8 for the 67o scan strategy. It is also clear that if this measure
was to be used then 69o or 64o are more suitable as they take 13 and 14 layers
respectively to repeat.

Figure 6.5. Number of layers before the scan vector comes within 10o of
the current scan vector

The next metric that was developed in an attempt to determine the optimum
angle concentrated on distributing the scan vectors as evenly as possible over n
layers. The method used is described as follows:
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1. Calculate the position of all the vectors over n layers

2. Determine the angle between adjacent scan vectors.

3. Determine the standard deviation of these differences

What we would therefore require is an angle of increment that had the smallest
standard deviation and therefore the the angle between vectors was as even as
possible. The problem with this metric however is that the value of n or the
number of layers over which the measurement is taken must be chosen. If a low
number of iterations was taken then this may favour angles that repeat quickly
for example 90o however if we were to consider this over a larger number of layers
then this would have a higher deviation as the angles would be angles between
vectors are 0o and 90o. If however it was only considered over a large number
of layers then a strategy may be chosen which took a large number of layers to
achieve a good distribution.

In an attempt to minimise this affect the standard deviation of the angle
distribution was calculated for all layer increments between 2 and 180 layers.
The standard deviation of these was then taken which would give a measure of
consistency over a large number of layers. However this would also report
strategies that were consistently poor as being good so to avoid this the value
was multiplied by the average standard deviation. The affect that the angle of
increment has on this is shown in Figure 6.6 it can be seen that the strategies
that repeat quickly, 90o, 60o and 45o, all show a peak on the graph showing that
they do not give an even distribution of scan vectors.
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Figure 6.6. Measure of the distribution of scan vectors over 2 to 180 layers

Chosen Angles of Incrementation for Experimentation

The first three strategies chosen were to replicate the work done in Chapter 4
these are scan vectors aligned in the principal directions namely All X and All
Y and also XYA where the direction rotates by 90o each layer into the x or y
direction. The use of these strategies allowed the benchmarking of new strategies
developed and also ensure that the measurement technique has no effect on the
results of the experiment.

The next two strategies that were chosen were designed to understand how the
stress is distributed by the XYA strategy. The previous experiments concentrated
on the stresses parallel and normal to the scanning direction. To understand the
stresses further parts were built with all scan vectors at 45o and also the XYA
was rotated by 45o. This would provide further information on the anisotropy
of the XYA strategy and either verify or disprove the need to apply scan vector
rotation.

The angles of increment of 60o and 45o were chosen because they take 3 and 4
layers to repeat respectively. This would allow a comparison with the strategies
that take a large number of layers to come within 10o of the current layer. These
strategies also score poorly on in the statistical metrics that were defined to
determine the scanning strategies. The angle of increment of 67o was chosen as it
is discussed in the hatch angle rotation patent as being the optimum angle [141].
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The angles of 41o, 69o, 74o, 76o and 79o were chosen as these all either have a
high number of layers until repeat as shown in Figure 6.5 or had a good
distribution of scan vectors as shown in Figure 6.6. The differences between
these and the conventional scanning strategies determine the effectiveness of
scan vector rotation and whether it should be used. The difference between the
individual vector rotations demonstrates the sensitivity of the process to the
hatch angle rotation.

To further determine the sensitivity of the process to the value of hatch angle
rotation a further five strategies were chosen. To add slight deviations to the
increment angle small random deviations were added to the angle increment.
This method employed a Gaussian randomisation function to determine the
angle of increment. The function is provided with the position of the centre of
the Gaussian distribution in this case either 60o or 74o and then the standard
deviation for the Gaussian curve of either 5o or 10o. The final strategy was one
that was fully random this was achieved with a Gaussian centre of 90oand a
standard deviation of 180o which when plotted provides a very similar result to
that of a fully randomised sample.

6.3.2. Density Calculation by Optical Methods

The relative density of a sample can have a large affect on the residual stress
within it, due to the stress normal to the pore boundary being zero [68]. It is
therefore important to ensure that the density of the samples being tested are all
approximately the same and so the comparison between them is fair. The density
of a sample will also affect other properties such as tensile and fatigue strength.
It is therefore very important that for a strategy used to build samples is capable
of producing full dense parts.

The relative density of the samples was evaluated using optical methods the
parameters used for the manufacture of the components are those developed in
the previous section and are shown in Table 6.2. To reduce the number of samples
which needed to be sectioned, mounted and polished the samples were built on
the same pillar geometry as before (Figure 6.7) and were sectioned in the same
way after the build. To reduce the uncertainty on the measurement two samples
of each hatch strategy were built, the parts were distributed across three pillars
with no strategy being duplicated on the same pillar. The samples were imaged at
25x magnification and automatically analysed with the optical porosity software
(UoL, UK) detailed in Chapter 3 the threshold value used for 8bit analysis was
the same for all samples and set at 100.
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Figure 6.7. Density evaluation samples for the hatch angle tests

The relative densities of the samples are shown in Figure 6.8. All samples had
a relative density greater than 99.95% with the range of densities being 99.95%-
99.99% dense. This therefore shows that the density of the samples is largely
independent of the angle of rotation used. The knowledge that the samples all
have a level of porosity within the same range reduces the uncertainty when
comparing results, this means that if there is a change in the residual stress it is
not due to the density and therefore is more likely to be an effect of the scanning
strategy.

Figure 6.8. Density of samples with different hatch rotations

The parameters used to produce each of the samples were the same, these
parameters had been developed on the Realizer system for the XYA strategy.
This test therefore shows that the energy required to produce fully dense
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samples with hatch rotation is not more than that for the XYA strategy. This
however does not show that the process speed could not be increased utilising
hatch rotation and by modifying the parameters while still achieving the same
relative density. This was not investigated in this package of work as it would
add further variables to the experiment and would add little knowledge about
the residual stress. The relative density of the unidirectional scan vectors would
also imply that the porosity of a sample is not strongly related to the scanning
strategy and therefore the increase in build speed achievable with hatch rotation
by parameter modification may be small.

6.3.3. Surface Roughness

The top surface roughness of a part was shown to be highly dependent on the
scanning strategy used to build the samples in Chapter 4. Reducing the surface
roughness of a part can significantly reduce the cost of further post processing
steps. If the surface roughness is high then the amount of material that needs
to be removed is increased this means that more time is required for both post
process machining and also building the part as extra material needs to be added
before it can be removed. The freedom of design that is afforded by the SLM
process often means that a surface can not be accessible for machining. The
surface must therefore be as smooth as possible to ensure that negative effects
are not seen due to a reduction in strength or fatigue life caused by the rough
surface. This is especially important in orthopaedic components where a porous
material is being included in the built part. The surface under the porous material
is not accessible for machining and therefore will have an effect on the fatigue
life of the component. It is also important to ensure that the bond between the
porous and the solid parts is strong, if the troughs in the solid material are large
then the overlap between solid and porous needs to be increased and the build
time and consequently the cost of the component increases.

It had been suggested that the top surface roughness of the parts would be
improved though hatch angle rotation [141] however there is a lack of evidence
for this in the literature and so a test was designed to determine the effect that
the strategies chosen in the previous section would have on the surface
roughness. To evaluate the surface roughness 10mm cube blocks were built
directly onto the substrate in a 6 x 6 array Figure 6.9. To minimise the effect of
the position on the surface roughness of the component the block positions were
randomised across the array. The parts were also built directly onto the
substrate this is to remove the possibility of the wiper cord on the powder
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leveller becoming damaged by wear from the large amount of support structures
required to hold the blocks in place.

Figure 6.9. Blocks built on the substrate to determine the effect that hatch
rotation has on the top surface roughness of samples

The samples once built were measured using the OSP100 measurements were
taken every 0.01mm in the x direction and every 0.05mm in the y direction. To
reduce the user input in the scanning process a large area scan was completed
that encompassed the entire array of samples. Software was then developed which
split the array into grids, removed any tilt from the sample and cropped each
sample to an 8mm cube this was done to ensure that there were no effects from
the boundary of the samples. The removal of tilt from the sample using a least
squares plane fit ensured that the data was centred about this average plane; Ra

was then calculated according to Equation 6.1 and output for each position in
the array.

Ra = 1
n

n∑
|yi| (6.1)

The top surface roughnesses of the samples can be seen in Figure 6.10. The
surface roughness of the samples appears to be very similar for all strategies except
all X and all Y at an Ra value of around 10µm. The all X and all Y strategies
have a roughness or around 12µm this small increase could be explained due to
the stacking of scan vectors on top of each other on subsequent layers as this is
more likely to create small troughs from the repeated alignment of any defects.
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These observed roughnessess are all however smaller than those of the samples
produced in Chapter 4. If the difference between the all X and all Y and the rest
of the strategies was only due to the fact that the scan vectors are unidirectional
then it would be expected that the all 45owould show the same trend. This effect
could be either due to another unknown factor or to the very small difference
between scan strategies meaning that it is hard to detect and significant effect.

Figure 6.10. Top surface Ra of samples built with different hatch rotations

This experiment shows that the rotation of scan vectors has very little effect on
the top surface roughness of the samples. This test only shows that it is important
that the scan vectors are not unidirectional but does not give any statistically
significant indication of the benefits of any angle in particular.

6.3.4. Strength

The rotation of scan vectors was also thought to affect the strength of the
components by removing any defects or anisotropy in the parts. The lack of
experimental evidence for this meant that there was little proof that this was
actually the case. This experiment will determine the effect that the chosen
angles of rotation have on the strength of the components.
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Experimental Arrangements

Tensile testing was carried out according to the method described in Chapter 3.
To reduce the number of samples tested in this experiment the samples set was
consolidated by removal of the duplicate rotation angles. This meant that only
one uni-directional and one sample with a rotation of 90o were produced and
this reduced the sample set to 15 different samples. Three of each sample were
produced in one build with the parts randomised in position across the bed. Each
sample was tested under the same experimental conditions, the external surface
of each sample was polished with 240 grit SiC paper until there were no visible
defects on the surface and to give a surface Ra of 1.5µm this was intended to
minimise the effect that external surfaces have on the tensile test result. This is
especially important for this test as it is trying to determine the effect of the bulk
part rather than being surface dominated.

Results

Figure 6.11 shows the effect that hatch angle rotation had on the strength of
the components manufactured in CpTi. There is little statistical difference
between any of the samples made with different hatch angles the average yield
stress for all the samples tested was 488MPa and the average ultimate tensile
strength (UTS) was 593MPa. The deviation in the results is explained by
surface affects of the components, although the excess roughness was removed
this only removed approximately 50µm from each of the surfaces leaving the
possibility for sub-surface porosity between the contour and the hatch. It would
appear that to totally remove the effect of the surfaces from the experiment
then the surfaces would need to be machined and a larger amount of material
removed. The surfaces of the samples appear to have had a greater effect on the
elongation to failure than on the strength. The maximum elongation to failure
was recorded at 29% and the minimum at less than 1% this creates a very large
standard deviation in the data and so makes the drawing of meaningful
conclusions difficult.

147



Figure 6.11. The effect of hatch angle rotation on the yield strength, UTS
and elongation to failure in CpTi

Discussion

The measured strengths of the SLM material are much greater than would be
expected for CpTi as can be seen in Table 6.3. The most likely reason for this
being the differences in the microstructure of SLM parts compared with
conventionally processed material, this would have a direct effect on its
mechanical properties. The grain size of a material is dependent on the thermal
history of the part. In the case of SLM processing of CpTi the history is as
follows; initially the power is heated by the laser until it melts and enters the
melt pool with some of the previously formed solid also being re-melted, as the
laser moves on further along the line scan line the material cools and begins to
freeze and grains grown on the underlying structure. The witness lines of
columnar β grains can be seen in Figure 6.12 growing vertically up through the
part. The temperature of the material then drops below the α − β transition
temperature and α grains start to nucleate on the β boundaries, the high
cooling rate causes a large number of nucleation events and so forms a very fine
microstructure (Figure 6.12b). The change from the bcc β phase to the hcp α

phase involves a change in lattice shape, Figure 6.12b shows that a shear
transformation martensite structure is being created consisting of very fine
needle like elongated grains due to the rapid transition from bcc to hcp.

The size of the grains can be related to the strength of the material through the
Hall-Petch equation (6.2). Dislocations can not move across incoherent
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Table 6.3. Mechanical properties of grade 2 CpTi and SLM CpTi [75]

CpTi (Grade 2) SLM CpTi
0.2% Yield Strength (MPa) 275 488

Ultimate Tensile Strength (MPa) 345 593
Elongation to Failure (%) 20 10.6

Figure 6.12. Side profile of a solid SLM part built with the parameters in
Tab. 6.2 after polishing to 40nm and etching with HF

boundaries this means that as the grain size reduces the distance that the
dislocations can move is also reduced. The dislocations then bunch up at the
grain boundaries hardening the material. This work hardening of the material
increases therefore improving the strength. Figure 6.12b shows that the
microstructure of the material is very fine and of the order of 1µm. The small
grain size can also cause crack blunting due to the number of grain boundaries
encountered by the crack as it moves through the material. The increased
number of slip planes would also increase the tortuosity of the path that the
crack takes and so increase the strength of the material [185].

σy = σo + ky√
d

(6.2)

The large deviation in the elongation to failure is proposed to have been due
to the surface finish and sub-surface porosity of the samples. (Fig. 6.12a) shows
that at the external boundary of the part there are a number of pores of the
order of 50µm between the contour scan and the internal hatches. There are
two possible causes for the porosity in this region either the hatch offset is too
large or too little. If the offset is too large then the hatches will not join up with
the boundary and will form a ring of porosity between the two. If the overlap
it too great then the scanning of the boundary over the hatched part will ablate
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material and leave a deficiency of material in this area and so a pore forms. These
pores will form crack initiation points and will reduce the elongation to failure.
To remove these effects the part would need to be machined to remove this region
or the parameters would have to be developed further to alleviate the problem.

Modifications to the hatch angle appear to have very little effect on the tensile
properties of the material. The parameters developed for this study showed that
near to full density could be obtained with any of the hatching strategies, the
sectioned parts also show that there was a continuity of the structure throughout
the height of the component. The grain structure of the material can be seen to
span subsequent layers with no features indicating the different layers this would
eliminate the failure planes between layers. There is therefore no evidence from
this study into strength as to what the optimum hatch angle increment is or if
there actually is one.

6.3.5. Residual Stress

The rotation of scan vectors was designed to reduce the residual stresses in the
parts by distributing the stresses more evenly, however, this has not been shown
in the literature and therefore to test this a simple deflection test was designed
to analyse the effect hatch rotation has on the residual stress. The deflection of
samples was shown to be a good indicator of the levels of stress in the samples
in Chapter 4 it was also the least expensive in terms of time and equipment test
to complete. Its was therefore chosen as the test to evaluate this large data set.

The test involved the production of 54 samples, 3 of each of the test members. The
60mm x 10mm x 5mm samples were built directly onto the substrate (Figure 6.13)
then removed via wire EDM. The positions of the samples were randomised and
labels were added to the end of each sample to simplify the identification on
release. Once the samples had been cut from the substrate the cut surface was
measured on the OSP100 (Uniscan, UK) with a 10µm spacing in the x direction
and a 200µm spacing in the y direction. The least squares algorithm was then
used to remove any tilt from the sample the data was also smoothed using a
knot spacing of 10mm in both directions. Finally the profile was plotted and
the maximum deflection from outside to centre in both the X and Y directions
was calculated. The geometry of the sample was chosen to satisfy the width to
length ratio defined by Withers [186] this is to minimise the effect of multi-axial
curvature. The primary deformations of the parts should therefore be in the long
axis of the part.
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Figure 6.13. Residual test bars built onto the substrate prior to wire edm
cutting

Figure 6.14 shows the profile of the base of one of the All X scan strategy samples
that has been measured and smoothed the part clearly bends towards the laser
as expected from the previous tests and the literature. It can also be seen that
the primary deflection is as designed in the long axis of the part. To allow the
comparison of the data the deflection in the different directions and the standard
deviation of the different samples is plotted in Figure 6.15.

The deflection results show the same trends as in chapter 4 for the All X, All
Y and XYA the deflection is greatest parallel to the scanning direction with the
XYA strategy giving a median state of deflection between that of the two uni-
directional strategies. This gives confidence in this measurement technique as the
results replicate those of the tests carried out before. This result also gives further
confidence that the primary residual stress is parallel to the scanning direction
and therefore the constrained shrinkage has more of an effect than the TGM.

The angle of increment of the scan rotation would appear in this test to have
little effect on the state of stress in the component with the difference between
individual parts built with the same strategy being of the same order as the
difference between the individual strategies. It is therefore difficult to determine
if there is an optimal angle of increment. This test would however seem to suggest
that the angles of 60o and 69o do give lower levels of deflection that the other
strategies.
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Figure 6.14. Deformation of the bottom surface of a sample built with
the all x scan vectors showing that the sample ends bend towards the laser upon
release

It can also be noted that the Gaussian randomised samples with the centre about
60o and 74o give very similar deflections to the samples with no randomisation.
This would imply that the residual stress is not sensitive to small deviations from
the desired angle and that the angle on average is more important. It can also be
noted that the fully randomised sample has the largest deflection. If the hatch
angles were viewed from above with no notice taken to the order in which they
are placed then this would appear to have a similar distribution of vectors to the
other samples. There must therefore be a factor in the order in which they are
placed involved in the level of stress.

The large deviation between separate samples of the same strategy and the small
difference between different strategies mean that it is difficult to determine if
there is any difference or what the differences are between samples. A test was
therefore designed where the samples were placed on a support structure of 5mm
pyramids as shown in Figure 6.16. Parts were built with both 3mm and 5mm
top sections to investigate the effect this would have on the deflection. The
samples were then removed from the plate and the deformation of the samples
was measured. The trends of the deformation were the same with all X giving the
largest and all Y the smallest and the XYA being a value in between the extremes.
The deflections for the 3mm samples were 150% of the 5mm samples this was
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Figure 6.15. Deflection in the X and Y direction measured on samples that
were cut from the substrate using wire EDM

also roughly constant for XYA, all Y and all X showing that the deflection is a
function of the thickness of the part. It could therefore be determined that future
parts should be built with the 3mm part height as the increased deflection makes
the differences between different strategies more measurable.

Figure 6.16. Pyramid support structures

A further 54 samples were built with the new sample geometry of parts on pyramid
supports with a 3mm solid section on top. The samples were cut off the substrate
with a band saw because, as there was less material to remove than in the last
case this reduced the complexity and cost of the experiment. The samples were
then scanned and analysed in the same manner as those discussed previously
however in this case the top of the sample was scanned. The profile of one of
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the All X strategy parts is shown in Figure 6.17. It can be observed that the
deformation of the edges is towards the laser and also that the magnitude of the
deflection is much greater than the same part that was built directly on to the
substrate and is shown in Figure 6.14.

Figure 6.17. Deformation of the top surface of a sample built on supports
using the All X scanning strategy

Figure 6.18 shows the deflection of samples in both the x and y directions after
they were separated from the substrate, the deflections and the differences
between the different strategies are much larger than the samples that were
built directly onto the substrate. The trend with the All X, All Y and XYA are
again the same as has been shown with all previous experiments which gives
confidence to this as a measurement technique.

The deflection of the XYA part is not equal to the sum of half of the All X
and half of the All Y. This means there must be some interaction between the
successive layers of the part which reduce the total stress. One explanation for
this would be that the TGM is principally orientated normal to the scan vector.
This mechanism happens because as the solidified material is heated it expands
and fails in compression. In this case however there is already a very large tensile
stress in the top of the part in this direction and so the expansion therefore must
first relieve this tensile strain before yielding can occur. This could therefore
reduce the addition to the stress from the vectors in the All Y direction and make
it just due to those in the All X. If this was the case it may be expected that the
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Figure 6.18. Deflection in the X and Y direction measured on samples that
were built on supports and cut from the substrate

deflection would just be half that of the X with the measured deflection being
383µm and half the X deflection being 376µm. This is clearly much closer to the
measured value than half the X plus half the Y 499µm, there could however be
other explanations of this result and to understand if this is the case the stresses
need to be measured as they develop.

It can also be observed from the deflection results that if the XYA strategy is
rotated by 45o then the measured deflection is larger and this would imply that
the stress in the part is not isotropic. The stress in the part is therefore still
dependent on the orientation of the part, this factor should therefore also be
considered when using any strategy that repeats on itself quickly, like the parts
built with a 60o increment. The deflection for the XYA at 45o however is still
similar to the other strategies which have well distributed scan vectors. This test
gives some indication of the levels of stress within a part after manufacture it
also shows that the rotation of scan vectors does not lead to a drastic reduction
in the levels of stress within a component. This rotation of scan vectors however
may distribute the stresses in all directions better than the classic scan strategies
which repeat quickly.

Figure 6.18 shows the same trends for the samples with Gaussian randomisation
as Figure 6.15 did and this would imply that the levels of deformation and
therefore the levels of stress are more dependant on the average angle of
increment and are not affected by small deviations from this angle. The results
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from the fully random strategy would however seem to contradict the
conclusions which were drawn after the last experiment. The fact that the
deflection for the random sample is very similar to the other samples would
implies that the order in which the layers are added is less important than the
distribution over a number of layers.

The building of parts on supports has also clearly affected the levels of
deformation upon release. This therefore means that the stress profile within
the part must have also changed or that the wire EDM process of cutting the
parts away from the substrate in some way affected the levels of deformation. It
is unclear what caused this change in stress profile, however it is postulated that
when building parts on supports the initial layers after the supports are not
restrained in the same manner as those when the parts are formed directly onto
the substrate. This is due to the supports having a low stiffness in the deflection
direction which results in them yielding to the forces applied to them. This
would lead to unconstrained shrinkage in the initial layers with the stress
building up in subsequent layers as the restraint from the already built part
builds up. The trends of the experiments however appear to agree well with
each other and therefore although the levels of deflection are different the
results and conclusions that are drawn from these are still valid.

6.3.6. Conclusions

The rotation of scan vectors has been shown to have little effect on the relative
density of samples built by SLM with all samples measured having a relative
density greater than 99.95%. It was also shown that as long as there is some
rotation of the scan vectors then there is no effect on the top surface roughness
of the sample with all samples having an Ra of 10µm± 1µm.

The results of the deflection measurement of residual stress agreed with those of
the previous experiments with the primary stress in a part being parallel to the
scan vectors. The rotation of the scan vectors by on successive layers was shown
to have little effect on the deflection of the samples. The deflections were in many
cases measured to be greater than that of the current standard XYA strategy.
The rotation of the scan vectors is however, expected to improve distribution of
the residual stresses within the part in comparison to the XYA strategy. XYA was
shown to give varying levels of deflection depending on orientation with respect
to the scan vectors. The absolute value of rotational increment was also shown to
have little effect on the deflection of the sample with strategies which had slight
random perturbations producing the same result as those with the exact value
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used each time. This test therefore was unable to determine an optimum angle of
rotation of scan vectors over successive layers. It is postulated that this is due to
the very small differences it makes; to understand if there are any benifits to this
rotation of scan vectors an experiment is required that can measure the effect of
successive layers.

It was shown however that reduced deflections can be achieved if the part
geometry and orientation are considered when choosing a scan strategy. The
minimum deflection can be achieved using a unidirectional scan pattern
orthogonal to the principal axis of the part. This would only be advisable for
parts which have a very slender aspect ratio as the stress in the direction
parallel to the scan vectors would be greatly increased.

6.4. Post Process Heat Treatment

A common method for removing the residual stress from components is to carry
out a stress relief heat treatments. This involves heating the parts which reduces
the yield strength of the material and allows for the stresses to be relived through
the yielding of the material.

Experimental Arrangements

To test the effect that post process heat treatments have on the residual stress a
further 3 samples were built for the XYA, All X and All Y strategies. To test if the
order of removal from the substrate and heat treatment processes have an effect on
the levels of the deflection the new parts were left attached to the substrate. The
corresponding samples from the previous test were also heat treated concurrently
to act as the pre-removed samples. The samples were heat treated at 595oC for 4
hours then left to cool in air as recommended by the ASM [187] for CpTi samples.
The samples which remained attached to the substrate for heat treatment were
then removed from the substrate using the bandsaw method described earlier.
The samples were then measured with the OSP100 using the method described
previously and the same parameters.

Results

Figure 6.19 shows the averaged deflections of each set of three samples and the
standard deviations between the results. It is clear that the heat treatment of
the parts attached to the plate has reduced the deflection of the parts when they
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are removed. The deflections are less than 65µm for all the XYA strategy blocks.
The deflections have also been reversed so the edges of the parts are bending
away from the laser rather than towards it. The heating up of the parts reduced
the strength of the material and so allowed the parts to yield. The attachment
of the parts to the bed by the pyramid support structures meant that the parts
were not allowed to deform freely. This may explain why the parts then bent
away from the laser on release as the relief of stress had left some strains in the
part.

The deflection of the parts which were not attached to the substrate had however
increased by between 15-22% dependent on the scanning strategy. This is thought
to be due to the parts being unconstrained and therefore free to yield to release
the stresses. This also shows that the deflection of the parts when released from
the substrate does not remove all the residual stresses.

Figure 6.19. Deflection of samples after post process heat treatment compared
to the non heat treated state

Discussion

The use of post process heat treatments is effective at reducing the residual
stresses in a part. If the dimensional accuracy of the part is to be maintained it
is important that the part is restrained during the heat treatment process. If the
parts are not restrained then the reduced yield stress will allow the parts to yield
and so deform to reduce the residual stress.
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The deflection of the parts, which were heat treated on the plate, upon removal
was reversed and much smaller than the corresponding un-heat treated sample.
The deflection in the heat treated samples will be due to the difference in
deformation of the substrate and part when heated. Optimization of the heat
treatment process could reduce the introduction of new residual stresses. These
are most likely caused due to the samples cooling too quickly due to the uneven
expansion of the substrate plate and parts.

It is important to note that if the method of post process heat treatments on
the plate is to be used then the residual stresses in the substrate plate should
be minimized before the building of samples onto the plate. If there are residual
stresses in the plate then these will also be relieved in the heat treatment process
which could cause bending of the plate. This would affect the results of the heat
treatment of the parts and also mean the the substrate plate would need further
machining before it could be recycled and used again in the SLM process. The
stiffness of the plate should also be much greater than the part which is attached
to it, if the parts are sufficiently large then the substrate plate will be unable
to restrain the parts as they are heat treated leading to deformation of both the
part and the substrate.

The heat treatment of parts after they are built adds further steps to the
manufacturing process. This will increase the cost of the process. The heat
treatment of parts after they are built is also not always an option if the stresses
in a material are sufficiently large to cause deflection or cracking during the
build then this heat treatment will be ineffective. It is therefore important to
determine if the parts can be heat treated as they are built. The following
section will discuss methods for the heat treatment of parts during manufacture.

6.5. The Effect of Substrate Heating

The effect that heating the substrate had on the residual stress profile was
investigated in Chapter 5 using the FEA model. The model predicted that the
residual stress in the top surface of the part could be reduced by a third by
increasing the substrate temperature from ambient to 200oC. It was therefore
important to test if this reduction in stress was possible on an actual build. The
Realizer SLM250 is equipped with a bed heater which can be heated to 250oC.
In an attempt to replicate the conditions of the finite element model the
substrate temperature was set to 200oC and left for 2 hours to heat up. The
temperature of top of the substrate was checked at half hour intervals using a
optical thermometer. The temperature of the substrate reached 60oC ± 10oC
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across the area of the bed within 30 minutes and then maintained this
temperature for the rest of the monitoring period. In an attempt to increase the
temperature of the bed the heater was set to it’s maximum temperature and left
for a further hour to stabilise, the temperature could then be seen to
80oC ± 10oC across the bed. The inability of the system to heat up to the
desired level is believed to be due to the large amount of aluminium that
surrounds the heating element. This provides a preferential path for heat
transfer than through the stainless steel piston plate and titanium substrate.

To evaluate if this level of heating would have any affect on the levels of
deformation seen in the parts the same hatch angle parts on supports, as
discussed in the previous section, were built at the elevated temperature. On
completion of the build the heaters were turned off and the build was allowed to
return to ambient temperature before removal from the SLM machine. The
parts were then removed in the same manner as before using a band saw. The
samples were measured using the OSP100 and the deflection was calculated
using the same parameters as described above.

Figure 6.20 shows the effect that the substrate heating had on the deflection of
the parts after they were removed from the substrate. It can be seen that the
deflection of all heated samples is smaller than the unheated case. The difference
between the heated and unheated is not constant for all the scanning strategies
with the all x having a 29% decrease in deflection but the all y only having a 14%
decrease. The average decrease across all the samples built is 15% this contributes
a considerable change in the levels of deflection in the part it is much greater than
any benefits that were seen for scan vector rotation.

The reduction in residual stress achieved by the heating of the substrate to the
relatively low temperature of 80oC would suggest that if the machine was designed
such that the substrate could be heated to the intended level of 250oC then a
considerable decrease in the levels of deflection and stress could be achieved. This
agrees with the results in the literature with Shiomi measuring a 40% decrease
in stress for an increase in bed temperature to 160oC [70]. Mercelis also showed
a reduction of between 8-17% for an increase in bed temperature of 200oC [68].

It should be noted that the reductions seen in this experiment will most likely be
material dependent. Figure 6.21 shows the percentage of room temperature yield
strength at elevated temperatures, it is clear that the reductions in yield strength
are much greater for CpTi than they are for Ti64. If the temperature of the
material is raised to 200oC, this would cause a reduction of 55% for CpTi but only
a reduction of 32% for Ti64. These results can therefore not be extrapolated to

160



Figure 6.20. The effect of substrate heating on the deflection of parts in
the long axis, x direction, for different hatch strategies.

other materials, to understand the achievable reductions further experimentation
which is material specific is required.

(a) (b)

Figure 6.21. Percentage reduction in yield strength at elevated temperatures
for both CpTi (a) and Ti-6Al-4V (b) [75]

6.6. In Process Heat Treatment Using Laser
Rescanning

The previous section demonstrated that a relatively small increase in the
temperature of the substrate gave a large reduction in the deformation of the
part at the end of the build. The maximum temperature that the substrate can
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be heated to is however limited. Further increases in temperature would require
significant design changes to the machine to increase the insulation and
modification to the sealing and powder deposition systems which rely on
silicone cord which can only operate at relatively low temperatures.

A method of heat treating the part during the process is described by Shiomi,
Mercelis and Kruth [14,68,70]. The method involves heating the already formed
material with the laser at the end of every layer. This would allow the material
to yield and so would reduce the residual stress. In Chapter 5 the thermal FEA
model was used to simulate this process in an attempt to define the optimum
conditions for rescanning. The model was unable to show any reduction in stress
in the material and only showed increases in stress when the material melted
and subsequently refroze. Experimentation was therefore required to determine
the optimum conditions for rescanning and the maximum possible reduction in
residual stress.

The previous studies into the effect of rescanning have focused on the amount
of energy that is input into the part on the rescan. This will clearly affect the
temperature to which the part will be heated and so will affect the levels of stress
left in the part after rescan. In addition this study will also consider the direction
in which the laser scans and the size of the rescanning beam.

The direction in which the laser scans will affect how the expansion of the part,
due to the heat from the rescanning, interacts with the stresses that are already
present. It has been shown in both the previous sections of this chapter and also
the previous chapters that the XYA scanning strategy does not produce stresses
which are as high as expected when calculated as a sum of the two component
parts. It is proposed that this is due to the reduction of the contribution to
the stress state of the TGM mechanism. The large tensile force in the top of
the part, caused by the previous layer, is orientated normal to the scans of the
current layer. This means that for any compressive yielding to occur, the part
must first expand to relieve the tensile stresses then form compressive stresses
sufficient to yield the material. This suggests that the direction of scanning when
the laser is used to heat treat the part would affect the reductions possible. Parts
will therefore be produced with rescanning vectors which are either parallel or
orthogonal to the previous scan vectors.

The focal position of the laser beam was shown to have a large effect on the
achievable densities in the built parts. It was found during parameter
development that it was beneficial to have the laser focused below the bed as
this reduced the spherical aberrations in the beam and increased the coupling of
energy into the part. In these experiments the aim is not to melt the top surface
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but to heat it evenly, the desired energy distribution may therefore not be the
same as the previous case where full melting with a Gaussian beam was
required.

Experimental Arrangements

The experimental parameters which were changed in this experiment were: the
rescanning energy, the laser beam size and focal position relative to the image
plane, and the direction of the scan vectors as detailed in Table 6.4. The amount
of energy input into the sample is controlled by the exposure time and the point
distance. The machine parameters which give the desired energies and beam sizes
are given in Appendix C. The exposure times and point distances were calculated
taking into account the delays in the system which cause a non-linear relationship
between input exposure time and actual laser on time. The positions of the beam
expansion lenses was determined using empirical data taken from measurements
of the beam described by Ashton [175].

Table 6.4. Parameters used for the production of rescanning samples

Parameter Desired Value
Energy as a fraction of forming energy 1

4 ,
1
2 , 1, 2, 4

Beam Area as a fraction of forming beam area 2 (focus below bed), 1, 2 (focus above bed)
Direction Parallel, Orthogonal

Results

The top surface of the parts following rescanning showed varying degrees of re-
melting. Figure 6.22 shows one of the completed builds to test the parameters in
Table 6.4, the bottom left sample for example was rescanned with four times the
forming energy where as the adjacent sample was only rescanned with a quarter
of the forming energy. It is evident that the energy input into the sample on the
left has caused large amounts of re-melting to the top surface. This has improved
the surface finish of the part on the top surface, however if the part is viewed
from the side (Figure 6.23) then it is evident that the extra energy input into the
part has caused large amounts of deformation. In this case the supports have
been deformed and the side walls have lost all definition. The addtional energy
has also caused large amounts of powder to become sintered onto the part. This
is due to the lack of a heat transfer path through the small supports meaning
heat has flowed out through the powder bed causing powder particles to become
partially melted onto the surface.
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Figure 6.22. Top surface of specimens rescanned with different parameters
showing the remelting of the top surface on some of the samples

To understand the effect that the rescanning energy had on the deflection the
percentage change in deflection compared to a part with no rescanning was plotted
in Figure 6.24. It can be seen that the defection is reduced for all the rescanning
parameters. In general there is a trend which shows that the greater rescanning
energies give greater reductions in the deflection of the parts. It should however be
noted that the large reductions of around 80% come at the cost of the dimensional
accuracy of the parts as these are the ones rescanned with large amounts of energy.

The rescanning direction has a clear effect on the reduction of the deflection.
The parts scanned with orthogonal scan vectors show much greater reductions
in deflection than those scanned with vectors parallel to the build vectors. This
gives further evidence to the theory that was proposed previously in this work
that the contribution from the TGM can be avoided if the scan vector orientation
is chosen carefully.

The effect that beam size and focal position have on the rescanning process is
less clear. It was proposed that by focusing the beam above the bed, the part of
the beam that was used would be more affected by the aberrations in the system
and therefore would have a more even energy distribution. This has not been
shown to have a great advantage over using the focus set up that the parts are
built with or focusing below the bed.
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(a)

(b)

Figure 6.23. Samples treated with different rescanning energies, a) 1
4 and b)

4, showing the deformation caused to the supports by rescanning and the large
amount of sintered plaque attached to the part because of the rescanning.

Figure 6.24. Percentage change in deflection after removal from the substrate
for samples treated with different rescanning parameters
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Discussion

The use of in process heat treatments through laser rescanning is able to reduce
the observed deflection of parts when they are released from supports. The use
of energies in excess of the forming energy causes excessive deformation during
the process. This drastically reduces the residual stress but also means that
the dimensional stability of the part is lost. It is therefore recommended that
rescanning energies in excess of the forming energy should be avoided. Reductions
of between 40% and 50% are attainable with energies between a half and equal
to the forming energy. Due to the lack of evident re-melting on the top surface,
it is proposed that these reductions are due to the heating of the part causing
reductions in the yield stress and so allowing the stresses to be released. It is
interesting to note that using the same energy in rescanning as forming does
not cause excessive remelting the reason for this is proposed to be due to the
change way the laser energy is absorbed. Fisher [182] discusses that for powder
the optical penetration depth is greater this is due to the multiple reflections off
the surfaces of the individual powder particles. Rescanning the laser across the
newly formed solid is therefore less efficient at coupling energy into the part with
more being reflected back.

The possible reductions in the deflection of parts caused by laser rescanning will
clearly be material dependent. The reasons for this are the same as those that
govern the reductions possible by preheating the substrate. The stress relieving
comes from the reduction in yield stress at elevated temperatures. If the material
has better high temperature properties then the reductions in stress for the same
temperature increase will not be as great. Laser rescanning does however have
an advantage over the substrate heating technique, the temperatures achievable
with this process are much greater than those through the heating of the bed.
This could therefore be exploited with alloys that can not currently be processed
via SLM due to thermal cracking during building.
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7. Determining Residual Stress
Through In Process
Measurement

It has been shown in the previous chapters that through the use of post process
testing methods the stress profile in a part can be calculated and the effect of
scanning strategies can be measured and evaluated. It has been shown that there
is a lack of knowledge on precisely when stresses are generated and how they
evolve during the build. This limited knowledge on the generation of stresses
makes the design of new scanning strategies difficult. This chapter details the
measurement of the effects of the residual stresses in-situ during the build process.

7.1. Development of the Residual Stress
Dynamometer (RSD)

At least two published works exist on the analysis of stresses as they develop in the
SLM process Shiomi [70] and Van Belle [103]. Both of these methods concentrated
on the measurement of strains using a strain gauge rosette attached to the lower
face of a substrate as parts were built on the upper surface (Figure 7.1). The
methods described in [70,103] reveal information on the strains during the build
process. The stress profile through the centre of the part was then calculated
using an adaptation of the layer removal technique described by Shiomi [70]. It
can be seen in Figure 7.1 however, that the dynamometer must be firmly attached
in the corners of the substrate which may affect the way in which the part deforms
as an action of the stresses generated. This method can only give information
about the stress in the centre of the part and although Shiomi reports some effect
on the measured strains during the scanning of the layer it would appear that
the noise is too large for this to be reported by Van Belle.

To fully understand the effect that the melting of subsequent layers has on the
part during build a much higher fidelity measurement is required. An inprocess

167



Figure 7.1. Experimental setup and gauged substrate for the measurement
of strain during the manufacture of parts via SLM as described by Van Belle [103]

dynamometer with multiple measurement points across the substrate was
therefore designed. This chapter will discuss the design process and
manufacture of such dynamometer that will aid the understanding of the
development of stresses.

7.1.1. Load Cell Design Based on Finite Element Analysis

The in process dynamometer was designed to have an array of load cells which
measure the forces on the part as it is manufactured. This reveals information
of how the stresses in the part change as the laser melts the tracks and how
successive melted layers interact with each other. To design the load cells however,
an estimate of the force on each cell was needed to allow the characteristics of
them to be designed and ensure that there is sufficient load capacity to build
the required test geometries at a sufficient sensitivity to measure the effect of
individual scan tracks.

To give a first approximation to the force generated by the stresses in the part
the reverse FEA model described in Chapter 4 was used. This model took the
deformed shape of parts after they were released and forced the part back to the
undeformed state by applying set deflections to the FEA model, this resulted
in the calcualtion of the stresses that were relieved in that process of release.
The boundary conditions of the base were then changed to 2 rows of 7 equally
spaced point supports to simulate the part being held by an array of load cells.
The reaction force in the z direction at these points was then evaluated and the
maximum and minimum force recorded to provide an estimate of the forces on
the load cells. Figure 7.2 shows a contour plot of the forces over the equally
spaced point supports, the forces range from 564N at the edges to -495N in the
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centre. The load cells therefore should be able to measure 600N in both tension
and compression.

Figure 7.2. Estimated force on the load cells calculated using a reverse
finite element model

To enable the force to be measured at multiple locations the load cells must
be made so they can be patterned. One such geometry that would allow this
is shown in Figure 7.3 this pillar like geometry allows load cells to be located
in close proximity to each other in an array. A fully temperature compensated
bridge of 4 strain gauges would be attached to the central section of the load cell
as indicated in Figure 7.3. In order to measure the smallest possible change in
stress in the part the section of the part was calculated to maximise the measured
strain while avoiding plastic deformation.

The calculation of the section geometry can be derived from Equation 7.1 where
σ is the stress, E is the Young’s Modulus and ε is the strain. If the geometry
is thought of as a cylinder, radius R, with a concentric hole through the centre,
radius r, then Equation 7.1 becomes Equation 7.2 using the relationship between
area and force. Which can be rearranged to form Equation 7.3 to calculate the
outside radius. The maximum force on the load cells F was predicted to be 600N,
the strain at yield can be calculated by rearranging Equation 7.1 using the level of
stress as the yield stress of the material. A factor of safety of two was then applied
to this value to ensure that the cells are not damaged by reasonable overloads.

σ = Eε (7.1)
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If 316L stainless steel is used with σy=205MPa and E=193GPa and if the central
hole diameter was set at the tapping drill size for an M5 of 4.2mm, then the outside
diameter of the gauge section can be calculated to be 5mm and the resultant wall
thickness is 0.4mm.

Figure 7.3. Section through the initial load cell design showing gauging
location

A subsequent design review revealed that the load cells designed would be both
costly and difficult to manufacture making the load cells expensive. To avoid
this cost and difficulty commercial load cells were specified instead of these,
however load cells in these dimensions are also expensive to buy off-the-shelf.
Binocular beam load cells are considerably less expensive to purchase because of
the simplified geometry and also give excellent signal-noise-ratios. The load cells
used to create the dynamometer are shown in Figure 7.4 these have two M5
attachment holes one at each end and are gauged in the central section. The
design of the load cell is such that they are moment insensitive meaning that if
the built part is not perfectly aligned on the load cell then the effect on the
recorded load is insignificant.

The use of commercial load cells of this geometry limits both the pattern of the
array that can be made and also the maximum temperature that the system can
withstand whilst maintaining fidelity. These cells can operate in a temperature
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Figure 7.4. 0-50Kg Binocular load cell used in the dynamometer

range of −20 − 55oC and are compensated within the range −10 − 40oC as
a result the dynamometer is not able to measure the effect that heating the
substrate has on the residual stress. The length of the load cells also means
that the dynamometer is limited to two columns of load cells. The cost and
availability of these cells significantly outweighed these drawbacks and therefore
the dynamometer was redesigned to accept them.

To ensure that the deflection of the load cells would not inhibit further layers
being deposited, an FEA model allowing the deflection of the load cell to be
evaluated was produced. Figure 7.5 shows the results of this simulation, the load
cell was fixed as in the realistic case by the M5 thread surface. A 50Kg distributed
load was then placed onto the top face of a pillar attached to the cantilevered end
and the deflection of the cell was calculated. The maximum recorded deflection
of the top face of the pillar was 60µm in the vertical direction. Although this is
of the order of 1 layer of powder this deflection will not all be realised at once,
as the build will take an number of layers to develop stresses which would cause
a load of 50Kg. The deflection would therefore be spread over many layers and
would have little effect on the thickness of the powder bed for each individual
layer. The deflection of the load cell in the long direction is also important to
ensure that adjacent load cells do not touch each other and therefore change the
levels of stress that are recorded. The maximum deflection that was recorded on
the end of the load cell was 11µm considerably less than the gap between the
load cells.

171



Figure 7.5. Deflection of load cell and titanium peg when a 50Kg load is
applied to the top of titanium peg.

7.1.2. RSD Detailed Design

Once the load cells had been chosen a specialist substrate was required to fix the
load cells in place and also align them ready for the build. This section will detail
the design of the in process dynamometer and of the part that will be built on
top.

The substrate designed to hold the load cells in place is shown in Figure 7.6.
The base of the substrate has 14 grooves machined to position the load cells,
this ensured that the load cells are positioned correctly. The level below the
load cells was also machined away to ensure that the movement of the load cells
was not restricted. A large slot is cut through the centre of the substrate which
allows access to the bottom of the load cells. This access is required to enable
the loosening of the pins that the parts stand on once the build is complete. The
slot at the front of the substrate is to take the wires from the load cells out of
the substrate.

The manufactured and assembled dynamometer is shown in Figure 7.7. Once
assembled the wires were clamped down at the corners and where they come
through the slot out of the RSD providing strain relief to protect the junctions
between the cables and load cells. A thermocouple was bonded onto one of the
load cells to measure the temperature of the material close to the strain gauges.
Titanium pegs were then bolted onto the load cells to enable parts to be built on
top and removed without changing the load cells position.

The in process dynamometer was completed by adding two 5mm thick substrates
separated by a 0.5mm thick laser cut silicone membrane to the top (Figure 7.8).
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Figure 7.6. CAD representation of the base substrate of the RSD,
showing the alignment grooves for the load cells, slot for access to load cells
from underneath and cut out to get wires out

Figure 7.7. Machined substrate with load cells, titanium pegs and
thermocouple attached

The holes in the silicone membrane are 8mm this gives a tight fit around the
10mm titanium pegs, ensuring that the powder is unable to enter the load cell
area. The substrates are held firmly in place with 11 M5 countersunk screws
ensuring that there is no movement between the substrates and that the top
surface is flat. The titanium pegs are set 1mm proud of the top surface to ensure
that the wiper does not interact with the aluminium substrate.

Before the dynamometer could be tested the load cells were calibrated. This
ensured that the readings taken were the actual force on the cells. The load cells
were wired to two Instrunet 100 data loggers (Omega, USA), with a capacitor
between the two signal lines to provide some signal filtration. A holder was hung
from each load cell and 5Kg weights were added to each up to to a maximum
of 45Kg. The real load and the measured load were then plotted against each
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Figure 7.8. RSD with top substrate and silicone membrane assembled to
ensure that the powder does not enter the load cell area.

other and the gradient of the line of best fit was taken as the scaling factor. This
scaling factor was input into the Instrunet software and the process was repeated
to ensure the scaling had been accurate.

Following calibration the RSD was then fixed into the SLM machine as shown in
(Figure 7.9), the wires for the load cells and thermocouple were brought through
the door of the machine and connected to the data logger and PC located next
to the machine. The wires were sealed through the interface with silicone sealant
to maintain the inert atmosphere.

The build process to measure the residual stress was as follows. Pillars were built
onto the titanium pegs (Figure 7.10). The pillars had a 8mm circular base and
came up to a 15.5mm square, this ensured that the pillars came very close to
each other but did not connect. The pillar base would be built with the same
scanning strategy on every part which would ensure that the starting condition
for every build was the same.
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Figure 7.9. RSD attached into the SLM machine with the wires running
through the glove port into the data loggers

Figure 7.10. Schematic of the pillars built onto the top of the titanium
pegs
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7.2. Measuring the Effect of Different Scanning
Strategies on Residual Stress

The previous chapters have indicated that the predominant stress generated
during the SLM process is parallel to the direction of the scan vectors. No
knowledge was gained on how this develops and changes as layers are added to
the part. This section will consider the difference between the scanning
strategies looking at the high fidelity changes in force on the load cells
throughout the duration of the build in an aim to understand the effect that
scan vector direction, order, length and successive rotation have on residual
stress.

7.2.1. Experimental Arrangements

It was important to not exceed the maximum force on the load cells or exceed
the maximum allowable temperature. As there is no active cooling on the load
cells the first test carried out was run under supervision and the build was paused
when the temperature approached 50oC and was allowed to cool to 40oC before
being restarted. The strategy chosen for the first test was to use scan vectors
in the all x direction, as from previous experience this was expected to provide
the part with the greatest stress and hence the greatest load on the cells. The
build was stopped when one of the load cells reached 400N to ensure that the cell
was not overloaded due to additional stresses that would perhaps be generated
when the part cooled to room temperature and to ensure that the cells were not
overloaded. The build once removed from the machine is shown in (Figure 7.11).

The 400N limit was reached on the load cells after 56 layers or 2.8mm of build
height. The force on the load cells did not increase to any large extent after
the end of the build, the build height for future builds was set at 3mm or 60
layers. During the build it took 5 layers for the temperature to rise to the limit
of the load cells measurement range, the time taken to cool was approximately
twice the time spent scanning the part. To reduce the user intervention in the
subsequent tests two phantom parts were added these parts were the same built
file as the original part but had the laser power set to zero. The addition of these
parts increased the time of each layer and following experimentation were shown
to maintain the temperature while also removing the need for long pauses during
the build.

For the purpose of the discussion of results the load cells are numbered from 1-14
with the back row from left to right being 1-7 and the front row from left to
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Figure 7.11. RSD after the completion of the build with the part still
attached to the load cells

right being 8-14 (Figure 7.12). To enable synchronization of the results with the
location of the laser the laser IO state is recorded. The hatching software used
for the creation of all the build files for this study was the software discussed
previously. The use of this software allowed not only the direction of the hatches
to be set but also the order in which they are scanned.

Figure 7.12. Load cell numbering

7.2.2. Results

The first scanning strategy tested was All X scan vectors with the vectors starting
at the back of the part on every layer. The force at each of the load cells over time
is shown in Figure 7.13, it can be seen that the load on the cells steadily increases
over time. There is a drop in the force on each load cell during the scanning of the
layer which shows where the part is expanding locally and bending away from the
laser due to it being heated up. This phenomenon can be seen on both the front
and back load cells the shape of the graph is different for each. If the graph is
enlarged (Figure 7.14)it is also clear that every layer the back cells where the laser
starts scanning have an initial peak then a sharp decrease followed by a steady
rise until the pattern is repeated for the next layer. The front cells however show
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an initial sharp decrease then an increase to a peak then a short gradual decrease
until the next layer. This means that the local peaks of cells 8 and 14 line up with
the troughs of 1 and 7. This equates to a rocking of the part from front to back
as the laser scans over it. This could be explained as part of the TGM where are
the part heats up it expands this would locally relieve some of the stresses and
so mean a decrease in the measured stress.

Figure 7.13. Force on the load cells, load cell temperature, and laser IO
state over 56 layers built in the all x direction with vectors scanning from the
back to the front on every layer

Figure 7.14 also shows that the force on the load cells increased more rapidly on
the back load cells than it does on the front load cells. This would imply that the
stress generated is not equal across the layer and the stresses greater on the edge
at which the scanning starts of the part are greater than those on the edge where
it ends. This may be due to the temperature of the part when the laser starts
scanning. In the case of the leading edge the part is on average cooler than the
rest of the part and so the thermal gradients will be larger than they are when
they reach the end of the part.

In order to determine if the larger stress at the back was due to the scanning
direction, a part was built again with all x scan vectors but the scan direction
was reversed, the part was scanned from front to back. Figure 7.15 shows that
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Figure 7.14. Force on the cells for the first 10 layers built in the all x
direction with vectors scanning from the back to the front on every layer

when the scan direction is reversed so are the trends in the shape of the graph.
The forces in this case are larger on cells 8 and 14 at the beginning of the build
which suggests that the order in which the scan vectors are exposed has an effect
on the stress in the part.

Figure 7.15. Force on the load cells, load cell temperature, and laser IO
state over 60 layers built in the all x direction with vectors scanning from the
back to the front on every layer
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The increase in the layer time meant that the build could run through the
complete 3mm build without the need for pausing due to overheating. This
meant it was easier to draw comparisons between the different layers as they all
had the exact same conditions. Its should also be noted that the sum of the
total force across all the cells at the end of layer 56 was equal to that of the
previous build. This suggests that the modification of the layer time has had
little effect on the total residual stress in the part.

The rear load cells on average read a load that is slightly higher than that of the
front cells this was proposed to be due to misalignments of the build on top of
the load cells resulting in on average more of the build is over the back cells than
is over the front cells and therefore the total force on those cells would be greater.

The previous two experiments indicated that the order in which the scan
vectors are exposed has an effect on the distribution of stresses within the part.
Figure 7.16 shows the sum of the absolute value force on the front compared
with back load cells. When the part is built with All X scan vectors which
alternate from scanning back to front and front to back. It is apparent that at
the start of the test the side under the maximum force alternates from the front
to the back and so on. It can also be seen that the characteristic shape of the
graph on each layer swaps between front and back on consecutive layers.

Figure 7.16. Sum of the absolute values of force on the front and the back
load cells, for the first 30 layers of the build, when the part is made with all x
scan vectors which alternate starting position from back to front.

In order to ensure the stress in the part is as evenly distributed as possible it is
important that the scan vectors approach the part from different directions on
successive layers. This can be integrated into the hatching software using the
angle of rotation. One such method of this would be to set angles greater than or
equal to 180oto start at the opposite edge to angles in between 0o and 180o.This
would mean for an unidirectional scan strategy it would take 2 layers for the
hatch pattern to repeat exactly.
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The previous tests demonstrated the sensitivity of the SLM process to the order in
which vectors are scanned. To understand the effect of the scan vector orientation
a part was built with All Y scan vectors which started at alternate sides of the
part on successive layers(Figure 7.17). Figure 7.18 shows the total force on the
cells, after the all y build it is clear that total force on the load cells is much
smaller than that of the all x. The total force for the all y was 1382N compared
to 3479N for the all x build. This suggests that although the force is much smaller
normal to the scanning direction than parallel to it there is still a considerable
force. The increase per layer is recorded at roughly 59N per layer for the all x
and 24.5N per layer for the all y.

Figure 7.17. Scan strategy for layers 1 and 2 for All Y alternated

Figure 7.18. Sum of the absolute values of force on all the load cells over
time when the part is built with the all y scanning strategy.

The force on the load cells was observed to alternate in what is described as
rocking from front to back in the all x scanning strategy. This is also evident
with the all y scanning strategy, Figure 7.19 shows the force distribution in the
load cells at three time instances during the exposure of the layer. At the start of
the layer the load can be seen to be roughly symmetrical about the centre of the
build, as the laser moves across the force can be seen to act like a wave with the
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trough at the position of the laser and the peak just ahead of the laser. At the
end of the layer as the part cools down it then returns to the symmetrical state
at which it started before the next layer where the wave moves in the opposite
direction.

Figure 7.19. Force on the load cells during the scanning of an all y layer
showing the start of the layer, 3

4 of the way through, and the start of the next
layer the red dotted line indicates the position of the laser.

The total force at the end of the All X build was much greater than that at the
end of the All Y build, this is due to the direction of the scan vectors. Published
studies have concentrated not only on the direction of the vectors but also on the
length. To ensure that it is the direction of the vectors and not the length which is
causing this difference the all x build was repeated and exposed in stripes reducing
the length of the scan vectors. The width of the stripes was set at 32mm, the
same as the length of the all y scan vectors, and the stripes were shifted by 1mm
across the part every layer (Figure 7.20). The shift in the stripes on successive
layers is designed to ensure there is not a defect formed in the part at the junction
of the stripes as reported in the literature. This defect would manifest itself in
the form of porosity this porosity would affect the levels of residual stress as the
stress normal to the pore boundary is zero [68].
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Figure 7.20. Scan strategy for layers 1 and 2 for All X stripes

The total force at the end of the stripe build was 3430N, a very similar level to
the standard all x alternated build which was 3479N. The profiles of the force on
the load cells were also similar, Figure 7.21 shows the two profiles of the force
on the cells at the end. The use of stripes rather than long scan vectors does
therefore not have any noticeable effect on the levels of stress within the part.

Figure 7.21. Force on the load cells at the end of the build for All X
alternated and All X stripe

The tests completed in both Chapter 4 and Chapter 6 showed that the the
deflections and stresses for the XYA strategy were not the sum of half the x and
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half the y. The reason for this was not fully understood, a part was therefore
built with the XYA strategy on the in process dynamometer in an attempt to
understand what is happening during manufacture. Figure 7.22 shows the force
on the load cells as the part is built. It can be seen that there is a steady
increase in force over time however some layers appear to have a net drop in
force.

Figure 7.22. Force on the front and back load cells when a part is built
using the XYA scan strategy.

To further investigate this reduction in force across the layers the total force was
plotted against time and the relevant layers were shaded where the laser was
scanning the samples. Figure 7.23 shows that for the layers scanned in the y
direction there is a sharp drop in force while the laser is scanning, which is then
followed by a steady rise while the part cools and another layer of powder is
deposited. The total force after the layer however is lower than it is at the start
of the layer. The drop of force could be due to the part being annealed by the
all y scans, this however is unlikely as the subsequent x layer adds the force that
was lost plus the force for a single x layer. There must therefore be something
happening that is not visible on this in process dynamometer .

The total force at the end of the XYA build was 1931N this is less than the
expected 2430N which would be half of the all x plus half of the all y. This
result agrees with that of Chapter 6 where the measured deflection was much
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Figure 7.23. Sum of the absolute values of force on the load cells during
the first 15 layers of the XYA build

smaller than would be expected if the XYA strategy was simply an addition of
it’s component parts.
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7.2.3. Discussion

The tests completed in this section give strong credence to the primary stress
being orientated in the direction of scanning. This agrees with some of the
previous work in this field [14,70] but disagrees with others [68,71,74], the large
number of experiments that have shown this trend would suggest that this is
the primary direction of the stress. Previous studies must have had some factors
that modified the way the stresses were developed, this could be explained by
the relative age of the studies. The most recent was published in 2006 the
process has been developed considerably in the intervening time with scanning
parameters, in particular laser process speed and laser power, changing
dramatically. These developments would change the energy transferred into the
part so may also have changed the mechanisms that are involved in the stress
generation. If the lasers are moving slowly it is reasonable to assume that the
underlying part would be heated more and so there may be a greater
contribution to the stress from the TGM mechanism than there is with the
current parameters. This would increase the levels of stress normal to the
direction of scanning.

The stress normal to the scanning direction is still shown to be considerable at
approximately 40% that of the stress in the scanning direction. This value is
very close to the Poisson’s ratio of the material , of 0.36 [75], so the strain
in the long direction of the part would cause a strain normal to its direction.
This does not however explain why the force drops on the laying of the all y
layer. With the current measurement technique it is unclear what causes the
stress normal to the scan vectors or what causes the drop in force on the y layer
in the XYA strategy. Further developments to the RSD are therefore required to
get an improved measurement fidelity in each direction.

The length of the scan vectors was also shown to have very little effect on the
levels of force. This implies that it would also have little effect on the stresses
in the part. This can be explained using the finite element model discussed in
Chapter 5, the thermal model showed that by then end of a 10mm wall the
beginning of the wall had cooled down to the temperature of the part. There
will therefore be very little difference in the thermal gradients between adjacent
scan vectors which are 32mm long or 112mm long. The stresses generated should
therefore also be similar.

The in process measurements has allowed factors that were previously
unobservable to be measured and reported. The effect that the order in which
scan vectors are exposed has on the levels of stress in the parts had previously
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not been measured. The “rocking” of the part as the laser scanned over it has
also not been measured with such high fidelity.

7.3. Development of the Second RSD

The previous section detailing the measurement of the effects of the stresses as
they are generated gave a unique insight into the transient behaviour of parts built
by SLM. The work did not, however, fully explain some of the features present
in parts with scan vectors which were not unidirectional. This was thought to
be due to the lack of measurement resolution in the Y direction. To solve this
problem a second RSD was designed with a square array of 16 load cells.

7.3.1. Experimental Arrangements

The geometry of the load cells did not allow an array with more than two rows
to be created with a single attachment substrate. Hence the RSD had to be re-
designed into two separate substrates which could be bolted on top of each other.
Figure 7.24 shows the two separate levels of the RSD the bottom level has the
load cells for the central two columns and the top has the outside columns. The
load cells were rotated in this RSD to be aligned with the x direction rather than
the y to give more space for the wires to exit at the front of the RSD.

Figure 7.24. Two levels of the second RSD showing the bottom level on the
left and top level on the right and the two levels stacked on top of each other

The load cells were calibrated in the same way as the previous RSD. The two
substrates were placed on beams suspended between two secured lab benches.
Weights were then hung from each of the load cells from 0-45Kg in 5Kg
increments the scaling factor was calculated in the same way as before and the
test was repeated after calibration to ensure that the scaling had been effective.
Once the load cells had been calibrated the RSD was assembled and two
thermocouples were bonded to load cells 5 and 6 close to the strain gauge
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location. The pegs which were attached to the bottom load cells were 32mm
longer than those attached to the top this meant that after the RSD had been
assembled all the pegs protruded to the same position above the top substrate.
Figure 7.25 shows the assembled RSD.

Figure 7.25. Second in process dynamometer with the levels stacked
together

To enable greater laser powers, layer thicknesses and Ti-6Al-4V to be tested the
equipment was also run on the 600W Realizer SLM250. The material parameters
are detailed in Table 7.1. No boundary scans were used for these tests so these
values are not included.

Table 7.1. Processing parameters for the 600W SLM250 Realizer system

CpTi Ti6Al4V
Power [W] 200 550 550 200 550

Exposure Time [µs] 60 110 140 60 150
Point Distance [µm] 70 70 70 70 70
Hatch Distance [µm] 120 250 250 120 250
Slice Thickness [µm] 50 50 150 50 150

Focal Lens Position [µm] 60 250 250 60 250

7.3.2. Results

The previous RSD gave good quality results when experimenting with
unidirectional scanning strategies. It did not, however, give the full picture
when parts were made with the XYA strategy. To evaluate what effect rotating
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the scan vectors by 90o each layer had, the XYA strategy was repeated on the
new RSD. Figure 7.26 shows a contour plot of the force on the cells at the end
of the build. It is clear that the forces in the X and Y directions are similar and
so the stresses are evenly distributed in contrast with the previous methods.

Figure 7.26. Contoured profile of force at the end of the XYA build

If the total force graph (Figure 7.27) is considered however then some trends
which are similar to those seen on the previous RSD are apparent. If the time
from 0-6000 seconds is considered, it can be seen that during the all Y layer
there is a considerable drop in the force on the cells which is not recovered until
the end of the subsequent all X layer. It is clear that the drop gets smaller the
closer to 6000s, shortly after this the shape of the trend changes and the drop is
not evident. This may be due to an unbalance of forces, the part starts with an
X layer so every additional Y layer is always acting to balance out the forces .
There are however never more Y layers than X layers and therefore the forces are
generally greater in the X direction than in the Y. As the build height increases the
difference gets less noticeable because each individual layer is a smaller fraction
of the total number of layers. This build failed, however, after 3mm due to the
part interacting with the wiper. The build was therefore repeated on the 600W
Realizer SLM250 located in Stryker’s research facility.

Figure 7.28 shows the force on the load cells after each 1mm of build height. The
trends for the first 3mm seem to agree with those seen in the first test, however,
after this the load distribution seemed to be skewed. The top and bottom edges
were primarily pulling up on the load cell and the middle two rows pushing down,
the difference between successive rows seems to be much more than successive
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Figure 7.27. Sum of the absolute values of force on all the cells in the
dynamometer over time shaded to shown when the laser is exposing the powder
bed

columns. This fact can also be seen if the loads on each of the load cells over
time are considered. Figure 7.29 shows the force on the load cells over time,
load cells 2 and 3 and 14 and 15 are in centre of the top row and bottom row
respectively. Load cells 5 and 9 and 8 and 12 are in the centre of the left edge
and right edge respectively. Load cells 2,3,14, and 15 appear to mirror cells 5,9,8
and 12 with the column cells initially being positive then them all being roughly
zero at approximately 3mm then those that were previously in tension become
compressive and vice-versa.

This trend was reproduced with all the different parameter sets, the magnitude
of the difference and the position of the intercept with the x axis changed but
the trends were still the same. In order to determine if this was due to the
measurement method or some real factor the RSD was modified to enable it to
be rotated by 90o. The same build was then replicated and the trends rotated
with the dynamometer . It would therefore appear that this is a factor of the
RSD. It is believed this is due to the difference in length and loading direction of
the load cells. This will cause directionality in the stiffness of the system which
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(a) 1mm (b) 2mm (c) 3mm

(d) 4mm (e) 5mm

Figure 7.28. Contour plots of force at the end of the layer in 1mm intervals
on parts built with 200W

may cause it to buckle in different directions dependent on the stresses within
the system.

This factor of the load cells means that it is hard to compare different builds
using the total force methodology as the position at which the load crosses the x
axis is different for different processing conditions. This means that the the total
force at a given build height will be dependent on this position and therefore may
be artificially high or low. The four corner load cells and the four central load
cells seem to fit a much more linear pattern similar to that seen in the previous
RSD. In Figure 7.29 it can be seen that the corner cells increase rapidly at the
start and then increase at a nearly linear rate this is the same but negative for
the central load cells. The difference between these was therefore used for the
comparison of different materials.
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Figure 7.29. Force on each of the load cells over time, load cell numbering
goes from left to right then back to front.

Effect of Processing Parameters

To enable the comparison of the different materials and to utilize the greater
laser power available the RSD was adapted to be used in the 600W Realizer
system. This enabled the comparison of the effects of build parameters on the
residual stress in parts. Figure 7.30 shows the effect on the force for the different
tests completed in CpTi. The builds were run until force on any of the load
cells approached the limits of the load cells or the build failed due to the part
interacting with the wiper in the case of the 180W build.

The 180W build was done on the Realizer system at Liverpool this shows a much
lower force than the comparable 200W build done on the newer Realizer system.
This is proposed to be due to the difference in material processing parameters,
both systems have been independently developed to maximise the density of the
parts with both systems producing relative densities greater than 99.95%. The
hatch spacing and exposure time for the 180W system is however lower than
that of the 200W system. If the delays for each machine are assumed to be
constant and are neglected, then the energy into each slice can be calculated
using Equation 7.4. The 180W parameters therefore put approximately 5266J
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Figure 7.30. The effect of processing parameters and layer thickness on the
force difference between outside and central cells for CpTi at end of each layer

into each layer and the 200W parameters put 5851W into the part. This slight
reduction in energy may have affected the levels of stress in the part. However,
the energy values are very similar, another possible reason is that the hatch lines
are also closer together for the 180W parameters this means that less material
is being melted at once and so the shrinkage per scan line may be smaller. The
adjacent material is also reheated on successive scans so this may have heat
treated the previously formed material.

Energy = PartDepth ∗ PartWidth

HatchDistance ∗ PointDistance
∗Exposure T ime∗Power (7.4)

The build completed with 550W and 50µm layer thickness shows a considerable
increase in the force at the start of the build when compared to the equivalent
200W build. The energy put into the part is also much larger at 14197J. These
parameters are therefore considerably less efficient than those developed for
200W. The shape of the curve is very similar to that of the 200W with the
gradient of the linear region being similar.

Increasing the layer thickness to 150µm appears to have had less of an effect
than the increase in laser power from 200W-550W. The increased layer thickness
curve shows a very similar level of force to the 50µm layer thickness with the
same laser power. The increase in energy is also smaller, the energy put into the
150µm layer is 18022J. This gives a very similar energy per unit volume to the
200W parameters. The use of higher laser powers with the same layer thickness
may give increased forces due to the quantity of material that is being melted.
The hatch spacing for these parts was 0.25mm it is therefore very unlikely that
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the depth of the melt pool is only 0.05mm. The laser must therefore be remelting
large amounts of the already formed solid this would explain why the relative
efficiency seems low compared to the parameters at 200W. This remelting of the
already formed solid can also be detrimental to the properties of the part and
gives rise to the possibility for ablating material is greatly increased and so there
is the possibility that porosity will be introduced into the part.

Effect of Alloy Type

Modifying the process parameters appeared to have a large effect on the levels
of force measured on the RSD. The Ti-6Al-4V alloy has a greater yield stress
than CpTi and so may be used in applications where higher forces and stresses
are expected. The increase in yield stress has an effect on the residual stress in
the material, it is therefore important to be able to quantify what effect this will
have. To analyse these changes two builds were completed one at 200W with a
50µm layer thickness and one with 550W and 150µm layer thickness. The force
difference can be seen in Figure 7.31.

Figure 7.31. The effect of Titanium alloy and layer thickness on the levels
of force measured in the RSD

The material parameters for the processing of Ti64 and CpTi are very similar,
independent of laser power and layer thickness. It can be noted in Figure 7.31
that the initial section of the graph up to the first 1mm of the build height is
very similar for the two builds at 200W, the force for the Ti64 then increases at
a greater rate. The Ti64 at higher laser powers also shows a similar shape to
the CpTi build but with a greater level of force. The change in levels of residual
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stress is smaller than would be expected from the comparative yield stresses of
the materials. The material properties of each of the materials processed in the
RSD can be seen in Table 7.2, the yield stress of the Ti64 is over double that of
the CpTi these results are after a HIP heat treatment but even including this the
stress in the Ti64 part should be much greater than that in the CpTi part. The
high temperature material properties are also better for Ti64 than CpTi the effect
of temperature on strength was shown in Figure 6.21 in section 6.5. This showed
that the percentage reduction in strength for the same increase in temperature
was lower for Ti64 than CpTi. It would therefore be expected that the stress in
the Ti64 part would be higher.

Table 7.2. Material properties of SLM Titanium alloys produced with the
parameters in Tab. 7.1 after HIP heat treatment.

Ti64 CpTi
Yield Stress, σy, [MPa] 857.7 396.4

Ultimate Tensile Stress, σUTS, [MPa] 952.3 520.1
Elongation to Failure, [%] 13.4 29.3

The phase transformations from β−α discussed in the literature subsection 2.3.3
could be one reason for the lower than expected residual stress with the Ti64
parts. The phase transition for CpTi involves a volume increase of 0.4%, for Ti64
the volume increase could be up to 4.5% this would give a considerable reduction
in the residual stress in the material. The height of the build may also affect the
levels of force that are recorded. The force for the Ti64 is increasing at a greater
rate than the CpTi, due to the limits of the load cells the builds could not be run
for more than 5mm. If a part of greater height could be built then they shape of
the graphs may change over time with the eventual force difference being much
greater.

Effect of In Process Heat Treatments

In section 6.6 the effect of in process heat treatment was investigated as a
method for reducing the residual stress in components. This study showed
results that were contrary to those predicted with the thermal FEA model
described in section 5.4. It was therefore decided that to understand if this
process had an effect on the levels of stress in components then an
understanding of how it affected the transient stresses was required. In the
previous experiments this test showed good results for rescanning with the same
parameters as the built condition but with the vectors orientated normal to the
previous scan vectors. This test was run with the 200W parameters on the
600W SLM machine.
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Figure 7.32 shows the levels of force throughout the build it is clear to see in
this case that the rescanning has acted to increase the force on the load cells
which would imply an increase in stress in the part. The characteristic shape of
the plotted force of each of the load cells over time shows the same trends as all
the other tests. The use of rescanning can be seen to make the part flex as it
scans the part however no reduction in force is seen from this extra energy. The
mechanism that caused the reduction in deflection in the previous experiments is
therefore unclear. These in process experiments were carried out on a different
system and so it is difficult to remove all uncertainty in the expected outcome.
To fully understand if in process heat treatment is a viable method of reducing
the stress in parts further experimentation with different parameters is needed.

Figure 7.32. The effect of in process heat treatment on the force measured on
the load cells during a build

Effect of Porous Materials

The production of Orthopaedic devices using SLM often involves the addition
of a porous lattice structures onto the part. To enable a full understanding of
how these structures affect the levels of stress with a part a build was run with
a 0.5mm solid section followed by a 0.5mm porous build of 600µm unit cell size,
30% randomised with a laser power of 115W and an exposure time of 240µs. The
force on the load cells for the full build is shown in Figure 7.33, it can be seen
that after the solid has been build the force on the load cells remains constant
showing that no additional forces can be attributed to the addition of the porous
part to the solid.
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Figure 7.33. The force on the load cells when a porous part is built on top
of a solid.

7.3.3. Discussion

The 4x4 array of load cells offers a much greater understanding of the effect
that scanning strategies have on the development of stresses within a part. The
distribution of forces with the two RSDs are similar the forces on the load cells
are compressive in the centre regions and tensile on the outside. This shows that
the external edges of the part are pulling up and the central region is pushing
down. This fits with all the previous research done in this thesis and with a
large proportion of the literature reviewed. The magnitude of the forces are also
similar to those expected from the previous builds. The XYA scanning strategy
on the 1st RSD had a total force of 1931N across all the cells after 3mm of build,
the 2nd RSD had a total of 2156N which gives nearly the same amount of force
per unit volume of deposited material.

The choice of load cells in the RSD seems to have had an effect on the distribution
of forces during the build. This is proposed to be due to factors in both the the
load cell design and the RSD design. The load cells are designed to be moment
independent this should mean that the position at which the load is applied
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has little effect on the reported load. If this was true then one test would be
that the total tensile force on the cells should be equal to the compressive forces.
Figure 7.34 shows the force imbalance on the load cells during the whole duration
of the build. The imbalance of force changes in a similar manner to measured
forces in that it fluctuates most during the laser on time. If the error is split
between the load cells then this would be about 1% of the measurement range
of the load cells the total imbalance of 90N is also small in comparison to the
difference that were seen between different scanning strategies. These errors could
be caused by either the RSD registering the effect of lateral forces as well as the
vertical forces or because of the length of the lever arm provided by the long pegs.
The stiffness of the load cells may also affect the generation of stresses within the
part. In one direction the load cells are being pushed along the long axis and
in the other in the short axis. This may affect how the load cells deform and so
influence the generation of stresses or introduce a preference in the way the part
deforms. To remove the effect of this the design of the load cells would need to be
changed to one which was more insensitive to the loading direction. This could
possibly be achieved using S type load cells and a joint which would remove the
effect of moments caused by lateral forces.

The parameters used to make solid SLM components appears to have a large
effect on the levels of residual stress within the part. The parts built on separate
SLM machines showed different levels of stress for what appeared to be very
similar parameters. These did not however take into account the size of the laser
beam and how it would couple energy into the part. The laser beam on the 200W
Realizer system has been studied in detail and so the effect of lens position is well
known. The 600W laser system has not however been characterised in the same
way it is therefore difficult to compare these two systems. The 200W system has
also been shown to thermally lens on large parts such as these, this was seen
during the build with the intensity of the emission from the melt pool visibly
changing during the layer. This may have reduced the density of the part which
in turn would reduce the residual stress [68]. The tests after this were therefore
all run on the 600W system which has upgraded fused silica optics and so is less
sensitive to this phenomenon. Accounting for these factors is difficult, however it
can be seen that there is a clear relationship between the processing parameters
and the levels of stress. In the future development of material parameters some
focus should also be on the affect that developed parameters have on residual
stress as well as the density, strength and surface finish of parts.

The laser power used to manufacture the parts had a greater effect on the residual
stress in the components than the layer thickness. This was due to the levels of
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Figure 7.34. Force Imbalance across all the load cells for the full duration
of the build.

energy that are put into the part and the relative efficiency of the process. The
use of higher laser powers with the same layer thickness makes the process less
efficient and it is more likely that larger amounts of the already formed material
is remelted. This means that the shrinkage is greater as more material solidifies
at once. To utilise the speed gains that can be achieved with higher laser powers
thicker layers or special scanning strategies must also be adopted.

The relatively small increases in force for the Ti64 builds over the CpTi
contradicts what was expected from the relative strengths of the material. It is
believed that this is due to the height of the part that was made and so the
levels of stress with this material would have increased over time compared to
those in the CpTi parts. To fully understand this a RSD with a greater load
capacity is required. The phase transformation may also have an effect and
would reduce the residual stress. The thermal history of the part will dictate
when it has transformed from β − α. Modification of the processing parameters
may change the temperature at which the transition happens which would
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inherently change the levels of stress. The investigation of this is outside the
scope of this study.

The use of in-process heat treatment has shown mixed results so far, to fully
understand the mechanisms involved improved finite element models are required
or more experiments with different rescanning parameters should be carried out
on this RSD. Future work on this should also investigate the effect that rescanning
has on the porosity of the parts, as the multiple heating of the metal may cause
evaporation and leaving porosity in the parts.

The results from the experiments investigating the effect that porous structures
have on the levels of stress in a part show promise that strategies may be created
that reduce the stress in a part. If a strategy can be created which allows the
shrinkage of unconstrained material which can be subsequently joined together
then it may be possible that the stress in the part could be dramatically reduced.
This strategy could be combined with the increases in layer thickness which are
required to optimise the speed of the process.

The two RSD have provided a successful means of understanding the transient
forces involved in the SLM process. These RSDs provide a useful tool in
themselves, however if these could be coupled with FEA and subsequent
neutron diffraction experiments then the understanding of the process would be
greatly increased. This work represents the first measurement of the residual
stress during an SLM build to this level of detail which captures measurements
at numerous locations and a times scales of the order of the time taken to scan
a single vector. Improvements to the stability of the strain readings from the
load cells would reduce the noise in the data allowing a greater amount of
information to be captured at a greater time resolution.
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8. The Creation of Porous
Geometries with Intrinsic
Surface and Bulk Stability

The previous chapters of this thesis have concentrated on the understanding of
residual stress in components manufactured using SLM. The reduction of stress
can often involve modifying the orientation of the part when it is built. It was
shown in Chapter 2 that the orientation of lattice structures can affect the surface
quality and the levels of debris generated at the surface and hence in the patient.
This chapter will concentrate on modifications to the lattice clipping technologies
and developments of these technologies to add beneficial surface features.

8.1. Modifications to the Surface Clipping
Technologies

The use of porous structures on the surface of orthopaedic devices has shown to
have many of beneficial factors. The successful manufacture of porous structures
mimicking the properties of trabecular bone using SLM has been shown by [16,
161]. These studies on both regular and randomised unit cell structures used
the software package Manipulator (University of Liverpool, UK). Manipulator
successfully allowed the creation of large porous volumes that could be clipped
to the shape of the desired STL volume. The clipping operation took the form
of a Boolean cut where any parts of the structure that are outside the bounds
surfaces of the cad volume are removed Figure 8.1.

The process of Boolean clipping leaves a CAD geometry that is very accurate to
the designed volume, it does also however create problems when the structures
come to be produced using the SLM process. The clipping procedure leaves a
number of truncated links at the surface this can be seen in both Figure 8.1 and
Figure 8.2. The problems caused by truncated links at the surface of the part has
been discussed in the literature (section 2.6). These truncated or broken links can
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Figure 8.1. Schematic representation of part of a porous structure
interacting with the boundary of the STL file before (left) and after a Boolean
(right) clipping operation.

create weak points at the surface as the strut is only supported at one end and
so it forms a cantilever. When forces are applied to this cantilever for example
when the implant is inserted into the body there is an increased possibility that
the strut will break off causing debris.

Figure 8.2. Models of porous structures clipped using a Boolean method
with arrows showing broken links, regular (left) and random (right)

The truncated links at the surface can also cause problems where clipping of the
structure removes the support from below. This means that when the laser makes
the structures above the removed link it is firing onto the powder bed into an
area that has no support or conduction path. This can create a large amount of
debris or plaque at the surface of the part.
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To enable the testing of theories included in the following chapter a new piece of
software Conformal Surfaces (University of Liverpool, UK) was written. This
process involved first creating software with the same functionality as
Manipulator but one that could be easily modified for this work and when
subsequent developments are required. Modifications to the software modules
and additional modules could then be added to enable the testing of algorithms.

To solve the problems of broken links at the surface it is important to produce
a surface that has intrinsic stability. The following section discusses the work on
ensuring that the struts at the surface always end at a node where a node is the
junction of two or more struts.

8.1.1. Clipping to the node

The first method of making an intrinsically stable surface is to clip the struts
at the surface to the junction of struts, the node. If the situation shown in
Figure 8.1 is considered there are three possibilities: Clipping to the closest node
to the surface inside the part, clipping to the closest node outside the part or
clipping to the closest node either inside or outside the part. It can be seen from
Figure 8.3 that this method removes all the truncated links at the surface of the
part but leaves cantilevers.

Figure 8.3. Schematics of clipping to the node: clipping to the inside node,
clipping to the outside node, clipping to the closest node

The clipping of structures can be achieved by describing the links by the
parametric equation, Equation 8.1. This describes that any point P on a line
which is defined by the points P 0 and P 1 can be described by the parametric
value t. If the point is to lie between points P0 and P 1then the value of t must
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be between 0 and 1. If t is equal to zero then the point lies at P 0 and conversely
if t is equal to one then the point is at P1.

P = P0 + t(P1 − P0) (8.1)

If each strut that has to be clipped is now considered by this parametric
equation with the two defining points being the respective nodes at each end of
the line. These structures can then be clipped by the triangles of the STL file
using equations that define the intersection of a line with a parametric plane.
The information returned from this operation is any values of t that define
where the segment is cut and also the node that lies inside the file and the node
that lies outside the file. To standardise this process P 0 is always defined as the
node which lies outside the boundary. This standardisation ensures that
whenever any operations are made on these clipped links that the correct part is
kept, removed or modified.

The process of clipping to the node can then be undertaken by removing links
dependant on the value of the parametric value of t, depending on the type of
clipping required. Clipping to all inside nodes means that if t has any other value
than zero then the segment must be removed. Conversely if clipping to outside
nodes then the segments must be kept for all values of t except t being equal to
one i.e. the strut is totally outside the surface. Clipping to the closest node needs
a decision to be made about the value of t in this case if 0 ≤ t < 0.5 then the
outside node is closer to the boundary and so this should be kept, else the inside
node must be closer and so the inside node should be kept.

This process can therefore create a surface with the desired connectivity.
Figure 8.4 shows the result of clipping a cylindrical geometry to the inside node
for both a regular and random structure. It is clear that the number of broken
links at the surface has been reduced to zero. The geometric accuracy of the
representation, however, has also been reduced. The regular structure shows
stepping round the edge which is caused by the removal of a large number of
links in the same area. The random structure is an improvement on the regular
as the steps are hidden better but the shape has clearly been distorted.

These factors are also evident when the software is used to make large geometries.
The hemisphere shown in Figure 8.5. shows a clear repeating step pattern in
circumferential rings through the height of the part. These not only affect the
geometrical representation of the porous CAD volume but also the aesthetics of
the part.
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Figure 8.4. A regular and random structure clipped to the inside node of
a cylindrical geometry

Figure 8.5. Porous surface on a hemispherical component clipped using
Boolean (left) and to node (right) demonstrating the stepped blocky appearance
of the to node clipped cup

There are also other problems with the clipping to the node algorithm that are not
evident from these tests. When the decision is made to remove links there is no
constraint made as to how this decision affects the links around the removed link.
Consider the simple case depicted in Figure 8.6 where a clip to the closest node
algorithm is employed. The segments S1 and S2 must be clipped if the standard
algorithm is used then because the cut of S1 is closer to N1 than N2 then the
segment will be totally removed. In the case of the segment S2 the clipping
position is such that the point is closer to N2 than to N3 and so the segment
will be kept. This clipping operation has therefore achieved the opposite of the
desired stable surface as the point N2 is now floating in space and will generate
plaque and increase the chance of debris creation when the part is manufactured.
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Figure 8.6. Schematic used for to show the possible problems caused by
clipping to the node before clipping (left) and after (right)

The clip to the node method creates a surface which has less broken links than the
Boolean method, however, this is at the cost of tolerance to the CAD volume.
There is also the risk of still creating broken links at the surface due to the
simple algorithms that are employed. To ensure the connectivity of the surface
the algorithms need to be developed so that they not only consider the link that
is being clipped but also any other struts that are connected to the nodes of the
link that has been clipped.

8.1.2. Conformal Clipping

The previous section showed that it was possible to create a surface with intrinsic
surface stability. The structure however, had aesthetic drawbacks of a stepped
appearance and there was still the possibility of creating broken or unsupported
links. This section will discuss the work undertaken to create a structure that
is both intrinsically stable, conforms to the CAD volume and is aesthetically
pleasing.

This clipping algorithm, called conformal clipping, not only creates a stable
surface but the surface of the file conforms to the surface of the CAD volume. A
schematic representation of conformal clipping is shown in Figure 8.7 it takes
the best features of the Boolean clipped version Figure 8.1 and the to node
system Figure 8.3. Conformal clipping involves the manipulation of the nodes
at the surface of the component so connectivity is maintained and the
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structure’s surface lies on that of the porous CAD volume. The nodes at the
surface can either be moved up to the surface of the component or back to the
surface of the component depending on the geometry and position.

Figure 8.7. Schematic of conformal clipping

The creation of a conformal surface starts from the same position as the clipping
to node algorithm. The input is a list of segments that intersect the surface. For
each segment the position of the intersection is defined by the parametric value t
as shown in equation Equation 8.1.

It is important for the conformal algorithm to ensure the connectivity of the
links after the deformation process, it is therefore vital to know how the links
interact and connect. To maintain the connectivity of links at the surface they
are grouped by the common nodes outside the surface of the part. This process
ensures that movements are applied based on all of the segments that are attached
to a certain node and that no segments are left unconnected after the production
of the surface.

The deformation applied to the porous structure in creating the conformal surface
has to be minimised. It is therefore important to consider that not only can nodes
that are outside the surface be brought back to the surface, but that the nodes
below the surface can also be promoted up to the surface. The decision on which
of these is employed is based on the distance between the STL cutting plane and
the nodes both inside and outside. Figure 8.8 shows a schematic representation
of this decision. If the plane is on average closer to the outside node of each
strut than it is to all the inside nodes then the outside node is moved back. The
converse is true for the moving the inside nodes out to the STL surface. If the
deformation created is too large then there is the option to create a central region
at which neither the inside or outside is moved and the segments are removed.
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Figure 8.8. Schematic showing the decision between moving nodes up to
the surface or back to the surface

The next assumption that is made to save time on the calculations is; that the
surface at a specific area can be described by the best fit plane of the
intersection of the struts with the original surface. Figure 8.9 shows a simplified
two dimensional schematic of this assumption. This assumption means that any
fine features between two intercepts are lost this is a valid assumption, as these
features are of a similar order or smaller than the unit cell size. It is likely that
any features this small would not be observable in a porous structure.

Figure 8.9. Schematic showing the approximation of a surface between
intersects by a best fit plane.

The final calculation is to determine the new position of the node on the surface
of the structure. This calculation takes a number of factors into account when
it is calculating the new position. Figure 8.10 shows a range of planes cutting
the same porous structure. It can be seen from these there is the possibility of
creating large changes in the aspect ratio of the cell if the node is not correctly
placed. The initial tests done were to place the node at the central position on
the best fit plane between all the cut segments. If the structures in Figure 8.10
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are considered this would work well for case a) as the angle of the struts would be
maintained and so would the shape of the unit cell. If case b) is manipulated in
the same way the deformation to the top segments would be very large causing
the angle between the link and the XY plane to become very low. This would
cause problems in the manufacture of the strut and so create weaknesses at the
surface.

Figure 8.10. Schematic showing the cutting of a porous structure by a
range of cutting planes

An improved method for the calculation is based on a weighted factor technique
this can be described by Equation 8.2 where Pnode is the new position of the
node, Pn and Weighted Factorn are the intersection positions and the respective
weighted factor for each. Using this equation the new node position can be made
to be dependent on a number of factors. The factors assessed for this study were:

• the parametric value t from the inside node to the intersect

• the length of the strut from the inside to the cut

• the angle between the segment and the xy plane

To assess each of the different methods against each other the angles of the links
were calculated and then plotted as a cumulative distribution Figure 8.11.

Pnode =
∑
PnWeightedFactorn∑
WeightedFactorn

(8.2)

The cumulative distribution shows that choosing the average position of all the
intersects creates a considerable amount more low angle links. The angles can
be improved by weighting with length, angle or a combination of both. The final
line on the plot is for adding a central range at which point the nodes are neither
moved back to the surface nor promoted up to the surface.
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Figure 8.11. The effect of weighted factor on the angle of links at the
surface of a porous implant

The conformal surface algorithms create a surface which consists of struts that
come together to form nodes this is clear from Figure 8.12 and Figure 8.13. In
both of these cases the broken links can be seen on the Boolean clipped model
and these have been brought together or removed in the conformal version. This
increase in connectivity at the surface should increase the strength of the surface
and make it more resistant to wear and debris generation.

Figure 8.12. Boolean and conformal clipped regular porous structures
showing the connected surface on the conformal structure and the broken links
on the Boolean structure (red arrows)

The conformal surfaces when built on real components do not show the obvious
stepping that was apparent on the cup built with the clip to node method
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Figure 8.13. Boolean and conformal clipped random porous structures
showing the connected surface on the conformal structure

(Figure 8.14). The appearance of the cup is very similar to that of the Boolean
cup when observed from a macro scale.

Figure 8.14. Porous surface on a hemispherical component clipped using
Boolean (left) and conformal (right)

The lack of broken links at the surface and the benefits of this for the quality of the
part can also be seen when the parts are built. The SEM images in Figure 8.15
show images of the same geometry with the same porous structure clipped by
Boolean and conformal clipping methods. Diagrams A and C show a number of
broken links which are not visible in the conformal versions B and D. There is
also a reduction of plaque in parts B and D this reduction can be explained by
the fact that there are no unsupported links when the parts are created with the
conformal software. This means that the laser never scans onto an unsupported
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area of the powder bed which would cause the sintering together of clumps of
material.

Figure 8.15. SEM images of a Boolean clipped structure (A,C) and a
conformal clipped structure (B,D), both parts had identical geometries and used
84W and an exposure time of 300µs

8.2. Modifications to the Surfaces of Porous
Structures to Provide Intrinsic Surface
Roughness

The previous chapter discussed the creation of a stable surface that consisted
of only the junction of struts at nodes. Once this surface has been created it
can be modified to create other beneficial properties. These include the creation
of surface roughness which is required for initial implant fixation or providing
surface markings either for identification or for security/ anti forgery purposes.

The process of creating these modifications can be best described by Figure 8.16.
One of the key factors that must be taken into account when any modified surface
is produced is that all the links must maintain connectivity. If the nodes are
not maintained this allows for weak structures to be produced which have lower
mechanical properties and can also break off.
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Figure 8.16. Flow chart detailing the process used for changing porous
surfaces.

8.2.1. The creation of intrinsic surface roughness

The surface roughness of a component is important for the initial fixation of an
implant to the host bone. This roughness is required to reduce the
micro-movement of the implant and allow bone in growth into the surface. This
roughness allows the fixation by other means for example screws to be reduced.
It is important that the structures used to create this roughness are strong so as
no to cause debris release into the implanted area.

Previous roughening techniques involved the addition of further structures to
the part. One such embodiment of this were “P0” struts as described by
Stamp [178] these are single strand structures which protrude from inside
through to the outside of the implant creating a resistance to movement of the
implant. These structures do however have limitations to the angle that they
can be built at this means that these structures cannot be used easily on the
side elevations of cylinders or near the equator of hemispherical structures.
They also add additional build time to the parts as the P0 structure has to be
built through the thickness of the porous structure and reduces porosity.
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The surface roughness could therefore be created using the conformal surface
that was discussed in the previous chapter. Once the conformal surface had
been generated the nodes at the surface were manipulated to create a roughened
surface (Figure 8.17). This is achieved through the movement of the nodes above
and below the surface.

Figure 8.17. The creation of a roughened porous surface

If a random distribution between x and −x is applied to the points along a line,
the average modulus of the amplitude of the deviations from the centre is x

2 .
If this is then compared to the method for calculating an Ra (Equation 8.3) it
can be shown that an Ra can be created on a surface by moving the points in a
random distribution between -2Ra to 2Ra. The first off build of this is shown in
(Figure 8.18).

Ra = 1
n

n∑
i=1
|yi| (8.3)

Figure 8.18. Regular unit cell structures without (left) and with (right) a
roughened surface with theoretical Sa of 0.15

This methodology does not have the same limitations as the P0 as the roughness
can be created on all surfaces of the part. It can be seen in Figure 8.19 that the
roughness has been applied to both vertical and flat walled structures.
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Figure 8.19. The creation of surface roughening on a cylindrical shape
populated with random and regular unit cell structures

8.3. Measuring the Surface Properties of the
Enhanced Foams

The conformal structures developed as part of this work were designed to increase
the quality of the osseointegration surface the qualitative assessment based on
SEM images, part appearance and part texture appear to suggest that this has
been successful. These techniques do not, however, provide any quantitative
difference between these porous structures and those developed previously. To
understand the benefits that these structures have, two key parameters needed
to be determined these were the coefficient of friction (CoF) and the abrasion
resistance. The CoF gives an indication of the roughness which determines the
quality of the initial fixation on implantation. The abrasion resistance tests were
carried out to ensure that the modification of the surface of the components did
not increase the propensity of the structures to release debris in use.

8.3.1. Experimental Arrangements

All the samples for these tests were built on the Realizer SLM250 system with
exposure time 240µs and power 114.6W they were then argon blasted to remove
any loose powder, sonicated according to the protocol in Chapter 3 and sintered
at 900oC for 3 hours under an argon partial pressure of 50Torr.

The sample sets that were tested were as follows:

• Boolean clipped

• Boolean clipped with P0 roughening struts

• Clipped to closest node inside the structure
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• Conformal clipped

• Conformal 0.2mm roughened

• Conformal 0.3mm roughened

These were chosen to allow the comparison of the current technology with the
methods developed in this work. The Boolean and Boolean with P0 represent
the currently used technology and are used as the basis to which the developed
methods are compared. The current P0 structures protrude 0.2mm from the
surface of the component, the 0.3mm roughened represents roughening to half
the size of the unit cell this will provide large changes in aspect ratio and so
should provide an understanding of how this will effect the abrasion resistance.

After the production of the clipped to node structures a large amount of the
structure was lost due to the clipping methodology. This is due to a similar
problem that was described in subsection 8.1.1 in this case the thickness of the
porous structure was close to the size of the unit cell, this could be possibly be
improved by modifying the unit cell definition. This work is, however, outside
the scope of this study, the clip to node samples were therefore removed from
both tests.

The coefficient of friction and abrasion resistance tests were carried out according
to Stryker protocol 39147-P32 [178] the full methods are described in more detail
in Chapter 3. The CoF test involves placing the SLM structure in contact with a
cellular foam sample with a set force of 100N the sample is then drawn across the
foam for 20mm at a set rate of 0.5mm/s, the resulting coefficient of friction can
be calculated from the force required to move the sample. The sample size for
this test was determined from historical data on SLM foams using the power and
sample size function in Mintab 16 with: a power of 90% and a confidence limit of
95%. The historical data was taken from SF10102 [188], which tested 9 boolean
clipped samples an found a standard deviation of 0.16, a mean of 0.57 and a
sensitivity of 0.15. This gave the expected sample size for statistical significance
as 15.

The abrasion resistance tests involve placing the SLM structure in contact with
a polymeric pin in an environment of bovine serum, the part is then ossilated on
the surface at a set rate and for a set number of cycles. The samples are then
treated to remove any polymer material that has become entrained within the
structure and the mass lost is calculated. The sample size for these samples was
calculated in the same manner as the CoF tests with historical data of average
abrasion mass loss was 0.00073g and the standard deviation was 0.00035 and
sensitivity 0.0003mg [188], this produced a sample set of 17.
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8.3.2. Results

The CoF results were processed using an automated python code created for this
project which read in the data, calculated the CoF and plotted graphs of the data
as a check. The data was then sorted according to which population it derived
from and the average and standard deviation of each population was calculated.
The results of the tests are shown in Figure 8.20 the averages from these tests
lie in the same region as the previous mean of 0.57. To determine if there is any
statistical difference between the samples an ANOVA statistical test was run with
a confidence interval of 95%. This gave a pooled standard deviation for the data
of 0.09069 and showed that the two roughened conformal surfaces have a greater
CoF than the standard confromal surface and also that the 0.3 roughened part
has a greater CoF than the P0 surface. There seems to be a general trend that
the conformal surface has a lower CoF than the boolean clipped parts however
this can not be reported within the 95% confidence interval.

Figure 8.20. The average CoF for different porous structures showing the
standard deviation of each

The mass loss for each sample was calculated and the mean and standard
deviation are shown in Figure 8.21. The ANOVA test was used to analyse the
results and the pooled standard deviation was found to be 0.7476mg. This
showed that within a 95% confidence limit the P0 samples did not derive from
the same population as the other samples. The trend suggests that the
conformal surfaces have improved abrasion resistance than the Boolean clipped
parts however due to the standard deviations this does not fall within the
confidence limit of this test.
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Figure 8.21. The average mass lost for different porous structures showing
the standard deviation within the sample set

8.3.3. Discussion

To put the abrasion resistance results into context they should be compared with
the historic data, the tests run by Klein [189] were completed under the same
conditions as the above tests and the results are shown in Figure 8.22. The arc
deposition and Howmedica plasma sprayed components have very similar wear
characteristics to the SLM porous structures. The Biomet coating, however,
showed much greater wear than either the foams it was tested against or the
SLM structures. The porosity of all of these structures were much lower than
those produced by SLM the parameters used for building the SLM parts for this
experiment were optimised to produce foams with a porosity of 65%. The SLM
process can therefore produce structures which have a similar wear resistance to
their predecessors but which have a much greater porosity.

Figure 8.22. Historic abrasion resistance and porosity data taken for 3 different
porous coated implants (adapted from [189])
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The conformal structures are believed to have the lowest CoF because the surface
in contact with the foam consists of only joined up structures that are all in the
same plane. This agrees with the qualitative results that the samples produced
with this strategy appear to be smoother than the standard Boolean clipped
parts. These structures do however appear to have improved abrasion resistance
which is probably for the same reasons. It should also be noted that the built
orientation was the optimum for the Boolean structures, the problems associated
with the scanning of broken links onto a loose powder bed are not evident at
this orientation. It is therefore expected that the Boolean structures would have
attracted considerably more debris if built in a vertical direction. this is not the
case for the conformal structures as the surfaces should be independent of the
build orientation.

The P0 structure had the worst wear resistance of the samples tested this is
because the links protrude from the surface and are unsupported at the end
forming cantilevers, hence when loads are applied from the side the resistance
to this force is low and the probability that they will break off is higher. The
conformal roughened parts meet at a junction of struts and so their strength is
very much increased. These structures also have the benefit that they can be used
on any surface in any orientation, the P0 Structures can only be used on upward
facing surfaces and the strength of the links will decrease as the surface approaches
vertical. The conformal roughened parts offer a solution which provides improved
wear resistance and a either a similar or greater CoF.
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9. Conclusions

The aim of this study was to investigate the fundamental processes involved in the
production of both solid and porous SLM derived orthopaedic implants developing
new understanding, methodologies and experimental methods to optimise design
and production. To achieve this aim it has been necessary to:

• Comprehensively test the state of residual stress in the current commercially
available scanning strategies using, deflection, hole drilling and the contour
method.

• Develop a simplified FEA model to provide a validation to the measured
profiles from built test parts.

• Used the FEA model to predict possible methods for the reduction in
residual stress

• Develop a new simple build geometry to indicate the levels of stress in an
SLM part though measuring the deflection when released from the substrate

• Measure the effect of numerous different hatch angle rotations on the
density, strength, surface finish and residual stress.

• Determine the effectiveness of post process and in process heat treatments
at reducing the residual stress in components

• Complete two stages of development of a new in-situ measurement system
to measure the transient stresses in the SLM process.

• Optimize the porous unit cell structures to reduce the effect of build angle
on the quality of the surface while also improving the abrasion resistance
and the coefficient of friction.

Through the testing of commercial scanning strategies with ASTM standardised
techniques and methods that are widely discussed in the literature, the residual
stress profile through the thickness of components was calculated. The
agreement between the torque removal, deflection, hole drilling and contour
method allowed conclusions on the effect that scanning strategies have to be
stated with confidence. It was found that the residual stress in SLM
components is primarily orientated in the scanning direction. There is also a
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stress of approximately half the magnitude in the direction normal to the scan
vectors which should not be neglected in the design of parts or scan strategies.
The use of chequerboard scanning strategies was shown to have little benefit in
reducing the residual stress or making the stress less isotropic in the parts
tested. These strategies may have benefits in the production of parts with a
greater slice area, however, there are few geometries in orthopaedic implants
which require such large volumes of material and so this was not investigated.

The methods used for the analysis of residual stress all had separate merits. The
torque required to remove the supporting bolts provided an easy initial indication
of the levels of stress, the errors in the experiment made the determination of small
differences difficult and so this method was not recommended as a definitive guide
to the levels of stress. The deviation in deflection between separate samples made
with the same parameters was smaller and so there was a greater confidence in
the results of this analysis technique. This method, however, did not give any
indication on the magnitude of the stress in the components, the hole drilling and
contour methods allowed the levels of stress after the release of the components
to be calculated. Hole drilling was beneficial due to the standardisation of the
technique and the availability of software to simplify the analysis process. This
process did required the bonding of gauges onto the surface of the component
which meant that material needed to be removed and so the state of stress had
to be modified. The levels of stress in a component have a direct effect on the
accuracy of the hole drilling method, if the stress is greater than 60% of the
yield stress of the material then the analysis requires plasticity to be considered.
The release of the parts prior to hole drilling meant that this was valid for these
experiments. The state of stress could also only be calculated to a depth of
1mm which left a gap in the understanding. The contour method gave a full
two dimensional state of stress through the thickness of the component. Once
the measurement technique and models had been generated the processing of
additional data was relatively simple.

The stress profiles calculated using a combination of the contour and reverse
FEA model from the deflection data allowed a comparison with the analytical
methods discussed in the literature. The trends shown were similar with a sharp
change in the residual stress at the boundary between the part and the substrate.
The analytical models did not however accurately predict the levels of the stress
when the part was released from the substrate. The development of a thermal
FEA model provided a better fit to the data, the reason for the difference in the
profiles was proposed to be due to the reduction in yield stress of the material
as the temperature increased. The modelling of the SLM process on an accurate

222



scale was found to be computationally intensive to remove the simplifications
made on layer thickness and mesh size the FEA models would need a step change
in their design. The effect that SLM processing has on the material properties at
high temperatures a would also need to be determined. The fine grain structure
will reduce the yield stress at elevated temperatures which will inherently change
the material properties. Nevertheless, the models developed in this work did allow
an indication of the effects of bed temperature and in process heat treatments to
be completed.

Through the defocusing of the beam the speed of the SLM process was
increased. The developed material properties also gave very fine grain
structures which lead to yield stresses of approximately 500MPa and ultimate
strengths of approximately 600MPa which were much greater than both the
standard values for titanium and also the previous SLM samples. The surface
finish was thought to have a large effect on the elongation to break with
elongation varying from 1% up to 29%. The modification of the hatch angle
increment was shown to have little effect on the density, surface finish strength
or residual stress. The XYA strategy actually showed lower deflections in the
residual stress test than the angles proposed by Dimter [141] in his patent on
hatch angle rotation. This is believed to be due to the interaction of the
mechanisms that cause the residual stress in the parts. The stress in the top
surface of the part is predominantly aligned with the scanning direction when
the subsequent layer is deposited onto the part the scan vectors are orthogonal
to this stress this means that the stresses induced by the TGM mechanism are
reduced because before the material can yield due to the expansion on heating
it must first relieve the strains that are already in the solid.

The heat treatment of parts post process was shown to be effective in reducing the
deflection of parts upon release. The order in which the parts are heat treated and
released is, however, important. The parts that were released from the substrate
prior to heat treatment showed an increase in deflection. This is because as the
part heats up it is allowed to yield and so the deflection increases. The parts which
were constrained during the heating process showed much smaller deflections.
To totally remove the deflections the heat treatment process would need to be
optimised to ensure the parts were heated for the correct amount of time and
cooled at the correct rate. The heat treatment of parts where the stiffness of the
substrate is similar to that of the part would also need additional restraint to
ensure the substrate and part do not deform during heating. It should also be
noted that this technique is only valid when there is no deformation or cracking
during the build as this can not be recovered with post process treatments.
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In process stress relief also showed promising results. Increasing the bed
temperature to 80oC at the top of the substrate gave a reduction in deflection of
15%. It is postulated that if the machine had the ability to heat the build to
higher temperatures then the benefits would be greater. The use of laser to heat
treat the parts also showed good results in some instances. Reductions in
deformation of 40% were achieved by putting the the same energy back into the
part with the scan vectors orthogonal to the vectors used to build the layer.
Increasing the laser power above this gave a further reduction in the deflection
but also attached a large amount of sintered on powder onto the part and
caused considerable loss in dimensional accuracy.

The measurements of the effects of internal stresses during a build documented
in this thesis are the most detailed completed to date. The use of arrays of load
cells allowed the transient forces to be monitored at a time scale of the same order
as time taken to deposit one scan line of material. The results from this allowed
the conclusions drawn in other chapters to be confirmed. The primary stress was
confirmed to be in the scanning direction with a smaller force normal to the scan
vectors. The effect of scanning in unidirectional stripes was minimal compared
to unidirectional long scan vectors.

Adaptation of the measurement rig to enable a 4x4 array of load cells allowed
further information to be collected. Binocular load cells were shown to cause
some directionality in the results with the moment independence and directional
stiffness being the proposed cause. Nevertheless the rig allowed the effects of
processing parameters and titanium alloy to be analysed. The tests showed that
parameters developed for similar laser powers with similar densities could give
different levels of residual stress. The use of higher laser powers was shown to
increase the residual stress in the part. However, the increase in residual stress
with higher laser powers and increased layer thickness was shown to be small
compared to the increase of power alone. The increases in stress seen with Ti64
over CpTi were smaller than expected this was concluded to be due to effects of
both the relatively low part height and the also the expansion of material at the
β − α phase transition. Porous structures were also shown to contribute little to
the state of stress within the part.

The research done into residual stress showed that part geometry had a large effect
on the levels of deflection caused by residual stress. Large plate like structures,
for example would be best to be built vertically rather than flat. This is not only
beneficial in reducing the residual stress, the optimisation of part orientation can
also have cost and surface finish implications. The unit cell porous technology
was, however, shown in the literature to be very sensitive to orientation. Vertical
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builds were seen to see an increase in the attachment of plaque and debris, also
the current micro spikes or P0 could only used on surfaces at angles shallower
than 45o.

The problem of plaque attachment at the surface was due to the presents of broken
or truncated struts at the surface. To solve this problem two methodologies, clip
to node and conformal clip, were developed to remove these truncated links. The
clip to node algorithms removed any part of a structure that interacted with the
boundary of the porous CAD volume back to the junction inside the part. This
created a surface which only consisted of nodes, however, the aesthetic appearance
of the surface and the dimensional accuracy were greatly reduced. Hemispherical
components were shown to exhibit ridges and thin flat components lost large
proportions of the surface.

The algorithms used were based on a similar principal to the clip to node. They
however involved finding the nodes closest to the surface and then either
promoting nodes up to the surface of pulling nodes back to the surface while
also moving all the structures that were attached. The decisions on movement
were based on the local population of struts rather than individual members.
These structures were shown to give a similar appearance on a macro scale to
the Boolean clipped structures with a similar dimensional accuracy. The
structures surfaces were also much cleaner on a micro scale, when observed
under the same conditions as the boolean foam the surfaces had notably less
plaque or debris attached.

The creation of a surface consisting only of nodes allowed further benefits to be
created. The roughening algorithms allowed these nodes to be moved normal to
the surface this created a textured surface which could be used to improve the
initial fixation of the implant. The use of abrasion resistance and coefficient of
friction tests showed that structures with increased abrasion resistance and
customisable roughness could be made. All the porous structures were also
notably more abrasion resistant than the historical porous foams tested in the
literature.

9.1. Future Work

The work detailed in this thesis has furthered the understanding of residual stress
in SLM parts. To maximise the benefit to the industry the findings of this work
should be used to develop both machine architectures and build techniques to
reduce the levels of stress in parts. The increase in bed temperature was shown
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to be an effective method for the reduction of levels of stress within a part.
Systems should be developed that raise the temperature of the part to the region
of 600oC. It should be noted that this need not be done solely through the use
of resistance heaters under the substrate. The use of heaters above the plate,
like the SLS process, or induction heating into the part would probably be more
efficient techniques.

The development of FEA models is needed to increase the understanding of the
SLM process. These models should use accurate parameters both in terms of layer
thickness, deposit size and also time. The models being developed by Stucker [190]
may eventually provide this. These models should be validated against in situ
measurements of the residual stress in parts such as those detailed in this thesis.

Development of the in process testing rig is needed to remove the directionality of
the results. The use of S type load cells would allow the cells to be secured on a
single level. The rigs testing should then be extended to different SLM platforms
with different materials. Investigating the effect of scanning parameters on the
levels of residual stress would allow the development of material properties which
optimise density, strength, surface finish and residual stress.

To enable the development of new techniques for the reduction of residual stress
through hatching strategies the creation of an open file format is needed. This
would allow users to test hatching strategies across multiple platforms and would
also accelerate the developments of new techniques. An open source hatching
design toolbox could also be developed based on the scalar vector graphics (SVG)
file format. This would allow the development of new strategies without the need
for new software design.

The strength and elongation of components was shown to be dependent on the
surface properties of the parts. Research into the improvement of the surface
finish would enable the amount of machining on parts to be reduced this is
especially important in parts where surfaces can not be machined after build for
example under the porous surface of orthopaedic components.

Finally the use of conformal surface could be extended to incorporate interlocking
features or markings for security purposes. The ability to control the position of
the nodes on the surface of the foam would allow the manufacturer to hide security
information into the structures. This would enable parts to be quickly checked
for authenticity. The use of interlocking features would allow the connection of
different porous parts without the need for screws or bone cement. This means
modular systems could be created which fully utilised the additive manufacturing
technology.
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A. Material Properties used in the
FEA

Table A.1. Temperature Dependent Young’s Modulus Characteristics for CpTi
[75]

Young’s Modulus, E, [GPa] Temperature, T, [K]
128.0 14.71
125.5 120.4
117.4 248.7
106.2 419.9
95.65 560.8
85.06 734.6
75.11 905.8
65.77 1062.0
58.91 1198.0
52.68 1303.0
47.71 1369.0

Table A.2. Temperature Dependent Yield Stress and Ultimate Tensile Strength
for CpTi [75]

Machine and Condition Yield Stress, σy,
[MPa]

Ultimate Tensile Stress, σUTS,
[MPa]

Realizer SLM250- Un
Heat Treated [11]

340 396

Concept Laser- Post
900oC Sinter Cycle

382 498

Concept Laser- Post
1400oC Sinter Cycle

332 452
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Table A.3. Percentage Reduction in Yield Stress and Ultimate Tensile Strength
for a Given Temperature for CpTi [75]

Temperature, T, [K] Yield Stress, σy, [%] Ultimate Tensile Stress, σUTS, [%]
293 100 100
373 80 80
473 45 55
573 35 45
673 30 40
773 25 35

Table A.4. Temperature Dependent Conductivity Characteristics for CpTi [75]

Conductivity, k, [Wm−1K−1] Temperature, T, [K]
24.81 203.0
21.30 309.3
19.20 430.0
18.35 546.7
17.78 680.1
17.23 807.3
16.67 936.5

Table A.5. Temperature Dependent Coefficient of Thermal Expansion
Characteristics for CpTi [75]

Thermal Expansion , α, [10−6/oC] Temperature, T, [K]
8.6 293
10 1073

Table A.6. Temperature Dependent Specific Heat Capacity Characteristics for
CpTi [75]

Specific Heat Capacity, c, [JKg−1K−1] Temperature, T, [K]
523 293
544 368
569 478
599 588
632 698
670 813
716 923
766 1033
808 1118
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B. Relative densities of SLM blocks

Table B.1. Relative Densities of parts built with differnt parameters

Sample Name Lens Position Shift
Exposure time Hatch Distance Relative Density

[µs] [mm] [%]
A11 30 25 0.1 95.60
A00 30 50 0.1 99.86
A01 30 75 0.1 99.95
A02 30 100 0.1 99.94
A03 30 125 0.1 99.94
A04 30 150 0.1 99.93
A05 30 25 0.11 86.94
A06 30 50 0.11 99.33
A07 30 75 0.11 99.95
A08 30 100 0.11 99.75
A09 30 125 0.11 99.90
A10 30 150 0.11 99.97
B11 30 25 0.12 84.63
B00 30 50 0.12 98.47
B01 30 75 0.12 99.76
B02 30 100 0.12 99.96
B03 30 125 0.12 99.97
B04 30 150 0.12 99.85
B05 30 25 0.13 81.38
B06 30 50 0.13 92.82
B07 30 75 0.13 99.87
B08 30 100 0.13 99.94
B09 30 125 0.13 99.95
B10 30 150 0.13 99.97
C11 60 25 0.1 87.03
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Table B.1. Relative Densities of parts built with differnt parameters

Sample Name Lens Position Shift
Exposure time Hatch Distance Relative Density

[µs] [mm] [%]
C00 60 50 0.1 96.66
C01 60 75 0.1 99.81
C02 60 100 0.1 99.79
C03 60 125 0.1 99.95
C04 60 150 0.1 99.91
C05 60 25 0.11 81.83
C06 60 50 0.11 89.14
C07 60 75 0.11 97.99
C08 60 100 0.11 99.86
C09 60 125 0.11 99.96
C10 60 150 0.11 99.96
D11 60 25 0.12 82.35
D00 60 50 0.12 91.28
D01 60 75 0.12 99.88
D02 60 100 0.12 99.94
D03 60 125 0.12 99.97
D04 60 150 0.12 99.98
D05 60 25 0.13 81.21
D06 60 50 0.13 88.82
D07 60 75 0.13 97.02
D08 60 100 0.13 99.82
D09 60 125 0.13 99.94
D10 60 150 0.13 99.92
E11 90 25 0.1 85.95
E00 90 50 0.1 90.15
E01 90 75 0.1 98.66
E02 90 100 0.1 99.99
E03 90 125 0.1 99.99
E04 90 150 0.1 99.98
E05 90 25 0.11 81.43
E06 90 50 0.11 86.51
E07 90 75 0.11 89.92
E08 90 100 0.11 94.18
E09 90 125 0.11 99.98

246



Table B.1. Relative Densities of parts built with differnt parameters

Sample Name Lens Position Shift
Exposure time Hatch Distance Relative Density

[µs] [mm] [%]
E10 90 150 0.11 99.98
F11 90 25 0.12 80.86
F00 90 50 0.12 85.94
F01 90 75 0.12 92.67
F02 90 100 0.12 97.87
F03 90 125 0.12 99.75
F04 90 150 0.12 99.81
F05 90 25 0.13 79.63
F06 90 50 0.13 85.66
F07 90 75 0.13 89.32
F08 90 100 0.13 91.10
F09 90 125 0.13 99.34
F10 90 150 0.13 99.97
G11 -30 25 0.1 99.96
G00 -30 50 0.1 99.90
G01 -30 75 0.1 99.29
G02 -30 100 0.1 98.53
G03 -30 125 0.1 96.72
G04 -30 150 0.1 97.46
G05 -30 25 0.11 97.61
G06 -30 50 0.11 99.98
G07 -30 75 0.11 99.61
G08 -30 100 0.11 98.97
G09 -30 125 0.11 95.47
G10 -30 150 0.11 92.75
H11 -30 25 0.12 99.55
H00 -30 50 0.12 99.55
H01 -30 75 0.12 99.99
H02 -30 100 0.12 99.89
H03 -30 125 0.12 99.94
H04 -30 150 0.12 99.63
H05 -30 25 0.13 99.99
H06 -30 50 0.13 99.99
H07 -30 75 0.13 100.00
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Table B.1. Relative Densities of parts built with differnt parameters

Sample Name Lens Position Shift
Exposure time Hatch Distance Relative Density

[µs] [mm] [%]
H08 -30 100 0.13 99.95
H09 -30 125 0.13 99.78
H10 -30 150 0.13 99.24
I11 -60 25 0.1 99.98
I00 -60 50 0.1 99.99
I01 -60 75 0.1 99.90
I02 -60 100 0.1 99.95
I03 -60 125 0.1 99.94
I04 -60 150 0.1 99.67
I05 -60 25 0.11 99.90
I06 -60 50 0.11 99.94
I07 -60 75 0.11 99.99
I08 -60 100 0.11 99.96
I09 -60 125 0.11 99.89
I10 -60 150 0.11 99.90
J11 -60 25 0.12 99.93
J00 -60 50 0.12 99.97
J01 -60 75 0.12 99.91
J02 -60 100 0.12 99.96
J03 -60 125 0.12 99.86
J04 -60 150 0.12 99.79
J05 -60 25 0.13 99.59
J06 -60 50 0.13 99.98
J07 -60 75 0.13 99.98
J08 -60 100 0.13 99.98
J09 -60 125 0.13 99.96
J10 -60 150 0.13 99.91
K11 -90 25 0.1 99.99
K00 -90 50 0.1 100.00
K01 -90 75 0.1 99.91
K02 -90 100 0.1 99.99
K03 -90 125 0.1 99.87
K04 -90 150 0.1 99.98
K05 -90 25 0.11 99.88
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Table B.1. Relative Densities of parts built with differnt parameters

Sample Name Lens Position Shift
Exposure time Hatch Distance Relative Density

[µs] [mm] [%]
K06 -90 50 0.11 99.95
K07 -90 75 0.11 99.98
K08 -90 100 0.11 99.93
K09 -90 125 0.11 99.81
K10 -90 150 0.11 99.83
L11 -90 25 0.12 99.85
L00 -90 50 0.12 99.99
L01 -90 75 0.12 99.98
L02 -90 100 0.12 99.61
L03 -90 125 0.12 99.39
L04 -90 150 0.12 99.61
L05 -90 25 0.13 99.67
L06 -90 50 0.13 99.98
L07 -90 75 0.13 99.91
L08 -90 100 0.13 99.84
L09 -90 125 0.13 99.85
L10 -90 150 0.13 99.60
M11 0 25 0.1 95.48
M00 0 50 0.1 99.86
M01 0 75 0.1 99.95
M02 0 100 0.1 99.99
M03 0 125 0.1 99.87
M04 0 150 0.1 97.77
M05 0 25 0.11 93.41
M06 0 50 0.11 99.85
M07 0 75 0.11 99.95
M08 0 100 0.11 99.96
M09 0 125 0.11 99.53
M10 0 150 0.11 97.78
N11 0 25 0.12 90.09
N00 0 50 0.12 99.67
N01 0 75 0.12 99.92
N02 0 100 0.12 99.97
N03 0 125 0.12 99.70
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Table B.1. Relative Densities of parts built with differnt parameters

Sample Name Lens Position Shift
Exposure time Hatch Distance Relative Density

[µs] [mm] [%]
N04 0 150 0.12 99.46
N05 0 25 0.13 88.41
N06 0 50 0.13 99.41
N07 0 75 0.13 99.96
N08 0 100 0.13 99.96
N09 0 125 0.13 99.65
N10 0 150 0.13 99.78

250



C. Parameters Tested in the Laser
Rescanning of SLM parts

Table C.1. Parameters Changed to Modify the Energy Imputed Into the Part

Desired percentage of forming energy Exposure Time [µs] Point Distance [µm]
1
4 11.4 140
1
2 11.4 70
1 50 70
2 126.9 70
4 280.8 70

Table C.2. Parameters Changed to Modify The Beam Size
Desired beam area as a fraction of built beam area Beam diameter[µm] Lens position [mm]

2 (focus below bed) 103.7 14.49
1 74.3 15.33

2 (focus above bed) 103.7 16.22
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