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Enhanced performance of magnetic floating devices enabled through metal additive
manufacturing

BHARAT MEHTA

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

This master’s thesis work is focused on establishing the functionalities that can be
achieved by utilising additive manufacturing in products currently manufactured
using traditional techniques. Additive manufacturing is seen to be a game changer
in the current manufacturing scenario. With the fact that complex parts can be
made easily and higher design freedom is available, it is possible to push design and
material limits further by employing concepts such as lattice structures and topol-
ogy optimised structures in order to obtain higher strength to weight ratios. Hence,
a primary study into the designability of a magnetic floating device was done. It
was followed by a secondary study into the mass-manufacturability aspect which is
mostly affected by printing parameters.

For this master’s thesis work, a family of products which work as floating devices,
currently being manufactured at ABB, have been selected to investigate and de-
velop a mass-manufacturable design which can provide much higher specific buck-
ling strength than the current manufacturing methods. It was critical to keep the
products similar or better in all performance characteristics (such as corrosion re-
sistance, temperature performance, surface roughness, etc.). The investigation was
not limited to using additive manufacturing but rather to suggest optimised tech-
niques to design and manufacture the product family. The material used to study in
this thesis was 316L stainless steel, since ABB typically uses the same material for
manufacturing the product and it was readily available for additive manufacturing.
As a result, several stiffened structures were shown for this product, which were
simulated to show significant improvement in performance and manufacturability,
improving the specific buckling strength by about three times the current part. From
the experiments conducted, a relation between the failure mode of thin shell under
uniaxial compression was developed and tailored properties of lattice structures were
also studied. Furthermore, an extended study into the effect of laser power, layer
thickness, laser speed and scan strategy was also conducted to understand the mass
manufacturability of thin cylindrical shells.

Keywords: Additive manufacturing, laser powder bed fusion, thin wall shells, lattice
structures, LPBF process parameters, 3D printing, 316L stainless steel
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1

Introduction

The concept of Additive Manufacturing (AM) is not new. Making products by join-
ing materials has been around for thousands of years. Ways of manufacturing such
as stitching or knitting of textiles are good examples. Yarns of textiles are woven to-
gether to make certain products such as clothes. The commercialisation of additive
manufacturing (or 3D printing) began in the 1980s with the invention of selective
laser sintering, stereolithography and fused deposition modelling[1]. This enabled
the use of layer by layer manufacturing which was initially used to manufacture
prototypes for the industry since the material costs were high and the technology
did not have enough resolution and accuracy to compete with conventional manu-
facturing. Over time, research into improvement in materials, processes and strong
competition has brought down the costs to levels where it is closely competing with
conventional manufacturing. In the modern world, ASTM[2] defines additive man-
ufacturing as "a process of joining materials to make parts from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing and formative
manufacturing methodologies". This enables the designer to print parts which can
be used directly out of the printer with less post processing and offer higher design
freedom.

Up to now, additive manufacturing has enabled the innovations in design of products
in the aerospace, medical and defence industries. It is now extending it’s benefits
into other industries such as automotive and electrical. Metal additive manufac-
turing is still developing rapidly with new materials and processes coming up and
improving the quality of the final products. For this master’s thesis, the product
at hand involves a metallic buckling resistant floating structure involving thin shells
(sub millimetre thickness) which are welded together. The goal is to improve the
device’s performance and manufacturability. The design of one of the floats in 316L
stainless steel was chosen to be demonstrated as a buckling resistant structure which
could be manufactured using additive manufacturing. The CAD models were devel-
oped on Solidworks 2017 and the analysis was done on ANSYS V19. The additively
manufacturable parts were sliced using Materialise MAGICS 23.0. The manufactur-
ing process was limited to laser based powder bed fusion.

The design work was further supported by experimental work involving small com-
pression tests of thin cylinders, lattice structures and hydrostatic test of cylindrical
pieces to establish various offsets from expected material and mechanical properties
under linear buckling. To look at mass manufacturability, a secondary study into
optimisation of laser process parameters in thin shells with diameter to thickness
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ratio of as high as 40:1 was also done. The prints of the experiments were done at
AMEXCI, Sweden, on an EOS M290 and at ABB Corporate Research, Sweden, on
a Realizer SLM 50 printer. At the end, the result and conclusion sections express
the various observations derived from the experimental work and how it fits into the
design.

1.1 Product background

A metallic floating device is the object of interest for this master’s thesis, the details
of which are confidential and belongs to ABB, and are hence omitted. This part
floats inside a pressurised container and under corrosive and high temperature envi-
ronments. The part is designed to be so that it has very low specific gravity. Hence,
a very low mass/volume ratio is desired for this product to make it float in the fluid
medium. This can be done by reducing mass or increasing volume, where increasing
volume seems to be the only viable option for the current design, considering there
are practical limitations to the thickness of section required to withstand the buck-
ling loads on the part. Then, the part operates under high hydrostatic pressures
with a minimum life expectancy of five years having minimal or no maintenance.
This particular family of products was chosen because of several reasons:
1. It has an outdated design, which was developed a few decades ago and has
not been updated much.
2. There are not any simulations available using the current computational tools.
3. Manufacturing of the product is complex, considering that thin cylindrical
shells of metals with span to thickness ratios as high as 100:1 are welded
together to make a closed structure which is meeting certain loading charac-
teristics.
This report will explain the fundamental performance indicators of the product and
elaborate on how those indicators can be enhanced to result into a better performing
product enabled through metal additive manufacturing.
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Literature Review

This section discusses the literature that was studied in order to understand the
part failure conditions and how additive manufacturing approach should be utilised.

2.1 Shell Theory

The product consists of a thin cylindrical shell structure, which can have diameter to
thickness ratios of as high as 100:1 and easily qualifies as a thin shell. According to
Laszlo[3], thin shells resist the transverse loads mostly by membrane forces, which,
at any given point, are in the plane tangential to the reference surface. Hence, the
hydrostatic forces acting on the part can be interpreted as the transverse loads and
the resultant forces would be membrane forces. Figures 2.1 and 2.2 depicts the same
on the membrane of a thin shell.

Ny

Figure 2.1: Representation of membrane forces on a thin shell surface, redrawn
from [3]
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Figure 2.2: Representation of membrane forces and radii of curvature of an ele-
ment, redrawn from [3]

This means that any bending or shear stresses in the body of the object is assumed
to be negligible. This is a simplification of a normal model, which makes it easier
to compute the model in simulations. It is based on the assumption that a thin
shell whose thickness h is small compared to all other dimensions and with the radii
of curvature (as shown in figure 2.2). The formula for the three membrane forces,
namely N, Ny, N, can be represented for an infinitesimal element as

=JZ thz( Ri)

Ny h;z oy(1+ Ri)

Ngy = JZ hbTwy(a + RL)
R,

Ny, = thTyw( 7o)dz

where R, and R, are the radii of curvature in the x-z and y-z planes, and x,y,z are
local coordinates with x and y in the plane tangential and z perpendicular to the
reference surface at the point of interest[3]. For thin shells, z/R, and z/R, are small
as compared to unity. Thus, the expressions above reduces to

f hbam
Ny = Nyx = f_hbTxde

2.1.1 Linear buckling considerations

Euler derived the formula for thin columns loaded in compression in 1744 and ex-
plained how buckling occurs in them due to out of plane deflection in columns[4].
Figure 2.3 shows a representation of one such uniaxial compression load case. This
theory has a limitation that it holds true only in an elastic column under uniaxial
compression. From the figure 2.3, it can be seen that axial compression causes the



2. Literature Review

part to deflect laterally. The failure mode as a consequence of such a deflection is
called buckling.

A
A

Figure 2.3: A part loaded under uniaxial compression and hinged at both ends;
showing a deflection v(x) along lateral direction, redrawn from [5]

Here,

P is the load applied on the part

L is the length of the part

v(x) is the deflection along lateral direction (Y-axis) in the part from origin

As per Euler’s buckling theory:
P = m2.E.1
= (K.L)

Where:

P = maximum/critical vertical load on a column

E = modulus of elasticity

I = smallest area moment of inertia

KL = effective length of column (depending on the boundary/loading condition)

Buckling, when occurring linearly, is identifiable and calculable. However, the situ-
ation gets complicated when non-linearity comes into picture, which is talked about
in section 2.1.2.

2.1.2 Non-linear buckling considerations

The failure mode in the shell need to be considered as non-linear buckling mode
because of imperfections formed on the part during manufacturing. These imper-
fections might show up as distortions caused during welding of thin shells together.
The weld itself creates residual stresses and can cause unwanted deformations. Non-
linearity is due to the fact that hydrostatic buckling represents plastic failure and
the part having surface distortions leads to reduction in critical load that can be
taken. According to Amdahl[6], a part under buckling loads does not behave lin-
early in compressive strain with respect to the compressive stresses. It is generally
seen that the small imperfections in the skin of the part can cause detrimental effect
on the buckling loads. For example that an imperfection amplitude of only 1/10
of the wall thickness can cause the buckling strengths to be reduced to 60% of the
theoretical value(N,.). The figure 2.4 shows the equilibrium paths for perfect and
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imperfect shells along with influence of axisymmetric imperfections on the buckling
load of a cylinder.

o
A
oCL
B .~
i T o
Perfect Shell |+
i
/,'/ Imperfect Shell
€
1 eCL

Figure 2.4: Actual/theoretical compressive loads vs actual/theoretical compressive
strains for perfect and imperfect shells showing the effect of non-linearity on buckling
load bearing capacity, redrawn from [6]

Buckling works in a way that N.. = A\.N where N, is assumed to be the critical
buckling load and A is the load multiplier (as named in ANSYS or Eigen values,
as it is called in linear buckling calculations), and N is the unit load applied on
the part. A is a parameter which can be an indicator for different buckling modes
by a simulation model, on the basis of the boundary conditions. This value for
A is normally considered for a linear buckling mode. For example, a small closed
cylinder is loaded under uniaxial compression, and a unit load of 1 N is applied in
the simulation. The calculation was done for three values of failure in linear buckling
and A is calculated as 105, 157 and 183. This would mean that the first mode of
buckling, which is also the weakest, will have a critical load of 105 x 1 = 105 N. The
second mode would be 157 N and the third would be 183 N. In a real life scenario,
the first one is always considered, since it is the weakest one.

There are ways to include imperfections by providing out-of-plane loads, or pre-
stress conditions to simulate a more non-linear form of buckling. It is to be noted
that these pre-stress conditions should be representative of the actual conditions on
the part, to get a "closer to reality" scenario of the buckling failure. Since the first
three modes of buckling were considered, it resulted in three values of A in increasing
order. And the first value reflects the failure mode of the part, since it reflects the
least load taken to cause buckling. In a few iterations, however, multiple values of
A were considered if they were very close to each other in magnitude.

So, in simple terms, it can mean for the structure that if the unit load is applied
as the collapse pressure of the part, it would be required to be at least 1 if it is

6
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assumed to be a perfect shell in order to be safe enough for design loads. But, for
an imperfect shell (which is a more realistic case), an extra factor of safety will have
to be kept in mind, as for nonlinear buckling, the N, gets affected drastically. After
simulations of the part, which is the case selected for this thesis, simulations reflected
a minimum A of about 1,7 at collapse pressures, which is shown later. However, these
values seem to be conservative, since this would correspond to about 10% error in
thickness. A 10% error would correspond to about £0,08 mm in surface inaccuracies.
It is assumed that printing will cause about the same error on the surface since 0,08
mm is considered to be the average surface roughness of additively manufactured
parts in steel before shot peening|7], whereas the parts are always post-processed
after manufacturing, bringing down surface roughnesses to 0,03 mm even. Hence,
40,08 mm, being a conservative value was selected as the reference value.

2.1.3 Modification to the part and need for ribs/stiffeners

After establishing the basic theory behind the work and the model of the part, the
next thought would be how to get a stronger part, without increasing the weight
drastically. For understanding the same, stiffeners in cylindrical shells were studied.
A comparison between the commonly used longitudinal and circumferential ribs as
stiffeners and the resultant buckling modes was done. These buckling modes were
kept in mind for comparison with simulations[6]. In the current part, ABB adds
ring stiffeners since they are helpful in reducing the amount of deflection in the
unsupported area. The ring stiffeners restrict the deflection in the whole tube and
makes it resistant to buckling [6].

The simulation for the first mode of Euler buckling failure for an empty tube was
done. Then, a comparison with parts having 6 longitudinal ribs, 5 weld rings and
both of those followed. The end results were interesting to note and corroborate
with the theory, as shown in table 2.1.

Table 2.1: Table reflecting the mode of failure and the corresponding factor of
safety for the tubes with different stiffeners

First mode of failure Buckling factor of safety
Only tube 1,11
Tube with 6 longitudinal ribs 1,18
Tube with 5 weld rings 5,71
Tube with both longitudinal ribs and weld rings 11,94

The figure 2.5 represent the buckling failure mode in the different load cases.
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Figure 2.5: )\ or buckling factor of safety comparison between sections with dif-
ferent stiffeners under hydrostatic loads: a) A for an empty tube; b) A for a tube
with longitudinal ribs; ¢) A for a tube with only 5 weld rings; d) A for a tube with
longitudinal ribs and weld rings

Overall, it can be seen that the strength to density ratios get affected. Figure 2.6 is
an Ashby chart reflecting on how the part performance is improved with rings and
ribs (a part higher on the slope of strength/weight is considered to be a stronger
part). If there is a certain minimum performance requirement from the part (as
depicted by the blue shaded area) such as high buckling strength or low weight,
adding certain stiffeners can improve the part’s performance.
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Figure 2.6: Ashby chart[8] for reflecting strength/weight ratio of the tubes with
different stiffeners

It was evident from understanding the theory that the impact of the ring stiffeners
is most effective, but when used in conjunction with longitudinal stiffeners produce
the best result whereas using longitudinal ribs alone does not prove to be very useful.
The use of both the stiffening mechanisms together gives best performance, though
it can be problematic due to increase in the weight. Hence, it would be better to
utilise the best of both concepts and stay within the required limits of weight.

2.2 Introduction to additive manufacturing

ASTM]2] defines additive manufacturing as a process of joining materials to make
parts from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing and formative manufacturing methodologies. This advantage helps
the CAD designer to get rid of conventional manufacturing problems such as drafts,
undercut, etc. There are other benefits such as control of microstructure in metal
AM, possibility to print lattice structures or internal channels to enhance designs
and save a lot of material wastage by building near-net shape parts. However, there
are other additional limitations while employing AM techniques, such as residual
stresses, requirement of supports while building, not enough materials available for
printing, etc. All AM technologies can be categorised into seven technologies:

1. Vat photopolymerisation
Powder bed fusion
Material extrusion
Material jetting
Binder jetting
Directed energy deposition

7. Sheet lamination
For metals, the technologies of interest are powder bed fusion, directed energy depo-
sition and binder jetting. And for producing parts with very small wall thicknesses,
high surface quality and high dimensional requirements, powder bed fusion is the

S G N
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only technology of choice. Metal powder bed fusion can be characterised by “layer
by layer” melting of powder by using focused lasers or electron beams in specific
chambers. These chambers can be filled with inert gases such as Ny or Ar for laser
beams or kept in vacuum in case of electron beams|9][10].

After some discussions about both these technologies, it was collectively decided to
keep this thesis concentrated towards laser based powder bed fusion(LPBF) and not
electron beam based powder bed fusion. LPBF was chosen owing to the availability
of the 316L stainless steel powder and the machines at both ABB and Chalmers.
Hence, this thesis focuses on LPBF and thus the processing and benefits/drawbacks
were derived from LPBF. Furthermore, several benefits and limitations to using the
AM technology of choice, some of which are specific to the floating device were
discussed in following sub sections.

2.2.1 Benefits of AM

Additive manufacturing is seen as a good candidate since it has the ability to resolve
many manufacturing issues and at the same time, has the possibility to overcome
the design limitations of the part. For this particular product, metal LPBF helps in
the following way :

1. It is seen that the manufacturing complexity involving complicated weld-
ing/joining of several parts could be reduced down to fewer parts, which will
implicate lesser defects and easier assembly.

2. Since the geometry produced using AM would be accurate, the need for post
processing afterwards will decrease.

3. The design requires certain amount of rigidity in the shell to meet high pressure
requirements (as high as several hundred bars). AM can provide innovative
ways to improve this structural rigidity through the use of lattice structures
or reinforced structures inside the part, which is not possible through conven-
tional manufacturing. This can have the benefit of reducing weight on the
final part, which is beneficial.

4. As per Matilainen[11] the weldability and quality of overall weld with the
microstructure formation are considered at par with welded sheet metal parts
in 316L stainless steel.

5. The customisation based on customer requirements can be made possible by
AM, drastically reducing manufacturing lead times as parts with different
specifications can be built together. It can be a clever way to manufacture
parts on demand.

2.2.2 Limitations of AM

Like any other technology which is considerably new, AM has it’s limitations as
well. Thus, the following need to be kept in mind while deciding to go for metal
AM:
1. The metal AM process involves higher surface roughnesses, up to £80 pm for
as manufactured parts, which should be investigated.

10
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2. Fewer materials are available for metal AM. The normal manufacturing pro-
cesses have hundreds of alloys available for use, whereas AM has only about
20-30 materials available. However, the trend of developing new materials for
use in AM is expanding rapidly[12].

3. The manufacturing times for AM can be high, since printing is done layer by
layer and it increases rapidly when the part height is increased. Normal LPBF
processes have building speeds of about 5-20 ¢cm?®/h[13], which is considered
slow compared to conventional manufacturing methods.

4. Since the printing process depends on so many different factors such as laser
power, laser speed, hatching strategy, angle to build plate etc., it is difficult to
produce consistently good parts with similar properties. However, machines
are developing fast and industrial grade machines are being made available by
companies such as EOS, SLM solutions.

2.3 Design for additive manufacturing

Design for additive manufacturing (DfAM) is an upcoming field within additive
manufacturing which involves developing ground rules/ design limitations of AM
for various processes and reap the real benefits of this technology. Many times, it
is mistakenly assumed that anything can be made using additive manufacturing,
which is completely wrong. Like any other manufacturing process, AM has it’s
constraints. These constraints are new and need to be formulated in a different
way than conventional design methodologies. It is also noteworthy that many older
design flaws can be overcome and new designs inspired from nature (also called
“bionic designs”) can be incorporated into products making their value increase due
to improvement in aesthetics and performance.
This subsection will discuss some characteristics to keep in mind as design guidelines
while designing for AM components. Several guides are available for beginners to
understand the details of DfAM. Tt is explained with example, in [14] Renishaw’s
beginner’s guide to AM. There are four critical factors which affect the AM design
and can be taken as the basic thumb rules while doing any kind of designs:
1. Residual stress:
Residual stress is an unavoidable circumstance, which can “make or break”
an AM build. It is formed due to rapid heating and cooling after the laser
pass on unmelted powder on each layer. Continuous melting on 20 pm and
40 pm layers of build after every 30-100 seconds on each layer, causes a lot of
concentrated energy transfer into the melt. In extreme cases, this stress can
exceed the strength of the material, thus causing distortion or even failures in
part during printing. These stresses are avoided by changing the path that the
laser follows (also called scanning strategy) in order to avoid overheating in
local areas of the build platform. Another technique is to heat the build plate
in order to keep a lower temperature gradient between layers while printing
and thus reducing the residual stresses. For example: a temperature of about
80 °C is kept for parts while printing 316L stainless steel in a typical EOS
M290 machine. The figure 2.7 shows a failure seen during one of the prints at
ABB, due to residual stress and not having strong supports.

11
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Figure 2.7: Failure in printing due to residual stresses

12

2. Orientation:
Any additive layer based process is defined along Z-axis (also known as build
direction). There is a need to modify the build orientation in an additively
manufactured part, since the cross section of the part may not be optimised
for the print. Some of the reasons why the cross section of the layer can be of
importance to optimise are as follows:

(a)

Overhangs:

The layer based AM printing processes depends on the preceding layer
to the one being printed, to provide both, physical support and heat
conduction away from the part. As per [14], heat would flow from the
melt pool down to the build plate during the printing process. The melt
pool solidifies quickly once the laser source has passed as heat is conducted
away from the build. When there are overhangs, both these conditions
are not fulfilled and leads to rougher surfaces and residual stresses. This
limits the possibility of having big overhangs, and necessitates the use
for supports structures to be able to print the part as required. A clever
solution is to have fillets or chamfers to reduce stress and make it possible
to print overhangs.

Orientation from build plate :

A general rule of thumb says that the printing of the part cannot be done
with surfaces oriented less than 45° from the build plate. If these angles
are decreased, the down surface (down skin) can have a rougher surface or
develop stresses due the the slower cooling of the melt pool below (Since
the melt pool is not supported by solid material, rather by lose powder or
less dense supports). Here, a clever way to designing could be to redesign
the initial component to make it self-supporting.

Orientation of features :

The orientation to the moving recoater blade is also an important factor
to consider while printing. As per [14], when a new layer of powder is
applied, the recoater compacts the powder in a consistent layer so that a
densely packed layer is formed. This necessitates the build to be free from
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residual stresses and stay flat; at the same time it forces powder down
and pushes the front edge of the component upwards as the recoater
crosses over the part. The way to overcome that is to use a flexible
recoater having rubber or carbon brush instead of steel. Although, having
a flexible recoater may lead to rougher surfaces.
3. Support structures:
The supports that are added to the design for taking away heat or being
able to print overhangs has its own limitations. They come with the cost of
bad surfaces or difficulty in removal from the part after printing. Supports
might also be necessary for part features such as big holes perpendicular to
build plate, where distortion in the hole can occur unless support is provided.
Sometimes, a clever way to incorporate holes is to print smaller concentric
holes and machine afterwards. The figure 2.8 shows how support structures
can be used on an existing overhang.

Figure 2.8: Importance of support structures to deal with overhangs

4. Optimisation in part design:
There are several optimisation principles that are directly applicable to AM,
such as topology optimisation[15] or printing lattice structures[16] to bring
higher specific strength and elasticity by creating a kind of hybrid material
with air and the base material. The idea to keep in mind is that AM involves
rough surfaces and these optimisations are limited, making it quite difficult
to consistently manufacture high quality products with comparable properties.
The build times get directly affected by increasing vertical (Z-direction) height
during printing and make it complex to provide higher rates of production.
Standards are gradually being implemented to manage properties and machine
manufacturers are working closely with process parameters for product and

13
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productivity control.
Hence, DfAM is a critical factor, which is to be considered while designing parts.
Since the part is planned to be mass manufactured in metal AM, these factors are
good from a theoretical point of view. If proper design guidelines are not followed,
results can be disastrous, leading to printer crashing after a 50 hour print, like the
one shown in figure 2.9.

Figure 2.9: Print failure for a plastic print job that was planned for 50 hours with
no usable parts left

2.3.1 Lattice structures and topology optimisations

2.3.1.1 Lattice structures

As per [17] crystal structure is the periodic manner in which atoms, ions, or molecules
are spatially arranged. The smallest group for this repeating pattern is called a unit
cell. For structural applications, these unit cells can form a long range order to meet
specific requirements such as having certain specific strength, elasticity or anisotropic
properties. For the given product, it was thought of providing extra stiffness along
the build direction (Z-direction) and against hydrostatic loads (Y-direction) by using
cleverly designed lattice structures, which are projected on the surface of the part.
These will help retain the weight ratios and work as stiffeners to the part. For lattice
structures, if the discussion delves into material property charts, it becomes visible
as to how the lattice structures are desirable from a designer’s point of view. Figure
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2.10 shows the Ashby chart for tensile strength vs density, which reflects the wide
variety of materials available to choose from. Here, graphical selection of a better
material can be done based on a certain performance parameter (in this case, being

a higher strength/density ratio).

Epoxy/S carbon fiber, woven prepreg. biaxial lay-up

Technical ceramics
S =75

Tensile strength (MPa)
\
\

——Non-technical ¢

-
=
y

; .,f\_\/,
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T Strength/Density 1

Density

Figure 2.10: Ashby chart for tensile strength vs density for different materials|8]

Now, 316L stainless steel and a epoxy/HS carbon fibre are compared (assuming that
both 316L stainless steel produced using AM has similar properties as wrought part)
for the design of a strong beam, where higher %(strength /density) values are desired.
It can be seen that they have similar strength (o) values, whereas epoxy/HS is much
better because it has much lower density.

If lattice structures are used for steel here, it would have the possibility to reduce
the part density to as low as 10% of the original part. If a smart lattice can be
produced, retaining the directional strength of the original part or meeting design
loads, while at the same time reducing the density (to about 30%), then better
strength to weight ratios than carbon fibre composites may be achieved.

Figure 2.11: Example of diamond structure and schwarz-D structure to represent
how a lattice structures looks like
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2.3.1.2 Topology optimisation

Topology optimisation in principle refers to the ability to define the part design
based on the load path and resulting stress distribution, leading to removing excess
material based on volumetric or weight redistribution. As an example, a component
optimised for a formula student vehicle was studied.[15] They talk about how a
part being milled in aluminium 7075 is taken and the loads are identified, based on
which a topology optimised design is developed to transform it into a part printable
for additive manufacturing in Ti6Al4V. Doing that, a weight saving of 36% was
achieved, which is remarkable. The overall weight savings is shown in table 2.2.

Table 2.2: Comparison of machined component to additively manufactured one[15]

Assessment criteria Machined EBM titanium | %
aluminium (Ti6A14V) Change

Mass, grams 832 536 -36%

Factor of safety 0,95% 1,70%* +79%

Maximum displacement, 0.25 0,32 198Y%

mm

Raw material use, kg 7,0 1,0 -86%

Cost of manufacture,

GBP 342 2980 +773%

*w.r.t yield strength. **w.r.t fatigue limit at 10° cycles

By combining these techniques for laser based metal AM technologies, a highly
optimised part may be achieved. It will perform much better and will weigh much
less. In the case of the floating device, the part is loaded with hydrostatic pressure
from the outside of the shell. It basically means that there is constant force across
the whole part surface which is trying to crush the part inwards. The representation
in figure 2.12 reflects a similar load case.
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Figure 2.12: Representation of hydrostatic load on a soda can

This was a challenge to optimise, considering a part is made of sub-millimeter thin
sheets of steel. However, through AM, innovative ways were employed to reinvent
the structure. The skin was reduced to about half its thickness and then some “stiff-
eners” in the form of lattice structures were added to support the loads generated by
these hydrostatic forces.[6] After some literature study of stiffeners used for buckling
resistant structures and from the ANSYS simulations that were studied, concepts
that were used were discussed.

1. Honeycomb design:

Honeycomb structures are based on honeycomb design, where a hexagon is
used as a 2-dimensional lattice and can be extruded into 3 dimensions, to
create a very stiff and low density structure. These structures are resilient to
bending and compression forces, thus making them good for buckling resistant
structures. These kind of properties, combined with a high positive poisson’s
ratio along the direction of the honeycomb structures were an important reason
for considering honeycombs as stiffeners. These honeycomb structures are
employed in aerospace and automotive applications to enhance part properties
and get stiffer and stronger parts in compression, which fits our criterion.
There was only one challenge: the honeycomb that was designed for this part
had to be self supporting in the direction of AM print (Z-direction) since the
part was planned to be printed vertically. Hence, the honeycomb structures
were tweaked to have higher vertical angles of about 45 degrees from the
horizontal and thus look elongated as seen from the picture below.
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Figure 2.13: Comparison between normal honeycomb and modified honeycomb

2. Grid based structures:

There are several types of grid based structures available, such as isogrids,
anisogrids [18] and orthogrids, to name a few. Some of them are represented
in figure 2.14.

(a) (b)

Figure 2.14: Examples of grid based structural lattices: a) isogrid structures and
b) orthogrid structures

18

The benefits of using these structures are to have an improvement in buckling
load and these kind of structures are quite useful for buckling resistant struc-
tures for space crafts. After some simulations and using DfAM techniques, the
following was observed:

(a) The anisogrids and orthogrids had more corners than an isogrid per unit
area, hence creating higher number of sites for stress concentrations.

(b) The anisogrids and orthogrids were found to be harder to print due to
the unfavorable angular orientation of parts in anisogrids and overhangs
in orthogrids.

(¢) The buckling response of isogrids, as per ANSY'S simulations, were found
to be the best out of all the three, hence another motivation to choose
them.

Some examples of structures where these grid based structures can be found
are in real life rocket ships, which companies like Boeing or SpaceX work with
[19][20].



2. Literature Review

2.3.2 Effect of poisson’s ratio in selection of stiffeners

The enhancement of performance due to positive poisson’s ratio was investigated. It
was assumed that the hydrostatic loading can be divided into two parts, as shown in
figure 2.12. From the front view, the part has a component of uniaxial compression
along 7 direction and bending along X-Y plane (radial plane). It was then simulated
to prove that honeycombs can be created with high positive poisson’s ratio in the
direction perpendicular to the uniaxial load application. In the case of this stiffened
structure, this would mean that during compression, these structures will "open up'
towards the outside when the uniaxial load is applied. This means that, when the
part is loaded due to unaxial compression, it tends to expand outwards, which in
turn helps against the bending loads on the wall, which is desirable. An ANSYS
representation of a honeycomb lattice, along a thin wall section when loaded under
uniaxial compression, is shown in figure 2.15.

(b)

Figure 2.15: Effect of poisson’s ratio in selection of stiffeners for thin shells: a)
representation of modified honeycomb as expected to be printed on the thin shell ;
b) honeycomb loaded with uniaxial compression, as shown
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Design, simulation setup and
material definition

3.1 Design and simulation setup for baseline part

Several design tools have been employed to CAD and simulate the part in question
accurately. Although the part is actually represented by a thin shell, a solid mesh
is preferred for defining the part. The reason for that is when lattice structures and
different design concepts are incorporated, which are possible using AM, it became
increasingly hard to keep following the shell mesh. Thus, the baseline model and all
the future models were based on solid mesh for the sake of simplicity. The mesh was
further defined as a solid quadratic mesh with hexahedral elements of 1 mm size in
order to keep it realistic and not increase the computational time exponentially. The
parts were loaded with a pressure of about 7,5 MPa (75 bars) and then a normalised
model was developed considering the original part being used as a benchmark.
The part design has not been shared as a part of the report. However, it can
be explained as a thin shell cylindrical section which is closed by welding and is
supported by some ring stiffeners to make it bear the hydrostatic loads. As a
modification to the original part, a slight modification was done based on ANSYS
simulation results, producing a simulation based design to thicken the rings. The
same was done to avoid the failure at rings and change the load path, in order to
get a skin type buckling failure.

3.2 Simulation modified design

After simulating the part, the results of which are discussed later, a simulation
modified design was made, with the rings becoming thicker and the holes in the
rings becoming bigger, in order to have similar weight. The results of buckling were
greatly improved, and are discussed later. To visually represent the modification
done, figure 3.1 shows a comparative image to visualise the difference.
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() (b)

Figure 3.1: Difference between original ring stiffeners as used by ABB vs a modified
ring stiffener : a) the original ring design with 0,5 mm thickness rings ; b) modified
ring design with 1 mm thick rings with bigger inner diameter

3.3 AM modified design

The DfAM process of trying to find the best structure was an iterative process of
figuring out if the theoretical concepts learnt in literature could be applied to the
design, while still keeping the parts printable. So, the first few concepts targeted
subjects such as printability and tried to consolidate parts. The part about improv-
ing performance was not kept in mind to optimise and the baseline model was kept
as reference for weight and performance references. The first few designs are shown
in figure 3.2.
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() (b) (c)

Figure 3.2: Different design concepts which are suitable for metal AM: a) with
some small protrusions as ring stiffeners; b) with helical supports as stiffeners; c)
with honeycombs as stiffeners

After these designs were tried to stiffen the part at a global level, it was realised
that local breaks such as the ones provided by the stiffening rings in the original
part is a necessity. Hence, the concept of hollow ring stiffeners came into picture.
It was also seen that the rest of the part, having a lattice based structure proved
to be stronger and stiffer than an empty tube with similar weight. Thus, hybrid
designs consisting of both lattice structures and hollow rings were introduced. These
designs were printable and provided very high buckling response. A structure with
only hollow ring stiffeners is shown in figure 3.3.

4

A -

Figure 3.3: Float section with only hollow ring stiffeners

The final float design was then formalised by tweaking the hollow rings’ thickness
and sizes to get the best ANSYS result and printability as well. Two of such hybrid
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designs are shown in figure 3.4 and 3.5.

Figure 3.4: Final design of float section with isogrid patterns as stiffeners

Figure 3.5: Final design of float section with honeycomb patterns as stiffeners

There are elliptical holes provided in the design to remove powder post printing
and to keep the stress concentrations minimum on the part. Fillets have also been
introduced in the part to reduce the stress while minimising the effect on weight
increase.

3.4 Material definition

The original part is assumed to have the properties as provided in ANSYS for 316L
stainless steel sheet and the AM part has properties as recommended by EOS[7].
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Experimental setup

The experimental setup provide the groundwork for establishing the actual perfor-
mance with respect to the theoretical performance of the AM printed parts, the
results of which could be useful. As discussed in theory, linear buckling of the part
was not the correct representation to what would actually happen when the part
fails. This is because hydrostatic buckling represents a plastic failure and the col-
lapse pressure is used to define the maximum loads for the part. Hence, a sturdier
design, which incorporated non-linearity, was planned to be tested and prove the de-
sign’s performance in real life. Several factors were found to affect the performance
while switching to AM, and experimental setups were defined accordingly. The parts
for experiment 1, 2 and 3 were printed at AMEXCI on an EOS M290 printer and
parts for experiment 4 were printed at ABB on a realizer SLM 50 printer.

4.1 Experiment 1: Uniaxial compression of thin
shells

The first experiment was planned to identify the non-linearity induced on a thin shell
during uniaxial compression. The variables were the thickness and surface roughness
of AM parts and were to be compared to ANSYS results. The parts designed were
small, about 30 mm tall, with 16 mm outer diameter and thickness in cylindrical
sections between 0,4 and 0,8 mm. Figure 4.1 shows how one of the printed parts
looks like on the left side. The right side shows the mating part designed, in order
to keep the sample flat on a compression testing equipment.
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() (b)

Figure 4.1: Setup of experiment 1 showing a cylindrical section to be tested and
the corresponding female mould to make two flat surfaces for testing: a) cylindrical
section to be tested in uniaxial compression; b) mating female part to cylindrical
section

Applying DfAM principles, the top of this cylinder had a conical section to make
it printable and have a hole to remove the unused powder. Now, for testing under
unaxial compression, two flat surfaces are required. In order to achieve that, a
matching female mould (as shown in figure 4.1) was planned to align the parts into
a straight line and have a decent uniaxial compression test possible. The idea was to
observe the buckling mode in the thin section, get the critical load value before failure
and compare the same with ANSYS results. The minimum diameter/thickness
ratios used were 40:1, which were assumed to be good enough to give a projection
on how much effect of surface roughness can be expected on thin shells. However,
it is recommended to test these thin shells till a ratio of 100:1 to replicate the non-
linearity effect on actual parts. The actual parts were loaded in the universal testing
machine (UTM) in a 100 kN load cell and were tested at 1 mm/min. These parts
were tested for the first two modes of global buckling, as observed on the part. The
experimental setup is shown in figure 4.2.
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Figure 4.2: Experiment 1 after loading in the universal testing machine with a 100
kN load cell

4.2 Experiment 2: Directional properties of stiff-
eners

The second experiment was planned to study the directional mechanical properties
of the stiffeners, namely honeycomb, isogrids and orthogrids. Since these stiffeners
will not only increase the part strength due to radial forces on the outside of the
part, it was expected that these stiffeners help with forces along axial direction as
well. Based on the same, about 20 mm x 20 mm x 20 mm cubes were designed and
were tested. The cubes are shown in figure 4.3.
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L e—
(a) (b)

Figure 4.3: Lattice cube representations for experiment 2 showing the CAD ge-
ometry for the isogrid and honeycomb lattices to be tested in unaxial compression:
a) isogrid lattice cube; b) honeycomb lattice cube

The idea with these lattice cubes is to test them along build plate (X-Y) directions
and Z direction separately. The same would provide the load-displacement curves
for these stiffeners in both directions and would also reflect the kind of plastic
failure that happens in them, since they would be having very thin struts (about
1 mm). These properties obtained using experimentation can then be applied as
new material properties to any part to simulate its performance. The experimental

setup on the UTM loaded in the same manner as experiment 1, is shown in figure
4.4.

Figure 4.4: Experiment 2 after loading in the universal testing machine with a 100
kN load cell

The testing of these lattice cubes was planned in a certain manner.
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1. The first set of test were done by trying to load one sample along each direction
till failure or high elongation (whichever comes first).

2. Using the failure mode to identify the point of yielding, a further hysteresis
plot was built by doing cyclic loading of the parts in order to develop accurate
E modulus values.

3. After finishing each loading cycle, another cycle with the same specifications
was run on the same part, in order to remove the inaccuracies caused due to
rough /non-parallel surfaces on the lattice cubes.

4.3 Experiment 3: Hydrostatic performance of
cylindrical section

The third experiment was planned to predict the hydrostatic failure and establish
the performance of the lattice structures being used as stiffeners, as compared to
an empty shell with similar weight. The actual float is made up of several thin
cylindrical sections which are then welded together with rings in between them.
This experiment would attempt to prove the applicability of higher loads on AM
stiffened structures, which would provide a much better property in hydrostatic
loading when compared to normal part. The figure 4.5 reflect how the part would
look like and some cut sectional views of the stiffened structures.
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() (b)

(c) (d)

Figure 4.5: Cut section views of cylindrical sections designed to compare different
stiffeners under hydrostatic loads: a) front view of the whole part; b) cut section view
of actual section with thin walls only; ¢) cut section view of section with honeycomb
stiffeners; d) cut section view of section with isogrid stiffeners

4.4 Experiment 4: Laser processing parameters
evaluation

For thin shells, printing parameters might be different than those of parts with
thicker sections. Attempts were made to print samples for experiment 1 and 2 at
ABB and resulted in multiple failures. It was seen that the laser parameters affect
the printability as much as the design, making the part susceptible to cracking,
overheating, distortion and even crashing of prints. Hence, the printability aspect
is added to the study, to quantify an optimised laser parameters for a certain thin
shell. Some of the failed specimens after printing are shown in figure 4.6.
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(a) (b)

Figure 4.6: Different types of failures as seen during metal printing at ABB on a
realizer SLM 50 printer: a) failed sample showing residual stress formation on build
plate; b) failed sample which formed very rough surfaces on conical head

For this experiment, cylinders with a 10 mm outer diameter and 5 mm height were
printed and the variables kept during the prints can be seen in table 4.1.

Table 4.1: Parameter changes planned during experiment 4; printer used was
realizer SLM 50

Variable name Range
Part thickness 0,4 mm , 1 mm
Laser power 60-120 W
Laser speed 250-750 mm/s
Layer thickness 20 pm , 40 pm
Hatching Chessboard/chequered , shell

A total of 48 samples were planned based on design of experiments|21] using MODDE
V11 software and implementing full factorial design (2"¢ level) to develop all the
qualitative and quantitative parameters. A first experiment of screening was done
which was directly linked to the second experiment of evaluation. The screening
experiment was to check if the part passed or failed during printing. It was seen
that 10 parts out of 48 parts failed. A total of four prints were done on the machine,
having all samples in two different thicknesses and different layer heights. At the
end, it was planned to check these parts under a light optical microscope and plan
a micro-structural and hardness evaluation as a post-thesis study.
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Results and discussion

All the parts for experiments 1, 2, 3 were printed on a EOS M290 printer and 20
pm layer thickness at AMEXCI whereas the parts for experiment 4 were printed on
a realizer SLM 50 printer at ABB with different layer thicknesses.

5.1 Experiment 1

During uniaxial compression of the thin cylindrical shells, it was observed that the
critical load parameter improves when the thickness of the cylindrical section was
increased. This makes sense intuitively since a thicker column should take higher
loads. The buckling failure was simulated in ANSYS followed by actual experimental
results. Results were further compared, as will be discussed below.

The boundary conditions for these simulations were modified in order to replicate
the exact case scenario of the failure observed during testing. For example, 8124
N was kept as simulated load value since that was seen to be the average load at
which first mode of buckling was observed in the parts of 0,4 mm thickness. Similar
values were taken from average failure loads of other thicknesses to simulate them.
The mesh used was a 0,2 mm shell mesh for the cylindrical section along with a 1
mm solid mesh for the solid part at top and bottom. This was done to make the
simulations consistent to the real life result. The simulation results for a 0,4 mm
thick cylindrical section can be seen in figure 5.1.

Figure 5.1: ANSYS results showing Euler buckling test results and static structural
testing results: a) Euler buckling showing the theoretical factor of safety to be 12,9 at
8124 N uniaxial load and 0,4 mm thickness at cylindrical section; b) stress generated
at 8124 N in the part, showing the average stress value in the range of 401 MPa at
the 0,4 mm thickness
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A curve reflecting the load-deflection curve for all the 15 parts tested (five parts for
each thickness) is shown in figure 5.2.
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Figure 5.2: Uniaxial compression test results for cylindrical sections of different
section thicknesses showing the average peak load

The figures 5.3, 5.4 and 5.5 reflect the buckling in case of the parts of different
thicknesses with respect to actual part (on the left most side in each image).

Figure 5.3: Buckling results on cylindrical sections with thickness of 0,4mm
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Figure 5.4: Buckling results on cylindrical sections with thickness of 0,6mm

Figure 5.5: Buckling results on cylindrical sections with thickness of 0,8mm

From experiment 1, the graph for the experimental vs theoretical non-linearity in the
parts is shown in figure 5.6. This graph is a representation of how the linear buckling
results from ANSYS were taken and extrapolated to form a theoretical non-linear

performance based on [6]. The same was then compared with the experimental
results.

35



5. Results and discussion

Experimental buckling results (in kN)

Theoretical non-linear buckling loads (in kN)

Theoretical linear buckling loads (in kN) r

0 50 100 150 200 250 300

Theoretical non-linear buckling loads (in

Theoretical linear buckling loads (in kN) Experimental buckling results (in kN)

kN)
0,8 mm 264,22 211,376 19,889
0,6 mm 172,17 123,9624 13,883
0,4 mm 83,742 41,871 8,124

Figure 5.6: A graph representing the non-linearity from Euler buckling, both
theoretically and experimentally where expected non-linearity shows the theoretical
results and actual non-linearity shows the experimental results

This shows that although theoretical predictions suggest a non-linear behaviour, the
actual results reflect a much lower linear value at which buckling occurred. This
could either be related to material failure occurring before the theoretical Euler
buckling loads or surface roughness affecting the Euler buckling loads in a worse
manner than expected.

5.1.1 Material failure before Euler buckling

The stresses calculated at buckling loads corresponded to the yield strength values
of 316L stainless steel[7]. This was an interesting observation since [22] indicates
that Euler buckling is only applicable in the elastic region, and this test proves
that. Thus, as soon as the yield stress is reached, the material fails plastically and
is unable to take the critical loads as calculated in Euler’s formula. These stresses
could be simulated quite accurately, as shown in Figure 5.7.
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Figure 5.7: Graph representing the simulated values of stresses generated in AN-
SYS models vs experimental values of stresses when critical buckling loads were
applied

5.1.2 Non-linearity co-relation with surface roughnesses

As per [7], a surface roughness (R.) of 80420 pm on as-printed and 30+10 pum after
shot peening can be expected along 7 direction, if the part is printed using 20 pym
layer height. It was expected that the same would cause a detrimental effect on the
buckling of the part, since the surface roughness to thickness of the part increases
if the thicknesses are decreased from 0,8 mm to 0,4 mm. Surface roughness is
also expected to induce inaccuracies in the buckling load values, creating a scatter.
However, not much of scattering was observed and the experimental range was
consistent between 7,53-9,7% of linear loads, which is better than the theoretical
range of 50-80% of linear load. Hence, it seems like the effect of surface roughness is
minimal on the part. The same is depicted in figure 5.8. It is important to note that
the surface roughness was not measured in this work and parts were printed using
parameters for the high surface finish, with the layer thickness of 20 pym, meaning
that much better surface finish than mentioned in [7] should be expected.
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Figure 5.8: Graph representing the ratio of non-linear and linear buckling loads
on y-axis for three different thicknesses of cylindrical cross sections (from 0,8 mm
thick to 0,4 mm thick)

5.2 Experiment 2

The second experiment was conducted to study the directional properties of lattice
structures. Since the lattice structures are being used as stiffeners, it is quite im-
portant to know how much of a strengthening effect they provide in X, Y and Z
directions. Two lattice structures were simulated out of the ones studied. Honey-
combs and isogrids were tested in ANSYS at similar design conditions, till elasticity
limit (0,2% strain, or yield limit) using a displacement controlled load. The mesh
was kept to be a solid mesh of 0,5 mm and the results are shown in figures 5.9 and
5.10. The parts were designed in a way, to have a thick solid block on top and
bottom, similar to a compression plate. Figure 5.11 shows the relative density of
the lattice cubes with respect to a solid block of steel.
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Figure 5.9: ANSYS simulation for elastic deformation of honeycomb lattice cubes:
a) stresses generated on honeycomb lattice cubes along Z direction; b) stresses gen-
erated on honeycomb lattice cubes along XY direction
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Figure 5.10: ANSYS simulation for elastic deformation of isogrid lattice cubes: a)
stresses generated on isogrid lattice cubes along Z direction; b) stresses generated
on isogrid lattice cubes along XY direction
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Figure 5.11: Relative density (in %) of lattice cubes with respect to solid block of
316L steel
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The figure 5.12 shows experimental compression load-displacement curves of differ-
ent lattice cubes in different directions of testing. Figures 5.13 and 5.14 show pictures
of different lattice samples before and after loading under uniaxial compression in
different directions.
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Figure 5.12: Uniaxial compression test results for different lattice cubes along
different directions reflecting the average yield strength R0,2%

(b)

Figure 5.13: Honeycomb lattice crush results (before and after crushing): a) before
and after of the honeycomb lattice after being loaded along Z direction; b) before
and after of the honeycomb lattice after being loaded along X direction
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(b)

Figure 5.14: Isogrid lattice crush results (before and after crushing): a) before
and after of the isogrid lattice after being loaded along Z direction; b) before and
after of the isogrid lattice after being loaded along X direction

After testing lattice cubes experimentally, the simulation results were compared
for both yield strength and the young’s modulus for these parts. The figures 5.15
and 5.16 reflect the value of the theoretical vs experimental values of the Young’s
modulus (in MPa) and yield strength (in MPa).
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Figure 5.15: Graph representing the theoretical vs experimental values for yield
strength (in MPa) for different lattice structures studied
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Figure 5.16: Graph representing the theoretical vs experimental values for young’s
modulus (in MPa) for different lattice structures studied

It is believed that these differences between theoretical and experimental values
comes from the defects and surface roughnesses in the parts. Another possibility
could be the inaccuracies in simulations, pointing out that the mesh should be
better defined for these load conditions. More samples should be tested to estimate
scatter of test values. In addition, dedicated study of the microstructure and, when
possible, fracture surface of the tested samples should be performed to study the
defects causing failure of the component. After compiling these data values, two
different structures can be simulated, characterised by different properties in all
three directions. The expected yield strength and Young’s modulus values for these
new honeycomb and isogrid structures are shown in figure 5.17.
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Figure 5.17: Graph representing the expected elastic properties for new lattice
structures

It can be concluded that these structures do not lose the strength values in Y
direction, even though they are left with only 40-65% of the material in them. This
direction is considered to be the strengthening direction and helps the part to achieve
it’s stiffness during buckling. If the load-displacement curve for lattice materials are
referred to again (figure 5.12), rather large differences between different directions
can be seen. The observations can be summarised as follows:

1. The honeycombs could elongate beyond 50% elongation. This would not be
possible in a real life scenario, since the part would fail /buckle before that.

2. The testing of isogrid structure shows properties above the physical possibil-
ities of the experimental setup since the maximum load cell value of 100 kN
was reached without structure failure and hence testing had to be stopped.

Based on these observations, it can be said that the lattice structures can be tweaked
to provide better directional properties in Z and Y directions where it is mostly re-
quired and remove more material. However, part has to be tested in real or simulated
conditions to prove the concept proposed.

To get consistent Young’s modulus values, step-wise cyclic loading was conducted.
For example, honeycomb lattices along Z direction were loaded incrementally (10
kN, 20 kN, 30 kN and 40 kN loads) until until the yield point and then unloaded,
see figure 5.18. The process was repeated a second time and it was seen that the
curve shifts leftwards, because the part seemingly gets flatter with respect to the
compression plates. However, the Young’s modulus (E) values, which is reflected by
the slope of these curves, stays quite constant.
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Figure 5.18: Variation in elongation during loading/ unloading of honeycomb
lattice specimen during cyclic compression test to define elastic properties

5.3 Experiment 3

The test for hydrostatic performance of cylindrical sections showed improved sim-
ulation results for the stiffeners as well. However, it is important to note that the
meshes generated for the honeycomb and isogrid parts were not hexahedral mesh
of 1 mm, since the part had very fine and intersecting surfaces, making it hard to
solve the mesh. So, a normal quadratic mesh (with tetragonal elements) was taken
for these parts. This can have some sources of error in final solution. Actual tests
have not yet been conducted since the equipment was unavailable and the parts took
longer than expected to print. Hence, the simulation results were only discussed.
Hydrostatic buckling of tubes with and without different stiffeners under 1 MPa
hydrostatic load is shown in figures 5.19, 5.20 and 5.21.
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Figure 5.20: Hydrostatic buckling of an empty tube with honeycomb stiffeners
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Figure 5.21: Hydrostatic buckling of an empty tube with isogrid stiffeners

The resultant hydrostatic performance of the different tubes is represented in figure
5.22.
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Figure 5.22: Comparison of strength/density performance of different stiffeners
under hydrostatic loads, in an Ashby chart[8]
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The simulation results for these experiments were only shown since the actual tests
could not be conducted. This experiment was simulated to show how the stiffeners
enhance critical buckling strengths. Simulation results show that around 50% im-
provement in specific strength can be expected in a stiffened sections as compared
to unstiffened section. This would mean that when this would be combined with
hollow rings, it would lead to a multiplication effect in improvement of performance.
Figure 5.23 shows the cross-section of one of such sections, printed in stainless steel.

Figure 5.23: Cross-section of one of the parts showing the stiffener inside the part

5.4 Experiment 4

This experiment was planned in order to establish the reason for the build failure
during LPBF processing, observed during printing samples for the experiments,
described above. Since this experiment was conducted on a smaller SLM 50 printer
instead of a EOS M290, results may vary. However, a trend could be developed using
this experiment, which will be generic. The approach to design of experiments was
utilised for making the samples and one of the design of experiment (DOE) graph
is described in figure 5.24.
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Figure 5.24: Test number 1 based on DOE of experiment 4

Figure 5.24 shows the different parameters such as laser power and laser speed
chosen for different samples. Additionally, one of the build plates, after printing

and removal of powder, is shown in figure 5.25.

Figure 5.25: Build plate number 4 for experiment 4, right after printing and

removal of excess powder; printed on realizer SLM 50 printer at ABB

After design of experiments and producing 38 successful samples, some of these

were studied under a light optical microscope to see the effect of laser parameters
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on them in order to identify the changes between different printing parameters. Two
examples that showed the largest differences are discussed below:
1. Difference between chequered scan strategy and shell scan strategy:
The scan strategies used for thin shells were chequered patterns in X, Y di-
rections in alternate layers and forming small islands of scan patterns, which
are 4,050 mm x 4,05 mm in size for each island. These islands are a general
scan strategy used and was mostly successful for different thicknesses, layer
heights and energy densities. The shell scan strategy, where the laser path
follows the circumference of the shell, was seen as an intuitive strategy to in-
duce less distortions and decrease in localised heat. Components produced by
different scan strategies can be seen in figure 5.26, as observed by light optical
microscope at low magnification.

(a) (b)

Figure 5.26: Top layer view of components produced using varying scan strate-
gies for printing thin shells when observed under a light optical microscope at low
magnifications: a) chequered scan strategy and b) shell scan strategy

2. Difference between low and high energy densities:
There was another peculiar difference observed in parts having very low or high
energy densities. The low energy densities formed rough top surface texture
whereas the one with high energy density formed small holes in the surface,
probably large key-hole porosity. The sample with high energy density also
exhibited complete melting on the surface. Appearance of samples at low
magnification can be seen in figure 5.27.
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() (b)

Figure 5.27: Top layer view of the components produced using different energy
density when observed under a light optical microscope at low magnification: a) low
energy density (53,33 W/mm?) and b) high energy density (320 W/mm?)

The work presented in this section was done as a post-thesis work in order to un-
derstand better of the effect of the laser processing parameters. It was observed
that if the process parameters are well-controlled while printing a thin shell (having
diameter:thickness ratios of > 20:1), a higher consistency in printing of thin shell
structures could be expected. A more detailed study would thus benefit the mass
manufacturing of this product, along with providing ABB with some research insight
into thin shell structures. This is recommended to be performed using production
machines as example EOS M290, where final components were printed, as results
are not directly transferable between between different hardwares.
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Conclusions

The major benefits of AM for the component studied can be summarised as follows:
1. Printability of the part

(a)

The part design was based on careful consideration of DfAM principles
such as print orientation and ensuring best retention of circularity of the
tube.

The thin walls and the lattices/stiffeners would support each other during
the prints, making the part more stable and the design more robust.
Printing vertically requires minimal supports, thus the parts can be printed
as "net shape' and have less material wastage.

The weldability of the part was considered while printing, since the fillets
at the hollow rings have thicker sections (about 1,5 mm) than the original
part, thus making it easier to weld.

Spherical section may be hard to print accurately without supports. A
good idea could be to print a thicker sphere and machine it afterwards to
desired thickness. On the other hand, more work on support structures
can be done, to improve printability.

2. Simulation of performance: The simulation results showed about 3 times im-
provement in specific buckling strength in one of the designs - isogrid stiffened
AM part with hollow rings, as can be seen in table 6.1. The stress levels
shown were well below the ultimate strength of the material, which means
that the idea might work. However, this design concept has to be proven
experimentally.

Table 6.1: Table showing improvement in specific strength for different floating
device designs

Design name | Increase in strength/ density ratio
Original part 1
Thicker rings 1,53 times original part
AM isogrid 3,14 times original part
AM honeycomb 2,31 times original part

3. Modular designs possible:

(a)

These floating devices take modularity to the next level, by giving an
opportunity for optimisation of lattice based stiffeners and hollow rings to
define "new materials". Hence, strength to weight ratios can be adjusted
to become as high as aluminium or as low as some plastics.
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(b) AM gives the opportunity to print several parts together on the same

build plate, thus giving another freedom in manufacturing.
4. Consolidation of parts:

(a) For this case study, the original part had 13 parts welded together whereas
the proposed design allows to make a better product with 3 parts welded
together.

(b) There are future possibilities of having some kind of consolidation for the
extra weight that is required as per design, by having design accounting
for these extra weights, or bimetallic prints possible.

5. Topology optimisation:

(a) The hollow ring concept has not been elaborated. They can be developed
by using a strong topology optimisation software that changes the shape
of the part based on the maximum allowable stresses.

(b) The stiffeners such as isogrids and honeycombs can be improved by chang-
ing the shape to other grid-based structures.

6. Material definition:

(a) The material definition has been taken along Z direction after stress re-
lieving, which means that the most conservative values were assumed
while designing the part. This assumption might affect the actual per-
formance of the part, since in reality the material is anisotropic.

Having said all these benefits, AM is prone to some shortcomings as well, which
cannot be overlooked without actual printing and experimental evaluation:
1. Non linearity in buckling:

(a) The effect of non-linearity is very important since it can completely
change the performance of the part. Thus, it needs more experimental
proof before being sure of the design.

(b) The thin shell design with stiffeners has not been proven before. Such
thin shells with large diameters of about 60 mm and skin thicknesses
of sub millimetre are very complicated to manufacture and thus induces
more non-linear buckling effects.

2. Number of edges increase due to lattice stiffeners:

(a) It might seem that the lattice stiffeners are a good idea. However, they
might increase edges in the part exponentially which act as sites for stress
concentration. This can lead to poorer performance of the part.

(b) The lattice structures need to be printed separately and tested several
times to develop a robust design.

3. Mesh analysis on product :
The current mesh analysis done on the part is not up to professional standards.
There can be cleverer ways to simulate the same with less computation power
and still use a finer mesh, to get results closer to reality. Also, AM parts are
highly susceptible to differ in performance to what is mentioned on data sheets
due to inconsistencies in prints as discussed before.
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Future Work

Some suggestions on future work are also provided below:

1. Optimisation of stiffeners and rings The stiffeners and rings were optimised for
a few iterations (probably 35-40 iterations). The load path during hydrostatic
buckling can be understood and much better stiffeners can be developed using
softwares for topology optimisation. There is also follow up literature available
for design of structures such as isogrids, anisogrids etc., which might be helpful
to suggest even better structures.

2. Laser process simulations accounting for non-linearity

(a) It can be really helpful during development phase to understand what
kind of laser processing parameters affect the printing of these parts and
try to perfect them.

(b) The non-linearity effect worsens due to inconsistent prints, considering
that this part deals with such thin walls.

3. Readiness for mass manufacturing

(a) To make these high-performance parts perform well under the current sce-
nario, it is highly recommended to conform to standards such as ASME
codes for materials. Thus, an intensive study to understand the applica-
bility of such products in the ASME (or equivalent international codes)
is essential to develop a product more suitable for a business case.

(b) An analysis into the chemical reaction of different fluids with metals such
as aluminium or 316L stainless steel[23] is crucial in order to be sure of
how good will the product printed in 316L stainless steel perform.
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