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Abstract

Additive manufacturing (AM), or 3D printing, is emerging as a technology for different applications
made of steel. It is expected that in the coming years the construction industry will benefit from the
free and lightweight forms that can be fabricated and the possible material savings.

A few experimental results of 3D printed stainless steel are published, while no data is available on the
material properties of wire and arc additively manufactured (WAAM) low carbon steel nor on specific
connections. Carbon steel is widely applied in the construction industry and is less expensive, com-
pared to other types of steel, as stainless, which was investigated for WAAM in other studies, at the TU
Delft and abroad. Therefore, WAAM low carbon steel plates with thicknesses of 3 and 6 mm, produced
by the company MX3D, were investigated thoroughly in this research.

Tensile coupon tests were performed to determine the strength, stiffness and ultimate strain. The sur-
face roughness, effective thickness and the influence of the thickness and the printing direction on the
material properties were investigated by experiments and an evaluation of 3D scanning and Digital
Image Correlation (DIC). The Archimedes’ principle was used to establish an effective thickness. The
experiments were conceived to predict the tear-out failure behaviour of 3D printed plates. This is one
of the basic failure modes in bolted connections. The conducted experiments provide the necessary
evidence for the behaviour of single bolts and pins that interact with the WAAM material. A design
formula for bolted and pinned connections is proposed based on experimental results.

The results of the tensile and tear-out tests were compared with conventionally produced carbon steel
and existing findings on WAAM stainless steel. The influence of the end distance of a double lap bolted
connection is evaluated by comparing the experimental results with the existing standards and studies
on rolled carbon steel. This research was performed to assess the applicability of current design stan-
dards for conventionally produced carbon steel to WAAM low carbon steel connections. The reliability
of this method was checked by a statistical analysis.

A new design factor for the tear-out strength of single bolts and pins in a WAAM low carbon steel plate
is recommended. This factor reduces the design resistance of a tear-out connection and includes the
ultimate tensile strength of the WAAM low carbon steel, the end distance, effective thickness of the
plate and printing direction, compared to the applied force. The reduction factors that originate from
the effective thickness determination and that reduce the ultimate tensile strength due to the surface
roughness effect have to be incorporated for WAAM material as well.

The starting hypothesis was confirmed by the investigation and following is concluded: WAAM car-
bon steel is a suitable material for structural applications, due to its lower costs and higher stiffness
compared to the stainless steel alternatives. The experimental results of this research are meant to
be used for design purposes and as input for Finite Element Modelling, so the resistance of more
complex geometries can be studied accordingly. It is expected that with topology optimisation (TO) of
connections, considering the printing direction, and the consequential material efficiency, full potential
of 3D printing can be yielded for the manufacturing of structural parts.
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Introduction

In this chapter the background and the relevance of this research subject are discussed. Then, the
main objectives (section 1.2) and the main research question together with the sub questions (section
1.3), that are necessary to get an answer on the main research question, are shown.

1.1. Background and Relevance

This research is part of the master’s degree Structural Engineering of the Civil Engineering faculty at
Delft University of Technology. The construction industry is considered by some as a slightly conserva-
tive sector. As the whole world is becoming more digital, this sector has a challenge in this field. One
of the parts of digitisation is automation, which can be applied in different environments in the sector,
as can be seen in figure 1.1. McKinsey has investigated the potential for Information Technology (IT)
in the construction industry. As can be seen in the figure, almost half of this sector in the United States
can be automated on a higher level. This trend will lead to more innovations in the building industry, as
3D printing for example. The possibilities with this new technique are endless and have a potential to
become leading in the field of the manufacturing of free form structural parts. Not only the technique
is developing, the applications around it are evolving too. In this research only parts of the technique
and its possibilities can be highlighted. The future is a convergence of technologies, linked to other
technologies; there is not one dominating technology. In the digital world, everything is linked easily,
so a strong bond is created and innovations can get a boost.

3D printing, a synonym for Additive Manufacturing (AM), is growing extensively the last 30 years
[59]. It has been a famous topic for a few decades, but mostly in the production of plastics. Now the
construction industry starts to print in 3D; in concrete [36], in steel [37], [62], [61], [58] and even in
fibre reinforced polymers[22]. The development of 3D printing of steel is evolving rapidly; the free form
and rapid on site construction are two of multiple advantages. The printing of steel can be seen as
welding by a robot arm with a welding head that rotates and moves around multiple axes. The term
Additive Manufacturing is more precise than 3D printing, as layer upon layer is deposited to build up
the object. The conventional way of the production of such a specimen would be to mill a solid block,
so a large amount of material would be thrown away [55]. Another advantage of 3D printing; material
can be saved, which means that the fabrication process is more sustainable.

The next step in the research on 3D printed materials in the construction industry, and 3D printed
steel in particularly, can be taken. A whole bridge was printed in stainless steel (type ER308LSI), by
MX3D in 2018 [37], as can be seen in figure 1.2. However, the use of printed steel in constructions in
the near future will be in the smaller items, in the connections for example. With the current technolo-
gies and its developments, it is more expensive to print steel than to use a rolled member, which has
the same dimensions. When 3D printing will become a more standardised way of constructing, the
price of 3D printing will drop. Connections are expensive parts of a construction due to their complex-
ity and therefore it pays off to optimise and print a connection. Combining 3D printing with topology
optimisation (TO) is therefore a good idea. This research project concerns a fundamental research

1




1. Introduction

Technical potential for automation across sectors varies depending on mix of activity types
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Figure 1.2: MX3D stainless steel printed bridge [3]

focussed on the strength of a 3D printed steel connection. The strength of 3D printed material has to
be known before 3D printed nodes or steel members can be designed.

In 2017 a ship’s propeller was made by RAMLAB and Damen by means of 3D printing, instead of
the conventional way of casting the steel [12]. It only took seven months to develop and days to print
the object, which is quite fast for this new technique. One of the reasons for this short amount of time
was that the total cooling time of all the small printed layers is shorter than the total cooling of a casted
member, which will stay hot on the inside for a long time. The properties of printed material are better
than the properties of cast steel, when the volume is big, due to the cooling process, as segregation
occurs during the solidification of the steel. This also causes impurities in the core, because the core
will cool down the slowest.

The strength of the steel is lower when the cooling process is slow [39]. This propeller is certified
and in use. In figure 1.3 the propeller can be seen together with the printing robot.

The material costs of carbon steel are lower than the costs of stainless steel and therefore carbon
steel is used most often in the construction industry. This, together with the advantages of 3D printing
as free forming with layer by layer build up, material savings and lightweight structures, is a reason to
do research on the properties of 3D printed carbon steel.

Until present, 3D printed stainless steel is produced more often, because of its corrosion resistance
and high aesthetic features. However, carbon steel that is conventionally produced, is used more often,
because it is cheaper than other steel alloys. The strength of these 3D printed carbon connections is
probably as high as stainless, as this is also the case for rolled steel, but it is worthwhile doing research
on carbon steel to find the best properties of this type of steel when printed. In this way the designs of
nodes can be optimised in material deposition and for their purpose, to resist a certain type of applied
loads, specifically.

One of the Additive Manufacturing (AM) methods is Wire and Arc AM (WAAM). This technique
is faster than powder based AM techniques, such as Direct metal laser sintering (DMLS), as more
material is added in a smaller amount of time. For the automotive industry small, very precise parts are
indispensable, so a steel powder based printing method is used for the 3D printing of these automotive
parts. For the construction industry parts with lower resolution suffices. Therefore, the technique that is
used for this research is WAAM. In section 2.1 more is explained about the different AM technologies.

Wire and arc additive manufacturing of steel will always be combined with other production or
adaptation techniques. Two of them are described here. The first logical production method that can
be combined with 3D printing is machining, to have an even more optimised form of the 3D printed
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Figure 1.3: Propeller made by RAMLAB and Damen [12]

node. Drilling a bolt hole is much more precise than printing a bolt hole. When drilling, a smooth bolt
hole surface is produced, which is advantageous for the spread of the forces. The forces will be applied
on the bolt and thereby on the bolt hole surface. Contrary to printing a hole for a bolted connection,
when the bolt hole surface would be irregular and rough. Another example of machining is when milling
a surface. After printing, every side of the specimen is irregeular, due to the weld bead roughness.
When really smooth surfaces are needed, Computer numerical control (CNC) milling with sanding is a
solution.

The second production method that is a favourable combination with 3D printing is in the software
sector and concerns the optimisation of the topology. Size optimisation and shape optimisation are
different from topology optimisation, as Verbart et al. [65] stated. When the size is optimised, the
geometry is changed, such as the length and diameter for example. When optimising the shape,
a more round shape can be made out of a rectangular form. When the topology is optimised, the
material is redistributed, so the shape and the size are not fixed. The result will be a totally optimised
design of an object, depending on the forces that act on the node.

An example of an optimised node is the tensegrity node, designed by Arup [32]. In figure 1.4 the
development of this node by topology optimisation can be seen. The node was made by Direct Metal
Laser Sintering (DMLS), another Additive Manufacturing (AM) technique than WAAM. More on DMLS
can be found in section 2.1. The WAAM method combined with topology optimisation is investigated
by the Technical University of Darmstadt [42]. Instead of using stiffeners made of rolled plates in an H-
beam, an optimised geometry can be used, as can be seen in figure 1.5a. On the left the conventional
way of producing stiffeners is shown and on the right the topology optimised stiffener. The same holds
for two beams that are connected with plates, so a T-stub is created. Instead of using a connecting
plate, the bolts can be connected to the beam by a wire and arc additively manufactured and topology
optimised geometry, as can be seen in 1.5b.

Structures that are demountable are becoming more popular, due to the sustainability value; when
demounting a structure, the different parts can be reused. This is an important reason to investigate a
bolted connection.

Another connection that consists of a plate with a bolt hole in it is when a cable has to be attached
to a column or beam. A brace or a stay holds a membrane structure, for example, just as the Olympic
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Figure 1.4: Development of the Tensegrity node of ARUP [32]

(a) Stiffeners in H-beam (b) Topology optimised T-stub

Figure 1.5: Topology optimisation combined with WAAM [42]

stadium in Munich, a construction where a lot of tensile forces have to be resisted to hold the roof over
the stadium. Such a node can be seen in figure 1.6. A reason to print this node is when more flexibility
is wanted in designing. One knows that the ties should be connected with each other in this node, but
what the node will look like exactly can be decided later on. The node can be printed on site, when the
exact forces on the node are known. This could lead to a change in the design of structures.

A second reason to print these nodes is that material can be saved, by combining the 3D printing
with topology optimisation, which is more economical and environmentally friendly. A free form can be
designed and then printed by a flexible robot, that is multiple employable, just by changing the printing
parameters and the kind of steel for example. Even the welding head can be replaced by another tool.
The easiest, cheapest and fastest application is when the surface of the node does not have to be
milled, but if the surface can stay as-printed. In section 2.4.3 and 3.3 more is explained on this matter.

The node that can been seen in figure 1.7 is a WAAM node produced by Autodesk. The customer
made some specifications for the functions of the node. One of these was to have a custom-made
node with a perfect fit. When building, some connections have low tolerances for fitting, so it would
be effective to have a design that can be adapted. In this way the changes can be implemented on
site and an updated node can be printed. Due to optimisation, the weight of nodes can be smaller
and they can be installed more easily. In this way no extra parts have to printed, which would lead
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Figure 1.7: Node for braces in front of facade [66]

to waste of material when they are thrown away. In this sense, the technique results in more flexible
and sustainable design solutions. A consequence of saving material is that the structure has a lower
self-weight, so a lighter total structure can be designed, which will save more material again and
thereby saves costs. The costs will not only be saved by using less material, but also by having lighter
structures and thus less transport costs.

The second suggestion of the customer was that different structural components can be fabricated
in one single part, so a complex node can be made, that does not consist of small parts, all connected
to the large basis component. The strength will increase when the whole connection is one component,
as Heat Affected Zones (HAZ), initiated by the welding in the base material, are weak under a cyclic
loading [67]. This node in figure 1.7 is connected by rods and cables.

An interesting other case is the Shaded Dome, that can be seen in figure 1.8, designed by Shaded
Dome technologies, a collaboration of the companies Zwarts & Jansma architecten, Royal Haskon-
ingDHV and Poly-Ned. This dome consists of a tent dome that is held by ties. Some details that are
shown in 1.9 represent steel plates with bolted connections. This node can be used as case study, as
there are lips with a thickness of 10 mm with a bolt hole of 18 mm diameter, as can be seen in figure
1.9a. The triangle shown in figure 1.9b is also a plate of 10 mm thickness, but with M20 bolts. Cables
are tied to these bolts. A failure of the steel plate may occur, such as tear-out failure for example, when
the bolt is torn out of the steel plate when the force is parallel to the plate.

Due to all the developments in the printing of steel, there is enough reason to further investigate
the properties of WAAM carbon steel.
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Figure 1.8: Shaded Dome Groesbeek [52]
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1.2. Main objectives

With the background and relevance discussed in the last section 1.1, the objectives can be stated. The
main objective of this fundamental research is to determine the strength of a Wire and Arc Additively
Manufactured (WAAM) carbon steel and to determine design values for WAAM connections in the
current building industry. To attain this, the following steps have to be taken:

1. By performing a literature research, the current situation of 3D printing of steel in the building
industry is represented and the necessity of this innovation is exposed.

2. The strength of a wire and arc additively manufactured carbon steel plate is analysed, by means
of laboratory tests on the tensile and tear-out strength of a single bolt hole.

3. With the analysis of the results of the tensile tests, design values for WAAM carbon steel can
be determined. With the analysis of the tear-out tests, an exploration of bolted connections on
WAAM carbon steel plates is made.
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1.3.

Research questions

With the main objectives in mind, as stated in 1.2, the following research questions can be defined.
The main research question is:

'What are the design rules that need to be determined to assess the tear-out strength of a bolt or pin

in a wire and arc additively manufactured carbon steel plate?’

To be able to answer this main research question, the following sub questions are formulated:

What are the mechanical properties, such as the yield and ultimate tensile strength, Young’s
modulus and ductility of a wire and arc additively manufactured carbon steel plate?

How is the anisotropy, caused by the weld direction, affecting the mechanical properties of wire
and arc additively manufactured carbon steel plates?

Are the mechanical properties of the wire and arc additively manufactured carbon steel compliant
to the existing standards, such as the Eurocode; NEN-EN 1993-1-87?

How can the tear-out of pinned connections be compared to bolted connections in wire and arc
additively manufactured carbon steel plates?

To what extent can the tear-out strength of a wire and arc additively manufactured carbon steel
connection of a plate with a single bolt hole be compared to a rolled carbon steel member?

How can the tear-out strength of wire and arc additively manufactured bolted connections be
translated into design values?
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State-of-the-Art

More and more is known about Additive Manufacturing (AM), mostly of polymers, but gradually also
more on metals and concrete. Not only the printing process of steel develops, but also the printing
software and therefore the outcome, so the printing quality of the manufactured object improves. These
developments are advantageous for the construction industry as more freedom of form and design is
possible, next to the positive fact that less material can be used, due to optimised designs where
material is only put in the spots where it is needed. This also results in structures that are light-weight.
Due to experiments with structural elements in laboratories and finite element models, even more is
known about the behaviour of the material properties of additively manufactured parts.

The advantages of 3D printing will be discussed in 2.1. One of the additive manufacturing (AM)
techniques that is suitable for large-scale production is WAAM, which will be discussed thereafter, in
2.2. Then the printed material is discussed, which is carbon steel, section 2.3. And in the last section,
2.5, the current developments of the research on the tear-out strength are highlighted.

2.1. Additive Manufacturing

There are several materials that can be used for Additive Manufacturing (AM), either for the powder or
the wire methods, that are described in this section. A summation of these metals and some of their
advantages and disadvantages can be seen here, after which the focus will stay on carbon steel, as
this material is used for this research.

» Carbon steel: This is the cheapest and most widely used material in the construction industry.
More can be read on this material in sections 2.3 and 3.1.2.

+ Stainless steel: The first researches on WAAM are done on stainless steel, so a lot of knowledge
is gained in this field. Stainless is corrosion resistant, hence its name, and has a higher ductility
than carbon and is 1,5 times more expensive. There are several types of stainless steels, based
on their crystalline structure.

+ Aluminium alloy: This metal has a high strength-to-weight ratio and has a low stiffness, compared
to the other metals named here.

+ Titanium alloy: This is one of the strongest and most expensive metals and therefore one of
the most applied metals for AM of medical, aerospace and automotive parts for example. It is
corrosion resistant.

The most published research on 3D printing of steels is about stainless steels. Joosten, as well as
van Bolderen and Tebbens have conducted research on printed stainless steel; they took the additively
manufactured bridge of MX3D as an inspiration for their graduation work. These reports will be of great
value for this follow-up study on AM of steel.

Currently there are different additive manufacturing (AM) technologies. There are two main meth-
ods; the first is based on powder and the second on wire. A scheme of these technologies can be
seen in figure 2.1. There are two types of powder processes; powder bed and powder fed. Powder

11
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Building material Specification
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Figure 2.1: Scheme of AM technologies; wire and powder based. Picture based on [21].
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fed is comparable to the wire fed processes, due to the fact that the material is added via a nozzle.
There are laser and plasma powder fed processes, as can be seen in figure 2.1. The laser powder fed
processes are Laser Metal Deposition (LMD), Direct Metal Deposition (DMD) and Laser Engineered
Net Shaping (LENS) [21].

In the powder bed process a large amount of extra powder of the material, the metal in this case, is
needed and a part of the powder that is stacked will melt into the desired form. An electron or a laser
beam can be used to melt the metal particles into a product. One of the laser powder bed processes
is called Direct Metal Laser Sintering (DMLS) [24] and is used a lot in the automotive and aerospace
industry. Other laser powder bed processes are Selective Laser Melting (SLM), Direct Metal Printing
(DMP) and Laser Metal Fusion (LMF) [21].

The process of making a powder out of the metal is labour-intensive and expensive. A cheaper
option is to use a metal wire, as in wire and arc additive manufacturing (WAAM). Another advantage of
WAAM above powder fed processes is that the porosity is less [27], so a more homogeneous material
is created with WAAM.

Next to the WAAM technique there is Wire Laser Additive Manufacturing (WLAM), where the metal
wire melts due to the laser. The third technique is by electron beam and is called Electron Beam
Additive Manufacturing (EBAM), this is the same as Electron Beam Melting (EBM), but instead of
metal in a powder bed in a vacuum room, a wire is used.

The advantages of printing steel, according to the Steel Detailers’ Manual, is the increase in adapt-
ability, which will lead to flexibility in planning and the possibility of upgrading bridges. This can be
seen in table 2.1 [35].

Another advantage of printing is the small amount of material that is used, which causes a low
weight of the structure or structural parts, which means lighter foundations and thereby a smaller
amount of material is used again, as was the starting point of this reasoning also. The next advantage
of AM is that material waste can be reduced when no mould is needed [29]. When replacing the
casting by an AM process for nodes for instance, the latter is more economical. Most of the time large
amounts of repetitive building details, such as nodes, are needed to reduce the costs. When additive
manufacturing, this mass customisation is not necessary; unique nodes can be produced, without
increasing the costs extensively.

In the production of a component of a structure, storage of certain parts can become redundant.
For example when printing the connection part of facade elements just in time; just before they are
needed on site, storage of those parts and the investments for tools is no longer applicable [56]. This
saves room for storage and thereby reduces costs. The 3D printing robots themselves have been an
investment, but only once. After the purchase, the break-even point is reached fast. For AM it is not
the production process that determines the design, but it is the other way around [55].
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Table 2.1: Table with advantages of 3D printing; 1, 2, 6 and 9 [35]

Feature

Leading to

Advantage

in buildings

in bridges

6.

10.

. Speed of construction

. Adaptability

. Low construction depth

. Long spans

. Permanent slab

formwork

Low weight of structure

. Prefabrication in

workshop

. Predictable maintenance

costs

. Lightweight units for

erection

Options for site joint
locations

Quick erection to full height of self
supporting skeleton

Future extension

Reduced height of structure

Fewer columns

Falsework eliminated

Fewer piles and size of foundations

Typical 50% weight reduction over concrete
Quality control in good conditions avoiding
sites affected by weather

Commuted maintenance costs can be
calculated. If repainting is made easy by good
design, no other maintenance is necessary

Erection by smaller cranes

Easy to form assemblies from small
components taken to remote sites

Can be occupied sooner

Flexible planning for future

Cheaper heating

Reduced environmental effect

Flexible occupancy

Finishes start sooner

Less disruption to public

Ability to upgrade for heavier
loads

Cheaper earthworks
Slender appearance

Cheaper foundations

Less disruption to public

Cheaper foundations and site costs

More reliable product
Fewer specialist site operatives needed

Total life cost known
Choice of colour

Reduced site costs

Flexible construction planning

Summary state-of-the-art AM

There are two main types of Additive Manufacturing (AM) technologies for metals, one is with
powder and the other is with wire. The subcategories of those two methods are all pointed out.
The method used in this research is based on a low carbon steel wire that melts due to an arc,
therefore this process is called Wire and Arc Additive Manufacturing (WAAM).

2.2. Wire and Arc Additive Manufacturing

The technology that is used for this research is WAAM, due to the high deposition rate. The following
three WAAM methods are available [70].

1. Gas Metal Arc Welding (GMAW)
2. Gas Tungsten Arc Welding (GTAW)

3. Plasma Arc Welding (PAW)

The reason to use GMAW is that the deposition rate (in kg/hour) is high, even two-to-three times
higher than GTAW and PAW processes. This is advantageous when larger products have to be created,
as is the case for connections of structures. So, this method is used in this research. GTAW, which is
also called TIG (Tungsten Inert Gas) welding, is mostly used for joints of thin objects. An extra wire is
added, that melts due to the non-consumable tungsten electrode and the arc. Another application of
GTAW is for the repair of fillet welds; to prolong the fatigue life [57]. PAW is known for its delivery of
a high energy concentration on a small area [60]. For GTAW and PAW a tungsten electrode is used
that is not consumed. In the GMAW process the wire electrode is consumed. Different methods of
transferring this metal are known: short arc, globular, spray arc and pulsed arc transfer [57].
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Figure 2.2: Schematic drawings of the processes (a) GMAW, (b) GTAW and (c) PAW [27]

2.2.1. WAAM advantages

According to Attaran [18] there are five key advantages of AM over the traditional way of manufacturing,
namely:

* Speed

+ Cost

* Quality

* Innovation or transformation

 Impact

For the construction industry WAAM is a good method, as a lot of steel can be deposited in a
relatively short time period. This is advantageous, because when constructing a bridge for example,
the production of material and therefore the erection of the structure is fast.

Another advantage of wire additive manufacturing is that up to 100% of all the material that is
used for the printing process will be deposited, which is not the case when the material is added as a
powder [27]. To work with powder metals is dangerous for the operators, that is why the metal parts
are fabricated in a closed box in the machine. This box is one of the reasons why the size of the metal
components that can be made is limited. The material costs of the powder made of the metal are
higher than the costs for the metal wire.

The use of WAAM is more sustainable than the other Additive Manufacturing techniques, such as
Electron Beam Melting (EBM) and Direct Metal Laser Sintering (DMLS), as is explained by Bekker
[19]. In figure 2.3a the costs of the three techniques can be seen.

A big advantage is design freedom; any form can be made. This will lead to a wide variety in
products, because one can make adjustments in the design easily. [21]

Material saving by AM is another advantage; by eliminating material at certain spots, where it is not
needed for structural integrity or for the actions due to loading, a lighter object is created. This will also
lead to a lighter structure and support structure, which causes a more sustainable product.
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Figure 2.3: Comparison sustainability Additive Manufacturing [19]

Less steps in the design process are needed, because less parts need to be produced; a one-piece
product, like a connection, can be made with AM. Assembling is eliminated, which introduces a very
efficient fabrication process.

2.2.2. WAAM disadvantages

One of the disadvantages of wire and arc additive manufacturing is that the produced specimen is
rough; an irregular, wavy surface is created, which means that the material has inaccuracies. This
is due to the size of the steel components for fabrication, that is larger than powder-based material
components, so the deposition rate must be higher. The surface roughness depends on the printing
parameters [26], this is discussed in 2.4.3. Post-processing of these fabricated objects are common,
to remove the irregularities.

Another disadvantage is the oxidation that appears on the surface when welding. This layer has to
be removed in order to let the shining surface appear.

The third disadvantage is that the welding cannot take place in an open space, as shielding gases
are needed to protect the weld. Wind on the construction site for example might be a risk for the weld
quality, hence strict precautions should be taken when printing on-site, so the printing can take place
in a controlled environment.

Even the quickest printing techniques are not that fast to make objects, as the conventional way of
producing steel is quicker, but the techniques are improving and the printing velocities will still increase.
WAAM steel has many advantages (as can be read in 2.2.1) that cannot be guaranteed when producing
steel conventionally. Although this printing speed is a big disadvantage, it outweighs the advantages.

Not only knowledge about the machine and the process is needed for the AM technology in general,
but also about the new design codes and possibilities. Investment is needed in people and time to
realise this. Only a few companies need a printer, that others can use too, by sending an order to the
printing company. This business model can be made profitable, despite the large investments that are
made, if the machine is used multiple times [21]; then it is even cheaper than the costs of a printing
robot and welding head, let alone a whole steel factory with all the operation processes.

WAAM steel can be seen as a "new" material. The wire material is well known, but the fabrication
process for the objects with an accumulation of the wire material is new. Little is known about the
material properties of such an object, which means that there are no guidelines for the quality control
or validation of the printing, let alone for designing structures or connections. This is the reason to do
research on this topic, as there are many things to discover in this area.
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Summary state-of-the-art WAAM

Three methods of WAAM exist. In this research Gas Metal Arc Welding (GMAW) is used, due
to its high deposition rate, which is advantageous for larger objects, such as parts of structures.
A disadvantage of WAAM is the irregular surface that is created. A second disadvantage,
which can be regarded as a research opportunity, is the little knowledge on the material and its
behaviour, so there are no guidelines to follow for the design steps or production of AM objects.
This knowledge gap will be partially filled by this research.

2.3. Material: low carbon steel

To decide what kind of steel to perform this research on, the relevancy of this investigation is deter-
mined. This is discussed in section 1.1. In this chapter the advantages and disadvantages of carbon
steel are discussed.

Carbon steel is inexpensive, compared to other steels, such as stainless, that is why rolled mem-
bers of carbon steel are used more in the construction industry. A lower resolution of steel suffices in
the building industry, next to the fact that large volumes of material are needed and that there is none
or only a small profit margin, so low costs are very important. Carbon steels with a low carbon content
(up to 0.30% carbon) are typically used for structural applications [57], due to the high ductility of this
alloy. That is why medium- and high-carbon steels are left out of the scope of this research.

When the steel has a very low carbon content (up to 0.13%), its weldability is good, especially
when the manganese content is more than 0.30% and internal porosity is prevented. For WAAM a low
carbon wire is needed, which is cheaper than wires of other steels. The prices are following the steel
market value. Stainless steel wire Inertfil 308L is €2.90 per kg, while carbon steel wire Carbofil 1A is
€1.90 per kg .

Despite the aforementioned advantages (section 2.2.1) and disadvantages (section 2.2.2), little is
known on wire and arc additively manufactured low carbon steel. This is a reason to take the first
steps in this direction; to determine the material properties, such as the strength.
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Figure 2.4: Stress-strain curves carbon and stainless steel [14]

2.3.1. Carbon steel material properties
The material properties of rolled carbon steel are well known. In figure 2.4 a stress-strain diagram of
different types of steel can be seen. The carbon steel curve is clearly distinguishable, as the linear
elastic part and the yield plateau are well-defined.

1 According to the current steel prices from MX3D at the time of writing; January 2020
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There are several grades carbon steel, the one shown in the graph is S355. The number indicates
the yield strength in MPa. From the value of 460 MPa, so S460, this group of steels are called "high
strength’. After yielding, the steel starts to deform plastically. The strength at failure is called ultimate
tensile strength. More on the results, such as stress-strain diagrams and how they are produced can
be read in chapter 4.

Stainless steel shows a stress-strain curve that does not exist of linear parts, but it is more curved.

2.3.2. Influence of microstructure on strength of low carbon steel

When welding two steel plates, to connect them, a single or multi-pass weld is used. When using
WAAM, the welding is different; hundreds of weld beads are placed on top of each other, instead of
just one weld or tens of welds (for multi-pass welding).

When we have a look at the yield and ultimate strength of the WAAM object and compare these
values to the material properties of the weld material, the strength values of the weld are higher than
of an object made of multiple beads. This can be explained by zooming in to the microstructure of the
WAAM low carbon steel.

The carbon content of the used steel is very low; 0.06%, as can be seen in A. The lower the
carbon content (wt% C), as is displayed on the lower x-axis of figure 2.5, the lower the yield and tensile
strength, displayed on the left y-axis. The relation between the two is shown by the red and green
curves.
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Figure 2.5: Relation between carbon content, strength and hardness [23]

The strength of a steel is determined on a microstructural level by the ability of plastic deformations
to appear. They are formed by atoms that slip. When a material deforms plastically, a large amount of
dislocations moves. This is called “slip”, as can be seen in figure 2.7. The planes along which the slip
occurs are at an angle of 45 degrees compared to the direction of the applied force, the tensile axis.
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This is namely where the least stress is needed for the material to deform. For slip two main objects
are of influence:

 Dislocations

< Grain size and boundaries

Dislocations are defects in the arrangement of atoms, in the crystal lattice. In figure 2.6 an edge
dislocation is displayed, which can be regarded as an extra atomic plane in the lattice. Dislocations
have a size of around 10 to 100 nm [23]. When a shear stress is applied to such an arrangement of
atoms the number of bonds that should be broken to move the dislocation by one atomic distance is
small compared with a perfect lattice structure.

.. ._ '. _:_ — _

Edge
dislocation
line

Figure 2.6: Dislocation in the crystal lattice [23]

The strength of a material can be increased when the mobility of dislocations is reduced. This can
be achieved by:

I Alloying a material by replacing Fe-atoms by substitutional atoms with a difference in size. This
creates a stress field in the lattice reducing the mobility of dislocations.

II' Increasing the dislocation density. The movement of a dislocation is delayed by the presence of
other differently orientated dislocations. An increase in dislocation density takes place when the
material is strain hardened.

[l Introducing precipitates that hinder the movement of a dislocation (called precipitation harden-
ing).

IV Grain boundaries (figure 2.7). The dislocation should continue its path in a different direction in
the adjacent grain. The finer the grain size the stronger the material.

The last item is the most important for this study. Firstly, the grain size is strongly affected by the
heat introduced during welding. At high temperatures grain growth will occur. The mobility of the atoms
is high at higher temperatures, whereas the system aims to obtain the lowest possible energy level.
This can be achieved by reducing the interface energy by lowering the amount of grain boundaries.
This can be seen in the coarse heat affected zone (HAZ), next to the fusion line of the weld.

Secondly, the grain size is also affected by solid state transformations taking place during heating
and cooling. Initiation of nuclei of the new phase during the transformation has a grain refining and
thus a strengthening effect. A fine grained heat affected zone can be found in the region near the weld
where the temperature just exceeded 900°C when a low carbon steel with 0.06 wt% C is used [23], as
in this study.



2.3. Material: low carbon steel 19

O
Grain boundary O O
oooooogﬁ>q5%

0000000 \0 0 0 0
Slip plane _,,_Q _C_)_ Q_Q Q—:O':t Q_ Q_ @600000
TG00 000 \ 070

ooooooooo§>

QOO QT C '\

Grain A Grain B

Figure 2.7: Grain boundary and slip by a dislocation [23]

The production process of WAAM low carbon steel can be considered as a heat treatment, such
as annealing; with every weld bead the temperature of the object is elevated. The cooling rate of the
material determines the microstructure that is formed. A Continuous Cooling Transformation (CCT)
diagram of a low carbon steel shows the formation of microstructures, as can be seen in figure 2.8.
The temperature is indicated on the y-axis and the time on the x-axis. When the material is cooled
very fast, martensite is formed; a very hard and brittle microstructure. When the cooling is done more
gradually, pearlite and ferrite are created. In the material used in this study the carbon level is very low,
which makes martensite formation unlikely.

2.3.3. Corrosion

Carbon steel structures are susceptible to corrosion, especially in an environment where the humidity
or salinity is high. Carbon steel has very little resistance against corrosion, in contrast to stainless steel.
The surface of carbon steel looks the same to the naked eye as stainless steel, until the corrosion
starts. Therefore, carbon steel might need a coating, such as protective paint. When it concerns
protecting steel structures, it is common to apply a primer first, then the paint and afterwards a top
coat. Most civil engineering structures are made of carbon steel, including the Golden Gate bridge,
that has to be painted with a protective coating every year.

Galvanised (zinc) coating is an option too. It has a more constant thickness than applied paint,
is more scratch-resistant and has a more complete protection, which all ensures better corrosion re-
sistance. The only two disadvantages of galvanising are the high costs and the predefined colour;
silver.

Conductive polymers can be also applied as protective layer [51]. Another possibility is to remove
the rusty layer; after the first corrosion layer, the corroding slows down [74]. The attachment of the
protective layer to the steel has to be good. When the steel is printed, a layer of slag appears, this
originates from the coating of electrodes or welding wires, also called flux. This coating melts, together
with the core wire, as can be seen in 2.9. The slag floats to the surface of the weld, because the metal
is heavier than the slag.

The slag contains deoxidation products that originate by reactions of the oxides, air and the flux.
Next to that, the slag protects the weld, when it is still molten, from gases and other impurities in the
atmosphere. [7], [72]. It is better to remove this layer before applying a protection layer on the steel.
Corrosion on the surface of the carbon steel will have a small, negligible, influence on the strength
of the material. The influence of corrosion and the protection against it are outside the scope of this
project, as it is most likely that a protective coating will be applied on the WAAM connection or on the
structure as a whole.
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2.3.4. Fatigue
In general steel connections are prone to fatigue. Fatigue is caused by cyclic loads on a structure that
appear due to wind, seismic or traffic loads.

The fatigue strength is influenced by four parameters mainly [64]:

| Material
Il Stress concentrations, due to geometric discontinuities
Ill Local stresses, due to the weld shape and dimensions

IV Local defects of the weld

When bolts are preloaded, the fatigue resistance is increased. In this study non-preloaded bolts
are used, because the bearing strength of the 3D printed steel plate is determined [47] and not the
resistance of the bolts. Fatigue resistance is most important in the case of bolts in tension [64]. That
is the first reason why this subject is left outside the scope of this research. The other reason is
that outside this research, another investigation on the fatigue behaviour of WAAM stainless steel is
conducted at present.

Summary state-of-the-art materials

The material that is chosen for this research is low carbon steel, due to the low costs and the
regular use in steel structures. The microstructure has an influence on the strength of steel; the
larger the amount of dislocations and the number of grain boundaries, the higher the strength.
Corrosion and fatigue resistance are disregarded in this research.

2.4. Factors that influence the printing process

During the printing of carbon steel some features have to be taken into account, such as the printing
parameters, that influence the printed result. Next to that, the geometry difficulty, surface roughness
and active cooling are discussed in this section.

2.4.1. Printing parameters

When printing steel and in this case a wall of steel, the settings of the printing robot have to be such
that the desired specimen, with the right dimensions, is created. The variables that are of interest and
that have an influence on the appearance of the specimen and on the microstructure are mentioned
below. This is of great importance for the outcome of the material properties. No values of these
printing process parameters are stated, because this is confidential information of MX3D, the WAAM
company [3].

Welding heat input

The welding heat input is determined by the voltage (U), current (1), travel speed (vi-qver) @nd process
efficiency (n), as can be seen in equation 2.1 [25]. The process efficiency for GMAW is in the range of
60 to 90%. The bigger the heat input (in kJ/mm), the lower the cooling rate, the more ductile, which
means a lower hardness, but the weaker (in tensile and yield strength) the material is. The elongation
e will increase when the ductility is increased.

Ul

Vtravel

Heat input =1 (2.1)

Arc voltage
When the arc voltage U (in V, W/A, J/C or kg m?/s3/A) is increased, the heat input is higher and the
penetration depth is increased, as well as the bead width.
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Table 2.2: Cooling rate ranges for various fabrication processes [61]

Fabrication Process Cooling Rate [K/s]
Directional Solidification 107! to 10!
Casting 10° to 102
Arc Welding 10! to 103
Electron-Beam Welding 10° to 10*
Laser-Beam Welding 102 to 108
Single-laser Pulse 107 to 108

Current
The welding current | (in A or C/s) affects the heat input. The nozzle-to-bead distance is also of
influence. To control the welding current, one has to adjust the wire-feed speed.

Wire speed

The amount of wire that is used in a certain time period is called the wire speed (in m/min). The
higher the wire speed, the smaller the deposition rate, the penetration depth and the smaller the height
of deposited layer.

Printing speed

The speed that the robot arm has to print the steel layer is called printing speed, travel speed (virqvel)s
the welding pulse time or arc speed. The unit is mm/min. 'The welding pulse time is the period the
machine prints or welds at a single spot and can be related to the welding speed parameter in ordinary
GMAW processes., as Joosten stated. The higher the speed, the faster the cooling of the specimen
is, because less heat is used per unit length for the additive manufacturing process.

Deposition rate

The deposition rate shows (in kg/hour) how much steel is deposited on the layer of steel, the bead, that
was made just before. This determines, together with the printing speed, the height of the deposited
layer.

Wire diameter
The wire diameter is around 1 mm. The thicker the wire, the more heat is needed to let the wire melt
so it can be deposited.

Nozzle angle combined with specimen angle

The nozzle angle (in °) is assumed the same as the wire angle and this combined with the specimen
angle is called the printing angle. The angle determines the cooling rate a bit and thereby the grain
direction, but this effect is minimal. The cooling rate has a larger influence on the grain direction, which
influences the strength [37]. The penetration depth is also affected by the printing angle.

Preheat temperature
The specimen can be preheated before the next bead is applied on the specimen. This will influence
the strength of the specimen, as the cooling rate is reduced, when preheated.

Cooling rate

The interpass temperature is the temperature of the printed object before the next weld bead (pass)
can be applied. This has to do the cooling rate (in °C'/s), which depends on the welding heat input and
the amount of layers that is made. Then one knows how long it takes before the heat of the object is
transferred via the base plate via radiation.

Radiation

Heat is a form of electromagnetic radiation with a specific wave length range. The velocity of the
radiation ¢ is determined by the wave length A\ (in nm) and the frequency v (in Hz), according to
equation 2.2.

c=Av (2.2)
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2.4.2. Production of geometries
In some cases, when producing a certain object, the robot has difficult angles to make, due to the
complicated geometry of the specimen that is produced. Angles are hard to make, harder than a
cylindrical shape, as a non-smooth turn has to be made by the robot. The more angular the turns are,
the more heat is accumulated. The robot has 6 degrees of freedom, but a more precise and more
homogeneous print is made, when a degree of freedom is controlled by a second mechanism or robot,
as is used for the propeller in figure 1.3. The printer settings have an influence on the shape of the
printed object and the other way around; this has to be aligned.

In this research the hole in the WAAM plate for the double lap joint is drilled instead of printed, so a
smooth hole surface is created. This is advantageous for the distribution of the forces that are applied
on the bolt or pin. Thus, a combination of 3D printing with CNC milling might become more prevalent.

2.4.3. Surface roughness

The properties of the specimen are influenced by the printing parameters. One of the properties that
has consequences for the geometry of the specimen is the surface roughness, measured in mm.
"Surface texture is the repetitive or random deviation from the nominal surface that forms the three-
dimensional topography of the surface." According to Bhushan [20]. He also states that the surface
texture can include the following four items:

* roughness (nano- and micro-)
» waviness (macroroughness)
* lay

« flaws

__Waviness
i Spacing

~ Waviness
2 "’i -Height

_,,j,-/ Roughness
% Height

Roughness
Spacing

Figure 2.10: Surface texture [13]

With the drawing in figure 2.10 the meaning of those four terms is explained. The first two of this
list are of interest for this research. Waviness is present on a larger scale than roughness. The latter
includes the local highs and lows that are larger than the size of the molecules. In this case we can
see the maxima and minima of the WAAM low carbon steel easily by the naked eye.

Xiong [71] stated that the interlayer temperature, the wire feed speed and the travel speed have
a significant influence on the surface roughness of thin-walled parts. The surface roughness can
be decreased when the inter-layer temperature is decreased and also when the wire feed speed is
decreased. To improve the surface quality even further, the travel speed can be increased, but no
more than 0.4 m/min. At this speed the arc becomes unstable.

Another factor that has an influence on the surface roughness is the wire-feed-speed-travel-speed-
ratio (WFS/TS); the lower the wire feed speed (WFS) and therefore the lower the ratio, the lower the
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surface roughness is. In practice a larger travel speed will be used, around 2 m/min, as a large amount
of material has to be printed, especially for this research.

In general, it can be seen that the thicker the single pass welds are, the more wavy the printed wall
is, as more material has to be deposited, so the wire feed speed must be decreased and/or the travel
speed increased.

The WAAM technique is evolving, so the quality of the printed parts is getting better, because more
is tested and investigated. This will also lead to specimens with less irregularities and a smoother
surface.

The surface roughness is of importance when the effective thickness is determined, as in this
research (more on this can be read in section 4.1), or when the milled surface is wanted, for aesthetic
reasons for instance.

2.4.4. Active cooling

When using active cooling or a heat treatment, the material and therefore the mechanical properties
of the steel will change. This is done to improve the material, when the hardness has to be increased
for example.

Regarding the microstructure during active cooling; the grains of the steel will be finer and they will
be directed in the same direction when the heat input is low [69].

There are several ways of cooling; with liquids or gases, the types of these gases can differ. The
easiest is to use air under pressure. Next to that there are different moments in the building process to
cool or to heat, namely; in-situ, interlayer and post build [25].

An advantage of active cooling during the production process is that the stopping time of the welding
robot can be reduced. The robot has to be stopped until the last weld has cooled down enough, before
the new weld can be applied on top [61]. This means that the printing process is more efficient and
more material can be deposited in a shorter amount of time, so the production level can be raised.
From an economical point of view this is interesting.

In this research continuous printing is used as process with a predefined interpass temperature
and other printing parameters, as can be read in section 2.4.1. This affects the cooling of the object
while printing.

The active cooling equipment is not well-evolved at present, as the temperature can not be regu-
lated well enough, so this post-welding treatment is left out of the scope of this project.

Summary state-of-the-art printing

A list of printing process parameters that influences the properties of the printed object is men-
tioned in this section. Furthermore, the difficulty of the object geometry determines the quality
of printing, such as the surface roughness for example. In general; the more heat is put into the
material, the more irregular the surface of the steel becomes. Post-welding treatment, such as
active cooling, can be applied on the object, while printed, to improve the mechanical properties.
In this research, no active cooling is applied.

2.5. Tear-out strength

There are different literature sources where information on failure modes of single bolted and pinned
connections in steel plates can be found, so a well-considered decision can be made on how the tear-
out test should be performed. Firstly, the European standard, the Eurocode [10] is well-known as one
of the guidelines to follow, although the design calculations are known as being very conservative. The
Eurocode and other standards are studied in 2.5.1.

Other researches are done on the tear-out failure of rolled steel plates, this is discussed in 2.5.2.
Due to the conservativeness of the Eurocode, experiments are conducted at the TU Delft, to come up
with more realistic design rules, discussed in 2.5.3.

The next section, 2.5.3, the failure mode splitting is described. In 2.5.5 more information is given
on pinned connections.

There are two types of elements that may fail in a connection of a steel plate with a bolt hole; the
bolt or the plate. There are different modes of failure for the plate; net cross-section failure [54], bearing
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failure and shear failure [47], [38]. When the net section, so the distance 2e; — dy, as can be seen in
figure 2.11a and 2.13, is insufficient, the plate will fail in this net section area. When the distance (e;)
is governing instead of (ez), bearing and shear failure (also called tear-out) are the options. It is hard
to distinguish the two, as they come together most of the time. As Kim and Yura stated; the strength
of a bolted connection is determined by the end tear-out first, which then goes over into bearing failure
[40]. Tear-out happens when the end distance e; is insufficient. The tear-out strength depends on the
shear resistance of the planes, the blue failure lines, in figure 2.11b and blue surfaces in figure 2.13.
Bearing failure is when the hole of the bolt will deform and steel plate material will be accumulated,
figure 2.11c.

As opinions are divided on how to call the failure mode of tearing a bolt or pin out of a plate in
transversal direction, it is decided that in this study the combined failure of bearing and shearing is
called tear-out from now on.

The bearing strength of rolled low carbon steel can be compared to rolled stainless steel. This
comparison can also be made for the different kinds of printed steel with the weld direction parallel,
perpendicular and diagonal to the applied force.

! ! I

\’ Vv )

(a) Net section failure (b) Shear failure (c) Bearing failure

Figure 2.11: Failure modes of the plate with a bolt hole

The tear-out strength is influenced by the geometry of the specimen: the thickness (t), width (w),
length of the plate, but also the size of the bolt hole, the end distance (e;) of the hole and the edge
distance (ez). This can be seen in figure 2.13. To ensure that the mode of failure will be tear-out, the
other failure modes must be avoided. When using a very strong bolt, that is definitely stronger than the
plate, failure of the bolt is prevented. A second reason to prevent bolt failure is that this failure is brittle
and ductile failure modes are desirable, due to the warning it gives before failure. The second failure
mode that needs to be prohibited is net cross-section failure. This mode is avoided, when the entire
resistance of the connection is attained [68]. This is why research is done on tear-out of the bolt.

There are no studies on the tear-out failure of WAAM plates, in any material. In the following
subsections different models for this failure mode are discussed; all of them are for rolled steel.

2.5.1. Codes
There are different guidelines that can be followed for the construction of bolted connections:

 European; Eurocode (EC)
« British Standard (BS 5950)

« American Institute of Steel Construction (AISC)

Kamtekar [38] did a study “On the bearing strength of bolts in clearance holes” in 2012, where
these three codes are compared with each other, theory and experimental results. This research is on
carbon steel. In table 2.3 it can be seen that the edge distance varies from 1.20d, to 2.67d,. Wherein
dy is the diameter of the bolt hole, which is 1 or 2 mm bigger than the bolt itself, depending on the size
of the bolt.




26 2. State-of-the-Art

The European standard on the design of steel structures, Eurocode 3, has a part on connections;
part 1-8. The design rules on bolted and pinned connections can be found here.

Another type of connection is a tie. This tie is attached by a bolt or pin to a plate and is then loaded
with a tensile force, as in figure 1.6. In the case of this research subject, the plate, that is connected
to the pin or bolt is 3D printed. In chapter 1, section 1.1, the relevance to study this connection is
explained.

Bolted connections

In steel and timber structures, bolted connections of steel are used to connect elements as beams and
columns to each other. The bolts consist of a hexagonal head and a circular shank. In this case the
shank is only partly threaded, as can be seen in figure 2.12. On the thread a nut is attached. Between
the bolt head and the steel plate a washer is placed, as well as between the nut and the plate, to
distribute the forces that are applied on the bolt.

Figure 2.12: M16 bolt and pin

No research is done on the tear-out strength of 3D printed carbon plates. The only researches on
this subject are on rolled steel plates, on carbon and on stainless steel, as well as on high strength
steels [30], [38], [40].

The design rules in the Eurocode are supported by hundreds of experimental test results that
were carried out during the last century [45]. To estimate the capacity of the tear-out strength of the
WAAM plate, the equations in the Eurocode 1993 part 1-8 are used. The dimensions of the plate are
also determined by these equations, as the desired failure mode is tear-out, where the shear force is
governing. When bolts and pins are considered, the partial factor for a material property a2 = 1.25
is taken, that is also for uncertainties in models or variations in dimension. When the shearing plane
does not take place through the thread of the bolt, «, = 0.6. When considering bearing strength, which
is part of the tear-out strength as well, equation 2.3 is taken. The values herein for k; and «; can be
seen in equations 2.4 and 2.5.

kiap fudt
Fypa = ki oy fudt (2.3)
YMm2
k1 = smallest value 0f{2.8 ea/dy — 1.7; 1.4 py/dy — 1.7; 2.5 (2.4)
ap = smallest value of{ad =e1/3do; fuv/fu; 1.0 (2.5)

Pinned connections and comparison with bolted
Another connection for steel and timber plates is a pin. A pin is a simple version of a bolt, as can be
seen in figure 2.12; it has no thread and no head, neither has it a nut or washers for the attachment.
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Movement in the direction parallel to the pin is not restrained. Only shear, movement perpendicular to
the length of the pin, is resisted.

Standard NEN-EN 1993-1-8 [9] part 3.13 includes guidelines for the calculation of pinned connec-
tions. The calculations and design of pins are the same as for bolts, when rotation is not considered
and when the pin is three times smaller than the pin diameter. The steps can be seen in part 3.6.1.
Otherwise, part 3.13.2 can be followed.

The only forces that can be transferred by a pin are shear forces. In this connection tear-out and
bearing are the failure modes that are accepted, so only shear is accounted for [34].

Some of the plates where pins are put through, are thickened around the hole to create a higher
strength pinned connection. Local thickening of plates can be done easily by printing.

The only downside is that a smooth surface can only be fabricated when machining is done after
printing. So, when a tight fit between the connected plates must be made, the manufacturing of the
connection is labour-intensive.

2.5.2. Current models bolted connections

Kamtekar examined in 2012 the bearing resistance of bolts in clearance holes of carbon steel [38]. He
stated that the calculation method in Eurocode 3 could be improved and proposed two approaches.
The first one is simple and can be applied when the deformations during failure are of importance. The
second one can be used when this is not the case. The first method results in even more conservative
calculations for the end and edge distances of bolted plates than EC 3, but this method is easier to
use, because only the diameter of the hole must be known. The assumption is made that the bolts
are likely to have a higher strength than the plate, so bolt failure will not occur. For both approaches
of Kamtekar the following two assumptions are made. First, failure at bearing takes place when the
bearing stress f, equals 2f,. Second, the shear out planes are formed in the direction of the force
from the bolt holt to the end of the plate, as can be seen in figure 2.13.

Another research on single bolted connections of mild steel was conducted by Moze and Beg in
2014 [46]. They stated that shear failure of the bolt hole will occur when e; (end distance) has a
maximum value of 1,5d,. Another statement they made is that the net cross section is not only of
influence on the net cross section failure mode, but also on the bearing. When the latter takes place,
the steel in front of the bolt is pushed and piles up, causing a larger area of contact of the bolt in the
bolt hole in the plate. The material is yielded and therefore the stress concentrations in the plate are
neutralised.

Table 2.3: Overview codes, papers and end and edge distances

Code End distance ¢; Edge distance ¢,
BS5950 1.25d, 1.25d
AISC varies 2.67d,
EC3 1.20dy 1.20d,
Kamtekar method 1 2.67dy 1.50d,
Kamtekar method 2 | ¢} = e; - (do/2) cos(0) 0.5(1.2¢} +dp)
Moze and Beg 1.5dy -

As Wang et al. stated in his paper where he did research on single bolt holes in High Strength
Steels (HSS); the failure mode depends more on the geometry of the specimen than on the steel
grade, when a bolt is applied that has the same or a higher strength than the bolted plates. The
equations 2.3 (bearing force), 2.6 (shear force) and 2.7 (ultimate force net section) can be found in
Eurocode 3 [48], [47]. The tear-out failure has to be the governing failure mode, equation 2.6, as the
tear-out strength is tested in this research.

A
Fypa = 2ot A (2.6)
M2
Nu,Rd — 0, 9 Anet fu (27)

M2
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The area (A) in this equation is the area of the shear planes, which is the thickness of the plate (¢)
times the length of shear plane, which runs from the hole to the end of the printed plate, as can be
seen in figure 2.13. When equation 2.10 is applied on the tear-out of a single hole, the only component
that is of influence, is the shear stress part (7). The other stresses are zero. To calculate the force
that the printed plate can resist, equation 2.11 can be perceived.

Figure 2.13: 3D printed plate with bolt hole. Shear surfaces of tear-out in blue.

2.5.3. Models for bearing

Tests are conducted at the TU Delft on rolled carbon steel plates with double bolt holes, in order to
make less conservative design rules on the bearing failure mode of bolted connections. The new
proposal for the bearing equation (2.8) is compared with the current equation (2.3). In the proposal
equation k; is replaced by k,,, and «; for end bolts is three times higher than in equation 2.3, as can
be seen in 2.9 [63]. The origin of this proposal comes from Snijder et al. in 1988.

The conclusions that are made after the analysis of these experiments is that the new proposed
method for bearing is more realistic than the current method. e, is deleted from the equation, which
has no influence on the bearing strength. The end distances should be taken into account; e; must
stay the same, but e; can be downscaled. The material factor v,,2 can be downscaled too; the exact
value must still be determined by further research.

ki ap fudt

Fb,Rd, proposed = bif (28)
YM2

Qb proposed = min{el/do; 3fub/fuv 3.0 (29)

fu > 02+ 372 (2.10)

F,=2e¢1tm, (2.11)
Ju

L, = e 2.12

" V3 ( )

Not only Snijder et al. stated that a change in the bearing model was necessary, also Moze came up
with amendments on the bearing resistance and capacity. He stated that the material factor y;;2 = 1.25
could be lower. And he proposed a simpler equation than 2.3, where a factor & is introduced instead
of the two factors %k, and oy, as can be seen in 2.13. For equation 2.14 and 2.15 holds that k£, < 5. The
proposed bearing resistance is based on the lower bound of the failures, which is the splitting failure.

Splitting means that the edge perpendicular to the loading direction, so the edge of the end distance
ey, Will split in two. This happens due to high plastic deformation of this edge. A second deformation
that takes place at this failure mode and that causes the splitting to develop even more, is the full
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yielding of the net cross section. This distortion enables the longitudinal edges to rotate, so the corners
will be pushed to the side. When the end distance is large, splitting failure is prohibited [45]. In this
research the end distance is small, so splitting failure is an option.

kbfu dt

Fy Ra, Moze = (2.13)
M2

kb,end = 61/d0 (214)

kb,inne?“ = pl/dO - 1/4 (21 5)

2.5.4. End distance for tear-out failure

In conservative calculations an end distance e is taken for the shear stress plane when tear-out failure
occurs; so, planes tangential to the bolt hole are taken, as can be seen in figure 2.13. In reality the
bolt does not act in this plane, as there is a hole clearance ¢ between the bolt hole and the bolt itself,
to have some tolerance when assembling the connection. It depends on the size of the bolt if ¢ equals
1, 2 or 3 mm. For M16 bolts the hole clearance is 2 mm [8]. This results in a bolt hole dy dimension of
18 mm, as can be seen in equation 2.16.

do=d+c (2.16)

When the plate starts to shear, the shear fracture faces are parallel to the direction of the force,
at the maxima of the bolt, where its projection is on the bolt hole. This is point A, as is shown in
figure 2.14a. Kamtekar [38] defined a new end distance e}, shown in equation 2.17 and 2.18. A more
clarifying figure is shown (2.14) to derive these equations.

el =e — %cos@ (2.17)
0 =sin~! 4 (2.18)
do

The most recent experiments on the tear-out strength of rolled carbon steel were performed at TU
Delft, as can be read in the report of van Looveren [63]. Here, the same end distance ¢} was taken.
This resulted in a maximum tear-out forces that were in line with the expectations, when equation 2.11
was regarded.

The same assumption for the tear-out strength as in equation 2.19 is made for the tear-out tests on
WAAM low carbon steel. Here, the end distance is called es.

Froe = 2teypy e3 \f;% (2.19)

2.5.5. Current models pinned connections

The reason to consider not only bolted, but also pinned connections for this research is that the test
set-up for pinned connections suits the use of Digital Image Correlation (DIC) very well. A bigger hole
can be made in the side plates to make the surface of the printed plate visible. Little is known on the
behaviour of pinned connections, especially when comparing them to bolted ones for tear-out tests.
So, to see if the results of both tests are comparable and therefore if the DIC results of the pinned
connection are usable, both tests must be performed.

There are a few researches on pins in plates and the tear-out resistance. The tighter the hole
around the pin, the higher the bearing stress will be. Duerr and Pincus designed a reduction factor C.
for the bearing stress when the hole diameter D;, divided by the diameter of the pin D, is bigger than
1.0 [31]. b

h
D, > 1.0 (2.20)

In Eurocode 3 [48] the ultimate load P, for plates loaded in tension has a factor « in numerator
of the equation, which equals 2.5 for bolts and 1.5 for pins, due to the nut, that prevents the bearing
failure [15].
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(a) Dimensions for end distance es3, based on Kamtekar [38]
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(b) Zoomed in on bolt d and bolt hole dg

Figure 2.14: Derivation of end distance e3

2.5.6. Numerical models of bearing strength in ABAQUS

Moze and Beg conducted research on the bearing strength of single bolt holes by experimental tests
and finite element analyses by numerical modelling in ABAQUS [46] [45]. The tests were performed
on rolled steel. This guide of experiments and comparisons can be used to create the same model
for WAAM steel, because no research had been done on WAAM objects in FEM until present. A
similar model as in [46] is used for the numerical study of [45]. In [46] the force-displacement curves
of both tests (experimental and numerical) are compared; they are matching well. Both shear and
net cross section were the failure types in this study of S235 mild steel. The results are compared to
high strength steel (HSS) S690, to see that mild steel (MS) has larger bearing deformation capacity.
S235 failed in the shear plane instead of in the free edge. To test the reliability of the model, the
maximum resistances of both tests are put in one graph and the correlation and regression coefficient
are determined. Both numbers are near 1, so the obtained results of the model are reliable.

There is another Finite Element (FE) parametric study [33] on stainless steel of bolted connections,
where the end distance for tear-out failure is e; = 1,2d, and the end distance for bearing failure is
e1 = 3,0dy. dy is the size of the bolt hole. This means that there is a grey area for the failure modes for
bolts; bearing and tear-out, when the end distance of the bolt hole varies.

In this research no FE model will be made, due to time constraints, so modelling will be outside
the scope of this project. The DIC tear-out results of this study can be used as input for models of
follow-up researches.

FEM with WAAM carbon steel
In the 21st century a lot of research is done in FEM. For WAAM steel no research has been done in
FEM on tear-out tests. The difficulty in implementing a WAAM plate in a finite element model, is that
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the properties of the material are not known. The starting point is to model a homogeneous model,
although printed steel is an inhomogeneous material, next to the inclusions and the irregular surface
the unmachined object has. The WAAM carbon steel is also orthotropic, as the mechanical properties
differ when the material is tested in different directions; when the force is parallel, perpendicular and
diagonal to the weld direction.

Another factor that determines the material properties is the printing process properties. The grains
in the microstructure are formed in a certain direction, due to the cooling down of the material. This is
of influence on the strength of the material.

The more developed the printing process is, the smoother and more confined the material. The
same holds for the thickness of the printed steel; the thinner, the less heat was put into the steel
object, the smoother the surface. Altogether, the material relies on so many uncertain factors, that is
very difficult to print steel which has exactly the same material properties as the steel that is created
before. When the printed steel is modelled in a finite element program, these properties must be
known.

All the uncertainties that are named above and the fact that no research is done on WAAM steel in
FEM have led to the decision not to include a finite element model in this research, although it would
be valuable to validate the experimental outcome with the model.

Summary state-of-the-art tear-out strength

Several studies (Kamtekar and Moze and Beg) concern the tear-out failure of bolted connec-
tions in rolled steel. On pinned connections little is known. For both connection types nothing
is known on WAAM steel. Therefore, it will be valuable in the first place to see how WAAM low
carbon steel behaves when a force is applied on it and secondly what the difference is between
the two set-ups; bolted and pinned.
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Tests are executed in the Stevin Laboratory of the department of Structural Engineering at the faculty
of Civil Engineering at the University of Technology in Delft. In this chapter more will be explained on
the production of the specimens and the test methodology. The tests are performed in order to give an
answer on the posed research questions in section 1.3.

Before the tests in the laboratory can be performed, the carbon steel has to be printed, this can be
read in section 3.1. Then the printed plates are cut (section 3.2) into the desired specimens needed for
the tensile and the tear-out tests. A small part of the tensile test specimens is milled, as can be read in
section 3.3. To determine the geometry and especially the thickness of the printed samples, different
methods are used, as can be seen in section 3.4. In the sections that follow both test methodologies
are described; the tensile test 3.5 and the tear-out test 3.6.

3.1. Preparation of specimens: printing

The wire and arc additively manufactured wall is produced as follows; on a base plate, also called
substrate, the first welding bead is made. On top of this first bead the next welding bead will start and
in this way two walls are built at the same time, that are connected by a cylindrical part, as is more
extensively explained in the following paragraph. This is also called continuous printing. An anisotropic
structure appears, partly due to the cooling conditions of the specimen [61]. The cooling is influenced
by the travel speed of the robot and by how often the robot starts and stops. More about this can
be read in section 2.4. The printing conditions are not mentioned, as this information must be kept
confidential.

The walls are printed horizontally, so
the built-up is vertically, and are made by
MX3D in Amsterdam. MX3D develops the
software for the WAAM robots. The max-

imum size the plates may have is around substrate

400 mm in length and 300 mm in height.

This is because of warping of the plate that printed object
may be caused by the heat input when the j Wall 1 )
next welding bead is put on top of the wall. Start & stop ( D

To prevent warping, two walls can be con- S Wwall 2 [

nected by half a cylinder, so the following
hollow form, an object existing of two walls,
is created. This is shown at figure 3.1. Two
plates are extracted from this shape. In sec-
tion 2.4.2 more can be read on the geome-
try and the difficulty to make certain geome-
tries. The limit of the height and length of  Figure 3.1: Topview printed double wall, connected by a cylindrical
the plate are given due to printing experi- part

ences of MX3D.

260 mm

50 mm
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Figure 3.2: Tensile thin specimens (printing direction horizontally)

The final dimensions and number of walls are determined by the fitting of the samples. 60 tensile
test samples were produced, of which 18 are milled. The size of the walls for the tensile test spec-
imens can be seen in figure 3.2 and 3.3. The black and orange pieces are tested as-printed. The
orange though are not only measured by an extensometer, as they all are, but also with Digital Image
Correlation (DIC). More on this method can be read in 3.5.4. The green samples in this figure are the
milled samples. More on the milling can be read in 3.3.

In figure 3.4 and 3.5 the tear-out samples in the walls can be seen. Like the tensile samples, the are
cut in three different directions; transversally, longitudinally and diagonally compared to the direction of
the weld beads. More on the choice of dimensions of the samples of the tensile and tear-out tests can
be read in section 3.5 and 3.6 respectively. During the production of the steel geometrical imperfections
may occur, such as surface roughness, an irregular cross section and out-of-straightness [41].

The higher the wall as described above, the more heat is put inside the wall, which means that the
lower welding beads are reheated after they are welded more often than the upper beads. This heat
input and cooling rate have an influence on the grain orientation and thereby on the strength of the
printed steel. This also means that the location in the wall where the specimens are cut out, has an
influence on the strength of the specimens. For these reasons, the bottom part, of about 35 mm, is not
used for the production of the specimens. To be sure that the cut-out samples are as regular as they
can be, without inclusions and irregularities in the microstructure as mentioned above, some space is
also left to the side and upper parts.

3.1.1. Robot

The welding process for the fabrication of the samples is automated by a multi-axis robot with a Gas
Metal Arc Welding (GMAW) head. In figure 3.7 the ABB robot of MX3D with a welding head can
be seen in their workshop in Amsterdam, together with one of the objects. The combined nozzle-
workpiece angle is 90 degrees.

The printing time of one object, consisting of two thick walls, was eight hours, excluding stops
between the welds to let the object cool down. The deposition rate was 0.6 kg/h. The thin objects with
an average wall thickness of 3 mm took also eight hours, but a smaller interpass time was needed.
More material needs to be deposited when a thicker wall is created (deposition rate 1.2 kg/h), this
results in a lower printing speed. Also, the cooling rate is lower, as more heat is put into the object.
More on this can be read in section 2.4.1.
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Figure 3.3: Tensile thick specimens (printing direction horizontally)
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Figure 3.4: Tear-out thin specimens (printing direction horizontally)
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Figure 3.5: Tear-out thick specimens (printing direction horizontally)

T D

Figure 3.6: Printing directions of
specimens; transversal, longitudinal
and diagonal (45°)

To have a more regular top weld surface, even after the built-up of
quite some layers, the fabrication sequence is as follows; one clock-
wise bead, then an anti-clockwise bead etcetera, this is demonstrated
in 3.1. The weld stopped and started in one of the cylindrical parts.

When the whole object was printed and cooled down, it was cut
from the substrate. In figure 3.8b the cuts can be seen.

3.1.2. Type of carbon steel

The carbon steel wire type that is used is ER70S — 6 type G4Si1, also
called Carbofil 1A.This is the type that is used by MX3D, therefore this
carbon steel wire is chosen for this research. ER indicates that the
wire is used for MIG or TIG welding. 70 stands for the tensile strength
of the wire; the unit is psi, common in the Imperial Standard System.
S means that the filler metal wire is solid. 6 indicates the chemical
composition of the coating of the wire; which is copper in this case
[5]. Si1 means that the chemical composition consists of 1% silicon.

The yield strength when welded is 460 MPa, the tensile strength when welded 530-680 MPa. The
datasheet with the properties of the used Oerlikon’s Carbofil 1A wire can be found in [50].

Summary preparation of specimens: printing

Eight objects are printed and every object consists of two walls. Out of these walls, the test
specimens are cut, for both tests; tensile and tear-out. The size of the specimens determines
the amount and geometry of the objects that are printed. Every object took eight hours to be
printed with a low carbon wire, called Carbofil 1A.
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Figure 3.7: Welding robot MX3D

3.2. Preparation of specimens: cutting

The second step in the production of the specimens for the tests that are performed, is the cutting of
the printed object into plates. Out of these plates the specimens are then cut. Three different printing
directions in relation to the applied force are tested. The walls are printed in one direction only. To
acquire the different directions in the specimens, the cutting is done in different directions, as can be
seen in figure 3.2 till 3.5. Four objects are printed for the tear-out tests, two for the two thicknesses.
The same holds for the tensile tests; four objects are printed, two for each thickness.

A water jet cutter is used. When cutting steel with this machine, not only water is used to cut, but an
abrasive is added, in this case fine sand. The amount of sand determines the quality of the cut. The
water is under very high pressure, almost 4000 bar. The velocity of the water with the sand is more
than 900 km/h [1]. Due to this high velocity, the steel can be cut. The reason not to use a saw is that
this causes the plate to heat up and this high temperatures might influence the crystal structure and
therefore the mechanical properties. This is undesirable, so a water jet cutter is used instead [16].

As can be seen in figure 3.2, 3.3, 3.4 and 3.5 three milled and seven tensile test samples are cut
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(a) Printed carbon steel object (b) Plates, cut from the object

Figure 3.8: Printed carbon steel

per thickness and print direction. Two thicknesses three printing directions are investigated, so a total
of 60 tensile coupon tests is performed. In figure 3.9a the diagonal samples are seen and in figure
3.9b the transversal samples are marked with their names. The names of the samples are as follows:
the first symbol is the letter that indicates the printing direction compared to the applied force, as is
shown in figure 4.1. The force is applied in vertical direction. This printing direction is also called weld
direction, due to the direction of the applied force.

» T =transversal = perpendicular
* L = longitudinal = parallel

» D = diagonal = with an angle of 45 °

The second symbol is a number that indicates the object it originates from. And the last and third
symbol is a letter, lowercase for tensile coupons and capital for the tear-out plates, that shows the
specific specimen in an object.

Figures 3.4 and 3.5 show the 18 tear-out specimens. The number of bolt holes indicate the number
of tests: 50 in total. The rectangular tear-out test plates all have a width of 65 mm, so a net section
failure is not likely to occur. The shorter ones are used for two tests and the longer ones for three tear-
out tests. This means that the latter must be long enough for three pin holes with their end distances
and the plastically deformed region above the bolt to be cut off. After a tear-out tests enough space
must be available for clamping and for the next test.

Summary preparation of specimens: cutting

A water jet cutter, that decreases the amount of heat that is released by the cutting process, is
used to cut 60 tensile coupons out of the eight plates of two different thicknesses. 18 tear-out
specimens are cut out of the other eight plates, on which 50 tear-out tests can be performed.
The specimens are cut such that three printing directions can be tested.

3.3. Preparation of specimens: milling

The surfaces of the printed plates are very rough and irregular, especially when compared to rolled
steel plates. The application of the printed plates in structures will be as-printed, without milling. Milling
is a process of machining. To leave the plates with the as-printed surface is quicker, cheaper and it
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(a) Diagonal specimens (b) Marking the specimens

Figure 3.9: Water jet cutted printed carbon steel

is not necessary for the connection to mill the printed part. The best representation of the node in a
structure is unmachined. The ISO standard allows milled test pieces [11].

To have a better understanding of the printing technique and the effects of it on the strength of
the printed steel, it is helpful to have some of the samples in the milled appearance, as this is the
basis for the determination of the effective thickness of the as-printed samples. That is why 18 tensile
specimens are milled.

The effective thickness is determined when the strength of the milled and the as-printed specimens
is known. The thickness of the milled specimens can be defined very easily by using a calliper, as the
surface is smooth and flat. For the determination of the mean thickness of the as-printed specimens,
more complicated methods are needed, as the Archimedes’ principle or 3D scanning. When comparing
the test results of the as-printed and milled specimens, the influence of the surface roughness can be
determined. In figure 3.10 the difference between the as-printed and the milled specimens can be
seen. The milled specimen at the bottom of figure 3.10b has a porous weld in the middle, this was due
to a printing error. The results of these specimens are not used.

The quality of milling is guaranteed according to the standard ISO 9001 [6]. For the thick specimens
with an average thickness of 6 mm a conventional milling machine is used. For the thin pieces with an
average thickness of 3 mm a surface grinder is used instead, because they would fail during milling.
The heat input in these processes is negligible.

(a) As-printed (b) Milled

Figure 3.10: Tensile specimens
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Summary preparation of specimens: milling

The surface of 18 tensile pieces is smoothed; the irregular surface is milled, until it becomes
flat and shiny. The test results of the milled samples are the basis for the determination of the
material properties. These results can be compared to the as-printed specimens, to see the
effects of the surface roughness on the strength.

3.4. Geometry determination

The geometry determination of the specimens is easy for the length and the

width; those distances are water jet cut, as can be read in section 3.2 and can Y125 mm

be measured by a hand calliper, because of the smoothness of these cut edges. e e |
The cut is not exactly made perpendicular to the surface, so with an angle of

90 degrees, but under a very small angle in the direction of sample, so the cross

section of the specimen is somewhat tapered. In figure 3.11 an exaggerated . A

cross section of the middle part of a tensile coupon can be seen. + 125 mmﬁ
The thickness of the milled specimens is also measured with a hand calliper, -
but the thickness of the rough specimens can be calculated by the Archimedes’ Figure 3.11:
principle. Exaggerated tapered
cross section tensile
coupon

3.4.1. Archimedes’ principle

At the buoyancy test or Archimedes’ principle, the steel sample is weighed in
the air m; and in water mo. Via the difference in weight between these two
measurements and the density of the water p¢;, the total volume of the specimen is determined, as
can be seen in equation 3.1. The cut edges of the sample can be measured by the calliper, so the
total area A;,1q; in figure 3.14 is known and calculated in equation 3.3. The dimensions from figure
3.14 are the desired sizes in [mm]. The real widths and lengths are measured by calliper for every
tensile coupon. An average value is taken for every dimension. The average thickness of the total
rough specimen can be calculated by equation 3.2. The values of these measurements can be found
in appendix B.

my —ma

Pri

(3.1)

Where:

Pfi = Pwater = 998 [kg/mg]

M1 = My qir = dry mass [kg]

M2 = Min water = MAsS in water [kg|

\%4

taverage =
ge A
total

(3.2)

Atotal[mm2} = 2wend Lend + Wiiddle Lmiddle + 4Acorner =2-20-35+125-58+4-10 (33)

3.4.2. 3D scanning

At the faculty of Industrial Design a handheld 3D scanner is available; the Artec Space Spider [2]. The
3D model, which is made out of photos by the scanner, a process that is called photogrammetry, is
exported to a CAD programme, named Artec Studio 12, wherein the variance in thickness is seen and
measured at certain sections. The scanner has a point accuracy of 0.05 mm and a 3D resolution of
0.1 mm.

In figure 3.13 the test set-up can be seen; on the bottom on the left the tensile test specimen is
clamped in a bench vice that stands on a rotating table. On the right the Spider scanner is held and
moved up and down, whilst the table is pushed and rotating, so a scan in one go is created, without
having to merge several scans. This would namely introduce inaccuracies.
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M
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Figure 3.12: Archimedes’ principle [17]

When the scan is made, the sample is put in the right coordinate system; the planes of the sam-
ple along the x-, y- and z-axis. This is done in order to make sections of the sample along a two-
dimensional plane (x-y for example). Multiple sections are made and the perimeter is calculated of
every single one.

Figure 3.13: 3D scanning

3.4.3. Statistical measures

Some statistical measures are applied on the thickness measurements, so the area (thickness times
width) is determined, and the stress can be calculated, after the load is known, as can be seen in
equation 3.7. It is important to determine the stress-strain curve, so the yield and the ultimate stress
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can be defined. The strength of the material, as well as the stiffness (the Young’s Modulus), is known,
and the brittleness is determined. To be able to compare the specimens, the variable value of the
cross-sectional area A must be left out. In Annex D of NEN-EN 1990 and ISO NEN-EN 6892-1 [11]
guidelines on statistical evaluations can be found.

With equation 3.4 the standard deviation can be calculated, which indicates what the difference,
upper and lower bound, of a calculated value can be. In chapter 4, figure 4.5 for example, a box plot
can be seen with so called 'whiskers’ that indicate the standard deviation.

Equation 3.5 shows how u, the mean value, can be calculated. Seven (n = 7) as-printed tensile
samples are tested and three (n = 3) milled samples for every weld direction and thickness.

02 = S i pe)? (3.4)
pe = 25 (3.5)
v, =22 (3.6)

iz

Where:

o, = Standard deviation

n = Number of tests

x; = Value of variable

1 = Mean of the n test results
Vx = Coefficient of variation of X

Summary geometry determination

Several methods are applied to determine the geometry of the samples. The calliper, as well
as Archimedes’ principle and the 3D hand scanner, are used to deduce the dimensions of the
samples, as-printed and milled. The thickness of the irregular as-printed sample surface was
hard to measure, so an average value is determined with Archimedes’ principle.

3.5. Experiment: tensile coupon test

Tensile tests, according to ISO [11], are performed on WAAM carbon steel coupons. In the following
paragraphs, the test set-up and the methods of measuring are explained.
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Figure 3.14: Tensile coupon dimensions

Samples with two different thicknesses were produced by MX3D and tested in the laboratory of the
faculty of Civil Engineering in Delft, so a comparison could be made; walls with thickness around six
and three mm were fabricated.
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The time that the printing takes is a factor that was taken into account; the more material that has
to be deposited, the longer the printing takes, as the cooling down of the object takes time for example.
An extra reason to use a smaller thickness than usual is due to the optimisation opportunities AM has;
in general construction material is saved, which may lead to smaller thicknesses of the plates in a
connection.

The dimensions of the other parts are determined by the boundaries given by the ISO 6892-1 [11],
table D.2 in Annex D. The dimensions can be seen in figure 3.14. The extensometer that has a length
of 50 mm must fit on the smaller width of 12.5 mm, so this part must be a bit longer to have a smooth
transition of forces from the wider (20 mm) to the smaller part. The wider part of 35 mm is the gripping
part for the clamps of the tensile test machine.

The specimens are cut out of a 3D printed wall on a base plate. There is more information on the
influence of the location of the specimens in the wall in section 2.4.

The tensile tests are done to determine the mechanical properties of the printed steel. When the
area (A), which is the width (w) times thickness (t), of the sample is known and the applied tensile
force (F') on the steel is measured, the yield and ultimate stress is calculated with equation 3.7. The
material used to manufacture the steel is a carbon steel wire, with a tensile strength, when welded,
from 550 to 630 M Pa. This means that the maximum force that is needed to exceed the tensile strength
of the material is 12.5 x 6 x 630 = 47 kN. The machine used has a capacity of 200 kN when statically
loaded, which was the test configuration here. The Instron machine can be seen in picture 3.15a.

The tensile tests are performed on specimens with welds in the direction parallel, transversal and
45 degrees to the applied force.

(a) Tensile coupon with extensometer (b) Camera and flash for 2D DIC

Figure 3.15: Tensile test set-up

3.5.1. Guideline for tensile test

The standard I1ISO 6892-1, Annex D is used to determine the specimen dimensions for the tensile
coupon test. Certain restrictions are given for the dimensions, such as a minimum total length, which
is in this case 145.5mm, as can be seen in figure 3.14. The extensometer (more can be read in section
3.5.3) with a length of 50 mm must fit on the middle part of the specimen of 58 mm length, that has
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a width of 12.5 mm. The interjacent part between the 20mm and 12.5 mm wide part needs to have a
radius (r), so a form as is shown in figure 3.14 is produced.

The clamping parts of tensile specimens that have a length of 35 mm could have been up to 50mm,
but due to considerations such as material savings and reduction in printing time, a shorter clamping
length is chosen.

3.5.2. Tensile test set-up

The tensile coupons are clamped into the hydraulic machine, a Schenck 200kN. The clamping edges
of the specimens, that are 35 mm in length, do not need smoothing, due to the fact that the clamps
are tight enough; when tightened, the clamping edges of the steel specimen are pressed and a ticking
sound is heard. The clamps itself have a length of 50 mm, but for the sake of material saving, the
tensile coupons are made smaller.

Just before clamping the specimen, the side is pushed against a small steel strip, that is placed
under an angle of exactly 90 degrees, so the specimen can be placed in the axial direction of the
machine; in the direction of the force. Some samples were bend in the thickness direction due to
milling. Those were pushed straight, when the second clamp was applied.

The axial force that is applied on the specimen by the machine is measured, as well as the dif-
ference in length, compared to the initial length, between the clamps, when pulling. This difference
in length includes the slipping of the clamps, the movement of the machine and the elongation of the
hole specimen, the clamping edges included. This is why a static axial clip-on Instron extensometer is
used; to measure the elongation of a smaller length, of Ly = 50 mm. More on the extensometer can
be read in section 3.5.3.

The load that is applied by the machine is displacement driven. During the first phase, that is
linear elastic, a velocity of 0.005 mm/s was applied. When the yield plateau was reached, the velocity
was increased to 0.02 mm/s. After 300 seconds, when the plastic deformation phase had begun, the
velocity was increased to 0.05 mm/s.

The extension is measured by the extensometer and the force by the testing machine. Now, the
stress-strain diagram can be calculated.

3.5.3. Extensometer
To be able to do measurements on the extension (AL) of the tensile specimen, that has a length of
58 mm with a small width of 12.5 mm, as can be seen in figure 3.14, an extensometer was needed.
AL is measured when the load is applied statically by this axial clip-on tool over an initial length of
Lo = 50 mm. The strain can then be calculated according to equation 3.8.

When a tensile static force is applied on the specimen, it will elongate. This elongation measure-
ment of the extensometer has a maximum, due to the maximum displacement of the clips, and it is
around 20%. This means that the deformation measurement is stopped.

3.5.4. Digital Image Correlation tensile coupon test

An extra measuring instrument was used during the tensile test, next to the extensometer, which is
called Digital Image Correlation (DIC). DIC was used used for the tear-out tests mainly, in order to
see the strain development, also locally. To get familiar with the DIC process and the analysis of the
photographs, 22 tensile coupons were also tested with DIC.

The specimen is painted with a white rubber paint with black small dots sprayed on top of it. This
flexibel paint stretched along with the elongation, like a rubber band and stayed on the specimen, even
after failure. One photo of the specimen per second was made when the tensile load was applied and
later, when the yielding was over, every 10 seconds a photo was taken. For every photo a flash was
needed, this resulted in a delay of making photos and less photos than every second; around 10 %.

The difference in location of the black dots of one photo compared to the following is photographed.
Thereby the displacement and strain in the specimen are determined with the GOM correlate software.
The cracks that arise are seen as well. An extension-photocount graph is be made over a certain, self-
determined, distance. The data of these graphs is exported to an Excel file. In this way they can be
compared easily to the extensometer results.

The results of the extensometer should also be extension over time, to be comparable with the DIC
results. The displacement of the specimen by DIC should be over a length of 50 mm, as this is the
initial length of the extensometer.
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Summary experiment: tensile coupon test

The tensile coupon tests are performed according to the ISO standards. The extension of the
middle length of 50 mm is measured by the extensometer and by Digital Image Correlation
(DIC). The strains can be computed with both methods. The force is measured by the tensile
testing machine and a stress-strain diagram can be made from these data.

3.6. Experiment: tear-out test

When the material properties, such as the effective thickness t.;; and the ultimate strength £, are
known, due to the tensile tests that were carried out, the second test could be performed: the tear-out
test. The maximum force that was applied on a tear-out test sample was determined. The printed
specimens were designed to fail in tear-out. Like the tensile tests, these tests were also performed on
samples with the welds in three different directions; transversally, longitudinally and at an angle of 45°,
compared to the direction of the applied force. All the tear-out tests were done on as-printed samples,
as the use of the investigated connection will be in the as-printed condition.

In figures 3.4 and 3.5 it can be observed how the tear-out samples were cut out of the WAAM
plates.

For the attachment of the bolt or pin, a hole was drilled through the 3D printed plate. By drilling
instead of printing, a smooth and regular bolt hole was made, so the forces of the bolt or pin acting
on the plate could be applied uniformly. When these holes shall be made in connections, this shall be
done by CNC machining, so a drilled hole is a good representation.

d0 =18 mm
d=16 mm

- |

—

el1=21,6mm

w =65 mm

e2=325mm

g -

Figure 3.16: Tear-out specimen dimensions

3.6.1. Tear-out test set-up
In figure 3.16 the dimensions of the printed plate with the bolt diameter d and bolt hole dy can be
seen. The end distance e; equals 1.2dy, was chosen as the target value for this research, as this is
the minimum required end distance for the tear-out of single bolts in a plate, according to the EC1 [9].
From a distance of 3d, bearing failure is considered. More on the failure modes can be seen in section
2.5 and figure 2.11.

This 3D printed plate was clamped into the upper clamp. Two other, conventional, steel plates with
a hole were put on both sides of the printed plate and were bolted, each with three M6 8.8 bolts, onto
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the base plate. The base plate is again attached to the lower clamping plate by two M12 8.8 bolts.
This set-up is also called "Double lap joint".

(a) Bolted connection (b) Pinned connection

Figure 3.17: Tear-out test set-up with different pairs of side plates

Two types of side plates were needed; one pair for the bolted connection and one for the pinned,
as can be seen in figure 3.17. The first type of side plates 3.17a was for the test as it is normally
done for a bolted connection. The bolt was attached with washers and a nut. A bolt M16 of class 10.9
was used, an overdimensioned bolt, to be sure bolt failure would not appear. The second type was
especially designed for the DIC measurements; with a M16 10.9 pin.

In order to use the Digital Image Correlation (DIC), which was only done on the plates that are con-
nected with a pin, the printed plate with the hole had to be visible, so the strains could be determined.
This was done by making holes in the pin side plates that are wider and longer than the part of the
printed plate that was visible when testing, as can be seen in figure 3.17b.

To improve the visibility of the WAAM plate even further, the decision was made to use a pin for half
of the tear-out experiments instead of a bolt with nuts and washers. A comparison between the results
of a bolt versus a pin will point out the interchangeability of the two.

The bolt with washers on both sides, so between the nut and the plate and between the head and
the plate, was put through the three plates and the bolt was hand-tightened with a spanner by a nut.
The same tightening force could be applied in this way, so this parameter would not be of influence on
the tear-out strength [30]. The test set-up can be seen in figure 3.18c. The bottom middle plate is the
Additively Manufactured (AM) plate.

Two thicknesses of WAAM plates were tested; one with an average thickness of 3mm and the other
of 6Bmm. The space between the side plates could be adjusted by the slotted holes in the base plate,
as can be seen in figure 3.17. This variation side plate position was not enough, so by turning both
side plates with an angle of 180 ° with respect to the vertical axis, the gap for the WAAM plate could be
varied, so both plate thicknesses fitted.
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The tear-out test was displacement controlled. A speed of 0.025 mm/s was used. Multiple re-
searches that are conducted on single bolt connections have used the same speed, such as \Wang
et al., Snijder et al. and Moze and Beg. These experiments are mostly on the bearing failure, but are
nevertheless comparable with the experiments of this research.

(a) Bolted (b) Pinned (c) Pinned with DIC

Figure 3.18: Tear-out test set-up

3.6.2. Digital Image Correlation tear-out
In section 3.5.4 everything can be read on 2D DIC. When two cameras are used instead of one, 3D DIC
can be applied, as the depth can be captured. When bearing failure occurs, out-of-plane deformation
of the steel underneath the bolt or pin can appear. The rest stays the same as for the 2D method.

In this research the end distances e; are designed such that bearing will not take place, but tear-out.
From an end distance of around 3d, bearing can take place.

Summary experiment: tear-out test

The tear-out test is the second type of test that is performed. This test is done with a bolted
and with a pinned connection, to see if they are comparable. Normally, these tear-out tests are
done with bolts, but in this case the strains in the printed specimen must be detected by DIC as
well, so a pin is applied instead.

The samples for tear-out are tested in three printing directions, just as the tensile tests; transver-
sally, longitudinally and under an angle of 45° compared to the force direction. The plates are
in the as-printed condition.







Results

In this chapter the observations of the tests are described. The analysis of the results and observations
are discussed in chapter 5.

4.1. Geometry results

Tables of the calliper measurements of the width of the tensile coupons can be found in appendix B.
The thickness is not easy to find, due to rough and irregular surface that is made by the wire and
arc additive manufacturing (weld layer on top of weld layer). When measuring with a calliper, the
maximum thickness is determined. It is useful to calculate the effective thickness t., the thickness
that contributes to the strength of the material, so to the area on which the force is applied. This .y
is used for design calculations of WAAM carbon objects. When a relationship between the as-printed,
milled, average and effective thickness can be established, it is possible to implemented it in the design
standards.

As discussed in 3.4, the Archimedes’ method is used to calculate the average thickness of the
rough specimens. To verify this method, the thickness of the milled specimens, that is measured by
the use of the calliper, as they have a smooth surface, is compared to the thickness calculation by the
Archimedes method. The result of this comparison is a difference of 10% maximum. Tables of these
measurements can be found in appendix B.

4.2. Tensile test results

In total 60 tensile tests are performed. On as-printed, milled,
transversal, longitudinal, diagonal (welds in the direction of 45 °),
thin specimens with a target thickness of 3 mm and thick spec-
imens with a target of 6 mm. From here on, the former is called
thin and the latter thick. The reason is that the as-printed sam-
ples have an irregular surface and therefore the thickness can-
not be determined easily, so precaution is needed when naming
these values.

The last 12 tensile tests that were carried out, were extra
tests. The tear-out samples were not cut out of the same plates
as the tensile coupons. So, in order to make sure that the same
kind of material was used, with the same material properties,
extra coupons were cut out of the tear-out plates, as can be
T D seen in figure 3.4 and 3.5.

One third of total amount of tensile tests is performed on the
specimens that are named 'Transversal’, which means that the
force is applied in the direction perpendicular to the weld bead
direction, as can be seen in figure 4.1; the first sample. The
specimens are marked with their name, for example T1b. This

Figure 4.1: Colour explanation of printing
directions of specimens in graphs
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means that the specimen will be loaded in the transversal direction, hence the T and that the sample
is cut out of object number 1. The b stands for the number of the specimen in the row that is cut out of
the plate, alphabetically a to f, when there are 6 specimens. This can be seen in figure 3.2 and 3.3.
The second kind of sample is the 'Longitudinal’ sample; the load is applied parallel to the printing
direction, which is the second sample in figure 4.1.
The third kind is the ’Diagonal’ sample. The load is applied with an angle of 45 degrees to the
printing direction, third sample in figure 4.1.

4.2.1. Measurements tensile tests: results

The output of the tensile tests is the time [s], the extension [mm] and the force [kN]. The extension is
measured by the Instron extensometer over a distance of 50mm and the applied force by the Schenck
machine. A force-deformation diagram is created. Some specimens are also measured by the DIC
equipment. These DIC measurements are only used as a check. All results are made with the mea-
surements of the extensometer. To be able to compare the specimens, that all have a different cross
section, due to the irregular weld beads or the milling, stress-strain diagrams are made.

The stress o is calculated by 3.7; the force F' in [N] is output of the test and the area A = w x t is
an average value where the average width w of around 12.5 mm is measured by the calliper and the
thickness ¢ is measured by the Archimedes’ principle, as is explained in 3.4.1.The area A of the milled
specimens is an average value of eight measurements, for the thickness as well for the width, done by
the calliper.

The strain ¢ is calculated by 3.8; the difference in length AL is measured over a length of L = 50mm
by the extensometer, so a dimensionless value appears. This is also explained in section 3.5.3.

Several times a hold in the extension measured by the extensometer was seen, due to the large
elongation of the (mostly longitudinal) specimens and therefore the maximum reached displacement
of the extensometer. In these cases the Schenck machine still measured the displacement of the
ensemble. Hence, the same curve for the extensometer as for the jack of the machine (the latter is
called ’ensemble’) was drawn. In this way the extensometer curve could be extended by the shape of
the jack curve when the extensometer stopped measuring.

The stress-strain diagrams can be seen in appendices E and F. In figures E.1b and E.2b respec-
tively a zoomed-in graph is made of the linear elastic part of these stress-strain diagrams. From these
diagrams the Young’'s modulus E in [GPa] is determined by equation 4.1. The most linear part is taken
to determine this; so when diagram E.1b is used to calculate the E-modulus for the thin milled samples,
the line between 50 and 250 M Pa is taken into account.

E-= (4.1)

g
g
4.2.2. Results milled tensile specimens
Three milled specimens are tested of every printing direction, transversally, longitudinally and diag-
onally. These samples are measured with a calliper, which can be done easily, as the surfaces are
smooth. The thickness determination with calliper is compared with the Archimedes test, about which
can be read in section 3.4. This results in a deviation of 10% maximum between both thickness mea-
surements; calliper and buoyancy. This means that the Archimedes principle is reliable, also for the
rough specimens, that are not measurable by the calliper, as the surface is so irregular, that only the
maximum thickness would be measured.

In appendix E two times nine curves can be seen; for every printing direction and thickness, three
milled samples are tested. The transversal coupons are displayed by continuous blue, the longitudinal
by pink dashed and the diagonal 45° by green dash-dot curves. The graph of the milled thick tensile
coupons can also be seen in figure 4.3. The values of the yield strength f,, ultimate tensile strength
fu, strain at ultimate strength ¢, and Young’s modulus E with their coefficients of variation v , V;,,
V., and Vi are shown in table 4.2. The results of the thin coupons can be seen in table 4.1 and in the
appendix, figure E.1a.

4.2.3. Results as-printed tensile specimens
The thin as-printed plates were very smooth, compared to the thick plates, which was due to the
smaller amount of material that was deposited and the fact that less heat has been used by the WAAM
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Figure 4.2: Stress-strain diagram thick as-printed specimens

Table 4.1: Overview main results thin milled tensile coupon tests

Printing
direction

fy
[MPa]

ny [']

fu
[MPa]

Vfu [']

eu [%]

veu [']

[GPa]

Ve [-]

Transversal

416

0.00980

511

0.0240

18.06

0.0765

197

0.0592

Longitudinal

400

0.0134

499

0.0106

16.28

0.162

197

0.0746

Diagonal 45°

393

0.297

484

0.0312

16.88

0.0308

205

0.0365

robot.

The behaviour of the transversal specimens is marked blue in the graphs, as can be seen in figure
4.1. Every sample is represented by another colour blue. The stress-strain curve of the transversal
specimens does not have such a yield plateau as the longitudinal specimens have, as can be seen in
figure 4.2b. The linear elastic phase merges gradually into the plastic phase. There is a kind of yield

plateau, but not as horizontal as for the longitudinal specimens.
One of the transversal coupons broke outside the measuring area of the extensometer. Therefore,
only the linear elastic part of this specimen is taken into account, so no ultimate strength or deformation
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Table 4.2: Overview main results thick milled tensile coupon tests

Printing fy Viy [-] fu Viu [-] eu [%] Ve [[] E Ve []
direction [MPa] [MPa] [GPa]
Transversal 326 0.0203 | 466 0.00694 | 16.69 0.0486 | 207 0.0157
Longitudinal 318 0.0212 | 463 0.0119 | 20.63 0.0463 | 211 0.0316
359 0.0157 | 468 0.00725| 19.51 0.0639 | 212 0.0417
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Figure 4.3: Stress-strain diagram thick milled specimens
is measured.

The behaviour of the longitudinal specimens is marked pink in the graphs, see figure 4.1. When
tearing the longitudinal as-printed specimens apart in the axial direction, so parallel to the weld beads,
a large elongation (deformation § or strain) was seen. Necking appeared in the last stadium before the
specimen broke in the part that had become smaller. It seemed as if the welds started elongating and
stretching one by one, improving the strength and ductility of the specimen.

The stress-strain curve of the longitudinal specimens consist of a linear elastic part, a yield plateau
and a plastic deformation phase, until the specimen breaks, as can be seen in figure 4.2a.

When tearing the diagonal as-printed specimens apart in the axial direction, so with an angle of 45
degrees to the weld beads, the green graphs are produced (figure 4.1).

Initially, five as-printed specimens are tested of every printing direction, transversally, longitudinally
and diagonally (with an angle of 45°) and every thickness. In appendix F in figures F.1 and F.2 the
stress-strain diagrams for the three printing directions can be seen. Figure F.1 that represents the thin
as-printed samples, has a smaller variety in ultimate strain (the strain at ultimate strength f,) than
figure F.2 that shows the as-printed thick specimens. The thicker specimens have a lower yield and
ultimate tensile strength than the thin samples. This could be due to the surface roughness or the
different printing parameters. In chapter 5 the probable causes of these differences will be elaborated.

In tables 4.3 and 4.4 the yield f, and ultimate tensile strength f,, can be found, together with the
coefficients of variation V; and V;, . Next to this, the strain at ultimate strength ¢, and the Young's
modulus E are shown, with their coefficients of variation V., and V.

4.2.4. Extra as-printed tensile coupon tests

To have a value for the strength of the WAAM plates that can be used for the tear-out strength, extra
tensile coupons are waterjet cut out of the plates of the tear-out samples, as can be seen in figure
3.4 and 3.5. The plates were printed in the same way as objects 7, 8, 11 and 12, but to be sure that
the same material properties are relevant, these extra tests were performed. Three coupons in the
three directions were cut out of plate 9.1, 10.1, 13.1 and 14.1. The results of these tensile tests (the
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Table 4.3: Overview main results thin as-printed tensile coupon tests

Printing fy ny [-] fu Viu [-] eu [%] Vo [F] E VE []
direction [MPa] [MPa] [GPa]
Transversal 342 0.0417 | 464 0.0110 16.32 0.0551 216 0.123
Longitudinal 385 0.0355 | 478 0.0240 | 17.67 0.0599 | 201 0.0376
Diagonal 45° 340 0.0314 | 456 0.0258 16.69 0.0960 | 200 0.0454
Table 4.4: Overview main results thick as-printed tensile coupon tests

Printing fy Vy[[l | fu Vil |eul%] |Vaul]l | E Ve [-]
direction [MPa] [MPa] [GPa]
Transversal 268 0.0206 | 402 0.0263 | 14.03 0.169 178 0.0743
Longitudinal 316 0.0630 | 430 0.0245 19.16 0.0839 195 0.0579
Diagonal 45° 282 0.0299 | 410 0.0178 17.54 0.176 197 0.0114

continuous curves) are compared to the tests that were performed earlier (dotted curves); graphs are
shown in figure 4.4a and 4.4b.
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Figure 4.4: Extra tensile tests including first tests
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4.2.5. Milled specimens compared with as-printed

A comparison of the results is showed in boxplots; in figure 4.5 the yield stresses are compared, in
figure 4.6 the ultimate tensile stresses and in figure 4.7 the Young’s moduli. All milled specimens have
a higher yield and ultimate tensile strength than the as-printed samples. This difference is lowest for
the longitudinal specimens; around 5% with a maximum of 8%. The differences of the milled versus as-
printed specimens are comparable for the transversal and longitudinal samples; an average of around
15%. The biggest difference is of the yield strength of the thick diagonal specimens; 25%.

It can be stated that the more rough the surface of the specimen is, so the thicker the specimen, the
smaller the strength. It must be said that an average thickness was taken for the as-printed samples
to determine the strength. But, this decrease in strength also holds for the milled specimens, although
the surface was smoothed and the thickness was determined more exact, namely with a calliper.

4.2.6. Influence of printing direction on results

This printing direction compared to the applied force could also be the reason for the difference in yield
and ultimate tensile strength of the as-printed samples. This can be seen in figure 4.5a, 4.5b, 4.6a and
4.6a. The thin samples have the highest yield and ultimate strength in the following order:

| Longitudinal
Il Transversal
[ll Diagonal

As for the 6 mm thick specimens the following holds:

| Longitudinal
II Diagonal
[ll Transversal

The differences between the transversal and diagonal values are not significant enough to state
that the indicated order always holds.

4.2.7. Deformation capacity

It can be seen in tables 4.1 and 4.2 that the strain at ultimate tensile strength ¢, has a minimum of
16%. This is higher than 15%, which is one of the so called Ductility requirements: equation 4.3.
Deformation capacity is another name and it is an important subject when it comes to the design of
structures. A certain amount of ductility is needed before failure of the steel (or the whole structure), so
some deformation takes place as a warning before total collapse, as can be read in Eurocode 3-1-1,
part 3.2.2 [10]. In the next equations 4.2, 4.3 and 4.4 the recommended values are revealed.

Ju o110 (4.2)
fy

ALfracture > 15% (43)
€y > 1dgy (4.4)

Two samples in figure E.1a failed earlier than the others; sample L7b and T7a, so the deformation
capacity was lower for those two specimens specifically and therefore also lower for these two printing
directions as a whole. Namely; the mean value of those samples is taken as the value for the defor-
mation capacity. In figure E.2a it can be seen that all the transversal specimens, the blue lines, failed
before an ultimate strain ¢,, of 20% was reached.
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Figure 4.5: Yield strength
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Figure 4.6: Tensile ultimate strength
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Summary results tensile tests

One third (20 specimens) of the tensile tests is done on specimens with the printing transversally
to the direction of the force. Ten of those 20 were thin and ten were thick specimens. Seven of
those ten were tested as-printed and three were milled.

The deformation capacity of the milled specimens has an average of 18%; 17% for the thin and
19% for the thick samples. The highest value of ¢, is found for the longitudinal thick specimens.
The thick specimens have a lower yield and ultimate tensile strength than the thin samples for
both the milled and the as-printed specimens. The milled samples have a higher yield and
ultimate tensile strength than the as-printed specimens.

An average Young’s modulus of 200 G Pa is obtained.
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4.3. Results tear-out strength

Different types of tear-out tests are performed; the same variables as for the tensile coupon tests are
used; two different thicknesses, three printing directions (perpendicular, parallel and with an angle of
45°10 the force direction), as can be seen in figure 4.8. Additionally, two connection types were used;
a bolt and a pin.

The sample name is built up as follows: first a letter that indicates the direction of the welds com-
pared to the direction of the applied force. Secondly, a number is shown, that is the number of the
printed object it originates from. The third spot is occupied by an uppercase letter that indicates the
specific sample in the object and lastly a dash followed by a number, which is the number of the test
on the same sample.

== Tl

v _
Transversal Longitudinal i &gé'd
T L D

Figure 4.8: Printing directions of tear-out specimens

To make an estimation of the maximum force that is reached during the tear-out test, equation 4.5
is used. More on the effective thickness t.;s can be read in section 5.1.4 and about the end distance
es in section 2.5.4. The distance that is named ¢} by Kamtekar [38] is in this study called e3. The
experiments of Kamtekar were performed on rolled steel, but it is expected that the same equation for
the tear-out strength will hold for WAAM low carbon steel.

Ju
Fmax = 2te = 4.5
e (4.9)
€3 =€ — %cos(sirf1 (di)) (4.6)
0

4.3.1. Tear-out failure

In figure 3.17a the test set-up for the tear-out test with the bolted connection can be seen. The bolted
tests are performed without DIC, as the printed plate is not visible due to the side plates that clamp the
printed plate by the bolted connection. In figure 3.17b and 3.18c the test set-up for the tear-out test
with the pinned connection can be seen.

In appendix | the force-deformation diagrams of the thick and thin plates can be seen for tear-out
failure. The continuous curves show the bolted and the dashed the pinned connections. It should be
mentioned that the end distances e; of all the plates varied, as can be seen in the tables in appendix
H. In figure 4.9 a few tear-out curves are displayed and their end distances can be seen in table 4.5.
In figure 3.16 it can be seen that e, is the length from the end of the plate till the middle of the bolt hole
dy. In chapter 5, section 5.3, a manner to overcome this inconcise comparison is displayed.

In tables 4.6a and 4.6b the tear-out results of the thin and thick specimens can be seen. The second
column shows the ultimate deformation 6 in mm, measured by the tensile testing machine. This is the
deformation at maximum force, so when the plate has reached the ultimate tear-out strength. The
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third column shows the maximum measured tear-out force during the experiment and the fourth the
theoretical maximum tear-out force.
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Figure 4.9: Force-deformation curves tear-out thick plates

Table 4.5: End distances e3 of certain samples

Connection | Sample name | End distance e3 [mm]
bolt T14B-1 15.5
pin T14C-1 18.4
pin L13A-1 20.0
bolt L13B-2 20.0
bolt D13A-2 17.7
pin D14C-1 17.9

4.3.2. Results connections large end distances

49 connection tests are performed with bolts and pins, of which 45 have an end distance e; of 1.2dj.
Three of the remaining tests are performed on thin plates with a larger end distance of 2.2d,. One
of these tests is executed on a thin plate with a pin. This plate deformed out-of-plane, so this result
is disregarded. The last test is conducted on a thick bolted plate with an end distance of 2.0dy. The
results can be found in the tables in appendix H in the light grey highlighted rows.
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(b) Thick specimens

Ultimate F max
(a) Thin specimens Sample deformation |experiment [F max
name 6 [mm] [kN] theory [kN]
Ultimate F max T14A-1 8.48573 49.4519 43.01
Sample |deformation & |experiment |F max Ejﬁ; ?fgﬁgi giggzg ggg
name [mm] [kN] theory [kN] " ' : '
R e e el B N B
T10A-2 8.89955(  31.9365 2763|1483 9.69718 49.4673 41.23
T10A-3 8.42208) 327234 2954|1140, 8.81661|  55.4638 50.64
T108-1 9.37882) 316013 2937 |riuc; 9.78998  59.7189 52.26
T10CG1 9.32828  29.1966 2763 I114C3 9.69494|  59.6093 52.01
T10G2 10.7068(  32.9640 2911 fo3al 0.51979]  55.6993 57.04
T10C3 11,2125  35.8278 31.06f |L13A-2 9.67749 54.3446 56.99
L9A-2 8.25478|  29.7283 26.61 |L13A3 9.61024 58.7566 58.44
L9B-1 7.75658  29.4582 2734 |L13B1 10.1493 57.4629 57.98
L9B-2 8.98492(  29.3978 26.08] |L13B-2 9.63383 60.2450 60.15
L9B-3 7.33329 30.0813 26.66 L13B-3 10.9418 60.7908 58.52
L9C-1 8.40262 29.2931 27.13 L13C-1 8.84236 56.4671 49.67
L9C-2 7.92406 30.3379 28.39 L13C-2 5.23830 48.8929 46.24
L9C-3 a62010 302516 27.76| [L13C3 5.88919 53.8750 48.83
DAL 9.15846] 310597 >701] [P13A1 8.32731 50.4739 48.54
DOB-1 101963 301651 2763  [P13A2 10.7854 54,7412 49.02
D13A-3 9.12628 61.8135 51.07
D9B-2 8.64551) 303408 26.92 D13B-1 8.75483 49,6693 50.98
e 8.26009|  31.7674 28.061  [y3p2 10.8171 53.2843 50.28
D10C-2 9.91323] 345113 277 |p138-3 8.46637|  62.5542 53.47
D14C-1 8.60992 53.5493 49.04
D14C-2 10.7454 58.0253 47.01
D14C-3 9.22768 60.6965 52.34

Table 4.6: Tear-out results: maximum force

Force [kN]
5 8 8 &8 8 383 3 8 8

o

0 5 10 15 20 25 30
Deformation [mm]

——T10B-2 ——I19A-3 —L13A4

Figure 4.10: Force-deformation curves tear-out with large end distances

Table 4.7: Large end distances e3 and their maximum force

Thickness | Sample name | End distance e; [Mm] | Frax, experiment [KN] | Fmax, theory [KN]
Thin T10B-2 35.5 57.56 57.84
Thin L9A-3 45.8 58.78 55.66
Thick L13A-4 30.2 77.38 86.05
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Summary results tear-out tests

The results of the tear-out tests are force-deformation curves. The maximum force of these
curves differs due to the printing direction compared to the applied force, the end distance ej
and the effective thickness of the plate. The ultimate tensile strength of the as-printed tear-out
plates depends on the printing direction and deviates from the milled tensile coupons.

The model of Kamtekar is used to calculate the end distance e; for the engineering method for
the maximum tear-out force F.,... The maximum experimental tear-out values are displayed,
together with the theoretical and the ultimate deformation.

The three results of the large end distances are shown separately from the small end distances.




Analysis of results

5.1. Analysis tensile test results

In this section the results of the tensile coupon tests will be analysed; the results will be compared and
the reasons for the behaviour of the WAAM carbon steel will be described. An effective thickness is
derived by taking the results of the milled specimens as the basis.

5.1.1. Analysis stress-strain diagram results

The stress-strain diagrams that resulted from the tensile coupon tests follow the same trend as con-
ventionally produced carbon steel; it starts with a linear elastic part, then a pronounced yield plateau
can be seen, whereafter the strain hardening starts and the plastic deformation with the increase and
then decrease in stress after the ultimate stress is reached until failure of the cross section. This
development can be seen in figure 5.1.

The upper yield stress of every specimen is determined as follows: the peak after the linear elastic
part in the stress-strain curve, so the upper yield point after which a decrease in stress can be seen,
is taken as the upper yield stress and noted as f,. Not all specimens have such a clear peak, as can
be seen in section 4.2 and figure 4.2b. The longitudinal had a distinguishable peak and the diagonal
specimens had a gently decreasing slope. The highest point of this part of the curve was taken as yield
strength. For the transversal specimens a very round transition from the linear elastic to the yielding
part was observed. The value after the linear elastic part was taken where the increase in value was
close to zero.

The ultimate tensile stress is determined by noting the highest stress f,, in the region where plastic
deformation occurs, which is also the highest overall stress. As the engineering stress is measured
and not the true stress, there is a decrease in stress after the highest point f,.

From the linear elastic part of the stress-strain curve, the Young’s modulus E can be resolved by
equation 5.1. The lower and upper part of the linear curve are not taken into account, as some irregular
parts are measured at the beginning and end of this curve. As an example the graph of figure E.2b is
taken; the Young’s modulus is determined by a line at the stress part between 50 and 300 M Pa. The
a in the equation for this line y = ax + b indicates the value for the Young’s modulus, as this is the
inclination of the line.

E== (5.1)
£

The amount of deformation is expressed on the x-axis, as is explained in section 4.2.1. In figure
5.1 this is indicated with a 6.

The results of the extra tensile tests are compared to the tests that were performed earlier; graphs
are shown in figure 4.4a and 4.4b. They show good agreement.

The deformation capacity (strain at rupture) of the extra samples is more scattered than was the
case for the first tests.
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Figure 5.1: General stress-strain diagram with yield plateau [28]

5.1.2. Analysis milled versus as-printed results
As can be seen in the boxplots in figures 4.5, 4.6 and 4.7 the yield, ultimate tensile strength and Young’s

modulus are higher for the milled samples than for the as-printed, except for the Young’s modulus of
the thin samples. This can be due to the surface roughness, as the surface of the milled specimens
is smooth; no waviness can be seen by the naked eye, so the whole area is used to distribute the
applied force. In contrary to the as-printed samples; the outer area for the force distribution exists of
wavy parts, that are partly used, so the force is not distributed optimally.

Another fact can be noticed; the yield and ultimate tensile strength are higher for the thinner spec-
imens. This can be caused by the high surface roughness for the thick specimens, compared to the
thinner specimens.

This is not the only reason for the difference in strength, as this difference is also seen in the milled
coupon results. The printing parameters also have an influence. When the travel speed is high and/or
when the wire speed is low, low arc power is needed and a small amount of material is deposited. This
means that the object is cooling down quite fast, as there is less heat that needs to travel from the

molten pool into the object and down to the substrate. The smaller the heat input, the finer the grains
of the microstructure and the more the hardness increases [73]. A high hardness value causes a lower
ductility, so a more brittle fracture. More on this subject can be read in section 2.3.2.

Therefore the thicker specimens are expected to be more brittle than the thin samples. The ductility
is expressed in the amount of strain which is shown in percentage in the stress-strain diagrams. When
comparing the thin as-printed curves F.1 with the thick curves F.2, it can be seen that the ultimate
strain (¢,), so the strain at ultimate tensile strength f,, for the thin samples is equally spread around
17 &+ 5%. For the thick milled samples however, this spread is not that even: 19 + 12%. This is due to
the transversal specimens that have a significantly lower ultimate strain ¢,, than the longitudinal and
diagonal samples. This last observation also holds for the as-printed specimens.

This could be due to the fact that the transversal welds are more susceptible to strains. Only one
weld bead, which is also a short bead, needs to be the weakest in order to let the whole specimen
collapse. The welds of the longitudinal samples "cooperate"; they are parallel to the direction of the

force. A weak weld in this specimen does not cause a total failure.
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It can be stated that all tests, thin, thick, milled and as-printed, fulfil the ductility requirements in
equations 4.2, 4.3 and 4.4, as explained in section 4.2.7.

5.1.3. Minimum thickness analysis and roughness indication
As explained before; the roughness of the specimens has an influence on the strength of the carbon
steel. The yield strength of a sample that consists of weld beads on top of each other is lower when
compared to only one weld bead made of the same rod. In Appendix A a yield strength of at least
460 N/mm? is one of the mechanical properties of the as-welded rod. This low value for the yield
strength is explained in section 2.3.2 by the microstructural influence.

This observation means that another value for the design calculations of WAAM low carbon steel
must be used. A reduction factor is a way to incorporate this decreased strength of the material.

Figure 5.2: Dimensions of thickness for calculations
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Figure 5.3: Stress strain curves for thin as-printed t,,,,, milled and as-printed t,.4 specimens

When the surface roughness of the as-printed specimens is eliminated, as is done by milling, higher
stress values are found. Those values are lower than a single weld by the same material, Carbofil 1A.
A second check is done on the influence of the roughness by not only comparing the stress-strain
diagrams of the milled with the as-printed specimens, but also by using a the minimum thickness t¢,,,;,,
of the as-printed specimens. How ¢,,;, is calculated can be found in equation 5.2. ¢,,, is measured
by the Archimedes’ principle, about which can be read in section 3.4.1. t,,,, is measured by a calliper,
this is an average value of the maximum thicknesses. These two outcomes mean that the printing
process produces a material of weld beads that has irregularities and imperfections.

When the minimum thickness t,,;, is used to calculate the stress of the as-printed tensile coupons,
instead of the average thickness ¢,,,, an increase in stress can be seen, as the area reduces (equa-
tion 3.7). These values of the stress are even higher than the values of the milled specimens for
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the transversal T' and longitudinal L specimens, as can be seen in figure 5.3. For the diagonal D
specimens the milled curve is similar to the curve of ¢,,;,.

tmin = tavg — At (5.2)
At = Aty + Aty = tomas — tang (5.3)
_ lavg (5.4)

KAt

So, not only a reduction of the material strength due to the roughness by the limited effective
thickness must be taken into account, but the strength must also be reduced due to the material built-
up; layer by layer, that causes a surface roughness.

This is the reason that in the next section (5.1.4) an effective thickness is determined, that takes
into account the surface roughness and difference in strength for multiple types of specimens.

To have an idea about the difference in surface roughness between the thin and thick specimens,
a roughness indication is given in tables 5.1 and 5.2. More in-depth theory on the surface roughness
is explained in section 2.4.3. At calculated according to equation 5.3. In appendix G the full tables
are shown; the standard deviation o, coefficient of variation V' and Standard Error of the Mean (SEM)
of At are determined. In tables 5.1 and 5.2 the mean value of At, the average thickness ¢,,, and in
the last column ¢ is shown; the mean value of At as a function of the average thickness, according to
equation 5.4.

It can be seen that the roughness for the thick specimens is bigger than for the thin specimens,
as was expected. Even if the thickness is eliminated, so when ( is regarded, a higher value for the
thick samples is found. No conclusion can be drawn from the different factors for the three printing
directions, as the variation is not constant between the two thicknesses.

Table 5.1: Thickness variation for roughness indication thin specimens

Printing fiat [mm] tavg [mm] q8

direction

Transversal 0.331 2.64 0.125

Longitudinal 0.392 2.63 0.149
0.272 3.03 0.0898

Table 5.2: Thickness variation for roughness indication thick specimens

Printing fiat [mm] tavg [mm] qg

direction

Transversal 1.28 5.890 0.218

Longitudinal 1.11 5.936 0.187
1.09 6.013 0.181

5.1.4. Effective thickness and reduction factor determination
There is a difference in effective cross-sectional area between the milled and as-printed samples. This
is caused by the surface roughness of the as-printed specimens. For the milled samples the area
is determined easily, where for the as-printed, this is difficult due to the irregular surface. Therefore,
the milled samples are taken as base for the determination of the effective thickness of the as-printed
samples.

Equation 3.7 for stress is taken as origin to determine the effective thickness t. s in equation 5.5.

Fmaw,as —printed

ters = (5.5)
</ fu,milled Was—printed
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An effective thickness is determined for the three different directions of the welds and for the two
different thicknesses; see table 5.3 for the thin and table 5.4 for the thick specimens. The values for
Fraz as—printed> Was—printed AN fo, miniea are the average values of the tests. For the as-printed values,

this consists of five results and for the milled of three, as this was the amount of samples tested.

Table 5.3: Effective thickness t.;; thin specimens

Printing I:max, as-printed Was-printed [mm] fu, milled [MPa] teff [mm]

direction [kN]

Transversal 14.63 12.57 511 2.28

Longitudinal 14.82 12.47 499 2.38
17.29 12.56 484 2.84

Table 5.4: Effective thickness ¢,y thick specimens

Printing I:max, as-printed Was-printed [mm] fu, milled [MPa] tert [mm]

direction [kN]

Transversal 29.84 12.57 466 5.05

Longitudinal 31.55 12.31 463 5.54
30.76 12.56 468 5.28

An adequate analysis on the effective thickness of the different specimens can be performed when
this is compared with the average thickness, measured by the Archimedes’ principle, on which every-
thing is explained in section 3.4.1. This is due to the fact that not all samples have the same thickness.
This can be seen in the last column of table 5.3; the effective thickness of the diagonal sample is 20%
higher than the other two. The average thickness of these samples is also 20% higher, as can be seen

in table 5.5.

The number for the difference between the effective and average thickness, shown in the last
column of these tables (5.5 and 5.6), can also be regarded as a reduction factor; the reduction in
thickness that has to be made when the effective thickness is considered instead of the measured
average thickness. With the comparison made in tables 5.5 and 5.6 the following can be concluded:

I The thicker the specimen, the bigger the reduction factor, due to the high surface roughness.

Il The transversal specimens have the larger reduction in thickness, then the 45 ° and lastly the
longitudinal specimens. This is the same sequence as the surface roughness for the different

printing directions; the transversal specimens have the largest surface roughness.

[ll The longitudinal specimens have the same reduction factor for the two different thicknesses. A
reason can be that they have the smallest surface roughness of the three printing directions.

Table 5.5: Effective and average thickness thin specimens

Printing ters [Mm] taverage, as-printed t difference [%] Reduction
direction [mm] factor [-]
Transversal 2.28 2.51 9.51 0.90
Longitudinal 2.38 2.52 5.42 0.95

2.84 3.06 7.29 0.93

The reduction factors are used to determine the effective thicknesses of the tear-out plates, as
those have another thickness than the tensile coupons, as they originate from other printed objects.
To determine the tear-out strength, as is done in section 5.3, this effective thickness is needed for the
calculation, as well as the ultimate strength f,,. This is now the same for the milled as for the as-printed

specimens.
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Table 5.6: Effective and average thickness thick specimens

Printing ters [Mm] taverage, as-printed t difference [%)] Reduction
direction [mm] factor [-]
Transversal 5.05 5.83 14.1 0.86
Longitudinal 5.54 5.88 5.92 0.94
Diagonal 45° 5.23 6.01 13.8 0.86

5.1.5. Analysis stress drop at failure

A sudden drop in stress can be seen when the specimen fails, at the stress-strain diagrams of the
milled samples in the figures in appendix F, especially the curves in figure F.2b. This sudden drop
caused by the failure of the whole cross section. When a more gradual line is seen, the specimens
cross section is failing part by part; at some spots the upper part stays connected with the lower part,
most of the time this involves the edges. As the as-printed specimens decrease gradually after failure
and the milled do not, in particular for the thick samples, this indicates that a high surface roughness
has an influence on this behaviour.

The thicker the weld beads, the thicker the local cross section, so the more force and therefore the
more stress can be applied on this cross sectional spot in a later stadium, such as after failure, but
before the whole specimen collapses. Necking before failure happens more visibly at the longitudinal
specimens, as they have a larger elongation before failure for example.

The displayed stress-strain curves are the engineering curves. This means that in practice, the
material fails differently; when the maximum stress is reached. The tests are displacement-controlled,
so the displacement is constant during testing. A structure or connection failure is force-driven in
reality. So, these engineering curves with their sudden drop are for designing purposes only.

5.1.6. Results DIC tensile specimens
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Figure 5.4: DIC image milled longitudinal tensile coupon: major strains

In section 3.5.4 the purpose of Digital Image Correlation is explained. In this section the milled
WAAM tensile coupons are compared with the as-printed. As can be seen in figure 3.2 two as-printed
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tensile samples per printing direction are measured by DIC; these are orange coloured.

In figure 5.4 the major strain development in a milled longitudinal tensile coupon can be seen. The
scale indicates the strain in percentage. The force is applied in horizontal direction, so parallel to the
printing direction. The strains develop perpendicular to the direction of the welds.

Two small areas are left out of the analysis. This is due to the clamps of the extensometer, combined
with their shadows caused by the flash that was needed for clear and accurate photos. In this way
the small black dots could be easily distinguished from the white background by the GOM correlate
software.

Halfway the test, the strains are displayed in figure 5.4b and the development is at an angle of 45°.
This is due to the shear forces, as explained in the section concerning the microstructural behaviour;
in the part about slip 2.3.2. The red dot in the lower part of the specimen indicates high strains. The
specimen will fail in between the two strain concentrations (red spots), seen in figure 5.4a. A rolled
carbon steel specimen shows a very homogeneous strain distribution, with only maximum strains at
the spot where failure will occur.

In figure 5.5 a longitudinal as-printed tensile coupon is seen. The spots indicate typical local strains
on the surface of the welds. The as-printed tensile coupons show different DIC results from the milled.
The original idea was to localise the strains and the failure area which could be compared to the 3D
scans that were made. More on 3D scanning can be read in section 3.4.2 and some scans can be
seen in section 5.2.1. Via the 3D scans one could see if the sample failed in a spot where the thickness
was minimal. If this hypothesis would not hold, an irregularity might have been the cause for the failure
location. The made 3D scans were not sufficient for this analysis, so the DIC data can be used for
follow-up research.

The difference in results of the milled and as-printed tensile coupons showed that the as-printed
DIC results are not usable, because the as-printed do not display the strains correctly. Therefore, the
DIC results of the as-printed tear-out specimens are not further analysed than in appendix K.2. A
manner to overcome this problem is to mill the tear-out specimens when DIC is used.

Distance L11c as-printed LO=50mm
X +0.645mm

Figure 5.5: DIC image as-printed longitudinal tensile coupon: major strains

Three specimens, of all three printing directions, are displayed in figure 5.6 to compare the dis-
placements measured by the extensometer (more on this can be read in section 3.5.3) and DIC. The
time is in seconds, as the photo count of the DIC was also calculated in seconds. The y-axis shows
the strain, according to equation 3.8; for the extensometer the initial length L, equals 50mm and for
the DIC this is a value of 50 + 2mm, depending on the measured length inserted in GOM correlate. As
can be seen, the dashed DIC curves have a good fit with the continuous extensometer curves.
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Figure 5.6: Comparison DIC with extensometer results of thin as-printed specimens

Summary analysis results tensile tests

The stress-strain curves of the tensile tests are very similar to the stress-strain curves of con-
ventionally produced carbon steel. A high ductility is observed; ultimate strains ¢, with an av-
erage of 17% for the milled samples. Furthermore, the printing direction has a small influence
on the strength of the WAAM steel. The surface roughness has an influence on the strength as
well. This effect is bigger when the printed plate is thicker.

Reduction factors are determined via effective thickness computations to make proper design
calculations for as-printed carbon steel objects; for thin and thick plates and for the three printing
directions. The results of the milled tensile coupons are taken as the basis for this determina-
tion.

The DIC results have good agreement with the extensometer results. However, the strain de-
velopments that are observed via DIC of the as-printed tensile coupons differ from the milled
samples; very local strains on the irregular surface are detected as spots. Therefore, the DIC
results are not further evaluated.
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5.2. Analysis 3D scans

To make an analysis of the surface roughness, 3D scans are made with the Artec Spider hand scanner.
More on this scanning method can be read in section 3.4.2. A scan of one of the plates for the tear-
out test can be seen in figure 5.72; this is a thick plate with the welds horizontally, so in transversal
direction.

5.2.1. 3D scan analysis for roughness different printed thick objects

The tear-out specimens were cut out of other printed objects than the tensile coupons, as can be seen
in figures 3.2, 3.3, 3.4 and 3.5. The same print process parameters were used to make the thick objects
and the thin objects. However, the surface roughness might differ, so this is studied by comparing the
3D scans of thick samples.

The material properties that were discovered by doing the tensile tests, as can be read in section
5.1, are needed for the analysis of the tear-out tests, specifically the ultimate strength f, and the
effective thickness ..

In 3.4.2 it can be read how sections in the sample are made. The perimeter is calculated by the
Artec Studio software by the x-, y- and z-coordinates of the sections. In figure 5.7 the tear-out plate
and tensile coupon can be seen with their transversal sections, so parallel to the printing direction. The
mean perimeter P,,..., is calculated with these 40 sections.

To be able to compare the two plates, the width w,, that includes the surface roughness, so all the
highs and lows, is determined by equation 5.6. This width wy, is different from the average width w,
measured by the calliper. The average thickness ¢,,4, obtained by the Archimedes principle (section
3.4.1), is used. The wy, differs for both plates; for the tear-out the value very near the value of w of the
tear-out sample; 65 mm. And for the tensile coupon this is 12.6 mm.

Prean = 2tavg + 2wy (56)

This difference in length is compensated by the width factor, as can be seen in table 5.7 in the
fourth column; the wider the section of the tear-out sample wiear—out.mean, the higher this factor. The
width of the tensile specimen wiepsite,mean Was for every sample around 12 mm, as can be seen in the
third column.

Weensile,mean 1S Multiplied by the width factor, so a new width of the tensile coupon is obtained. This
new width is compared with wieqr—out,mean @nd the last column of table 5.7 is calculated; the difference
in surface roughness between the samples that originate from different printed objects.

This calculation is also done for the other two printing directions; longitudinal and diagonal (45°).
For the first three comparisons in table 5.7 the same tear-out plate is used. Only different perimeter
lines are drawn, as can be seen in figure 5.8a and 5.8b. The last result, called "Diagonal 2 45", is
a different plate (figure 5.8c), where the welds itself are under an angle of 45°, instead of the drawn
perimeter lines.

The deviation in roughness of the samples from different objects, as can be seen in the last column
of table 5.7, has a maximum of 8%, which is significantly low, that it can be stated that the different
printed objects have the same roughness. This means that the same reduction factor, as calculated by
the tensile coupon tests (section 5.1.4), can be applied for the determination of the effective thickness
for the tear-out samples.

Table 5.7: Roughness different printed objects

Printing Wiear-out, mean Wiensile, mean Width factor [-] Deviation
direction [mm] [mm] roughness
objects [%]
Transversal 64.88 11.88 5.193 4916
Longitudinal 206.3 12.61 15.84 3.236
96.23 12.03 7.356 8.035
62.28 12.03 5177 5.327
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(a) Tear-out plate (b) Tensile coupon

Figure 5.7: 3D scans with sections to measure perimeter of transversal plates

5.2.2. 3D scan analysis for surface roughness determination

A surface roughness could be determined by the 3D scans. This appeared a more difficult than ex-
pected. Especially with the limited amount of scans that was made. A better indication on the surface
roughness is given by the effective thickness, as is determined in section 5.1.4. The difference in av-
erage and effective thickness is a indication of the surface roughness, as can be read in last part of
section 5.1.4.

In practice, the determination of the thickness, average, maximum, minimum or effective, is difficult,
due to the surface roughness. One of the methods is 3D scanning, others are taking measurements
of the surface by a profilometer or using a Scanning Electron Miscroscope (SEM). When 3D scanning,
measurements can be done, such as perimeter (as in section 5.2.1) or area measurements by taking
sections of the scanned sample.

A profilometer uses a stylus or laser to measure the profile of the surface. The average roughness
profile R, can be measured by equation 5.7. The unit of R, is um and it classifies the surface of
objects of the same material that are produced similarly [20].
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Figure 5.8: 3D scans of tear-out plates with sections to measure perimeter
1 n
R, = - Z|yz| (5.7)
=1

Where:
n = number of measurements

y; = measured height
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Summary analysis results 3D scans

The reduction factor, calculated by the effective thickness determination from the tensile
coupons tests, can also be applied on the tear-out samples to determine their effective thick-
ness. The 3D scan analysis pointed out that the roughness of the different printed objects was
similar. Thus, the obtained reduction factors for the effective thickness can be also applied to
the tear-out samples.

5.3. Analysis tear-out tests

In this section the results of the tear-out tests are analysed; mutually, so the three printing directions
and the two thicknesses are compared. This is done by normalisation. The bolt and pin tests are
combined and a statistical evaluation is done to come up with a design factor ~.

5.3.1. Normalisation tear-out tests
The outcome of the tear-out tests are force-displacement curves, as can be seen in chapter 4, section
4.3. In order to compare the outcomes of the tests, normalised curves are made, to eliminate the
variables.

The force and the deformation are normalised, as can be seen in equation 5.8 and 5.10. The
equation for the normalised force comes from the shear planes as shown in figure 2.13. According to
Huber-Hancky, equation 5.9 holds, when normal stresses are set to zero.

Fmeasure
7;1 (5.8)
2efs 3

Fnormalised =

_Ju
V3

Tu

Where:

Frneasurea = FOrce measured by the Instron machine [N]

taverage = Thickness measured by the Archimedes’ principle [mm]

es = End distance [mm]

fu = Ultimate strength [MPa]; material property determined by milled tensile coupon tests
T, = Shear stress [MPa]

5measure
§normalised = Td (510)

Where:
Omeasurea = Deformation measured
d = Diameter of the bolt or pin [mm] = 16

In appendix J the normalised graphs for the tear-out failure can be seen.

For both thicknesses and connection types, bolted and pinned, it can be said that the transversal
specimens T' can resist the highest force. The longitudinal samples are weakest, compared to the
transversal and diagonal. This can be seen in the normalised graphs (in appendix J); the normalised
force on the y-axis is lowest for the longitudinal samples.

This distinction in maximum force can be explained as follows: the welds of the transversal speci-
mens are cooperating. All the welds are pressed together and act as one. Whereas the welds of the
opposite, the longitudinal specimen, are not collaborating; when a weak weld is discovered near the
shear plane underneath the bolt or pin, the connection is likely to fail in this spot. Another reason could
be that the longitudinal specimen fails at one of the valleys in between the welds, as the shear surface
is limited in this area. Pictures of failed transversal and longitudinal plates can be seen in 5.9.
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(a) Transversal pin (b) Longitudinal bolt

Figure 5.9: Tear-out failure thin plates

5.3.2. Tear-out experiments; bolt and pin agreement

Normally, when tear-out tests are performed, a bolted connection is used. This time, not only bolted,
but also pinned connections are used, for reasons named in section 3.6.1. As little is known on the
behaviour of pinned connections, a comparison of these results with the tear-out results of bolts is
made when the diagrams are normalised, as explained in section 5.3.1. No significant difference can
be seen in the curves between the pinned and bolted connection, as can be seen in the diagrams in
appendix J; the continuous curves indicate the bolted connections and the dashed the pinned.

In the tables in appendix H.2 or table 5.8, where the summarised values are displayed, the bolted
connection results are compared with the pinned. A maximum difference A of 5.34% is seen. This is
a positive value, so the mean normalised force of the bolted connection is higher than the pinned. The
bolted connection is namely taken as the basis, as tear-out tests are normally performed with bolts
instead of pins.

The nut of the bolt was not tightened such that a large force was applied on the three plates, in
order to exclude the friction forces. This is a reason that the bolted connection was very similar to
the pinned, as was intended. The small differences A indicate that the results of bolted and pinned
connection can be regarded similarly and are therefore displayed in the same diagram.

Table 5.8: Bolt pin agreement

Printing direction A thin bolt | A thick bolt
versus pin [%] | versus pin [%]

Transversal 4.65 5.34

Longitudinal -1.81 -2.81

Diagonal 45° 1.16 -1.09

5.3.3. Statistical evaluation tear-out tests

The maximum force of the experiment F,. of every tear-out sample is compared with the expected
outcome, according to the theory, for the maximum force F;. F. is measured by the tensile testing
machine and F; is calculated by equation 4.5. The values of the tear-out test samples can be found in
appendix H.

To visualise the deviation of the experimental from the theoretical results, diagrams with F; on the
x-axis and F, on the y-axis are plotted. When these results would be exactly the same, they would lie
in the middle; on the dashed line with an angle of 45°to the origin.

The following equations are used to calculate the deviation b of the experimental from the theoretical
results [49].
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(5.11)

(5.12)

b in equation 5.12 is more than 1 for every tested type (thin, thick, transversal, longitudinal, di-
agonal), as is displayed in table 5.9, which means that the used model, according to the theory, is
conservative, compared to the experimental tests. In the graphs in figure 5.10 and 5.11 this can be
seen by the fact that the majority of the results is above the 45° dashed line. A slightly conservative
model means that it is on the safe side, which is desired.
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Table 5.9: Deviation b

Printing Thickness b
direction
Transversal 1.12
Longitudinal thin 1.10
Diagonal 45° 1.13
Transversal 1.16
Longitudinal thick 1.03
Diagonal 45° 1.12
e indicates bolted connections in figure 5.10 and 5.11
o indicates pinned connections in figure 5.10 and 5.11
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Figure 5.11: Thick tear-out theoretical versus experimental results. e indicates bolted and o pinned connections
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The theory-experiment plots of rolled carbon steel, when the same model is used to calculate the
end distance ez, show similar results, as shown in figure 5.12. The data of figures 5.10 and 5.11 is
also plotted in this graph. It should be noted that the values of van Looveren seem to be more spread
than the results of this research, of Kotteman. This is only due to the larger tear-out strengths that are
obtained by van Looveren; when zooming in on the results of Kotteman, as in figures 5.10 and 5.11,
an ostensibly larger spread is observed. The conformity between WAAM and rolled carbon steel might
indicate that the used end distance in the model is still too conservative, as the Eurocode is even more
conservative with its used end distance e;.
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Figure 5.12: Experimental results compared with theoretical rolled carbon steel van Looveren [63] and WAAM carbon steel
Kotteman

Not only the graphs show the level of agreement of the used model for the theoretical result with
the experimental result, but factor b is also an indication. b has a value higher than 1, so the model
for the tear-out strength is conservative. Another reason for this conservativeness might be that the
assumption of the stresses that occur when the load is applied to the bolt or the pin are just shear

stresses T, is incorrect. It might be that other stresses occur as well, as normal stresses o, according
to Von Mises equation 5.13.

Jy = Vo?+ 372 (5.13)

It is assumed that the effective thickness t.;¢ and the ultimate tensile strength f,, are constant, as
a reduction factor is applied to determine t. ¢, as can be read in section 5.1.4, and f,, is determined by
the milled tensile coupons. The correction that must be taken into account for the tear-out model equals
b in table 5.9. From this table it can be seen that an average b of 1.1 for all specimens can be taken.
The maximum theoretical tear-out force, according to the engineering model, Ficqr—ou: (€Quation 4.5),
must be multiplied by this modification factor of 1.1 to obtain a value for the maximum tear-out force

that is closer to the experimental value. This factor increases the values of the variables t¢.;¢, f, and
€3.
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Design factor vy tear-out

The next step, when the diagrams of figures 5.10 and 5.11 are made, is to calculate the design factor
~ with equation 5.18, which indicates the spread in tear-out results of the variables ¢.;¢, f, and es in
the tear-out model. The values for ¢ are shown in equation 5.14, 5.15, 5.16 and 5.17. The equations
3.4, 3.5 and 3.6 also hold for the calculation of the mean values i and Coefficient of Variation V' of the
effective thickness ¢.;¢, end distance e; and ultimate tensile strength f,. The values can be found in
appendix H.
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%= IE 5.14
bF; ; ( )
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s (5.15)
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R\ PP .
Vs = = s (5.17)
s
R 2teyy e3 %
' gm B (5.18)
d b/-lteff Hes /Jf”(l_aRB\/Vthff"_Ve%"‘VfQu‘i‘Vg)
Where:
ar=0.8
3 =3.8 (RC2)

The reliability class (RC) of a building determines the factor 5. Here, RC2 is assumed [8].

For the nominal values of t.sf, e3 and f, in the numerator of equation 5.18, the mean values
are taken. The outcome of the design factors for every printing direction and the two thicknesses is
displayed in table 5.10.

Table 5.10: Design factor v

Printing Thickness Y

direction

Transversal 1.09

Longitudinal thin 1.03
1.07

Transversal 1.29

Longitudinal thick 1.54
1.21

A larger design factor ~ is seen for the thick than for the thin specimens. This is caused by a large
spread in results, probably due to the larger surface roughness. It is concluded that the number of
tested specimens is too low to have a good evaluation of the results for ~.

5.3.4. Large end distances bolted connections

49 connection tests are performed with bolts and pins, of which 45 have an end distance e; of 1.2dj.
The remaining tests are performed on plates with a larger end distances of 2.0d, to 2.2d,, as can be
read in section 4.3.2. The results can be found in figure 5.12 and in the tables in appendix H in the
light grey highlighted rows. It can be seen in these tables that the factor b;, according to equation 5.11
for these samples is very close to the b in equation 5.12. Especially the thin samples have a value for
b; that is closer to the value of 1 than the other samples with the smaller end distances.
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The failure mode of the specimens with the large end distances is bearing, instead of tear-out, as
can be seen in figure 5.13. However, the used model appears to be reliable for this bearing failure of
WAAM low carbon steel as well.

It should be mentioned that out-of-plane deformation is likely to occur when large end distances are
applied, so a bolted connection set-up is more suitable, as the side plates are solid and out-of plane
deformation is restrained. This in contrast to when a pinned connection set-up, applied in favour of the
DIC, with side plates with holes, as in figure 3.17b, would be used.

Figure 5.13: Bearing failure of bolted connection with large end distance

5.3.5. Fracture lines tear-out specimens

The fracture line of the tear-out specimens after failure might be different for the three printing direc-
tions, as the welds of the transversal samples are pressed together and the welds of the longitudinal
are pushed away from each other as can be seen in figure 5.9. This can be a measure of anisotropy.
The fracture lines were measured with a calliper. They appeared not to be straight, so not perpendic-
ular to the load direction, as can be seen in a transversal thick sample in figure 5.14. The start of the
failure in the bolt hole is diagonal and the direction of the shear face continued to be perpendicular
either. The reason might be that not only shear stresses appear, but also tensile stresses. A typical
tensile fracture line can be seen in figure L.1. The fracture line depends on the end distance e3, so
this dependence must be eliminated by dividing the ez by the fracture line length L, as can be seen
in equation 5.19.

= (5.19)

The results of this analysis are displayed in tables 5.11 and 5.12. In appendix L the measurements
and results per specimen can be seen. From table 5.11 it can be concluded that the differences in
factor ¢ are small between the different printing directions. The differences with table 5.12 are not
consistent per direction either. Therefore, no conclusion can be drawn from these results.

Table 5.11: Fracture line length thin tear-out specimens

Printing L¢ [mm] ¢ SEM [-]
direction

Transversal 10.9 1.64 0.0563
Longitudinal 9.86 1.75 0.0705
Diagonal 45° 11.5 1.58 0.100
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A

Figure 5.14: Fracture line thick transversal tear-out specimen

Table 5.12: Fracture line length thick tear-out specimens

Printing Ls [mm] ¢ SEM [-]
direction

Transversal 9.94 1.72 0.0676
Longitudinal 11.7 1.60 0.0465
Diagonal 45° 11.2 1.63 0.0630

Summary analysis results tear-out tests

The normalised force-displacement graphs of the tear-out tests point out that the transversal
specimens resist the highest forces and the longitudinal the lowest. This can be due to "coop-
eration" of the welds, which is best for the transversal samples.

No significant difference in the results of the bolted versus the pinned connections is observed,
so these are combined.

The statistical evaluation of the tear-out tests shows that the used model is slightly conservative,
compared to the experimental outcome. However, the results are similar to conventionally
produced carbon steel.

A modification factor b = 1.1 is produced for the tear-out behaviour of WAAM low carbon steel,
that needs to be multiplied with the theoretical maximum tear-out force from the used model
Fmaaz,tear—out = 2teff €3 ‘\/L%

The same model used for tear-out might also be applicable for bearing failure, so when large
end distances are used.




Conclusions

6.1. Answer main research question
The following main research question was formulated:

'What are the design rules that need to be determined to assess the tear-out strength of a bolt or pin
in a wire and arc additively manufactured carbon steel plate?’

A general answer can be given on this question, based on the literature study and the obtained exper-
imental results on WAAM low carbon steel:

The tear-out strength of a single bolt or pin in a WAAM low carbon steel plate is dependent on material
properties, as ultimate tensile strength and effective thickness, that both include the inhomogeneities
of the material. It also depends on geometric properties, as end distance, bolt or pin and hole diameter
and printing direction compared to the direction of the applied force.

6.1.1. Conclusions elaborated
In this section a more elaborated answer on the main research question is given by answering the sub
questions, stated in section 1.3.

The following conclusions regarding the material properties are drawn from experiments on milled
tensile coupons, as the surface roughness was eliminated and accurate cross-sectional measurements
were possible. These outcomes were compared with the as-printed experimental results.

* The yield strength f, of the milled thin specimens, with an intended as-printed thickness of 3
mm, is very similar for the three printing directions; an average of 403 MPa + 3% was reached.
The yield strength f, of the milled thick diagonal 45° specimens, with an intended as-printed
thickness of 6 mm, is highest; 359 MPa. The average of the thick samples was 334 MPa + 7%,
which is a lower strength than for the thin specimens. A cause might be the difference in printing
process parameters between the two thicknesses. These average yield strength values are low,
compared to the low carbon wire material properties, where a minimum value of 460 MPa is
obtained normally. For the thin samples there is a difference of 12% and for the thick 27%;

» The ultimate tensile strength f,, of the milled thin specimens is very similar as well for the three
printing directions; an average of 498 MPa + 3% was reached. For the milled thick specimens
this also holds; an average of 466 MPa + 1% was observed. Like the yield strength, the thin
specimens have a higher value. For the longitudinal as-printed samples, so when the applied
force acts parallel to the printing direction, the highest yield and ultimate tensile strength is ob-
served for both the thin and thick specimens. This is probably due to the difference in surface
roughness. For design purposes, the material anisotropy, which is the difference in strength
observed for the various printing directions, is discounted by the proposed reduction factors;

+ The maximum value for the ultimate strain ¢, of the milled samples is achieved by the thick
specimens; an average of 17% is observed. The deviation from the thin samples is only 1%.
The transversal as-printed specimens have the lowest ultimate strain, when the force is applied

81




82 6. Conclusions

perpendicular to the printing direction. For the longitudinal samples, with the force parallel to
printing direction, this value is highest and the diagonal had an ultimate strain in between. This
has to do with orientation of the welds, compared to the applied force. The transversal specimens
fail at the weakest weld, whereas the welds of the longitudinal sample cooperate, as they are
stretched. Most importantly; the ductility requirements of the Eurocode are met for all printing
directions;

« The Young’s modulus E of all samples, thin, thick and every printing direction, has a value that is
equivalent to conventionally produced carbon steel. An average of 205 GPa with a low standard
deviation of 12% is obtained. E is on average higher for the thick samples; 5%;

+ To account for the inhomogeneous material and its surface roughness, a reduction factor based
on the effective thickness of the milled versus the as-printed experimental coupon results is
proposed. The reduction factor is closest to 1 for the thin longitudinal specimens; 0.95. The
smallest reduction factor belongs to the thick, especially the transversal and diagonal specimens;
0.86. This factor can be used when designing an as-printed object, such as a bolted connection
of WAAM low carbon steel plates.

It can be concluded that, the thicker the specimen, the higher the surface roughness and there-
fore the lower the reduction factor. The factor is highest for the longitudinal samples and lowest
for the transversal. The diagonal specimens have a value in between.

From statistical evaluation the following reduction factors are proposed:

— Thin transversal: 0.90
— Thin longitudinal: 0.95
— Thin diagonal (459): 0.93

— Thick transversal: 0.86
— Thick longitudinal: 0.94
— Thick diagonal (45°): 0.86

The following can be concluded regarding the tear-out strength of single bolts and pins in a WAAM low
carbon steel plate:

+ Single pinned and bolted connections with small end distances e;, with an average of 1.2dy, have
similar tear-out failure behaviour when the bolt does not exert a frictional force on the plates.
The maximum difference A of the normalised force between bolted and pinned connections is
on average 5% for the transversal samples, thin and thick. The longitudinal samples have a
difference of maximum 2.8% and the diagonal are the most consistent with a maximum of 1.2%
difference between the bolted and pinned connections;

» The tear-out strength of a WAAM low carbon steel can be calculated similarly to conventionally
produced carbon steel. However, this conclusion only holds if:

Firstly, the ultimate tensile strength of a milled tensile coupon, which is lower than the material
properties of the carbon steel wire, is known and taken as basis.

Secondly, a reduction factor for the determination of the effective thickness of as-printed samples
is considered, based on the milled tensile coupon tests.

Then, the tear-out model used Faz tear—out = 2tefy €3 \f/g has good agreement with both WAAM

and rolled carbon steel, but is slightly conservative. The Eurocode method is even more conser-
vative;

» A modification factor for the tear-out strength of WAAM carbon steel plates is produced, based
on the deviation of the experimental and theoretical tear-out strength. The tear-out model has to
be multiplied by this modification factor of 1.1 to obtain a more realistic value for the design of
tear-out connections, so a better match with the experimental values is achieved.



Recommendations

In this section the results and conclusions are discussed and recommendations for future research
are given, based on the performed experiments. Also, the relevance of this research as a whole is
discussed:

« The WAAM low carbon steel has a low strength, compared to the material properties of the
carbon steel wire. So, the wire properties are not a guideline for the material properties of the
WAAM carbon steel, due to the influence of the printing process and printing parameters. This
is observed by the lower strength values for the milled thick, compared to the thin samples. An
improvement of the ultimate strength might be achieved by lowering the heat input for example.
Less printing cycles is also an option to improve the strength, as this causes thermal damage of
the microstructure. However, it should be mentioned that a higher strength goes hand in hand
with a lower ductility, which is another important factor when designing steel structures;

« Further research should be undertaken by investigating the microstructure of WAAM low carbon
steel to expand the knowledge of the influence of the grain structure and orientation on the
material properties, as the ultimate tensile strength. By changing printing parameters, such as
the heat input, printing speed or cooling rate, the strength or ductility might increase, which leads
to more favourable properties for a certain structural design;

» The advantages of WAAM low carbon steel over other types of WAAM steel, as stainless, are
the low price and the high ductility. The Young’s modulus of WAAM low carbon steel is consistent
with conventionally produced steel, where experimental results of researches on WAAM stainless
steel (type 308) show significantly lower values for the E-modulus. The only drawbacks of WAAM
carbon steel are the low strength, which can be taken into account easily by reduction factors,
and that the material is susceptible to corrosion. A protective coating is a solution to this last
problem. However, further research on resistance against corrosion of WAAM low carbon steel
is recommended;

+ To determine the material properties, the milled tensile coupons were taken as basis. Only three
coupons were taken for every type of specimen. The standard variation of the material properties,
especially for the Young’s modulus was quite high. When more coupons would be used, a more
realistic value will be the result and it could be checked if a lower spread in results would be
obtained. A lower variation in material properties is observed for the as-printed coupons, where
seven samples were tested;

+ In this study the lower boundary of end distance e; is tested mostly; 1.2dy,. A more elaborate
study must be done on the tear-out of WAAM carbon steel; additional tests must be performed
and more variation in end distances e; must be tested; until the upper boundary 3d,, when
bearing becomes the governing failure mode;
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7. Recommendations

It is suggested to build WAAM connections and structures such that the strongest printing di-
rection corresponds with the direction of the expected force that will be applied. For tear-out
connections this is when the applied force is perpendicular to the printing direction and for pure
tensile connections parallel. This are the first steps in optimising the topology;

The data from the 3D scans of the WAAM samples and from the photos that are made during the
tear-out experiments can be used for more in-depth investigations on the roughness of this ma-
terial. A roughness parameter might be determined that holds for a certain type of WAAM plate,
when the wire material and printing parameters are kept constant. This roughness parameter
can be checked by a 3D scan and determines the effective thickness;

It is recommended to do a Finite Element Analysis (FEA), so the strain distributions in the as-
printed plate of the WAAM tear-out experiments can be compared with rolled carbon steel. This
can give insights in the behaviour of the WAAM material. A good model can be made if the
structure of the irregular surface can be modelled exactly. Best is to perform tear-out experiments
with DIC on milled WAAM plates, so the surface roughness is not of influence on the strain
distributions. This WAAM DIC model can be compared with the FE model and rolled steel tear-
out tests;

In future investigations the use of different printed thicknesses is recommended, to explore the
influence of the printing parameters on the surface roughness and on the strength. When more
roughnesses are investigated, a more accurate conclusion about the design factors might be the
result. A thin material is preferred over a thick material due to the low surface roughness and the
higher yield and ultimate tensile strength. However, a thick WAAM material consisting of several
thin welds might be an option too.
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Appendix wire material Carbofil

o
CARBOFIL 1A OERLIKON

MIG-MAG Wires
C-Mn and low-alloy steels

Carbofil 1A is a copper coated solid wire used with CO2 or mixed Ar/CO2 shiglding gases. Suited for welding a wide range of
siructural steels, earthmoving and construction site work. Suitable for high strength carbon-manganesa steels, types Fe 490
Fe 510.

AWS  AB.18:ER 706-6
EN 440: G 46 3 M G4 5il

see Appendx, Classification Society Approvals, for details pag. 521

Analysis of all-weld metal (Typical values in %)

All-weld metal Mechanical Properties

Gas test: Acc. To EN 430: M21(Arcal 21-Atal 6)
Shielding Gas: Acc. To EN 439: M21{Arcal21-Atal6) or C1{Arcal 2)

Materials
SiPI235 to S(F)460; GP24T; GPZAD

Curent condition and welding position

DC+

aa LR

PA PE PC FF PE
Packaging data: K300 Kg. 16

| Diameters [ o8 [ 10 | 12 | 18 | |

Keep dry and awoid condensation

Figure A.1: Composition Carbofil 1A [50]
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(a) Thin specimens

Average Average Mean

width dry Average thickness t

middle Standard |weight Standard |weight in |Standard |[mm]

part deviation |[g] deviation |water [g] |deviation |Archimedes
T7b 12.49 0.1278 46.19] 0.007071 40.20( 0.007071 175.888
T7c 12.55| 0.07539 45.98] 0.000000 40.03( 0.007071 176.635
T7d 12.52| 0.08124 46.38| 0.007071 40.35( 0.000000 0.000
T7e 12.57] 0.09051 46.03] 0.007071 40.07( 0.000000 0.000
T79 12.70 0.1235 46.66] 0.01414 40.62( 0.007071 174.070
L7a 12.46 0.1016 45.53] 0.000000 39.63| 0.000000 0.000
L7c 12.32 0.1569 46.09] 0.007071 40.11f 0.01414 352.460
L7d 12.49] 0.08288 46.59] 0.007071 40.55( 0.000000 0.000
L7f 12.53| 0.06653 46.13] 0.007071 40.16| 0.007071 176.063
L7g 12.54 0.1063 46.99] 0.007071 40.89| 0.01414 345.738
D8d 12.51] 0.09161 52.68| 0.007071 45.85( 0.01414 308.348
D8e 12.59 0.1360 53.26] 0.007071 46.36| 0.000000 0.000
D8f 12.59 0.1194 53.04| 0.000000 46.16| 0.007071 153.179
D8g 12.56 0.1130 53.06] 0.007071 46.18( 0.007071 153.113
D8h 12.56 0.1129 53.47] 0.007071 46.54| 0.007071 151.929

(b) Thick specimens

Average Average Mean

width dry Average thickness t

middle Standard |weight Standard [weight in |Standard |[mm]

part deviation |[g] deviation |water [g] |deviation |Archimedes
T11lb 12.52 0.1190 108.11| 0.000000 94.12| 0.04950 5.863
Tllc 12.69 0.1079| 107.775| 0.007071 93.87| 0.007071 5.797
T1lld 12.58 0.1610[ 108.555| 0.007071 94.54| 0.01414 5.861
Tlle 12.65 0.0960 107.65| 0.000000 93.78| 0.007071 5.789
Tllg 12.60 0.1334 108.54| 0.000000 94.53] 0.007071 5.858
L1la 12.45 0.1506 106.57| 0.000000 92.82| 0.007071 5.775
L1lc 12.53 0.1816| 110.335| 0.007071 96.05| 0.02121 5.985
L11ld 12.63 0.1716 110.48| 0.000000 96.21| 0.007071 5.959
L11f 12.66 0.1512| 106.705| 0.007071 92.93] 0.01414 5.745
L1llg 12.60 0.1741 109.34| 0.000000 95.19| 0.007071 5.916
D12d 12.56 0.1718| 104.465| 0.007071 90.99| 0.02121 5.991
D12e 12.50 0.1771  105.725| 0.007071 92.09| 0.007071 6.075
D12f 12.54 0.1778 104.36| 0.000000 90.91| 0.007071 5.985
D12g 12.52 0.1540 104.43| 0.000000 90.98| 0.007071 5.987
D12h 12.67 0.1882 105.05| 0.000000 91.50] 0.000000 6.001

Table B.2: As-printed tensile coupon measured dimensions
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Table B.3: Extra specimens
Average Average Mean
width dry Average thickness t
middle Standard |weight Standard |weight in [Standard |[mm]
part deviation |[g] deviation (water [g] |deviation |Archimedes
T9a 12.29 0.1250 54.09] 0.000000 47.08] 0.01414 2.959
L9a 12.28 0.1441 52.53| 0.007071 45.73| 0.007071 2.871
D9a 12.24 0.1170 53.00[ 0.007071 46.13| 0.007071 2.904
T10a 12.25 0.1400 55.00] 0.000000 47.87| 0.007071 3.015
L10a 12.22 0.1110 54.20] 0.000000 47.17| 0.007071 2.976
D10a 12.30 0.1317 55.23] 0.007071 48.08] 0.007071 3.017
T13a 12.32 0.1620 110.76| 0.000000 96.36| 0.007071 6.074
L13a 12.38 0.1671 108.54| 0.000000 94.30| 0.007071 5.995
D13a 12.47 0.1528 111.05| 0.000000 96.59| 0.02121 6.071
T1l4a 12.48 0.2337 110.35| 0.007071 96.08| 0.02121 5.987
L14a 12.45 0.2016 113.21] 0.000000 98.51| 0.007071 6.174
D14a 12.51 0.1975 110.19| 0.000000 95.92| 0.02121 5.983




Appendix overview tensile coupon

results
Table C.1: Milled thin tensile coupon results
Ultimate
Mean Mean width|Yield tensile Young's Ultimate
Weld Sample |thicknesst |w middle [strength |strengthfu |modulus E |[strain €u
direction name [mm] calliper|part [mm] |fy [MPa] [|[MPa] [MPa] [%]
T7a 1.52 12.37| 412.2880 501.9967 205163| 17.08042
T7f 1.50 12.31{ 415.0687|- 202737]-
Transversal [T7h 1.70 12.37| 420.3169 519.3602 183846/ 19.03468
1 1.573 12.351 416 511 197249 18.06
o] 0.1097 0.0323| 4.0772 12.2778 11670 1.382
V 0.06974| 0.002613[ 0.0098 0.0240 0.059 0.0765
L7b 1.65 11.60( 403.7299 492.7076 183179| 13.33626
L7e 1.76 12.34{ 393.5681 502.9201 195623 18.39980
Longitudinal|L7h 1.72 12.43| 401.6472 500.1006 212468| 17.10498
] 1.710 12.123 400 499 197090 16.28
o 0.0576 0.4562( 5.3677 5.2742 14700 2.631
\Y 0.03368 0.03763| 0.01343 0.01058 0.07458 0.162
D8a 1.72 12.40( 399.9807 469.8802 210248| 17.18328
D8b 1.78 12.37| 379.2898 482 208785| 16.28402
Diagonal D8c 1.72 12.45| 398.8972 499.8703 196609| 17.18394
1 1.741 12.406 393 484 205214 16.88
o 0.0339 0.0376 11.6457 15.0867 7438 0.519
\ 0.01948 0.00303] 0.02965 0.03118 0.03649 0.0308
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95 C. Appendix overview tensile coupon results
Table C.2: Milled thick tensile coupon results
Mean Ultimate
thickness [Mean width w |Yield tensile Young's
Weld Sample t [mm] middle part  [strength fy [strength [modulus E |Ultimate

direction name calliper  |[[mm] [MPa] fu [MPa] [[MPa] strain €u [%]
Tlla 3.65 12.49 320.1168| 465.856 209266 15.91722

T11f 3.66 12.58 333.3133| 468.743 207966 17.53550

Transversal [T11h 3.66 12.69 325.5420( 462.288 203102 16.62250
V] 3.658 12.586 326.324 466 206778 16.69

o 0.0044 0.0972 6.6329| 3.2335 3249 0.811

V 0.00120 0.00773 0.02033|] 0.00694 0.01571 0.0486

L11b 3.65 12.48 319.2325( 462.193 212342 20.84307

L1le 3.66 12.45 324.3484| 468.516 216625 19.59287

Longitudinal |L11h 3.65 12.48 310.9770f 457.552 203570 21.46760
V] 3.652 12.470 318 463 210846 20.63

o 0.0066 0.0141 6.7469| 5.5035 6655 0.955

Vv 0.00181 0.0011 0.0212] 0.0119 0.032 0.0463

D12a 3.75 12.36] 365.3900| 468.411 210120 19.37826

D12b 3.74 12.37 354.3174( 471.119 222205 20.81566

Diagonal D12c 3.74 12.48 357.9172 464.375 204926 18.33434
V] 3.741 12.402 359.208 468 212417 19.51

o 0.0049 0.0647 5.6481| 3.3937 8866 1.246

V 0.00131 0.0052 0.0157] 0.0073 0.042 0.0639
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Table C.3: As-printed thin tensile coupon results

Mean Ultimate
thickness t [Mean width|Yield tensile Young's Ultimate
Weld Sample |[mm] w middle [strength fy|strength fu [modulus E |strain gu
direction name |buoyancy [part [mm] [[MPa] [MPa] [MPa] [%]
T7b 2.512 12.49| 327.0000] 460.4920 189070] 15.41866
T7c 2.493 12.55 359.3567| 472.5986 217721( 17.91858
T7d 2.524 12.52 341.8190| 458.3473 225092 15.33936
T7e 2.491 12.57 352.0240| 467.5217 224740| 15.79076
Transversal T79 2.518 12.70 342.8797| 462.7249 264127| 16.62994
T9a 2.959 12.29 318.6955| 460.9225 190740| 16.48396
T10a 3.015 12.25| 348.9134] 467.8570 197400| 16.67528
V1 2.645 12.48| 341.5269 464 215556 16.32
o] 0.2346 0.1583 14.241 5.094 26414 0.900
Vv 0.08872 0.01268 0.0417 0.0110 0.123] 0.0551
L7a 2.477 12.46| 374.7745| 479.0614 205117| 17.66400
L7c 2.519 12.32 376.8496| 474.4808 200306( 16.75808
L7d 2.531 12.49( 382.2315| 464.4620 192924 15.95238
L7f 2.500 12.53| 376.5198| 470.9760 195873 18.58448
Longitudinal L7g 2.552 12.54( 379.4157| 472.4021 195473| 17.73148
L9 2.871 12.28| 413.8126| 497.3682 214240| 17.87840
L10a 2.976 12.22| 388.0374] 489.8305 204560| 19.10452
V1 2.632 12.41| 384.5202 478 201213 17.67
o] 0.2025 0.1301 13.660 11.486 7384.0 1.059
Vv 0.0769 0.01048[ 0.03552 0.0240 0.037] 0.0599
D8&d 3.039 12.51| 335.0803| 454.2173 206520| 17.79172
D8e 3.062 12.59( 328.1384| 442.5398 190861| 16.00710
D8f 3.057 12.59( 336.4011| 453.8294 207908| 18.12200
D8g 3.057 12.56| 345.7138| 453.9742 184889 16.90580
Diagonal D8h 3.080 12.56| 328.0233| 444.8692 208393 15.42748
D9a 2.904 12.24( 350.7392| 473.5980 199270| 14.07584
D10a 3.017 12.30] 354.5678] 470.3517 202810( 18.47890
M 3.031 12.48| 339.8091 456 200093 16.69
o) 0.0593 0.1442 10.656 11.779 9090 1.602
Vv 0.01958 0.01155 0.0314 0.0258 0.0454  0.0960




97 C. Appendix overview tensile coupon results
Table C.4: As-printed thick tensile coupon results
Mean Ultimate
thickness t |Mean width |Yield tensile Young's |Ultimate
Weld Sample|[mm] w middle strength fy [strength fu [modulus |strain eu
direction name |buoyancy [part [mm] |[MPa] [MPa] E [MPa] |[%]
T1lb 5.863 12.52| 263.7305 389.604| 182699 12.18900
T1lc 5.797 12.69| 276.1036 407.078| 153961| 16.48432
T1lld 5.861 12.58 261.4628 399.452| 189025| 14.87934
Tlle 5.789 12.65| 269.1375 408.327| 168940 15.43708
Transversal T1lg 5.858 12.60| 274.6304 403.555| 189763| 14.42432
T13a 6.074 12.32 267.915| 388.3036] 174840] 9.551340
Tl4a 5.987 12.48| 264.5714| 418.0176| 187930 15.24816
1 5.890 12.55[ 268.2216 402 178165 14.03
o 0.1038 0.1232 5.527 10.587 13231 2.374
V 0.01762 0.00982 0.0206 0.0263 0.074 0.169
Llla 5.775 12.45] 342.5718 440.95( 200189 16.53802
L1lc 5.985 12.53| 333.3650 426.672| 208718| 20.73260
L11d 5.959 12.63| 307.0252 425.018] 173020 18.63956
L11f 5.745 12.66| 303.7062 426.58( 193252 18.85680
Longitudinal L1lg 5.916 12.60[ 289.0151 415.826( 192233| 20.94800
L14a 6.174 12.45| 319.4908| 443.5972| 202310 19.21988
L13a 5.995 12.38 - - 193760
VI 5.936 12.53| 315.8624 430] 194783 19.16
o 0.1448 0.1054 19.897 10.516 11281 1.607
V 0.0244 0.00841 0.06299 0.0245 0.058 0.0839
D12d 5.991 12.56| 280.3515 408.927] 185365| 19.11546
D12e 6.075 12.50| 270.0141 396.551] 167183| 18.49280
D12f 5.985 12.54| 276.8578 406.212| 184344| 18.80096
D12g 5.987 12.52( 282.6630 410.48| 239171 20.75220
Diagonal D12h 6.001 12.67| 283.8815 416.507| 198975| 19.18868
D13a 6.071 12.47] 283.4415| 410.4557| 205960 12.23686
Dl4a 5.983 12.51| 297.7579| 418.9098| 200990 14.20894
V! 6.013 12.54] 282.138 410 197427 17.54
o) 0.0412 0.0640 8.4366 7.2800 22590 3.089
V 0.00686 0.00510 0.0299 0.0178 0.1144 0.176
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D. Appendix tensile coupon force-deformation curves
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102 E. Appendix milled tensile coupon stress-strain curves
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Appendix as-printed tensile coupon
stress-strain curves
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104 F. Appendix as-printed tensile coupon stress-strain curves
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Appendix surface roughness indication
as-printed samples

Table G.1: Thickness variation for roughness indication thin specimens

Printing HAt T At VAi [-] SEMAi SEMAt tavg C = UAL /
direction [mm] [mm] [mm)] [%] [mm] tavg [-]
Transversal 0.331 0.0550 0.166 0.0208 6.27 2.645 0.125
Longitudinal 0.392 0.0886 0.226 0.0335 8.54 2.632 0.149
Diagonal 45° 0.272 0.0293 0.108 0.0111 4.07 3.031 0.0898
Table G.2: Thickness variation for roughness indication thick specimens

Printing HAt oAt Vai [F] SEMa: | SEMa; | tayg ¢ =pat/
direction [mm] [mm)] [mm)] [%] [mm] tavg []
Transversal 1.281 0.3518 0.275 0.1330 10.4 5.890 0.218
Longitudinal 1.107 0.2476 0.224 0.0936 8.45 5.936 0.187
Diagonal 45° 1.087 0.2626 0.242 0.0993 9.13 6.013 0.181
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H. Appendix overview tear-out sample values
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H.1. Experimental results tear-out
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H. Appendix overview tear-out sample values
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H.2. Bolt pin agreement tear-out tests

H.2. Bolt pin agreement tear-out tests

(b) Thick specimens

(a) Thin specimens Normalised force [-]| A bolt
. Weld versus
Normalised force [-]| A bolt direction |bolt pin pin[%1]

Weld versus 1.2355 1.1989
direction |bolt pin pin [% ] 1.1414 1.0936|
1.2125 1.1578 Transversal 1.1978 1.0839
Transversal 1.1866 1.0741 1.2013 1.1351
1.1541 1.1139 1.1397

1.1256 mean [ 1.1940 1.1302 5.34
mean | 1.1697 1.1153 4.65 SEM [%] 1.6320 1.8043
SEM [%] 1.6194 2.1674 1.0552 1.1356
1.0764 1.112 1.0047 1.1019
Longitudinal 1.1292 1.1325 Longitudinal 0.99 1.0373
1.117 1.1291 0.9999 0.9536
1.1367 0.9762

mean W 1.1075 1.1276 -1.81 mean [ 1.0125 1.0409 -2.81
SEM [%] 1.4410 0.4806| SEM [%] 1.4396 3.3631
1.2031 1.1747 1.2181 0.9735
Diagonal 1.1742 1.1461 1.1162 1.0902
1.1446 Diagonal 1.0392 1.2099
mean 1.1740 1.1604 1.16 1.0591 1.1678
SEM [%] 1.4385 1.2323 1.1595

mean 1.1082 1.1202 -1.09
SEM [%] 3.6203 3.6957

Table H.7: Bolt pin agreement tear-out tests
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I. Appendix tear-out curves
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Figure 1.1: Tear-out force-deformation curves thin specimens
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116 J. Appendix normalised tear-out curves
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Figure J.1: Normalised tear-out curves thin specimens
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Appendix DIC

K.1. Paint DIC

The Digital Image Correlation (DIC) specimens had to be painted in order to detect the strains in the
samples via photographs.

The white metal spray did not result in the wanted images, due to fast detaching and cracking of
the paint when the specimen elongated. The first two tensile coupon specimens were painted with the
metal spray. The others were painted with a water-based wall paint. This resulted in corrosion of the
surface; small brown-orange dots appeared through the paint. The white metal water-based wall paint
was not flexibel enough when the specimen was torn apart; it was peeled off, so it was not possible
to track the strains by the DIC and therefore the cracks. A new idea had to be brought up; the use
of rubber paint instead. This flexibel paint stretched along with the elongation, like a rubber band and
stayed on the specimen, even after failure.

The first rubber painted samples that were tested on tear-out were not suitable for DIC, especially
not for the large deformations just before tear-out failure. The paint layer was applied on top of the
black oxide layer, which is the first to come off when large forces are applied on the steel and therefore
large deformations occur. This caused the paint layer to peel off as well.

To overcome this problem, the specimens were sandblasted and the oxide layer was removed, so
the paint was stuck onto the printed steel itself and could deform according to the steel. In figure
K.1a a tested thin tear-out sample can be seen, where the paint layer is pulled off, because it was
not sandblasted. In figure K.1b a specimen before testing is shown, where the part around the hole is
painted. The part nearest to the hole is sandblasted and is more steel-coloured. The black part is the
non-sandblasted part with the oxide layer.

K.2. Tear-out DIC

The tear-out DIC results are not analysed, as is explained in section 5.1.6. In figure K.2 two shots of
the major strains during the tear-out test is taken of a transversal and a longitudinal pinned connection.
Figure 4.8 shows the direction of the welds, compared to the applied force. In figure K.2a of the
transversal specimen strains are largest in the printing direction, so perpendicular to the force. The
strains are also largest in the direction of the welds for the longitudinal specimen, as can be seen in
figure K.2b, so in the direction of the force.

The pictures show that different end distances e; are used; 19.92mm for the transversal sample
T14A-1 (figure K.2a) and 24.14 mm for the longitudinal L13A-1 (figure K.2b). The dimensions can also
be seen in appendix H. The end distance that is visible during DIC equals ¢; — %0 + g.
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119 K. Appendix DIC

(a) Tested thin sample with
paint on oxide layer

(b) Half sandblasted thick sample

Figure K.1: Sandblasting tear-out samples
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Figure K.2: Major strains of tear-out with a pinned connection, analysed by DIC
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L. Appendix fracture line tear-out specimens
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Figure L.1: Tensile failure of longitudinal thick tear-out specimen



Figure M.1: Pores in tensile coupon

Appendix pores

In the first printed object a weld was printed incorrectly, as the robot
ran out of shielding gases and pores arose in the object along the
whole weld. The transversal tensile coupons were cut out of the ob-
ject and tested. This resulted in failure along the same weld, namely
where the pores where incorporated, as can be seen in figure M.1. A

controlled printing process is very important to prevent these incon-
sistencies in the material.

123









%
TUDelft



	List of Figures
	List of Tables
	Introduction
	Background and Relevance
	Main objectives
	Research questions

	State-of-the-Art
	Additive Manufacturing
	Wire and Arc Additive Manufacturing
	WAAM advantages
	WAAM disadvantages

	Material: low carbon steel
	Carbon steel material properties
	Influence of microstructure on strength of low carbon steel
	Corrosion
	Fatigue

	Factors that influence the printing process
	Printing parameters
	Production of geometries
	Surface roughness
	Active cooling

	Tear-out strength
	Codes
	Current models bolted connections
	Models for bearing
	End distance for tear-out failure
	Current models pinned connections
	Numerical models of bearing strength in ABAQUS


	Research methodology
	Preparation of specimens: printing
	Robot
	Type of carbon steel

	Preparation of specimens: cutting
	Preparation of specimens: milling
	Geometry determination
	Archimedes' principle
	3D scanning
	Statistical measures

	Experiment: tensile coupon test
	Guideline for tensile test
	Tensile test set-up
	Extensometer
	Digital Image Correlation tensile coupon test

	Experiment: tear-out test
	Tear-out test set-up
	Digital Image Correlation tear-out


	Results
	Geometry results
	Tensile test results
	Measurements tensile tests: results
	Results milled tensile specimens
	Results as-printed tensile specimens
	Extra as-printed tensile coupon tests
	Milled specimens compared with as-printed
	Influence of printing direction on results
	Deformation capacity

	Results tear-out strength
	Tear-out failure
	Results connections large end distances


	Analysis of results
	Analysis tensile test results
	Analysis stress-strain diagram results
	Analysis milled versus as-printed results
	Minimum thickness analysis and roughness indication
	Effective thickness and reduction factor determination
	Analysis stress drop at failure
	Results DIC tensile specimens

	Analysis 3D scans
	3D scan analysis for roughness different printed thick objects
	3D scan analysis for surface roughness determination

	Analysis tear-out tests
	Normalisation tear-out tests
	Tear-out experiments; bolt and pin agreement
	Statistical evaluation tear-out tests
	Large end distances bolted connections
	Fracture lines tear-out specimens


	Conclusions
	Answer main research question
	Conclusions elaborated


	Recommendations
	Bibliography
	Appendix wire material Carbofil
	Appendix overview tensile coupon values
	Appendix overview tensile coupon results
	Appendix tensile coupon force-deformation curves
	Appendix milled tensile coupon stress-strain curves
	Appendix as-printed tensile coupon stress-strain curves
	Appendix surface roughness indication as-printed samples
	Appendix overview tear-out sample values
	Experimental results tear-out
	Bolt pin agreement tear-out tests

	Appendix tear-out curves
	Appendix normalised tear-out curves
	Appendix DIC
	Paint DIC
	Tear-out DIC

	Appendix fracture line tear-out specimens
	Appendix pores
	Blank Page
	Blank Page
	Blank Page



