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’If we knew what it was we were doing, it would not be
called research, would it?’
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Abstract

Wire and arc additive manufacturing (WAAM), a relatively new metal 3D-printing technology, allows for fab-
rication of shapes that were not possible to produce a few years ago. Using 6-axis industrial robots with a gas
metal arc welding (GMAW)-head, Dutch start-up MX3D prints metal in every direction mid-air. By welding
small parts of material at a time along a laser guided - CAD-generated path, self-supporting cross-sections
of very complex shapes, such as internally reinforced non-prismatic hollow sections can be manufactured
fully automatically. Unlike powder-bed based manufacturing, this technology is not bounded by size lim-
its of a final product, which creates opportunities for fabrication of large-scale structural components and
finally entire structures. It is MX3D’s aim, in collaboration with key industry partners, to 3D-print world’s
first fully functional bridge spanning 12 metres, to be installed in the city centre of Amsterdam in the course
of 2019. The bearing elements of the bridge consist of tubular shaped elements, together building up to
a complex-shaped free-form steel structure. These tubular members mainly behave as axially compressed
bearing elements, nonetheless it is yet not known how the stability of WAAM-members can be assessed.

Several standards for testing (and characterisation) of additively manufactured materials are published by
different national and international committees, e.g. ISO/ASTM 529 and CEN-CT 438, but a comprehensive
set of international standards has not been achieved yet. It is widely recognised that there is a strong link
between manufacturing process parameters and material properties, which requires special attention in this
research area. So far there is a lack of sufficient test results to cover a specific manufacturing process. In this
research the material properties of MX3D’s dot-by-dot and continuously printed members are studied.

This pioneering research provides insight in material and geometrical properties relevant for the stability of
(ER)308LSi stainless steel tubular columns. A tubular column is used as existing basic structural element to
assess the stability of wire and arc additively manufactured steel members. Advanced 3D-laserscanning tech-
nology is applied to characterise and analyse geometrical imperfections. A clear understanding of bending
stiffness and buckling behaviour is established by performing four-point flexural bending tests and flexural
buckling tests on tubular columns, diameter 33.8 mm, thickness 3.7 mm. Tensile properties of milled WAAM
specimens are analysed both in - and perpendicular to - their print direction for dot-by-dot and continu-
ously printing. It is verified whether or not the structural properties are in compliance with the existing steel
standard (EC3). Additional Vickers hardness measurements and metallographical analyses are performed
to examine the microstructure of column samples. Finally, a buckling design graph is proposed based on
own experiments, aiming towards a safe model suitable for stability calculations of additively manufactured
tubular columns.

It is concluded from experiments that the material properties of 3D-printed steel differ from that of conven-
tionally produced steel. Following the thermal gradient of the weld pool, large columnar grain structures are
detected giving rise to anisotropy. Stiffness, strength and ductility prove to be dependent on the print direc-
tion. Whereas the tensile strength top expected values, the obtained stiffness is significantly lower than that of
commonly applied steel grades. Inaccuracies of the printing process result in local wall thickness variations
and a relatively high out-of-straightness, both negatively affecting the buckling capacity of printed tubular
columns.

Yet it should be acknowledged that due to rapid advancements in improving the printing process, the geo-
metrical imperfections are soon expected to reduce drastically. It is recommended to apply active cooling
during manufacturing to enhance mechanical properties even further. By combining topology optimisation
and WAAM, an optimal material layout can be found ánd manufactured, consequently an excellent material
efficiency can be achieved. A promising prospect for future construction projects.

v





Contents

Nomenclature ix
1 Introduction 1

1.1 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Research Question & Objectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 State-of-the-Art 7
2.1 Additive Manufacturing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 AM versus Traditional Manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.2 Metal AM-Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.3 Opportunities and Challenges for WAAM . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Base Material: Stainless Steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.1 Base Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.2 Stainless Steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.3 Microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.4 Mechanical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.3 Printing Process Parameters and Properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.1 GMAW-Process Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.2 MX3D’s Printing Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.3.3 Influence of Printing Process on Properties . . . . . . . . . . . . . . . . . . . . . . . . 39

2.4 Fundamentals of Buckling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.4.1 Column Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.4.2 European Buckling Curves (ECCS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.4.3 Buckling of Stainless Steel Columns . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.4.4 Buckling of Additive Manufactured Elements . . . . . . . . . . . . . . . . . . . . . . . 56

3 Test & Measurement Methodology 59
3.1 Test Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2 Column Specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.2.1 Specimen Choice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.2.2 Specimen Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.2.3 Specimen Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.3 Geometry Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.3.1 Hand Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.3.2 3D-Scans (Macro-Geometry) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.3.3 Volume Measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.4 Mechanical Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.4.1 Bending Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.4.2 Buckling Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.4.3 Compression Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.4.4 Tensile Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.4.5 Hardness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.5 Metallography: Tubular Columns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.6 Metallographic & Mechanical Tests: Plate Material (OCAS) . . . . . . . . . . . . . . . . . . . . 91

3.6.1 Metallography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
3.6.2 Hardness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.6.3 Toughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

vii



viii Contents

4 Results 93
4.1 Geometry Measurement Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.1.1 3D-Scans & Hand Measurements (Initial Imperfections). . . . . . . . . . . . . . . . . . 94
4.1.2 Volume Measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.2 Mechanical Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.2.1 Bending Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
4.2.2 Buckling Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.2.3 Compression Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.2.4 Tensile Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.2.5 Hardness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.3 Metallography Results: Tubular Columns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.4 Metallography & Mechanical Test Results: Plate Material (OCAS) . . . . . . . . . . . . . . . . . 109

4.4.1 Microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.4.2 Hardness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.4.3 Toughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5 Analysis 113
5.1 Cross-Sectional Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
5.2 Modelling of Non-Linear Stress-Strain Relation . . . . . . . . . . . . . . . . . . . . . . . . . . 116
5.3 Buckling Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3.1 Effective Buckling Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.3.2 Proposed Buckling Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 Conclusions & Recommendations 123
6.1 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Appendices 133
A General Information 133

A.1 Graduation Committee . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
A.2 Candidate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
A.3 Others Involved . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

B Printing Parameters & Base Material 135
B.1 Printing Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

B.1.1 Dot-Print Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
B.1.2 Continuous-Print Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

B.2 Base Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
B.2.1 Datasheet Oerlikon Welding Wire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
B.2.2 Datasheet Ugiweld Welding Wire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

C Test & Measurement Results 139
C.1 Overview Specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
C.2 Mechanical Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

C.2.1 Bending Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
C.2.2 Buckling Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
C.2.3 Tensile Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
C.2.4 Hardness Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

C.3 Metallography Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
C.3.1 Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

Bibliography 161



Nomenclature

List of Abbreviations

Abbreviation Description

AM Additive Manufacturing

bcc body-centered cubic

BTF Buy-To-Fly ratio

CAD Computer-Aided Design

CNC Computer Numerical Control

CRC Corrosion Resistance Class

CRF Corrosion Resistance Factor

CSC Cross-Section Class

DMLS Direct Metal Laser Sintering

EBSD Electron Backscatter Diffraction

EDXRF Energy Dispersive X-Ray Fluorescence

fcc face-centered cubic

FMD Fused Metal Deposition

FZ Fusion Zone

GMAW Gas Metal Arc Welding

GTAW Gas Tungsten Arc Welding

HAZ Heat-Affected Zone

hcp hexagonal close-packed

LC Laser Cusing

LCA Life Cycle Assessment

LMD Laser Metal Deposition

LVDT Linear Variable Differential Transformer

MAM Metal Additive Manufacturing

MIG Metal Inert Gas

PAW Plasma Arc Welding

RP Rapid Prototyping

SCC Stress Corrosion Cracking

SEM Scanning Electron Microscope

ix



x Nomenclature

SLM Selective Laser Melting

SLS Selective Laser Sintering

TIG Tungsten Inert Gas

TO Topology Optimization

WAAM Wire Arc Additive Manufacturing

XRD X-Ray Diffraction

List of Symbols

Symbol Description Unit

α Column imperfection factor −
λ̄ Non-dimensional (relative) slenderness −
λ̄0 Limiting non-dimensional (relative) slenderness −
χ Buckling reduction factor −
η Generalized column imperfection factor −
γM Partial factor −
λ Slenderness −
σ0.2 Proof stress (0.2%) N/mm2

σ0 Resistance to dislocation movement (Hall-Petch) N/mm2

σb Normal compressive stress N/mm2

σcr Critical Euler stress N/mm2

σp Proportionality stress N/mm2

σu Ultimate tensile stress N/mm2

ε0.2 Proof strain (0.2%) −
ε f Fracture strain −
εu Ultimate strain −
εy Yield strain −
A Cross-sectional area mm2

Aµ Average cross-sectional area mm2

B H N Brinell Hardness Number kgf/mm2

d Grain diameter (Hall-Petch) mm

Di Diameter of indenter mm

di Diameter of indentation mm

E Young’s modulus / Modulus of elasticity N/mm2

e Maximum amplitude of total curvature mm

e Non-dimensional (0.2%) proof stress −



Nomenclature xi

E0.2 Tangent modulus at 0.2% proof stress N/mm2

E0 Initial Young’s modulus N/mm2

e0 Maximum amplitude of initial curvature mm

Et Tangent modulus N/mm2

E I Bending stiffness Nmm2

F Applied load N

Fu Ultimate tensile strength N

Fbuc Buckling load N

fy Yield stress N/mm2

HBW
Expression of BHN; HBW from Hardness-Brinell-
indentor material: tungsten (wolfram) carbide

N/mm2

I Second moment of area mm4

i Radius of gyration mm

K Effective length factor −
ky Strengthening coefficient (Hall-Petch) N/mm3/2

L Length mm

Lcr (Effective) Buckling length mm

m Material non-linearity parameter (Rasmussen) −
Mel ,Rd Design elastic bending moment resistance Nmm

N Applied load N

n Material non-linearity parameter (Ramberg-Osgood) −
Nb,Rd Design buckling resistance N

Ncr Critical Euler load N

Npl Plastic load N

Nt Tangent modulus load N

P Applied load N

t Thickness column wall mm

w Deflection mm

Wel ,mi n Minimum elastic section modulus mm3

Specimen Designation ($-LL-X) or ($-X-α)

Symbol Description

α Print strategy designation

$ Test designation

LL Specimen length in centimetres

X Specimen designation





1
Introduction

In this section an introduction will be given to the research; first the problem statement will be presented in
section 1.1, secondly the objectives and research question are described in 1.2. Lastly a contextual outline of
this report is stated in section 1.3.
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2 1. Introduction

1.1. Problem Statement
The development of Computer-Aided-Design (CAD) as a design tool offers ultimate freedom for architects
and designers to create complex free-form geometries. Additionally, the developments in CAD cannot be
seen apart from the recent advancements in digital fabrication. This enables so-called ‘file-to-factory’ man-
ufacturing of products directly from digital models, without compromise. However, most standard digital
fabrication methods, such as CNC-milling are based on subtractive processes. These processes attain high
buy-to-fly ratios; meaning that the material volume used to produce a product is high compared to the ac-
tual volume of the product itself. This inefficient conventional way of manufacturing results in high material
usage and thus unnecessary depletion of resources. In contrast to subtractive processes, additive manufac-
turing does not require the removal of excessive material to obtain an end-use product, and is therefore a
promising alternative for traditional manufacturing.

Additive Manufacturing (AM), also referred to as 3D-printing, is a collective term for production techniques
that lays down successive layers of material from a CAD-generated model together creating a 3D-product
without the necessity of removing large amounts of material. It is a relatively unexplored technology which
allow direct fabrication of shapes that were not possible to produce until a few years ago. Because of the
integration of CAD and robotics, the number of successful applications rose rapidly.

Figure 1.1: Models of the traditional node (left) and two topology optimized AM (DMLS) steel nodes [1],[2]

Furthermore by making use of Topology Optimisation (TO), an optimised material layout within a specific
design space for a given set of boundary conditions; an optimal shape can be found. Combining this opti-
mised shape and an increased fabrication accuracy for complex geometries, the full potential of both TO and
AM can be exploited. Consequently reducing weight, transportation costs, labour, and (waste) material dur-
ing manufacturing of the product. The European Commission therefore identified AM as one of the future
key technologies for sustainable manufacturing [3].

Figure 1.1 shows an example of three steel nodes made by Direct Metal Laser Sintering (DMLS). DMLS is
characterised by its high accuracy, but low deposition rates and density. At the left a traditional node can be
seen, where the middle and the right are optimised and produced by AM. The most optimised node depicted
at the right is an intriguing 75% lighter and half the height of the original node [1]. But where the prices per
AM unit are expected to decrease rapidly [4], they are still higher for these early implementations.

Mainly because of its capability to reduce weight and material usage (buy-to-fly ratio) of expensive high-
performance alloys, AM is already more commonly applied in, for example, aviation and aerospace. Whereas
the ability to create personalised shapes contributes to application in medical domains; f.e. for tailor-made
prosthetics and implants. Despite the rapid progress in digital fabrication and the advantages that AM offers
compared to traditional ways of manufacturing, the field of structural engineering is lagging behind in adopt-
ing this promising technology. One of the main causes is a low deposition rate which limits the capacity to
produce large objects. Wire and Arc Additive Manufacturing (WAAM) on the other hand cannot compete with
the accuracy achieved with sintered products, but way higher deposition rates and a more dense material can
be obtained.
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Figure 1.2: Multi-axis industrial robot with GMAW-head as used by MX3D to print metal

During this research the application of WAAM is investigated, more specifically the technique used by MX3D.
Using 6-axis industrial robots with a gas metal arc welding (GMAW)-head, Joris Laarman-led Dutch start-up
MX3D, is able to print metal in every direction in mid-air as can be seen in figure 1.2. By welding small parts
of material at a time along a laser guided CAD-generated path, self-supporting cross-sections of very complex
shapes can be manufactured fully automatically. Unlike powder-bed based manufacturing, this technique is
not bounded by size limits of a final product, consequently creating opportunities for fabrication of large-
scale structural components and finally entire structures. Followed by the structures shown on the images
of the chapter cover pages, measuring 91x371x221 cm, the dragon bench designed by artist Joris Laarman is
currently one of MX3D’s largest structures. Built up from a grid of stainless steel rods it forms a self support-
ing shape as shown in figure 1.3. Illustrating the endless possibilities of shapes, MX3D together with Delft
University of Technology also made a bike frame by using the same technique as depicted in figure 1.4.

Figure 1.3: Dragon bench designed and printed by Joris Laarman/MX3D Figure 1.4: WAAM steel bike frame (MX3D/TU Delft)

To demonstrate the structural possibilities of AM in an ultimate way, MX3D, together with partners aims to
produce world’s first 3D-printed steel footbridge in the city centre of Amsterdam begin 2019. The bridge will
cross the canal parallel to the Oudezijds Achterburgwal, see figure 1.5. Its clear span will approximately be
12 metres and the structure is 4 metres wide. Because of safety and environmental reasons it is decided to
print the structure at a remote location instead of on-site. An ancillary advantage of printing off-site is a bet-
ter controlled working environment without potential weather implications influencing the manufacturing
process.

The bearing elements of the bridge consists of tubular-shaped elements together building up a to a complex-
shaped stainless steel structure. These tubular elements will mainly behave as axially compressed members.
It is however not known how the stability of WAAM tubular members can be assessed. In research conducted
by Joosten on (by MX3D produced) additively manufactured single-wire stainless steel rods with diameters
ranging from 5.7 to 6.9 millimetres, tests have been performed to study buckling, tension and fatigue be-
haviour. He demonstrated that it is possible to achieve satisfying mechanical and physical properties using
MX3D-technology [5]. Moreover, his recommendations opens windows for further extensive research to this
material. More knowledge of the structural properties of not only rods, but especially of larger 3D-printed
elements in structures is obliged to enable successful implementation of AM in structural engineering.
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Figure 1.5: Early render of world’s first 3D-printed steel bridge on-site in Amsterdam’s city centre

Several material and testing standards for AM are published by different national and international com-
mittees, e.g. ISO/ASTM 529 and CEN-CT 438, but a comprehensive set of international standards has not
been achieved yet. Although WAAM has considerable similarities with ordinary welding technologies and
last-mentioned is already widely understood for stainless steels; it must however be recognised that there
is a strong link between manufacturing process parameters and material properties which requires special
attention in this research area. So far there is a lack of sufficient test results to cover a specific manufacturing
process. The variety of materials and alloys will additionally comprise their own distinctive characteristics,
and will behave different accordingly. Therefore it is important to note that each application should be con-
sidered on a case-by-case basis.

As a logical follow-up for the already investigated wire, it is chosen to study the stability of a WAAM stain-
less steel tubular column in this research. Consequently aiming to contribute to a better understanding of
influence parameters, limitations and benefits of 3D-printed stainless steel using specifically MX3D’s WAAM-
technology.

1.2. Research Question & Objectives

The research question which is at the core of this report can be stated as follows:

What are relevant geometrical and material properties of 3D-printed steel to assess the stability of wire and arc
additively manufactured stainless steel tubular columns?
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Objectives
In order to be able to answer aforementioned research question the following objectives are formulated:

• Characterise and model the specimen’s geometry;

• Determine relevant mechanical and metallurgical properties through tests;

• Identify printing process parameters and their influence on material and structural properties;

• Test and study the buckling behaviour of 3D-printed steel tubular columns and construct a correspond-
ing design buckling curve;

• Analyse test results and assess whether the structural properties of these 3D-printed columns are in
compliance with the existing steel code (EC3);

• Identify differences in material properties between dot-by-dot and continuous printing and provide
advise on the application of both printing techniques for structural parts.

In this research a tubular column is used as existing basic structural element to perform a stability assess-
ment of wire and arc additively manufactured steel members. The proposed buckling graph, based on own
experiments, will be a next step towards a safe stability calculation model suitable for structural applications.
During this assessment, relevant material and geometrical properties will be determined so they can be im-
plemented in finite elements models. Since this enables modelling of complex shapes, the full potential of
(topology optimised) wire and arc additively manufactured structural elements can be exploited.

1.3. Thesis Outline
To be able to answer the research question, chapter 2 provides the reader with the state-of-the-art of all topics
considered in this report. More specifically this concerns additive manufacturing and stainless steel, relevant
printing process parameters for WAAM and buckling theory. Chapter 3 elucidates the applied test methodol-
ogy and its practical execution. The outcome of tests and measurements will be presented in chapter 4 and
subsequently analysed further in chapter 5. Lastly the conclusions and recommendations will be enumerated
in chapter 6. A full schematised thesis outline is provided in figure 1.6.

Figure 1.6: Schematic overview of the report structure





2
State-of-the-Art

Chapter 2 presents a comprehensive literature review of all the relevant subjects covered in this research.
Main objective of the literature study is to get acquainted with the existing body of academic research to
additive manufacturing (AM) and buckling in general.

The state-of-the-art has been subdivided in four main topics: section 2.1 presents the current state of AM.
Mechanical and material characteristics of stainless steel are explained in 2.2. In section 2.3 relevant print-
ing process parameters are identified and it is discussed how they affect properties of additively manufac-
tured specimens. Finally, an overview of buckling theory and relevant existing standards for column stability
is provided in 2.4.

7
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2.1. Additive Manufacturing
What is additive manufacturing? What is the current state of this technology and how is it complementary
to traditional manufacturing processes? These questions will, amongst others, be answered in this section.
Furthermore, the various existing metal AM processes will be addressed in 2.1.2. Finally, opportunities and
challenges of wire arc additive manufacturing according to existing literature are discussed in 2.1.3.

2.1.1. AM versus Traditional Manufacturing
Additive manufacturing (AM), popularly called 3D-printing, is a collective term for different production tech-
niques capable of depositing successive thin layers of material upon each other. In this way a three dimen-
sional object can be manufactured. A wide variety of materials can be utilized for AM, namely: plastics, resins,
rubbers, ceramics, glass, concrete and, as in this research is investigated; metals. The American Society for
Testing and Materials (ASTM) proposes the following definition for AM1:

’A process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies, such as traditional machining’ [6]

The first (wire-feed) AM techniques finds its roots in a 1920-filed patent of Baker [7]. Baker claimed to have
invented a new method for fabrication of 3D-metallic objects. By manually superimposing successive weld-
layers using shielded metal arc welding, ornamental shapes were successfully produced as shown in figure
2.1.

Figure 2.1: Baker’s 3D-weld based components created by a layer-additive process using shielded metal arc welding [7]

At the beginning of the 1990s, metal additive manufacturing (MAM)-technologies drew increasingly com-
mercial attention from high-tech manufacturing industries. The potential of MAM to replace traditional
subtractive manufacturing was identified as such by Rolls-Royce. Their research aimed to lower the costs
of aero-engine component production by reducing material usage (also referred to as buy-to-fly ratio) of ex-
pensive high-performance alloys. In this approach, similar to MX3D’s process, a welding robot was used in
conjunction with a GMAW-system to fabricate three-dimensional metal parts by automatically welding of
successive layers. The shape metal deposition (SMD)-technology was patented by Rolls-Royce in 1999 [8].

In recent years, there has been growing interest in direct fabrication of near-net shape, fully dense and end-
use components [9]. Recent advancements in digital fabrication, enabling ‘file-to-factory’ manufacturing
directly from digital designs, aided to this growing interest. In addition, the increased adoption of topology
optimization, capable of determining the optimal material distribution, has a high potential to increase the
performance and efficiency of a product. A perfect example of this is the 3D-printed steel node as already
shown in chapter 1. TO contributed to the popularity of AM: since AM is capable of fabricating the complex
topology optimised geometries, the potential of both technologies is in this way fully utilised [10].

1American Society for Testing and Materials (ASTM) International, Standard Terminology for Additive Manufacturing Technologies.
ASTM F2792-12a, 2012.
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Modern-day robotic AM evolved from rapid prototyping (RP) and aims to produce end-user parts rather than
prototypes. Similar to RP, AM requires a 3D-CAD model to translate the design of the desired workpiece into a
real three-dimensional object. The digital model is then (by digital means) sliced in multiple very thin cross-
section profiles which instructs the 3D-printer where it should deposit the successive layers of material. The
profiles are traced by a laser, electron beam, arc, or nozzle which allows accurate and automated material
deposition. Once a layer has been deposited, the next layer is added. This is repeated until the whole part
has been manufactured. This is just a general explanation; the variety of AM-processes are covered more
extensively in section 2.1.2.

Advantages of AM

Additive manufacturing offers many advantages for the production of, especially, complex parts. At this mo-
ment, despite rapidly decreasing costs per unit of AM-production, fabrication of AM-products is costly. With
the advancements of AM-technology, printing time and costs are expected to fall rapidly, see figure 2.9 [4].
Graduation research of Van der Linden (2015) [11] showed that AM in general has a ‘high potential to reduce
costs, cut waste and slash the carbon footprint of the construction sector’. In contrast to AM, traditional man-
ufacturing processes involves high tooling costs; mass production is required to reduce unit costs. But there
are more arguments in favour of AM as summed up in table 2.1.

Table 2.1: Overview of advantages of AM over traditional manufacturing processes for various areas of application, based on [12]

Areas of Application | Advantages over Traditional Manufacturing

Rapid Prototyping Reduce time-to-market by accelerating prototyping
Reduce the cost involved in product development
Making companies more efficient and competitive at innovation

Production of Spare Parts Reduce repair times
Reduce labour cost
Avoid costly warehousing/stock

Small Volume Manufacturing Small batches can be produced cost-efficiently
Eliminate investment in tooling

Customised Unique Items Enable mass customisation at low cost
Quick production of exact and customized replacement parts on site
Eliminate penalty for redesign

Machine Tool Manufacturing Reduce labour cost
Avoid costly warehousing/stock
Enables mass customisation at low cost

Rapid Manufacturing Directly manufacturing end-use components
Relatively inexpensive production of small numbers of parts

Component Manufacturing Enable mass customisation at low cost
Quality improvement
Shorten supply chain
Reduce development costs
Help eliminate excess parts

On-Site Manufacturing & Repair Eliminate storage and transportation costs
Save money by preventing downtimes
Reduces repair costs considerably
Shorten supply chain
The need for large inventory is reduced
Allow product lifecycly leverage

Rapid Repair Significant reduction in repair time
Opportunity to modify repaired components to the latest design

Very Complex workpieces Produce very complex work pieces at low cost
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2.1.2. Metal AM-Processes
Metal AM-processes are capable of printing a wide variety of metals which all attains different properties of
which the most important are:

• Carbon-steel: Relatively cheap [13], but one should take into account its weldability difficulties and lack
of durability. A protective surface finish will be required in most environments.

• Stainless steels: More expensive than carbon steels, but its weldability, corrosion resistance and aes-
thetics are superior. Widely applied in wire and arc additive manufacturing and the material MX3D is
most experienced with.

• Aluminium: Main advantages of aluminium is its low weight and durability. It attains however signifi-
cantly lower stiffness values than structural steels.

• Titanium: Very expensive, but in return it exhibits excellent strength and surface smoothness while
welding it. Because of its low weight and excellent mechanical properties, titanium is very popular in
aerospace industry.

• Copper alloys: A lot of variation in alloys are applicable, such as bronze. Despite its excellent toughness,
ductility and appealing aesthetics (see figure 2.2) not widely applied. Because of its excellent resistance
to chloride-rich environments a good alternative for stainless steels in marine applications.

Figure 2.2: Bronze 2x3 m double curved surface named ’Butterfly Screen’, exhibited at Design Miami/Basel (Joris Laarman/MX3D)

As stated in the previous section, additive manufacturing is a collective term for the variety of additive pro-
cesses. The various processes are commonly subdivided according to: the heatsource used to melt or sinter
the raw material; its feedstock material (wire of powder); its feedstock delivery (powder on bed or coaxial); or
its system configuration [9]. This can be seen in figure 2.3 in which WAAM, the specific process adopted in
this research is highlighted.
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Figure 2.3: Overview of AM-processes. The considered WAAM-process has been marked in red

Whereas the processes vary widely in their details, the common denominator for all AM-processes is the
ability to nearly “net-shape” manufacture complex products. At first, the most applied processes and their
principles will be explained briefly.

Powder Bed Process

The collective term for powder bed processes is Selective Laser Sintering (SLS). As the name reveals, thin lay-
ers (usually 20 to 100 µm) of metal particles are spread on a processing table and subsequently fused together
by sintering. A laser or electron beam (of even more than one) heats the metallic powder in the desired areas
of the powder bed to just below the point of liquefaction. When solidifying, these areas become a section of
the final build after which this process is repeated with a new layer. After finishing building the object, the
unsintered material is removed to obtain the final product [14]. This is depicted in figure 2.4.

Figure 2.4: Typical powder-bed process; laser beam melting principle. Source: Fraunhofer IWU
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Most powder bed processes take place in a contained building volume filled with inert gas to form a protective
atmosphere. Therefore also reactive metal powders, such as aluminium and titanium can be applied. Despite
the availability of many different materials, this process allows the usage of only one material at a time, in
contrast to powder-fed processes. Main advantage of powder bed processes is the high accuracy which can
be achieved. Different SLS technologies can be distinguished, such as:

• Selective Laser Melting (SLM)

• Laser Cusing (LC)

• Direct Metal Laser Sintering (DMLS)

• Electronic Beam Melting (EBM)

Powder-Fed or Powder-Blown Process

Powder-fed processes, also called Fused Metal Deposition (FMD), uses the same feedstock as aforementioned
powder bed processes, but the method of adding subsequent layers of material differs notably. The heat
source (laser or electron beam) is focused through the centre of the nozzle onto the substrate. Simultaneously,
metal powder is carried by shielding gas which blows through a concentric ring towards the area being built.
The nozzle moves automatically as the workpiece takes shape, as it is mounted on a multi-axis robot. This
process is shown in figure 2.5. Different FMD-technologies can be distinguished, such as:

• Laser Engineered Net Scaping (LENS)

• Direct Metal Deposition (DMD)

• Laser Cladding Process / Laser Metal Deposition (LMD)

Figure 2.5: Typical powder-feed process. Source: Sulzer Ltd, retrieved from metal-am.com

Main advantage of this process is the possibility to produce multi-material components in one part. It is
commonly used for repair of metal components. Major disadvantage is however the lack of accuracy. An
extensive post-processing treatment is required to achieve a certain level of accuracy, which makes this a
questionable process for complex parts. The lack of accuracy together with its low deposition rate, annihilates
the advantage of tool-less manufacturing [15].
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Wire-Feed Process

Wire-feed processes are actually based on systems very comparable with traditional welding. It uses a filler
wire, where the heat source is used to melt the wire material in the preferable regions. The heat source can
either be a laser, an electron beam or arc. Processes with an arc as heat source are generally known under the
denominator of Wire and Arc Additive Manufacturing (WAAM). WAAM-processes may on their turn be sub-
divided in Gas Tungsten Arc Welding (GTAW), Plasma Arc Welding (PAW), or Gas Metal Arc Welding (GMAW)
respectively, as depicted in figure 2.6. GMAW is the process used by MX3D, where metal is deposited from an
electrode wire by creating an arc with DC-power. Meanwhile, a supply of inert gas (usually Argon and CO2)
is used to shield oxygen and other pollutants from the weld pool. The deposition is steered by a laser-guided
robot path from CAD-model input. In this way MX3D is able to apply different deposition strategies while
changing location or deposition order.

Figure 2.6: The three wire-feed processes: (a) GMAW, (b) GTAW, (c) PAW. Source: University of Wollongong

Because of their high deposition rate and relatively cheap feedstock material, wire-feed processes are espe-
cially suitable for production of medium to large-scale parts. In addition, this process is not bounded by a
certain manufacturing volume as closed-powder based systems are. However, this process lacks accuracy
and requires surface machining to achieve a good finish.

Table 2.2 presents an overview of properties of various AM-processes. AM-processes based on sintering, such
as SLS, are significantly faster than SLM [16]. However, critical constraints for powder-based AM systems
remains, namely [9]:

• Low deposition rate and processing speed leading to high specific cost

• Low alloy efficiency

• High capital cost of systems

• Cost, quality and availability of consumables

• Small build volumes

• Poor material properties with often a need for post-processing
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Table 2.2: Typical properties of various AM-processes [17]

Aforementioned constraints makes powder-based processes inapplicable for printing large components such
as bridge structures. Printing speed is in particular an important performance factor in AM and a key chal-
lenge that prevents it from being of practical means for manufacturing in some instances [12]. Therefore, this
research focuses on an AM-process with a high deposition rate, more particularly, the WAAM-process applied
by MX3D. Pros and cons of WAAM are more thoroughly discussed in 2.1.3.

2.1.3. Opportunities and Challenges for WAAM
While other AM-processes are bounded to a constraint volume, WAAM can theoretically print objects of any
size as demonstrated by MX3D with their 3D-printed bridge. Research to mechanical properties of both stain-
less steel [5] and titanium WAAM shows promising results, with in case of titanium only a 10% strength re-
duction compared to extruded titanium with similar ductility values. Furthermore, the fatigue life of WAAM-
titanium exceeded the fatigue life of extruded titanium for the majority of specimens [18]. The devolopments
in post-processing WAAM-parts create even more possibilities to improve mechanical properties. Grain re-
finement can for instance be achieved by vertical interpass rolling, consequently enhancing yield and ulti-
mate tensile strength [19].

Figure 2.7 shows the advantages of WAAM over other AM-processes even more clearly. Processes considered
are powder bed, blown powder, WAAM and high deposition rate wire respectively. The top-right graph shows
an example of a 1 meter long part of 30 kg with a BTF of 10 and a minimum feature size of 1 mm. The
red-marked area shows the sweet spot of WAAM; a sharp reduction in relative part costs compared to the
traditional manufacturing process of machining.

Other relations observed are the following: for a single axissymmetrical energy source at maximum melting
efficiency, the build rate depends on the square of the layer height. The resolution, or accuracy, depends on
the exact width-to-height ratio, usually 1.5 times the layer height at best. The surface topology (or roughness)
depends linearly on the layer height [20].

Figure 2.7: Characteristics of WAAM in comparison to other AM-processes
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Trends for AM in Structural Applications

The capability of WAAM to produce large components resulted in an increased number of structurally ap-
plied bearing parts produced by WAAM [21]. An exponential growth of AM in structural applications can be
observed since 2012, visualised in figure 2.82, where it should be noted that MX3D’s project is not yet incor-
porated in this chart.

Figure 2.8: Overall trend of AM in worldwide structural applications (1996-2015)

When research and development efforts come to fruition, robotic WAAM could eventually be entirely au-
tonomous ensuring accurate designs without any human involvement [12]. This is also one of the main goals
of MX3D. Progress and growth for AM-industry continues in the next five years as predicted by Siemens (fig-
ure 2.9). An example of ambitious aims for 3D-printing in construction is set by the in 2016 launched Dubai’s
Printing Strategy: based on Dubai municipalities regulations, every new building in Dubai should be for 25%
3D-printed3.

Figure 2.9: Forecast additive manufacturing technology

2E.Langenberg, EL Studio, Amsterdam, retrieved from LinkedIn
3Retrieved from: http://www.dubaifuture.gov.ae/our-initiatives/dubai-3d-printing-strategy/
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Environmental Impact

Due to its high material efficiency, WAAM is often referred to as a technology which yields potential in re-
ducing environmental impact of end-user metal products. An extensive scientific study to support this claim
however has yet not been published. Bekker et al.(2017) [22] performed a comparative study to WAAM and
typical competing production processes for free-formed shapes; green sand casting and CNC-milling. Em-
pirical measurements of MX3D’s manufacturing process, using a deposition rate of 1 kg/h, were used as input
for a cradle-to-gate life cycle assessment (LCA). Green sand casting and CNC-milling were assessed by exist-
ing literature and databases. Stainless steel 308L, identical material as the tubular columns that are studied
in this research are made of, has been used as comparative material. In figure 2.10 a comparison of the total
impact for the three production processes considered is depicted. It can be seen that WAAM and green sand
casting have nearly similar environmental impact, with that of WAAM 3.3% lower.

Figure 2.10: Environmental damage of WAAM, green sand casting and CNC-milling to human health, ecosystems and resources [22]

A more thorough analysis reveals the environmental impact of the single processing steps. Figure 2.12 presents
a graphical overview from which it can be clearly observed that the clear dominant factor of environmental
damage originates from the stainless steel itself. Topology optimisation in combination with WAAM, enables
both freedom of shape and a decrease of material usage and waste. Since the environmental impact has a lin-
ear dependency to the mass of the end-product, this is exactly where the opportunities of WAAM are. When
TO results in a mass reduction of 30% while the product has similar properties, this also yields a results of
30% in environmental impact, waste, material usage and material costs.

Figure 2.11: Example of reducing BTF and costs by WAAM: Titanium wing frame [23]

Fabrication of metal components contributes significantly to multiple aspects of environmental damage [24].
The impact of the metal industry is especially high in the aircraft sector due to high buy-to-fly ratios that
results in high waste volumes. In addition, weight-savings have for example a significant effect on fuel con-
sumption of rockets and aircrafts, which is both from financial and environmental point of view beneficial.
This is why aerospace industry is investing a lot in WAAM. Research from Cranfield University [20] proves that
a BTF-ratio reduction of factor 8 is achievable for specific aeroplane parts as shown in figure 2.11.
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Figure 2.12: Environmental impact of the processing steps of WAAM, green sand casting, and CNC-milling respectively, in ReCiPe
endpoints (Pts), per kg of manufactured 308L product [22]

Challenges

Despite recent advancements in the development of WAAM-processes, yet some challenges remain. A selec-
tion of major challenges of WAAM is listed below [25],[9]:

• Anisotropic mechanical properties

• Residual stress management

• Distortion

• Accuracy

• Surface finish

• Geometry control and weld pool collapsing

• Defects control due to the repetitive fusion of material

• Lack of interpass fusion

• Lack of available commercial systems

• Lack of qualification and standards

Depending on the demands for a product, parts created by WAAM may require a milling process to acquire
a net-shape finish. The repeated passage of deposited layers, creating geometrical imperfections, could be
disadvantageous for fatigue loading, friction and corrosive environments. Also the optimisation of deposition
strategies to reduce residual stresses, and the recovery of deposition failures remains challenging according
to Mehnen et al. [26].

In addition, insufficient data is available of material properties such as material strength, porosity or residual
stress development accumulated during the build process of single parts, let alone of the structural rigidity of
entire structures made by WAAM. From a large amount of experimental researches there is strong consensus
that material properties are strongly related to feedstock characteristics and process parameters. Choren et
al. [27] attempted to determine correlations describing Young’s moduli and porosities it was concluded that
predictive equations yet do not exist. Because of the large quantity of the process parameters involved, and
their complex interactions, extensive trial and error research is required to ensure faultless AM-production
processes.
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Standards

For AM, its strong relation between manufacturing process parameters and material properties requires spe-
cial attention compared to conventional shaping processes. The influence of a specific AM-process and its
production conditions should be considered because they both affect the final properties of a product. All
these variables, and in some cases also a lack of scientific knowledge, makes standardisation of AM-processes
challenging. It is nonetheless crucial to establish a reliable production process for AM with implemented
quality control system, by these means a level of trust is helped being created in the sustained achievabil-
ity of good structural properties with desirable quality for additively manufactured products. In addition,
standards will help support the further acceptance of AM as reliable production process.

Figure 2.13 shows an overview of recent developments in AM-standardisation. It mainly concerns terminol-
ogy, testing and specifically standardisation of metal powders, because small deviations in powder-properties
may have an enormous effect on product properties.

Figure 2.13: Overview of recent developments in AM-standardisation [28]

In the absence of official public regulation, Lloyd’s will offer a private form of guarantee to MX3D, thereby
enabling the erection of world’s first AM metal bridge in Amsterdam. This guarantee will be based on existing
WAAM-regulations, a review of completed AM-processes and most importantly on tests of a full-scale printed
bridge structure. In addition, Lloyd’s is working with the international collaboration of ASTM and ISO4 to
advance industry standards (from ASTM F42 and ISO Technical Committee 261 towards a joint standards
development plan under the designation of ISO/ASTM 529).

4American Society for Testing and Materials (ASTM) and International Standards Organization (ISO)



2.2. Base Material: Stainless Steel 19

2.2. Base Material: Stainless Steel
In practice there are numerous possibilities to choose of regarding AM materials, or to be more specific, metal
alloys. Since this is a relatively unexplored research field, realistically it is not possible to assess buckling
behaviour of multiple materials within this thesis. This section presents several criteria which the material
should satisfy, in order to be safely used in structures. A justification for the choice to use stainless steel as
printing material is given. In the proceeding of this section (2.2.3 and 2.2.4 respectively), these criteria will
be elaborated more by means of the microstructural build-up and the mechanical characteristics of stainless
steel.

2.2.1. Base Material
The 3D-printing robots of MX3D with their GMAW-head, are capable of printing a wide variety of metals. Pre-
vious section already presented a few applications of WAAM with varying alloys which will finally be judged
on multiple criteria. When choosing a printing material for structural applications, the following aspects
should be considered:

• Strength: Yield, tensile, compression, buckling and fatigue strength should be competitive with com-
monly applied building materials

• Stiffness: A decisive material property with regards to load distribution and deformations which can be
displayed by a stress-strain curve.

• Ductility: The material should exhibit sufficiently ductile behaviour when subject to loading to prevent
brittle failure.

• Durability: Since the bridge will be located within the crowded city centre of Amsterdam, the need
for maintenance, post-treatments and subsequent closing of the bridge should be minimised. Also
corrosion resistance should be up to standards while dealing with metals in an urban area.

• Weldability: The variety of alloys attain different properties during and after welding. Susceptibility
to cracking and other weld defects, especially with respect to the high-detailed geometry, should be
reduced to a minimum.

• Cost: At the time of writing, the production costs still exceeds the material costs. Partly because of
the need for software developers and robot programmers. However, because of developments in AM,
production costs are likely to go down at a high rate, while material scarcity might cause rising prices
for alloys. As a result, material costs will be increasingly a factor of importance in the course of time.

• Printing Experience: Printing a certain material requires customised process parameters. Therefore it
is vital to have a well-developed printing strategy and extensive experience with printing of a specific
material.

Considering the various criteria listed above, it is evident that printing experience is a decisive factor which
reduces the material selection to the specific alloys frequently used by MX3D. MX3D has experience in alu-
minium, bronze and several steel grades. Especially the latter jumps out in a positive way experience-wise. By
far most products printed by MX3D are made in stainless steel. This narrows down the selection of materials
to be investigated in this research to stainless steel grades ER 308L and ER 316L.

These low-carbon austenitic stainless grades exhibit good mechanical properties, weldability, and corrosion
resistance up to urban environmental level. The lack of necessity for a surface treatment to increase corrosion
resistance is a major advantage compared to carbon steel alternatives. The higher alloyed 316L grade exhibits
slightly better mechanical properties and improved corrosion resistance [5]. Though, for an urban area where
the bridge will be located, 308L attains sufficient durability properties. Pricewise, 308L is the better option
because it is up to 40%5 cheaper. Additionally the bridge will be printed in stainless steel grade 308L, making
it the logical material to investigate in this research. Specifications of the exact welding wire used to print the
test specimens are presented in section 3.2.2 and its corresponding datasheet in appendix B.2

5Average value for MIG-welding wire prices from multiple key-industry suppliers at the date of writing
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However, this material selection should be made for every single product individually. Other structural appli-
cations may require different material properties, consequently demanding other materials. Besides by the
base material itself, aforementioned material characteristics are also influenced by the printing strategy. In
section 2.3 the relation between the most important printing parameters and the resulting specimen proper-
ties is elaborated further.

2.2.2. Stainless Steel
Stainless steel is a special type of steel alloy which behaves differently than their carbon steel counterparts.
The obvious distinction between carbon and stainless steel is that the latter should by any means be able
to resist corrosive attack from normal atmospheric exposure. This property is attained by an invisible and
adherent chromium-oxide surface film that, when damaged, has the ability to heal itself in the presence of
oxygen [29],[30]. Additionally, stainless steel possesses mechanical properties (as shown in section 2.2.4) and
a microstructural composition that differs from carbon steel. When applying stainless steel in a structural de-
sign, it is vital to keep these distinctions in mind. Therefore this will be extensively discussed in the following
sections.

Despite higher initial costs, stainless steels often outperform carbon steels with respect to durability. This
is predominantly due to its increased corrosion resistance which eliminates the necessity for a protective
surface finish. Hence reducing the overall life-cycle costs [31]. Nevertheless, special attention should be paid
to the application of a material when choosing a stainless steel grade. Certain aggressive environments, for
example chloride-rich marine areas, require highly alloyed stainless steels to be able to withstand corrosion.

Also within the stainless steel group, various grades exist which can be subdivided in accordance with their
metallurgical structure. Table 2.3 presents an overview of typical properties per steel type.

Table 2.3: Types of stainless steel with their typical properties. Based on [30]

Type Magnetic Crystal Struct. Strength Ductility Corrosion Res. Grades

Ferritic yes BCC Good Poor Good AISI405, 430
Austenitic no FCC Good Very good Good AISI2XX, 3XX
Martensitic yes BCT Very good Poor Moderate AISI403, 410
Duplex yes Combination Very good Good Very good 2205
Precip. Hardened yes Combination Excellent Very good Very good 17-4PH

The five distinguished types are ferritic, austenitic, martensitic, duplex and precipitated stainless steels of
which the austenitic type is most widely applied in structures. Duplex steels have a mixture of austenitic and
ferritic grains in their microstructure, which explains the ‘duplex’ structure. This is achieved by a reduction
of nickel content compared to what is required for the production of full austenitic steels [32].

Martensitic and ferritic steels behave less ductile, and just as austenite steels they cannot compete with the
superior strength of duplex and precipitation hardened steel grades. Despite their superior strength, both
steels are very sensitive during welding as opposed to austenite grades. Besides good strength and ductil-
ity, austenitic grades attain the important property of nearly unaffected mechanical characteristics during
welding, which makes this grade especially suitable for WAAM. Additionally they have excellent toughness
when subjected to very low temperatures and are therefore extensively used in cryogenic environments [29].
Austenite grades can be easily identified by their 200 or 300-series designation with additional letters to iden-
tify the composition and certain characteristics of the alloy; e.g. the 308LSi alloy as used in this research
(designating low carbon L and extra silicon alloying Si).

2.2.3. Microstructure
The variety of stainless steel alloys can be subdivided by means of their specific crystalline structure and
microstructural build-up, both affecting material and mechanical properties. To be able to understand and
analyse material properties that are observed in tests, thorough knowledge of the stainless steel microstruc-
ture is indispensable. Since the column specimens are printed in an austenitic grade, this section has been
written with emphasis on this group of metals. A concise outline is presented using five characteristic sub-
jects. Firstly the crystal structure of the alloy will be discussed, followed by its crystal-based grain structure
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which strongly affects engineering properties. Next, the influence of temperature and cooling rate on the
microstructure of metals is elaborated under the designation of ‘solidification structures’. Finally, distinctive
phases for alloys are presented with their typical welding problems.

Crystal Structure

When a liquid solidifies, it attains either an amorphous or crystalline structure. An amorphous structure
can be considered as a random structure, lacking any order. Glass and most organic materials are typical
amorphous materials. Grains in metals however, form orderly crystalline structures consisting of atoms, or
molecules, in a regular three dimensional pattern. The specific arrangement of atoms and molecules in the
crystal (also referred to as morphology), determines the type of crystalline structure that is present. Addition-
ally, metals are an allotropic material, meaning that their crystal structure may alter at a certain temperature
[33].

All crystal shapes can be subdivided in seven groups, with fourteen possible lattice arrangements. Nonethe-
less, since the vast majority of metals crystallize in only three basic patterns, these will be shown here. The
three basic patterns are face-centered cubic (fcc), body-centered cubic (bcc) and hexagonal close-packed
(hcp) respectively. Their typical structures are visualised in figure 2.14.

Figure 2.14: From the left to right: fcc-, bcc- and hcp-crystal lattice structure [30]

From those three basic lattice structures, two are of importance for this research; austenite steels attain fcc-
lattices (γ-Fe) and ferrite steels bcc-lattices (α-Fe). Duplex steels have a combination of both structures. In
case of fcc-crystals, the iron atoms are on the cube corners and at the centres of each cube-face [33]. Ferritic
steels may be transformed in steels with an austenite structure by alloying with nickel at room temperature.
Phase changes are also induced at certain temperatures. The subject of phase changes will be more thor-
oughly discussed in the proceeding of this section by means of the iron-carbon phase diagram (see figure
2.23).

Although in aforementioned theory crystal structures are represented as perfectly ordered crystalline lattices,
they are rarely perfect in practice. In reality, crystals have irregularities in the arrangement of the atoms that
may significantly affect the properties of crystalline solids [34]. These crystal defects can both have a positive
and a negative effect on for example mechanical deformation and ductility of steel. Defects can be roughly
subdivided in point defects, line defects (or dislocations), planar defects and volume defects. The latter in-
cludes porosity and (non-metallic) inclusions, which may substantially reduce strength and fracture resis-
tance. Shrinkage during solidification could lead to micro-porosity, on its turn allowing precipitates voids to
occur under certain circumstances, also negatively affecting properties of crystalline solids [34].

Besides negative effects, the presence of dislocations allows movement along the slip planes within the crys-
talline structure. The accumulated movement along the slip planes on macroscopic level is known as plastic
deformation. In case of fcc- (austenite) systems, the iron atoms are structured in a very close packed arrange-
ment; the densest packing that can be obtained in a crystal structure. An fcc-system has four slip planes, each
with three possible slip directions as depicted in figures 2.15 and 2.16.
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Figure 2.15: Dominant slip systems for the three presented basic lattice patterns [30]

Figure 2.16: The four slip planes in an fcc-lattice and six slip planes in a bcc-lattice

Close-packed planes provide the preferred slip planes for dislocations [34]. This is why austenite metals
maintain good toughness and ductility, even at cryogenic temperatures. The non-directionality in the bond-
ing of atoms also allows thermal vibrations to be easily transmitted from one vibrating atom to its neighbours,
which explains the high thermal conductivity of austenite stainless steels [33].

In contrast to an fcc-structure, a bcc-lattice structure is not close-packed. In this case slip deformation occurs
along nearly close-packed planes. A bcc-structure has more available slip systems, but the operability of these
slip planes is more dependent on temperature and chemical composition. When for example lowering the
temperature, a ferrite (bcc) metal becomes more brittle. The relation between a metal its atomic structure and
its mechanical properties marks the necessity to acquire sufficient knowledge about the exact composition
of the stainless steel considered; does one have to deal with a ferrite, austenite or duplex stainless steel?

Microstructure (Grains)

When considering a metal structure on a different scale; one size up from the atomic structure, this is called
‘microstructure’. The microstructure of metals is built up from small crystalline grains and their grain bound-
aries. These grains typically form independently during solidification, together forming a characteristic poly-
crystalline microstructure as shown in figure 2.17.

Grain boundaries separate the crystal lattices of individual grains, hence serving as barriers to dislocation
motion. They are the result of grain disorientation as they are frozen into position during the solidification
process. So, grain boundaries are actually regions with many irregularly placed atoms, dislocations and vol-
ume defects (voids, pores). As a consequence, these regions are the preferential region for congregation and
segregation of impurities. Segregation of alloying elements results in a heterogeneous microstructure: the
distribution of austenite and ferrite is uneven. Possible migration of chromium might cause a local reduc-
tion in corrosion resistance. Compositional fluctuations of subsequent weld deposits should therefore be
considered [35].
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Weakening of the microstructure may occur due to phase precipitation or by undesired environmental fac-
tors in the grain boundaries [30]. Additionally, weakening may occur due to non-metallic inclusions which
commonly mistakenly become entrained within the metal during the manufacturing process. The presence
of inclusions does not have an adverse effect on strength, but it does reduce ductility and toughness of the
material.

Figure 2.17: Typical austenite microstructure of AISI304 stainless steel. (Magnification 250x, 0% cold working) [36]

Mechanical properties of a metal are intimately related with its grain size, distribution and shape. As yet
mentioned, grain boundaries provide a source of strengthening by pinning the movement of dislocations.
During cooling of austenite, the new bcc ferrite crystals start to grow from many points. The number of start-
ing points from which new crystals start to grow determines the number of ferrite grains and consequently
the grain size. By for example adding alloying elements like aluminium and niobium, the number of starting
points from which new crystals grow can be increased, and the grain size decreased [33]. When reducing
the grain size, the relative amount of grain boundaries that strengthen the material, increases. A reduction in
grain size imposes an increase in brittle fracture resistance. And even more profoundly, a finer grain structure
improves the yield strength.

The Hall-Petch equation (2.1) based on independent observations in the early 50’s [37],[38] describes the rela-
tion between yield stress and grain size mathematically for the three common crystal structures as graphically
depicted in figure 2.18. A number of methods have been developed to measure the grain size of a sample. The
simplest beholds counting of the grains that are present in a known area of a sample, so that grain size can be
expressed in the number of grains per area.

σy =σ0 +
kyp

d
(2.1)

Where σy is the yield stress and d the grain size (or diameter) in millimetres. Both σ0 and ky are unique to
each material. The first equals the stress at which dislocation movements initiate. And ky is a strengthening
coefficient. Typical values for steel are σ0 = 70 and ky = 0.74.



24 2. State-of-the-Art

Figure 2.18: The relation between grain size and yield strength for metals with different crystal structures [39]

Grain refinement is therefore an important beneficial mechanism to strengthen structural steels. This refine-
ment can for example be achieved by rolling or cold forming of steel or by temperature treatments (anneal-
ing). Since rolling is not an option for additively manufactured products, controlling heat input and corre-
sponding temperature gradient, or cooling rate, is the most predominant way to influence grain orientation.
Aforementioned temperature related variables are closely related to the process parameters of the printing
process. Section 2.3 describes this relation in more detail.

To be able to study the microstructure of a metal, a specimen of the considered metal should be prepared first.
The process of specimen preparation is known as metallography [33]. It usually involves sanding, polishing
and chemical etching using an appropriate etchant. After completing this process, the etchant has produced
an uneven specimen surface on a microscopical scale. As a consequence, the light reflects in a different way
compared to an unetched surface. Hence, under magnification provided by a microscope, the underlying
microstructural composition of the material becomes visible (see figure 2.19).

Figure 2.19: Metallography for an etched and unetched specimen [30]

The importance of a clean and correct sample preparation cannot be underestimated because this very pro-
cess alone can induce microstructural changes to the specimen. Section 3.5 provides the reader with the
exact metallographic preparation procedure that is used in this research to prepare the additively manufac-
tured specimens.
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Solidification

Molten metal solidifies in a typical crystalline structure by nucleation. During solidification, atoms lose their
kinetic energy while forming a crystal lattice. The kinetic energy is released in the form of heat which is called
the latent heat of fusion. Three types of crystal growth patterns can be distinguished: planar, cellular and
dendritic growth. This growth pattern is determined by the cooling rate and temperature gradient of the
system.

When the liquid ahead of the solid-liquid interface (denoted by x0), attains a positive temperature gradient,
heat is removed from the liquid by conduction. The resulting uniform distributed linear temperature gradient
perpendicular to the interface induces crystal growth planar to the liquid (figure 2.20(a)). Whereas in case of
a temperature decrease ahead of the solid-liquid interface (also referred to as ‘undercooling’), either cellular
or dendritic growth will occur (figure 2.20(b) and (c)) [30]. This is dependent on the level of undercooling:
little undercooling will result in cellular growth, while a large undercooling produces dendritic growth.

Figure 2.20: Effect of undercooling on solidification structure (a): plane growth; (b): cell growth; (c): dendritic growth [30]

Dendrites can be recognised by their pine trees-shaped crystals. They grow rapidly into the metal because
of the high negative temperature gradient. As the primary arm of the dendrite solidifies, it releases its latent
heat of fusion which causes a sudden temperature increase adjacent to the primary dendrite arm. As a con-
sequence of this new temperature inversion new (or secondary) dendrites start to grow perpendicular to the
primary arms.

Wire-arc additively manufactured structures, can actually be considered as a series of multipass welds. There-
fore it is expected that their solidification structures are similar as well. In multipass welds it is observed that
dendrites grow in the direction of the temperature gradient as already stated before [40]. When grains form
unidirectional due to directional solidification, columnar grain structures can be observed. Since columnar
grains results in anisotropic mechanical properties [41], this situation is unfavourable while loading a spec-
imen in multiple directions. Elastic constants correspond to the orientation of the columnar grains. This
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anisotropy should therefore be taken into account when applying WAAM-material in structures. Mechanical
tests should accordingly be considered in both the print direction and in transverse direction, perpendicular
to the thermal gradient.

The solidification structure and its difference across the printed specimen can be studied by analysing mi-
crographs of different cross-sections. Because it might be hard to observe the exact grain orientation in a
specimen which has been built up from multiple weld layers, it might be an option to use electron backscat-
ter diffraction. The analysis of the data output can however be very time-consuming.

Vitek et al. [42] showed that cooling rates can have a significant effect on alloys that are not fully austenitic.
The microstructural composition of duplex steel welds are altered by high cooling rates. Higher cooling rates
typically lead to an increase in ferrite content (with an exception for very high cooling rates) [43]. Typical
cooling rate ranges for various solidification processes are given in table 2.4 [44]. The cooling rate of arc
welding is relatively low compared to the other solidification processes, but the exact value within this cooling
rate range largely depends on the welding process parameters. Section 2.3 discusses the influence of process
parameters on mechanical and metallurgical properties in more detail.

Table 2.4: Cooling rates for different fabrication and solidification processes [44]

Fabrication Process Cooling Rate [K/s]

Directional Solidification 10−1 to 101

Casting 100 to 102

Arc Welding 101 to 103

Electron-Beam Welding 102 to 104

Laser-Beam Welding 102 to 106

Single-laser Pulse 107 to 108

The macroscopic shape of a weld is a decisive factor that influences both the grain size and microstructure of
the fusion zone. It is therefore important to understand the basics of weld pool development and its geometry.
This will be deducted by means of a simple fusion weld as depicted in figures 2.21 and 2.22. Three major zones
of a fusion weld can be distinguished: the fusion zone, its adjacent unmelted heat affected zone (HAZ), and
the base metal. In case of an alloy, a fourth zone can be denoted surrounding the weld pool consisting of a
liquated (partially melted) zone.

Figure 2.21: Schematic view of three weld zones Figure 2.22: Microstructural variations of a weld across its fusion zone

The solidification behaviour in the fusion zone controls the grain size and its orientation. Additionally it
determines the extent of segregation of elements and the distribution of inclusions and weld defects. Mi-
crostructural changes in the HAZ usually give rise to deterioration of the engineering properties of the weld
metal [33]. This means that in case of a multi-layer additively manufactured element, every subsequent
layer of welds changes the microstructure of a certain zone around the renewed weld pool. Special atten-
tion should be paid to these microstructural changes in the material while performing a microscopic analysis
of the WAAM columns.
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Phases

With increasing temperature, the crystal structure of steel changes. This is depicted in a typical iron-carbon
phase diagram (see figure 2.23). On the vertical axis one can see the temperature, and on the horizontal
axis the percentile carbon content. When heating pure iron, so without any added carbon, the bcc-crystals
(ferrite) change in fcc-crystals (austenite) at a temperature of 910 degrees Celsius. Below this temperature,
the microstructure of pure iron changes [33].

Figure 2.23: Iron-carbon phase diagram6

Austenitic stainless steels are either fully austenitic, or austinitic with a small amount of delta (δ)-ferrite.
Whereas carbon and low alloy steels undergo phase changes as stated above, austenitic stainless steels ex-
perience no phase changes during cooling from its liquid state to room temperature. As a consequence, its
mechanical properties are to a great extent unaffected by welding [29].

Properties of stainless steels in general can be significantly enhanced by thermal treatments and cold form-
ing. Since stainless steel alloys may encompass a wide variety of alloy contents, the effect of those treatments
differs a lot per steel grade. Higher strength levels can be obtained by for example cold-working, annealing
and quenching. However, because the crystal structure of austenitic grades is unaffected by thermal treat-
ment, these grades can only be hardened by cold deformation and full annealing [30]. Cold-worked austenitic
stainless steels will contain strain induced martensite, which potentially reduces the corrosion resistance
compared to a fully softened austenitic metal. Main hazard is stress corrosion cracking (SCC) induced by
tensile stresses [45]. During full annealing of steel, the metal is heated and slowly cooled down afterwards,
resulting in an increase of ductility and workability (hardness reduction). Stress-relieving by annealing addi-
tionally removes residual tensile stresses, thereby increasing the resistance to SCC.

6retrieved from https://www.tf.uni-kiel.de/matwis/amat/iss/kap_6/illustr/s6_1_2.html on 19/09/2017

https://www.tf.uni-kiel.de/matwis/amat/iss/kap_6/illustr/s6_1_2.html
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By alloying, the microstructure of a stainless steel can be altered. Anton Schaeffler published a phase diagram
that shows the effects of a certain chemical composition on the microstructure graphically [46]. As can be
seen in figure 2.24, alloying elements are assigned to two groups, named chromium and nickel equivalents.
These equivalents are determined by multiplication factors to the various elements, reflecting the strength
of their effect on the formation of ferrite and austenite. They are denoted on the horizontal and vertical
axis respectively. Some alloying elements favour the formation of austenite (nickel, carbon, manganese and
nitrogen), where others support the formation of ferrite (chromium, silicon, molybdenum and niobium).

Figure 2.24: Various types of phases present in solidified stainless steel illustrated by a Schaeffler diagram [29]

Weld defects are related to the specific microstructural composition of a metal. The coloured areas in figure
2.24 identify some of the common problems that may be encountered during fabrication of austenitic stain-
less steels. The blue and green zones corresponds to hot cracking; pink to grain growth and embrittlement;
yellow to embrittlement at elevated temperatures or stress relieve; and brown is a combination of problems
depicted by the two aforementioned coloured areas.

In addition the diagram shows a selection of the most widely used types of welding wires. Special attention
should be paid to the 308L steel grade, since test specimens made from this grade are being investigated in
this research. More specifically, the chemical composition of this welding wire is presented in table 2.5 by
means of typical alloy-content values. In this grade, silicon is used as extra alloying element to enhance oxi-
dation resistance and the resistance to corrosion by oxidizing acids, hence explaining the suffix -Si in 308LSi.

Table 2.5: Chemical composition of Oerlikon’s Inertfil 308LSi welding wire (typical values in %) [47]

Chemical element C Mn Si P S Cr Ni Fe

Content (%) 0.02 1.8 0.85 ≤ 0.025 ≤ 0.020 20 10 5 to 10

This steel grade, together with other commonly applied types as ER 304, 316, and 347, fall exactly within an
uncoloured triangular area in the center of the diagram. It denotes that these grades contain a certain amount
of δ-ferrite. Ferrite is capable of dissolving an increased amount of sulphur and phosphorus compared to its
austenite counterpart, hence avoiding the formation of undesirable liquid films along the grain boundaries.
In addition, the presence of ferrite increases the grain boundary area so that liquid films must spread over
a greater area. As a consequence, these alloys have a higher resistance to the formation sulphur–containing
liquid films [29].

Corrosion & Weld Defects
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Despite the fact that stainless steels in general attain a good corrosion resistance, there is a common miscon-
ception that stainless steel does not suffer from corrosion at all. In fact, it may in certain environments suffer
staining or severe corrosion attacks [31]. This emphasises the necessity to select an appropriate stainless steel
grade, taking into account its risk for exposure to corroding environments.

According to Eurocode 3 part 1.4. annex A [48], the correct procedure to verify if a structure meets the en-
vironmental requirements firstly involves the calculation of the Corrosion Resistance Factor (CRF). The CRF
depends on the severity of the environment and is calculated by the sum of three risk components taking into
account exposure to chlorides (from salt water or deicing salts), sulfur dioxide and exposure to washing by
rain respectively.

Next, the corrosion resistance class (CRC) can be calculated from the CRF using matching table A2 (see ta-
ble 2.6). At last, to ease steel grade selection, table A3 (table 2.7) provides a selection of steel grades subdi-
vided according their CRC. Here it can be seen that most austenitic grades are classified in CRC II. Steel grade
ER308LSi, used in this research, attains very good intergranular and atmospheric corrosion resistance in ur-
ban and rural areas. Therefore this grade is in particular suitable for a WAAM-bridge structure as it will be
placed in Amsterdam’s city centre. In general holds, the higher the alloy content, the more expensive the steel
becomes. Choosing an extra corrosion resistant steel should therefore be avoided to limit unnecessary costs.

Table 2.6: Determination of CRC according to table A27

Table 2.7: Grade selection in each CRC according to table A37

The type of surface finish may greatly affect durability. Arrangements which allow dirt entrapment or chem-
ical concentration should be avoided. Wire-arc additively manufactured elements could be extra sensitive
when retaining its rough surfaces. This could be reduced by for example sanding the final structure. If in
addition visual quality is of importance for a given component, an appropriate finish may be specified in
accordance with EN 10088–4 or EN 10088–5.

Whereas a self-repairing adherent chromium-rich oxide film protects stainless steels from reacting with the
atmosphere, the level of protection depends on the composition of steel, its surface treatment and the aggres-
siveness of the environment. The stability of the passive film increases for example with increasing chromium
content, and added nickel decreases the corrosion rate. Other alloying elements stabilising the stainless steel
are titanium, niobium and molybdenum. To enhance corrosion resistance even further, in particular to in-
tergranular corrosion, some steel grades, including the grade used in this research, have a lowered carbon
content (designated by suffix L, f.e. ER308L).
The relevant corrosion mechanisms and weld defects (for austenitic grades) will be concisely explained here:

7from NEN-EN1993-1-4:2006/A1:2015 Annex A
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Intergranular corrosion

Despite the ability of carbon to stabilise the austenite structure, it is considered as an undesirable impurity
in austenitic stainless steels. When austenitic steels are exposed to temperatures between 450 and 900 °C, for
example during welding, the carbon in the steel diffuses to the grain boundaries and precipitates chromium
carbide (Cr23C6) as shown in figure 2.25. As a result of this process, the chromium content adjacent to the
grain boundaries lowers. This phenomenon is known as ‘sensitization’. When the chromium level drops
below 12%, grain boundaries become susceptible for corrosion. In general this occurs in the heat affected
zone of a weld and related corrosion is therefore referred to as ‘weld decay’.

Figure 2.25: Precipitation of chromium carbide in sensitised stainless steel [49]

To avoid intergranular corrosion, or weld decay, the follow measures could be taken:

• Use heat treatment.

• Stabilise the steel with titanium or niobium.

• Use steel with a low carbon content.

Experience has shown that a low carbon content (≤ 0,03%8) is in most cases sufficiently low to guard against
intergranular corrosion after welding [48],[41]. This is particularly applicable to arc processes since this pro-
cess involves rapid heating and cooling of steel [31]. With a carbon content below 0.02% (see table 2.5), the
308LSi-alloy studied in this research, is sufficiently safeguarded against weld decay. In addition, intermetallic
phases can reduce the toughness of duplex steels [50].

Stress corrosion cracking

The simultaneous presence of tensile stresses, increased temperature and aggressive environments might
induce stress corrosion cracking (SCC). Special caution should be exercised when high residual stresses are
present, for example due to arc welding, and when the member is being used in chloride-rich environments,
such as marine areas [51]. With increasing tensile stress and higher temperatures the likelihood of observing
SCC also increases [31]. Whereas ferritic and duplex stainless steel are relatively unaffected by SCC, austenite
grades could be made more resistant by adding molybdenum. Because molybdenum promotes the formation
of ferrite, also nickel should be added to keep the steel structure austenitic.

Solidification cracking

Solidification cracking (also referred to as hot cracking) occurs during solidification of the weld metal when
the available supply of liquid weld metal is insufficient to fill the spaces between solidifying weld metal which
are opened by shrinkage cracks [52]. Thus these cracks are initiated when the strain on the weld pool is too
high due to shrinkage of the weld pool. Solidification cracking is most likely avoided when the steel contains
approximately 5% ferrite [51].

8According to NEN-EN 1993-1-4: 2006 A.2.6.(4)
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Porosity

Porosity may become present by absorption of evolved gases (nitrogen, oxygen and hydrogen) in the molten
weld pool which becomes trapped in the metal during solidification [41],[53]. Both nitrogen and oxygen ab-
sorption usually originates from poor gas shielding. Increasing area fractions of porosity in a weld section
reduces its strength and ductility. In the vast majority of the cases porosity has acceptable levels and is there-
fore rarely considered as serious defect. However, in case of an experimental fabrication process as robotic
WAAM with changing process parameters, the possible presence of porosity should be monitored carefully.
Especially while printing on site in an uncontrolled environment, proper gas shielding might be hard to at-
tain.

Inclusions

At certain concentrations (>0.05%), sulphide and phosphide particles can be harmful to the toughness of the
steel. To avoid formation of iron sulphide (which is harmful for steels), manganese is added so it can form
the relative unharmful manganese sulphide (MnS) [33].

Aforementioned corrosion mechanisms and weld defects will be investigated by microstructural research.
How this will be done is explained in section 3.5 whereas the results can be found in section 4.3.

2.2.4. Mechanical Properties
The mechanical behaviour of stainless steels differs from that of carbon steels in a number of respects. Some
of the differences are, amongst others, anisotropy due to rolling and a more pronounced response to cold
working of the material. Because both rolling and cold working is not applicable to WAAM, these differences
will not be discussed any further in this research. How stainless steels behave differently from carbon steels
can be explained more profoundly by its stress-strain relation.

Stress-strain relation

Whereas carbon steels typically exhibit linear elastic behaviour up to its yield stress before it reaches a plateau
and subsequently encounters strain hardening, stainless steels have a more rounded, non-linear response.
Because stainless steels yield gradually and thus lack a clear defined yield plateau, their ‘yield’ strengths are
denoted in terms of a proof strength. Conventionally the proof strength is defined for an offset of 0.2% per-
manent strain and denoted as σ0.2 [51]. This is depicted in figure 2.26.9

Figure 2.26: Typical stress-strain curve for stainless steel [30]

9It should be noted that in annealed conditions, stress strain curves in some cases behave more non-linear in tension than in compres-
sion [31] [54].
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As stainless steels yield gradually with relatively low proportional limits, designing stainless steel members
can be more complex than their carbon steel counterparts [55]. This non-linear behaviour with strain-hardening
effects introduces difficulties for plastic global analysis. In addition, high ductility, and foremost, the low yield
to ultimate strength ratio implies that serviceability criteria are of greater importance when designing with
stainless steel [31]. It is therefore important to realise that, although stainless steels require similar verifica-
tion checks as those used for carbon steel structures, the design curves and normative formulations differ
for each material. Eurocode 3, part 1-4 [48], provides supplementary design rules for stainless steels to the
commonly applied Eurocode 3 standard for steel structures [56].

Figure 2.27 shows the stress-strain relations of austenitic steel grades ER304, ER316 and duplex grade 2205.
In addition the relation of carbon S355 steel is added in the diagram, which distinguishes itself with a clearly
visible yield point. The coloured area marks extreme values from a series of tests on 304 and 316 stainless
steel and is therefore represented as a scattered band in the diagram.

Figure 2.27: Stress-strain curves for stainless steel grades 304, 316, duplex 2205 and S355 carbon steel [45]

The 308L grade used in this research, attains mechanical properties in between grade 304 and 316. For both
grades, international standards recommend different design values for their Young’s moduli and ultimate
tensile strengths as summarised in table 2.8. More specifically, European standards prescribe design values
for low carbon alloys 304L and 316L for various product forms. The considered alloys are marked red in table
2.9. In the proceeding of this research, European standard (EC3) will be used.

Table 2.8: Strength values 304/316 [57] Table 2.9: Nominal strength values for stainless steels to EN1008810

10According to NEN-EN 1993-1-4:2006/A1:2015 clause 4, modifications to Table 2.1. of NEN-EN 1993-1-1 [56]
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Whereas carbon steels are generally modelled using a bi-linear stress strain relation, this cannot be applied
to stainless steels. Stainless steel stress-strain curves are often based on the Ramberg-Osgood equations.
The Ramberg-Osgood expression [58] aims to approximate the actual stress-strain behaviour deducted from
tensile tests. This expression can be used to model stainless steel members up to their 0.2% proof stress only.
For higher stress values the equation deviates significantly from tested values, principally because they are
extrapolations of curve fits to stresses lower than the 0.2% proof stress. To overcome this problem, Rasmussen
modified the Ramberg-Osgood equation in order to describe the full stress-strain relation [59]. Basically,
Rasmussen added an equation to the original Ramberg-Osgood expression that is valid in the domain of 0.2%
proof stress to ultimate stress. Hence the full stress-strain relation can be written by equation (2.2).

ε=


σ
E0

+0.002
(
σ
σ0.2

)n
for σ≤σ0.2

σ−σ0.2
E0.2

+εu

(
σ−σ0.2
σu−σ0.2

)m +ε0.2 for σ>σ0.2

(2.2)

Where the first term of (2.2) on the right side describes the elastic part of the strain, while the second term
accounts for the plastic part, describing the hardening behaviour. The ultimate strain may be obtained from
the approximation εu = 1− σ0.2

σu
. E0.2 represents the tangent modulus of the stress-strain curve at the 0.2%

yield strength using (2.3).

E0.2 = E0

1+0.002n E0
σ0.2

(2.3)

Non-linearity parameter n is used to attain a good approximation to the measured test values. This parameter
is defined as equation (2.4) in which σ0.01 is the 0.01%-proof stress.

n = ln(20)

ln
(
σ0.2
σ0.01

) (2.4)

A low n-value in equation (2.2) gives a round stress-strain curve, whereas high values result in a bi-linear
elastic-plastic curve as depicted in figure 2.28. Figure 2.10 shows typical values of n as provided in Annex C
of EC3, part 1-4 for strain-hardening materials [48]. The second non-linear parameter m has been derived
similarly for the second stage of the stress strain curve and may be determined by 1+3.5σ0.2

σu
.

Figure 2.28: Ramberg-Osgood representation of stress-strain curves [31]

Table 2.10: EC3 standard for parameter n [48]11

Aforementioned non-linearity parameters correspond to experimental data retrieved from tests on ‘ordinary’
stainless steels. Modelling stress-strain behaviour like this could be applied in finite element models of struc-
tures. This lies out of the scope of this research. Such a model can however also be implemented by analytical
means. The analytical Ramberg-Osgood model including Rasmussen’s modifications can be curve-fitted on
stress-strain curves obtained from tensile tests results on WAAM-steel by changing non-linearity coefficients
n and m. The ‘n’-value for which the most accurate fit was found can be implemented in the analytical (Ayr-
ton Perry) buckling formulas as mathematically derived in section 2.4.3. The outcome is a buckling curve

11According to NEN-EN 1993-1-4:2006/A1:2015 table 4.1
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with incorporated material non-linearity in accordance with European (EC3) standards. The attained curve
can be used as reference curve for the buckling test results of 3D-printed tubular columns as presented in
this research. Besides its stress-strain relation, other mechanical and physical properties are of interest while
applying stainless steels in design. They will be concisely discussed here:

Ductility

Ductility is a measure to which extent a material can elongate before yield and eventually fracture under
tensile loads. Sufficient ductile behaviour is of major importance in structural design to ensure an adequate
redistribution of stresses and to prevent brittle failure in ultimate limit state. As stated in European standard
Eurocode 3, part 1-4 [48], the ductility requirements as formulated in Eurocode 3 part 1-1 [56]12 also apply to
stainless steels. These requirements are shown in equation (2.5).

σu
σy

≥ 1.10 with σy =σ0.2

ε f > 15%

εu ≥ 15εy with εy = ε0.2

(2.5)

Where εf equals the elongation at fracture. Austenitic stainless steels are in general being known of having ex-
cellent ductility properties. According to the supplier, stainless steel grade 308LSi exhibits its ultimate strain at
a value of 35% [47]. Nevertheless, it should be checked from tensile test results if the additively manufactured
steel attains similar ductility values and thus whether it complies to the European standards accordingly.

Toughness

The resistance to brittle fracture is commonly referred to as toughness. Toughness is the ability of a material
to absorb energy from impact and deform plastically before fracturing. In theory, toughness of a material
is proportional to the area under the stress-strain curve from its origin to the elongation level of fracturing.
Notches and comparable material defects enhances the susceptibility to brittle fractures [30].

Whereas bcc-latticed metals like pure iron and ferritic stainless steels have the unfortunate characteristic
that their resistance to fracture reduces dramatically with decreasing temperatures (because of their relatively
high ductile-to-brittle-transition temperature), fcc-metals like austenitic steels does not attain that charac-
teristic. Austenitic grades can absorb considerable impact without fracturing mainly due to their excellent
ductility and strain hardening properties [51]. Even with extremely low temperatures, austenitic steels do not
fail by cleavage under all loading conditions. Eurocode 3, part 1-4 states that austenitic and austenitic-ferritic
stainless steels may be assumed to be adequately tough for service temperatures down to -40 °C[48]. Precipi-
tates may however weaken the grain boundaries, possibly enabling propagation of cleavage cracks along the
grain boundaries [33].

To assess the susceptibility of a material to brittle fracture at a certain temperature, a Charpy impact test
can be performed. Standardized specimens13, typically 10 mm wide and 55 m long square bars with a ma-
chined notch are struck by a pendulum with a controlled weight from a set height. The energy absorbed from
the striking pendulum during deformation and fracture of the specimen is used as a measure of impact en-
ergy [33]. Tests can be carried out with varying temperatures in order to derive a ductile-to-brittle-transition
curve, or to simply provide an indication of notch toughness of the investigated material [60]. The exact test
procedure applied in this research to assess toughness of WAAM-stainless steel is provided in section 3.6.3.

Hardness

The hardness of a material is a measure of resistance to deformation during penetration of a loaded indentor
in the metal surface. Experiments show the correlation of a material’s hardness with its tensile and yield
strength. It seems however complex to attain analytical proof for this [61]. Nevertheless, a commonly applied
engineering rule of thumb is that the tensile strength in MPa approximately equals three times the Vickers
hardness [33].

12According NEN-EN 1993-1-1:2005 clause 3.2.2.
13Standards for Charpy impact testing are provided in ASTM E23 and ISO148
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Over time, multiple hardness tests have been developed: Brinell, Rockwell, Knoop and Vickers tests respec-
tively. The testing methods differ in the type of indentor that is used to penetrate the metal. Whereas Brinell
testing applies a hardened steel ball, the Vickers test uses a diamond pyramid (with an included angle of
136°). Because both test methods will be treated in this research, it is important to state that the different
hardness measurements correlate closely at not too high values. Conversion tables are available, enabling
the comparison of both Brinell and Vickers hardness test results on WAAM-steel.

Fatigue

When structures are subjected to significant levels of repeated stress, the risk of fatigue of metal cannot be
neglected. Especially at the location of weld (or print) defects where stress concentrations are observed,
the metal is susceptible to fatigue failure. This risk can be limited by reducing the number of discontinu-
ities, sharp edges and stress concentrations in the material [51]. Where the fatigue resistance of a by MX3D
printed-stainless steel rod has already been addressed [5], it is concluded that additional research should
be conducted to fatigue resistance of specific connections from for example the 3D-printed bridge structure
which is expected to be subject to repetitive pedestrian loading. Fatigue behaviour lies however out of the
scope of this research.

Physical properties

A few physical properties of stainless steels are relevant to consider in this research. Austenitic stainless steels
shows up to 50% greater values of thermal expansion than those of carbon steels. The additional thermal ex-
pansion or contraction should be taken into account in design. In addition, stainless steels have a relatively
low coefficient of thermal conductivity (15 W/m°C). As a result of this low conductivity, steep thermal gradi-
ents can be observed leading to higher residual stresses during welding [45].
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2.3. Printing Process Parameters and Properties
Whereas WAAM proves itself as a process that is capable of fabricating well-performing structural parts, its
actual performance relies heavily on printing process parameters. Even though optimisation of- and a thor-
ough investigation into process parameters is beyond the scope of this thesis, printing quality (geometric ac-
curacy, surface roughness), microstructural features (grain size, texture), and resultant mechanical (and thus
buckling) properties are all strongly process-dependent [17]. This section therefore aims to identify relevant
process parameters of MX3D’s printing process. Since MX3D makes use of gas metal arc welding (GMAW), at
first general GMAW-process parameters will be presented from literature (2.3.1), after which more specifically
MX3D’s process will be discussed in 2.3.2. Finally, it will be stated in 2.3.3 how these process parameters affect
the properties of a printed specimen.

2.3.1. GMAW-Process Parameters
A GMAW-process is characterised by a continuous wire electrode which is drawn from a reel by an automatic
wire feeder. The wire is fed through the contact tip in the welding torch. Heat transferred from the welding arc
and the internal resistive power causes the wire to melt, like this transferring molten metal to the weld pool
[62]. Aside from a certain weld material and shielding gas, the most important GMAW-process parameters
are:

• Current

• Voltage

• Wire diameter

• Wire-feed rate

• Welding speed

• Nozzle-to-bead distance

• Preheat temperature

• Gas-flow rate

Despite they are mentioned separately, aforementioned process parameters are all interrelated. Electric cur-
rent and voltage are related by Ohm’s law which states that V = I ·R, and the electric power relation P =V · I
were P designates the electric power in Watts and R the resistance in Ohms.

In addition it is hard to control these parameters separately because in most welding processes (including
MX3D’s) they are not set directly, but limited to a range of values instead. Most welding processes have a so
called ‘constant voltage’ output characteristic. The arc voltage is established by setting the output voltage on
the power supply, which on its turn supplies sufficiently welding current to melt the welding electrode at the
rate required to maintain the pre-set voltage (or relative arc length).

Welding current can be controlled by adjusting the wire-feed speed. For example: as the wire feed speed
is increased, the arc length will become shorter. As a consequence the arc voltage becomes lower than the
pre-set value. If this output is recorded, the power source will supply a higher welding current to correct the
pre-set value; the melting rate of the electrode wire increases which corrects the arc voltage and arc length.

Another variable affecting the welding current is the nozzle-to-bead distance. An increased distance results
in a larger electrode extension and thus increased electrical resistance of the wire. With increasing resistance,
the temperature of the electrode rises. Therefore less welding current is required to melt the electrode at a
given feed rate [63].

Aforementioned welding parameters directly influences the cooling rate, as this is an important variable, it
will be discussed next.
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Cooling Rate

As mentioned earlier in section 2.2.3, the microstructural morphology of a weld and HAZ is determined by
the cooling rate. Together with the chemical composition of the alloy, its cooling rate influences the primary
mode of solidification and the nucleation and growth behaviour of the ferrite-to-austenite phase transfor-
mation during cooling [44]. Heat treated steels are in particular sensitive for changes in cooling rate, as slow
cooling rates can for example soften the adjacent weld material, consequently lowering the strength of the
weld. Typical cooling rate values for arc welding ranges from 101 to 103 K/s as depicted in table 2.4.

Like preheat and interpass temperature, heat input is an important variable that influences the cooling rate.
Heat input is a relative measure of the energy transferred per unit length of a weld and is calculated as the
ratio of the power (voltage times current) to the velocity of the heat source:

H = 60E I

1000S
(2.6)

Where H is the heat input in kJ/mm, E the arc voltage in Volts and I the current in Amps. The welding (or
travel) speed S is defined as the forward velocity of the arc measured in mm/min [64].

The effect of heat input on the cooling rate is similar to that of the preheating temperature. As either the heat
input or preheating temperature increases, the cooling rate decreases as shown in figure 2.29. The relation
between preheat temperature, heat input and cooling rate is given by:

R ∝ 1

T0H
(2.7)

Where R designates the cooling rate in °C/s, T0 the preheat temperature in °C, and again H is the heat input
in kJ/mm.

Figure 2.29: Influence of heat input on cooling rate
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2.3.2. MX3D’s Printing Parameters
In addition to the general GMAW-process parameters mentioned in 2.3.1, MX3D’s printing process contains
some extra parameters of importance. They will be described in this section. The exact printing parameter
values used to print the tubular columns for this research are stated in appendix B.1.

Figure 2.30: MX3D’s printing set-up with multi-axis ABB IRB-5-2600 robot and Oerlikon Citowave 3 GMAW-system

The following specific parameters for MX3D’s process can be distinguished:

• Welding pulse time

• Layer height

• Nozzle angle

• Workpiece angle

• Interpass temperature

Welding pulse time is the time the machine prints at a certain spot, comparable with the welding speed pa-
rameter used in ordinary GMAW-processes. A specimen is built up from a 3D-CAD model, which has been
sliced in 2D-profile layers along which the machine deposits its material. The height of such layer is greatly
influencing mechanical properties and surface waviness and is therefore of great importance.

MX3D makes use of multi-axis robots (figure 2.30 which are able to print theoretically in every angle. Nozzle
angle and workpiece angle can be combined to one angle parameter as this eases the analysis. This is an im-
portant variable because gravitational pull changes under an angle, hence possibly changing the properties
of the specimen. The influence of printing angle on mechanical properties is investigated by Joosten (2015)
[5]. His results are summarized in 2.3.3.
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As already stated, cooling rate is an important variable affecting the mechanical properties of a weld. Inter-
pass temperature is the temperature that the metal has to cool between subsequent welding passes so the
desired properties can be retained. A minimum value of the interpass temperature is required to control the
geometry and surface waviness and a maximum temperature should be adopted to avoid excessive carbide
precipitation and thermal-induced stresses. The amount of heat that is being introduced in a specimen is
strongly related to the applied printing strategy and the environment in which is being printed.

MX3D makes a distinction between two general printing strategies:

• Continuous printing: the metal is deposited in a continuous way along the circumference of the tubular
column

• Dot-printing: the metal is deposited by successive points (dot by dot) along the circumference of the
tubular column

The effect of these different strategies on the metallurgical characteristics of printed tubular columns will be
discussed in next the section.

2.3.3. Influence of Printing Process on Properties
Now the different process parameters for GMAW and MX3D’s process have been identified, this section will
more specifically describe the influence of these parameters on the actual properties of additively manufac-
tured specimens. Because the actual relationship between process parameters and properties requires com-
plex non-linear models and most relations are still subject of research, only a concise overview of conclusions
drawn from recent research to multipass welds, WAAM and MX3D’s process will be presented.

Ding et al. [17], amongst others (Klingbeil et al. [65]; Mughal et al. [66]; Alimardani et al. [67].), concludes that
the control of residual stresses and distortions for large-scale WAAM-processes is a major concern. Besides
having an effect on part tolerances, it might also cause premature failure. Local thermally induced stresses are
the result of thermally induced strains during non-uniform expansion and contraction of the material. The
problem has often limited the use of welding-based technology for manufacturing of some potential, and
more critical, applications in the aerospace industry. Post-processing techniques could minimize residual
stresses, but yet they are not used by MX3D. Instead, MX3D is optimising its deposition strategy to minimise
thermal induced stresses by studying the influence of cooling rates.

Continuous versus dot-by-dot deposition

As the cooling rate has a significant effect on mechanical properties of a metal, and the cooling rate on its turn
is directly related to heat input, the printing strategy is a key variable in order to optimise additively manufac-
tured specimens. With regards to designation of ’printing strategy’ one should think of; welding parameters,
time between subsequent depositions of metal and deposition order. Whereas the specific deposition strat-
egy used for the tubular columns will be more thoroughly explained in section 3.2.2, the distinction between
continuous and dot-by-dot deposition has already been made. Both strategies have different effects on the
specimen properties as will be discussed here.

Mughal et al. and Sequeira Almeida [66],[9] showed that continuous deposition without interpass cooling
causes a larger HAZ, typically leading to tolerance loss, higher residual stresses and a poor surface finish.
Mughal et al. have developed a thermo-mechanical model to predict residual stress induced deformations.
Some results indicate that continuous deposition may cause local excessive heat input, resulting in high tem-
perature gradients. Remelting of the substrate causes poor dimensional tolerances and surface finish.

Residual stresses seem to be dependent on deposition sequences in continuous depositioning: the highest
stresses were repetitively found in the last deposition rows. Every time a new row is being deposited, the
previous layer is reheated. This causes relaxation of stresses in the former deposits. By assuring sufficient
interpass cooling, the residual stress distribution becomes insensitive to the deposition sequence as each
deposition sequence does not provide any preheating effects to the next sequence [68].
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Dot-by-dot welding shows different characteristics. Whereas research of Ding et al. [17],[69] shows smoother
surfaces for continuous deposition, this is in contradiction with observations of MX3D’s robot operators, as
the patent-pending dot-weld strategy of MX3D shows on average better results. Selective depositioning of
welds, for example as a series of small ’towers’ before joining them together to form one large ’tower’, allows
for relaxation as they cool down, consequently proving to reduce thermal induced stresses and deformations
[32],[70].

However completion of an object using dot-by-dot deposition takes in general more time than while using
continuous deposition. This is partly caused by the waiting time between single dot-depositions to enable
sufficient cooling of the previous deposition. That is why MX3D is experimenting with various deposition
orders to reduce waiting times; during this waiting period the robot does not add any value to the process
which is very inefficient.

It should however be noted that both strategies are still very much in development and advancements in print
quality are made rapidly. Another proposed welding technique is pulsed-current arc welding, which possibly
reduces surface waviness and improves printing quality in general. This is however not being investigated
in this thesis. Cooperative research effort of ArcelorMittal and MX3D currently aims to evaluate both strate-
gies by analysing the thermal history of printed specimens using thermal cameras during the entire printing
process. The first results seems promising but have however not yet been published.

Printing Angle

In addition to the deposition order, the effect of printing angle on mechanical en geometric properties have
been studied by Joosten [5]. Stainless steel (ER308L) rods have been printed under an angle of 0, 30 and 60
degrees. Zero degrees means that the nozzle angle coincides with the longitudinal axis of the (rod) specimen.
An example of such a rod specimen is shown in figure 2.31.

Figure 2.31: Tensile test specimen as used by Joosten [5]

Results show a clear difference in geometrical, mechanical and microstructural characteristics for varying
print angles. Figure 2.32 schematises the effect of print angle on the geometry of the specimen. Results show
that the average rod diameter is affected and an increased diameter variation is observed. Tensile test results
show reduced strength values while ductility values have been retained. The results as depicted in figure 2.33
show a clear negative relation between ultimate strength and print angle. Specimens printed at an angle of
60 degrees attain ultimate tensile strength values averaging 10% lower than while being printed at 0 degrees.
This effect of print angle on mechanical properties should be taken into account when the designer aims for
an economic design.

Figure 2.32: Schematization of effect of printing angle on specimen geometry [5]
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Figure 2.33: Effect of printing angle on ultimate tensile strength [5]

The effect of printing angle has also been studied on microstructural level. In multipass welds, dendrites tend
to grow in the direction of the temperature gradient. Since the WAAM process can be considered similar to
multipass welds, their solidification structure proves to be comparable as well. Micographs of rod specimens,
again printed at an angle of 0, 30 and 60 degrees, show a directional grain growth. Large columnar grain
structures can be observed in the direction of the thermal gradient of the weld pool.

While printing at a different angle, the orientation of the weld pool changes due to a change in gravitational
pull; so does the direction of the grains with respect to the main orientation of the rod. As depicted in figure
2.34, printing at an angle of 30 degrees results in a grain orientation 6 degrees off from the rod its main orien-
tation, and 18 degrees off at an angle of 60 degrees. The successive deposits with changed orientation can be
observed even more clearly in figure 2.35.

Figure 2.34: Schematization of printing angle and resulting grain orientation with expect to the rod its main orientation [5]
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Figure 2.35: Micrographs in longitudinal and transversal direction of a by MX3D-under varying angles-printed stainless steel rod [5]

As grains are formed in a new deposited layer of metal, grains continue to grow without obstruction through
each succeeding weld pass in the orientation of the previous grains, together forming large columnar grains.
Such interpass epitaxial growth leads to coarse columnar grain structures. They are undesirable because they
limit the amount of plastic deformation in the material when loaded in the main orientation of the specimen
and leads to extreme anisotropy of mechanical properties. This explains the lowered tensile strength values
compared to theoretical values as they were based on the assumption of isotropic material behaviour.

Despite the fact that the tubular columns tested in this thesis are printed at a constant angle of 0 degrees,
anisotropic material behaviour is undesired. Therefore tensile tests on milled 3D-printed specimens will be
performed and analysed both in print direction and transverse direction to see how much this affects strength
values as this is vital for structural application of this material.

There are a few techniques which can be implemented to reduce or mitigate these undesired anisotropic
properties, namely: rolling, electromagnetic vibration, thermo-hydrogen welding, interpass peening and as
mentioned earlier: pulsed-current welding. These processes are however not worked-out and applied for the
specimens used in this research.

Predictive Models

The development of accurate process control models capable of determining weld bead geometry and plate
fusion characteristics of the deposited beads from the welding process parameters is one of the crucial soft-
ware components for WAAM technological and commercial development which would lead to widespread
industrial application. Therefore it is vital that the relationship between printing process parameters and the
weld bead characteristics of deposited layers is fully understood [9],[71].

In the past decades, mathematical models have been developed to predict and control the final shape of the
weld bead for single and multi-pass deposition. Research of Chandel [72] showed that arc current has the
greatest influence on bead geometry, and that mathematical models derived from experimental results can
indeed be employed to predict bead geometry. Despite the large numbers of attempts to analyse arc welding
processes, accurate mathematical models that relate input to output parameters in arc welding process for
inclusion in commercial WAAM systems are still lacking [62],[73].
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Despite the lack of accurate mathematical models, Murugan and Palmer [71] described trends of welding
parameters and their influence on weld bead geometry of stainless steel surfacing. The trends are concisely
discussed here. An increased arc voltage resulted in a greater penetration, lower reinforcement, greater bead
width and greater dilution. With an increased wire-feed rate the bead width was unaffected while an in-
creased penetration and reinforcement was observed. For an increased welding speed, the opposite effect
is observed: a decrease of penetration, reinforcement and bead width. A larger nozzle-to-bead distance on
its turn results in a decrease of penetration, bead width and dilution, but an increase of reinforcement. An
overview of Murugan and Palmer’s findings is shown in table 2.11.

Table 2.11: Overview of direct process effects on respectively geometry, microstructure, strength and ductility [5]

Where the characters are respectively designating width (W), reinforcement (R), penetration (P), dilution (Di),
hardness (H), yield strength (Y), tensile strength (T), fatigue strength (F) and ductility (Du).

The observations of Murugan and Palmer are in conjunction with the findings of Funderburk on the effect
of heat input in SMAW-processes as shown in table 2.12 [64]. For an increased heat input (and thus a lower
cooling rate), lower hardness values, a lower yield and tensile strength are observed, and an increased elonga-
tion. This makes sense, because as equation (2.7) proves, with a higher heat input the cooling rate decreases,
consequently affecting the mechanical properties of the weld metal.

Table 2.12: Effect of increased heat input on material properties for arc welding-processes [64]
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2.4. Fundamentals of Buckling
This section presents a comprehensive overview of buckling theory. The goal is to state the important vari-
ables affecting stability of stainless steel columns, its mathematical basis and its current prescription in Eu-
rocode 3. In general, members in compression are susceptible to a number of possible buckling modes (tor-
sional, lateral, local, etc.), but since these are irrelevant for thick-walled tubular columns as studied in this
research, only flexural buckling due to concentric loading will be considered.

2.4.1. Column Theory
Buckling of a structural member can be defined as the critical state at which the member at particular com-
pression load levels exhibits sudden large (sideways) displacements or even collapse. This phenomenon will
be explained by means of the elastic (perfect) and inelastic column theory.

Perfect Column

Columns with very low slenderness are not affected by buckling and can be designed according its yield stress
fy. If local buckling does not affect the member (as assumed for Cross-Section Class (CSC) 1, 2 and 3 14) the
compression resistance (also referred to as squash load) equals the plastic resistance of the cross-section
which can be obtained by multiplying a column its cross-sectional area A with its yield stress fy (2.8). Eu-
rocode 3 [56] considers that this is the case when their relative (non-dimensional) slenderness λ̄≤ 0.2.

Npl = A fy (2.8)

More slender columns (λ̄ ≥ 0.2) are susceptible to buckling while loaded in compression. Cornerstone of
the column theory is the Euler column which can be considered as a mathematically straight, prismatic,
pin-ended, centrally loaded element that is slender enough to buckle without the stress at any point in the
cross-section exceeding the proportional limit of the material (elastic buckling). Under these assumptions
the Euler load, being the critical load at which a slender elastic column can be held in a bent configuration
under axial load alone, is given by:

Ncr = π2E I

Lcr
(2.9)

Where Lcr is the buckling length taking into account the boundary conditions and I is the second moment
of area of the considered column section. More of which is described in the course of this section. One can
obtain the critical Euler stressσcr by dividing both sides of (2.9) by A. By subsequently introducing the radius

of gyration as i =
√

I
A and slenderness λ= Lcr

i the equation becomes:

σcr = π2E

λ2 (2.10)

This relation with corresponding failure modes has been drawn in figure 2.36 [74].

Figure 2.36: Euler buckling curve with corresponding failure modes

14Cross-Section Classification as specified in NEN-EN 1993 clause 5.5.2 and NEN-EN 1993-1-4 table 5.2 (stainless steel)
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After buckling is initiated at the critical load, the column will continue to bend with increasing load until
instability is reached at the maximum (collapse) load. The Euler formula for the elastic critical buckling load
of a slender column [75] (together with its modification by Engesser for inelastic behaviour [76]) is the earliest
engineering design formula that is still in use today.

As already briefly stated, the Euler formula comes with numeral limitations [77]. In unloaded state, the col-
umn should be perfectly straight and while carrying the load, it should coincide with the longitudinal cen-
troidal axis of the member. Furthermore it is assumed that residual stresses are present without any variations
along the column length. It is also assumed that the stress-strain relationship for both tension and compres-
sion are similar and without variation throughout the member. At last, a member is assumed to be pinned;
meaning that any friction in the end-constraints is disregarded.

Imperfect Column

In practice however, the real behaviour of steel columns rather differs from the earlier described ‘perfect’
column. Columns generally fail by inelastic buckling before reaching the Euler buckling load and thus one
of the key assumptions of the Euler column theory is violated due to a stiffness reduction. This stiffness
degradation may be caused by:

• The non-linear (stress-strain relation) material behaviour itself, as is for instance the case for stainless
steel. Also local material defects and possible variations of material properties like yield strength might
induce inelastic buckling.

• Geometric imperfections and eccentric load introduction.

• Partial yielding due to compressive residual stresses.

Finally the influence of end-restraints and the combined effect of aforementioned factors will be discussed.
The post-buckling behaviour is therefore radically different from the elastic perfect column; buckling occurs
at the tangent modulus load, where in equation (2.11) the Young’s Modulus E is replaced by a tangent modu-
lus Et [78].

Ncr = π2Et I

Lcr
(2.11)

It is already noted that stainless steels have no clear yield plateau (see figure 2.26 in section 2.2.4). The equiv-
alent yield stress fy is defined as 0,2% proof stress σ0.2. Beyond the proportionality stress σp softening of the
material occurs and consequently a reduction in buckling strength. A more comprehensive explanation of
buckling of stainless steel members is presented in 2.4.3.

Another difference between the elastic buckling theory prediction and the behaviour of a compression mem-
ber in practice can be attributed to various geometrical imperfections in the ‘real’ element. Initial curvature
(or out-of-straightness as visualised in figure 2.37 [74]) will affect instability, as will eccentricity of the (per-
fectly presumed concentric) applied loads, consequently introducing secondary bending moments at the on-
set of loading. On its turn it leads to an increase in deflection and a growing amplitude of the lever arm of the
compression load; hence resulting in geometrically non-linear behaviour. Compared to a ‘perfect’ column,
this may severely weaken the buckling resistance of a structural member.

The magnitude of initial curvature e0 is usually expressed in terms of a fraction of the length of a member.
Despite that these imperfections are commonly in range of standard fabrication tolerances and not visible
by the naked eye, they must be taken into account while designing compression members. Especially when
considering additive manufacturing, where quality control and guidelines in reliable geometric tolerances
are yet not developed on a large scale. As can clearly be observed in figure 2.38, column behaviour of inter-
mediate slenderness ratios deviates most from the Euler curve. The greatest reduction in resistance occurs
in the vicinity of λ1 (relative slenderness λ̄ = 1), where the plastic squash load and elastic buckling load are
nearly coincident and therefore interact the most [79]. For very stocky members with a low slenderness which
exhibit a failure load close to the squash load, the influence of initial curvature is negligible. At the other ex-
treme, very slender members exhibit a failure load approaching the elastic critical load and the influence of
initial imperfections on buckling resistance is therefore limited.
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Figure 2.37: Initial curvature of a column Figure 2.38: Buckling curves for members with geometric imperfections

Besides initial curvature, also eccentricity of loading drastically reduces the buckling resistance. Eccentric
load introduction induces first-order bending moments in the column which consequently starts to deflect
laterally, similar to initial curved members loaded in compression. Compared to the influence of initial cur-
vature, the reduction of buckling resistance due to eccentricity of loading is less dependent on the column
length. Reduction of buckling capacity is more related to the section size of the member. Because the bending
moment is constant over the entire column length, stocky members exhibit the largest reduction in buckling.
Considering the effect of eccentric loads, special care should be taken of concentric load introduction while
performing buckling tests. Column specimens should therefore be cut perfectly straight at both column-
ends.

Residual stresses are present in both cold-formed and welded sections. Despite not much is known about
residual stress development and distribution in WAAM-sections, it is clear that as a result of local heat input
during printing, and uneven cooling, thermally induced residual stresses are present in the printed material.
Tensile residual stresses occur in the regions of a section that cooled down slowest. They are counterbal-
anced by compressive stresses in the remaining part of the section. For thin-walled cold-formed and welded
sections usually a constant residual stress distribution over the wall thickness can be assumed.

In general residual stress results in early yielding of local fibres; this occurs before the applied compressive
stress attains the material yield stress fy. The applied stress superimposes on the residual stress that is already
present. Yielded fibres have a reduced stiffness compared to the remaining elastic ones because their strains
exceed yield strain εy. Hence the column stiffness is constant until first yielding (point 1 in figure 2.39). The
collapse load of a very slender column is therefore not affected by residual stresses.

With increased loading the column stiffness progressively decreases. The effect of residual stresses is again
most significant in the range of intermediate slenderness (point 2). In this case premature yielding reduces
the bending stiffness and the struts buckle inelastically at a load below both the elastic critical buckling load
and the plastic squash load. Stocky (or stub) columns, are practically unaffected by residual stresses. Their
failure load is usually higher than the yield load (point 3) due to strain hardening effects.
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Figure 2.39: Influence of residual stresses on the stress-strain relation of carbon steel [79]

In practice all effects mentioned above occur simultaneously. To emphasise the complexity of these effects
combined, research shows initial curvature and residual stress variations are related. Tests and numerical
studies to hot-rolled steel sections of Batterman and Johnston (1967) [80] and Bjorhovde (1972) [81] prove
that the separate effects of residual stress and initial out-of-straightness cannot simply be added to give a
good approximation of the combined effect on the maximum column strength. For intermediate slenderness
ratios and low residual stresses the combined effect is less than the sum of the parts while for other cases it
can be more.

Furthermore these studies prove that variations in column resistance can be explained by differences in the
shape of the residual stress patterns. This affects initially curved columns more than columns that are initially
straight.

However, it should be clearly marked that all (combined) effects of residual stresses and geometrical devi-
ations as described above are determined from tests on welded, cold-formed and hot-rolled steel sections.
Until now no tests are performed to verify the effects of residual stresses in printed stainless steel columns.

Finally it should be noted that the test set-up plays a vital role while evaluating buckling test results since
end-restraints may significantly affect the resistance to buckling. In a perfect world the end-restraints (in
this research pinned-pinned as explained in section 3.4.2) behave frictionless. In practice however, this is
not completely the case. Methods have been developed to account for end-restraints with rotation stiffness
making use of effective length factors, but the question of how to use this in design is still unresolved [78]. For
example, should restraint factors for different kinds of end restraints be tabulated so it can be adopted using
effective length method, or should the effect of end-restraints be included in buckling design curves like the
AISC15 approach [82].

Because constructing a buckling curve is the aim of this thesis, the effective length concept is used in this
research. The effective buckling length, denoted by Lcr, of a supposedly hinged-hinged member is equal to
the distance between both rotation points of the hinges. This can be formulated as Lcr = K · L, where L is
the member length, K the effective length factor and Lcr is defined as the distance between the two points of
contraflexure (points of zero moment) along the column length.

15American Institute of Steel Construction
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Figure 2.40: Effective buckling length for a laterally restrained column [74]

For the specific test set-up used in this research to test columns on buckling stability, the friction of the end-
restraints will be accounted for using an experimental derived effective length factor. The adopted strategy is
explained further in section 5.3.1.

2.4.2. European Buckling Curves (ECCS)
From 1960 onwards, an international experimental programme was initiated by the ECCS16 to study column
behaviour of standard hot-rolled, cold-formed and welded columns. Over a thousand buckling tests on nu-
merous types of sections were investigated [83]. Among those types were I, H, T, U, circular and square hollow
sections with varying slenderness, ranging from 55 to 160. Using these column tests, associated with theoret-
ical analysis, buckling curves as presented in the course of this section, are derived as function of a relative
slenderness λ̄.

The effects of residual stresses are accounted for in these curves relative to each considered type of cross-
sectional shape. A yield strength of 240 MPa was used as reference value for all calculations. Additionally, a
half sine-wave-shaped geometric imperfection with a maximum amplitude of a thousandth of the member
length (e0 = L

1000 ) was taken into account. This value was primarily chosen because it equals the upper limit of
acceptable tolerances of fabricated steel members, consequently considered as a conservative assumption.

A variety of initial curvature shapes have been measured of hot-rolled and welded sections as shown in figure
2.41. Besides their different double curved shapes, some columns exhibit its maximum eccentricity at a quar-
ter of their height instead of halfway. This shape can be approximated by Fourier series. For an eccentricity of

L
650 at a quarter of the column height and the substituted half a sine wave with maximum amplitude of L

1000
mid-column, both calculated column curves appeared to be in good agreement.

Figure 2.41: Measured and assumed shapes of column out-of-straightness [83]

16European Convention for Constructional Steelwork
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Derivation European buckling curves

Aforementioned experimental program analysing column imperfections led to the formulation of the existing
European buckling curves. These curves can be mathematically described using the Ayrton-Perry formula as
explained by ESDEP 17 [74]. This derivation is elaborated here.

Considering a column with a half sine-wave imperfection with amplitude e0 as denoted in figure 2.37, the
initial deformed shape can be written algebraically as:

y0 = e0 sin
(πx

L

)
(2.12)

The differential equation for the deformation of a pinned-pinned restraint column loaded by axial force N is:

d 2 y

d x2 + N
(
y + y0

)
E I

= 0 (2.13)

Solving after substitution of equation (2.12) in (2.13) and taking into account the boundary conditions gives:

y = e0(
Ncr
N −1

) sin
(πx

L

)
(2.14)

Where N is the maximum axial load limited by buckling. After introducing n = Ncr
N , the expression for the

maximum total deflection mid-column e simplifies to:

y

(
x = L

2

)
= e = e0 + e0

n −1
= e0

n

n −1
(2.15)

The latter term is known as the amplification factor. One may define the normal stress asσb = N
A . Considering

the maximum bending moment, stress equilibrium of the column during buckling requires that:

N

A
+ Ne

W
=σb +σb

e A

W
= fy (2.16)

After introducing the Euler critical stress (σcr = π2E
λ2 ) and substitution of (2.15), equation (2.16) can be formu-

lated as:

σb +σb
e0(

1− σb
σcr

) A

W
= fy (2.17)

Which can be written as the classic form of the Ayrton Perry formula [84]:

(σcr −σb)
(

fy −σb
)= ησcrσb (2.18)

Where η = e0 A
W is called the generalised imperfection factor accounting for various defects like geometric

imperfections, residual stresses and eccentric loading. Knowing that W = I
v and i 2 = I

A , the imperfection

factor can be rewritten using the definition of slenderness λ= L
i , which gives:

η= e0λ

L
( i

v

) (2.19)

Where denominator term i
v is the relative diameter of the inertia ellipse on the axis where buckling is consid-

ered. Introducing the slenderness plateau we may write (2.19) as:

η=
e0π

√
E
fy

L
( i

v

) (
λ̄− λ̄0

)= λ1

γ
( i

v

) (
λ̄− λ̄0

)
, where γ= L

e0
and λ1 =π

√
E

fy
(2.20)

Assuming that σcr = fy

λ̄2 and χ = σb
fy

one can express the basic form of the buckling curve as a quadratic

equation:
χ2λ̄2 −χ(

1+η+ λ̄2)+1 = 0 (2.21)

17European Steel Design Education Program
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Solving (2.21) leads to the smallest root:

χ= (
1+η+ λ̄2)−

√√√√(
1+η+ λ̄2

)2 −4λ̄2

2λ̄2
(2.22)

After multiplying by its conjugate, one arrives at the European formulation of the buckling reduction factor
[56].

χ= 1

φ+
√
φ2 − λ̄2

≤ 1, where φ= 0.5
(
1+η+ λ̄2) and η=α(

λ̄− λ̄0
)

(2.23)

Coefficient η is an imperfection factor dependent on section geometry, buckling direction and fabrication or
forming process (i.e. welded, cold-formed or hot-finished). The original Ayrton Perry formula did not include
a limiting slenderness λ̄0, but was solely based on the onset of yielding at any point of the cross-section. The
introduction of an imperfection factor alpha and limiting slenderness (which defines the limit under which
buckling failure is insignificant), both derived from tests, allows for actual column failure instead of ‘first yield’
[51].

Key challenge was to account for the large variability in cross-section geometries with all forthcoming sorts
of column imperfections, and still be able to draw a representative reliable column curve. An option was to
draw one curve with a certain band of strength variation. Eurocode 3 however, made a subdivision of a few
groups of sections with a mean or similar curve for each group. This is known as the ‘multiple column curve
concept’.

Using the stated assumptions of material characteristics E = 210 GPa, fy = 255 MPa, and the maximum initial
curvature e0 = L

1000 , the imperfection parameters can be calculated for different cross-sections as defined in
table 6.1 of Eurocode 3 part 1-1 [56]. The higher the value for alpha, the larger the imperfection that is taken
into account. For carbon-steel buckling curves the limiting slenderness is equal to λ̄0 = 0.2, whereas for some
stainless steel sections this value is increased to λ̄0 = 0.4 (see section 2.4.3). The resulting column curves (a0,
a, b, c and d) are shown in figure 2.42. They give the value for the reduction factor χ of the column resistance
as a function of relative slenderness λ̄ for various cross-sections. Hence the Eurocode 3 resistance to flexural
buckling for CSC 1 to 3 is given by:

Nb,Rd = χA fy

γM1
(2.24)

Where γM1 is the partial safety factor equal to 1.1 for members checked on instability. In design the following
requirement should be met: NE d

Nb,Rd
< 1.
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Figure 2.42: European (ECCS) column curves [51]

Each curve represents a certain cross-sectional shape and associated column imperfection. Table 6.2 of Eu-
rocode 3 part 1-1 formulates which designation (a0, a, b, c and d) is suitable for the considered column [56].
This is summarised in table 2.13.

Table 2.13: European column curve designation and its corresponding imperfection parameters

Buckling Curve Type of member α λ̄0

a0 Quasi perfect shapes; hot-rolled I-sections with thin flanges (S460) 0.13 0.20
a Quasi perfect shapes; hot-rolled I-sections with thin flanges 0.21 0.20
b Medium imperfections; welded hollow sections 0.34 0.20
c Large imperfections; welded open sections (major axis) 0.49 0.20
d Max. imperfections; welded open sections (minor axis) 0.76 0.20

Because all the deviations from the ideal strut and material are subject to statistical variations, it is impossible
to accurately predict the real resistance of a specified standard strut shape. For design purposes, lower bound
resistance curves are used which ensure, to a specified probability, that the calculated buckling loads do not
overestimate the actual ultimate resistance. The question raises; how was this conservativeness achieved for
the ECCS buckling curves as yet presented in figure 2.42?

From the ECCS column tests, the nominal collapse stress was determined for each slenderness ratio using
the mean value of the test results minus twice the standard deviation (µ−2σ). Consequently an experimen-
tal column curve valid for the specific type of section which had been tested could be drawn (figure 2.43).
This methodology ensured a value of collapse stress with uniform probability along the entire curve for all
slenderness ratios [83].
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Figure 2.43: Tested values for nominal collapse stress and representing column curve ’a’ [83]

Using these experimental column curves, a comprehensive computer analysis was carried out by Beer and
Schulz [85] which had led to the presently proposed ECCS multiple column curves. Next section provides
further insight in column curves used for stainless steels.

2.4.3. Buckling of Stainless Steel Columns
Previous section described the derivation of column curves and design formulas as presently used. They are
however based on the assumption of an ideal bi-linear stress-strain relationship with accompanying well-
defined yield plateau. It has already been explained (in 2.2.4 and 2.4.1) that this assumption cannot be jus-
tified for stainless steels since it exhibits clear non-linear material behaviour. Besides stainless steels, other
materials behaving in a similar matter, such as aluminium alloys, become more and more apparent in struc-
tures. This explains the increasing effort to incorporate material non-linearity in engineering standards.

Material non-linearity plays in important role in the buckling behaviour, especially in the first stage of the ma-
terial model. Accurate approximations of column buckling resistance using models which include material
non-linearity often involve complicated iterative solution procedures [86]. Simplified buckling resistance for-
mulas are usually provided to ease the design practice. These formulas can be subdivided in four categories
[78]:

• Empirical formulas based on column experiments

• Formulas based on the yield-limit state

• Formulas based on tangent-moduli

• Formulas based on maximum strength

Of which the latter two are embodied in the most widely used standards. They will be discussed briefly.

Tangent modulus approach

A possible methodology to determine buckling resistance in stainless steel members is the tangent modulus
approach. Instead of the constant Young’s modulus E as used in carbon steel standards, this variable in the
Euler formula is replaced by the tangent modulus Et related to the corresponding buckling stress. Since Et

depends on the stress level, and buckling stress is also a function of Et, this methodology requires an iterative
procedure to find the buckling resistance. Research by Johnson and Winter [87] supports using this approach
to account for gradual yielding of stainless steel columns. This formulation is used in the ASCE 18 standard
for cold-formed sections and is referred to in the Design Manual for Structural Stainless Steel [51].

18American Society of Civil Engineers
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Rewriting equation (2.10) by replacing the constant modulus of elasticity by the stress-dependent tangent
modulus Et gives:

σcr = π2Et

λ2 (2.25)

The buckling reduction factor is given by

χ= 1

λ̄2
c

=
(

1
λ̄2

)
(

Et
E

) (2.26)

Where the subscript c used for the relative slenderness refers to carbon slenderness. A mathematical descrip-
tion of the tangent modulus is given by the Ramberg-Osgood law [58] as stated in section 2.2.4:

Et = dσ

dε
= E fy

fy +0.002nE
(
σ
fy

)n−1 (2.27)

Where n is Ramberg Osgood’s material non-linearity parameter andσ the attained stress level during loading.
It is may be assumed that at buckling for the buckling reduction factor holds σ

fy
= χ. Inserting respectively

former assumption and (2.27) in (2.26), this results in the recursive model of Euler’s formula:

χ= 1

λ̄2

(
1+0.002

nE

fy
χn−1

)−1

(2.28)

It is important to note that since this is a rewritten version of Euler’s ‘perfect column’ formula, this method
only incorporates material non-linearity effects; it does not take into account any initial imperfections. Figure
2.44 shows the material non-linearity sensitivity for this tangent modulus approach. It can clearly be seen that
intermediate slender columns are most sensitive for non-linear material behaviour. This can be explained
by the fact that stainless steels are softer than bi-linear modelled carbon steels when the column stress lies
between the limit of proportionality and the 0.2% proof stress. Since in this research short and intermediate
columns are tested, this emphasises the need to include material non-linearity when modelling buckling of
AM columns.

When n approaches infinity, this model equals the Euler curve with a constant Young’s modulus. Appro-
priate n-values for stainless steels are stated in section 2.2.4. For the purpose of deriving a buckling curve
of the specific material tested in this research, an n-value will be derived by curve-fitting the Ramberg Os-
good–Rasmussen formulation [59] to the experimental based stress-strain curves.

At intermediate slendernesses, i.e. when the average stress in the column lies between the limit of propor-
tionality and the 0.2% proof stress, stainless steel is "softer" than carbon steel. This leads to reduced strengths
of stainless steel members compared to similar carbon steel members.
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Figure 2.44: Non-linearity parameter sensitivity for tangent modulus model without initial imperfections ( fy = 300MPa) [57]

Maximum strength approach

Another approach has been adopted for the European column buckling curves. Similar to the carbon-steel
standards, their column design formulas are based on studies to maximum strength of geometrically imper-
fect columns containing residual stresses. This is a significant difference with the tangent modulus approach
which comprehences an adaptation of Euler’s perfect-column formula. The curves are derived from exper-
imental column tests and incorporate numerical analyses to compare both results. A reliability analysis, as
presently used in the design standards, has been performed leading to the resistance factors. Part 1.4 of Eu-
rocode 3 [48] provides supplementary rules for stainless steel structural members. Unlike its American and
Australian counterparts, these are applicable to both cold-formed and fabricated sections.

Rasmussen [86] used the earlier introduced Ayrton Perry formula to incorporate material non-linearity. This
was done by adopting non-linearity factor n and introducing the non-dimensional proof stress e = σ0.2

E0
in the

Ramberg-Osgood model. Subsequently, a validation has been performed by calibrating (2.28) with curve-fits.

Imperfection factor η in (2.23) has been rewritten to:

η=α
[(
λ̄− λ̄1

)β− λ̄0

]
≥ 0, where: (2.29)

α= 1.5(
e0.6 +0.03

)(
n

(
0.0048
e0.55

)
+1.4 +13

) + 0.002

e0.6 (2.30)

β= 0.36exp(−n)

e0.45 +0.007
+ tanh

(
n

180
+ 6 ·10−6

e1.4 +0.04

)
(2.31)

λ̄0 = 0.82
( e

e +0.0004
−0.01n

)
≥ 0.2 (2.32)

λ̄1 = 0.8
e

e +0.0018

[
1−

(
n −5.5

n + 6e−0.0054
e+0.0015

)1.2]
(2.33)
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The expression for imperfection parameter ηwas chosen because it is in conjunction with the standard linear
expression used for carbon steels. Furthermore it proved sufficiently flexible to produce strength curves of
adequate accuracy [57],[86]. This method assumes that e and n are determined from a stress-strain curve
obtained from stub column tests. The proposed curves are defined in such a way that for n →∞ this model
provides the same strength curves as specified in Eurocode 3 for carbon steel columns [56]. However, another
formulation is capable of describing the same effect more clearly without the need of regression analysis to
fit the experimental data [57]:

λ̄∗ = λ̄
√

1+0.002
nE

fy
χn−1, where (2.34)

χ= 1

φ+
√
φ2 − λ̄2

≤ 1, where φ= 0.5
(
1+η+ λ̄2) and η=α(

λ̄∗− λ̄∗
0

)
(2.35)

With the following limitation: λ̄∗
0 < 1.0, hence λ̄∗

0 < 1√
1+0.002n E

fy

The obtained recursive equation (2.34) can be solved by iteration. Figure 2.45 illustrates the influence of the
non-linearity parameter for this model under the assumption of α = 0.49, λ̄ = 0.2 and E = 200 GPa (which
resembles European buckling curve c of figure 2.42).

Figure 2.45: Non-linearity parameter sensitivity for the tangent modulus model with initial imperfection (for fy = 300 MPa)

Two specific stainless steel buckling curves are specified in Eurocode 3 part 1.4 [48]: one for cold-formed
sections, and one for fabricated (welded) sections (figure 2.46). The column curve for welded sections is
based on European tests on AISI 304, AISI 316, and S31803 alloys at ambient and elevated temperatures [88].
Accompanying imperfection parameters as given in table 5.3 of [48] are shown in table 2.14.
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Figure 2.46: European buckling curves for stainless steel as presented in EC3 [48]

Table 2.14: European stainless steel column curve designation and its corresponding imperfection parameters

Buckling Mode Type of member α λ̄0

Flexural Cold formed open sections 0.49 0.40
Hollow sections (welded and seamless) 0.49 0.40
Welded open sections (major axis) 0.49 0.20
Welded open sections (minor axis) 0.76 0.20

Torsional and torsional-flexural All members 0.34 0.20

2.4.4. Buckling of Additive Manufactured Elements
The European buckling curves as yet presented in this report are derived solely from tests and numerical
analyses on ‘conventional’ hot-rolled, cold-formed and welded sections. However, how these results relate to
additively manufactured steel columns is yet unknown. If existing buckling curves do not adequately describe
the buckling behaviour of the tested specimens, it may be required to derive a new buckling curve. All pos-
sible column imperfections as described in section 2.4.1 should be accounted for in an imperfection factor
α and safety factor γM1, which ensure a lower bound approximation and safe design graphs. The derivation
of a safety factor requires extensive statistical analysis which lies out of the scope of this thesis. Assumptions
should be made regarding the safety factor.

Buckling tests on MX3D-printed WAAM stainless steel rods have been performed by Joosten [5]. A concise
outline of methodology and results is presented here. Buckling tests have been executed in two rounds us-
ing first a clamped set-up, and in the second round a hinged set-up. Rod specimens with varying diameter
(averaging 6.5 mm) and lengths (ranging from 109 to 237 mm) have been tested, resulting in a relative slen-
derness range equal to 0.7 ≤ λ̄≤ 3.5. An example of a specimen is shown in figure 2.47. For the second round,
both rod-ends were manually grinded into a pointy tip which fits into a small cavity of the bearings to serve
as hinge. This allows for free rotation in all directions. The force was exerted by a hydraulic cylinder with a
displacement of 0.005 mm/s and the test was stopped when the buckling load was reached. As can be seen in
figure 2.48, the cylinder displacement was measured using a Linear Variable Differential Transformer (LVDT).
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Figure 2.47: Rod specimen Figure 2.48: Buckling test set-up [5]

Figure 2.49 displays the results of both clamped and hinged tests. This graph has been derived assuming
a Young’s modulus of E = 190000 N/mm2 and an average yield strength of 280 N/mm2. The average rod
diameter was used to determine calculate Npl=A fy and a partial factor of γM1=1.1. Since the existing buckling
curves do not represent the test results, a new curve has been proposed with λ̄0 = 0.1 to account for local
deviations in geometry. Additionally, buckling imperfection factor α has been set to 3 to be able to draw a
conservative design curve.

It should be noted that some of the results of the tests, especially of the most slender rods, can be criticized
since they attain values exceeding the Euler curve. The argument put forward in [5] that these exceeding
values can be explained by strain hardening seems unlikely because the exceedance is also observed for a
relative slenderness of λ̄= 3.5. For such a slender member will the attained stress still be (very close to or) in
the linear elastic phase, so that strain hardening does not have any effect on buckling stability.

These distinctive values are more likely caused by friction at the bearings. This reduces the effective buckling
length. When one still assumes a frictionless bearing, the effective buckling length assumed as the specimen
length is overestimated, consequently leading to an overestimated buckling capacity. On the other hand,
since pure concentric load introduction in such thin rods is extremely hard to achieve, eccentric loading
might have caused a reduction of buckling strength. Despite aforementioned remarks, these results will,
together with existing curves, be considered as reference for the tests on columns, since this is the only known
buckling curve for MX3D’s printed stainless steel.
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Figure 2.49: Buckling test results for WAAM stainless steel rods [5] compared with EC3 curves [56]

Where Joosten (2015) provides us with buckling test results of by MX3D printed stainless steel rods, literature
research does not provide us with any buckling test results on wire and arc additively manufactured steel
columns in general. Additionally, the specific print-strategy used by MX3D with associated printing parame-
ters (see appendix B), has unknown effects on the columns their material and mechanical behaviour. It marks
the necessity for material and mechanical tests on WAAM-columns, in this case printed using MX3D’s strat-
egy as explained in chapter 3. A few important aspects, yet not covered in literature, which will be investigated
in this research will be highlighted:

To start with, geometrical imperfections should be carefully analysed. One of the unknowns is the accu-
racy of reproduction of the digital 3D-model used as input for the printer. Which tolerances should be ac-
counted for regarding the column its macro-geometry, knowing that initial curvature and other possible
macro-geometrical defects like lack of roundness may significantly affect buckling stability? May a maximum
amplitude of initial curvature equal to e0 = L

1000 as presently used in EC3 buckling calculations be considered
as a proportional value for the wire and arc additively manufactured columns in this research? And does the
assumption of half-sine wave initial imperfection hold for these columns?

Another geometry-related unknown is the cross-sectional area A. Because of deviations in wall thickness
over both the column its perimeter and length, a safe design value should be derived taking into account the
(statistical) presence of minimum wall thicknesses. An effective cross-section area Aµ may be derived which
can be used in buckling calculations.

Subsequently, the material and mechanical characteristics of these WAAM columns are not known. Young’s
moduli E and yield strengths fy can be derived from tensile tests. Since stainless steels lacks a clear yield
plateau, this behaviour should be incorporated appropriately using non-linear stress-strain models. Further-
more, material defects like porosity and non-metallic inclusions might be present, possibly inducing local
variations in mechanical behaviour. This research will provide a workflow to cover all aforementioned as-
pects, hence enabling to perform stability analyses. Until now the distribution and influence of residual
stresses related to the printing process is not well known. Much research has been conducted to welded
built-up sections (as stated in sections 2.3.3 and 2.4.1), but not to WAAM printed tubular columns. It could
be beneficial to analyse the effects of changing printing parameters and order of ‘weld’ deposition in order to
reduce thermally induced residual stresses, but stress modelling lies outside the scope of this research.

Next chapter will present an extensive outline of test and measurement methodology as adopted in this thesis,
which finally led to a buckling curve derivation of wire and arc additively manufactured stainless steel tubular
columns.



3
Test & Measurement Methodology

This chapter describes the applied methodology for mechanical tests, metallographical tests and measure-
ments to the geometry of printed tubular columns. Section 3.1 presents a schematic overview of tests and
how they relate to the research questions. Secondly, section 3.2 presents how the specimens are printed and
which parts are used for every single test.

Extensive measurements have been performed to the geometrical properties of the printed specimens. Sec-
tion 3.3 presents the different measurement techniques that are used to quantify initial curvature; cross-
sectional variations and surface roughness. Lastly, test equipment and corresponding procedures for the
executed mechanical and material tests are stated in sections 3.4 to 3.6.

59
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3.1. Test Methodology
Before the actual test and measurement procedures are explained, an overview of all tests and their relation
to the research question is given. Figure 3.1 presents this overview schematically. At this preliminary stage
assumptions are made to be able to designate test set-ups and their corresponding equipment. Bearings for
example, should be sufficiently strong to withstand local forces applied by the specimens. Furthermore the
machines should be capable of exerting a certain load onto the tubular columns.

After the assumptions were stated (see section 3.2), measurements on specimen geometry are done. To start
with, their weight and length have been determined. Using fluid measurements (Archimedes’ principle) an
average cross-section was deducted which has been used later on to derive bending and buckling capacity
given the stated assumptions. Next important variable is initial curvature or out-of-straightness e0 of the
printed columns. This has been evaluated by means of 3D-scans and hand drawing. Thereafter calculations
were made to design test set-ups. Different tests require varying column lengths, explained in section 3.2.3.
After cutting all columns to the right size, aforementioned procedure for geometry measurements has been
repeated.

Having completed all geometry measurements, multiple mechanical tests have been executed so that the
assumptions made for mechanical properties of the printed specimens could be verified and buckling be-
haviour be studied subsequently. Firstly, calibration tests are performed to validate the test results following
from the applied test methodology and test set-up. This has been done for both four-point bending and
buckling tests using columns with well-known material and geometrical properties. From last-mentioned
an effective buckling length can be derived, necessary to study the buckling capacity. The effective bending
stiffness E I has been analysed by means of four-point bending tests.

Furthermore, tensile test results from OCAS research centre19 on 3D-printed plate material have been studied
to examine their stress-strain relation. Hence its modulus of elasticity E0 and yield strength f0.2 has been
derived. Finally, all aforementioned data considered together, a buckling curve is presented which can be
used to answer this research’s core question; ’how can the buckling behaviour of 3D-printed stainless steel
tubular columns be described?’

19Part of Finocas Group; a joint venture between ArcelorMittal Belgium and the Flemish Region
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Figure 3.1: Tests and measurements overview (with exception of hardness, toughness and metallography)
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3.2. Column Specimens
3.2.1. Specimen Choice
As main structural element to be used for world’s first printed steel bridge, it is chosen to study tubular
columns in this research. Since this is a widely used shape in structures under compressive loading, it is a
good starting point for further optimisation of such a shape and a logical follow-up for the already investi-
gated wire, or rod [5]. Of course this way of manufacturing enables the production of practically every shape
imaginable, beyond ’standard’ shapes. However, since even the basic properties material and geometrical
characteristics of this specific way of manufacturing are not known, at first a standard tubular shape is inves-
tigated to enable research to - and a greater understanding of - more complex shapes later on.

Figure 3.2: Tubular columns with a length of 1.30 metre as produced by MX3D’s 3D-printing robot

Since one of the main objectives of this research is to construct a buckling curve, columns with varying slen-
derness ratios should be tested. Obviously, slenderness is amongst other variables depending on both cross-
sectional area and column length. The larger a cross-section, the longer a column should be to obtain the
same slenderness. For the sake of this thesis with a limited amount of time and budget, tube lengths and thus
printing time should be kept to a minimum. Hence a small cross-section is chosen to also enable testing of
specimens with intermediate slenderness (at least up to a relative slenderness of λrel = 1.5).

An outer diameter of 33.7 mm coincides with a standard nominal pipe size of 1 inch according to ISO stan-
dards.20 Using a standard size eases the comparison of printed columns with conventionally produced columns
in future research. Therefore a mean diameter of 30.1 mm has been chosen with an average wall thickness of
3.6 mm. Yet the assumption of a homogeneous cross-section should be rejected. Because the print nozzle is
aligned to a mean diameter and the wall thickness varies a lot, the proposed in- and outside diameter cannot
be exactly produced (see figure 3.3).

In addition, it seemed from previous trial tube samples that the proposed wall thickness of approximately
3.6 mm is the absolute minimum to sustain a certain print quality. A thinner wall results in an even more
irregular surface and more important, a lack of consistency between the point welds21. Consequently, the
low diameter over thickness ratio (D/t < 10; CSC 1) will most likely rule out local buckling. It should be noted
that this is an average value. Local variations in geometry might influence (local) buckling behaviour.

20ISO1127:1992 or ISO4200
21This holds only for dot-printing strategy; not for continuous strategy. Further explained in section 3.2.2
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Figure 3.3: Column sections as cut from the welding plate with irregular cross-sections

3.2.2. Specimen Printing
MX3D is currently able to print pieces in stainless steel grades Thermanit MTS3 (EN1.4903), 308L (EN1.4316),
316L (EN1.4404) and bronze, aluminium, copper. Even more grades are being tested with varying parame-
ters to optimise the printing process. The bridge however will be printed in austenitic stainless steel 308L
(EN1.4316) simply because MX3D has extensive experience with this specific steel grade. Therefore 308L is
used to print the columns for this research.

The exact welding wire used by MX3D is called ’Inertfil 308LSi’ with a thickness of 1 mm. A low carbon
content (designated with ’L’) improves the resistance against intergranular and atmospheric corrosion which
is a prerequisite for a bridge structure to be placed in Amsterdam. In addition to the 308L grade it contains
extra silicon to improve wetting behaviour. According to the datasheets of supplier Oerlikon, provided in
appendix B.2.1 [47], the material possesses a yield strength of 350 MPa, a tensile strength of 520 MPa and an
ultimate strain of 35%. Furthermore, Eurocode steel provides us with a Young’s modulus of E = 200 GPa for
austenitic stainless steels 22 assuming isotropic material behaviour.

Figure 3.4: Oerlikon Inertfil 308LSi welding wire Figure 3.5: Welding wire label

In total twelve tubular columns are printed with an approximated length of 1.30 meter using point weld (or
’dot-by-dot’) printing strategy. This strategy is being discussed here. The columns printed for this research
were at the time 23 the longest ever produced by MX3D what came up with several challenges. One of which is
the printing duration. Even though the applied WAAM-printing technique is known for significantly reducing
production time compared to its powder-based manufacturing rivals; printing of large samples still takes a
lot of time. Therefore reducing the production time had priority. Since for buckling tests a certain column
length is required, this in practice meant reducing the cross-section.

22EN 1993-1-4: 2006 (E) section 2.1.3.(1)
23mid-April 2016
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Another limitation is the thickness: using the 1 mm welding wire, a wall thickness range of approximately 3
to 8 millimetres can be achieved. As mentioned before, this is just an approximate value, because the current
state of geometry control during the printing process does yet not allow for the thickness output to exactly
match the desired digital input.

Figure 3.6: MX3D Column printing using an ABB robot with welding head

Using a multi-axis ABB-robot (IRB-5-2600 robot) with a gas metal arc welding head (Oerlikon Citowave 3) as
shown in figure 3.6, the columns are printed vertically, three at a time as modelled in Rhinoceros (see figures
3.7 and 3.8). A steel platform, with sufficient rigidity to withstand robot accelerations has been used to elevate
the robot 20 centimetre above ground level. This extra height was needed to gain sufficient vertical range to
print specimens of 1.3 metres long. Hence the welding head is positioned vertically and not under an angle
during each metal deposition. Monitoring printing time has not been done carefully. Due to the large amount
of stops and restarts of the robot, and a lack of memory capacity of the robot computer which monitors the
exact operating time, only an estimation of printing time can be given.

Printing three columns of 1.3 metre length with a wall thickness of 3.6 mm and mean diameter of 30.1 mm
took 15 to 19 hours, averaging a material deposition rate of 0.65 kg/hour. Consequently, one batch of three
columns is not produced within one working day. Therefore cold restarts during the printing process are un-
avoidable. The effects of cold restarts on the structural properties of printed elements, and more specifically
their buckling strength is not known. These layers are included in the tensile specimen batch so that any
possible negative effect of overnight cooling is incorporated in the results.

Printing each column separately does not increase the production speed because the material needs to suffi-
ciently cool down before a new metal layer can be deposited. The robot will have to pause its printing program
rather than it is able to print, which will drop the deposition rate. To establish a more efficient production
process, the printer switches from one column to an other after each deposited layer.
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The necessity for such a strategy arises from the choice for a small cross-section in this research. A new layer
deposit spread over a larger cross-section is more likely to be cooled down completely before the next layer-
deposit is scheduled. Up to now there is insufficient knowledge about this cooling behaviour. No specific
guideline for print and cooling time has been used in this printing process. Just rules of thumb guided by
(increasing) experience. ArcelorMittal, with cooperation of MX3D, is currently investigating cooling ratios
and heat input for various printing strategies with advanced thermal imaging.

Figure 3.7: 3D-view of specimen printing model Figure 3.8: Top- and side-view of printing model

MX3D is experimenting with several printing strategies to optimise production speed and quality. A major
distinction can be drawn between the so-called continuous strategy (lines) and point (or ’dot’) strategy. Con-
sidering the latter strategy, endless options of ‘point-weld’ deposition order are possible. As an advantage
over continuously printing strategy, ’dot-by-dot’ printing enables the robot operator to ’play’ with order of
metal deposition and subsequently manage the cooling rate of the material globally or locally. Furthermore,
the dot-by-dot strategy allows a quicker response to printing errors.

Continuous strategy is sensitive for printing errors which is mainly caused by the progressive effect of an
error while using lines; one wrong deposition causes a ‘shift’ in the entire layer. However, the relevance of
aforementioned argument will likely be of decreasing value where the number of printing errors is expected
to drop drastically over time. What effect a certain printing strategy has, for instance on the development of
residual stresses is not known. How both strategies affect the microstructure of steel will be studied in section
3.5.
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Figure 3.9: Printing according the ’Merlon strategy’ with clearly visible its distinctive point welds

The specific point (or ’dot’) strategy program adopted to print the columns is called ‘Merlon’ and is modelled
point by point in Rhinoceros software. As visualised in figure 3.10, the column is built up spiralwise where
each layer is shifted according to the golden ratio (also called divine proportion). Additionally, the order of
point-deposition of each layer around the circumference is programmed like this: 1-6-11-16-.., after which
the gaps are filled: 2-7-12-17-... Each time four intermediate points are skipped before in the next round the
those are filled up in a similar manner. These distinctively deposited point welds during printing can be seen
in figure 3.9. This through experience guided strategy resulted in a visually satisfactory column specimen.

Figure 3.10: Spiralwise built-up tubular column as modelled in Rhinoceros (print direction marked with red arrow)
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To rule out any possible effects of printing parameters like voltage, wire-feed speed, nozzle height, etcetera;
all specimens are printed with the same settings so aforementioned parameters are kept constant. However,
during the research process, three columns with a different print strategy were added. These continuously
printed columns are included in this research to investigate and compare their cross-sections, capacity and
microstructure with dot-printed specimens. The continuously printed columns are produced 24 with a wire-
feed speed of 3 metres per minute and a layer height of 1.2 millimetres. Similar to the dot-printed specimens
they are produced three at a time to minimise inactivity of the robot. Detailed information of the chosen
parameters for both printing strategies is attached in appendix B.1.

When all the printing was finished and the samples had cooled down, the columns were cut from the base
plate using a grinder. Despite that this was the most practical way to remove the samples from their base
plate, the result was an undesirable non-straight cut. For buckling and compression tests it is crucial to have
a perfect perpendicular plane onto which the samples can be loaded in compression. A straight cut at the
column-ends has been achieved using a water-cooled beltsaw available in Stevin II-laboratory (figure 3.11).

Figure 3.11: Columns are cut perpendicular by a belt-sawing machine

Post-fabrication treatments like surface treatment and cleaning is intentionally not performed, since remov-
ing surface irregularities of the columns has unknown effects on the properties of the specimens. Addition-
ally, when cleaned, the stainless steel surface reflects too much light for a 3D-scanner which will be used later
for measurements on geometry. Residual stress developments in these column specimens are yet not inves-
tigated, hence the effects of stress-relieving by annealing are also unknown. It would be interesting to analyse
residual stress developments and the influence of various post-fabrication treatments, but this lies outside
the scope of this research.

3.2.3. Specimen Overview
This section provides an overview of all column specimens used in this research. They were not directly
printed at the desired length. The raw un-sawn columns, in total twelve dot-printed with a length of 1.3 me-
tres and three continuously printed specimens with a length of 1 metre are sawn to the desired length later
on. Table 3.1 provides an overview of chosen sample lengths in tabular form. The specimens are marked with
three-character labels ($-LL-X or $-X-α) which can be interpreted like follows: the first character marks the
test wherefore this specimen is used - ’A’ stands for buckling, ’B’ for bending and ’C’ for compression test.
Buckling specimens receive an additional numerical mark ’LL’ representing the column length in centime-
tres. Additionally, character ’X’ designates a specimen number (f.e. 1 or 2) because multiple tests have been
executed on the same type of columns The remaining character ’α’ designates the applied print strategy: ’A’
is dot-printed; ’B’ continuously printed.

24Continously printed columns are produced in November 2016
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Table 3.1: Overview test specimens (*columns of bending tests are reused for buckling tests)

Test Label Amount Length L [mm] Diameter Dmean [mm] Thickness tavg [mm]

Bending B-X-A 3 650 30.1 3.7
B-X-B 3 650 30.1 3.2

Buckling A-48-X 3 480 30.1 3.7
A-85-X 3 850 30.1 3.7

A-125-X 3 1250 30.1 3.7
B-X-A* 3 650 30.1 3.7
B-X-B* 3 650 30.1 3.2

Compression C-X-A 8 100 30.1 3.7
C-X-B 9 100 30.1 3.2

Additional remarks should be made regarding the quality control of the production process. From visual
inspection several printing errors were observed as exemplified in figure 3.12. The result of the considered
error can be described as a misfit of one or more successive deposition layers causing a misalignment or ’shift’
from the longitudinal column axis.

It is however assumed that these errors are solely the result of a lack of experience in the very early stage of the
development in printing such long specimens. Hence the assumption that in the near future the printing pro-
cess rapidly improves and that these errors will not be present is valid. Actually this can already be confirmed
by analysing the most recent tubular column samples, where aforementioned errors are not observed. It is
therefore chosen to saw the specimens in such a way that major misalignment errors are avoided if possible.

Figures 3.13 and 3.14 show colourwise which sections of the columns are used per specific test. Images of the
test specimens are collected in appendix C.1.

Figure 3.12: Printing error causing a misalignment of successive layers from the longitudinal axis
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Figure 3.13: Overview of dot-by-dot printed column sections and their use per test: Blue = buckling; Green = bending & buckling; Red =
metallography & compression

Figure 3.14: Overview of continuously printed column sections and their use per test: Green = bending & buckling; Red = metallography
& compression

3.3. Geometry Measurements
Solely visual inspection of tubular column geometry is not sufficient and accurate enough to quantify macro-
geometrical imperfections and local thickness variations. Before any buckling test can be initiated, the initial
curvature should be determined. Usually the maximum deflection at midspan is used (half a sine wave-
shape), but in this case the maximum deviation from the longitudinal axis due to misalignments of certain
column sections (printing errors) might be governing. To analyse geometrical characteristics of the test speci-
mens, several measuring methods have been adopted. The column length can be determined relatively easy.
In order to quantify the initial curvature of the specimens, two ways of measurements are applied. Firstly,
hand measurements by drawing lines and secondly a more refined method using advanced 3D-scanners,
explained in sections 3.3.1 and 3.3.2 respectively.
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An average value of the cross-sectional area can be deduced from volume measurements using Archimedes’
principle. This is explained in section 3.3.3. However, this method does not take into account any cross-
sectional variations in both longitudinal and transversal sections. Additional measurements to multiple col-
umn sections could be useful to gain insight in statistical presence of wall thickness minima. Another option
is to derive an ’effective’ cross-section from the combined result of bending and tensile tests (see section 5.1).
This data could be very useful for safe design and calculation models of 3D-printed elements. A schematic
overview of this section is presented in figure 3.15.

Figure 3.15: Outline section 3.3.: Geometry Measurements

3.3.1. Hand Measurements
Firstly, length and weight of the specimens have been determined by using a simple tape measure and weigh-
ing machine (accuracy to 5 grams). The column its outer diameter has been measured at several points along
the perimeter and along its length with a(n) (electronic) Vernier’s Caliper. Although a Vernier’s Caliper mea-
surement itself is accurate (0.05 to 0.01 mm for a digital Caliper), it is limited to one dimension only. While in
reality specimen geometry is variable in three dimensions. By performing multiple measurements across the
length and perimeter a general idea of diameter variation can be obtained. Without sawing the specimens,
the wall thickness can only be measured non-destructively along the perimeter of both column-ends. Thick-
ness variations of column sections in the longitudinal plane can only be studied by cutting them in parts.
Clearly this is only possible after finishing the mechanical tests.

Secondly, hand measurements are done by drawing lines. By simply using a large piece of paper, a carpenter’s
square and a pencil, lines parallel to the column in longitudinal direction can be drawn. This is depicted in
figures 3.16 and 3.17. A sawing machine guider is used to support the carpenter’s square. The latter can move
freely perpendicular to the guider, consequently able to follow the column its length profile. To draw lines on
paper, a pencil has been mounted to the carpenter’s square. The column itself is stabilised to prevent it from
moving while drawing lines.
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Figure 3.16: Set-up used to draw lines parallel to column surface Figure 3.17: Saw machine guider with mounted carpenter’s square

Starting point for each parallel line is marked around the perimeter of the columns. Two points are equally
divided around the perimeter and chosen such that they coincide with the axis on which maximum eccentric-
ities have been observed. This can be obtained from 3D-scan data. Besides surface irregularities, curvature
and other deviations from the longitudinal axis can be measured as well. The result is four longitudinal pro-
files per column, whereas the two facing lines can be compared to obtain a more accurate curvature profile.
The intention is to quantify the out-of-straightness e0 of the columns which may be expressed relatively to
their length (f.e. L/1000). Final results are presented in section 4.1.1. Using this technique a general idea of
surface roughness can be obtained as well. Major drawback however is that all profiles are in one dimension
only, whereas the geometry varies in three dimensions. A more sophisticated approach using 3D-scanners is
used to create a 3D-model of the column geometry explained in section 3.3.2. Consequently this model can
be compared with the hand-measured one-dimensional profiles to verify the measurements.

3.3.2. 3D-Scans (Macro-Geometry)
As a more sophisticated and quicker alternative for photogrammetry (which was used by Joosten [5] to create
a digital model of a 3D-printed rod geometry), 3D-scanning has been used in this research. Additive manu-
facturing aids to the increasing popularity of this technique. It enables exact reproduction of any shape by
first scanning and subsequently 3D-print the object using the obtained scan data. Commercial companies
provide 3D-scan services, but as it turned out, that was too expensive for this research. Fortunately, it was
possible to use 3D-scanners from the Faculty of Industrial Design of Delft University of Technology and to
make use of the scan experience available there.

The complexity of scanning these specific printed objects lies in the significant length of the object (1.3 me-
ter), little margins in which the specimen’s initial curvature should be sought for and the refined surface
geometry which requires very sophisticated and accurate scanners. During the first test scan, the Artec Eva
scanner was used, but because its working distance is 0.4 to 1 metre, it had a hard time to identify such a
slender object like the printed specimen. Also the scanner showed difficulties in recognising the column’s
surface because it was not distinctive enough.
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Subsequently the most accurate scanner was installed. This specific high resolution Artec Spider handheld
scanner, as shown in figure 3.18, uses blue LED flash bulbs to identify the geometry and its texture. Simply
said, the scanner captures lots of images (up to 7.5 frames per second) and fits all images together to one
3D-point cloud. A 3D-point accuracy up to 0.05 mm can be reached, which is sufficient accurate for this
research’s purpose. By these means it is possible to capture initial curvature, local deviations ánd surface
roughness of the printed specimens in one go. The disadvantage of only being able to model the outside of
the column however remains. Another downside becomes apparent during the scanning process and post-
processing of its data. Since the Artec Spider has a limited working distance (0.17 to 0.35 m), capturing the
entire column surface requires a lot of frames. To convert the resulting scan files with such accuracy in a
complete 3D-image requires a lot of calculation time. This demanded a different computer with additional
random-access memory (32 GB) and an improved graphics card.

Figure 3.18: The two 3D-scanners used: at the left Artec Eva and right the more accurate Artec Spider

Several set-ups were built in order to scan as accurate and efficient as possible. To aid a practical execution of
the scans, at first a simple support structure was made so that the columns remain stable in vertical position
while they were scanned. This was achieved with a rigid standard to which a small diameter aluminium
tube was mounted. Aforementioned tube fits perfectly in the printed specimen, in this way stabilising it in
vertical position. Placing the entire set-up on an automatic rotating platform enabled capturing the complete
circumference of the specimen while scanning from one position. However, because of its weight, the top of
the specimen swayed during rotating. This little movement prevented a consistent scanning process.

By placing the specimen in horizontal position clamped between two blocks, still allowing the aluminium
tube to rotate freely, a more stable set-up was obtained. Small timber pieces mount the specimen in an easy
way even further to the aluminium tube. In this way rotating the aluminium tube let the specimen rotate as
well. A custom-made frame with slider on top of which the scanner was mounted, facilitated scanning with
constant speed while the scanner stayed within its working distance of 17-35 cm. Figure 3.19 visualises the
set-up.

Figure 3.19: 3D-scan set-up with sliding frame to enable consistent scanning
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Before scanning can be initialised, additional measures were taken to obtain optimal results. First the 3D-
scanner itself was calibrated using its own calibration procedure. This includes a calibration rig with a pat-
tern which should be scanned from multiple locations and distances; its included software corrects the scan-
ner accordingly. Secondly, it is crucial to prevent any reflections of the light source from the stainless steel.
Therefore, the printed columns are not cleaned and polished to the shiny surface which is its common ap-
pearance. The aluminium inner tube which is used to support the printed specimen is too reflective as well.
Anti-reflective spray paint and tape is used to eliminate this.

After several test scans, the scanner still had difficulties to align all scanned frames and it was not always
able to compose a consistent 3D-model out of the point cloud. This problem is related to the indistinctive
character of the specimen’s geometry and their monotone surface texture. Painting white spirals and coloured
dots on the columns helped with recognising and identifying the multiple frames. It also eased the analysis
after tests, since the relation between the obtained geometrical imperfections from the 3D-model and the
location of buckling failure could more easily be drawn.

With aforementioned methodology, multiple scans are made from the same specimen. By aligning the 3D-
models and by creating a surface-distance heat map, the reproducibility of making a 3D-model like this has
been evaluated. To enhance the measurement and alignment of multiple scan results of the same specimen
even further, drops of glue were put on the specimen. These drops marked the alignment points for the
column models. At last, when a satisfying accuracy was obtained, it gave green light to initiate the final scans
using this methodology. From here on the process from scanning to final model can be distinguished in 3
phases.

Scanning

Scanning has been done in the Multi-Sense lab of the Faculty of Industrial Design to reduce light pollution
from outside. Because of the complex geometry and texture it is chosen to scan both at the same time. After
a 30-minute warm-up, the scanner’s light-bulb is on its optimal temperature (52°C). First the correct start-
position of the scanner should be checked. A small piece of the test set-up should be scanned to capture the
column-edges completely. Furthermore the optimal working distance ánd temperature should be monitored
during the entire process.

The scanner is slowly moved sideways along the sliding frame with constant speed. By rotating the specimen
at the same time, the entire column surface can be captured. It is crucial that there is sufficient overlap of
scanned frames to enable the post-processing algorithm to align the separate frames so a 3D-model could be
created. In case some frames were missing from the model, only that specific part was scanned again. How-
ever, where sufficient overlap should be guaranteed, reducing the number of scanned frames had priority
since post-processing the data is very time consuming. This entire scanning process itself takes approxi-
mately two minutes.

Figure 3.20: Scanning procedure
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Post-Processing 3D-data

A post-processing algorithm from the scanning package Artec Studio 11 Professional was used to obtain a 3D-
model from scan data. Several iteration steps were necessary to complete the model. Firstly a rough, than a
fine and global registration should be performed to align frames. This is the most time-consuming step, sub-
sequently a high-end computer processor is a prerequisite. When the software indicates a 0.1 to 0.3 error this
is acceptable. In case this value is exceeded, specific frames causing that error should be deleted. Secondly
the remaining frames are fused together to one model. After this, texture images are added to the scanned
geometry. To finalise the 3D-model, the tube frame which is partly scanned together with the specimen and
the drops of glue, should be removed. In Geomagic Studio this is can be done easily. At last the mesh-doctor
option is used to remove spikes, double layers and other mesh inconsistencies. Emphasising the amount of
data used for this model; an average column model consists of 4 to 5 million triangles.

Figure 3.21: Object (top) versus 3D-model (bottom) Figure 3.22: Surface-distance heatmap of printed column section

Analysis of imperfections

In order to quantify initial imperfections of the specimens, the scans are compared with a 3D-model of a ’per-
fectly’ straight column. This column is modelled in Rhinoceros using the average outer diameter obtained
from volume measurements. First a manual pre-alignment is done in GOM-Inspect freeware to place the
’perfect’ column on top of the scan-model. Finally a more refined alignment in Geomagic Studio was per-
formed. Using the same program, a surface-distance heatmap was produced which makes the differences
between a perfect column and the printed specimen clearly visible (figure 3.21-3.23).

Next the maximum difference and its location was studied. Its location around the perimeter was marked
and a line was drawn on which the maximum eccentricity was observed; buckling is expected to occur in that
direction. The same line was also used for hand-drawing measurements to be able to compare results. Above
stated procedure has been used for the maximum columns lengths (as they were printed) and repeated for
every specific test specimen after they were sawn in the desired length. In this way imperfections can be
analysed of entire columns and of columns as they were used for testing. An overview of obtained results is
given in section 4.1.1.

Figure 3.23: Example of a surface-distance heatmap of a 1300 mm column section in Geomagic Studio
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3.3.3. Volume Measurements
It is hardly possible to quantify cross-sectional variation accurately without cutting the specimens in parts.
Therefore an other method has been adopted to determine an average cross-sectional area. This value is used
to predict failure loads and to determine the required material for the preparation of test set-ups.

The volume of the printed column specimens can be determined by using Archimedes’ principle. By sub-
merging a specimen into fluid, its volume can be deducted by measuring the displaced fluid volume. In this
case a transparent PVC-tube with an inner diameter of 57 mm was used. A plastic pipe-end able to resist high
water pressure takes care of a water-tight sealing. First the plastic tube was filled with water. Figure 3.24 shows
the entire set-up. After ensuring a perfect straight water column, the water level was measured and marked.
A bit of soap was used to eliminate adhesion of water to the plastic tube wall. Secondly, the printed column
was carefully inserted in the plastic PVC-tube with the water column. After renewed levelling of the tube, the
water level was marked and the difference in water level was measured. This procedure has been repeated
twice for every specimen and repeated again after sawing all specimens to the right size for the mechanical
tests.

Knowing the inner diameter of the PVC measuring tube, the displaced water volume (or specimen volume),
can easily be calculated. Furthermore the length of the printed columns are known. By dividing the measured
specimen’s volume by its length an average cross-section Aµ is obtained. Now that the specimen’s mass ánd
volume is accurately known, the actual density can be found as well by dividing its mass by its volume. Stain-
less steel welding wire supplier Sadev provides an average density value of 7.90 g/cm3 for, amongst others,
alloy 308LSi [89]. This value can be compared with the outcome of measurements.

Figure 3.24: Set-up used to perform Archimedes’ volume measurements
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3.4. Mechanical Tests
As the geometry characterisation procedure has already been described in previous section, this section con-
tinues with the mechanical test procedures. The results of measurements to the specimen’s geometry are used
to make preliminary calculations so failure loads can be predicted. This is necessary to be able to choose
appropriate measurement equipment. The test set-up will be designed according these values in order to
successfully perform tests.

Figure 3.25 provides an overview of executed mechanical tests for which the adopted test methodology is
described in this section. The methodology for four-point bending, buckling, compression and tensile tests
will be stated in sections 3.4.1, 3.4.2, 3.4.3 and 3.4.4 respectively. At last it will be explained how the hardness
values are obtained in section 3.4.5.

Figure 3.25: Outline section 3.4: Mechanical Tests

3.4.1. Bending Tests
To determine the columns their bending stiffness E I , four-point flexural tests were performed on unma-
chined column specimens. Distinctively from a three-point bending test, this test is characterised by the
much larger part of the specimen in which the maximum stress is present. For both printing strategies (con-
tinuous and dotted), three columns have been tested. First, the specimens were sawn to a length of approxi-
mately 650 mm so they exactly fit in the test set-up. Since they were cut from the same columns which were
also used to perform buckling tests on, they have approximately similar cross-sections. An overview of test
specimens with corresponding dimensions is shown in table 3.2.

Table 3.2: Overview four-point bending test specimens

Test Label Amount Length L [mm] Diameter Dmean [mm] Thickness tavg [mm]

Bending B-X-A 3 650 30.1 3.7
B-X-B 3 650 30.1 3.2

Printing specimens is costly and time consuming. Consequently only a limited amount of specimens are
available and multiple tests need to be performed on the same column specimens. This test aims to analyse
the elastic bending stiffness. To be able to reuse bending specimens for buckling tests, it needs to be assured
of that the applied loads are sufficiently low and do not introduce (local) yielding.
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Before testing, a calculation is made using (3.1) to predict the elastic bending moment capacity Mel,Rd. Where
Wel,min is the minimum elastic section modulus which depends on the column its cross-sectional properties.
Because of the geometrical variations, an average value for cross-sectional area Aµ has been introduced in
this calculation. How this value is determined is decribed in section 3.3. For yield strength fy a value of 350
N/mm2 is assumed, as provided in the datasheet of the welding wire supplier [47]. Both assumed values
require verification by additional tests and measurements. From the bending capacity it is derived that the
maximum applied load P should not exceed 9.8 and 8.6 kN for dot and continuously printed specimens re-
spectively. The latter (lower) value for continuously printed specimens is explained by their slightly smaller
cross-section. As a conservative measure, the maximum test load has been set to 4 kN for dot-printed speci-
mens and 3 kN for continuously printed specimens.

Mel ,Rd =Wel ,mi n fy (3.1)

Similar to the buckling tests, all bending tests are performed at the Stevin II-laboratory. A Schenck hydraulic
driven machine has been used with a maximum load capacity of 250 kN. Its hydraulic driven ramp pushes the
frame with the specimen upwards against the fixed upper frame, resulting in a force exerted to the specimen.
The specimen itself rests on a steel frame with a span l of 602 mm. Figure 3.26 shows its simplified mechanical
scheme.

Figure 3.26: Mechanical scheme four-point bending test with L1 = 168.5 mm; L2 = 265 mm; L = 602 mm

The test is displacement driven, using a prescribed ramp speed of 0.02 mm/s both at loading, and unloading.
During the test, the applied load has been recorded and the midspan deflection has been measured by laser.
The rough surface of the specimen results in an unclear measurement of the laser. Therefore a timber cube
with a hole of the size of the specimen its outer diameter has been mounted on the printed specimen at the
location of the laser measurement. As shown in figure 3.27, the cube is covered by cardboard to ensure a
smooth measurement surface.

Figure 3.27: Timber cube with cardboard cover to create a smooth measurement surface
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The output of the test should be a linear load-displacement curve, where the displacement is given by the
deflection of the column at midspan. The bending stiffness is obtained from the tangent to the descending
branch (unloading stage) of the load-displacement curve. Adopting a mathematical derivation of the deflec-
tion at midspan using the mechanical scheme from figure 3.26, the deflection at midspan w( L

2 ) is given by
(3.2).

w
( L

2

)= PL2L1

(
3−4

L2
1

L2

)
48E I

(3.2)

Where P is the applied load. Hence the bending stiffness can be obtained by inserting the tangent value from
the test and by solving for E I with simple algebra (3.3).
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Before the actual tests have been initiated, calibration tests on ’common’ round steel (diameter D = 20 mm;
E = 210 GPa) and cold-drawn steel oil pipes (identical pipes as the ones used for buckling calibration tests)
were performed. Unlike additively manufactured specimens, their cross-sectional variations are very much
limited (allowing to consider it as homogeneous), and their material properties as yield strength and Young’s
moduli are known. Consequently, their bending stiffness can be predicted by analytical means and the out-
come can be compared with the test results.

Significant difference between both values might indicate flaws in the test set-up; implicating that adjust-
ments are necessary. As can be seen in figure 3.28 a small steel plate has been welded to the specimen to
create a larger area to point the laser at. It is thereby assured of that only the deflection is measured and not
the rounding of the specimen. Hence a more accurate deflection measurement is achieved.

Figure 3.28: Round steel (20 mm) calibration specimen with welded plate to enable deflection measurement

During the calibration tests also the bearings were adjusted. At first handmade Azobé D70 timber parts with
half a cylinder shaped holes were used to prevent lateral movement of the column during loading at the
location of the supports. The column fits perfectly as shown in figure 3.29. Initial tests showed however that
these supports cause a substantial increase in vertical displacements. Apparently these hardwood bearings
are not sufficiently stiff to resist the resultant vertical forces exerted by the specimens.

The timber bearings have therefore been removed for the final test runs, so that the specimens are directly
supported by the steel frame of the test set-up. Simple timber pieces are used on both sides of the column to
prevent lateral movement by clamping the specimens in the U-shaped hinged steel bearings. In this way, the
vertically exerted forces are carried directly by the steel frame as depicted in figure 3.30.
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Figure 3.29: Timber bearings for lateral support of specimen Figure 3.30: Specimen directly on steel frame with lateral support

All six specimens have been tested at least four times. After every test, the column is rotated 90 degrees
around its longitudinal axis (as indicated by the red arrow) and tested once again. This has been done to
monitor possible bending resistance variations due to cross-sectional variations around the perimeter of the
column. An overview of bending test results is given in 4.2.1 and all test data is collected in appendix C.2.1.

3.4.2. Buckling Tests
One of the main objectives of this research is to construct a buckling curve. Therefore columns with varying
(relative) slenderness ratiosλrel are tested. Geometrical deviations are neglected while calculating the section
properties I and A. Considering a homogeneous cross-section as derived from fluid measurements (section
3.3.3), theoretical buckling lengths are calculated using the Eurocode 3 equations stated in section 2.4. Only
theoretical values of material properties are known. Making assumptions for the yield strength fy (here des-
ignated as proof stressσ0.2) and Young’s modulus E0.2 is therefore inevitable. According to Oerlikon’s product
sheet of stainless steel grade inertfil 308LSi (EN1.4316), the yield strength equals 350 N/mm2. In addition, Eu-
rocode 3 25 prescibes a Young’s modulus value for austenitic and austenitic-ferritic steels of 200000 N/mm2

[48].

Table 3.3 presents an overview of the chosen buckling test specimen lengths (ranging from an average of
480 to 1250 mm) and its corresponding approximated slenderness ratios. Aforementioned assumptions of
material properties require verification since they are directly related to the slenderness ratio. This is done by
performing bending and tensile tests on printed specimens as explained in section 3.4.1 and 3.4.4.

Table 3.3: Overview buckling test specimens

Label Amount Length L [mm] Diameter D [mm] Thickness tavg [mm] Rel.slend. λrel [ - ]

A-48-X 3 480 30.1 3.7 0.65
B-X-A26 3 650 30.1 3.7 0.81
B-X-B26 3 650 30.1 3.2 0.81
A-85-X 3 850 30.1 3.7 1.1

A-125-X 3 1250 30.1 3.7 1.6

Figure 3.31: Buckling specimens with a length of 1250 mm including orange marks to depict the expected buckling direction

25NEN-EN 1993-1-4:2006 table 2.1.3.
26Dot-and continuously-printed specimens used for four-point bending tests are reused for buckling tests
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The longest column specimens are depicted in figure 3.31. From measurements on geometry the out-of-
straightness is determined and where these maximum eccentricities are located. From that analysis, the
expected buckling direction is derived and marked on the specimen so that it can be correctly placed in the
test set-up; meaning that the expected buckling direction coincides with the tensile wires that measure the
lateral deflection. Despite the thorough analysis of geometrical imperfections, it can not be fully ensured that
the specimens actually buckle in the expected direction. The cross-section is assumed to be symmetrical.
This implies the need for bearings that allow rotation in every direction.

Test Set-Up

Special measures have been taken to allow free rotation in every direction by using spherical plain bearings
at both column-ends. Whereas a clamped (fixed) boundary condition might reduce the complexity of the test
set-up, this also implies that the specimen’s effective buckling length halves. In order to draw a buckling curve
over a certain slenderness range, sufficient slender (and thus long) columns are required. Because printing
(multiple) long specimens is time-consuming and less practical to transport, it was desirable to reduce the
column lengths as much as possible. Bearings that allow free rotation are thus a prerequisite for this buckling
test set-up.

Several options of rotational bearings were considered. Figure 3.32 depicts the spherical plain bearing (GE30AW)
that was proposed and tested first. This bearing allows rotation in every direction and is placed on top of the
pressure box that measures the force exerted on the specimen. On top of the bearing a custom-made cylin-
der is placed (and fixed with glue) so that the tubular columns fits in, preventing undesired lateral movement
during loading as shown in figure 3.33. After accurate centric positioning of the specimen, screws are tight-
ened to prevent lateral movement of the column even more. This allows transfer of forces from the specimen
to the spherical plain bearing.

Figure 3.32: First test: spherical plain bearing Figure 3.33: Cylinder on top of bearing

When assuming a frictionless rotational bearing, the effective buckling length Lcr is equal to the system
length: that is the distance between the rotation points of both spherical plain bearings which corresponds
approximately with the actual specimen length L (K = 1). It should however be taken into account that friction
unquestionably will prevent free rotation of the bearings.
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Hence the actual effective buckling length should be derived from additional tests. Using specimens with
known cross-section, imperfections and mechanical properties, in this case cold-drawn thick-walled steel
tubes with an outer diameter of 30 mm and wall thickness t = 4.0 mm, buckling tests have been performed
parallel to the tests on printed columns as shown in figure 3.41. This test procedure is repeated after every
change in the test-set up. With known properties of the cold-drawn tubes it is possible to predict the buckling
failure load according to existing buckling curves of Eurocode 3 [56].

Despite all aforementioned measures (such as greasing spherical plain bearings) to reduce friction of bearings
under loading, multiple buckling tests on cold-drawn tubes resulted in buckling loads well-exceeding the
expected values for a test set-up with freely rotating bearings. Considering the known mechanical properties
of the tube, these high buckling loads are a clear prove that this test set-up does not allow for free rotation of
the column-ends. This can be caused by friction in the spherical bearings itself, or by the specimen not being
capable of transferring the axial loads to the spherical plain bearings properly.

Since this is undesired, different bearings are adopted for the remaining tests. As depicted in figure 3.34,
ball bearings are used that fit in the earlier tested cylinders. Because locally large forces are expected to be
present while transferring the load from the ball to the cylinder, the cylinder bottom is reinforced with thick
steel plates to prevent the ball from pushing in.

Before testing, both column-ends are carefully sawn perpendicular to the column its longitudinal axis and
the edges of the inner diameter are smoothened to ensure concentric load introduction. The difference is
clearly visible in figure 3.35. In addition, special measures have been taken to prevent the ball bearing from
pushing in the column. This risk is especially present for the short columns where high buckling loads are
expected. Therefore large bolts with an inner diameter similar to the outer diameter of the column are used
as reinforcement of both column-ends as depicted in figure 3.37.

Figure 3.34: Ball bearings as they are used for buckling tests Figure 3.35: Column-ends sawn and smoothened

All buckling tests are performed in the Stevin II-laboratory at the Civil Engineering faculty of Delft University
of Technology using a test rig with its own manually operating hydraulic jack. However, its maximum capacity
of 5000 kN is well-exceeding the expected buckling load of 30 kN for the most slender columns. Above all it
is hard to apply this force slowly and in a controllable way using this high-capacity manual-operated jack.
Therefore it is chosen to use a hand-operated pump and to use the test rig only as frame to build the test
set-up. Figure 3.41 and 3.42 shows the entire test set-up.

The force is being applied by a ’Lukas 8L’ manually operated hand pump (figure 3.36) capable of slowly ex-
erting sufficient force on the specimen to let it buckle according to predictive calculations. As can be seen
in figure 3.38, the force is recorded by a pressure box with a capacity of 100 kN. Vertical displacements are
measured by a linear variable differential transformer (LVDT).
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Figure 3.36: Manually operated hand pump applied to exert force on the columns

Figure 3.37: Column-end reinforcement with a bolt Figure 3.38: Pump, pressure box and displ. measurement

For the measurement of lateral displacements, multiple options have been explored. One of the options was a
laser. A laser is in this case however not capable of performing accurate measurements because of the surface
roughness of the printed columns. In addition it would measure the roundness of the column, instead of ’real’
displacements. The difficulty lies in the fact that the specimens are tubular and therefore have no preferential
buckling direction.

Despite the analysis of initial curvature from which an expected buckling direction is determined, it cannot
be guaranteed that the specimen will indeed buckle in that direction. For that reason it is chosen to measure
lateral deflections with linear displacement sensors in two principle directions as depicted in figure 3.40.
The sensors with a measuring range of 50 mm are mounted on a timber frame and connected with little
hooks and a circular metal strip to the specimen. A total of 6 sensors are used, at three different heights: at
a quarter, a half, and at three quarters of the specimen height, see figure 3.39. Because at every height two
sensors measure perpendicularly to each other, they are capable of measuring every movement regardless the
direction. Besides monitoring of the buckling behaviour of printed columns, this also allows for an analysis
of the buckling shape.
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Figure 3.39: Location of linear displacement sensors Figure 3.40: Displacement measurement in two directions

Figure 3.41: Buckling test on a cold-drawn tube Figure 3.42: Buckling test on a printed column
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Before the test begins, accurate centric placement of the specimen is ensured by using a laser from bottom to
the top bearing. After placement in the test set-up, the specimen’s vertical position is checked with a (spirit)
level. During the test special care was taken to apply the load slowly with consistent pace, while at the same
time the lateral deflections are carefully monitored. Since buckling is characterised by a sudden sideways
deflection and the maximum deflection is expected halfway the column’s height, the sensors mounted at
this point are critical. The displacement sensors only have a measuring range of 50 mm, meaning 25 mm
extension and 25 mm contraction. It is therefore crucial to stop the test way before the lateral deflections
exceed this value, in this way preventing breaking the sensors.

The test results are presented in section 4.2.2 and further analysis is provided in section 5.3. In this section is
also explained how the effective buckling length of the test set-up has been derived.

3.4.3. Compression Tests
Because of the cross-sectional variations of the printed specimens, it is not possible to derive the Young’s
moduli from bending tests only. Without additional analysis of the inside of the columns, the distinction of
Young’s modulus E and second moment of area I from the tested bending stiffness E I is simply not possible
to make. Therefore additional tensile or compression tests on milled specimens has been proposed to derive
yield strengths and Young’s moduli. At first the feasibility of compression testing of such samples have been
checked. This is done by studying the failure mode that will occur during loading. Since the specimens are
relatively thin-walled, the risk of local buckling is present, consequently disturbing an accurate stiffness and
yield-strength measurement.

Prerequisite for the specimens that are used in this test is a well-defined cross-sectional area on which the
force is being exerted. This is a complex task since both the in- and outside of the column specimen’s surface
is irregular. Using a metalworking lathe, a column sample of 50 mm length from both dot-by-dot and con-
tinuously printed steel has been milled to an average outer diameter of 32.9 mm and a wall thickness of 2.7
and 2.0 mm respectively. They are shown in figure 3.43 and 3.44. The geometry of the specimens is measured
making use of an electronic Vernier’s caliper at multiple locations across the perimeter, inner diameter and
height.

Figure 3.43: Milled dot-printed compression specimen Figure 3.44: Milled continuously printed compression specimen

Steel plate bearings transfer the compression force applied by the Schenck 600 kN dynamic test machine
onto the specimen as shown in figure 3.45. For this feasibility test no strain gauges are used, only the (cylin-
der) displacement of the machine has been measured. The test is displacement-controlled. Three different
cylinder speeds are used during testing: 0.01 mm/s (elastic stage and plastification); 0.02 mm/s (continuing
strengthening); 0.05 mm/s (declining phase). An overview of compression test results is given in section 4.2.3.
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Figure 3.45: Compression test set-up

3.4.4. Tensile Tests
OCAS performed tensile tests on by MX3D printed Ugiweld 308LM stainless steel specimens. Despite some
minor differences in chemical composition, Ugitechs datasheet [90] proves that its welding wire complies
with the same standards as Oerlikon’s 308LSi stainless steel: AWS-SFA 5.9: ER 308LSi, EN ISO 14343–A: 19.9LSi
and corresponding material number (EN)1.4316.

Stress-strain behaviour is affected by strain-rate. Stainless steels tend to be more sensitive to a change in
testing rate than carbon steels. Generally an increase in strain rate leads to higher ultimate strengths and
lower ductility [31]. Therefore the usual precautions and requirements for tensile test procedures and results
evaluation are taken conform ISO 6892-1:2016.

Figure 3.46: Dot-printed plate from which the tensile
specimens are milled

Figure 3.47: Continuous-printed plate from which the tensile
specimens are milled

Figure 3.46 and 3.47 depict both the dot- and continuously printed plate elements (produced in september
2016) from which the tensile specimens are sawn and milled with A50 specimen geometry (see figure 3.48).
Samples in both longitudinal (printing direction as marked with a green arrow) and transversal direction (per-
pendicular to printing direction as marked with a red arrow) are tested. Clearly visible are the dark horizontal
lines representing overnight cooled print-layers. These layers are intentionally left in the specimen to check
possible reduction in tensile strength due to overnight cooling. Furthermore a defect (marked in red) in the
dot-printed specimen due to burn-in was observed. Unfortunately the specimen was already milled before
observing this defect what makes it impossible to trace back these positions on the test samples.
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Figure 3.48: Milled tensile test specimens with A50-geometry Figure 3.49: Zwick/Roell Z250 tensile test machine

Tensile tests are performed with a Zwick Z250 tensile test machine as shown figure 3.49) according to stan-
dard NEN-EN ISO 6892-1 method A1-(closed-loop strain control). Up to the yield point, the test speed was
0.00025 1

s , where for higher strains the speed was increased to 0.0067 1
s . During the test the applied force was

measured and the strains were measured using extensometers accordingly. From the resulting stress-strain
relation the 0.2%-proof stress and Young’s moduli can be derived and differences between longitudinally and
transversally tested specimens analysed accordingly. The results are presented in section 4.2.4.

3.4.5. Hardness
The hardness of a material is a measure of its resistance to plastic deformation. During a hardness test a
loaded indenter is forced to penetrate the surface of the metal. Different hardness tests are developed such as
Knoop, Rockwell, Brinell and Vickers tests. Common static testing methods of indentation hardness differ in
the shape of the indenter which is forced into the metal. Whereas the Brinell test uses a hardened steel ball,
the Vickers test uses a square-based diamond pyramid with an included angle of 136°. The Vickers test is the
most advanced method described in European standards. In addition, the department of Materials Science
and Engineering at Delft University of Technology is well-equiped with (micro)hardness test equipment as
shown in figure 3.50 and 3.51.

Hardness of a metal depends on ductility, elastic stiffness, plasticity, strain strength, toughness and visco-
elasticity and is in general roughly proportional to the strength of a material. The correlation of hardness
values with other measures of resistance to deformation such as yield or tensile strength exists but this rela-
tionship is complex and can only be obtained experimentally. A common engineering rule of thumb is that
the tensile strength in N/mm2 is approximately equal to three times the Vickers hardness.

During hardness testing, a minimum spacing distance should be taken into account between the indentions.
Also the distance from the indentation to the edge of the specimen must be taken into account to avoid
interaction between the work-hardened regions and to avoid edge effects. Where as depicted in table 3.4
the minimum distances slightly differ in ISO 6507-1 and ASTM E384 standards, the ISO-standards have been
followed in this hardness analysis.
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Figure 3.50: Struers Durascan G5 Hardness tester Figure 3.51: Hardness indentation of a column section

Table 3.4: Standards for minimum spacing distance between indentions

The hardness tests are performed on the specimens that were already prepared for metallographic analysis.
These include both continuously and dot-by-dot printed specimens and longitudinal and transversal column
sections so that hardness differences between samples of different printing strategy and different areas of the
cross-section can be studied. Special attention will be paid to hardness variations between the in- and outside
of the column walls due to different cooling conditions. Moreover they will be compared with the hardness
values obtained by OCAS as explained in section 3.6.2.

For the tests a Struers Durascan G5 automatic microhardness test machine has been used, whereas the inden-
tations are chosen in a line from the in- to the outside of the column wall taking into account the minimum
spacing. A load of 3 kgf is applied corresponding with the HV3 hardness scale. After a successful indenta-
tion the machine automatically measures the diagonals and converts this to the Vickers hardness scale. The
results are presented in section 4.2.5 and appendix C.2.4.

3.5. Metallography: Tubular Columns
In addition to the mechanical characteristics, the microstructural composition of printed column specimens
is investigated by metallography. At first the grain formation and orientation will be examined by means
of digital microscopy. Special attention will be paid to the subsequent weld deposits and signs of column
grain formation which could indicate anisotropic behaviour. Both longitudinal as transversal sections will be
analysed of dot-by-dot and continuous printed specimens so they can be compared.

Secondly a study to pores, inclusions and other impurities has been performed using electron microscopy.
By these means it can be investigated whether they are harmful to the mechanical or corrosion resistance.
Finally x-ray diffraction has been used to identify phases and possible harmful precipitations at the grain
boundaries.
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The metallographic specimens were both prepared and examined in the Material Science & Engineering-
laboratory of Delft University of Technology. Metallographic samples are prepared conform to specification
ASTM E3-01:2007. First of all, areas of interest have been identified and sawn from the tubular column spec-
imens. Longitudinal (figure 3.52) and transversal sections (figure 3.53) for both dot-by-dot and continuously
printed columns have been selected and prepared. Longitudinal sections can reveal the successive layers and
the grain structure in the direction of the thermal gradient, while from transversal sections the quality of fu-
sion between the depositions in the other direction can be studied. Furthermore microstructural differences
between dot-by-dot and continuously printed specimens can be analysed.

Several processing steps are required to prepare the specimen for microscopic observations. Regarding sec-
tioning one should be aware that due to faulty sawing conditions severe surface damage and acute thermal
damage could arise, consequently causing changes in microstructural. As a result metallographic character-
isation could be compromised. This is prevented by using an abrasive silicon carbide cut-off wheel, a low
cutting speed, low load and a liquid coolant to avoid overheating.

The sections were subsequently mounted in cold-setting epoxy resin using a mounting press with an applied
force of 25 kN. Next step involves manually grinding of the specimen with rotating discs using abrasive silicon
carbide paper. In steps the coarseness of the abrasive is decreased from 200 to 20 micron. The specimen
is even more smoothened by polishing with a loose abrasive in two steps from 3 to 1 microns. Lastly the
specimen is cleaned using ethanol and an ultrasonic bath and ethanol.

If the surface of the metallographic specimen is proven to be sufficiently smooth, it is ready to be chemically
etched. By the chemical reaction of the etchant with the metal, the material reveals its microstructural char-
acteristics even further. The suitability of an etchant is largely depending on the chemical composition of the
specimen and the type of microstructural analysis.

At first a common etchant for austinitic stainless steels, Kalling no.2 is used. This solution contains cupric
chloride (12 grams), hydrochloric acid (20 ml) and alcohol (225 ml). However, experience of Joosten [5]
showed that a specifically produced etchant led to the best results on his printed 308L stainless steel spec-
imens. By applying both etchants on printed column specimens this is confirmed, hence this etchant was
utilized. The etchant is made by mixing water (10 ml), hydrochloric acid (27%) and hydrogen peroxide (30%).
Immersion for approximately five seconds in the etchant fluid proved to give the best results.

Figure 3.52: Longitudinal section prepared for micrography Figure 3.53: Transversal section prepared for micrography



3.5. Metallography: Tubular Columns 89

Micrography

After completion of the etching process, the sections were studied through an optical microscope as depicted
in figure 3.54. Several magnifications were used to locate the areas of interest, such as impurities, and pores.
These areas are subsequently photographed and saved for further analysis by electron microscopy.

Figure 3.54: Optical microscope during analysis of a specimen

Additionally composite images are made by stitching overlapping photographs using the microscope de-
picted in figure 3.55. From the obtained high resolution images a good overview of the overall grain structure
of multiple deposition layers is obtained.

Figure 3.55: Microscope used to acquire composite images of the microstructure
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Scanning Electron Microscopy (SEM)

Now areas of interest on the metallographic specimens have been selected, they can be further analysed by
using an electron microscope. A scanning electron microscope (SEM) uses a focused beam of high-energy
electrons as visualized in figure 3.56 and 3.57. The signals derived from electron-metal interactions reveals
information about the specimen; external morphology, chemical composition and crystalline structure [91].
Besides making images with a magnification up to 30000x, a SEM is also capable of performing an analysis to
specific locations pinpointed on the sample. Using energy-dispersive x-ray spectroscopy (EDS) a quantitative
chemical composition can be made of the chemical composition of the selected points of interest. In this way
impurities and possible undesired oxide inclusions can be detected and analysed.

Figure 3.56: Working mechanism of an scanning electron microscope [91]

Figure 3.57: Scanning electron microscope as utilised for the metallographic analysis
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X-Ray Diffraction (XRD)

An x-ray diffractometer can be used to detect precipitates, such as undesired chromium carbide, and for
phase identification. The various phases present in a specimen can be distinguished if they have different
crystal lattice structures. In this way it can be investigated whether the sample attains a fully austenitic or
duplex, i.e. austenitic-ferritic structure.

At the x-ray facility in the faculty of Material Science & Engineering a metallographic specimen has been anal-
ysed. This sample was intentionally made larger in order to have sufficient surface area to detect precipitates.
The Bruker D8 Advanced diffractometer utilised is shown in figure 3.58.

Figure 3.58: Bruker D8 Advance diffractometer used for XRD-measurements

A selection of the relevant obtained results from the analysis of metallographic specimens is presented in
section 4.4.1.

3.6. Metallographic & Mechanical Tests: Plate Material (OCAS)
The following tests are performed by OCAS on plate material.The specimens are acquired from plate mate-
rial that is also used to extract tensile test specimens from. These plates are shown in figure 3.47 and 3.46.
Additional tests on column samples are required to verify the validity of the results for columns, but as the
printing technique and material is (nearly) identical, test results are a good reference and might provide good
insight of material characteristics.

3.6.1. Metallography
This section describes shortly what has been analysed by OCAS. Micrographic observations are performed to
analyse solidification, microstructure and grain size. The transition between two layers of deposited metal is
observed after nitro hydrochloric acid etching. Furthermore the internal cleanliness is checked using optical
microscopy in accordance with standard ASTM E45-D. More specifically, a chemical charactarization has
been made of inclusions and cracks by Energy-Dispersive X-ray Spectroscopy (EDS) and using SEM.
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3.6.2. Hardness
To quantify hardness of the specimens, Brinell hardness measurements are executed on the Charpy-samples
conform standard EN ISO 6506-1. This test characterises hardness by the scale of penetration of an indentor.
Just as Vickers hardness measurements, but in this case a tungsten carbide ball with a diameter of 2.5 mm is
used.

The Brinell Hardness Number (B H N ) is commonly expressed as HBW . Where H stands for Hardness, B for
Brinell and W represents the material of the indenter (tungsten wolfram carbide). The HBW , expressed in
N/mm2, is calculated by equation (3.4).

HBW = 0.102
2F

πD
(
D −

p
D2 −d 2

) (3.4)

Where F equals the applied force; D the diameter of the indenter and d the diameter of indentation both
in mm. During this test the applied force was equal to 1839 N (= 187.5 kg) with an indentation time of 12
seconds. Since Brinell hardness measurements correlate quite closely with Vickers hardness measurements
as performed on the column sections, the values can be compared. The results are presented in section 4.2.5.

3.6.3. Toughness
Toughness is can be defined as the ability of a material to absorb energy and deform plastically before frac-
turing. Toughness is in general proportional to the area under the stress-strain curve from the origin to its
breaking point. Austenitic steels do not fail by cleavage. Precipitates might however weaken grain bound-
aries, allowing cleavage cracks propagate along these boundaries.

To quantify the resistance to brittle failure, Charpy pendulum impact tests (ISO 148-1) are performed on stan-
dard notched samples of 10 mm as depicted in figure 3.59. The samples are extracted from printed 308LSi
plate material identical to the material that is used for tensile tests. Samples in both transverse and longitu-
dinal direction, as well for both printing strategies (dot and continuous) have been tested. They are milled
and shaped by Electric Discharge Machining (EDM). Tests are performed at three temperatures, namely -40;
-20 and +20 °C. The results are presented in section 4.4.3.

Figure 3.59: ISO 148-1 Charpy pendulum impact test set-up and specimen
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Results

As a logical follow-up to chapter 3 where the test and measurement methodology has been described, this
chapter presents the obtained test results. At first the results of measurements to the specimen’s geometry will
be discussed in section 4.1. Section 4.2 subsequently provides an overview of bending, buckling, compres-
sion, tensile and hardness test results. Next, the results of metallography of printed columns is given (section
4.3), followed by the results of metallography, hardness and toughness tests on printed plate specimens (sec-
tion 4.4), as provided by research institute OCAS.
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4.1. Geometry Measurement Results
Before the results of mechanical tests will be discussed, first the characterisation of the printed tubular col-
umn geometry will be presented. The results of the measurements to imperfections acquired by hand mea-
surements and 3D-scan analyses are provided in section 4.1.1. Finally an average cross-sectional area is de-
ducted as summarised in section 4.1.2

4.1.1. 3D-Scans & Hand Measurements (Initial Imperfections)
By means of hand measurements and 3D-scans the initial curvature of the buckling specimens has been de-
termined. An overview of the results is given in table 4.1. For specimens of 480 mm and shorter, the global ini-
tial curvature was negligible compared to the observed local surface irregularities. Therefore only the longest
columns have been added to the results.

Table 4.1: Initial curvature obtained from hand measurements and 3D-scan analysis

Hand Measurements 3D-Scans
Specimen e0 St.dev. σ(%) e0 St.dev. σ(%)

A-125-X L/593 L/25 L/588 L/12
A-85-X L/604 L/97 L/623 L/19
B-X-A L/707 L/43 L/688 L/7
B-X-B L/791 L/32 - -
Average L/674 L/49 L633 L/13

The initial curvature is expressed in ratio eccentricity over the length of the considered member. The shorter
the column, the smaller the observed initial curvature. This is probably down to the length effect; the smaller
the specimen length, the less likely a print error is present which might result in a geometrical imperfection.
The total average value obtained from hand measurements is e0 = L/674 with a standard deviation of L/49.
Whereas 3D-scans were more reproducible, they gave more consistent results with an average value of e0 =
L/633 and a fairly low standard deviation of L/13. From both analyses it can be concluded that the initial cur-
vature of printed specimens is larger than those of the buckling columns tested in EC3, where a conservative
imperfection of e0 = L/1000 is assumed for buckling calculations.

From the 3D-scan analysis it can be concluded that the eccentricities are partly explained by local imperfec-
tions ‘shifts’ (1 - 1.5 mm), rather than by a parabolic-shaped global curvature (see figure 4.1). Such shifting
of successive layers is caused by welding errors. These damage parts are in some cases manually grinded off
the specimen, often not with a perfectly straight cut. Grinding is done manually and often not perfect per-
pendicular. It very much complicates print restarts and causes shifts (misalignments) in the column, because
the metal is deposited as programmed; namely as the underlying surface is perfectly straight. Another issue
specifically relating to printing of longer columns is vibration of the specimens. The firm horizontal acceler-
ation of the industrial robot while shifting from one point to another, might cause the columns and the robot
foundation to vibrate. As a consequence the next deposits possibly deviate from their intended position.

Figure 4.1: 3D-scan result: local shift from longitudinal axis of successively deposited print layers
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4.1.2. Volume Measurements
By submerging the column specimens into fluid, in this case water, the volume of the specimens is deter-
mined using Archimedes’ principle. In addition, length and weight have been measured. All measurements
have been performed twice and have been averaged. From the volume, length and weight, an average cross-
section area and density has been deducted. Table 4.2 and 4.3 summarises the obtained results for dot-by-dot
and continuously printed specimens respectively.

Table 4.2: Volume measurement results of bending specimens printed dot-by-dot

Specimen Volume [cm3] Length L [mm] Weight [g] Avg. C-S. Aµ [mm2] Density [g/cm3]

B-1-A 234.6 671 1855 350 7.91
B-2-A 232.8 668 1835 348 7.88
B-3-A 234.6 671 1860 350 7.93
Average 234.0 670 1850 349 7.91
St. deviation σ 0.9 1 11 1 0.02

Table 4.3: Volume measurement results of bending specimens printed continuously

Specimen Volume [cm3] Length L [mm] Weight [g] Avg. C-S. Aµ [mm2] Density [g/cm3]

B-1-B 198.9 661 1580 301 7.94
B-2-B 200.1 665 1590 301 7.95
B-3-B 200.7 665 1590 301 7.92
Average 199.9 664 1587 301 7.94
St. deviation σ 0.8 2 5 0 0.01

The obtained average cross-sectional area Aµ of dot-by-dot printed columns equals 349 mm2. This approxi-
mately coincides with a tubular column section, assumed homogeneous, with an outer diameter of 33.8 mm
and a wall thickness of 3.7 mm (A = 349.88 mm2). Where the outer diameter has been adopted from averaged
Vernier’s caliper measurements.

Because the continuously printed column samples have a thinner wall, lower Aµ values are obtained averag-
ing 301 mm2. This corresponds with a column section, assumed homogeneous, with an outer diameter of
33.3 mm and wall thickness of 3.2 mm. For all tubular columns a nominal diameter of 30.1 mm is assumed.
This nominal diameter is the laser-guided path followed by the welding robot. Aµ values for both dot-by-dot
and continuous samples show a low standard deviation, which proves consistency in print quality. From here
on, these Aµ values are used to predict resistances of mechanical tests as explained in section 4.2.

For both strategies quite similar density values have been obtained: 7.91 and 7.94 g/cm3. According to ma-
terial supplier Sadev [89], this is in conjunction with the standard density value of 7.90 g/cm3 provided for
308LSi stainless steel. This little difference could be explained by the additional alloying constituents. Large-
scale porosity is consequently ruled-out as this would have lowered the density values.

4.2. Mechanical Test Results
Test results of all the executed mechanical tests will be presented in this section. First the results of four-
point bending tests are stated in section 4.2.1. Section 4.2.2 will subsequently provide results of buckling
tests, whereas compression and tensile test results will be presented in section 4.2.3 and 4.2.4. Finally the
obtained hardness results are shown in 4.2.5.
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4.2.1. Bending Tests
Four-point bending tests are performed on both dot-by-dot and continuously printed specimens. The bend-
ing stiffness E I (expressed in Nmm2) has been deducted using the tangent line to the load-deflection curve
during unloading of the specimen as shown in figure 4.2. The unloading stage is chosen to exclude inaccura-
cies of the initial loading phase.

Figure 4.2: Load-deflection curve of four-point bending test on specimen B-1-A

In order to investigate stiffness variations in the cross-section, four bending tests have been performed on
the same specimen, where after each test the column is rotated 90 degrees around its longitudinal axis. This
is designated by ’side 1’ (0 degrees rotation), side 2 (90 degrees rotation), etcetera. The obtained results for
dot-by-dot printed columns are shown in table 4.4. It can be observed that the obtained stiffness values are
very consistent, both around the perimeter of a single specimen and between the different specimens.

Table 4.4: Results of four-point bending tests on dot-by-dot printed column sections

Bending Stiffness E I [Nmm2]
Specimen/Side Side 1 Side 2 Side 3 Side 4 Mean St.dev. σ(%)

B-1-A 5.29 ·109 5.14 ·109 5.24 ·109 5.10 ·109 5.19 ·109 1.47
B-2-A 5.02 ·109 5.08 ·109 5.14 ·109 5.12 ·109 5.09 ·109 0.90
B-3-A 5.07 ·109 5.08 ·109 5.18 ·109 5.05 ·109 5.10 ·109 0.95
Mean 5.13 ·109

St.deviation σ(%) 0.91

In figure 4.3 the results are graphically presented. By analytical means a prediction for the bending stiffness
has been made as a reference for the obtained test results. With an assumed Young’s modulus of 200 GPa,
as provided by Eurocode 3 [48] for (isotropic) austenitic steels and an assumed nominal column diameter of
30.1 mm, the wall thickness t can be varied to fit the obtained test results. From the figure it can be clearly
seen that with a value of t = 3.7 mm as adopted from the volume measurements and the earlier mentioned
Young’s modulus value, a stiffness overestimation of 35% is obtained. Further reducing of the wall thickness
results in a value of 2.4 mm in order to match the result obtained from bending tests.
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Figure 4.3: Graphical presentation of four-point bending test results on dot-by-dot printed column sections

Besides dot-by-dot printed specimens, also continuously printed columns have been tested. Since the cross-
section of these columns is a bit smaller than that of the dot-by-dot printed columns, one should not compare
them directly. The mutual variations of the continuously printed columns can be compared as presented in
table 4.5. Similar to the dot-by-dot printed columns it is observed that the obtained stiffness values are very
consistent, both around the perimeter of a single specimen and between the different specimens. Standard
deviation in per cents range from 0.93 to 2.73%. Figure 4.4 shows that a wall thickness reduction from 3.2 to
1.8 mm is required to match the obtained test results. This corresponds to a reduction of approximately 43%.

Since bending stiffness E I is a multiplication of Young’s modulus E and second moment of area I , the ques-
tion raises whether the observed low bending stiffness is caused by reduced stiffness values or a reduction in
cross-section, consequently lowering the second moment of area of the column specimens. Further analysis
to the effective cross-sectional area is performed in section 5.1. The load-deflection curves are attached in
appendix C.2.1.

Table 4.5: Results of four-point bending tests on continuous printed column sections

Bending Stiffness E I [Nmm2]
Specimen/Side Side 1 Side 2 Side 3 Side 4 Mean St.dev. σ(%)

B-1-B 3.98 ·109 3.94 ·109 3.89 ·109 4.00 ·109 3.95 ·109 1.08
B-2-B 4.00 ·109 3.95 ·109 4.03 ·109 3.94 ·109 3.98 ·109 0.93
B-3-B 4.01 ·109 3.87 ·109 4.08 ·109 3.82 ·109 3.94 ·109 2.73
Mean 3.96 ·109

St.deviation σ(%) 0.39
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Figure 4.4: Graphical presentation of four-point bending test results of continuously printed column sections

4.2.2. Buckling Tests
In this section the tested buckling strength of printed tubular columns for a varying range of column lengths
is presented. Details of the specimens their geometry are given in table 3.3. The obtained results for dot-
by-dot printed specimens are shown in table 4.6 and in table 4.7 for continuously printed specimens. From
the results a buckling curve is drawn, which is provided in figure 4.5. Within their slenderness category, the
columns show little spread in buckling resistance. This also holds for continuously printed columns, of which
only one slenderness have been tested. The obtained buckling resistance lies perfectly on the buckling curve
for dot-by-dot printed specimens.

An exception is specimen A-125-3. The buckling load obtained for this column is higher than the Euler load,
hence way higher than expected. This is the only specimen tested with spherical plain bearings. With progres-
sive insight they have been replaced by ball bearings to attain fully hinging bearings. This value has therefore
been discarded from the curve in figure 4.5.

Table 4.6: Buckling test results for dot-by-dot printed columns - assuming E = 200 GPa and σ0.2 = 350 N/mm2

Specimen Buckling Length Leff [mm] Rel. Slend. λrel [-] Buckling load Fbuc [kN] Euler Load Ncr [kN]

A-125-1 1256 1.560 31.96 32.06
A-125-2 1261 1.566 31.84 31.81
A-125-3 1284 1.595 55.88 30.68
A-85-1 865 1.074 53.80 67.68
A-85-2 880 1.092 48.79 65.39
A-85-3 875 1.087 48.76 66.07
B-1-A 697 0.866 58.45 104.12
B-2-A 694 0.862 62.68 105.02
B-3-A 697 0.865 63.99 104.12
A-48-1 477 0.592 79.34
A-48-2 475 0.590 80.71
A-48-3 474 0.588 81.57
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Table 4.7: Buckling test results for continuously printed columns - assuming E = 200 GPa and σ0.2 = 350 N/mm2

Specimen Buckling Length Leff [mm] Rel. Slend. λrel [-] Buckling load Fbuc [kN] Euler Load Ncr [kN]

B-1-B 687 0.855 52.38 82.77
B-2-B 691 0.860 51.97 81.81
B-3-B 691 0.860 53.87 81.81

Figure 4.5: Buckling test results; assumed E = 200 GPa and σ0.2 = 350 N/mm2

Assumptions have been made while deriving these buckling test results. The relative slenderness λrel is de-
pendent on both Young’s modulus E0 and proof stress σ0.2. For E0 a value of 200 GPa is assumed in con-
junction with Eurocode 3 [48] and a yield stress value of 350 N/mm2 is assumed in conjunction with the
material data sheet of the supplier [47]. The Euler load is calculated using the average bending stiffness value
obtained from the four-point flexural test results (section 4.2.1). Aforementioned assumptions require verifi-
cation, which will be achieved by tensile tests. The tensile test results are given in section 4.2.4.

Tests on the shortest columns (L = 120 mm, λrel = 0.2) have been discarded because the test set-up, and more
specifically the applied bearings did not allow such thick-walled stocky columns to buckle. In addition it is
assumed in this calculation that the effective buckling length is equal to the measured system length (hinge-
to-hinge distance). However, hinged bearings are always subject to friction during rotation. Additional tests
have been performed to derive the real effective buckling length to account for the friction effects. This is
explained in section 5.3.1.

If the effective buckling length is known and the values for E and σ0.2, the buckling curve has been redrawn.
This new curve is presented in section 5.3. A complete overview of load-deflection curves from buckling tests
is provided in appendix C.2.2.



100 4. Results

4.2.3. Compression Tests
Compression tests on milled column specimens were executed to check if it was feasible to extract basic
properties as yield strength and Young’s moduli. From the acquired stress-strain relation shown in figure 4.8
it can be seen that both the dot-by-dot and continuously printed specimens attains a 0.2% proof stress of
303 N/mm2. The compression resistances correspondingly equal 75 and 57 kN respectively. It can also be ob-
served that the dot-by-dot printed specimen has a slightly higher elastic stiffness compared to the continuous
specimen.

Furthermore the failure mode has been studied. Figures 4.6 and 4.7 show the specimens after testing. Vi-
sual observation of the specimens during loading showed local thickening of the cross-section which after
continuing loading resulted in buckled specimens shown in the earlier mentioned figures. This result is of
importance because early local buckling disturbs an accurate stiffness and yield-strength measurement.

Figure 4.6: Specimen C8A after compression test Figure 4.7: Specimen C9B after compression test

Concluding from the stress-strain curves, the measured deformations from both specimens seem too high.
On its turn this is not completely unexpected since strains are not measured on the specimens itself, but they
are deducted from the cylinder displacement only. Also it was observed that the local stresses were so high
that the specimens left a clear mark on both steel bearing plates. They were pressed into the plates, which
resulted in an overestimation of specimen deformation, especially at higher loads. After the elastic phase the
specimen showed a very long, almost linear strengthening phase in plastic stage. This is down to the buckled
shape that regains strength in the plastic stage.

Obviously, aforementioned problems could be overcome by improving the test procedure. First of all, a
shorter column specimen could be used to assure prevention of early buckling behaviour. This also eases
concentric load introduction. Strain gauges can be added so that strains can be measured directly. Given
in by practical arguments, it is nonetheless decided not to continue with compression tests. Machining of
printed column up to the point where a smooth homogeneous section is obtained is extremely time con-
suming, costly and labour intensive. Especially for the dot-printed samples it proved to be hard to attain a
complete smooth surface because surface irregularities were significant.

The absence of a homogeneous cross-section and a lack of time and budget limited the options to perform
tests on identical printed column sections. For this reason it is decided to deduct stiffness and yield strength
values from tensile tests that are performed by OCAS on similar printed and machined stainless steel sections.
The acquired results of these tests are presented in the next section.
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Figure 4.8: Stress-strain relation from compression tests: dot versus continuous

4.2.4. Tensile Tests
The results of tensile tests performed by OCAS on by MX3D-printed milled plate material will be presented in
this section. From the obtained stress-strain curves the 0.2% proof stress, ultimate tensile strength, stiffness
and ultimate strain have been deducted. It should be noted that for the deduction of Young’s moduli, the
initial stiffness E0 has been used. Mechanical properties (as weld deposit) as provided by material supplier
Oerlikon and Ugiweld have been used as reference values.

Table 4.8 and figure 4.9 depict the obtained results for dot-by-dot printed specimens in both longitudinal
(print direction) and perpendicular to print (or transversal) direction. A total of twelve specimens have been
tested; three for both strategies and for both print directions. Whereas the average ultimate tensile strength
for dot-by-dot printed specimen in longitudinal direction (614 N/mm2) exceeds both reference values (520-
600 N/mm2), the tensile strength observed in transverse direction, although with a large spread, is signifi-
cantly lower (511 N/mm2). A similar trend is observed for the 0.2% proof stresses, which are lower in transver-
sal direction (342 versus 319 N/mm2).

This anisotropic behaviour is also clearly visible in the lower stiffness values obtained in transverse direction
(155 GPa) compared to the stiffness in longitudinal direction (181 GPa). Both values are significant lower
than the assumed 200 GPa which is prescribed by Eurocode 3 for cold-formed austenitic stainless steels [48].
Furthermore it can be observed that specimens tested in longitudinal print direction behave more ductile
than their transversely tested counterparts, from which one specimen did not pass the ductility requirements
from Eurocode 3 (see equation (2.5)) due to early fracture (εf < 15%).

Table 4.8: Tensile test results of dot-by-dot printed specimens

0.2% Proof Stress Ult. Tensile Strength Young’s Modulus Ultimate Strain Fracture Strain
σ0.2 [N/mm2] σu [N/mm2] E0 [GPa] εu [%] ε f [%]

Oerlikon - as welded 20°C >350 >520 - >35
Ugiweld - as welded 20°C 360 600 - >35
Longitudinal (print dir.) 342 614 181 29.7 38.9
St. deviation σ 3 0 5 0.9 1.0
Transversal 319 511 155 18.6 19.3
St. deviation σ 7 33 6 5.6 6.1
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Figure 4.9: Graphical representation of tensile test results for dot-by-dot printed specimens

Table 4.9 and more graphically, figure 4.10 depict the obtained results for continuously printed specimens.
Overall the obtained strength values of continuously printed specimens are lower than for dot-by-dot printed
specimens. Both the 0.2% proof stresses and ultimate tensile strengths are significantly lower. Especially the
stiffness values (137 GPa and 121 GPa) are low compared to the reference value of 200 GPa.

Despite these lowered values, continuous specimens prove to exhibit slight less anisotropic mechanical be-
haviour looking at the differences between longitudinally and transversally tested specimens. Differently
from the dot-by-dot printed specimens, the strength values for continuously printed specimens are slightly
higher in transverse direction. Specimens tested in transversal direction behave more ductile compared to
longitudinally tested specimens. All stress-strain curves from the analysed tensile tests are provided in ap-
pendix C.2.3.

Table 4.9: Tensile test results of continuously printed specimens

0.2% Proof Stress Ult. Tensile Strength Young’s Modulus Ultimate Strain Fracture Strain
σ0.2 [N/mm2] σu [N/mm2] E0 [GPa] εu [%] ε f [%]

Oerlikon - as welded 20°C >350 >520 - >35
Ugiweld - as welded 20°C 360 600 - >35
Longitudinal (print dir.) 307 544 137 21.2 22.0
St. deviation σ 5 28 6 3.5 3.8
Transversal 321 568 121 30.9 34.9
St. deviation σ 6 11 6 0.9 4.7
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Figure 4.10: Graphical representation of tensile test results for continuously printed specimens

The obtained tensile test results of milled specimens from plate material will be adopted in the analysis of
tubular columns. Some remarks should however be made regarding this adoption. Since the tubular columns
are printed spiralwise, the deducted mechanical characteristics in transverse direction are most important
because during buckling and bending the column is loaded in that direction. More importantly, it is not
known what influence the difference in geometry between a plate and a tubular column has on the tensile
properties of the specimen. Even when the specimens are milled, the difference in printing strategy and
corresponding difference in heat input and cooling rate may affect their mechanical properties.

It is not known why lowered stiffness values are observed for the tested specimens. A few explanations could
be given for this observation. Accurate measurements of stiffness during tensile testing is hard since the
outcome is strongly related to the accuracy of the strain measurement. Special attention should be paid to
the test methodology and an accurate definition of the cross-sectional area of the specimens. While milling
the tensile specimens, it should be assured of that a smooth and homogeneous cross-section over the height
is achieved.

Furthermore it is known that stainless steel exhibits non-linear stress-strain behaviour. The stiffness is there-
fore expressed in terms of initial stiffness E0. It should be taken care of that this tangent line is adopted from
the elastic phase in the stress-strain diagram and that strain hardening was not initiated yet. Another possible
cause for lowered stiffness values is the presence of residual stresses which is related to the printing process
parameters and printing strategy of this specific specimen. Additional research is required to investigate the
presence and the influence of residual stresses on mechanical properties of printed stainless steel.

In addition a remark should be made with regards to the tested material. Despite the fact That an identi-
cal printing robot and a similar stainless steel grade (308LSi) have been used, the tensile tested material is
provided by Ugiweld (308LM), whereas the tubular columns are printed with Oerlikon’s Inertfill 308LSi. Re-
gardless both grades are designated as grade 308LSi, both welding wires show minor chemical differences as
can be seen in appendix B.2.

Since there is little known about the exact heat input during printing these specimens it is not possible to
determine the influence of the chemical differences on the mechanical properties of both welding wires. It
is also not known how the chemical composition of the base material (welding wire) changes in the printing
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process. Analysis of a printed specimen using Energy Dispersive X-Ray Fluorescence (EDXRF) shows a slight
deviation (reduction) in Si- and (an increase) in N-levels, compared to typical Ugiweld 308LM welding wire
composition values. This deviation is observed at both printing strategies. The question raises whether this
change is caused by a compositional change during the printing process or whether the composition of the
input wire deviates from the corresponding datasheet of the supplier. Additional chemical analysis of the
input wire is required to answer this question.

The non-linearity of the stress-strain relation will be further studied and quantified in section 5.2. This en-
ables incorporation of the stress-strain relation in finite element models in future research.

4.2.5. Hardness
As explained in section 3.4.5, Vickers hardness line-measurements (HV3) have been performed on longitudi-
nal and transversal sections of both dot-by-dot and continuously printed specimens. Figures 4.11 and 4.12
present the results for dot-by-dot printed specimens and figures 4.13 and 4.14 for continuously printed speci-
mens graphically. Measurements of a section along a specified line are performed from the outside (indicated
on the horizontal axis by ’measurement 1’) to the inside of a column wall (’measurement 5’).

Slightly higher hardness values are observed for dot-by-dot printed specimens, averaging 195 Vickers com-
pared to 190 Vickers for continuously printed specimens. For both printing strategies it is observed that the
outside of the column wall (averaging 194 Vickers) is slightly harder than the inside (averaging 191 Vickers).
In addition it is observed that longitudinal sections for both strategies attain significantly higher hardness
values (203 Vickers) than transversal sections (187 Vickers).

Figure 4.11: Vickers hardness measurement (HV3) to a dot-by-dot printed longitudinal section

Figure 4.12: Vickers hardness measurement (HV3) to a dot-by-dot printed transversal section
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Figure 4.13: Vickers hardness measurement (HV3) to a continuously printed longitudinal section

Figure 4.14: Vickers hardness measurement (HV3) to a continuously printed transversal section
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4.3. Metallography Results: Tubular Columns
In this section the results of metallography of specimens extracted from the printed tubular columns will be
presented. At first the results of (electron) microscopy will be stated. Finally the outcome of x-ray analysis is
given.

Microscopy

Using optical microscopy, images have been made of both dot and continuously printed specimens. The
images reveal a directional grain growth, most clearly visible on the longitudinal sections as can be seen in
figures 4.15 and 4.16. Large columnar grains are formed following the thermal gradient of the weld pool. Also
the successive weld layer deposits are visible from which new grains are formed that fuse together and take
the orientation of previous grains. It can indeed be seen that large columnar grains grow across multiple weld
passes, which explains the anisotropic mechanical properties.

Figure 4.15: Longitudinal section dot-by-dot strategy Figure 4.16: Longitudinal section continuous strategy

Images of transversal metallographic specimen sections are displayed in figure 4.17 and 4.18. Whereas the dif-
ferent point welds can be distinguished for dot-printed specimen, the continuously printed specimen show
a more homogeneous image with less geometrical imperfections.
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Figure 4.17: Transverse section dot-by-dot strategy Figure 4.18: Transverse section continuous strategy

Scanning Electron Microscopy (SEM)

Using Electron microscopy, areas of interest have selected and further analysed. As depicted in figure 4.19,
the dot-by-dot specimen showed some large pores of which the largest was approximately 200 µm diameter
across. Such large pores may negatively affect ductility and strength values. Furthermore Oxide-layer forma-
tion is observed as shown in figure 4.20.

Figure 4.19: Pore in dot-by-dot specimen Figure 4.20: Oxide layer formation in dot-by-dot specimen

The chemical composition at the selected points of interest has been investigated to analyse impurities in the
specimen. Several oxide inclusions have been found which are included as a result of the printing process.
Reports of the chemical analysis performed with the SEM are attached in appendix C.3.1.
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X-Ray Diffraction (XRD)

With an x-ray diffractometer, the area within the red square of figure 4.21 is measured.

Figure 4.21: Measured area of (M20) mounted XRD-sample

Figure 4.22 shows the measured pattern of the sample in blue and of the black embedding material in gray.
The coloured peaks show the positions and corresponding intensities of the identified phases. Austenite
phases have been detected mostly, but also ferrite phases are present (green peaks). So the microstructure
should be considered as mostly austenitic with a small amount of ferrite, as predicted by the the Schaeffler
diagram. From the analysis no precipitates could be identified.

Figure 4.22: Results of x-ray diffraction measurements
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4.4. Metallography & Mechanical Test Results: Plate Material (OCAS)
In addition to the earlier presented tensile tests on milled plate material of by MX3D printed 308L stainless
steel, OCAS performed a chemical and metallographical analysis of the same printed plates. The results of
this analysis are stated in section 4.4.1. Furthermore additional mechanical tests have been performed. The
results of Brinell hardness measurements and Charpy impact tests are given in section 4.4.2 and 4.4.3 respec-
tively.

4.4.1. Microstructure
The microstructure of the printed specimens has been analysed by firstly performing a chemical analysis and
secondly by optical microscopy. The results are shown below.

Chemical Composition

An elemental analysis has been performed on printed specimens in order to be able to compare results with
typical values as provided by welding wire supplier Ugiweld. By using Energy Dispersive X-Ray Fluorescence
(EDXRF), the chemical composition of both dot-by-dot and continuously printed specimens has been iden-
tified quantitatively as depicted in table 4.10.

Table 4.10: Chemical composition of dot-by-dot and continuously printed specimens compared with typical values

From the analysis of the printed specimen a slight deviation (reduction) in Si-levels and an increase in N-
levels from typical Ugiweld 308LM welding wire composition values can be observed. This observation holds
for both printing strategies. The change in composition can be explained by inclusions added during the
printing process. Inspection of internal cleanliness using optical microscopy and Energy Dispersive X-ray
(EDX) analysis indeed shows that inclusions are present in all specimens. This is depicted in figure 4.23.

Figure 4.23: Internal cleanliness analysis of dot-by-dot and continuously printed specimens
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In both specimens the inclusions, mainly globular oxides rich in silicon, manganese and sulphur, are het-
erogeneously distributed. However, specimens printed dot-by-dot show more inclusions compared to their
continuously printed counterparts.

Whereas inclusions are indeed detected, the question raises if the difference between the chemical composi-
tion of the specimens is solely caused by a compositional change during the printing process, or if the com-
position of the input wire deviates from the corresponding datasheet of the supplier. An increase of Nitrogen
(N) in the structure can for example also be explained by a poor shielding condition. Subsequently causing
an increase of yield strength and a loss of ductility compared to the properties of the original welding wire
material. A chemical analysis of the input wire is required to be able to analyse what causes this difference.

Metallography

From optical microscopy typical solidification structures can be observed, where the different ’dots’ in the
dot-by-dot printed specimens are clearly visible in figure 4.24 and 4.25. In the analysed longitudinal section
(figure 4.24) some accidental microstructural errors can be seen. Similar to the dot-by-dot printed specimens,
the analysed continuously printed specimens (figure 4.26 and 4.27 show heterogeneous and anisotropic so-
lidification structures, consequently affecting their mechanical properties.

Figure 4.24: Dot-by-dot solidification structure (longitudinal) Figure 4.25: Dot-by-dot solidification structure (transversal)

Figure 4.26: Continuous solidification structure (longitudinal) Figure 4.27: Continuous solidification structure (trans.)
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The microstructure has been investigated into more detail using a microscope with higher magnifications.
For both dot-by-dot (figure 4.28 and 4.29) and continuously printed metallographic specimens (figure 4.30
and 4.31), a heterogeneous microstructure and an anisotropic grain size is observed. Dendritic structures can
be seen with (at higher magnifications) second phase distribution delta-ferrite at the grain boundaries. For
both printing strategies it is clear that the microstructural composition differs in each point due to differences
in thermal history.

Figure 4.28: Dot-by-dot microstructure (100 µm scale) Figure 4.29: Dot-by-dot microstructure (20 µm scale)

Figure 4.30: Continuous microstructure (500 µm scale) Figure 4.31: Continuous microstructure (20 µm scale)

4.4.2. Hardness
Brinell hardness measurements have been performed on both dot-by-dot and continuously printed plate
specimens. For the values in this range, Brinell and Vickers values nearly correspond to each other and can
therefore be compared. In contrast to the (Vickers) hardness measurements performed on column speci-
mens, the continuously printed specimens are observed to be harder than the dot-printed specimens.

The exact reason for this difference is not known, but the large spread in test results and the minor difference
between both averages makes it difficult to draw conclusions. It is known that the number of heat cycles
experienced by the metal during printing correlates inversely with the hardness [92]. This means that because
the final layer deposits of a WAAM-specimen experiences fewer thermal cycles, the hardness at these location
might improve. More hardness tests should be performed on various sections to investigate whether the
observed variations of hardness can be explained by this theory.
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Figure 4.32: Brinell hardness measurement results

4.4.3. Toughness
The results of Charpy pendulum impact tests are shown in figure 4.33 and 4.34. Typical values for ’as weld
deposit’ material as provided by the material supplier are added as reference. Considering a temperature of
20°, this value equals 160 and 120 J/cm2 For TIG- and MIG-processes respectively.

Figure 4.33: Charpy impact toughness results - dot-by-dot Figure 4.34: Charpy impact toughness results - continuous

It is observed that dot-by-dot printed specimens attain high absolute toughness values, but show a very high
spread. Whereas the toughness values of transversal sections all exceed the reference value, the longitudinal
sections show significantly lower toughness values. For the continuous printing process also consistently
good toughness values are observed comparable with the reference value for TIG- or MIG-processes (160
J/cm2) - and with a low spread.



5
Analysis

This chapter provides a further analysis of the test and measurement results (chapter 4). Because the tested
variables that influence stability are interrelated, they will here be considered simultaneously and combined
to be able to construct a buckling curve for 3D-printed tubular columns.

First an effective cross-section is derived from combined bending and tensile test results in section 5.1. In
section 5.2 the stress-strain relations acquired from tensile tests are approximated with Ramberg-Osgood-
Rasmussen equations to quantify the level of non-linearity. At last the buckling behaviour of 3D-printed
tubular columns is studied and a design buckling curve is proposed in section 4.2.2.
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5.1. Cross-Sectional Variations
In section 4.2.1 the bending stiffness of printed tubular column specimens is determined from multiple four-
point bending tests. Low stiffness values for both dot-by-dot and continuously printed specimens are ob-
served. Since bending stiffness E I of a section is a multiplication of the Young’s modulus E with the second
moment of area I , the reduced stiffness values are caused by one of, or both, aforementioned variables.

The second moment of area I to start with, is dependent on the location of the material that is present around
the centroidal axis of an object. Since the object of study is a tubular section, it may usually be assumed that
I is constant. In this case however this assumption cannot be made because variations in wall thickness are
clearly present in both longitudinal sections as can be seen in figures 5.1 and 5.2 and transversal sections
(figure 5.3 and 5.4). The pictures on the left show the dot-by-dot printed sections and on the right the contin-
uously printed ones.

A thorough statistical analysis of wall thickness variations in multiple cross-sections is required to quantify
the presence of wall thickness minima over the length of a section; the longer a section, the more likely such a
minimum wall thickness is encountered. Since the wall thickness varies at every point of the section, it is not
possible to measure the exact thickness using a Vernier’s caliper. Only a continuous measurement is capable
of acquiring thickness variations accurately. Because it is complex and extremely time-consuming to derive
a design graph in this way, an other, more convenient approach has been used.

Figure 5.1: Longitudinal section dot-by-dot printed column Figure 5.2: Longitudinal section continuously printed column

Figure 5.3: Transversal section dot-by-dot printed column Figure 5.4: Transversal section continuously printed column
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With this alternative approach, four-point bending test results are combined with tensile test results to deduct
a so-called effective ’homogeneous’ cross-section. Bending test results showed only very minor variations
in stiffness along the perimeter of the columns. These variations are therefore discarded in the following
analysis. Hence, the average bending stiffness E I for both dot-by-dot and continuously printed specimens
has been used. Furthermore the elastic stiffness E0 is known in transverse direction for dot-by-dot (155 GPa)
and continuously (121 GPa) printed material. After dividing the bending stiffness E I with the initial stiffness
E0 of the corresponding specimens, the outcome is equal to the second moment of area I .

Assuming a constant nominal column diameter of 30.1 mm, along which the laser-guided robot deposits
its material, a linear relation between wall thickness and second moment of area is obtained. As depicted
in figure 5.5 the intersection lies at 3.01 and 3.06 mm for continuously and dot-by-dot printed specimens
respectively. This is the effective wall thickness of a homogeneous section, which designers could use in
strength calculations for the in this research considered column sections. By expressing the reduction of wall
thickness in absolute values (0.64 mm for dot and 0.19 mm for continuously printed sections), these values
could be used for other section sizes as well, hence enabling designers to calculate with a homogeneous or
’working’ cross-section, significantly easing calculations.

Figure 5.5: Effective cross-section for dot-by-dot and continuously printed column specimens

Thus the effective wall thickness is lower than the measured average wall thickness as earlier adopted. For
dot-by-dot specimens wall thickness t = 3.7 mm reduces to an effective thickness of t0 = 3.06 mm, which
is a reduction of nearly 17.3%. Whereas a continuously printed specimen’s thickness reduces from t = 3.2
mm to an effective thickness of t0 = 3.01 mm, which is a reduction of only 5.9%. This is in conjunction with
visual inspection of column sections. As shown in figure 5.6, dot-by-dot sections indeed clearly show more
geometrical irregularities.

Figure 5.6: Dot-by-dot versus continuously printed longitudinal sections
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5.2. Modelling of Non-Linear Stress-Strain Relation
Whereas carbon steels are commonly modelled with a bi-linear stress-strain relation, stainless steels undergo
strain hardening effects. To model this non-linear behaviour, stress-strain curves can be approximated by the
Ramberg-Osgood expression, modified by Rasmussen as explained in section 2.2.4.

The Ramberg-Osgood expression modified by Rasmussen (equation (2.2)) consists of two domains: the first is
capable to approximate the stress-strain relation up to the 0.2% proof stress and the second domain from the
0.2% proof stressσ0.2 up to the ultimate stressσu. The level of non-linearity is incorporated in the expression
by means of material non-linearity parameters n and m for the first and second domain respectively.

By varying aforementioned non-linearity parameters, the Ramberg-Osgood relation has been curve-fitted
to the stress-strain curves obtained from tensile tests on 3D-printed steel (see also appendix C.2.3). The
goodness of fit has been evaluated by using the sum of squares due to error (SSE). An example of such a fit
for both domains of a dot-by-dot printed specimen tested in longitudinal direction is depicted separately in
figure 5.7 for values up to the 0.2% proof stress and in figure 5.8 for values exceeding the 0.2% proof stress
with corresponding non-linearity parameters.

Figure 5.7: Ramberg-Osgood approximation of stress-strain relation up to 0.2% proof stress

Figure 5.8: Rasmussen approximation of stress-strain relation for stresses exceeding the 0.2% proof stress
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The obtained results of all the curve-fits are summarized in table 5.1 for dot-by-dot printed specimens and in
table 5.2 for continuously printed specimens. For dot-by-dot specimens non-linearity parameter values of n
= 16 and m = 2.2 are proposed when loaded in the print (longitudinal) direction and n = 12 and m = 2.0 for
specimens loaded perpendicular to the print (transversal) direction. For continuous specimens the proposed
values slightly differ: n = 16, m = 1.7 and n = 14, m = 1.6 for longitudinally and transversally loaded specimens
respectively.

Table 5.1: Deduced non-linearity parameters for dot-by-dot printed specimen

Non-Linearity Parameter Specimen (1) Specimen (2) Specimen (3) Mean St. dev. σ

Longitudinal Ramberg Osgood n [-] 18 18 13 16.3 2.4
Rasmussen m [-] 2.13 2.18 2.30 2.20 0.07

Transversal Ramberg Osgood n [-] 15 11 10 12.0 2.0
Rasmussen m [-] 1.90 2.15 1.90 1.98 0.12

Table 5.2: Deduced non-linearity parameters for continuously printed specimen

Non-linearity Parameter Specimen (1) Specimen (2) Specimen (3) Mean St. dev. σ

Longitudinal Ramberg Osgood n [-] 14 16 18 16.0 1.6
Rasmussen m [-] 1.81 1.60 1.69 1.70 0.09

Transversal Ramberg Osgood n [-] 12 14 16 14.0 1.6
Rasmussen m [-] 1.79 1.60 1.41 1.60 0.16

From this analysis can be concluded that the stress-strain relation of both dot-by-dot and continuously printed
specimens is more non-linear in transverse direction. In addition it can be concluded that the proposed val-
ues are significantly higher than the values stated in table 4.1 of EC3 part 1-4 (see also table 2.10). These
values, obtained from tests on ’common’ 304L and 316L stainless steels, range from n = 6-8 (longitudinal -
transverse direction, 304L) and n = 7-9 (longitudinal - transverse direction, 316L). Although stainless steel
grade 308L is not included in EC3, n-values for this grade are expected to lie in between the values for grade
304L and 316L. Since higher n-values correspond to less non-linear behaviour, the obtained results are espe-
cially beneficial with regards to deflection requirements in the serviceability limit state.

The proposed non-linearity parameters are in particular useful for application in finite element models of
structures built up from WAAM stainless steel. In addition to tubular columns, finite element modelling
allows to study the structural behaviour of a wide variety of shapes. This lies however out of the scope of this
research.

The proposed n-values can also be implemented in the analytical (Ayrton Perry) buckling formulas as alge-
braically derived in section 2.4.3. The outcome is a buckling curve with incorporated material non-linearity
in accordance with European (EC3) standards. The obtained curve can be used as additional reference curve,
possibly providing a better fit to the buckling test results on 3D-printed tubular columns as presented in sec-
tion 5.3.2. This analysis has however not been performed in this thesis and is therefore subject for additional
research.

5.3. Buckling Analysis
In this section all test results are combined to analyse the buckling behaviour of additively manufactured
tubular columns. First the effective buckling length of the test set-up will be derived in section 5.3.1. To
conclude, a buckling curve is proposed with the validated test results in section 5.3.2.

5.3.1. Effective Buckling Length
While drawing the buckling curve of figure 4.5, it was assumed that the rotational bearings behave frictionless.
The effective buckling length was thus assumed as the length between the rotation points of the bearings. It
is obvious that the applied ball-bearings do not rotate frictionless, which leaves aforementioned assumption
invalid. In this section the real effective buckling length of the test set-up is derived, incorporating friction.
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Parallel to the buckling tests on additively manufactured tubular columns, buckling tests on cold-drawn
carbon steel tubular columns with similar cross-sectional dimensions have been performed. In contrast to
the printed specimens, these cold-drawn steel columns have a well-known homogeneous cross-section and
known mechanical properties. However, the yield strength values as provided by supplier are conservative.
Therefore additional tensile tests have been performed in Material Science & Engineering-laboratory of Delft
University of Technology on these specimens to derive their real yield strength. Figure 5.9 shows the tensile
specimens with a welded-in plug to reinforce the column-ends, like this enhancing gripping of the test set-up
(figure 5.10).

Figure 5.9: Cold-drawn carbon steel specimens Figure 5.10: Tensile test set-up

It can be see in figure 5.11 that the ultimate tensile strength Fu equals 91 kN assuming a bi-linear stress-strain
relation. Dividing by its cross-sectional area corresponding to a homogeneous circular column section with
Dout = 30 mm and t = 4.0 mm, this results in a yield stress of 278 N/mm2. This is significantly higher than
225 N/mm2 which was provided by the supplier. From the tangent line of the force-strain curve a Young’s
modulus of 226 GPa is deducted. This is a common value for carbon steels. The obtained test result will be
used in the proceeding of this analysis.
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Figure 5.11: Tensile test result of cold-drawn carbon steel specimen

The following results have been obtained from the buckling tests on cold-drawn steel specimens (from now
on called ’Dummy’). In table 5.3 it can be seen that all four set-up lengths are tested. From the attained buck-
ling loads and the earlier deduced plastic capacity of 91 kN, the buckling reduction factor χ can be calculated.

Table 5.3: Buckling test results for cold-drawn steel columns

Specimen Buckling Length Lsyst [mm] Buckling Load Fbuc [kN] Plastic Cap. Npl [kN] Red.Fact.χ [-]

Dummy-125-1 1288 56.47 91.00 0.621
Dummy-125-2 1288 36.47 91.00 0.401
Dummy-125-3 1274 38.18 91.00 0.420
Dummy-85-1 874 47.00 91.00 0.517
Dummy-85-2 884 78.00 91.00 0.857
Dummy-65-1 684 81.72 91.00 0.898
Dummy-48-1 514 82.96 91.00 0.912

Using column curve ’c’ of Eurocode 3 [56] as shown in figure 2.42, the relative slenderness λrel can be calcu-
lated using the from tests obtained buckling reduction factors χ. It should however been noted that this is a
conservative approach because this buckling curve is a design curve. The European buckling curve is fitted
on buckling test results minus twice the standard deviation. As a consequence, the derived effective buckling
length and resulting buckling strength is lower than the actual tested value. This should be taken into account
when proposing a buckling curve for wire and arc additively manufactured specimens.

Using the Eurocode 3 definition27[56] of relative slenderness λrel for flexural buckling, the effective buckling
length Leff have been calculated. Hence, the effective buckling length factor K is obtained by dividing the

27NEN-EN 1993-1-1+C2 clause 6.3.1.3
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effective buckling length Leff by the measured system length Lsyst. Where the latter is the distance between
rotation points of both ball bearings. The result is shown in table 5.4.

Table 5.4: Effective buckling length factor calculation

Specimen Rel Slend. λrel [-] Leff [mm] Lsyst [mm] Effective Buckling length factor K [-]

Dummy 125 1.28 1063 1288 0.825
Dummy 48 0.38 316 514 0.614

For the most slender column an effective buckling length factor of K = 0.825 is obtained, whereas for the most
stocky column a value of K = 0.614 is obtained. This is a logical result because the stocky columns are subject
to higher forces which results in increased friction at the rotational bearings. In the proceeding of the analysis
these length factors will be used to calculate the effective buckling lengths. K -factors for columns in between
the most and least slender will be interpolated. Section 5.3.2 presents the obtained buckling test results with
newly incorporated effective buckling lengths.

5.3.2. Proposed Buckling Curve
After having adopted and analysed a wide variety of mechanical tests, this section combines all the obtained
results in one buckling curve. Whereas the buckling curve as proposed in section 4.2.2 is bounded to the
assumptions made regarding the 0.2% proof stress, Young’s modulus, effective cross-section and effective
buckling length; the buckling curve proposed in this section is based on validated tests. Both the 0.2% proof
stress and the Young’s moduli are derived by analysing the tensile test results as provided in section 4.2.4. The
effective buckling length has been derived in section 5.3.1 by performing buckling tests on steel columns with
known mechanical and geometrical characteristics. Furthermore, the effective cross-sectional area is derived
using both tensile and four-point bending test results as described in section 5.1.

Due to changing variables Leff and λrel, the buckling curve as earlier presented in figure 4.5 has shifted. See
table 5.5 and 5.6 for the final results.

Table 5.5: Final buckling test results for dot-by-dot printed specimens

Specimen Eff. Buckling length Leff [mm] Rel. Slend. λrel [-] Buckling load Fbuc [kN]

A-125-1 1040 1.416 31.96
A-125-2 1040 1.417 31.84
A-125-3 1059 1.443 55.88
A-85-1 623 0.849 53.80
A-85-2 634 0.864 48.79
A-85-3 631 0.859 48.76
B-1-A 470 0.640 58.45
B-2-A 468 0.637 62.68
B-3-A 470 0.640 63.99
A-48-1 293 0.399 79.34
A-48-2 292 0.397 80.71
A-48-3 291 0.396 81.57

Table 5.6: Final buckling test results for continuously printed specimens - assuming E = 200 GPa and σ0.2 = 350 N/mm2

Specimen Eff. Buckling length Leff [mm] Rel. Slend. λrel [-] Buckling load Fbuc [kN]

B-1-B 495 0.757 52.38
B-2-B 498 0.762 51.97
B-3-B 498 0.762 53.87
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Figure 5.12 shows the final obtained buckling test results graphically. As a reference, the European buckling
curves [48] for stainless steel hollow sections and welded open sections are added to the diagram. The results
clearly show reduced buckling strength values for all members within the tested slenderness range compared
to the reference curves. This can be explained by the geometrical imperfections in the printed columns both
globally and locally. Wall thickness variations are present across the considered buckling planes, whereas
only an average cross-sectional area is used for the calculation of the relative slenderness.

Additionally, global imperfections, despite being induced by local printing errors, are larger than accounted
for in EC3. An initial curvature averaging e0 = L/633 has been obtained for printed columns, whereas for
the European buckling calculation a conservative imperfection of e0 = L/1000 is assumed. A larger initial
curvature of a column implies more eccentric loading and a reduced buckling capacity.

The Young’s moduli and yield strength values are incorporated in the calculation of the buckling curves by
means of buckling imperfection parameterα. Obviously, the lowered stiffness and 0.2% proof strength values
in transversal (perpendicular to print) direction compared to standard values for 308L-grade stainless steel
causes a further reduction of buckling capacity in comparison with the Eurocode values.

Figure 5.12: Final buckling test results and proposed buckling curve

Without adopting the effective cross-section, a buckling curve with imperfection factor ofα = 1.4 and limiting
slenderness of λ̄0 = 0.1 gives a good fit for the buckling test results. The proposed buckling curve has been
fitted to the average buckling strength values (for a given tested column length), minus twice the standard
deviation. This is in conjunction with the buckling curves in EC3. The obtained result is a large improvement
compared to the deducted buckling curve for printed stainless steel rods proposed by Joosten [5] where an
imperfection factor of α = 3.0 has been applied to fit the test results.

In section 5.1 it is already proven that because of wall thickness variations, the effective cross-sectional area
is smaller than the deduced average cross-section. Especially for dot-by-dot printed columns this reduction
is significant (17.3 %). This explains why for continuously printed columns, despite only one column length
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has been tested, higher buckling reduction factors are observed which results in a relatively higher buckling
resistance. To show the effect of wall thickness variations, the buckling curve has been redrawn in figure 5.13,
now using the effective cross-sectional area as derived in section 5.1. Indeed, a higher buckling resistance
can be observed with values closer to the reference curves. In this case a curve with an imperfection factor
of α = 1.0 and limiting slenderness of λ̄0 = 0.2 gives a good fit to the buckling test results. Again the proposed
buckling curve has been fitted to the average buckling strength (for a given tested column length) as tested
minus twice the standard deviation.

Figure 5.13: Final buckling test results and proposed buckling curve using effective cross-sections

Referring to the expression for the design buckling load Nb,Rd (equation (2.24)), EC3 prescribes a partial safety
factor of γM1 equal to 1.1 for members checked on instability. Because in this research relatively few tests have
been performed compared to EC3, a higher value may have to be used to achieve a level of safety similar to
conventionally produced steels. This analysis however requires extensive statistical research that is not part of
the scope of this thesis. Therefore the safety factor as prescribed by the Eurocode, γM1 = 1.1, has nevertheless
been assumed in this research. Future research should confirm whether the assumed safety factor provides
the desired level of safety.



6
Conclusions & Recommendations

Chapter 6 discusses all the results acquired from literature study and the conducted tests. In section 6.1 first
the final conclusion is drawn which answers the research question, after which the conclusions are further
elaborated arranged by subject. Recommendations are stated in section 6.2 providing guidance for future
research topics.
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6.1. Conclusions
In this chapter conclusions will be stated Arranged by the main subjects that are covered in this research. First
a general conclusion is given which presents an answer to the formulated research question.

Answer to Research Question

Anticipating to the application of wire-arc additive manufacturing for the production of large-scale structural
elements and the lack of understanding of the stability of such elements, the following research question has
been formulated:

What are relevant geometrical and material properties of 3D-printed steel to assess the stability of wire and arc
additively manufactured stainless steel tubular columns?

Based on the literature study and experiments on additively manufactured stainless steel tubular columns
the research question can be answered:

It can be concluded that local wall thickness variations and relatively high out-of-straightness values, that
induce eccentric loading, reduce the buckling capacity and should therefore be considered while assessing
stability of printed columns.

Furthermore it is concluded from tests that material properties of 3D-printed steel differ from conventional
steel. The printing process with accompanying printing parameters is greatly affecting the material charac-
teristics. Following the thermal gradient of the weld pool, large columnar grain structures are observed giving
rise to anisotropy. A heterogeneous grain structure is observed with varying grain size. The coarseness of the
grain structure negatively affects mechanical properties and thus affects stability.

Indeed, anisotropic material behaviour is observed in test results and this should be taken into account in
calculations. Stiffness, strength and ductility values prove to be dependent on the print direction. The ob-
tained stiffness values are significantly lower than is commonly assumed for structural steels. In particular the
lowered stiffness and yield strength of the material are negatively affecting the buckling capacity of printed
members and should therefore be accounted for in a stability assessment.

With the identified material and geometrical properties of 3D-printed steel, a buckling curve is proposed.
Similarly to the existing buckling equations in the European standard for stability of (stainless) steel mem-
bers [48], it is based on the Ayrton-Perry equations. The proposed curve is fitted to the obtained buckling
test results by adjusting imperfection factor α and limiting slenderness λ̄0 in the Ayrton-Perry equations. In
this way the specific geometrical and material properties of 3D-printed steel are incorporated in the assess-
ment. It can be concluded that by using the existing European buckling standards of steel members (EC3),
considering the obtained values for the 0.2% proof strength σ0.2 = 319 MPa and the Young’s modulus equal to
E0 = 155 GPa, the proposed curve is capable of describing the buckling behaviour of 3D-printed steel tubular
columns with an imperfection factor of α = 1.4 and a limiting slenderness of λ̄0 = 0.1.

In accordance with EC3 the design buckling load Nb,Rd is obtained by deviding the characteristic value by
a prescribed partial safety factor γM1 equal to 1.1 for members checked on instability [56]. Because in this
research relatively few tests have been performed to derive a safety factor, a higher value may have to be used
to guarantee the desired level of safety is at the current level of conventionally produced steels. This analysis
requires however extensive statistical research that is not part of the scope of this thesis. Therefore the safety
factor γM1, prescribed by the Eurocode, has been adopted in this research.

The proposed buckling curve, based on own experiments, will be a next step towards a safe stability model
suitable for structural applications of additively manufactured tubular steel members.
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More specifically the following is concluded sorted per subject:

Geometrical Properties

Cross-Sectional Analysis

Visual inspection shows a highly irregular surface with accompanying wall thickness variations, in particular
for dot-by-dot printed specimens. This is observed in both longitudinal and transversal column sections. For
thin-walled dot-printed specimens there is an increased risk that the heterogeneous structure locally results
in a reduced wall thickness between each spot weld. The heterogeneity of the structure can be partly ex-
plained by changing cooling conditions caused by the travel of the robot and the number of print starts/stops.
In some sections microcracks were observed at locations that coincide with the location of two merging spot
welds. Such a microcrack may reduce the fatigue-life drastically. This analysis is however not part of this the-
sis. Therefore the continuous printing strategy is currently preferable for industrial grade structural elements
that are exposed to cyclic loads.

From length measurements and by submerging the specimens in fluid (Archimedes’ principle), an average
cross-sectional area of printed tubular column sections has been deducted. Due to wall thickness variations
the effective cross-section, meaning the cross-sectional area that effectively contributes to the resistance to
loads, proves to be smaller than the (homogeneous assumed) average cross-section as deducted from volume
measurements.

By combining results of four-point bending and tensile tests, assuming a nominal diameter of 30.1 mm
around which the wall thickness varies, the effective cross-section is derived for both continuously and dot-
by-dot printed columns. For dot-by-dot printed sections, the wall thickness of dot-by-dot printed sections
reduced from 3.7 to 3.06 mm, yielding a reduction of cross-sectional area of 17.3% compared to the homo-
geneous assumed average cross-sectional area. Continuously printed sections show significantly less reduc-
tion: from 3.2 mm to 3.01 mm, yielding a reduction of 5.9%. This effective wall thickness of a homogeneous
assumed section can be used by structural engineers in strength calculations.

It should be remarked that the percentage reduction only holds for the specimens that are specifically tested
in this research. By expressing the reduction of wall thickness in absolute values (0.64 mm for dot and 0.19
mm for continuous printed sections), it enables structural engineers to calculate with a homogeneous ’work-
ing’ cross-section that can be applied to printed sections with different dimensions and shapes as well. This
methodology additionally allows designers to apply 3D-printed elements directly, without any post-surface
treatment to overcome geometrical irregularities. With regards to these irregularities it can be concluded that
continuous printing is the more efficient strategy.

Yet it should be acknowledged that this conclusion is drawn for specimens that are printed over a year ago28.
With current rapid advancements in improving the printing process, the occurrence of geometrical imperfec-
tions and corresponding cracks in the sections is soon expected to reduce drastically. Dot-printed elements
are consequently over time likely to be more competitive with their continuously printed counterparts re-
garding consistency in geometry.

Global Imperfections

Global imperfections, despite being induced by local printing errors, are larger than assumed in Eurocode 3
for steel buckling members. From both hand measurements and 3D-scan analyses, it can be concluded that
the out-of-straightness of printed columns, expressed in ratio eccentricity over the column length, average
e0 = L/674 with a standard deviation of L/49. Whereas 3D-scans were more reproducible, they gave more
consistent results with an out-of-straightness of e0 = L/633 and a fairly low standard deviation of L/13. From
both analyses it can be concluded that the initial curvature of printed specimens is larger Than of the steel
buckling members tested in Eurocode 3, for which a conservative imperfection of e0 = L/1000 is accounted
for in buckling resistance calculations. A larger initial curvature of a column implies more eccentric loading
and a reduced buckling capacity of the considered member.

28mid-April 2016
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From 3D-scan analyses and visual observations it can be concluded that these values can be largely explained
by local printing errors. More specifically an entire print layer might be shifted from the longitudinal axis of
the column. This error is a common phenomenon for AM. Since the columns are printed vertically, suc-
cessively deposited print layers might deviate from their intended position due to vibration of the column
specimen or misalignments of the welding head, consequently causing additional out-of-straightness. It can
however be concluded that due to rapid advancements of the printing process, these errors have largely been
overcome for specimens being produced at the date of writing. It is expected that specimens without these
printing errors have a higher resistance to buckling.

Mechanical Properties

Bending Stiffness

From four-point bending tests on both dot and continuously printed columns, their bending stiffness is ob-
tained from the tangent to the descending branch (unloading stage) of the load-displacement curve. The
columns are rotated 90 degrees around their longitudinal axis and tested once again (repetitively four times)
to analyse flexural stiffness variations. The tests showed a very high consistency in results with a standard
deviation of 1 to 2%. It can be concluded that, despite the presence of wall thickness variations, bending
stiffness variations across the section are negligible. Yet, the reduced effective cross-section, together with
reduced elastic stiffness values E0 (further addressed in ‘Tensile Properties’), the tested bending stiffness is
lower than predicted. This holds for both continuously as dot-by-dot specimens.

Tensile Properties

Research institute OCAS performed tensile tests on milled specimens extracted from a by MX3D printed
plate-geometry. The results have been analysed in this thesis. Specimens loaded both in their print direc-
tion and perpendicular to their print direction have been tested for both print strategies. From the obtained
stress-strain curves, their corresponding 0.2% proof stress, ultimate tensile strength, stiffness and ultimate
strain is deducted.

Whereas the ultimate tensile strength for dot-by-dot printed specimens in longitudinal (print) direction, with
an average value of 614 N/mm2) exceeds both reference values of ’as welded’ material provided by the mate-
rial supplier (520-600 N/mm2), the tensile strength observed in transversal (perpendicular to print) direction,
although with a large spread, is significantly lower (511 N/mm2). A similar trend is observed for the 0.2% proof
stresses, for which lower values are observed in transversal (perpendicular to the print) direction (averaging
319 versus 342 N/mm2 in longitudinal direction).

This anisotropic behaviour is also clearly visible in the lower (initial) stiffness values E0 obtained in transversal
direction (averaging 155 GPa), compared to the stiffness in longitudinal direction (averaging 181 GPa). This
reduction is even more imminent in the stiffness values of continuously printed specimens, where average
values of 137 and 121 GPa are observed in respectively longitudinal and transversal direction. Both values are
significant lower than 200 GPa, which is prescribed by Eurocode 3 for cold-formed austenitic stainless steels.

Furthermore it is observed that specimens tested in longitudinal direction behave more ductile than their
transversely-tested counterparts. One specimen tested perpendicular to its print direction did not pass the
ductility requirements of Eurocode 3 due to early fracture: (εf < 15%). Since all other results prove that the
material is sufficiently ductile, this specific early fracture was probably caused by a print error. However,
to guarantee sufficient deformation capacity, early detection of defects by means of a quality inspection of
printed elements is crucial.

The non-linearity of the stress-strain relation has been approximated by curve-fits using the analytical model
of Ramberg-Osgood-Rasmussen. For dot-by-dot printed specimens non-linearity parameter values of n = 16
and m = 2.2 are proposed in longitudinal direction and n = 12 and m = 2.0 for specimens loaded in transversal
(perpendicular to print) direction.
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For continuous specimens the proposed values slightly differ: n = 16, m = 1.7 and n = 14, m = 1.6 for longi-
tudinally and transversally loaded specimens respectively. From this analysis it can be concluded that both
dot-by-dot and continuously printed specimens behave more non-linear in transversal direction.

In addition it can be concluded that the proposed non-linearity parameters are significantly higher than the
values prescribed in table 4.1 of EC3 part 1-4. These values are obtained from tests on ’common’ 304L and
316L stainless steels and range from n = 6 - 8 (longitudinal – transversal direction, 304L) and n = 7 - 9 (lon-
gitudinal - transversal direction, 316L). It is concluded that the advised EC3 values are very conservative for
this 3D-printed material.

The proposed non-linearity parameters are particularly useful to incorporate this specific stress-strain rela-
tion in finite element models. Besides modelling tubular columns, finite element modelling allows the study
of the structural behaviour of a wide variety of shapes, hence the full potential of WAAM can be exploited.

Hardness & Toughness

Vickers hardness line-measurements (HV3) have been performed on longitudinal and transversal sections of
both dot-by-dot and continuously printed column specimens. Slightly higher hardness values are observed
for dot-by-dot printed specimen, averaging 195 Vickers compared to 190 Vickers for continuously printed
specimens. For both printing strategies it is observed that the outside of the column wall (averaging 194
Vickers) is slightly harder than the inside (averaging 191 Vickers). In addition it is observed that the longi-
tudinal tested specimen sections for both strategies attain significantly higher hardness values (203 Vickers)
compared to transversal sections (187 Vickers).

Additional Brinell hardness measurements have been performed by OCAS on dot-by-dot and continuously
printed specimens. In contrast to the (Vickers) hardness measurements performed on column specimens,
the continuously printed specimens are observed to be harder than the dot-printed specimens. The exact
reason for this difference is not known, but the large spread in test results and the minor difference between
both averages makes it difficult to draw conclusions. It is known that the number of heat cycles experienced
by the metal during printing correlates inversely with their hardness [92]. This means that because the final
layer deposits of a WAAM-specimen experiences fewer thermal cycles, the hardness at that location might
increase. More hardness tests should be performed on various sections to investigate whether the observed
variations in hardness can be explained by this theory.

OCAS performed Charpy pendulum impact test on both dot-by-dot and continuously printed specimens at
a temperature of -40, -20 and 20 °C. The results are studied in this research. It is observed that dot-by-dot
printed specimens attain high absolute toughness values, but also show a very large spread in results. This is
possibly caused by inclusions, which increases the susceptibility to brittle fracture. Tensile test results show
indeed relatively low fracture strains for dot-by-dot printed specimens loaded perpendicular to their direc-
tion. Whereas the toughness values of transversal sections all exceed the reference value, the longitudinal
sections show significantly lower toughness values. The continuous printing process also shows good tough-
ness values comparable with the reference value for TIG or MIG processes (160 J/cm2) and with a low spread.

Metallography

Grain Formation, Solidification Structure & Phase Identification

Large columnar grain structures are observed in both continuously and dot-by-dot printed specimens. The
grain structures follow the direction of the thermal gradient of the weld pool. These formations are undesir-
able since they limit plastic deformation, which consequently results in anisotropy of mechanical properties.
This directional grain structure also explains the lowered ultimate strain values for certain specimens as ob-
served during tensile testing.

The microstructural composition differs in each point due to changes in thermal history. Interpass epitaxial
growth results in coarser grain structures, consequently negatively influencing mechanical properties.

From the x-ray diffraction analysis no precipitates have been detected. This is a positive result since precip-
itates could promote intergranular corrosion. From the same analysis it is found that both austenitic and
ferrite phases are present in the printed sample.
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Material Defects

Several oxide inclusions have been detected by scanning electron microscopy. These non-metallic inclusions
might affect the material properties negatively. In addition, pores with a maximum diameter of 200 microm-
eter across have been detected. Such large pores possibly lowers ductility and strength values.

From volume and weight measurements an average density has been determined. For columns printed by
continuous and dot-by-dot strategy similar results are obtained with a density of 7.94 and 7.91 g/cm3 respec-
tively. This is in conjunction with the standard density value of 7.90 g/cm3 provided for 308LSi stainless steel.
Consequently there is no indication of large-scale porosity as this would have lowered the density values.

Using Energy Dispersive X-Ray Fluorescence (EDXRF), the chemical composition of both dot-by-dot and con-
tinuously printed specimens has been identified quantitatively. From the analysis of the specimens a slight
deviation (reduction) in Si- and (increase in) N-levels from typical Ugiweld 308LM welding wire composition
values can be observed. This observation holds for both printing strategies. The change in composition can
be explained due to inclusions added during the printing process.

Inspection of internal cleanliness using optical microscopy and Energy Dispersive X-ray (EDX) analysis in-
deed shows that inclusions are present in all analysed specimens. The inclusions, mainly globular oxides rich
in silicon, manganese and sulphur, are unevenly distributed. In dot-by-dot printed specimens more inclu-
sions are observed than in their continuously printed counterparts. The increase of Nitrogen in the structure
can be explained by a poor gas shielding condition, possibly causing an increase of yield strength and a loss
of ductility compared to the properties of the original welding wire material.

Dot-by-Dot versus Continuous Printing

From this research it can be concluded that material and geometrical properties of dot-by-dot printed mate-
rial significantly differ from that of continuously printed material.

Despite dot-by-dot printed specimens attain more surface irregularities compared to continuously printed
ones, which might give rise to a lowering of fatigue resistance, dot-by-dot printing has an advantage over
continuous printing: it allows for production of a wider range of shapes. More importantly, this technique
allows to ‘play’ with the order of material deposition, so that subsequently the cooling rate of the material can
be managed globally or locally. In general a higher cooling rate results in a stronger (but less ductile) material
[71]. Dot-by-dot printing allows for quicker cooling in between material deposits. Tensile test results indeed
confirm this theory, since for dot-by-dot printed specimens higher strength values (in print direction) and
a more brittle behaviour (perpendicular to print direction) is observed. By these means printing strategy is
an important tool to achieve the material properties that are desired for a specific wire and arc additively
manufactured product.

Despite dot-printing provides more freedom in material deposition, continuously printing is undoubtedly
a more stable process. It gives more control over the process in practice so that the interpass temperatures
can be managed accurately. This is not the case for dot-printing as predictive thermomechanical models
for large-scale dot-by-dot printed geometries are lacking, which makes it difficult to optimise the dot-by-dot
printing process.

Additionally it is important to state that for continuous printing a higher deposition rate can be achieved
than for dot-by-dot printing. Where this is very much depending on the geometry, values range from 2-3
kg/h for continuous printing versus an average of 0.75 kg/h for dot-by-dot printing. It can be concluded that
dot-by-dot printing proves to be a good alternative for the much wider applied continuous printing strategy
with regards to mechanical properties, but is advised for complex, relatively small shapes only (for instance
connections). Or for use in combination with continuously printed parts. Additional research to fatigue
resistance of both continuously and dot-printed specimens is however required, especially when WAAM is
used to produce structural connections or entire structures that are subject to repetitive loads.
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6.2. Recommendations
In this section a few subjects are mentioned that should be adressed in future research to assess the stability
of wire and arc additively manufactured steel members further.

It would be recommended to:

• Develop a finite element model capable of predicting the stability of WAAM members using the mate-
rial and geometrical properties as deducted from tests in this research. Material non-linearity should be
incorporated adequately. Besides tubular columns, this additionally enables the modelling of complex
shapes, so the full potential of 3D-print technology can be exploited.

• Conduct tensile tests on milled specimens extracted from column sections (instead from a plate geom-
etry).

• Extent the slenderness range of tested tubular columns and test more slender columns (λrel > 1.5).

• Validate the partial safety factor as prescribed by Eurocode 3, γM1 = 1.1, for members checked on insta-
bility by performing additional tests and a corresponding statistical analysis of the results.

• Determine the grain size of WAAM-specimens quantitatively and analyse its heterogeneous distribu-
tion.

• Develop predictive thermomechanical models for both continuous as dot-printing to predict the resid-
ual stress development and cooling behaviour in WAAM-columns. Print parameters can subsequently
be optimised.

To improve the stability of WAAM tubular columns, the following actions can be undertaken:

• Live monitoring of the printing process, for example by thermal imaging and 3D-scan equipment, to
reduce printing errors and defects and assure a consistent quality of the product. This could prevent
misalignments of print layers, consequently greatly reduce the out-of-straightness of a printed column
so that the resistance to buckling will increase.

• Apply active cooling, to control the cooling behaviour during manufacturing, like this enhancing strength
values and reducing the down-time of the printing robot between weld deposits. This results in a more
efficient process and a product with higher quality.

In order to enhance the structural application of WAAM in general it would be recommended to:

• Study the overall behaviour of structures that are - or consist of parts that are - wire and arc additively
manufactured, such as for example complex connections, internally reinforced columns, shell or bridge
structures.

• Start an extensive continuing test program to monitor improvements of material properties over time,
at the same time assuring a consistent quality of the printed product is achieved.

• Study the fatigue resistance of structures that are additively manufactured or consists of additively
manufactured parts.

• Apply active grain refinement and releasing of residual stresses using high-pressure rolling (only for
standard shapes).

• Train and certify robot/print-operators to welding experts.

• Develop test and material standards. Standardization of tests and adopting quality records of tests is
required to attain full confidence of construction industry for a large-scale structural application of
additively manufactured structures or parts.
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B
Printing Parameters & Base Material

B.1. Printing Parameters
B.1.1. Dot-Print Strategy
The printing parameters in table B.1 have been used to manufacture the tubular columns with a dot-by-dot
printing strategy.

By request of MX3D, the printing process parameters in table B.1 have been excluded from the public
version of this thesis. Please contact MX3D: for contact information see appendix A.
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B.1.2. Continuous-Print Strategy
The printing parameters applicable to the continuous printing strategy differ from the parameters that are
used for the dot-printing strategy. Despite the use of the same base material, continuous printing does for
example not involve any ’point distance’ since the material is non-stop being applied.

By request of MX3D, the printing process parameters in table B.2. have been excluded from the public
version of this thesis. Please contact MX3D: for contact information see appendix A.

B.2. Base Material
This section provides datasheets with chemical and mechanical characteristics of the welding wires that are
used to 3D-print the specimens.

B.2.1. Datasheet Oerlikon Welding Wire
Oerlikon’s Inertfil 308LSi welding wire has been used to print all specimens except for the plate material tested
by OCAS (see section B.2.2).

Figure B.1: Datasheet Oerlikon Inertfil 308LSi welding wire (in German) [47]
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B.2.2. Datasheet Ugiweld Welding Wire
For the tests performed by OCAS, a welding wire from Ugiweld with minor differences in chemical composi-
tion has been used to print the plate-shaped specimens. Figure B.2 and B.3 presents its specifications.

Figure B.2: Datasheet Ugiweld 308LSi welding wire (1/2) [90]
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Figure B.3: Datasheet Ugiweld 308LSi welding wire (2/2)



C
Test & Measurement Results

C.1. Overview Specimens
In this section all specimens that are tested on their buckling and bending capacity are presented.

Figure C.1: Buckling test specimens - 125 cm

Figure C.2: Buckling test specimens - 85 cm
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Figure C.3: Buckling test specimens - 48 cm

Figure C.4: Buckling and bending test specimens - 67 cm

Figure C.5: Buckling and bending test specimens - 67 cm; continuous-strategy
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C.2. Mechanical Tests
C.2.1. Bending Tests
In this appendix the load-deflection curves obtained from four-point bending tests are presented. Tests have
been performed on both dot-by-dot and continuously printed specimens. For both printing strategies three
tubular columns have been tested four times. After every bending test the same column is rotated 90 degrees
around its longitudinal axis as explained in section 3.4.1. The results are shown below.

Dot-by-dot - Specimen B-1-A

Figure C.6: Load-deflection: dot-by-dot - B-1-A (1) Figure C.7: Load-deflection: dot-by-dot - B-1-A (2)

Figure C.8: Load-deflection: dot-by-dot - B-1-A (3) Figure C.9: Load-deflection: dot-by-dot - B-1-A (4)
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Dot-by-dot - Specimen B-2-A

Figure C.10: Load-deflection: dot-by-dot - B-2-A (1) Figure C.11: Load-deflection: dot-by-dot - B-2-A (2)

Figure C.12: Load-deflection: dot-by-dot - B-2-A (3) Figure C.13: Load-deflection: dot-by-dot - B-2-A (4)
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Dot-by-dot - Specimen B-3-A

Figure C.14: Load-deflection: dot-by-dot - B-3-A (1) Figure C.15: Load-deflection: dot-by-dot - B-3-A (2)

Figure C.16: Load-deflection: dot-by-dot - B-3-A (3) Figure C.17: Load-deflection: dot-by-dot - B-3-A (4)
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Continuous - Specimen B-1-B

Figure C.18: Load-deflection: continuous - B-1-B (1) Figure C.19: Load-deflection: continuous - B-1-B (2)

Figure C.20: Load-deflection: continuous - B-1-B (3) Figure C.21: Load-deflection: continuous - B-1-B (4)
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Continuous - Specimen B-2-B

Figure C.22: Load-deflection: continuous - B-2-B (1) Figure C.23: Load-deflection: continuous - B-2-B (2)

Figure C.24: Load-deflection: continuous - B-2-B (3) Figure C.25: Load-deflection: continuous - B-2-B (4)
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Continuous - Specimen B-3-B

Figure C.26: Load-deflection: continuous - B-3-B (1) Figure C.27: Load-deflection: continuous - B-3-B (2)

Figure C.28: Load-deflection: continuous - B-3-B (3) Figure C.29: Load-deflection: continuous - B-3-B (4)
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C.2.2. Buckling Tests
In this appendix the load - lateral deflection curves obtained from buckling tests are presented. The European
buckling curve for welded hollow sections is used to deduct reference values for the buckling load [48].

Dot-by-dot, L = 1250 mm

Figure C.30: Lateral displacements dot-by-dot - A-125-1

Figure C.31: Lateral displacements dot-by-dot - A-125-2

Figure C.32: Lateral displacements dot-by-dot - A-125-3
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Dot-by-dot, L = 850 mm

Figure C.33: Lateral displacements dot-by-dot - A-85-1

Figure C.34: Lateral displacements dot-by-dot - A-85-2

Figure C.35: Lateral displacements dot-by-dot - A-85-3
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Dot-by-dot, L = 650 mm

Figure C.36: Lateral displacements dot-by-dot - B-1-A

Figure C.37: Lateral displacements dot-by-dot - B-2-A

Figure C.38: Lateral displacements dot-by-dot - B-3-A
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Dot-by-dot, L = 480 mm

Figure C.39: Lateral displacements dot-by-dot - A-48-1

Figure C.40: Lateral displacements dot-by-dot - A-48-2

Figure C.41: Lateral displacements dot-by-dot - A-48-3
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Continuous, L = 650 mm

Figure C.42: Lateral displacements continuous - B-1-B

Figure C.43: Lateral displacements continuous - B-2-B

Figure C.44: Lateral displacements continuous - B-3-B
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C.2.3. Tensile Tests
In the following figures the stress-strain relations are depicted of milled 308L stainless steel specimens de-
ducted from tensile tests performed by OCAS. First the results of dot-by-dot printed specimens tested in their
print (longitudinal) and perpendicular to their print (transversal) direction will be presented. This is done
similarly for continuously printed specimens. The figures at the right depict the entire stress-strain relation,
whereas the left figures focus on the elastic phase.

Dot-by-dot - Print Direction (Longitudinal)

Figure C.45: Stress-strain: dot-by-dot - longitudinal (1) Figure C.46: Stress-strain: dot-by-dot - longitudinal (1)

Figure C.47: Stress-strain: dot-by-dot - longitudinal (2) Figure C.48: Stress-strain: dot-by-dot - longitudinal (2)

Figure C.49: Stress-strain: dot-by-dot - longitudinal (3) Figure C.50: Stress-strain: dot-by-dot - longitudinal (3)
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Dot-by-dot - Perpendicular to Print Direction (Transversal)

Figure C.51: Stress-strain: dot-by-dot - transversal (1) Figure C.52: Stress-strain: dot-by-dot - transversal (1)

Figure C.53: Stress-strain: dot-by-dot - transversal (2) Figure C.54: Stress-strain: dot-by-dot - transversal (2)

Figure C.55: Stress-strain: dot-by-dot - transversal (3) Figure C.56: Stress-strain: dot-by-dot - transversal (3)
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Continuous - Print Direction (Longitudinal)

Figure C.57: Stress-strain: continuous - longitudinal (1) Figure C.58: Stress-strain: continuous - longitudinal (1)

Figure C.59: Stress-strain: continuous - longitudinal (2) Figure C.60: Stress-strain: continuous - longitudinal (2)

Figure C.61: Stress-strain: continuous - longitudinal (3) Figure C.62: Stress-strain: continuous - longitudinal (3)
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Continuous - Perpendicular to Print Direction (Transversal)

Figure C.63: Stress-strain: continuous - transversal (1) Figure C.64: Stress-strain: continuous - transversal (1)

Figure C.65: Stress-strain: continuous - transversal (2) Figure C.66: Stress-strain: continuous - transversal (2)

Figure C.67: Stress-strain: continuous - transversal (3) Figure C.68: Stress-strain: continuous - transversal (3)
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C.2.4. Hardness Tests
Vickers hardness tests have been performed as explained in section 3.4.5. Line-measurements have been per-
formed to longitudinal and transverse column sections of both dot-by-dot and continuously printed speci-
men using a load of 3 kgf (HV3). The measurement numbers on the horizontal axis indicate the location of
measurements along a specified line (1 = outside and 5 = inside column wall). The results are presented here.

Dot-by-dot - Longitudinal

Figure C.69: Vickers hardness: dot-by-dot - longitudinal section - specimen D4

Dot-by-dot - Transversal

Figure C.70: Vickers hardness: dot-by-dot - transversal section - specimen D2 (1)

Figure C.71: Vickers hardness: dot-by-dot - transversal section - specimen D2 (2)
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Continuous - Longitudinal

Figure C.72: Vickers hardness: continuous - longitudinal section - specimen C3

Continuous - Transversal

Figure C.73: Vickers hardness: continuous - transversal section - specimen C2 (1)

Figure C.74: Vickers hardness: continuous - transversal section - specimen C2 (2)
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C.3. Metallography Results
C.3.1. Scanning Electron Microscopy
In this appendix the obtained results of scanning electron microscopy are presented. The chemical compo-
sition of selected points of interest has been investigated to analyse impurities in the specimen.

Figure C.75: Results of scanning electron microscopy with observation of silicon oxide inclusions (1)
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Figure C.76: Results of scanning electron microscopy with observation of silicon oxide inclusions (2)
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Figure C.77: Results of scanning electron microscopy with observation of oxide inclusions (3)
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