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Summary

Overconsumption, loss of biodiversity, and global warming are pressing issues that
have driven the EU and the Netherlands to adopt policies towards a fully circular econ-
omy by 2050. In the Netherlands, construction is one of two largest consumers of steel,
accounting for 32% of the national steel use. This thesis addresses the growing need to
reduce construction material consumption and carbon emissions to support these new
regulations. This is done by exploring methods to retrofit and extend the technical lifes-
pan of existing structural steel components. Cold spray additive manufacturing (CSAM)
is investigated as a method to restore an end-of-life (EoL) steel riveted connection and
extend its lifespan with partial disassembly of the full structure.

CSAM works by accelerating powdered feedstock, which consists of micron-sized metal
particles, to a high velocity. The particles bond onto the substrate upon impact to
form a multi-layered deposit. The bonding, mechanical properties, and porosity of the
resulting material heavily relies on process parameters. Nitrogen is commonly selected
as an affordable gas type for this process, and when paired with annealing, it is the
most feasible method for producing 316L stainless-steel deposits with ductile mechanical
properties suitable for structural applications.

Two parametric finite-element models were developed in ABAQUS to investigate how
the mechanical response of steel-deposit composites is influenced by deposit percentage,
substrate strength, and interface bonding conditions. The main findings are summarized
as follows:

o Model A.1: Substrate material significantly affects composite behaviour. Coupons
with an S355 substrate exhibited higher strength and ductility than those with
S235. As the cross-section became increasingly deposit-dominated, tensile strength
continued to increase while ductility reached a plateau. The S235 substrate showed
a stronger sensitivity to retrofit percentage due to the larger mismatch in tensile
strength between the substrate and deposit materials.

o Model A.2: Increasing the retrofit percentage enhanced the difference in peak load
between full-shear and no-shear interaction assumption, Insufficient bonding re-
duced load-carrying capacity, partly due to substrate material removal required
for retrofitting. These results indicate that for applications involving large retrofit
volumes, experimental characterization of interface behaviour is essential.

Additional ABAQUS models representing damaged bolt holes with fatigue-induced
cracks were used to assess the potential of CSAM for defect rehabilitation:

o Model B: Crack-propagation analyses demonstrated up to a 935% increase in uni-
axial load capacity prior to fast fracture.

o Model C: Ductile-damage simulations showed 139.8% improved load capacity due
to the increased effective cross-section. Due to the substantial mechanical mis-
match between the deposit and substrate materials, interface debonding governed



failure even under full shear-interaction assumptions. This limitation is primarily
attributed to the deposit orientation being perpendicular to the loading direction,
in contrast to the parametric study of model A.1

Overall, the results indicate that CSAM can significantly improve structural perfor-
mance, but success depends on bond quality and mechanical compatibility between de-
posit and substrate. Selecting powders with properties closer to S235 steel would improve
predictability and reduce premature interface failure for cases where the load and inter-
face are perpendicular. A life cycle analysis showed that CSAM retrofitting has a much
lower carbon footprint than recycling or manufacturing new steel elements if the rivets
are replaced with reusable bolts. When rivets are utilized, the global warming potential
(GWP) of CSAM is estimated to be 65% greater than the recycling scenario. This LCA
relies on several assumptions regarding CO, emissions and lifespan extension resulting
from CSAM application. It is thus subject to change, once EPD and experimental data
specific to 3161 powder is available.

Cold spray additive manufacturing offers a promising method for remanufacturing
reclaimed steel elements in an environmentally conscious way. While further experimental
validation and powder optimization are needed, CSAM has high potential as a viable
option toward high-quality steel reuse and a more circular construction economy.
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Abstract

The overconsumption and depletion of raw materials have increased pressure for the
EU and the Netherlands to adopt policies towards a fully circular economy by 2050.
This transition has raised the demand for reuse of materials, thus increasing the need
for retrofitting technology. End of life (EoL) steel elements have undergone damages
that new elements have not, such as corrosion, cross-section loss, and fatigue cracking
at riveted connections. The potential of lifetime extension through cold spray additive
manufacturing (CSAM) of EoLs structural steel elements, particularly in bridges with
riveted connections, was explored through FEM modeling in ABAQUS. First, the com-
posite behavior of a S235 steel substrate retrofitted with annealed 316L. CSAM powder
was studied, followed by a study of the effect of full-bonding and no-bonding between
the two materials. This parametric analysis indicated that structural performance is
confined by substrate mechanical properties, retrofit volume, and bonding quality at the
interface. Retrofitted crack specimens exhibited a 935% increase in allowable uniaxial
load before fast fracture, while ductile-damage simulations revealed that mismatched
material strengths can lead to premature debonding when loading is perpendicular to
the interface. This is true even when full-shear-interaction properties are defined. A
life cycle assessment demonstrated that due to the added maintenance requirement of
CSAM-retrofitted elements, replacing a fatigue-damaged steel connection with recycled
steel is the most favorable solution. This is because when using rivets, the global warm-
ing potential (GWP) emissions are the lowest at 6.72 kg CO,, without jeopardizing the
structural stability. The CSAM-retrofitted connection yields the lowest CO2 emissions
at 1.35 kg CO, only when reusable bolts are used instead of rivets. Regardless of the bolt
type used, there are several assumptions that must be proven or countered before CSAM
is considered a structurally reliable solution.
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Chapter 1

Introduction

1.1 Introduction to Problem

Global population growth and rapid industrialization have intensified pressures on
environmental systems, leading to overconsumption of raw materials, biodiversity loss,
and global warming. Global demand for fossil fuels, metals, and minerals is projected to
double within forty years, while annual waste generation may increase by 70% by 2050
[2]. In response, the EU and the Netherlands have introduced policies to mitigate these
impacts and support long-term environmental sustainability.

The EU Circular Economy Action Plan (2020) complements the Netherlands’ Circu-
lar Economy program, which outlines four key objectives for achieving a fully circular
economy by 2050:

e Reducing raw material consumption

o Substituting raw materials

o Extending product life through reuse and retrofitting
o High-grade processing through recycling

These goals primarily focus on reducing raw material consumption, thereby decreasing the
need for their trade and production [3]. Increasing the reuse and recycling of raw materials
holds significant potential for environmental and economic benefits in the Netherlands
and the EU.

The Netherlands produced 6.4 million metric tonnes of raw steel in 2024, ranking 26th
across the world [4]. Most of this production is attributed to Tata Steel, the country’s
primary steel manufacturer, which relies on blast furnace technology. In addition, the
Netherlands traded over 7 million tonnes of any recyclable material in the year 2023
[5]. While these figures show participation in sustainable practices, further action is
required to meet the 2030 and 2050 climate targets. Producers such as Tata Steel must
implement new methods to reduce carbon emissions while supporting the needs of the
Dutch economy.

Construction is the second largest consumer of steel in the Netherlands, accounting
for 22% of national steel use [6]. This highlights the importance of sustainable steel
production for the construction sector.

Members of the Steel Construction Agreement share the goal of ensuring that all
building materials, including steel, become sustainable. Improving the sustainability of
steel in construction can significantly reduce environmental impact, provided quality and



safety are maintained. Historically, the Netherlands has exported approximately 60% of
its used steel as scrap and recycled the remaining 40%, but recent growth in demolition
and circular design has increased demand for high-quality reused materials [7]. The
publication of NTA 8713 by Bouwen met Staal provides a step-by-step methodology for
the direct reuse of reclaimed steel in new construction, offering a feasible and accessible
framework for safe implementation [8].

Challenges to steel reuse include material availability, which may fluctuate with EU-
wide demand [7], and regulatory requirements, several of which have already been pub-
lished. The costs associated with material recovery, specifically regarding time and de-
construction methods, must remain low to encourage client cooperation [9].

This study examines cold spray additive manufacturing (CSAM) as a retrofitting tech-
nique to support steel lifetime extension. Originally developed for coating applications,
CSAM has evolved into a method for localized damage repair, volumetric filling, feature
reconstruction, and crack remediation[10]. While common in the automotive, aerospace,
and medical industries, its application to structural steel has only recently gained at-
tention. Restoring original geometries using CSAM can reduce repair costs by avoiding
dismantling and transportation [10].

CSAM functions by propelling metal particles at high velocity onto a substrate, pro-
ducing particle—substrate co-deformation that enables interfacial bonding and mechanical
interlocking [10]. The technique is suitable for addressing wear, thermal fatigue, erosion,
corrosion, and chemical degradation.

Advancing reuse and retrofitting practices through technologies such as CSAM offers
a promising pathway for reducing raw material dependence, extending the service life of
steel components, and contributing to the Netherlands’ circular economy objectives.

1.2 Research Gap and Significance

Recycling of steel is often advertised as a green solution to the increasing carbon
emissions of steel infrastructure, however direct reuse offers even greater environmental
benefits.

The publication of NEN NTA 8713 in June 2023 provides the first Dutch technical
agreement dedicated to the reuse of reclaimed structural steel. It specifies that unused
bolt holes, welds, and any forms of damage must be inspected and accounted for in
calculations; however, it provides no framework for retrofitting options. This thesis aims
to extend the existing methodology provided in the NTA 8713 to retrofit damaged details
found in structural steel that may pose a threat to future construction projects.

The retrofitting method explored is the utilization of cold spray additive manufac-
turing. Existing research, primarily from the U.S.; has focused on restoring the original
geometry of end-of-life steel components in infrastructure through CSAM [10][11]. A key
research gap is the limited understanding of CSAM performance when applied to various
damage types for structural integrity and lifetime extension. CSAM has shown potential
as a coating material for corrosion resistance [12], thus new studies sought to explore
its potential regarding structural repair. The study by Schagen, for example, studies
the use of CSAM on repairing corroded steel beam ends that have undergone severe
cross-sectional loss [13]. Many more applications for structural repair through CSAM
exist.

The primary damaged detail group examined in this thesis is bolt holes from riveted
connections, which are particularly susceptible to fatigue cracking. Concerns regarding



old riveted steel bridges have increased due to rising traffic intensity [14]. A recent survey
of European bridge infrastructure shows that over 30% of existing steel bridges are more
than 100 years old, which is the typical design service life for such structures [15]. These
aging bridges are prone to deformation-induced cracking, especially at riveted connections
[14], making this a significant issue across Europe.

1.3 Research scope, objectives, and questions

1.3.1 Scope

This research evaluates the effectiveness of CSAM as both a strengthening technique
and investigates its influence on the structural performance of EoL riveted elements.

The scope of this thesis concerns the application of cold spray additive manufacturing
(CSAM) to structural steel elements. A literature review was conducted to characterize
riveted connections, including common cracking patterns, crack locations, and material
properties. The structural performance of bolt holes combined with cracking will be inves-
tigated through ABAQUS modelling. In addition, CSAM process parameters optimized
for corrosion prevention, strength enhancement, and cost-effectiveness were selected based
on existing experimental research.

The structural behavior and CO2 footprint of the reclaimed elements, both with and
without retrofitting, will be evaluated using available online databases.

1.3.2 Research Objectives
General Objective:

o To assess both the structural and environmental performance of CSAM retrofitting
for EoL: steel elements in the context of the Netherlands’ 2030 and 2050 sustain-
ability goals.

Specific Objectives:

o Determine the effect of cracking and holes on the structural capacity of steel ele-
ments through FEM modeling.

» Explore the potential CSAM as a retrofitting option of the abovementioned damages
through FEM modeling.

o Study the governing failure mechanisms of the pre and post-retrofitted elements
through FEM modeling.

o Determine the carbon footprint of the new structure after retrofitting through cold
spray additive manufacturing.



1.4 Research Questions

Considering the given problem statement and objectives, the following research ques-
tions and sub-questions arise:

Main research questions:

1. What factors govern the structural performance of a steel element retrofitted
with cold-spray deposited material?

2. How does cold-spray remanufacturing influence the overall structural
performance of reclaimed steel elements with riveted connection dam-
aged details, and what is the environmental impact of its application?

Sub questions:

e How can remanufacturing techniques such as CSAM be applied on a reclaimed
element’s damaged details for reinforcing its cross section performance?

o How does the combined effect of bolt holes and fatigue cracks influence the struc-
tural behavior of a steel element in remanufactured and non-remanufactured con-
ditions? How does this compare to the element’s original capacity?

o How can ABAQUS modeling be implemented in the context of studying structural
damages pre and post retrofitting?

o What are the CO2 emissions induced from the necessary CSAM application found
in this research? How do these compare to the CO2 emissions of producing new
steel, recycling steel, and reusing steel without retrofitting?

1.5 Thesis Structure

The expected outline of this thesis is demonstrated as follows.

Chapter 1 - Introduction

This chapter provides an introduction to the real-world problem and the relevance of
the research. It proceeds with the research gap, scope, research objectives, and research
questions.

Chapter 2 - State of the Art
An overview of relevant literature and existing background information that can assist in
this thesis is listed in this chapter.

Chapter 3 - Material Properties Selection
This chapter outlines the selected materials for the riveted connection steel and the cold
spray deposit, with their corresponding justifications.



Chapter 4 - Research Methodology
In this chapter, the research methodology is presented. The appropriate steps for re-
sponding to the main and sub-questions mentioned previously are outlined.

Chapter 5 - FEA Models and Setup
All the outlined models from the methodology are discussed in depth, highlighting the
modeling parameters and the reasoning behind them,

Chapter 6 - Results and processing
In this section, the results from the different retrofitting techniques are compared in
preparation for the final conclusions.

Chapter 7 - Life Cycle Analysis
An LCA is performed between a newly produced steel plate, a recycled steel plate, and
a retrofitted steel plate to assess the CO2 emissions between each variant.

Chapter 8 - Conclusions and Recommendations
The final results are summarized and applied to the real-life problems presented in the
introduction.



Chapter 2

State of the Art

2.1 Introduction to State of the Art

The main questions to be answered in these sections are as follows: What is the sig-
nificance of steel reusability and how is it different from steel recycling? What research
has been done to support this?

What are some existing methods for retrofitting damages in steel elements? How have
they been used previously and how can they be applied to this thesis?

2.1.1 NTA 8713

The NEN NTA 8713 is the official Dutch technical agreement for the reuse of struc-
tural steel. This document details the process of assembling an inspection document with
the necessary information required for the safe reuse of structural steel elements. This
code only applies when requested by the client, as it is not designated in the building
regulations. The end goal of this procedure is that the reclaimed steel still satisfies the
requirements set by NEN-EN 1993 [16].

This code does not apply to:

steel from before 1955

o steel from outside the Netherlands

o fatigue-tested steel

 steel under significant plastic deformation
» weather-resistant steel/stainless steel

o cast iron, rivets, and preloaded bolts

Through this research, riveted connections can be considered for reuse as part of
future codes, research, and industry applications.
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2.2 Structural Damages on Reclaimed Elements

2.2.1 Fatigue Cracking on Riveted Connections

There are two principal damage modes for fatigue cracking on riveted connections of
steel bridges [14]:

o Cracking in the connection angles
« Cracking in the rivet

Cracking location and shape forms based on different connection types in the bridge.
The following connection types or beam elements are prone to fatigue cracking [15]:

e Beams with reduced depth

o Hangers

o Timber Tie Connections

o Diaphragms and cross-bracing connections

o Stringer to floor beam connections

e Floor beams to main-load-carrying members connections
o Elements with Coped Ends

o Girder Splices connections

One of the most reported types of connections at risk are stringer-to-floor-beam con-
nections [14]. These connections are designed to account for shear forces alone, however
they carry some of the end reactions from the floor beams, so they are prone to fatigue
cracking. An example can be seen in Figure 2.1 [17]. The cracks usually start at the
outstanding leg of the connection angle, which in this case is the stringer beam, and grow
along the fillet of the angle.

Floor beam web Connection angle

Figure 2.1: Typical Floor-to-Stringer beam connection found in a steel bridge.
Rivet failures are also very common, where cracking starts at the junction between

the rivet head and shank. In this case, the rivet heat may come off due to prying and
rivet bending. Both cases can be seen in Figure 2.2 [15].
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Figure 2.2: Fatigue damage in a stringer-to-floor-beam connection: Cracking in the rivet
(left) and cracking in the connection angle (right).

Figure 2.3 demonstrates the typical cracking patterns observed in the case studies in
the PhD Thesis by Rosemarie Helmerich [18]. The cracking orientations depend in the
location of the rivets along the beam, the connection type, and the loading configuration.
The structural performance of Figure A will be explored in this research project, as seen
in figure 2.3, as it resembles the most structurally vulnerable crack orientation under axial
tensile loading. For the LCA, figure D will be selected, as it most closely resembles the
cracking pattern of a stringer-to-floor-beam connection, one of the most common cases
of fatigue cracking.

Figure 2.3: Typical Cracking Patterns

Stress Intensity Factor, K

In fracture mechanics, the stress intensity factor, denoted by K, is used to describe
the state of stress near the tip of a crack or notch. It provides a useful criterion for
predicting failure in brittle materials as well as for assessing fatigue crack propagation
[19].



The general expression for K [19] is given by:

K=Yoyra (2.1)
where:
e a is the crack length (mm),
o is the applied stress (MPa),

« Y is a geometry factor that accounts for the shape and loading configuration (Di-
mensionless).

This equation is used to represent a Linear-Elastic Fracture Mechanics (LEFM) model,
so it must not be applied to a non-linear situation. For non-linear cases, J-integrals must
be utilized instead.

There are three distinct stress intensity factors, each corresponding to a different mode
of fracture:

o K;: Mode I (opening mode),
e Kj;: Mode 1II (sliding mode), and
o K Mode III (tearing mode).

Only mode I falls within the scope of this thesis.

Fracture Toughness, K¢

The plane-strain fracture toughness, denoted as K¢, is a material property that
quantifies the resistance to crack propagation under plane-strain conditions. Once the
stress intensity factor K exceeds K¢, unstable crack growth occurs, leading to brittle
fracture [19][20]. This is referred to as fast fracture.

At the initiation of unstable crack propagation, K = K¢, rearranging Equation (2.1)
provides the critical crack length a..:

1 /Ko ) 2

a, = — (=29 2.2

s <Y o (22)

Equation (2.2) is useful for predicting failure in structures containing cracks under a
given applied stress.

Geometry Factor, Y

The geometry correction factor Y is obtained from the following empirical relation
[19]:

1 A+ B~

=G \1+C 4D () 23)

where A, B, C, and D are constants for an external crack in a two-dimensional tensile
bar [19].



2.3 Retrofitting Techniques

Several retrofitting methods for steel have been investigated in previous research,
including fiber-reinforced polymer (FRP) strips, stop-hole drilling, stiffener rings, shot
peening, welding, and thermal spray. These techniques target improved fatigue resistance,
corrosion protection, hole strengthening, or overall fatigue performance. cold spray ad-
ditive manufacturing has been applied in automotive repair and is now being examined
for infrastructure applications. This thesis contributes to this emerging research by eval-
uating CSAM for strengthening corrosion-prone structural steel elements.

2.4 Cold Spray Additive Manufacturing (CSAM)

CSAM differs from thermal spray and welding in that it relies solely on kinetic energy
for coating formation, with process temperatures remaining below the particle recrystal-
lization temperature [21]. The feedstock thus remains solid, while elevated gas tempera-
tures soften particles to promote plastic deformation upon impact. A schematic process
of CSAM is shown in Figure 2.4 [22].

Powder Feeder

Substrate

Cold Spray Gun

High Pressure Gas

Figure 2.4: Typical Cold Spray applicator.

The CSAM deposit quality depends on the deposition efficiency [10], which is obtained
through high impact velocity of the feedstock powder onto the substrate. It character-
izes a deposit that has high tensile strength, high hardness, and low porosity. Efficient
deposition is defined by the categories shown in figure 2.5 [23].

Physical Setup Spray Conditions Nozzle Geometry
LPCS . Stand-off-distance Expansion Ratio
.
Gun Traverse Speed Throat Area
HPCS “
Spray Angle Barrel Length g =
] ) 25
L
o =
i _ 27
Gas Temperature Oxidation Oxide Layer Thickness . E o
. Density Roughness
Gas Pressure . +
. Shape Temperature
Gas Type Size Hardness ¢
Material ° i ¢
! o Material °
Spray Parameters Feedstock Conditions Substrate Conditions

Figure 2.5: Parameter categories influencing adhesion properties of CSAM deposit.
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Each plays a significant role in the impact velocity of the powder and thus directly
affects the mechanical properties of the deposit. A table summarizing some typical pa-
rameters and their influence on the deposit is found in Table 2.2.

2.4.1 Physical Setup

Cold spray coatings can be produced through two main setups: low-pressure cold
spray (LPCS) and high-pressure cold spray (HPCS). These two primarily differ in parti-
cle velocity and resulting kinetic energy. HPCS achieves higher velocities to the particles,
producing adiabatic shear bands upon impact, which enhances interfacial bonding, thus
resulting in dense coatings with low porosity [23]. LPCS particles have lower velocities,
leading to more uniformly flattened splats, weaker inter-particle cohesion, and lower de-
position efficiency. Additionally, LPCS particles may rebound or induce a shot-peening
effect in the upper layers, which increases porosity and reduces density, whereas HPCS
coatings do not exhibit this effect because particle velocities exceed the critical velocity,
allowing efficient interaction with the substrate and previously deposited layers. These
differences can be observed through micro structural analysis, with HPCS coatings achiev-
ing higher deposition efficiency and more ideal interface properties compared to LPCS
[23].

2.4.2 Spray Parameters

Cold spray uses nitrogen, air, or helium to accelerate powder feedstock to a high-
velocity (over 300 m/s), which induces deposition when impacted onto a substrate. This
feedstock remains solid during the entire deposition process. Higher gas pressure, higher
gas temperature, and lower gas molecular weight can increase particle impact velocity.
While this leads to improved deposit quality, it can also increase the residual stresses in
final product unless gas temperature is elevated [10]. According to a research study, the
particle impact velocity heavily depends on the gas properties selected, which can be seen
in Figure 2.6 [24]. In this figure, helium is shown to achieve a 1000 m/s particle impact
velocity at 200 °C and 2 MPa of pressure, as compared to nitrogen’s 550 m/s at the same
temperature and 3 MPa of pressure.

For nitrogen to be used for successful deposition, several conditions must be met ac-
cording to the particle type and size, which can be picked based on the software Kinetic
Spray Solutions [25]. Some studies showed that heating the powder to match the tem-
perature of the Nitrogen gas limits the temperature losses during the deposition process,
thus maintaining high impact velocity and acceleration. This helps achieve dense deposits
and efficient deposit material properties [22]. High ultimate tensile strengths (UTS) and
low porosity percentages were recorded when using high gas temperature for N2-based
cold spray systems [22][26]. Heating nitrogen gas can increase its pressure, which then
accelerates the particles to the required critical velocity to ensure bonding and proper
deposition. As seen in figure 2.6, using a 1000°C gas temperature for the N2 CSAM
system while increasing the pressure to 4 MPa, the particle velocity can increase to 800
m/s, a significant improvement from 550 m/s.

It is shown that CS parameters can be optimized for nitrogen-based deposit to yield
similar stiffnesses and yield strengths as a helium-based deposit [25], however the He-
based system will yield significantly more ductile deposits [22]. In addition, the fracture
morphology is dominated by different failure mechanisms for each system. While He-
based fails due to particle fracture, N2-based fracture morphology fails due to particle
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interface debonding [22]. Tt can be deducted that while the particles may bond to the
substrate with both systems, the particles do not bond with each other in the N2-based
CS system, while in the He-based system they act more uniform. Figure 2.7 displays
the stress vs strain curve of two cold sprayed specimens, one for each gas type [22]. The
He-based deposit reaches a fracture strain of 0.035, while the as-sprayed N2-based deposit
fractures before reaching 0.01.

1300
Cu Particle, 18 um —e
1200 | SD=30 mm — =
..--""—“
1100 __.w""
./.-~’ He Gas, 2MPa
1000 e
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800 \ o
— .
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Figure 2.6: Particle impact velocity depending on different gas types, gas pressures, and
gas temperatures.
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Figure 2.7: Stress vs Strain curves of deposits sprayed in He and N2.
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2.4.3 Feedstock Conditions

The powder feeder rate is the quantity of powder introduced into the nozzle per unit
time, documented in rotations per minute (RPM). Particle velocity decreases as powder
feed rate increases. Higher feed rates reduce deposition efficiency, hardness, and tensile
strength, and increase porosity while maintaining a constant gas flow. High feed rates
result in thicker deposits with sharper track profiles. Avoid high powder feed rates for
CSAM. This variable can be affected by powder feed shape, size, and material type.
When determining how the feed rate influences impact velocity, it is important to also
consider nozzle traverse speed.

Typical particle materials used for cold spray are materials with "smaller heat capaci-
ties, such as copper, aluminum, and titanium" as they are softer and better able to avoid
the formation of heat-affected zones and thermal residual stresses, protect against oxida-
tion, and perform better as coating material [21]. These feedstock materials can be good
for preventing corrosion buildup on existing elements. In another study, an alumina and
zinc mix, which when sprayed under the optimum CSAM parameters, it can perform well
for anti-corrosion applications [27]. A study by Spencer and Zhang showed that mixed
sizes of particles resulted in low porosity.

Different sphericity levels are one of the parameters influencing the powder feed rate
and particle velocity. A study by Sinnwell explores different particle sphericities, varying
from 0.76 to 0.96. In this study, the results revealed that "irregular particles experienced
greater acceleration and produced a more focused spray pattern" in contrast to the spher-
ical particles, which "attained lower maximum velocities and exhibited broader dispersion
within the jet" [28]. How this parameter influences the deposition quality can be further
explored.

2.4.4 Spray Conditions

The deposit quality is influenced by the CSAM standoff distance, spray angle, and
nozzle trajectory. Stand-off distance is citical for ensuring that uniform coatings of op-
timal quality are achieved, which studies have shown is achievable at shorter distances
[23]. The spray angle significantly affects particle deformation, adhesion, and coating
properties. While perpendicular spraying is generally considered ideal, studies indicate
that slightly inclined angles (e.g., 60°) can enhance adhesion strength through residual
compressive stresses, although the relationship is not fully resolved [23]. Tables 2.3 and
2.4 show some typical CSAMN parameters and deposit mechanical properties.

2.4.5 Nozzle Geometry

The design of the cold spray nozzle plays a significant role in determining particle
velocity and adhesion strength at the interface between the substrate and deposit. In-
creasing the nozzle barrel length generally increases particle velocity, while the nozzle
outlet diameter must be optimized to achieve the best expansion ratio. For example, a
diameter that is too large may reduce velocity. Other design parameters, such as the
section length, throat size, particle size, and process gas, also affect the particle accelera-
tion. Circular nozzles typically produce higher particle velocities compared to elliptical or
square designs. Nozzle geometry and dimensions are thus critical for optimizing particle
impact velocity and ensuring strong bonding at the substrate.
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2.4.6 Substrate Condition

The cold spray parameters play a major role in the adhesion between substrate and
deposit, but the substrate conditions also influence the adhesion between the two. Some
of the substrate characteristics that are critical are surface roughness, material, hardness,
pre-heating, and oxide layer thickness. Surface roughness affects particle interfacial bond-
ing, with smoother or mirror-finished substrates generally providing higher adhesion, as
they have reduced gaps and improved particle-substrate contact [23]. The substrate’s
thermal properties also play a role, since they allow for soft-on-hard contact between
the two materials. In this case, the soft material deforms during deposition, leading to
adiabatic shear instability and stronger metallurgical bonding. Pre-heating can support
this by softening the substrate surface. Finally, oxide layers play a major role in the
bonding, as thicker layers reduce deposition efficiency by preventing particle penetration.
By removing these layers, direct contact between the deposit and substrate is possible,
thus improving the adhesion between the two metals [23].

2.4.7 Critical Velocity

Cold spray bonding initiates when the first particle layer adheres to the substrate,
followed by continued build-up of particle layers. Both bonding and growth stages de-
pend on achieving a material-specific critical velocity v, which increases with particle
strength, size, and temperature [10]. Typical particle diameters range from 20-60 pm.
Increasing particle impact velocity enhances deposition efficiency, reduces porosity, and
improves mechanical properties due to more effective metallic bonding.

If impact velocity is too high, local melting may occur and compromise coating in-
tegrity; if too low, particles rebound or erode the substrate [12]. The ratio 7 = Vimp/Verit
is commonly used to assess the effectiveness of deposition, with deposit quality improving
rapidly when 1.0 < n < 1.5 [26]. Representative n values and behaviors are summarized
in Table 2.1. The manufacturing parameters used in this study follow established guide-
lines for optimizing deposition efficiency (DE). In figure 2.8, the relationship between DE
and impact velocity is shown, according to a study by Assadi [29].

n Correlated System Behavior

< 1.0 | Bonding does not occur

~ 1.0 | Bonding occurs. Low deposition efficiency and limited deposit performance

1.0-1.5 | Steep linear increase in tensile strength and deposition efficiency as 1 increases.

~ 1.5 | Good deposit quality in terms of strength

> 1.5 | Work hardening effects, decrease in strength

Table 2.1: Typical values and interpretation of n in cold spray impact models.
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Figure 2.8: Relationship between (a) particle impact velocity v,; and (b) n and the deposit
efficiency DE for copper particles of different sizes.

2.4.8 As-Sprayed CSAM

As-sprayed deposits exhibit high strength but reduced ductility due to severe plastic
deformation and residual stress accumulation during impact [30, 31]. Residual stresses
vary across the interface: the substrate typically develops beneficial compressive stresses
from shot-peening effects, whereas tensile stresses may appear within the deposited layer
and at the interface [32]. These stresses become more significant for thicker coatings.

Insufficient particle deformation or suboptimal parameters lead to porosity, weak in-
terparticle bonding, and susceptibility to cracking under tensile loads [30]. Although
adhesion to the substrate generally occurs, particle—particle bonding is often the limiting
factor for mechanical performance [31]. Previous work using 316L stainless steel demon-
strated that optimized Ny-based cold spray can achieve low porosity and high strength
despite low ductility [25], which aligns with the intended in-situ conditions of this thesis.

Residual stresses and shot peening effects are neglected when CSAM is used in a
coating-only setting and the deposit layer is approximately 2 mm. For deposit layers
thicker than this, stresses in the substrate may pose a risk.

2.4.9 Heat-Treated CSAM
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Figure 2.9: Effects of different annealing temperatures on strain and UTS of CoCrFeNi
deposit.
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Heat treatment significantly improves the mechanical performance of cold-sprayed
deposits by promoting atomic diffusion, metallurgical bonding, and grain growth [33].
Post-process treatments, particularly annealing, enhance ductility and reduce hardness
by eliminating pores and improving particle interlocking [30, 31]. Studies show that tem-
peratures near 1000°C are often required to achieve substantial ductility improvements
in alloys such as CoCrFeNi.

Hot rolling can also enhance strength and plasticity but is not suitable for in-situ
applications [31]. Although heat treatment provides clear benefits, its application to
full-scale infrastructure elements remains as a limitation. For this thesis, annealing heat
treatment is included, assuming that it is possible during the application process.

The pre and post heat treatment effects can be seen in figure 2.9 [30], which displays
the tensile properties of different deposits at different annealing temperatures. On the
right, it is shown that after a temperature of 700 °C, some ductility appears in the spec-
imen. The stress-strain curves for each specimen is shown on the left, which are shifted
horizontally for visual clarity. Interpretation of results shall be based off of relative strain
rather than the actual strain shown.

2.4.10 CSAM for anti-corrosion resistance

Geometrically complex components such as bolted connections often retain residual
rust even after treatment, making them prone to renewed corrosion [27], pictured in figure
2.10a [27]. Cold spray offers potential as an anti-corrosion strategy because dense, low-
porosity deposits (e.g., aluminum, alumina, zinc) can block oxygen and moisture ingress
[12].

Effective bonding to rusted substrates requires the rust layer to possess sufficient
hardness to withstand particle impact, while the sprayed material must be softer to
allow plastic deformation and mechanical anchoring [27]. This mechanism aligns with
the “anchoring” bonding mode described by Raoelison [34]. Alternative approaches use
an intermediate soft layer (e.g., WIP-BC1) to promote anchoring when both substrate
and particles are hard [13], which is captured in figure 2.10b [13]. For the purpose of this
thesis, full bonding between CSAM particles and the corrosion layer is assumed.

F"orosity‘: 0.3% Foroéityz 0.6%

= 6L -
~ WIP-BC1 e B i

Porosity: 0.4% . Porosity: 0.1%

Cracks in the rust- layer

Residual rust s g

(After removing rust from power tools) Borthmermart o~ o

SRR FE 6N v S0 (b) Micrographs of the deposited WIP-BC1
(a) Cracking in rust layer, below CS deposit. layer and 316L powder.
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2.4.11 CSAM for structural steel strength reinforcement

The structural contribution of CSAM depends strongly on deposit microstructure
and material type. As-sprayed layers often show reduced tensile strength due to porosity
and incomplete interparticle bonding [26, 31]. After heat treatment, however, significant
increases in strength and ductility have been documented for various alloys, including Ti
and CoCrFeNi [24, 30, 31].

Research shows that the deposit material plays a major influence on the strength
added to the substrate, and at times it may reduce the strength without heat treatment.
Instead, the CSAM parameters will be optimized to minimize porosity and increase de-
posit efficiency. This way, the strength and bonding of the deposit may be sufficient to
prevent corrosion buildup and existing fatigue-crack propagation.

Utilizing 316L steel addresses both preventing further corrosion and strengthening
the cracked elements. Stainless steel resists corrosion formation, and the optimized pa-
rameters in the Bagherifard study [25] provide ample structural capacity of the deposit
material. Including the assumption that annealing is possible, the deposit is expected to
perform well under tensile load.
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Parameter Influence

Feedstock Conditions

Small size — higher V,,.;; required [35];
Size Small size — higher Viypact [35];
Size range — lower porosity of deposit [35]

Sphericity — lower has higher particle impact velocity

Shape 28]

Powder feed rate Lower — higher particle impact velocity [10]
Spray Parameters

Gas type Molecular weight (high — inefficient deposit)
Temperature High — Impact velocity [1]**

Pressure High — Impact velocity™**

Spray Conditiong & Nozzle Geometry
Standoff distance Ideal range: 30-90 mm — highest DE [10]
Spray angle 90° — best deposition efficiency [10] & adhesion [23]

Can impact particle impact velocity, gas consumption,

Nozzle di i
ozzle dimensions and particle flow

Vimp High — efficient deposit [10]

~ 1.5 — efficient deposit, bonding [26];
<1.0 — no bonding, erosion of substrate [1];
>1.5 — melting of particles/erosion of substrate [29]

Eta (n):

n= Uimp/vcrit

Porosity Low — less corrosion formation, more ductility [27]

High particle hardness — bonding to substrate through

Microhardness embedment /anchoring [34]

Flattening ratio: Higher particle deformation — less porosity, higher
-z bonded area, high cohesive strength [29]

Table 2.2: Summary of process and material parameters influencing deposition and bond-
ing quality. **Both gas temperature and pressure influence the particle velocity, however,
if the temperature is too low, the particles will not deform plastically (affects bonding
and porosity). If the pressure increases too much, the particles risk eroding the substrate,
which may lead to a porous deposit. This being said, increasing temperature should be
prioritized as a form of increasing Vj,, [1].
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61

Parameter Influence of Ductility | Microstructural Microstructure evolu- | Microstructure op- | Analysis of the | Feasibility of 3D Print-
on Fracture...[26] evolutions and | tion and mechanical be- | timization of cold | residual stress and | ing Applications... [13]
mechanical...[31] havior of...[30] sprayed Ti-6Al- | bonding...[32]
4V...[24]
Gas Parameters
Gas Type N2 N2 N2 N2, He He N2
Gas Pressure 5.0 MPa 4.0 MPa 5.0 MPa N2: 5.0 MPa 0.62 MPa 6.21 MPa
He: 2.0 MPa
Gas Temperature 700°C, 850°C, 1000°C 800°C 900°C 1000°C 140°C 650°C
132°C
Powder Feeder Parameters
Particle Shape Spherical Spherical Spherical Spherical Spherical Spherical
Particle Material Ti, Cu Ti CoCrFeNi Ti-6Al-4V AA6061-T6/AA-6061 SS08
Pure Al/Mg Si: 0-1%; Cr: 39-43%; Fe:
BAL; Mn: 0-1%; C: 4-5%
Particle size - - 15-90 pm 45 +15 pm 15 pm 15.09-47.33 pm
Powder Feed Rate - - - 5 g/min - 4 RPM for WIP
8 RPM for SS08
Substrate AlMg3 Q235 steel plates Cu Stainless Steel AA-6061-T6 NA
Nozzle Parameters
Nozzle Traverse Speed | 250 mm/s 5 mm/s - - 1025 m/s 200 mm/s
Standoff Distance 60 mm 20 mm 40 mm 20 mm 10 mm
Spray Angle - 90° 90° 90° 90°
Nozzle Diame- | Nozzle type: Out 1 2-8 mm / 130 mm - Out 1 -
ter/Length
Impact Speed: 585 m/s NZZ1L0060, 200 mm barrel
length
2 mm throat diameter
As-Sprayed Tensile Strength Parameters
UTS (MPa) Ti: 279, 326, 442 306 - =~ 300 211 £+ 18 (tension)
(respective according | Cu: 174, 289, 282
to temperature)
YS (MPa) — ~ 290 =~ 380 - 211 + 18 (tension)
Elongation % Ti: 0.2, 0.2, 0.3 2.5 1.0 0.1 0.18
Cu: 0.1, 5.3, 17.5
Porosity % Ti: 7.0, 1.5, 0.7 - - 2.6% -

Cu: 0.1, 0.1, 0.0

Elastic Modulus (GPa)

163 £ 76 (tension)

Table 2.3: CSAM parameters and mechanical properties for studies excluding 316L powder.




0¢

Parameter Tailoring cold spray additive manufactur- | Optimisation of stainless steel cold | Feasibility of 3D printing applications for

ing of steel 316 L for static and cyclic load- | spray coatings using mixed particle size | highway infrastructure [13]

bearing applications[25] distributions[35]

Gas Parameters
Gas Type N2 He N2
Gas Pressure 5.0 - 6.0 MPa 0.62 MPa 6.21 MPa
Gas Temperature 1000 — 1100°C 320°C 650°C
Powder Feeder Parameters

Particle Shape Spherical Spherical Spherical
Particle Material Steel 316L 316L 316L

Particle size

19 — 45 (coarse)
12 — 29 (fine)um

5 pm, 10 pm, 22 pm

15.09-47.33 pum

Powder Feed Rate - 10 g/min 4 RPM for WIP
8 RPM for SS08
Substrate NA AZ91E A36 steel
Nozzle Parameters
Nozzle Traverse Speed | 500 mm/s 50 mm/s 200 mm/s
Standoff Distance 30 mm 12 mm 25 mm
Spray Angle 90° 90° 90°

Nozzle Diame-

ter/Length

Out 1; 160 mm length

Convergent barrel nozzle
Mach 1 choked flow

NZZL0060, 200 mm barrel length
2 mm throat diameter

Impact Speed

Gas speed: 1245 m/s
Particle speed: inversely proportional to particle
size

As-Sprayed Tensile Strength Parameters

UTS (MPa) 600 — 750 - 140 — 240
YS (MPa) - - 140 - 240
Elongation % ~ 0.47 - ~ 0.1
Porosity % =~ 0.75% 22 pm: 4% -

5 & 10 pm mix: < 1%

Elastic Modulus (GPa)

Table 2.4: Parameters and properties of cold spray processes using 316L stainless steel powders.




Chapter 3

Material Properties Selection

3.1 Substrate Material

In this research study, S235 steel is assumed. This choice reflects the typical steel grade
historically adopted in European standards for riveted steel connections [36], while also
offering a close similarity in structural properties to ASTM A36 steel commonly used
in the United States [13]. Therefore, selecting S235 is both consistent with historical
European structures and relevant to present-day American research using A36.

The material properties can be seen in table 3.1. The fracture toughness of S235 steel
was taken from an experimental study by Seitl [37]. The plotted results from this study
are shown in figure 3.1a.

Material Property Value

UuTsS 370 MPa
YS 235 MPa
Elongation 0.22

Young’s modulus 210 GPa
Fracture toughness 22.5 M Pay/m

Table 3.1: Material properties of S235 steel.

3.2 CSAM Parameters

The selected parameters for the cold spray system in tension were selected based on
the study by Bagherifard [25], which can be seen in table 3.2. The reason that this study
was used is because it offered experimental data for both tensile and fatigue tests of high-
strength CSAM deposit. This way, the structural behavior of a high-strength deposit was
able to be analyzed through FEA modeling without requiring CSAM equipment, which
was a major limitation in this thesis.

In addition to this, it provided data for as-sprayed deposits and different heat-treatments.
In this thesis, the annealed properties will be applied in the ABAQUS models to test
whether 316L. CSAM deposit is adequate for retrofitting elements undergoing tensile
loads. Since the as-sprayed deposit is brittle, it is not ideal for tensile loading.
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The annealed data can be utilized assuming that annealing can be applied in-situ.
The annealing temperature and time duration must be greater than 1000 °C for one hour
for uniform recrystallization to occur in the 316L deposit particles [25]. The properties
of the as-sprayed and heat treated deposit can be seen in table 3.3.

The breadth of data that is available from the Bagherifard study allows for a paramet-
ric study of different post-processed deposits and their potential to retrofit fatigue-cracked
riveted connections. This can be done in a subsequent study.

Parameter Type Value

Powder 316L stainless steel
Size 19-45 pm (Coarse)
Shape Spherical

Powder feed rate -

Gas type No
Temperature 1100°C
Pressure 5 MPa

Standoff distance 30 mm
Spray angle 90°
Nozzle dimensions  Convergent-divergent SiC-Out 1

Gun travel speed 500 m/s

Vimp 709 m/s

n (efficiency) 1.59
Porosity 0.75%
Microhardness 390-400 Hv
Fatigue Strength 130 + 6 MPa
Poisson’s ratio 0.25
Density 7.9 g/cm?

Table 3.2: Summary of process and material parameters for as-sprayed 316L stainless
steel powder influencing deposition and bonding quality.

Given that the CSAM parameters from table 3.2 are implemented, the 3161 deposit
mechanical properties before and after heat-treatment are summarized in table 3.3. The
as-sprayed deposit is not isotropic, therefore the fracture toughness values differ in each
direction. After annealing, the material becomes isotropic and the fracture toughness is
constant in both directions. The plotted results from this study are displayed in figure
3.1b.
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Material Property  As-Sprayed Annealed

UTS 723 + 33 MPa 696 + 6 MPa
YS 687 + 52 MPa 418 + 3 MPa
Elongation 0.47 + 0.02 % 49+ 2%

Young’s modulus 173.9 + 3 GPa 190 £+ 10 GPa
Fracture toughness =~ 19.5 — 28M Pa/m ~ 18 M Pa/m

Table 3.3: Material Property comparison of 316L Stainless Steel Deposit before and after
heat-treatment
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(a) Experimental results of fatigue testing for S235 (b) Experimental results of fatigue
[37]. testing for all 316L deposits [25].

Figure 3.1: Fatigue testing results for S235 and 316L.

3.2.1 Discussion

As mentioned earlier in the chapter, the reason the 316L powder was selected for the
deposit is because of limited experimental data on CSAM used for structural purposes.
Utilizing an existing study that provided data for both tensile and fatigue performance
was the best way to apply realistic results of CSAM behavior.

It is best to use material with a high fracture toughness when designing for fatigue,
since it provides greater resistance to crack propagation [38]. When retrofitting fatigue
cracks, applying a deposit material with higher fracture toughness than the base material
may be more suitable. The annealed fracture toughness is lower than the S235 K; value,
however the as-sprayed in the L-S direction deposit (defined in the paper [25]) shows
significantly higher fracture toughness. This anisotropic behavior can be explored in a
future study where annealing is skipped and as-sprayed deposit is utilized instead.
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Chapter 4

Research Methodology

This thesis was inspired by EoLL beams donated by Vic Obdam. Although the beams
did not display the damage types selected in the research scope, other than bolts, they
served as a valuable reference for real-life structural damages or imperfections in steel
beams. Their exact dimensions were not utilized in the modeling process, but the site
visit provided a broader understanding of various damage types. This research follows the
following methodology, starting from a site visit and ending with a detailed analysis of a
series of FEM models. These models consist of reclaimed and retrofitted steel structural
elements. A figure visualizing the main methodology process is found in Figure 4.1.

Observed
Imperfections:
-Boilt holes
“Welds
-Dents

v v

ABAQUS modeling: ABAQUS modeling:
non-retrofitted model retrofitted model

Crack Propagation
Evaluation

Ductile Failure
Evaluation

|
LCA

!

| Final Conclusions |

Figure 4.1: Methodology Overview
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4.1 Finite Element Modeling

4.1.1 Tensile Coupons - Composite Material Behavior

The modeling was divided into several stages, the first one being a parametric study
on a simple tensile coupon simulation in ABAQUS. The goal of this parametric study
was to output the overall tensile strength and yield behavior between the deposit and
substrate. Different cross-sections were explored, as well as different substrate materials,
and also different retrofit geometries. The tensile coupons were dimensioned according
to the ISO 6892-1 standard. The coupons consisted of a necked central section with a
gross thickness of 3 mm, subdivided into substrate and deposit layers.

Variant A.1 compares the original S235 substrate to a stronger substrate material,
S355. This is done to study the behavior of the two materials when they have comparable
mechanical properties. Ideally, the strength of the deposit would be lowered to match
that of S235 powder, but since that experimental research is not available at this time, a
stronger base material was utilized instead.

Variant A.2 provides an upper and lower bound tensile capacity of the coupon variants
to represent the range of tensile capacity of the coupons depending on the bonding prop-
erties. They will be utilized as guiding plots during future experiments to understand
the bonding behavior of the deposit onto the substrate.

- Compact
Teggzrggtupon Specimen
Y Geometry
R S s s, - - - - - - - \
i —
: Model A.1: L Model B.1: Model C.1: '
Tensile Coupon Ll Compact Specimen Compact Specimen |
' Substrate Study ] Study of K1, open Study of DF, open '
| L |
| Il [
|1 ’
: Model A.2: | Model B.2: Model C_2: !
Tensile Coupon | Compact Specimen Compact Specimen '
:. Shear Interaction Study i Study of K1, closed Study of DF, closed |
L |
~ & - -

Figure 4.2: Compact Specimen model variants and desired outputs summary

4.1.2 Tensile Coupons - Parametric Study

Figure 4.3 displays the main model plus its purpose and desired outputs.
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Figure 4.3: Modeling process of tensile coupons

4.1.3 Compact Specimen - Modeling Damages

The second stage of the modeling focuses on the behavior of a cracked specimen,
specifically from a crack extending from a bolt hole. These damages were incorporated
into the models to represent a riveted connection EoL steel element compatible with the
research objective of the thesis.

Crack behavior is typically studied with a compact specimen, whose dimensions are
set by the standards ASTM 1820 [39] and ASTM 647 [40].

Two model variations were created using the same compact specimen geometry:

o The "Open Notch Model," representing the non-retrofitted specimen

o The "Closed Notch Model," representing the retrofitted specimen

Based on these model variants, two main failure mechanisms were explored:

o Crack propagation from a bolt-hole-induced notch

« Debonding behavior at the deposit-substrate interface

The crack propagation behavior was explored for both the open and closed models.
The closed model was explored further with the second failure mechanism, to determine
whether the crack fast fracture or interface debonding governed during loading.

A flowchart documenting each sub-model and its desired outputs is showcased in
Figure 4.4.
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Figure 4.4: Compact Specimen model variants and desired outputs summary

The retrofitting process is modeled by applying 316L cold spray deposits onto existing
cracked 5235 geometries. The crack was embedded within the substrate, and the cold
spray was deposited across the crack face to replicate the intended filling of the damage
zone. The finite element model assumed that the WIP layer technique had been applied,
ensuring full bonding between deposit and substrate.

The deposit is modeled as an elastic—plastic material, calibrated from tensile coupon
results and aligned with the annealed experimental properties reported by Bagherifard
[25]. The substrate is modeled as 5235 low-carbon structural steel with its respective
yield stress and elastic modulus.

4.2 Life Cycle Assessment (LCA)

A preliminary life cycle assessment (LCA) was conducted according to the ISO 14040/44.
The goal of this was to contextualize the environmental impact of CSAM retrofitting com-
pared to traditional repair strategies. The system boundary considered material inputs
(316L feedstock powder, carrier gases, and energy consumption for spraying), as well as
avoided impacts from replacing the entire steel element.

4.3 Research Assumptions

The finite element analysis and subsequent hand calculations were conducted under
the following assumptions:

o The fatigue cracking location is at a floor-to-beam stringer connection.

e Rust is minimal and does not significantly affect the substrate’s mechanical prop-
erties.

o Annealing heat treatment is possible at large-scale in-situ applications, with me-
chanical properties equivalent to those reported by Bagherifard [25].

« No residual stresses or internal forces are present in the steel elements due to prior
fatigue or thermal loading.
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Crack dimensions are modeled according to representative values found in the lit-
erature.

Cold spray data for S235 steel is not available, so 316L data from Bagherifard’s
experimental study [25] is utilized to study the disimilar material interaction of the
deposit (316L) and substrate (5235).

Bagheridard’s study was the only extensive study showing experimental results
for both the tensile and fatigue behavior of cold spray deposit used for structural
purposes [25]. The same CSAM parameters and structural properties were thus
utilized for this thesis.

Full bonding is assumed between the deposit and substrate due to the use of the
WIP layer technique.

Deposit and substrate are modeled with "tie" interactions to represent full bonding
between the two materials.
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Chapter 5

FEA Models and Setup

To investigate steel bolt retrofitting with CSAM material and understand the inter-
action between the two materials, Finite Element Analysis was selected as the primary
approach. Experimental data from Bagherifard [25] were utilized to define the CSAM
material parameters in the models. When the necessary CSAM technology becomes
available in the Netherlands, experimental testing can complement the modeling.

5.1 Model A: Tensile Coupons

5.1.1 Geometry

For the first-stage modeling, a simple tensile test was conducted on steel coupons
of 3 mm thickness. The coupon dimensions were calculated according to the ISO 6892
standard [41]. The equations used can be seen below.

For proportional test pieces (other than cylindrical), the parallel length L, shall be at
least:

L. > Lo+ 1.5\/S, (5.1)

The original gauge length for proportional test pieces is defined as:
Lo = ky\/ Sy (5.2)
where Sy is the original cross-sectional area, and k is a constant.
k =5.65 (standard value)

k =113 (alternative value)

The original gauge length Lg shall not be less than 15mm. In the case that this limit
fails, the alternative k value is used.
For parallel side test pieces with width less than 20 mm:

Ly = 50mm
The free length between the grips shall be:

L. = Lo+ 3bg (5.3)
As for requirements for the gripped ends, they can be summaried as the following:

o Test pieces shall have gripped ends wider than the parallel length.
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o The parallel length L, shall be connected to the ends by means of transition curves.
o The radius of the transition curves shall be:

— 0.75dy, where dy is the diameter of the parallel length, for cylindrical test
pieces.

— 12mm for other test pieces.
o The width of the gripped ends shall be at least 1.2by, where by is the original width.

The final results of the dimensions are listed in Table 5.1 and visually displayed in Figure
5.1. The full calculations can be seen in Appendix A.

Parameter Value

t 3 mm
Lrin 50 mm
Lmin 70 mm
b, (per side) 24 mm
do 0

Table 5.1: Geometrical parameters of the specimen for Stage 1 model.

Figure 5.1: Final tensile coupon dimensions inserted into ABAQUS model.

5.1.2 Material Properties

The stress and strain properties of the 3161, deposit were taken from the Bagherifard
study [25]. The engineering values were provided by material coupon tensile tests, and
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they were converted to true stress and strain values using equations 5.4 and 5.5, respec-
tively. These true values were input into ABAQUS. The equations for computing these
values can be seen in equations 5.4 and 5.5. The final values are shown in both table
format and plotted format in Table 5.2 and Figure 5.2.

Otrue = Oengineering (]- + 8engineering) (54)

Etrue = In (]- + 5engineering) (55)

The original data found in the Bagherifard [25] study for the 316L steel deposit can
be found in table 5.2, along with the true stress strain values. The same applies for the
S235 material [42].

Material o [MPa] € o: [MPa) £t
"[3215?14 powder ¢ 0 418 0
560 0.10 616 0.0953
640 0.20 768 0.1823
690 0.30 897 0.2624
696 0.40 974.4 0.3365
S235 [42] 235 0 235 0
260 0.01 262.6 0.00995
345 0.05 362.25 0.04879
370 0.15 425.5 0.13976
S355 355 0 355 0
360 0.01 363.6 0.00995
400 0.05 420 0.04879
510 0.15 586.5 0.13976

Table 5.2: Engineering stress—strain and converted true stress—strain data for 316L pow-
der and S235 steel.
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Figure 5.2: Plotted stress and strain values of both engineering and true values for
materials S235 and 316L

5.1.3 Assembly and Interaction Properties
Retrofitted Specimen - Full Shear Interaction

The parts of the tensile coupons were assembled as dependent parts. Due to the lack
of available experimental data regarding the interaction properties of the selected deposit
parameters for 316L. powder, full shear interaction was assumed between the ABAQUS
modeling. The results of these models will act as an upper bound for the stress and
strain experimental results. This upper bound represents a scenario where the deposit
and annealing processes are executed perfectly. Three different geometries of retrofitted
coupons were explored in the modeling, as seen in Figure 5.3. Each geometry had a
different width of base versus retrofit material, which was categorized into percentages.
These percentages represent the volume of the original coupon that was replaced by
deposit material. In Figure 5.3, the substrate material is shown in green and the deposit
in white. The listed dimensions in the figure correspond with 16%, 33%, and 50% volume
of retrofitted material in the coupon, respectively.

Since full shear interaction was assumed to act between the deposit and substrate,
the two parts were merged into one part. This was done under the Assembly tab when
selecting Instances, Merge/Cut, and specifying the properties Merge, Suppress, and Re-
tain. This process combines the instances in the assembly into one part, which is an
alternative to placing tie constraints between all the part surfaces.

The deposit material was modeled to extend past the necked portion. Originally, it
had been modeled as seen in Figure 5.4, however this meant that the weakest cross-section
was at the top and bottom parts of the neck, where the retrofit material met the substrate
material. While this may be the critical cross-section for the experiments, these results
did not represent the combined strength of the two materials acting in shear interaction,
which was the purpose of this study. This geometry layout was thus disregarded due to
undesirable critical cross section location.

The top and bottom segments (12.5 mm of height for each) of the coupon grip were
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modeled as rigid bodies, as it is expected that those areas will be clamped during ex-
perimental testing. Those areas were thus excluded from the model outputs. Each rigid
body corresponded to its own reference point, each at the center of the top and bot-
tom surface. These reference points are important for applying boundary conditions and
postprocessing results, which is discussed later.

a) b) c)
N

Figure 5.3: All Variants of retrofitted coupons modeled with full shear interaction prop-
erties, representing the following dimensions: a) S235: 19.7 mm & 316L: 2.15 mm/side,
b) S235: 15.5 mm & 316L: 4.25 mm/side, ¢) 5235: 11 mm & 316L: 6.5 mm/side.

S E

Figure 5.4: Original geometry of a retrofitted coupon, more closely resembling the geom-
etry that will be utilized during experimental testing.

Retrofitted Specimen - Only Base Material

One of the possible outcomes of this retrofitting process is that weak bonding between
the deposit and substrate occurs. This could be due to several factors, such as inadequate
impact velocity, incompatible hardness between the two materials, or inability to perform
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Figure 5.5: All Variants of retrofitted coupons modeled with no shear interaction prop-
erties, representing the following dimensions: a) S235: 19.7 mm & 316L: NA, b) S235:
15.5 mm & 316L: NA, ¢) S235: 11 mm & 316L: NA

heat treatment. In the case that the bonding fails are the preliminary loading of the
samples, two variants of the tensile coupons were modeled. Three different geometries of
retrofitted coupons were explored in the modeling, as seen in Figure 5.5. These geometries
correspond with the geometries seen in 5.3, however the deposit material was removed to
represent no shear interaction.

Similar to the upper-bound model, the top and bottom sections of the grip (12.5 mm
height) were modeled as rigid bodies and excluded from the final outputs.

5.1.4 Step and Outputs

Non-linear geometry was turned on for this model, since the plastic behavior of both
materials was the main focus of the study. The desired outputs were the vertical dis-
placement, U2, and the reaction force, R2, both from the top reference point.

5.1.5 Loading and Boundary Conditions

For the first stage of the modelling, a 20 mm displacement was applied onto the top
of the steel coupons, more specifically to a reference point coupled to the top surface.
This was done so the load would be applied onto the center of the coupon and distributed
evenly among the material. The bottom of the plate was constrained in all degrees of
freedom.

5.1.6 Meshing and Job

A sensitivity analysis for different mesh sizes was conducted to determine the accept-
able mesh sizes. A mesh of size 1 mm was selected for both the deposit and substrate
material. The types of mesh selected were a hex sweep mesh and a hex structural mesh
for the deposit and substrate, respectively.
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5.2 Model B: Compact Specimen - K1 study

5.2.1 Geometry

Specimen Dimensional Requirements

Compact specimen dimensions are set by the standards ASTM 1820 [39] and ASTM
647 [40]. The same width as the tensile coupons, 24 mm, was taken as the baseline for
dimensioning. The full numerical calculations can be found in Appendix B.

All specimen dimensions are expressed as fractions of the specimen width W. Dimen-
sional tolerances shall be within +0.013W. The crack-starter notch shall be centered
between the top and bottom specimen edges within 0.005 V.

The main specimen dimensions are defined in Table 5.3, as seen from Figure 5.6 [39].

\Ey_________

/— 0.188W
|
]

. 0.375W
y
L— 21W(max.
L1W ( )

2H = 1.2W

{57_'_".':'.':':_

~ w - —| B=05W |=—

See Figure 6 —]

Notes:

1. Tolerance on all dimensions +0.013W

2. Pin shall be sized so that maximum
clearance with hole is 0.01W

Figure 5.6: Compact specimen dimension requirements, as per the ASTM E1820.

Parameter Symbol Expression Value (mm)
Distance to load %4 |14 19.20
Hole diameter d 0.188 W 3.61
Base width bpase 1.25W 24.00
Specimen height H 1.20W 23.04
Specimen thickness B 0.50 W 9.60

Table 5.3: Main specimen dimension relationships and resulting values for W = 19.2 mm
(calculated from 1.25WW = 24).
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Figure 5.7: Radial notch dimension requirements, as per ASTM E647.

Notch Geometry and Precrack Requirements
B.1 Model: Open Notch - Non retrofitted

According to Figure 5.7, which is taken from the ASTM E647 [40], there are several
various types of notch dimension limits. The last one in the figure displays a notch
stemming from a radius, which was selected for this thesis due to its geometry resembling
that of a cracked bolt hole. The corresponding dimensioning requirements and results
are listed below in Table 5.4 [40]. The notch sharpened edge, a,, was calculated through
trigonometric functions according to the limits seen in Figure 5.7. The final dimensions
input into the model are displayed in the ABAQUS model in Figure 5.8.

Parameter Symbol Expression Value (mm)
Notch radius r set by user 2.50
Notch max height < 11/{(/; 1.20
Notch length L >2r 5.00
Sharpened notch g % 0.60
Minimum precrack extension a, > max(0.1 B, h, 1) 1.20
Total notch length an, r+ L+ a 8.10
Total notch + precrack length ag an, + a, 9.30

Table 5.4: Notch and precrack dimensional requirements and resulting geometrical pa-
rameters for the compact specimen according to ASTM E647.
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Figure 5.8: Final compact specimen dimensions utilized for the ABAQUS model.

B.2 Model: Closed Notch - Retrofitted

The same dimensioning standards apply for the retrofitted model, however when look-
ing at crack propagation, the notch was flattened into a square. This was done so that
the output from the crack tip that is located at the interface of the two materials will
equally account for each material across all its contour lines, which are displayed in Fig-
ure 5.10. This adjustment was only applied to the study of stress intensity values. The
ductile-failure study was completed using the original geometry.

5.2.2 Material Properties

The study of stress intensity values K'1 is only valid under Linear Elastic Fracture Me-
chanics (LEFM) assumptions, thus the plastic behavior of the steel material is neglected
[19]. Only the elastic properties listed in table 5.2 were input in this model.

5.2.3 Assembly and Interaction Properties
B.1 Model: Open Notch - Non retrofitted

For compact specimen, crack behavior is studied, specifically the loading point at
which the crack will propagate. First, the original notched specimen was studied, acting
as a control point for analyzing the behavior of the retrofitted model.

The compact specimen parts were inserted as independent parts. For both models,
the bolt holes were modeled as rigid bodies and coupled to two reference points, one
at each hole center. These reference points can be seen in orange in Figure 5.9. These
reference points played a role in defining boundary conditions and postprocessing results,
which will be discussed in later sections.
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Figure 5.9: Ties between the elements used to assemble the final model, depicted by
yellow circles.

Under the "Special" settings of the Interaction properties tab, a seam was added
to represent a lack of connectivity in the material, defined through a surface selection.
This surface represents the fatigue pre-cracking and is typically used to initiate cracking
propagation. Since the seam is an infinitely small thickness, it leads to a stress singularity
at the edge, especially in FEM modeling. It is important to take it into account for more
precise stress and strain calculations [43]. Figure 5.10a showcases the crack locations,
the mesh partitions and contour lines surrounding the crack, and the crack propagation
directions. The image on the far left shows the open model where the notch remains
sharp and no retrofitting is applied. The middle image shows the retrofitted model with
the flattened notch spanning throughout all the contour lines of the second crack. The
far right image shows the specified settings to account for the singularity at each crack.
The crack seam is showcased in bold, and the crack tip as the green x symbol. The crack
propagation direction is shown in pink and the contour lines and element partitions in
orange.

B.2 Model: Closed Notch - Retrofitted

The retrofitted model had 3161 material fill the entire notch dimensions except for the
radius in the beginning and the fatigue pre-cracking at the end. An important distinction
between this and the open model is the notch edge. It was flattened, thus the first ring
surrounding the second crack consisted of equal parts deposit and substrate material.
This was done to better capture the effect the retrofit material has on the stress intensity
factors. The flattened edge of the notch spanned the entire first contour line, and both
the seam and notch lengths remained the same. The deposit was bonded around its
perimeter to the substrate with a tie constraint to represent full shear interaction. A
zoom in of the notch geometry and crack properties can be seen in 5.10b. It showcases
the contour and partition lines in orange, the final mesh and seam in black, the crack
location in green and the propagation direction in pink. The singularity properties that
were defined for each crack are shown in Figure 5.11.
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Figure 5.10: Zoom-in of the notch edge for each model, displaying the crack location and
propagation direction, contour lines, and meshing.
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Figure 5.11: Settings defined for each crack due to the singularity that forms at the seam
tip.

5.2.4 Loading and Boundary Conditions

The bottom reference point was constrained in all degrees of freedom except for U2,
the vertical displacement, and UR3, the rotation around the z-axis. The top reference
point had a displacement applied at U2 and the UR3 unconstrained.

A vertical displacement of 0.1 mm was applied at the top reference point for the non-
retrofitted part. The reason for this was so that the same displacement could be applied
to the retrofitted models, which is preferable for comparing the outputs of both models.
Preliminary hand calculations to predict an estimated required minimum displacement
to exceed the K¢ value can be seen in Appendix D.
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5.2.5 Meshing and Job

As mentioned previously, a singularity occurs at the edge of the crack seam, which
must be accounted for in the model to ensure accurate results. One way to account for this
singularity is through proper meshing. This is achieved through contour lines, as seen in
Figures 5.10a and 5.10b for the non-retrofitted and retrofitted models, respectively. These
allow for a refined structural mesh. The ideal mesh around the crack resembles a "spider-
web" shape, radiating from the center of the circle. The inner-most contour line has
triangular meshing, while the outer contours consist of quadratic quadrilateral elements
[43]. The triangular meshing occurs due to the elements being collapsed, meaning that
an edge collapses into a single node, thus becoming a triangle. This does not mean
that the nodes are deleted. Instead, they share the same coordinates, and are treated
as separate nodes. This meshing is necessary for crack-tip nodes to converge smoothly
without geometric distortion. To accomplish this, second-order elements are utilized when
defining the crack, with the settings seen in Figure 5.11. The midside node parameter
is changed to 0.25 from 0.5 so it is placed closer to the crack tip, which allows the
element shape functions to replicate the analytical crack-tip field better, a common trick
in fracture mechanics [43].

Five contour lines were defined surrounding the crack to allow for sufficient data to
ensure convergence of results. The contour lines were spaced at 0.2 mm distance, each
partitioned into 16 - 20 seeds along the perimeter to allow for appropriate meshing. The
sections around the notch geometry and crack geometry were assigned a mesh size between
0.1 and 0.2 mm, varying depending on the seed amount, with the remaining model
having a coarser mesh size of 0.5 mm. These values were selected based on a sensitivity
analysis exploring various mesh sizes around the critical failure points. A square mesh is
preferable, thus a quad-dominant mesh was selected for the notch geometry and rectangle
partition surrounding the crack geometries. The contour lines were assigned a quad-
dominant sweep mesh to achieve the desired spider-web mesh shape. The remaining
model was assigned a quad-dominant structured mesh.

5.3 Model C: Compact Specimen - Ductile Failure
study

The same process as for model B was followed, except for the following ABAQUS
steps:

5.3.1 DMaterial Properties

Ductile damage criteria, in addition to the elastic and plastic properties from table
5.2, was defined for this model. The goal is to observe the failure evolution at the
interface between the two materials, and determine whether the debonding or the crack
fast-fracture failure mechanisms govern for the retrofitted model.

Tables 5.5a and 5.5b display the defined failure parameters for both substrate and
deposit materials, respectively. The displacement at failure is dependent on the mesh
size, the equation of which is shown in equation 5.6 [44].

f f
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With a mesh size of 0.2 mm, the finest mesh in each material was selected, and
the height and width were taken. For the retrofitted model, each material was cal-
culated seperately depending on the respective fracture strain and mesh size. For the
non-retrofitted material, the following calculations were completed to compute fracture
strain:

S235:
H =154 x 10" mm,

W =112 x 10! mm,
L.=VHW =131 x 107! mm

£85235 = 0.22
up = eg935Le = 0.22-1.31 x 1071 = 2.89 x 1072

Triaxiality was taken as 0.33 for all models due to the uniaxial load applied onto the
specimen. This value was computed with the following process [44]:

Op
=2 5.7
n= (5.7)
0, = 011 + 022 + 033 (5.8)
3
1
Oy = \/2 (011 — 092)% + (022 — 033)2 + (033 — 011)* + 6(035 + 05 + 075)] (5.9)

Under uniaxial loading, two out of the three stresses in equation 5.8 are equal to zero.
We thus get the following:

040
0, = 011—‘_3_’_ (5.10)
o, =\ 0} (5.11)
/3 53 (5.12)

For the retrofit material, the following calculations were done to find €/:

316L:
H =799 x 1072 mm
W =2.00 x 107" mm
L.=vVHW =126 x 107" mm
€316z, = 0.48
up = 3161, Le = 0.48 - 1.26 x 107" = 6.07 x 1072

For the substrate material, € remained the same as before. This process was repeated
each time a different mesh was applied, for example in the mesh sensitivity analysis.
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S235 Material Value 316L Material Value

Ductile Damage Ductile Damage
Fracture Strain 0.22 [37] Fracture Strain 0.48 [25]
Stress Triaxiality 0.33 Stress Triaxiality 0.33
Strain Rate 0 Strain Rate 0
Damage Evolution Damage Evolution
Type Displacement Type Displacement
Softening Linear Softening Linear
Displacement at Failure 0.0289 Displacement at Failure 0.0607

(a) 5235 (b) 316L

Table 5.5: Ductile Failure properties and damage criteria specified in the material prop-
erties of S235 and 316L.

5.3.2 Assembly and Interaction Properties

For the interface bonding behavior, since ductile damage parameters are included, the
explicit solver is used. For the explicit solver, the seam geometry is incompatible and
thus removed. Instead, the compact specimen geometry was split in half and tied in the
middle, leaving a length of 1.2 mm untied to represent the crack. A visual of this model
setup is shown in Figure 5.12. The tie constraints can be seen in figure 5.9. An additional
constraint for this model was that the bolt holes at the top and bottom were modeled
as rigid bodies before any loading was applied, to resemble the behavior as if a bolt is
present in the hole.

Tied Region

Un-tied Region

Figure 5.12: Zoom-in of the notch edge for the debonding study, utilizing a different
modeling approach of the crack geometry that is compatible with dynamic explicit.

5.3.3 Step and Outputs

For the ductile-failure study along the interface of the two materials, NLgeom was
turned on again, as plastic deformation and material failure play a significant part in the
results. The dynamic explicit solver was selected for the ductile damage outputs. Mass
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scaling was applied to reduce the computation time of the simulation, which required the
calculation of the stable time increment, as seen in equation 5.13 [45]. This variable is
the quotient of the characteristic element length and the element wave speed. The finest
mesh element should be used for this characteristic length.
L

E/p

A mesh size of 0.2 mm was utilized for the following calculation.

At =

(5.13)

9.97F — 02
V210000 - 8e?

At = 2.05¢~% seconds

When applying mass scaling, the whole model was scaled to target a time increment
of 2.05¢7% in order to reduce computation time. When utilizing a value of 2.05¢=%, or
even 2.05¢7%7 the computation time for the model was over 24 hours. When comparing
the results from a scaled model of e=%7 versus e~%, the results were sufficiently similar,

thus the stable time increment was increased by two decimal points for all simulations.

5.3.4 Loading and Boundary Conditions

The bottom reference point was constrained in all degrees of freedom except for U2,
the vertical displacement, and UR3, the rotation around the z-axis. The top reference
point had a displacement applied at U2 and the UR3 unconstrained. The locations of
the reference points are labeled by orange circles in figure 5.9.

For the model representing the ductile failure around the interface, a higher displace-
ment was applied. After exploring simulations under different displacements, it was found
that 1 mm was sufficient to induce full failure at the interface. Thus 1 mm was applied
at the top reference point, allowing for rotation about the z-axis for both top and bottom
points. An amplitude of increments 0.25 ranging from 0 to 1 was applied for smoother
results.

5.3.5 Meshing and Job

The contour lines around the crack tips were removed, and a finer 0.2 mm mesh
was focused at the interface between the deposit and substrate material, which was the
primary region of interest. The remaining model was meshed at 0.5 mm. The element
types in this area are quads to avoid mesh irregularities. It is important to keep a
consistent mesh due to the mass scaling and damage evolution criteria that is applied to
this simulation. Element deletion was activated with a max degradation of 0.95.
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Chapter 6

FEA Results and Post-Processing

6.1 Model A: Tensile Coupons - Behavior and Anal-
ysis

A parametric study was performed on a tensile coupon element with varying widths
of the deposit and substrate, where their gross width remained at 24 mm. The different
deposit to substrate ratios, classified as percentages of the total deposit volume composing
the coupon volume, are shown in figure 6.1

P 24dmm ——

316L
3 mm:[ 100%
5235
A%
33%
16%
0%

Figure 6.1: Different cross sections considered in the parametric study, where different
percentages of the overal coupon volume were replaced by deposit material 316L.

First, two different orientations were modeled, one with the retrofit material along the
thickness, and one along the width of the coupon. The orientation along the width of the
coupon was selected due to its symmetrical layout. This geometry avoids eccentricity in
the coupon, thus simplifying the analysis. The models and results for both orientations
are shown in Appendix C.1. In the next step, a comparison between two different sub-
strate materials, S235 and S355, was done. The substrate S235 was selected as the final
model to perform two simulations, one with full shear interaction, and one with none.
The final results will be utilized in future experimental studies to determine the bonding
behavior between the deposit and substrate.
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6.1.1 A.1: Base Material Comparison

The two models are referred to as the following in this section for simplicity:

« Model A - $235/316L

« Model B - $355/316L

The coupons were run using ductile failure criteria under the explicit solver to compare
damage evolution and assess how localized failure in each material influences the overall
tensile capacity. The resulting curves are presented in Figures 6.2 and 6.3, with the
corresponding yield and peak load values listed in Tables 6.1 and 6.2. These values are
plotted in Figure 6.4, which illustrates the relationship between retrofit percentage and
the force-displacement values at peak load.

Retrofit (%) Stage U2 (mm) P (N)

0 Yield 0.50 17805
Peak Load 10.5 26481.9
16 Yield 0.50 20105.2
Peak Load 11.5 29366.7
33 Yield 0.50 22665
Peak Load 12.5 32530
50 Yield 0.50 24797.3

Peak Load 15.5 36575

Table 6.1: Yield and Peak Load values for Model A at different retrofit percentages.

Retrofit (%) Stage U2 (mm) P (N)

0 Yield 0.50 25867
Peak Load 12.5 36552.1
16 Yield 0.50 26719.6
Peak Load 12.5 37595.2
33 Yield 0.50 27654.3
Peak Load 13.5 38876.6
50 Yield 0.50 28504.7

Peak Load 15.5 40918.8

Table 6.2: Yield and Peak Load values for Model A at different retrofit percentages.

45



Effect of retrofit percentage on coupon ductility and strength

Stress-Strain Curves - 5235 Stress-Strain Curves - 5355

Stress (MPa)
Stress (MPa)

\
\
—— 0% Applied Retrafitting [ —— D% Applied Retrofitting \
100 —— 16% Applied Retrofitting 1004 —— 16% Applied Retrofitting "‘
33% Applied Retrofitting | —— 33% Applied Retrofitting \
50% Applied Retrofitting | —— 50% Applied Retrofitting \

100% Applied Retrofitting 100% Applied Retrofitting /;(\{\ \

0 = 0
0.000 0.025 0.050 0075 0.100 0125 0.150 0175 0.200 0.000 0.025 0.050 0075 0.100 0125 0150 0175 0.200
Strain Strain

(a) Substrate S235. (b) Substrate S355.

Figure 6.2: Model A and B stress-strain curves under different retrofitting dimensions

5355 steel resembles the yield stress and strain of the 316L deposit. When utilized as
the substrate, the yield parameters between the composite variations are more consistent
than those from the S235 substrate, since the yield stresses of the two are 63 MPa apart.
The increase in force and displacement at the peak load between each retrofit variant for
models A and B are shown in tables 6.3 and 6.4, respectively.

The numbers in table 6.4 demonstrate that since the S355 variant has a yield strength
closer to that of the 316L deposit, the difference of capacity between each iteration is less
significant for the load capacity values, the max increase being 5.3% from variants 33%
to 50%. Ductility shows greater increase, increasing by a maximum of 14.8% between
the same variants. This shows how the deposit percentage will influence the capacity of
the axial load and the ductility. Since the deposit displays significant ductile behavior,
the influence on the ductility is greater than the influence on the load.

The same applies for model A, however since S235 is significantly weaker than 316L,
the increase between each retrofit variant is greater for both load capacity and ductility.
Between variants 33% and 50%, the load capacity and ductility increase by 12.4% and
24 %, respectively. Thus it can be concluded that the deposit has a greater impact on
model A’s structural response due to the greater mismatch in mechanical properties of
the two materials.

The stress-strain curves are plotted in figure 6.2, with model A on the left and model
B on the right. The ABAQUS simulation results are documented in figure C.3.

% Retrofit U2 (mm) AU2 (%) P (N) AP (%)

0% 10.5 = 26481.9 -

16% 11.5 +9.5%  29366.7 +10.9%
33% 12.5 +8.7%  32530.0 +10.8%
50% 15.5 +24.0%  36575.0 +12.4%

Table 6.3: Displacement at peak load and peak load for S235 with relative differences
between each variant. Represents influence on deposit on results.
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% Retrofit U2 (mm) AU2 (%) P (N) AP (%)

0% 12.5 - 36552.1 -

16% 12.5 +0.0%  37595.2  +2.9%
33% 13.5 +8.0%  38876.6 +3.4%
50% 15.5 +14.8%  40918.8  +5.3%

Table 6.4: Displacement at peak load and peak load for S355 with relative differences
between each variant. Represents influence on deposit on results.

Effect of substrate strength on coupon ductility and strength

Stress-Strain Curve (0% Retrofitting) Stress-Strain Curve (16% Retrofitting)

—— 5235 Substrate Only
—— 5355 Substrate Only

—— 5235 Substrate
—— 5355 Substrate

Stress (MPa)
Stress (MPa)

o o
0.000 0.025 0.050 0075 0.100 0125 0.150 0175 0.200 0.000 0.025 0.050 0075 0.100 0125 0150 0175 0.200
Strain Strain

(a) 0% retrofitting (Substrate only) (b) 16% retrofitting

Stress-Strain Curve (33% Retrofitting) Stress-Strain Curve (50% Retrofitting)

—— 5235 Substrate
—— 5355 Substrate

—— 5235 Substrate
—— 5355 Substrate

o\

Stress (MPa)
Stress (MPa)

0 0
0.000 0.025 0.050 0075 0.100 0125 0.150 0175 0.200 0.000 0.025 0.050 0075 0.100 0125 0150 0175 0.200
Strain Strain

(c) 33% retrofitting (d) 50% retrofitting

Figure 6.3: Comparison of substrates S235 and S355 with 0%, 16%, 33%, and 50% of
retrofitting.

Figure 6.3 compares the stress—strain behaviour of models A and B, grouped by
retrofitting percentage. As discussed previously, model B exhibits a higher tensile ca-
pacity than model A for all variants, however the overall shape of the stress—strain curves
remains similar between the two models at each retrofitting level. This similarity is ex-
pected, as identical damage evolution parameters were assigned to the S235 and S355

substrates, isolating the influence of substrate yield strength on damage initiation and
evolution.
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% Retrofit  AU2 (S355-S235) AP (5355-5235)
0% +19.0% +27.6%
16% +8.7% +21.9%
33% +8.0% +16.3%
50% +0.0% +10.6%

Table 6.5: Relative difference S355 vs. S235 at each retrofit level. Represents influence
of substrate on results.

Despite the identical damage parameters, the 0% retrofitting case shows a 19% in-
crease in ductility when comparing the S355 substrate to 5235, demonstrating that the
higher strength of S355 directly increases its ductility and delays damage initiation, re-
gardless of deposited material.

When combined with the 316L deposit, the ductility between models A and B in-
creases for the 16% and 33% variants. For these coupons, damage initiation is delayed
by up to 1 mm for the S355 substrate, corresponding to ductility increases of 8.6% and
8.0%, respectively, as summarized in Table 6.5. This reduced relative increase occurs be-
cause the contribution of the deposit material begins to govern the deformation response,
reducing the influence of the substrate.

As the percentage of retrofitting increases, the mechanical response of the coupon
gradually becomes less dependent on the substrate material. At the 50% retrofitting
level, the substrate fails first, after which the deposited material governs the fracture
process. This transition is confirmed in Figure C.3 (Appendix C). As a result, damage
initiation occurs at the same displacement value (U2 = 15.5 mm) for both models A and
B, as shown in Figure 6.4b. This explains why the relative ductility difference between
the substrates converges to 0% for the 50% variant.

Retrofit vs P for 5355 and 5235 Retrofit vs U2 for 5355 and 5235

—e— Model A: 5235 substrate . —e— Wadel A 5235 substrate
40000 { —#— Model B: 5355 substrate —— o Madel B 5355 substrate
15
_————_'.//
38000 ——
— 14
36000
= 3000 £
o ~
E
32000
12
30000
28000 11
26000
) 10 0 Y P 50 0 it n 0 0 0

Retrofit (%) Retrofit (%)

(a) Applied external force (P) at which duc-
tile damage initiation occurs for two different
substrate materials, evaluated at four retrofit
percentages.

(b) Model displacement (U2) at which duc-
tile damage initiation occurs for two different
substrate materials, evaluated at four retrofit
percentages.

Figure 6.4: Sensitivity analysis plots for different deposit-to-substrate widths.

Although ductility converges at higher retrofitting levels, differences in axial load ca-
pacity persist. At 0% retrofitting, S355 exhibits a 27.6% higher peak load than S235.
This difference decreases with increasing deposit percentage because the deposited ma-
terial substantially enhances the strength of model A, while providing a comparatively
smaller incremental benefit to model B. Nevertheless, even at 50% retrofitting, model B
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is able to sustain 11.9% more axial load than model A despite identical fracture displace-
ments, showing that the stronger substrate continues to improve load-carrying capacity.

In summary, both substrate strength and deposited material significantly influence
the ductility and damage initiation behaviour of the composite coupon. The heat-treated
316L deposit exhibits high ductility, and increasing deposit volume increases deformation
capacity regardless of substrate type. However, as the cross-section becomes deposit
dominated, the influence of substrate strength on ductility diminishes and eventually
vanishes. In contrast, substrate strength continues to affect axial load capacity even when
fracture displacement is governed by the deposit. These results highlight the distinct and
competing roles of substrate and deposited material in controlling ductility and strength.

Interpretation of results and modelling assumptions

In these coupon simulations, the deposited layer is oriented so that the interface is
parallel to the applied load. As a result, the cross-section of the neck in the coupon is
consistent throughout the entire gauge length. This geometry prevents a weakened cross-
section from forming at the interface between the two materials, in contrast to model C.2
(the retrofitted C(T) case). Consequently, even a large mismatch in tensile strength be-
tween the deposit and substrate does not induce early failure through debonding. There-
fore these results suggest that matching the substrate and deposit material properties
will not prevent debonding at the interface. This interpretation relies on the assumptions
that there is full shear interaction across the interface and that the critical section is not
located within a heat-affected region (HAZ). Although these considerations lie beyond
the scope of the present study, they could limit the applicability of this configuration in
practice.

To conclude, these models show that matching the tensile yield strengths of the deposit
and substrate does not provide any benefits when the deposit is applied parallel to the
interface. It will not prevent debonding from taking place, as it does not create a weak
point in the cross-section. Debonding is still possible if partial shear interaction or HAZ
regions are considered, however those are outside of the scope of this thesis. For this
orientation, increasing the substrate yield strength will simply increase the coupon’s
tensile capacity and fracture strain.

6.1.2 A.2 Upper and Lower Bound Comparison

The substrate material S235 was selected to continue onto the next modeling stage.
The reason for this is due to the S235 material being more commonly used in riveted
steel bridges, as mentioned in the literature [36]. Due to lack of experimental data
and available resources, no bonding properties are available to describe and model the
interaction between the 316L deposit and the S235 substrate. Therefore the same coupons
as before were modeled with full shear interaction and no shear interaction, described as
Upper and Lower bound results, respectively.

As expected, the upper bound results showed yield strengths of approximately 210
MPa, 225 MPa, and 240 MPa for variants 16% to 50%, respectively. The lower bound
results are approximately 150 MPa, 110 MPa, and 90 MPa for variants 16% to 50%,
respectively, displaying a downward trend as the percentage of retrofitting increases.
This is because for the lower bound, the substrate acts alone, assuming that the deposit
fails at the very early stages of loading.
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As the variant percentage increases, the divergence between the upper- and lower-
bound models also increases. The gap grows from approximately 60 MPa at 16% to
roughly 150 MPa at 50%, which corresponds to a percent difference of 33.3%, 68.7%,
and 90.0%, respectively. This increasing gap in performance between the two models
indicates that higher retrofitting levels introduce significantly greater sensitivity to the
modeling assumptions and boundary conditions. This indicates that experimental studies
to define the interface bonding behavior between the two materials becomes incresingly
critical as the retrofit percentage increases. Under ideal deposit conditions and post-heat
treatment, efficient bonding is possible, but the results from experimental tests will likely
fall between the two curves shown in the subfigures in figure 6.5.

Force-Displacement Curve (16% Applied Retrofitting) Force-Displacement Curve (33% Applied Retrofitting)

—— Upper Bound - Full banding
w0 —— Lower Bound - No bonding

—— Upper Bound - Full bonding
00 —— Lower Bound - No bonding

Stress (MPa)
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100 100

000 0.02 004 006 008 010 0.00 002 004 0.06 008
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(a) 16% PD (b) 33% PD

Force-Displacement Curve (50% Applied Retrofitting)
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00 —— Lower Bound - No bonding
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Figure 6.5: 16%, 33%, and 50% PD comparisons.

6.2 Model B: Compact Specimen - Fracture Tough-
ness Results and Interpretation

The K¢ values for both 316L and S235 materials were found from existing experi-
ments in literature [37][25]. These values were used as reference points when interpreting
the K1 outputs from the crack failure model.
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6.2.1 Mesh Sensitivity Analysis

Four meshes were selected for this analysis, each specifying a different number of seeds
along the countour line perimeter.

e Mesh 1: 16 seeds

Mesh 2: 20 seeds
e Mesh 3: 28 seeds
e Mesh 4: 40 seeds

For the finer mesh, additional seeds were added between the contour lines to keep the
mesh square rather than rectangular. The mesh was verified at each iteration to check
the minimum tri mesh angle around the crack. The allowable range was between 20 -
30°. The first two meshes fall within this range.

Due to numerical inadequacies in the stress and strain values at the fracture tip, the
first contour line is neglected from the analysis. It is thus preferable to select a contour
line on the outer edge. For all results, contour line 4 was selected.

Figure 6.6 shows all selected meshes with all contour lines plotted in one figure. All
K1 values converge, confirming the model’s accuracy for the desired results. The first
mesh of 16 seeds is sufficient for the desired results, so it was reselected for the second
model.

Mesh Sensitivity Analysis — All Meshes Combined
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Figure 6.6: Mesh Sensitivity Analysis of Open Model

6.2.2 B.1: Non-retrofitted cracked specimen (Open Notch)

The K;¢ value for S235 steel is 22.5 M Pay/m [37], which converts to 711.5 M Pay/mm
when transforming the units to match the ABAQUS outputs. This value was plotted onto
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figure 6.7 as a horizontal line, with the equivalent displacement value extrapolated onto
the x axis. This extrapolated value was calculated through linear interpolation, since the
slope at that section of the plot is linear. The value at which the fracture toughness of
S235 is exceeded came out as U2 = 0.03 mm. The applied load corresponding to the 0.03
mm point is 5,717 N. This was found by multiplying stiffness value k, shown in Appendix
D.1.1, by 0.03. Since fracture mechanics modeling is typically load-controlled rather than
displacement-controlled, the 5.7 kN load will be selected when comparing the capacity
between the different models.

Mesh Sensitivity Analysis — Last Contour Only (First Mesh)
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Figure 6.7

Regardless of the mismatch between the ABAQUS model and the available equations,
the two were compared in Appendix D.

Comparison to Hand Calculation

For a compact specimen, the following equations can be utilized to calculate the stress
intensity factor under various loads [40].
The main variables in this process are the following:

AP = load range (N),
B = specimen thickness (mm),
W = specimen width (mm),

a = crack length (mm), starting from the point of load application,

a= W (dimensionless), must exceed 0.2 for the equations to apply,

AL = applied displacement (mm),
k = stiffness (N/mm) such that AP = k AL.
The geometry funciton, also denoted as Y1, is the following:

24«

F(a) = m

(6.1)

(0.886 4640 —13.320% — 5.6 a4>, a= %
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The equation for K is a direct function of this:

Which can be rewritten as a displacement controlled equation, where k is the ratio of
the linear force-displacement curve of the model. It was calculated by dividing the force
by the displacement values seen in figure D.2 in Appendix D.

AP=kAL = AK(AL) = gALF(“>. (6.3)

o
>
~
[\
+
S

a a\? a \*
» <0.886 + 464~ 13.32 (W) —5.6 () ) (6.4)

The full hand calculations can be seen in Appendix D. Observing figure 6.8, one
can see that the K1 values start at zero and slowly begin to diverge. When utilizing a
crack length of 3.7 mm, which is the length between the load application and the notch
edge, excluding the precrack length, the hand calculations nearly perfectly align with the
ABAQUS model, as seen in figure 6.9. It is possible that the ABAQUS model excluded
the seam as part of the K1 calculation, and only took the open notch as an input. In
addition, the loading in ABAQUS is only applied at the top in the model, when in reality
it should be placed symmetrically along the horizontal axis of the specimen. As a result,
the top displaces in both the U2 and the Ul directions. The remaining misalignment
between the 3.7 mm hand calculations and the ABAQUS model can thus be attributed
to this imperfection.

If the K¢ value is taken as the threshold for the initiation of fast fracture, preceded
by steady crack propagation, then the original hand calculations (including the precrack
dimension) indicate that the crack exceeds its fracture toughness limit at an applied
displacement of 0.0245 mm. The ABAQUS model reaches it at 0.030 mm, which yields a
22.4 % error. This is not within the allowable error range, thus the ABAQUS modeling
should be further explored to match its behavior to the 4.9 mm crack length. The hand
calculations for the 3.7 mm crack reach that point at deflection 0.0309 mm, yielding a
2.9 % error. This falls in the acceptable error range, but does not accurately represent
the selected coupon geometry.
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Mesh Sensitivity Analysis — Last Contour Only (First Mesh)
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Figure 6.8: Hand Calculated K1 values plotted against ABAQUS K1 values for compar-
ison, with a crack length of 4.9 mm.

Mesh Sensitivity Analysis — Last Contour Only (First Mesh)

2500
= Mesh 1 - Contour line 5
---- Interpolated KIC line
=&~ Hand Calculations
w004 7 Kic = 711.5 MPavmm
---- D_Kic = 0.03098 mm
'é‘ 1500 4
E
-
m
[=9
£
2 1000
1
500 4 H
!
1
[l
!
l} T H T T T
0.00 0.02 0.04 0.0& 0.08 0.10

U2 {mm)

Figure 6.9: Hand Calculated K1 values plotted against ABAQUS K1 values for compar-
ison, with a crack length of 3.7 mm.

6.2.3 B.2: Retrofitted cracked specimen (Closed Notch)

Both cracks from the retrofitted model were plotted for comparison, to determine
which one surpasses its stress intensity threshold first. The same mesh was used as
the previous model, so a mesh sensitivity analysis was not repeated. All contour lines
converged, thus validating the K1 outputs of the model. The plotted results are displayed

in figure 6.10.

o4



Mesh Sensitivity Analysis — Crack Groups 1 & 2
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Figure 6.10: Both cracks of retrofitted specimen with both material K;- values plotted
for comparison

Interpretation

In figure 6.10, both crack 1 and 2 K1 values are plotted for interpretation, along with
their corresponding materials’ K;o values, shown in horizontal lines. From those lines,
the displacement point was extrapolated.

Crack 2 corresponds with the deposit material, and it has a lower K o value. While it
has a higher yield strength, this analysis can only be copmleted with LEFM assumptions,
thus its higher strength does not influence the results.

The K¢ value for the deposit material is 18 M Pa+/m [25], which converts to 569.2
M Pay/mm. The ABAQUS simulation surpasses this value at a displacement of U2 =
0.052 mm. For the substrate material, the K;¢ value is 711.5 M Pa+/mm, as mentioned
previously. This value is surpassed at U2 = 0.071 mm. From this interpretation, one can
conclude that the governing failure mechanism for this model is fast fracture throughout
the retrofit material, since the stress concentration factors have a steeper increase in that
area.

It should be noted that after applying the retrofit material, there is a notable increase
in deflection capacity from 0.030 mm to 0.052 mm, a 73% increase, before the stress
intensity limit of either material is surpassed. The axial load value corresponding to
this point is 59,146 N (found with k from Appendix D.1.1) which is more than 10 times
higher than the non-retrofitted specimen. This 935% increase is attributed to the stiffness
value k of the retrofitted specimen being significantly higher, considering the added cross-
sectional area. The high strength of the deposit likely contributed to this increase as well.

The notch failing first can be attributed to several reasons:

« Both materials are treated as linear elastic, in which case, the 316L has a slightly
lower elastic modulus than the S235 steel. This plays a role because the elastic
modulus is the only material property taken into account, besides K;¢.

o The retrofit material has a lower K;o value, so it is surpassed at an earlier point
than if the two materials had the same fracture toughness threshold.
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o The load is applied above the notch, which is where the cold spray material is used
for the retrofitting. As a result, more load is taken by this area.

When retrofitting elements subject to fatigue loading, it is more effective to apply
retrofit material with high fracture toughness [38], as discussed in the discussion of Chap-
ter 3. This is because a higher K;o value has higher resistance to crack propagation.
Observing the results in figure 6.10, even if both materials had a fracture toughness of
22.5 M Pa+/m, the deposit material would still fail first, since its stress intensity factor
values are higher. Therefore in this case, the deposit would have to have a K;¢ value of at
least 780 M Pa/mm, or 24.7 M Pa~/m, for the substrate to fail first. This failure would
occur at a load of approximately 80 kN, which increases the element’s load capacity by
an additional 36%.

6.3 Model C: Compact Specimen - Ductile Failure
Results and Interpretation
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Figure 6.11: Two ductile failure mechanisms observed through different mesh distribu-
tions

During the sensitivity analysis, two ductile failure mechanisms were observed, as
demonstrated in figure 6.11. The first one, in figure 6.11a, depicts the ductile failure
at the interface between the deposit and substrate. The second one in figure 6.11b shows
ductile failure around the top bolt, where the displacement is applied.

The only difference between the two models is the mesh distribution. The mesh
around the notch and interface is 0.2 mm for both, however in figure 6.11a, a coarser
mesh of 0.5 mm was applied in all other areas. For figure 6.11b, a 0.2 mm mesh was
applied throughout the entire model.

This means that during experimentation, if perfect bonding is achieved between the
cold spray and the substrate, the compact specimen may fail at the top bolt where the
displacement is applied. This can be explained by the fact that the material in that area
is weakest, as S235 has significantly weaker mechanical properties than the 316L steel,
which is located along the same x coordinate of the applied load. The purpose of a C(T)
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specimen is to fail at the center of the element where the notch is. To achieve this, the
capacity of the steel around the load-application bolts should be increased. This can be
done by adding steel height and width around the bolt, thus making the specimen larger.
A parametric study should be completed to design the new C(T) specimen dimensions
to shift the weakest point of the specimen back to the notch, thus fulfilling the intended
failure location of this specimen. This is necessary for the experimental simulations, since
mesh refinement is not possible.

This is also structurally relevant in the real-life application of CSAM on bolted con-
nections. Refilling fatigue cracks with 316L deposit will likely shift the weakest cross
section to a different area of the connection, especially if a perfect bond is achieved. This
means that the governing failure of the connection after retrofitting may occur at a nearby
bolt, similar to the ABAQUS simulation in figure 6.11b. Upon CSAM application to an
existing connection, the connection may need additional retrofitting at all potentially
critical areas to prevent other failure modes from governing.

It should be noted that the chances of a perfect bond between the deposit and sub-
strate are highly unlikely. While the modeling assumes perfect bond due to limited
experimental data, debonding between the substrate and deposit is the expected failure
mechanism during testing. It is therefore acceptable to proceed with the model in fig-
ure 6.11a, which applies a finer mesh only at the expected critical location to represent
debonding at the interface.

6.3.1 Sensitivity Analysis - Variable Selection
Mesh Sensitivity Analysis

Four different mesh sizes were applied and ran at a time duration of 3 seconds. All
results converged, except for after the damage initiation point, since the deflection at
failure changes based on the mesh size, thus the damage criteria adjusts with the mesh.
Since the results prior to the peak load converged, it was concluded that all selected
meshes are appropriate for the simulation. In figure 6.12a, it is observed that a coarser
mesh allows for a delayed damage initiation point, which is desirable for the final results
of this thesis. While 0.3 mm is the highest mesh in the analysis, a mesh of 0.2 mm was
selected. This is because the interface for the coarser model only reached partial failure
in the desired time increment, which was determined by a time sensitivity analysis as
seen in figure 6.12b.

Time Sensitivity Analysis

A time sensitivity analysis was ran with 8 different time durations. A mesh of 0.2
mm was selected, with an applied deflection of 1 mm. Past the time of 1.25 seconds, the
results lost significant accuracy. Any time less than 1 seconds was not sufficient to exceed
the ductile failure point of the element. The 1.25 seconds time duration was selected for
the final model. The plotted outputs of this sensitivity analysis can be seen in figure
6.12b.
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Selected Variables

The model was run with the 0.2 mm mesh for a 1.25 second duration. All simula-
tion steps steps with their corresponding deflections and axial loads for all three model
iterations are displayed in table 6.6.

Step D [mm] P (Non-retrofitted) [N] P (Retrofitted) [N] P (Undamaged) [N]

0 0 0 0 0

1 0.0375 601.521 1910.02 1909.52
2 0.1 1000.51 2222.78 2204.60
3 0.1625 1120.40 2402.34 2381.90
4 0.225 1159.65 2540.04 2516.15
5 0.2875 1180.36 2654.86 2626.95
6 0.350 1160.41 2752.26 2723.05
7 0.4125 1124.25 2830.60 2806.10
8 0.475 1082.00 2826.30 2874.47
9 0.5375 1036.34 2554.43 2928.27
10 0.600 986.343 2296.54 2972.61
11 0.6625 930.514 2000.36 2920.74
12 0.725 873.104 1473.60 2508.43
13 0.7875 814.682 1354.47 2067.15
14 0.85 756.303 1294.74 1830.74
15 0.9125 700.814 1178.54 1704.66
16 0.975 629.383 1096.53 1443.10
17 0.975 644.526 1106.99 1446.91
18 0.975 645.152 1111.07 1445.41
19 0.975 638.368 1108.93 1443.95
20 0.975 650.793 1110.30 1442.55

Table 6.6: Force-displacement data for all simulation steps for all three C(T) model
variations
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6.3.2 C.1: Non-Retrofitted Cracked Specimen (Open Notch)

; Step20

Figure 6.13: Significant steps throughout the ABAQUS simulation of the original compact
specimen.

For the open-notch model, the same mesh and time durations were set as for the
retrofitted model, which is seen in the next section. A sensitivity analysis was run for
both variables. The force-displacement curve of the specimen is seen in figure 6.14.

Force-Displacement curve of non-retrofitted ductile damage models
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Figure 6.14: Force-displacement curve of the non-retrofitted compact specimen.

This model sustains approximately 1200 N of tensile load before damage initiation
occurs in the material surrounding the crack. At step 6, which is denoted by the 7th dot
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in plot 6.14 (considering the step count begins at 0), damage initiation and thus element
deletion begins in the ABAQUS model. This point signifies the start of tension-induced
cracking and material softening. The load capacity steadily decreases as the damage
factor increases from 0 towards 1. Ultimately the damage comes to an end partway
between the crack end and the specimen edge, as only 1 mm of deflection was applied.
At the 1 mm point, the capacity of the specimen has dropped to 650 N, from a max

capacity of 1180 N. All the mentioned steps are documented in figure 6.13.
This model serves as a basis of comparison for the retrofitted model, to observe the

capacity of the specimen prior and post retrofitting.

6.3.3 C.2: Retrofitted cracked specimen (Closed Notch)

The selected time duration for the analysis is 1.25 seconds, with a mesh size of 0.2
mm. Both of these values were selected by running a sensitivity analysis for each variable,
as seen in figures 6.12b and 6.12a. The final force displacement curve is seen in Figure

6.15.

Force-Displacement curve of ductile damage models
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Figure 6.15: Force-displacement curve of the retrofitted compact specimen.

The retrofitted model reaches 2830 N as its ultimate tensile capacity. Damage initia-
tion and material softening begins somewhere between steps 8 and 9, which are denoted
by the 9th and 10th dots, respectively, on figure 6.15. At these points, much of the
substrate area surrounding the notch has exceeded its maximum load capacity, and the
S235 steel begins to fail at the interface. The damage criterion significantly drops as the
horizontal area around the notch fails and slows down as the damage around the angled
interface begins and extends onto the rest of the specimen. The same steps are shown in
figure 6.16, where the regions exceeding the S235 UTS value are marked in gray.
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Figure 6.16: Significant steps throughout the ABAQUS simulation of the retrofitted
compact specimen.

6.3.4 Discussion

Comparing non-retrofitted and retrofitted compact specimen models

Force-Displacement curve of ductile damage models
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Figure 6.17: Force-displacement curves of both retrofitted and non-retrofitted specimen,
annotated with important steps from the simulation
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Figure 6.18: Retrofitted and non-retrofitted specimen (respectively) at the final step of
the simulation (U2 = 1 mm).

The retrofitted model exhibits a substantially higher tensile capacity, reaching a peak
load of 2830 N compared to 1180 N for the non-retrofitted model. Its capacity at the end
of the simulation is also higher, at 1110 N versus 650 N.

The damage initiation for each model begins at different points of the simulation. The
open model loses some cross-sectional capacity due to its reduced cross-sectional area, as
the notch remains open and the crack is free to open further. The retrofitted model not
only has a stronger material, the 316L, as part of its cross-section, but the filled notch
provides additional cross-sectional area to resist the tensile load that is induced by the
displacement. As a result, the element has a higher stiffness, denoted by the steeper slope
of the force-displacement curve in the elastic region. The stiffness values were calculated
with the following process, where the gauge length is taken as the distance between the
two reference points (where the boundary conditions are applied):

Gauge Length : L = 14.4mm
And the areas exclude the fatigue precrack length from the cross-section:
Appen = 9.6 - (15.5 — 1.2) = 137.28mm*  Agosea = 9.6 - (21.57 — 1.2) = 195.5mm?

To calculate the equivalent elastic modulus of the specimen, the force-displacement
curves need to be converted to stress-strain curves. They can be converted through the
following;:

g
g=— e=— E=°

A L €

Looking at the points in the elastic region, the newly obtained values can be inserted in
the axial stiffness equation seen below:

_AE
L

The initial stiffness of the open model is 16,040 N/mm, while for the closed its 50,933
N/mm, over three times the magnitude.

The damage evolution of each model occurs at different rates: the non-retrofitted
specimen reaches and then exceeds its maximum load capacity at around 0.3 mm, after
which its capacity gradually decreases until the end of the simulation. In contrast, the
retrofitted model shows a more pronounced damage response, with a noticeably steeper

k
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post-damage-evolution softening slope. The steep slope occurs during the debonding
phase between the deposit and substrate, specifically the horizontal section. Since the
deposit material offers substantially higher tensile strength than the substrate, this ex-
plains why significant capacity is lost during the debonding process. Once the top has
fully debonded at step 13, visualized in figure 6.16, the damage evolution proceeds at
a gentler slope. Once the ductile damage extends to the S235 steel past the crack, the
capacity values begin to match, although for the closed-notch specimen this occurs at
step 15, whereas the open-noth at step 6. The capacity values of these two points are
1178 N and 1160 N, respectively. The difference in the final capacity can be explained
by figure 6.18, which shows the overall damage at the last step of the simulation. There
is less cross-sectional area remaining for the non-retrofitted specimen, thus justifying its
reduced capacity. All steps mentioned in these observations are annotated in figure 6.17.

To act as a reference point, a simulation was run without any cracking or retrofitting
present to act as a representation of the original undamaged specimen. This way, the
retrofitted specimen could be compared to its ideal scenario, and evaluate the limitations
of the debonding. Studying this additional plot, seen in figure 6.19, one can observe that
because of the filled notch, the yield strength between the original and the retrofitted
material are similar. The early stages of the plastic behavior have a slightly higher tensile
capacity for the retrofitted model, reaching a capacity of 2830 N as opposed to the 2806 N
of the undamaged model. This 0.8% increase is due to the higher-strength material used
to seal the crack. The main difference between the two is the damage initiation point.
The undamaged model reaches a maximum load of 2972 N, at a displacement of 0.6 mm,
before damage initiation occurs (step 11). When compared to the damage initiation point
of the retrofitted model, which occurs at displacement 0.4125 mm with a load capacity
of 2830 N (step 7), this shows a 5% improvement in load capacity and a 45% increase
in fracture initiation displacement when using a deposit that is the same strength as the
substrate. Since the deposit orientation is perpendicular to the load and there is a high
mismatch of tensile strength between the two materials, the interface becomes the critical
section of the retrofitted C(T) specimen, thus debonding occurs at an earlier stage. When
the same material is applied to seal the notch, a uniform cross-section is built across the
specimen, thus preventing the interface from governing. This applies only is full bonding
and full shear interaction are achieved.

It should be noted that since the undamaged model does not fail at the interface,
it fails at the next weakest cross-section, which is at the top or bottom bolts of the
specimen, where the boundary conditions are applied, as seen in figure 6.20. As discussed
previously, this is not the intended failure location for this specimen, so the height and
width dimensions surrounding this bolt should be redesigned to localize the failure at
the notch. This way, the two model variations (retrofitted and undamaged) can be more
accurately compared. Regardless of this, the current comparison shows the limitations
that come with the retrofitted model.
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Figure 6.20: ABAQUS simulation of the same specimen geometries as the compact spec-
imen, without any cracking present.
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Figure 6.19: Force-displacement curves of both retrofitted and non-retrofitted specimen,
plotted against the undamaged specimen.

In short, most of the capacity is restored when the crack is filled, as the cross-sectional
area and thus specimen stiffness are restored, regardless of the material. Since the cold
spray material is significantly stronger than the substrate, the internal stresses are not
distributed uniformly, and the weakest cross-section shifts to the interface. In this case,
the S235 steel at the interface fails first, inducing preliminary damage evolution in the
specimen. Unlike the A.1 model study, the mismatch of yield strength between the two
materials weakens the structural behavior of the element.

For the retrofitted model, the bonding between the deposit and substrate is modeled
as full shear interaction due to research limitations. In experimental cases, it is expected
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that the debonding will occur at an earlier deflection point, thus lowering the overall
tensile capacity more than what is shown in figure 6.19.

Tying K1 and Force-Displacement results together

While the results from the ductile-failure models are quite intuitive, the results from
the previous model exploring crack failure should also be taken into consideration.

The two cannot be directly compared, since one is a linear model, and the other is
a non-linear. A direct comparison between the two is not entirely reliable due to the
different analyses, however an assumption can be made about the governing type of
failure of each model by comparing their axial load capacities.

Looking at the non-retrofitted model in figure 6.17, damage evolution of the specimen
begins at a load of 1.2 kN, which represents its max tensile capacity. The plots and
interpretation from the fast-fracture study showed that fast fracture occurs at 5.7 kN,
which is never reached throughout the non-linear model simulation. Based on these
results, ductile damage governs.

As for the retrofitted notch, it is able to reach 2.8 kN of tensile load before ductile
damage initiation. Fast fracture is reached at 59 kN, which is significantly higher than
the peak load of this simulation. As a result, interface debonding due to ductile damage
governs for the retrofitted model as well.

It should be noted that the steel will yield before the fracture toughness is exceeded
for both models. This may affect the crack propagation and ultimately the fast fracture
behavior. The exact behavior is uncertain based on the available data.

It is possible to run a nonlinear model to evaluate the energy release rate, represented
by J-integrals, of each crack. Due to time limitations, this analysis was not run for
comparison.
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Chapter 7

Life Cycle Analysis

As environmental risks increase, and awareness of the environment grows, both the
manufacturing and consuming of products must be studied to better understand their
impact on the worsening state of the environment. One of the techniques commonly used
for this assessment is the Life cycle assessment (LCA) [46].

7.1 Goal and Scope

7.1.1 Goal

The goal of this LCA is to compare the greenhouse gas footprint of recycling steel
versus retrofitting steel to see whether this retrofitting process is actually beneficial envi-
ronmentally speaking, or if there are hidden CO, emissions that are not obvious at first
glance. If there is a chance that recycling is more environmentally beneficial, then more
research may be needed for cold spray additive manufacturing applications to meet the
current Dutch carbon emission goals, since the main purpose of retrofitting as compared
to recycling is to further reduce the carbon footprint of steel usage. Finally, both shall be
compared to newly fabricated steel, which acts as a baseline of carbon emissions typically
produced from steel use.

For this LCA, a cradle to cradle approach is selected. This approach assesses a
product’s lifecycle where the aim is to keep it in circulation, whether this is through
recycling, remanufacturing, or retrofitting [47], thus disregarding the disposal stage. This
way, all the possible life cycles per element can be taken into consideration and used to
determine each element’s overall footprint. This is because a cradle-to-cradle product may
end up showing an increased burden, so it is important to assess conclusions depending
on the overall number of cycles [48].

These results are intended for steel manufacturing companies and direct stakeholders
for new steel construction projects. A flowchart showcasing the applicable life cycle stages
is shown in Figure 7.1. The use stage was excluded from the analysis due to lack of data.
It was also considered less critical than the production and dismantling stages, which more
clearly distinguish between the three selected elements. The selected impact category is
total GWP emissions, including fossil fuels, biogenic, and luluc (when provided), and all
data is representative of current Dutch construction practices.
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Figure 7.1: LCA Applicable Stages Flowchart

7.1.2 Scope

Considering the fatigue cracking patterns and locations as seen in existing case studies
[15], a connection resembling the bolt-layout as seen in figure 2.2 was selected for this
LCA. This is because it represents a stringer-to-floor-beam connection, one of the most
common areas for fatigue cracking in steel bridges. As seen in the image, a fatigue crack
may form along the length of the plate connecting the two beams. Thus fatigue cracking
along the connection plate was selected as the failure mechanism for which the cold-spray
will be applied to in this LCA. When replaced or retrofitted, the rivets will have to be
removed and replaced, so the entire connection material will be considered in the final
global warming potential calculations. This study focuses on S235 structural steel and
explores three scenarios, each representing different EOL pathways:

o Scenario A - recycled S235 steel plate and rivets produced primarily from secondary
steel scrap

e Scenario B - retrofitted S235 steel plate repaired with a 316L stainless steel cold
spray deposit, extending its functional lifespan, with new rivets

e Scenario C - newly fabricated S235 steel plate and rivets, serving as the baseline
for comparison

The functional unit of this study is the floor beam, the main girder that transfers the
vehicle loads to the bridge supports. If the connection at this beam fails, so does the
bridge structure. The function is for the second life cycle of this girder (thus bridge) to
last another 100 years. Only one connection will be included per girder in this analysis,
as there are higher chances of failure on one side than both sides.

The lifespan for each scenario is stated as the following:

e Scenario A - 100 years
e Scenario B - 10 years

e Scenario C - 100 years
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The newly fabricated elements are expected to have a service life of 100 years for
bridge elements. Recycled elements are expected to match this service life. Due to lack
of data, it is unknown how long the additional lifespan of a girder is after retrofitting its
connection through CSAM. For this analysis, 10 years was assumed. It is also assumed
for scenario B that perfect bond and full shear interaction happens between the deposit
and substrate, and that localized heat-treatment is possible to allow material ductility.

The level of intervention required also changes depending on the scenario. Rather
than including the full embedded carbon of the bridge structure, each scenario accounted
for its corresponding level of intervention required for connection repair:

» Scenario A: Replacement of the existing connection plate requires full disassembly of
the connection. Temporary structural supports are assumed to be installed locally
on each beam supported by the connection to ensure load transfer during removal
and installation of the recycled plate is possible. This intervention results in short-
term disruption of the bridge operation during disassembly and reconstruction, but
does not require removal or replacement of the main girder.

e Scenario B: Retrofitting is assumed to be performed in situ without disassembly of
the main girder. Depending on the geometry of the crack, the rivets may require
removal for full access. In this case, temporary supports are required locally to
provide support to the beams. No removal of large existing structural components
is required. Under this scenario, the bridge functionality will be disrupted for the
duration of the CSAM application and rivet placement. Since no major structural
elements need to be removed, the duration of this is reduced.

e Scenario C: The replacement of the connection plate with a newly fabricated element
follows the same intervention strategy as Scenario A, including local disassembly,
temporary support installation, and short-term bridge disruption, while retaining
the existing main girder.

The carbon emissions required to fix the bridge at each scenario vary due to the
different EoL processes. When considering the functional unit into the LCA, which is the
main girder’s lifespan lasting an additional 100 years, the GWP for each scenario must
be adjusted according to its corresponding lifespan extension. This is completed in the
interpretation section.

7.2 Application to Life Cycle Stages of each Product

The life cycle stages were taken according to the NEN EN 15978 - 2011 [49].

A1-A3: Product stage

Scenario A represents an element manufactured from primarily recycled steel scrap,
combined with a limited amount of virgin iron ore. The recycling process includes [50]

[51]:
 Collecting and transporting end-of-life (EoL) steel scraps to the manufacturer
o Melting the steel scraps with the new virgin material in electric arc furnaces

« Casting, shaping, and rolling into new structural sections
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The environmental data, such as CO, emissions and energy use, will be extracted from
EPDs or the Dutch National Environmental Database (NMD), referenced for secondary
steel production.

Scenario B represents a damaged EOL steel element that has been repaired with
CSAM, thus extending its lifespan. The CSAM production process includes [52]:

o Extracting and producing the 316L stainless steel powder into the appropriate grain
size and shape via gas atomization

o Transporting the powder from the manufacturer to the site location

o In-situ repair preparation, such as preheating, surface preparation, and optimized
parameter selection to ensure efficient deposit

o Heat treatment of the deposited material

The environmental data will be collected from literature, consulting experts, and any
available EPDs for 316L stainless steel.

Scenario C represents a scenario where an EOL steel plate is fully replaced with a
newly fabricated steel plate. The process consists of [50] [51]:

o Collecting and transporting virgin iron ore, coal, and other raw materials
« Utilizing a blast furnace to prepare the raw materials

« Steelmaking through a basic oxygen furnace or electric arc furnace

» Casting and hot rolling of the final steel profiles

» Painting and coating for finishing touches

This environmental data will be collected from primary steel production EPDs.

A4-A5: Construction process

Scenario A requires transport from the fabrication center to the construction site,
using truck, water, air, or rail. Fuel emissions are calculated based on distance, weight,
and vehicle type. The construction and installation processes include bolting or welding
depending on the type of connections. The structure will either need to be entirely
disassembled and have the critical failure elements replaced with recycled materials, or if
partial disassembly is possible, then only the critical elements will be removed.

Scenario B does not require transport of the final fabricated item to the site. How-
ever, the CSAM and heat-treatment equipment must be transported. Fuel emissions are
calculated based on distance, weight, and vehicle type. On-site energy use is covered in
A1-A3, though minor assembly operations or accessibility equipment may be necessary to
access the damages in the connection. Depending on the cracking geometry and location,
it is possible to retrofit the bridge structure without any disassembly.

Scenario C requires transport of newly fabricated steel to the site, similar to Scenario
A. The construction and installation process is the same as for Scenario A.
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B1-B7: Use stage

Scenario A is expected to require minimal maintenance for coated steel elements.
Some maintenance may be necessary depending on environmental exposure.

Scenario B is expected to have corrosion-resistant properties due to the stainless
steel deposit; however, the substrate material may still be prone to corrosion. Some
maintenance may be required.

Scenario C follows standard maintenance procedures, including periodic inspection,
painting, and corrosion monitoring.

C1-C4: End of life

Scenario A is recycled into secondary steel, displacing primary steel production. En-
ergy and emissions associated with dismantling, transport, and re-melting are included. If
full-bridge disassembly is required, the rivets from all connections will also need replacing,
as they are one-use.

Scenario B may be recycled; however, the deposited 316L layer may affect recycla-
bility, requiring separation or resulting in alloying changes. Minor material losses may
occur during dismantling. Little to no additional waste will take place from disassembling
other bridge elements.

Scenario C is discarded without recycling or retrofitting.

D: Benefits

Scenario A can be recycled again, thus adding another life cycle. More secondary
steel is added to the production, thus reducing the need for primary steel in future
projects.

Scenario B extends the life span of the original element and avoids the added man-
ufacturing emissions from the recycling process. This element can also be recycled even-
tually, however the stainless steel parts will have to be removed, which may introduce
other complexities in the future.

Scenario C the plate is not recycled or retrofitted. It can be recycled, in which case
the same procedure and standards as the first element apply.

7.3 LCI (inventory analysis)

All EPD data is in accordance with the ISO 14025:2006 and EN 15804:2012+A2:2019/AC:2021.
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LCI Item Result (kg CO-)

S235 Steel production (A)

Production emissions (A1-A3) 898

Transport to site (A4) 220
End-of-life processing (C)

Demolition/Deconstruction (C1) 1.12

Transport (C2) 9.68

Waste processing (C3) 26.7

Disposal (C4) 0.964
Recycling credit (D)

Avoided production -549

Values from page 13 of EPD [53]: GWP-fossil = Global Warming Potential (Total) with a DU = 1000 kg.

Table 7.1: LCI summary for S235 steel, including recycling option.

LCI Item Result (kg COy)
Architectural Powder production (A) [54]
Raw Material (A1) 3.679
Transport to manufacturer (A2) 0.701
Manufacturing (A3) -0.022
Transport to site (A4) 0.178
316L stainless steel profile production (A)[55]
Production emissions (A1-A3) 4.45
Transport to site (A4) 0.031
End-of-life processing (C [55]
Demolition/Deconstruction (C1) 0.00061
Transport (C2) 0.0073
Waste processing (C3) 0
Disposal (C4) 0.0717
Recycling credit (D) [55]
Avoided production -3.01

Values combined from two EPDs [55] [54]: Global Warming Potential (Total), both with a DU = 1 kg.

Table 7.2: LCI summary for 316L powder.

For table 7.2, no EPD documents are published in the database regarding cold spray
additive manufacturing, so data from stainless steel profiles was taken instead [55], com-
bined with architectural powder processing data. Life cycle stage A was ignored for the
base steel, since it is considered to already exist on site, and is simply being retrofitted.
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7.4 LCIA (Impact assessment)

7.4.1 Element Dimensions

The following parameters are selected based on an old riveted railway bridge in Sweden
[14]:

o Plate size: L75 x 100 x 9 mm, with a length of approximately 800 mm
o Rivet diameter: ¢23 & ¢22

+ Rivet spacing: 140 mm (5 & 6 total, respectively)

e Floor Beam: L 120 x 80 x 13

The connection design is shown in figure 7.2.
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Figure 7.2: Stringer to floor connection, taken from the riveted railway bridge in Vin-
deldlven, Sweden

Connection

Based on the dimensions, the volume of each element is calculated. The calculations
start with the rivet of ¢23 diameter:

Aoz, = mr? = m11.5%> = 415.476mm*> Vg piver = n-Agg - L = 5:415.476-25 = 51934.5 mm?
Rivet, ¢22 diameter:
Aoy, = mr® = 1117 = 380.13mm>  Vag iver = 1+ Agg - L = 6-380.13-25 = 57019.9 mm?

Where the rivet length is approximated as 25 mm to account for the plate and web
thicknesses, and n represents the number of rivets per side.

Next, the expected volume for the steel plates is the following, subtracting the volume
where the rivets are present:

Vo = (((75 + 100) - 800) — (380.13 + 415.476)) - 9 = 1252840 mm?
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For riveted connections, equation 7.1 can be used as an estimate for the smallest
detectable crack length in millimeters, where d is the diameter of the rivet [18]:

d

This equation can be used as a minimum crack length for visual inspections. It is assumed
that cracks below this length are likely to be missed during visual inspection [18]. The
minimum crack length that will be used for this LCA is therefore:

23
ag = ?—1—5: 16.5mm

This value falls within the observed fatigue-crack lengths of 10-20 mm of the Vin-
deldlven bridge in Sweden [14]. When applying cold spray additive manufacturing, it is
necessary to widen the crack to allow for the deposition particles to fill the entire plate
through-thickness. A width of 5 mm was selected to allow for ample space. Assuming
that one longitudinal crack forms along the plate, this means the volume of retrofitting
material that is required to fill it is:

Verack = 9+ 16.5 - 5 = 742.5mm’®
Girders
Floor beam: L 120 x 80 x 13 (length = 6000 mm)
Afioor = (120 + (80 — 13)) - 13 = 2431 mm*  Vjyper = 2431 - 6000 = 14586000 mm?
The lengths are taken from bridge diagrams shown in the case study [14].

Element Weight Calculations

The density of both the 316L and S235 materials is 7.98¢ %kg/mm? [25]. Taking this
into consideration, the weights in kilograms of each element are summarized in table 7.3.

Element Volume (mm?®) Weight (kg)
Rivets ¢23 (5 pcs) 51,934.5 0.414
Rivets 022 (6 pes) 57,019.9 0.455
Steel plate 1,252,840 9.99
Crack repair volume (CSAM) 742.5 0.006
Floor beam 14586000 116.40

Table 7.3: Summary of calculated volumes and corresponding weights for selected ele-
ments.

7.4.2 Global Warming Potential Calculations
Total embedded carbon

The fatigue cracking damage will occur at the connection between the stringer and
floor beams of the bridge, specifically at the plate of the connection. This affects the
entire bridge structure’s structural stability. Due to the bridge’s structural layout, the
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main girder, the floor beam, will be included in the GWP calculations of the connection
failure, as it is directly impacted by the stability of the connection, and its failure would
mean the failure of the bridge structure. By retrofitting or replacing only the connection
plate, the main girder can be saved. As a result, the embedded carbon of the connection
is in truth much higher than the GWP value from retrofitting or replacing the connection
material itself.

Scenario A & C

The total Global Warming Potential (GWP) for a typical L75x100x9 carbon steel
section is calculated as the following, where the LCI values from table 7.1 for stage A
and C are added together:

0.414 + 0.455 + 9.99

GWPe = (989 + 220 + 1.12 + 9.68 + 26.7 + 0.964) - 1000

GWP¢ = 12.68 kg CO,

This value is the GWP value per newly fabricated steel connection, including the plate
and all rivets. While the manufacturing process between steel sections and rivet bolts is
different, data for steel sections was used for both due to data availability. Due to the
new material, the life expectancy of the connection and thus main girder is 100 years. For
the recycled connection, the recycling credit seen in stage D from table 7.1 is subtracted
from the total:

10.86
Py =1268 —549- —— =6.72 k
GWPy 68 — 549 1000 6.72 kg CO,

In this calculation, 10.86 kg is the sum of all the S235 elements’ weights (rivets and plate).
It is used to scale down the recycling credit GWP to match that of a single connection.

Scenario B

For the powder, there was no 316L powder information available, so data was com-
bined from stainless steel profiles and architectural durable powder used for coatings
[55][54] to serve as an approximation. Only the powder production EPD was utilized for
stage A, and the stainless steel EPD for stage C.

Since the base material is being retrofitted, the production life cycle (stage A) for the
steel plate and rivets is neglected from the total GWP value. Instead, stage A of the
stainless steel and powder production is taken into account, and multiplied by the weight
of the required CSAM volume to fill the approximated cracks.

Since the DU for this LCI is 1 kg, the weight of the CSAM does not need to be scaled
down by a factor of 1000. In this calculation, the LCI stainless steel and coating powder
values from table 7.2 were summed and multiplied by the weight of the retrofit material
required to fill the crack. More specifically, the manufacturing and construction values
(stage A) for the architectural powder were added to the stage A and C values of the
stainless steel profiles. This was done because this was the only available data relevant to
316L stainless steel powder. Since for this thesis” CSAM process 316L steel needs to be
extracted, the 4.45 kg CO, seen in stage A1-A3 is justified as a conservative value (since
it also includes molding the material into cross-section profiles). The powder’s stage A
is broken down into more detail. Since raw material extraction and transportation is
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already considered in the 4.45 kg CO,, only the A3 value, —0.022 kg CO, is relevant, as
that is the part where the material is transformed into powder. Therefore only that value
is considered in the summation of CO, emissions for CSAM. As for stage C, only data for
the stainless steel profiles is available, thus it was used by default. The recycling credit
was neglected, because for the final element to be recycled, the retrofitted connections
will likely be sent to the landfill at their end of life. These numbers are then scaled by
the expected weight of the CSAM material, which leads to:

GWPg csam = 0.006 - (—0.022 + 4.45 + 0.031 4 0.00061 + 0.0073 + 0.0717)

GWPB,CSAM =0.02723 kg COQ

New bolts are required for this connection, which adds an additional GWP of 1.084 kg CO,

onto the final sum for scenario B. This value is found from this calculation, which utilizes
the GWP values from table 7.1 for new steel, but only for the weight needed for the bolts:

0.414 + 0.455

GWPrivers = (989 +220 + 112+ 9.68 4 26.7 + 0.964) - ——

GWPrivets - 1084 kg CO2
The GWP value for scenario B is thus:

GWPg = 0.0273 4 1.084 kg CO,

GWPg = 1.11 kg CO,

Therefore, the final GWP values for each scenario are summarized below.

Element GWP (kg COqe)

Scenario A 6.72
Scenario B 1.11
Scenario C 12.68

Table 7.4: Summary of Global Warming Potential (GWP) for selected elements.

7.5 Interpretation

7.5.1 Lifetime Extension

The lifetime extension of each scenario must be taken into consideration in this anal-
ysis.

Scenario A

Replacing the damaged connection with a new connection consisting of recycled steel
will extend the main girder’s lifespan by 100 years, given the fact that the girder itself
has not undergone critical damage that will jeopardize its performance, such as plastic
yielding, cracking, or extreme corrosion. This way, the bridge will be able to carry out
an entire second life cycle with a GWP of 6.72 kg CO,.
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Scenario B

For the retrofitted scenario, the existing connection is scanned for fatigue cracks,
where they are expanded and refilled with 316L deposit material. According to the
assumptions stated in the scope, this will extend the connection’s service life by 10 years
before maintenance is required. Assuming that maintenance consists of reopening and
refilling the same crack due to material degradation or debonding, the same process and
amount of CSAM is applied at each maintenance stage. To reach the service life of
100 years, 10 maintenance checks are required. If the bolts need to be replaced each
time, since rivets are not reusable, then the scenario B GWP of 1.11 kg CO, must be
multiplied by 10. The final GWP for scenario B during a 100 year life cycle is therefore
11.11 kg CO,.

The final GWP emissions for scenario B to satisfy a 100 year lifespan is higher than
that for scenario A. This is primarily because of the use of rivets, which cannot be reused
after removal. It is recommended to use a different type of bolt for scenario B, one that
can be reassembled and reused after taking it apart. This would reduce the GWP of
scenario B to the following:

GWPg = (0.0273) - 10 + 1.084 kg CO,

GWPg = 1.357 kg CO,

This is because only the initial CSAM application requires new bolts (the same GWP
as for the rivets was added due to the unknown geometry of the alternative bolts for
simplicity), and only the CSAM GWP contributes for each maintenance application.

Scenario C

The same life expectancy is met as for scenario A, only with a GWP of 12.68 kg CO,.

SUmmary

To summarize, the final values of GWP for each scenario according to the functional
unit of extending the main girder’s lifespan by 100 years are the following:

Element GWP (kg COqe)
Scenario A 6.72
Scenario B (rivets) 11.11
Scenario B (reusable bolts) 1.35
Scenario C 12.68

Table 7.5: Summary of Global Warming Potential (GWP) for selected elements.

To conclude, based on the assumptions of this analysis, if the use of rivets is necessary,
the recycling scenario yields the least carbon emissions at 6.72 kg CO,. If alternative bolts
can be used instead that allow for disassembly and reassembly, then scenario B is the
most environmentally efficient, yielding a GWP of 1.35 kg CO,. Between the two, it is
the most environmentally efficient solution to proceed with scenario B and use reusable
bolts in the second life cycle of the main girder.
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7.5.2 Total Embedded GWP Emissions

Since the connection impacts the entire girder’s life expectancy, its embedded carbon
if it fails is higher than what is listed in table 7.5. The GWP required for a new floor
girder of the dimensions in the selected case study is:

14586000

GWPgirder = (989 + 220 + 1.12 + 9.68 + 26.7 + 0.964) - 1000

GWPgirger = 18195509.9 kg CO,.

Failure of the connection would result in significant carbon emissions due to the girder’s
reliance on it. Selecting scenario B to retrofit the connection has significantly lower
emissions depending on the bolt-type used, specifically 6 times lower emissions than
the recycling scenario, however the life extension is not confirmed and the structural
stability depends on multiple assumptions. Using this scenario poses a failure risk to
the connection due to the uncertainties in the results, which would be significantly more
disruptive in terms of environmental emissions as compared to scenario A. It is not
recommended scenario B is used until experimental tests are conducted, and its structural
reliability is confirmed.

In addition to the structural performance assumptions, there are several assumptions
regarding scenario B’s LCI. For instance, transportation and access to cold-spray equip-
ment, the extracting and processing of the exact steel material into a powder, obtaining
the specified gas type, pressure, and temperature, the prepping of the substrate material
for deposit to take place, and post-deposition heat treatment all contribute to the GWP
of the CSAM process. Unfortunately, no available data exists as of now that follows this
exact process. Therefore the actual GWP of the cold spray application will increase once
more research is conducted. It is possible that for scenario B with rivets, the GWP will
exceed that of scenario C, or that the scenario B with reusable bolts will more closely
resemble the GWP value of scenario A. Until this research is conducted and data is
gathered, the final results are not available.

Until these assumptions are confirmed or disputed, it is best to proceed with scenario
A, and using recycled material to replace the entire connection. This guarantees a 100
year lifespan extension for the main girder at approximately half the GWP emissions of
replacing the connection with new material.
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Chapter 8

Conclusions and Recommendations

8.1 Connecting Findings to the Initial Problem State-
ment

The transition toward a circular economy in the Netherlands requires engineering so-
lutions that reduce raw material consumption, extend the service life of steel components,
and minimize carbon emissions. Cold spray additive manufacturing (CSAM) presents a
promising alternative to recycling by enabling the repair and reuse of end-of-life (EoL)
steel elements without the carbon-intensive production of new steel. The structural
performance of CSAM-retrofitted steel is strongly influenced by a range of parameters,
including particle material and size, gas type, temperature and pressure, spray angle, and
nozzle geometry. These parameters govern impact velocity, which in turn determines the
deposit structural performance.

A key challenge identified in the literature is the trade-off between material per-
formance and process cost, particularly concerning helium-based spraying, which pro-
duces highly ductile deposits but is economically unfeasable for the desired application.
Nitrogen-based CSAM, combined with annealing and the use of a soft WIP interlayer,
offers a feasible alternative for achieving sufficient ductility and bonding. With these
considerations in mind, this thesis investigated the structural behavior of composite ele-
ments formed by an annealed 316L nitrogen-sprayed deposit applied to S235 carbon-steel
substrates.

The following subsections summarize the findings of the numerical models and respond
directly to the research questions, illustrating how CSAM retrofitting could contribute
to extending steel component lifespan while supporting national circularity and CO,
reduction goals.

8.1.1 What factors govern the structural performance of a steel
element retrofitted with cold-spray deposited material?

A parametric study of tensile coupons was conducted to investigate how composite
behavior is influenced by the deposit-to-substrate ratio, substrate strength, and bond
interaction. Two numerical models (A.1 & A.2) were developed to study these effects.

Model A.1 examined the influence of substrate material by comparing S235- and S355-
based composite coupons (Models A and B). Increasing substrate tensile strength resulted
in higher yield and peak load capacities across all retrofit configurations. Coupons with
S355 substrates consistently showed higher load-carrying capacity, with a 27.6% higher
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peak load than S235 in the unretrofitted case and a 11.9% increase at 50% retrofitting.
Although S355 steel is initially 19% more ductile, this advantage decreased as increased
retrofit volume caused the deformation response to become governed by the deposit ma-
terial. For the 16% and 33% variants, damage initiation in the S355-based coupons was
delayed by approximately 1 mm, corresponding to ductility increases of 8.7% and 8.0%,
respectively. At 50% retrofitting, the displacement at peak load converged to 15.5 mm
for both substrates, indicating fully deposit-dominated behavior. The greater mechan-
ical mismatch between S235 and the 316L deposit resulted in larger incremental gains
for S235-based coupons as retrofit percentage increased, with peak load and ductility
increases of 12.4% and 24%, respectively, between the 33% and 50% variants. For the
coupon configuration studied, the deposit—substrate interface was oriented parallel to the
applied load, resulting in a uniform cross-section along the gauge length and preventing
the formation of a weakened section perpendicular to loading. Under these conditions,
strength mismatch did not induce premature debonding. This conclusion is valid un-
der the assumptions of full shear interaction and the absence of a critical heat-affected
zone in the net section, which were beyond the scope of this study but may appear as
limitations in practice. Overall, the results demonstrate that matching substrate and
deposit yield strengths is not required to prevent debonding for this geometry, and that
increasing substrate strength primarily enhances load-carrying capacity, while ductility
is eventually governed by the deposited material.

Model A.2 demonstrates the influence of successful bonding at the interface. Under
full shear interaction, the composite elements exhibited increased yield strength by 40%
to 166.7% for variants 16% to 50%, respectively. If the bonding is not sufficient, the
deposit cannot effectively transfer load, and the element’s capacity becomes significantly
lower, since substrate material was removed to allow space for the deposit. Retrofitting
through CSAM is only successful and should be performed when a certain amount of
shear interaction is guaranteed, since applying a large amount of retrofit material also
introduces a high risk of lowered tensile capacity. The exact limit remains unknown and
must be explored in future research.

Overall, the structural performance of a steel element retrofitted with cold-spray de-
posited material is governed by three key factors: the substrate mechanical properties,
the retrofit volume, and the degree of interfacial bonding. Retrofits with high deposit
content and strong bonding show the most stable and predictable behavior, whereas in-
sufficient bonding introduce significantly lower tensile capacities. Future work should
focus on experimentally quantifying the minimum bond requirement needed for effective
composite action.

8.1.2 How does cold-spray remanufacturing influence the over-
all structural performance of reclaimed steel elements with
riveted connection damages?

A coupon specimen model was set up to accommodate the present cracking, and also
pave the way for future experimental work. In these coupons, a hole radius with a notch
and crack expanding from it were modeled, to represent a bolt hole experiencing fatigue
cracking. The notch was part of the compact specimen geometry, but during application
of CSAM, it is necessary to expand any existing cracks to allow for space to fill them.
Therefore, when exploring ductile damage, the same geometry was used to represent an
expanded crack, plus the precrack in case voids or sub-millimeter cracks still exist.

Two failure mechanisms were explored, each requiring its own model setups. This
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geometry was thus split into Model B and Model C.

Model B explored the stress intensity factors around the crack for a non-retrofitted
and retrofitted notch. It showed that after retrofitting was applied, the applied load at
which the crack reached its fast fracture increased by 935%, from 5.7 kN to 59 kN. The
crack propagated on the side of the retrofit material, which can be attributed to the fact
that the 316L has a slightly lower fracture toughness threshold, and that the load was
placed directly above the notch. Had the fracture toughness threshold of the deposit
been higher than the substrate, which is ideal for retrofitting fatigue-loaded elements,
then the S235 side would have failed first at a load of 80 kN. This would increase the load
capacity by an additional 36%. Therefore significant improvements in both the load and
displacement capacities were observed from applying retrofit material to the open notch.

Model C explored ductile damage evolution, specifically around the interface of the
two materials. The point of expected failure is around the two bolt holes where the bound-
ary conditions are applied, since those two areas represent the weakest cross-section of
the specimen. The intended area of study was around the interface to study debonding,
therefore the mesh around the notch geometry was refined. Two additional models were
run as performance reference points: a non-retrofitted and undamaged model. As ex-
pected, the ultimate tensile capacity increased from the non-retrofitted to the retrofitted
models by 139.8% due to the increased area added to the specimen cross-section. Since the
retrofit material is stronger than the S235 substrate, the tensile capacity of the retrofitted
model exceeded that of the original model in the early plastic stages by 0.8%. Due to the
significantly lower strength of the S235 steel, the substrate begins to fail at the interface,
described as debonding. This uneven distribution of forces caused a preliminary damage
evolution by in the specimen, thus lowering its ultimate tensile capacity by 4.7% and its
fracture displacement by 31%. It is possible that using a lower-strength retrofit material
will avoid this preliminary failure and allow the retrofitted specimen to perform as well
as the original, assuming perfect bond is achieved.

While the two models cannot be directly compared due to the different modeling
assumptions, the debonding occurs earlier in the load application stage than the fast
fracture. It is therefore expected that under full shear interaction, ductile failure will
govern as the primary failure mechanism, however this must be confirmed by running
both models as non-linear.

What is the environmental impact of these techniques?

When considering two life cycles (the initial and the lifetime extension of a riveted
connection in a steel bridge), the recycling scenario displayed the most promising results
from both an environmental and structural perspective. When fatigue cracking occurs
in the steel plate of a riveted connection, as defined by the LCA scope, this plate must
be either retrofitted or replaced. In the retrofitting option, the plate remains intact and
the added material from the CSAM process yields minimal CO, emissions, making this
scenario (Scenario B) appear initially as the most favorable. However, the bolts may
need to be removed prior to CSAM deposition to ensure full access to the cracked region.
Since rivets are not reusable, new rivets must be installed during each maintenance cycle,
which is estimated to occur ten times over a 100-year bridge lifespan. As a result, the
Global Warming Potential (GWP) for Scenario B increases to 11.11 kg COqe. This value
decreases significantly (to 1.35 kg COse) if reusable bolts are used instead of rivets.

Replacing the damaged plate and bolts with recycled equivalents (Scenario A) provides
a 100-year lifetime extension with a GWP of 6.72 kg COse, which is nearly half that of
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Scenario B. Under the assumptions of this study, Scenario A is therefore the more reliable
solution for minimizing environmental impact.

In addition, the available EPD data did not specify the manufacturing and construc-
tion steps associated with 316L powder production. As a result, it remains uncertain
whether high gas temperatures, powder atomization, and post-heat treatment were in-
cluded in the reported GWP values. Further research is required to establish accurate
emissions for both CSAM production and application. It is also crucial to determine the
actual lifetime extension achievable by CSAM-retrofitted, fatigue-cracked steel elements.
Once these values are known, the CO5 emissions and scenario ranking may change, and
a revised LCA should be performed.

8.2 Future Recommendations

ABAQUS Modeling

» Explore compression strength capacity and the governing failure mechanisms related
to this load configuration.

o Apply cyclic loading to better resemble the typical loading applied to bridge ele-
ments.

o Explore a symmetrical geometry for the crack propagation study, where the hole,
retrofitting, and load are located in the center.

Cold Spray Additive Manufacturing

o Conduct further research for CSAM optimization using a powder resembling the
substrate material and determine the governing failure mechanism for the C(T)
specimen.

o Repeat the research with the as-sprayed CSAM deposit and study the brittle failure
mechanisms and the anisotropic material behavior in case heat treatment is not
available.

Experimental Tests

« Explore bonding properties between deposit and substrate through experimental
testing and modeling to complement model A.2.

o Conduct experimental tests to validate ABAQUS results for all models and verify
or reject the concluded governing failures.

Fracture Mechanics

o Explore modes 2 and 3 of the fracture mechanics failure modes to complement this
study on mode 1.

e Run a nonlinear model and study the J-integral outputs to compare the two non-
linear models for more accurate comparison of the B and C models.
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LCA

o Conduct a life cycle analysis with updated data on 316L stainless steel powder and
the optimized CSAM settings.
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Appendix A

Tensile Coupon Dimensioning

According to these standard requirements, the following calculations were done to size
the first-stage coupons according to the selected plate thickness:

t =3 mm (thickness)

The width-to-thickness ratio shall not exceed an 8:1 ratio. For this thesis, the maxi-
mum limit was selected to account for any additional dimensioning required when cracking
is present:

bp =8 -3 mm = 24 mm

Cross-sectional area of the necked section is
So = bo -t

Substitute by = 24 mm and ¢t = 3 mm:

S =24 mm x 3 mm = 72 mm?

Next, we compute the minimum coupon lengths based off these initial dimensions.

Original gauge length L

Formula:
Lo=k+\/So

Using the standard and alternative k values:

k=565: Lo=5065-v72 =47.942 mm

(Check: the minimum allowed Lg is 15 mm. The output value exceeds this, thus we
can proceed.)
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Parallel length L. (proportional test pieces)
Formula (proportional pieces, non-cylindrical):
L.> Lo+ 1.54/5

Substitute values:

For k=5.65: L,>47.942+1.5-v/72 =60.670 mm

Parallel-side test-piece special rule

Note: the special rule “for parallel side test pieces less than 20 mm wide set Ly =
50 mm” does not apply here because by = 24 mm > 20 mm.

Transition radius (as provided)

For this type of coupon (non-cylindrical), a transition radius of = 12 mm is needed.

Grips and end width

Requirement:
width of gripped ends > 1.2 b,

Width of gripped ends:
2r + by =2 x 12 mm + 24 mm = 48 mm
Minimum limit check:
1.2bp = 1.2 x 24 mm = 28.800 mm

48 mm > 28.800 mm
Summary of computed numeric values

Sy = 72.000 mm?

Lo(k = 5.65) = 47.942 mm

L. (prop., k = 5.65) > 60.670 mm
Gripped-end width = 48 mm

Transition radius = 12 mm
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Appendix B

Compact Specimen Dimensioning

Numerical Evaluation for base width 1.25W = 24 mm

For a specimen width of base width 1.25WW = 24 mm, a summary of the final param-
eters can be seen in Table B.1. This width was selected to match the neck width of the
tensile coupons from the first stage of the modeling.

For the selected base width of 1.251 = 24 mm, the actual specimen width W is first

determined as: o4
=— =192 )
W= 195 =192mm

All subsequent dimensions are calculated as proportional values of W, according to
the ASTM E1820 requirements.
The specimen depth, d, is defined as 0.188W, giving:

d =0.188(19.2) = 3.61 mm.
The specimen height, H, is set to 1.20W, therefore:
H =1.20(19.2) = 23.04 mm.
The specimen thickness, B, corresponds to half the width, calculated as:
B =0.50(19.2) = 9.6 mm.
Next, the total notch length, a, is determined as 70% of W:
a = 0.70(19.2) = 13.44 mm.
The inner notch height, h, represents 6.3% of W:
h =0.063(19.2) = 1.21 mm.

From this, the sharpened notch length, a,, is obtained using a trigonometric relation-
ship that depends on the notch opening angle of 30°:

hj2  1.21)2

¢ tan(30°)  tan(30°) o

The precrack minimum length was defined as the maximum value between h/2 and
0.25 mm.

89



h/2 =1.21/2 = 0.605 mm

The value 0.605 mm is thus selected as the initial precrack value. This value must be
checked against the following requirement:

a, +as >2.0h

This results in:

a, + as = 1.65 mm, 2.0h = 2.42 mm

The initial precrack length does not suffice. It must be increased to 1.4 mm to surpass
both requirements, which is calculated by rearranging the previous equation:

20h —as = a, 2(1.21) — 1.05 = 1.4 mm

Finally, the outer notch height, h,, and the outer notch width, w,, are then calculated
as 20% and 10% of the width, respectively:

ho =0.20(19.2) = 3.84 mm,  w, =0.10(19.2) = 1.92 mm.

Parameter Value (mm)
w 19.2
d 3.61
H 23.04
B
a
h

9.6
13.44

1.21

Qg 1.05
ho 3.84
Wo 1.92

Table B.1: Dimensional evaluation of specimen geometry for 1.25WW = 24 mm.

Additional Notes
o All linear dimensions shall comply with a tolerance of £0.013 W.

e The pin hole shall be sized so that the maximum clearance with the pin does not
exceed 0.01 W.

e The crack-starter notch shall be centered within 4+0.005W of the specimen mid-
height.
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Appendix C

Tensile Coupon Results

C.1 Tensile Coupons - Behavior and Analysis

Retrofitting Tensile Coupons - Sensitivity Analysis

A sensitivity analysis was performed with varying thicknesses of the deposit and
substrate, where their gross thickness remained at 3 mm. The vertical lines in the plots
in figure C.1 represent the displacement corresponding with the yield strain, which was
calculated with Hooke’s law by multiplying the yield strain of the material by the length
of the coupon. These plots are the same as plots 6.2, run as nonlinear models without
ductile failure. In this case, the strain at which each variant yielded was quite different,
since the yield point of 3161 and S235/S355 materials are quite different.
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Force-Displacement Curves, S235/316L Interaction
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(a) Force-displacement plots of sensitivity analysis for
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Figure C.1: Sensitivity analysis plots for different deposit-to-substrate widths.
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Deposit Orientation Comparison

Originally, the coupons were retrofitted across their thickness from one side. This
asymmetric geometry can make the coupons prone to eccentricity depending on the stiff-
ness of the materials, therefore a new geometry was introduced, where equal parts of
material were applied to each side of the coupon, providing a symmetric distribution.
The two orientations had three variants of retrofit material, each characterized by the
percentage of volume of the overall coupon. The percentage of CSAM volume was kept
consistent between the two, denoted by percentages 16%, 33%, and 50%.

The results are plotted in figures C.2a, C.2b, and C.2c. As the percentage of retrofit
material increases, the tensile strength capacity follows. Comparing the values in the last
figure, figure C.2¢, the capacity at yield increases by 3.2 %, and the capacity at the final
point increases by 2.6%. This value is not very significant, but it confirms the hypothesis
that asymmetry in the geometry weakens the overall performance of the specimen, A
likely possibility for this is due to eccentricity and uneven distribution of stresses.

Displacement D (mm) Load P (N)

Retrofit Across the Width

0.234 (yield) 24,192
20 (final value) 37,336

Retrofit Across the Thickness

0.205 (yield) 23,440
20 (final value) 36, 382

Table C.1: Displacement and load values for yield and ultimate points for two retrofit
configurations.

For the models with smaller percentages of retrofitted volume, the tensile capacities
are nearly identical, however the ultimate failure occurs at different points. Ductile
damage was not considered for these models, therefore the degradation data from the
force-displacement plots is neglected in the analysis.
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Force-Displacement Curve (16% Applied Retrofitting) Force-Displacement Curve (33% Applied Retrofitting)

40000 40000
—— Retrofitting added to width —— PRetrofitting added to width
—— Retrofitting added to thickness —— Retrofitting added to thickness
35000 35000
30000 30000
25000 25000
E E
@ 20000 @ 20000
e e
S S
& &
15000 15000
10000 10000
5000 5000
o T T T T T T T o T y T T T y T
0.0 25 50 15 0.0 s 150 175 200 00 25 50 75 10.0 125 150 175 20.0
Displacement (mm}) Displacement (mm)

(a) 16% retrofitting (b) 33% retrofitting

Force-Displacement Curve (50% Applied Retrofitting)

40000
—— Retrofitting added to width

—— Retrofitting added to thickness -
35000

——

30000

25000

20000

Force (M)

15000

10000

5000

00 25 50 75 100 125 150 175 200
Displacement (mm)

(¢) 50% retrofitting

Figure C.2: Comparison of 16%, 33%, and 50% retrofitting applied across width and
thickness.
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Base Material Comparison

After incorporating ductile damage in the model variants, the following figure shows
the last step of each simulation. The damage initiated from the substrate for each variant.

P EUrBpe Standart

o

(a) ABAQUS simulations of all variants from S235 substrate.

(b) ABAQUS simulations of all variants from S355 substrate.

Figure C.3: ABAQUS simulations showcasing ductile damage in all coupon variants.

The following plots and tables are from the models that do not include ductile dam-
age, which are not as reliable as the updated ones. They were disregarded from the
interpretation of results. The exact moments at which the substrate and deposit reached
their UTS values were documented to understand the force-displacement behaviors:
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Force-Displacement Curves, $355/316L Interaction
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Figure C.4: Model B force-displacement curves under different retrofitting dimensions

50% (S

235 / 316L)

Step S22 (5235 mid-

S22 (316L outer)

U2

P (N)

dle)

Yield (235) Elastic 0.125 17655.8

Yield Yield (418) 0.187 22860.1
16 UTS (370) Yield 5.04 31557
20 UTS (370) UTS (696) 14.8 36470.8

Table C.2: Model A: 50% retrofitted volume (S235 / 316L)
50% (S355 / 316L)

Step (811262) (8355 mid- g0 (3161, outer) U2 P (N)
3 Yield (355) Elastic 0.203 27724.5

Yield Yield (418) 0.25 28055.2
16 UTS (510) Yield 8.312 37322.8
17 UTS (510) UTS (696) 12.37 40382.5

Table C.3: Model B: 50% retrofitted volume (S355 / 316L)
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Force-Displacement Curve (50% Applied Retrofitting)

Force-Displacement Curve (50% Applied Retrofitting)
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Figure C.5: 50% PD comparisons
33%
Step 3129,2) (5285 mid- o0 (3161, outer) U2 P (N)
Yield (235) Elastic 0.125 17477.8
3 Yield Yield (418) 0.187 21141.8
16 UTS (370) Yield 4.24 28790.7
23 UTS (370) UTS (696) 11.39 32429.8
Table C.4: ABAQUS results for 33% configuration.
33%
Step (811262) (8355 mid- g0 (3161, outer) U2 P (N)
3 Yield (355) Elastic 0.203 27032.3
Yield Yield (418) 0.25 27203.9
16 UTS (510) Yield 8.312 35993.8
22 UTS (510) UTS (696) 12.07 38943.9

Table C.5: ABAQUS results for 33% configuration (S355 / 316L).
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Figure C.6: 33% PD comparisons
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(b) Caption

16%

Step

522 (5235 mid- o0 (3161, outer)

U2

P (N)

dle)

Yield (235) Elastic 0.156 17246.2
3 Yield Yield (418) 0.187 19291.2
17 UTS (370) Yield 1918 27213.1
23 UTS (370) UTS (696) 10.99 20474.7

Table C.6: ABAQUS results for 16% configuration.

16%

Step (811262) (8355 mid-go0 (3167, outer) U2 P (N)
3 Yield (355) Elastic 0.203 26336.2

Yield Yield (418) 0.25 26408
16 UTS (510) Yield 8.312 34745.1
17 UTS (510) UTS (696) 12.37 37717.7

Table C.7: ABAQUS results for 16% configuration (S355 / 316L).
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Figure C.7: 16% PD comparisons
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Appendix D

Compact Specimen Results

D.1 Compact Specimen - Behavior and Analysis

Preliminary Hand Calculations - minimum required
displacement to exceed K¢

Initially while constructing the models, the following calculations were completed to
understand approximately what value would suffice in exceeding the Ko value of the
steel. These equations are based off of a simple rectangular plate rather than a compact
specimen, so they are not usable for the hand-calculation comparison. This step was
done as a simplified assumption.

Table D.1: Input parameters used for fracture mechanics calculation.

Parameter Symbol  Value

Crack length (disregarding the notch) a 1.2mm

Specimen depth (disregarding the notch) d 15.9 mm

Plane-strain fracture toughness [37] Kie 22.5 MPay/m / 711.52 MPay/mm
Geometry factor constants [19] A,B,C,D 1.26,82.7,76.9, -36.2

Gauge length L 23.04 mm

Elastic modulus E 210000 MPa

As mentioned previously, small deflections are required to study the stress intensity
factors near the crack. According to hand calculations, only 0.03 mm of applied vertical
displacement is required to exceed the fracture toughness threshold, K¢, of S235 material
with the specified crack geometry. These calculations were completed using equations 2.1
and 2.3 from Section 2.2.1. The input parameters calculations can be seen below in table
D.1 and the listed equations.

, 1 1.26 4 82.7 - 12—
=11z’ 2 2 )\?
15.9 1+76.9- 15..3—1.2 —36.2 (15.3—1.2)
Y =1.155
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Since the model is displacement-controlled, the equation below displays the relation-
ship between stress, o, and applied displacement, AL.

AL

E
h

g

Plugging this into equation 2.1, the equation can be rearranged to solve for the re-
quired applied displacement at which K¢ is exceeded, represented by equation D.1

_ K-h
Y -EJ7-a

Plugging in all the inputs from table D.1, the following calculation is done:

AL (D.1)

B 711.52 - 23.04
©1.155 - 210000 - /7 - 1.2

Resulting in this displacement value:

AL = 0.0348 mm

Using the provided parameters in Table D.1, Y is computed as approximately 1.15.The
dimensions listed in the table exclude the notch dimensions.

Fracture Toughness Results and Interpretation

D.1.1 Model 1: Non-retrofitted cracked specimen (Open Notch)
Mesh Sensitivity Analysis

Four meshes were selected for this analysis, each specifying a different number of seeds
along the countour line perimeter.

Mesh 1: 16 seeds

Mesh 2: 20 seeds

Mesh 3: 28 seeds

Mesh 4: 40 seeds

The individually plotted meshes are shown below in figure D.1. All contours converge
for all meshes.
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Mesh Sensitivity Analysis, Mesh 1
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(a) K1 values from contour lines 2 - 4, display-
ing results from Mesh 1

Mesh Sensitivity Analysis, Mesh 3
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(c) K1 values from contour lines 2 - 4, display-
ing results from Mesh 3

Mesh Sensitivity Analysis, Mesh 2

2500
—— Contour line 2

Contour line 3
—— Contour line 4
2000 4 —— Contour line 5

KL (MPavmm)
-
)
=
=1

=
=
=
=

500

004 006 008 010
U2 (mmj

0 T
0.00 0.02

(b) K1 values from contour lines 2 - 4, display-
ing results from Mesh 2

Mesh Sensitivity Analysis, Mesh 4
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(d) K1 values from contour lines 2 - 4, display-
ing results from Mesh 4

Figure D.1: Mesh sensitivity analysis of open model, displaying results from four contour

lines.

All K1 values converge.

Hand Calculations and Discussion

The hand-calculated values were computed using the same notch length and specimen
width as what was defined in the model. They were calculated based on a range of applied
displacements, ranging from 0 to 0.08 in increments of 0.005 mm.

The following hand calculations for K1 were completed to plot against the ABAQUS

outputs:

a=4.9, B =9.6,

W =19.2,

k= 190577

As defined in the Results chapter, a is not the full notch length, but the length between
the end of the notch to the point of load application.

The factor k was found from figure D.2, and it represents the proportional value
between the force and the displacement of the linear elastic model.
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k value - open notch
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Figure D.2: Origin of k-ratio value, screenshot taken directly from ABAQUS

@A) 0550083333
w192

F(&/) - %(0.886 n 4.64% ~13.32 (;/)3 ~ 5.6 (&)4)

F =6.403

AP

K= —
T BYW

F, with AP =A-k.

An example calculation is as follows,

AP = 0.005 x 190577 = 952.885

052.885
Ky = 22990 6,403 ~ 145.05 (MPay/mm
LT 96192 ( mm)
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All the values are seen below:

U (mm) AP AK (MPay/mm)
0.005 952.885 145.049831
0.010 1905.77 290.099662
0.015 2858.655 435.149493
0.020 3811.54 580.199324
0.025 4764.425 725.249155
0.030 5717.31 870.298986
0.035 6670.195 1015.348817
0.040 7623.08 1160.398648
0.045 8575.965 1305.448479
0.050 9528.85 1450.49831
0.055 | 10481.735 1595.548141
0.060 11434.62 1740.597972
0.065 | 12387.505 1885.647803
0.070 13340.39 2030.697634
0.075 | 14293.275 2175.747465
0.080 15246.16 2320.797296
0.085 | 16199.045 2465.847127
0.090 17151.93 2610.896958
0.095 | 18104.815 2755.946789
0.100 19057.7 2900.99662

D.1.2 Model 2: Retrofitted cracked specimen (Closed Notch)

The k value of the closed notch was found from the slope in figure D.3. This was used
to find the corresponding P value at which the specimen reached fast fracture.

k value - closed notch
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Figure D.3: Origin of k-ratio value, screenshot taken directly from ABAQUS

The following plots show the sensitivity analyses run for the mesh size, as well as the
final results.
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Mesh Sensitivity Analysis — Crack Group 1
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(a) Crack 1, converging K1 values from differ-
ent contour lines

Mesh Sensitivity Analysis — Crack Group 2
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(b) Crack 2, converging K1 values from differ-
ent contour lines

Figure D.4: Caption for Model 2 K; results

Mesh Sensitivity Analysis — Crack Groups 1 & 2

1200

1000

800

600

K1 {MPavmm)

400

200

—— Crack 1 — Contour line 5 —— Crack 2 — Contour line 5

T T
000 001 002 003

T T T
004 005 006 007 008

U2 (mm)

Figure D.5: Caption
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