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Abstract 
 

In order to increase manufacturing efficiency of large engineering structures, wire arc additive 

manufacturing (WAAM), that belongs to direct energy deposition (DED) family of additive 

manufacturing (AM) processes, has been developed. This manufacturing method has 

significant potential to improve material design and efficiency of structural components, 

subsequently reducing production cost and lead times. Some industries, such as aerospace and 

automotive, have already employed WAAM technology into their manufacturing processes. 

However, insufficient testing data on WAAM components performance for various materials 

and operational conditions is one of the main barriers to rapid adoption of WAAM technology 

in the wider range of industrial applications. Particularly, the sensitivity of mechanical and 

fatigue properties of WAAM materials to corrosive environment needs to be understood to 

adopt WAAM technique in marine applications, for instance, in offshore wind structures. 

Moreover, the WAAM method involves repetitive welding, resulting in high stress 

concentration between adjacent welded layers and residual stress fields in WAAM 

components. Since welded joints in offshore constructions are known to be weak points for 

fatigue failures and crack initiation, it is necessary to conduct the structural integrity assessment 

of WAAM built steel components and compare their performance with the currently used 

wrought materials, to investigate the suitability of the WAAM technique for offshore 

applications. 

This thesis investigates the structural integrity of WAAM built ER70S-6 and ER100S-1 steel 

specimens, defining the hardness, tensile, fracture toughness, fatigue crack growth, uniaxial, 

torsion and multiaxial fatigue properties. Aiming to make a contribution for marine 

applications, corrosion-fatigue crack growth assessment has been also conducted, along with 

investigation of fracture characteristics of components previously exposed to corrosive 

environment. Due to heterogeneity of WAAM built components, the results from this study 

were analysed with respect to the extraction location and orientation from the WAAM walls. 

Different load levels were examined for fatigue crack growth tests, confirming the sensitivity 

of specimen behaviour. The obtained trends were compared with the corresponding 

recommended lines from the standards and with variety of data sets available in the literature 

on performance of wrought carbon steels which are widely used in offshore structures, to draw 

conclusions on suitability of WAAM steel components for the offshore industry. Furthermore, 

recognising the limitations of the welding based WAAM technique, life enhancement methods 

were considered, introducing rolling and laser shock peening as post-manufacturing surface 

treatments techniques. The efficiency of these methods was analysed by examining the fatigue 

crack growth and corrosion-fatigue crack growth performance of the treated specimens. The 

residual stress trends were measured by means of neutron diffraction and X-ray scattering to 

quantify the introduced changes after surface treatment application. Throughout the research, 

comprehensive microstructural investigations were conducted, including fractography 

analysis, evaluating the fracture and fatigue mechanisms, using optical and scanning electron 

microscope. The conclusions from this research have resulted in several journal publications, 

also presented in the thesis, that contribute to the overall understanding of WAAM steel 

components behaviour and extending the application of WAAM technology to the marine 

environments in the future. 
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Chapter 1 : Introduction 
 

Additive manufacturing (AM) is a relatively new layer-by-layer production technique that 

enables functionally superior designs at a lower cost with increased productivity and 

sustainability, and it is poised to revolutionise many industries around the world. By addressing 

current manufacturing challenges and geometrical constraints, AM can be viewed as an 

alternative fabrication method for complex engineering components and structures. The new 

AM technology allows the creation of hybrid components made of various alloys that are 

deposited in a form of powder or wire. The AM technique is rapidly developing from a simple 

prototyping method to production and repair of the key structural components. Furthermore, 

this method is more sustainable and significantly reduces material waste since it adds material 

layer-by-layer instead of removing it from a manufactured workpiece. Depending on the type 

of the selected AM technique, deposition process, layer thickness and material, mechanical and 

microstructural characteristics of the final part may vary. 

Wire and arc additive manufacturing (WAAM) is one of the existing AM techniques, that uses 

an electric or plasma arc to melt a metallic wire at a regulated rate to create a multi-layer 

component. It is well-known as a low-cost method that achieves the highest deposition rates of 

several kilograms of metal wire per hour and, hence, is suitable for large-scale production. The 

WAAM technique does not require an expensive conventional manufacturing set-up and 

equipment, and the production process is conducted by a robotic arm in open air, which makes 

it suitable for manufacturing and repair in remote areas, such as offshore platforms. Moreover, 

compared with powder-based AM techniques, using wire in WAAM poses less safety 

concerns. 

On the other hand, in addition to the benefits listed above, this approach may have a number 

of drawbacks. One of them is surface roughness and subsequent dimensional inaccuracies that 

require post-processing. Also, this method is solely based on a welding process that deposits 

one layer of metal on top of another while continuously re-heating and cooling down the 

manufactured part. As a result, microstructural homogeneity and mechanical isotropy are 

uncertain. Furthermore, the associated weld flaws could be weak points where fracture and 

fatigue failure could occur. Evaluating the impact of welding procedures integrated into the 

WAAM process on mechanical and fracture parameters of the built component in comparison 

to those obtained from wrought material is a significant challenge in the structural integrity of 

WAAM components. Moreover, to minimise the safety risks, the metallurgical differences, 

microstructural variations, and locked-in residual stresses must be carefully examined and 

categorised in addition to the mechanical response, before using such components in critical 

applications. 

The WAAM technology has been under development and study since 1990, gaining popularity 

in various industries, including aerospace and automotive. Consequently, the available testing 

data in the literature predominantly focuses on titanium, aluminium, or stainless steel. To 

determine the applicability of the WAAM technique in other high-production-rate industries, 

such as offshore renewable energy, which demand low-cost fabrication of large-scale 

structures, it is crucial to fully characterise WAAM built components made of mild steels. This 

characterisation should be conducted under various loading conditions and in different 
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environments, and their behaviour should be compared with that of conventional wrought 

steels. The above considerations form the primary motivation for the current study. 

1.1. Aims and Objectives 

The overall aim of this research is to fully characterise WAAM built specimens made with two 

different grades of mild steel ER70S-6 and ER100S-1, to assess the possibility of using such 

manufacturing technique and materials in marine applications, such as offshore wind 

structures. The main objectives of this work are as follows: 

• Characterise the mechanical and fracture properties of WAAM steels. 

• Investigate fatigue crack growth behaviour of the WAAM built specimens in air and 

seawater environments. 

• Evaluate the fatigue performance of WAAM built specimens under uniaxial, torsion, 

and multiaxial loading conditions.  

• Examine the potential for life enhancement by applying surface treatment techniques 

to WAAM steel specimens and quantify efficiency through nondisruptive residual 

stress measurements. 

• Understand the impact of specimen extraction location and orientation on the 

performance of WAAM built samples. 

• Analyse the microstructural characteristics and failure mechanisms of WAAM built 

steel specimens. 

1.2. Structure of Thesis 

The presented thesis by publication consists of the papers that have been submitted, accepted 

for publication, or already published in scientific journals. Corresponding references are 

provided at the beginning of each paper. The structure of the thesis is presented in Figure 1.1, 

where all chapters are listed along with the papers linked to them. 

The introduction Chapter 1 is followed by a literature review summarised in Chapter 2, which 

includes the details on the current state and existing challenges associated with additive 

manufacturing techniques for application in the marine environment. Chapter 2 describes 

different additive manufacturing methods and WAAM in particular, listing available data for 

mechanical and fatigue testing of components produced with WAAM technique and highlights 

the gap in the knowledge.  

The mechanical characteristics, such as tensile, hardness and fracture toughness, of ER70S-6 

and ER100S-1 WAAM built specimens are examined in Chapter 3. Also, this chapter includes 

the discussion on a different response of the specimens based on the extraction location and 

orientation of the specimen with respect to the WAAM walls. Furthermore, the fracture 

properties have been analysed for WAAM steel specimens previously exposed to corrosive 

environment, which were then compared with the results for control specimens tested in air. 

Chapter 4 and Chapter 5 summarise the fatigue crack growth and corrosion-fatigue crack 

growth assessment for ER70S-6 and ER100S-1 WAAM specimens, respectively. They include 

the manufacturing process, specimen extraction, testing procedures, crack growth 

measurement techniques and data analysis methods employed in this work. Moreover, a 

sensitivity analysis has been performed for the tests, to understand the dependency of the results 
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on extraction location and orientation of the specimens. Fractography and microstructural 

assessments were performed on each test specimen. Moreover, comparisons have been made 

with wrought S355 steel behaviour and BS7910 standard lines. 

Chapter 6 is dedicated to uniaxial, torsion and multiaxial testing of ER70S-6 and ER100S-1 

WAAM built specimens. The results have been presented and discussed based on orientation 

of the extracted specimens. Comparisons with the data on carbon steels from the literature and 

DNV recommended lines have been conducted. Also, fracture mechanisms were analysed and 

discussed for each of the test specimens. 

In Chapter 7 the possibility for life enhancement of WAAM built components is investigated 

and discussed, using two types of surface treatment techniques: rolling and laser shock peening. 

The efficiency of two methods was assessed by examining the fatigue crack growth and 

corrosion-fatigue crack growth performance of the specimens after the application of surface 

treatment. Moreover, the residual stresses were measured in the specimens, using neutron 

diffraction and X-ray methods, to understand and quantify the effect of the surface treatments 

methods. 

The summary of findings, observations and conclusions from this research is presented in 

Chapter 8. It also includes suggestions for future work, arising from the scope of the current 

work.  

Lastly, a few additional co-authored papers are presented in Appendix section of the thesis. 
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Chapter 2 : Literature review on additive manufacturing 

processes and challenges 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, a literature review was conducted to analyse the current state and present 

challenges for employment of additive manufacturing techniques in marine applications. 

The chapter consists of the following paper: 

 

Paper I: A review of present status and challenges of using additive manufacturing 
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2.1. Paper I: A review of present status and challenges of using 

additive manufacturing 

 

Anna Ermakovaa, Ali Mehmanparasta*, Supriyo Gangulyb 

a Offshore Renewable Energy Engineering Centre, Cranfield University, MK43 0AL, UK 

b Welding Engineering & Laser Processing Centre, Cranfield University, MK43 0AL, UK 

 

 

Abstract1 

Offshore wind is an efficient sustainable source of energy, which is a preferable alternative to 

burning fossil fuels in Europe and worldwide. About 85% of existing offshore wind turbines 

are supported using monopile foundations, which are made of large welded plates. The locked 

in residual stresses in a monopile structure have a great impact on its fatigue life. The new 

emerged technology of additive manufacturing (AM), which is widely used in other industries 

such as aerospace and automotive, has the potential to significantly improve a lifespan of the 

structure by managing the residual stress fields and microstructure in the future monopiles, and 

moreover reduce the manufacturing cost. In order to achieve this goal, new materials that are 

used for additive manufacturing parts fabrication and their behaviour in the harsh marine 

environment and under operational loading conditions need to be understood. Also, purely 

welding fabrication technique employed during AM process is likely to significantly affect 

crack growth behaviour in air as well as in seawater. This paper presents a review of additive 

manufacturing technology and suitable techniques for offshore structures. Existing literature 

that reports current data on fracture toughness and fatigue crack growth tests conducted on AM 

parts is summarised and analysed, highlighting different steel grades and applications, with the 

view to illustrating the requirements for the new optimised functionally graded structures in 

offshore wind structures by means of AM technique. 

 

Keywords: Offshore wind; Additive manufacturing; Fatigue crack growth. 

 

 

 

 

 

 

* corresponding author 

1 Procedia Structural Integrity. 17 (2019) 29–36. (DOI: 10.1016/j.prostr.2019.08.005) 

https://doi.org/10.1016/j.prostr.2019.08.005
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2.1.1. Introduction 
 

The urge for the renewable energy source is dramatically increasing the number of wind farm 

installations worldwide. Offshore wind energy is attracting more interest in recent years due to 

constrains of suitable onshore space and reducing trend in the levelised cost of offshore wind 

energy. Offshore sites ensure larger space and better wind potential, hence more efficient 

energy outcome, but at relatively higher cost.  

The majority of the existing offshore wind farms are located in shallow waters with maximum 

depth of 30 m and about 85% of them are supported by monopile structures, due to design 

simplicity and cost effectiveness. Monopiles are fabricated out of thick plates of new grades of 

steel such as S355 and comprise of several cylindrical sections circumferentially welded 

together. Typical monopile dimensions range from 50 to 70 m in length, 3 to 10 m in diameter 

and 40 to 150 mm in wall thickness1. However, due to rapid development of the wind industry 

and increasing demand for more efficient wind turbines, the monopile structures may have to 

be increased, and this will significantly increase the associated production and installation 

costs. The installation phase is the most critical stage of commissioning an offshore wind 

turbine which is time consuming and involves the high capital cost2,3.  

Monopiles are installed by placing them into the seabed. Thus, the structure should withstand 

the hammering loads, which depend on the soil condition and vary from site to site. During 

operation, monopiles are subjected to wind, sea wave and current cyclic loads as well as static 

gravitational, hydrostatic, and aerodynamic loads. Therefore, they have to be designed against 

failure for a certain period of fatigue life and for corresponding magnitudes of static loads. 

Apart from the operational loads, monopile foundations are subjected to relatively harsh marine 

environment. Corrosion-fatigue is reported as the dominant mode of failure in monopiles across 

relatively narrow band of frequencies4. Moreover it has been presented in many researches that 

welding residual stresses alter the mean stresses under cyclic loading and consequently 

influence fatigue crack growth behaviour of materials5,6. 

Emerging new materials and manufacturing techniques can be considered to address the current 

challenges of the renewable wind industry and future sustainable goals. 

 

2.1.2. Additive Manufacturing Techniques 
 

Nowadays additive manufacturing (AM) has gained considerable attention for industries that 

are targeting low volume production of highly customised parts for specific applications. The 

technology offers building the 3D model layer upon layer using additive process instead of 

conventional subtractive method, which can lead to waste reduction. This new manufacturing 

technology has opened new avenues for fabricating net-shaped structures and assemblies of 

complex geometries that traditional manufacturing is unable to provide7,8. With less 

geometrical constrains AM provides benefits to industries for building lighter and cleaner 

products by establishing new design paradigms within shorter lead times and with lower 

cost9,10. Moreover, AM allows the ability to remote manufacturing and repair upon request as 
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well as manufacturing of functionally-graded components, which makes it beneficial and 

suitable for the offshore wind energy applications11.  

However, there are some metallurgical differences between conventional and AM built 

components, such as mechanical anisotropy, residual stress, and defects inherent in AM 

processes that must be addressed for critical applications, related to fatigue exposure in 

particular12. The behaviour of new materials used in AM needs to be understood with respect 

to the area of application. Also, the new fabrication technique mostly consisting of welding 

process is likely to influence crack growth behaviour of the materials in air, as well as in sea 

water environments. This is caused due to changes in microstructure of the welded material 

and level of residual stresses accumulated during welding process13. Thus, the new database 

on fracture toughness and air/corrosion-fatigue crack growth tests needs to be generated for 

each new material and technique. 

During AM process the feedstock material, such as powder or wire, is consolidated into a dense 

metallic part by melting and solidification by means of energy source such as laser, electron 

beam or electric arc13. The typical metal AM techniques can be divided into two main groups 

based on type of deposited material: powder bed fusion (PBF) and direct energy deposition 

(DED). Comparison of the main techniques’ features is presented in Table 2.1. 

Based on the comparative study and the scale of offshore wind turbine support structures, DED 

AM seems to be the most suitable technique to be considered for further analysis. DED 

represents such technologies as Laser Engineering Net Shape (LENS), Electron Beam Additive 

Manufacturing (EBAM) and Wire + Arc Additive Manufacturing (WAAM), which use of 

laser, electron beam and electric arc for fusion respectively.  

Table 2.1: Comparison of PBF and DED AM techniques 

AM 

technique 
Advantages Disadvantages 

PBF 

- High density parts - can achieve a density 

over 99%, hence properties similar to the 

bulk material 

- Time consuming, as the height of a powder 

layer is typically between a few tens of 

microns to just below 100 microns, depositing 

around 10 g/min 

- High geometrical accuracy of fabricated 

parts ±0.05 mm 

- Fine powders as the starting material can 

pose health and safety concerns 

 
- Low availability and high cost of raw 

material, costly recycling 

 
- High porosity level, that reduces the fatigue 

life 

DED 

- Cheaper raw material (wire) and less waste, 

as up to 100% of the wire is deposited into 

component 

- Poor surface finish and less accuracy of wire 

process 

- Fast builds with rapid material deposition 

(330 g/min for steel) 
- Limited options of materials 

- Process allows parts repair  
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2.1.3. Wire + Arc Additive Manufacturing 
 

Wire + Arc Additive Manufacture (WAAM) is a promising DED technology for fabricating 

large components with moderate complexity from a variety of metallic alloys. WAAM is a 

direct feed process with an arc heat source and metallic wire as the feedstock. The component 

fabricated by WAAM consists of weld beads, deposited on top of each other. Due to high 

deposition rates, relatively low equipment and material cost and good structural integrity of 

built parts, WAAM is becoming a beneficial replacement for machining parts out of solid 

wrought material14. 

Essentially, WAAM technology divides the three-dimensional model into several two-

dimensional layers with nominal height, where layer height is limited and depends on process 

setup15. Each layer is built by moving the torch along the required tool path. The quality of 

each layer affects the locked-in residual stresses, dimensional inaccuracies, defects, distortion, 

etc. Therefore, it is essential to select a building strategy which will result building a flat surface 

to be a good base for the following layers. The simplest strategy is a wall, when the thickness 

of the required product matches the thickness of the deposited material. In order to build wider 

walls, parallel or oscillation building strategies can be implemented. For the first method wall 

layer is divided into several parallel weld beads, whereas for the second, oscillation manner is 

used (Figure 2.1). 

Oscillation patterns offer several advantages compared to the parallel, such as flexibility of 

building various wall widths without continuous change of weld parameters. Therefore, it 

provides more accurate control of wall thickness. Also, oscillation strategy reduces the 

probability of fusion defects since this process is warmer compared to the parallel deposition. 

Moreover, due to continuous deposition of one layer, this strategy is less time consuming16.  

 

 

Figure 2.1: Geometric patterns for layer depositing: (a) parallel and (b) oscillation16 

One of the major concerns in WAAM process is the control of residual stresses and distortions, 

especially for the large-scale parts fabrication, as it affects the tolerance and causes premature 

failure. The reason for thermally induced stresses in welding is thermally induced strains given 

by non-uniform expansion and contraction of material. Moreover, once the completed part is 

unclamped from the fabrication table, residual stresses are redistributed which may result in 

the distortion of the AM built component. Even though the residual stresses can be minimised 

by post processing techniques, the distortion due to the stresses can only be limited by 

controlling the residual stresses during the deposition17.  
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2.1.4. Mechanical and Fatigue Properties of WAAM components 
 

• WAAM strategies  

Different WAAM strategies have been investigated on thermal stresses, altering deposition 

patterns and sequences, reliable printing parameters, and adjusting the cooling time between 

layers. It was reported by Ding D. et al.17 that stresses across the deposited wall are typically 

uniform with little influence from the adjacent layers. Xiong et al.18 worked on effective 

adjustment of the weld bead width. Later Xiang and Zhang19 presented a control system for 

consistent nozzle height position. Meanwhile Ding J. et al.20 developed a gas shielding device 

for WAAM system. Xiong et al.21 have investigated a closed loop control process for metal 

deposition. Effects of deposition pattern, sequences on residual stress available in the literature 

mainly present two dimensional layers or thin wall structures. Thus, for real engineering 

applications, the optimum deposition strategy for reducing the residual stresses caused by 

WAAM are not yet defined. 

 

• Layer by layer material properties 

The material properties of steel subjected to WAAM process are poorly characterised to date. 

Suryakumar et al.22 reported that number of layers affects the hardness of the product; the layers 

on the top of the part experience fewer thermal cycles and this leads to improved hardness of 

the material (Figure 2.2). Also, they revealed that residual effects do not propagate deeper than 

five layers.  

 

 

Figure 2.2: Hardness of WAAM wall against number of layers22 

Ding et al.23 developed a thermo-mechanical properties model to predict residual stresses in 

the fabricated part and associated distortions. It was stated by Colegrove et al.24, that post 

processing treatment, such as rolling, can release the residual stresses and hence distortions, 

particularly in the layers close to the base plate. Moreover, high-pressure rolling causes grain 

refinement and leads to improvement in microstructure of WAAM mild steels. 
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• Yield and ultimate tensile strength variation 

Mechanical properties of WAAM specimens have been extensively investigated by such 

research groups as22,25–27. Haden et al.25 have suggested that WAAM material properties can 

be controlled and designed by careful toolpath planning. Samples extracted from WAAM wall 

built out of ER70S-6 were investigated in their study and the effect of horizontal and vertical 

orientation on the test results was examined. A single line microhardness test was conducted 

to compare material strength of WAAM printed wall to wrought part. The results shown that 

the printed material has an average value between minimum and maximum values for bulk 

ASTM A36, composition of which is nearly identical to ER70S. Uniaxial tensile test of 

WAAM specimen (Figure 2.3 (a)) revealed typical behaviour of wrought material for low 

carbon steels. The AM printed mild steel yield strength is also similar to characteristics of 

wrought A36 steel (Figure 2.3 (b)). As it can be seen in Figure 2.3 (b) that the orientation of 

specimen does not show significant difference in yield stress and the results from both 

orientations have shown similar ranges. Similar observation has been made in the ultimate 

tensile strength results obtained from samples with different orientations with about 5% 

difference between the two (Figure 2.3 (c)). Similar results have been observed and reported 

by Lu et al.26. 

 

Figure 2.3: ER70S-6 material characteristics (a) stress-displacement curve (b) yield strength 

(c) ultimate tensile strength25 

Suryakumar et al.22 investigated all three orientations of ER70S samples, adding a stepover 

direction – perpendicular to the torch direction in XY plane. It was found in their study that 

ultimate strength in the stepover direction shown the best result. However, variations of yield 

and ultimate strength between torch and stepover directions is within 7.6% and 4.8% 

respectively, whereas the difference between XY plane and vertical direction is more 

significant: 10.6% and 10.8%. Moreover, it was observed in their study that the tensile strength 

can be further improved by increasing the current of welding arc. 

 

• Charpy impact tests 

Charpy impact tests were conducted by Waqas et al.28 on sub-size specimens made of ER70S-

6 steel. It was concluded that the impact toughness of printed steel is higher than the wrought 

low carbon steel with comparable hardness. Parallel and perpendicular orientations of the 

samples did not show significant difference of results (within 10%) indicating relatively 

homogenous properties with ductile behaviour across the volume of the AM build component. 
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• Fracture toughness analysis 

Fracture toughness tests were performed on the standard compact tension, C(T), specimens 

printed by WAAM technique from Ti-6Al-4V wire by Zhang et al.29. It was observed that 

fracture toughness of such specimens is comparable or greater than properties of wrought 

titanium material. Also, it was found that fracture toughness results depend on orientation of 

the sample and is higher when crack propagates perpendicular to the additive layers.  

 

• S-N characterisation 

Flat dog-bone specimens for this research by Gordon et al.27 were extracted from single bead 

WAAM walls fabricated from 304L stainless steel. The experimental S-N curves can be seen 

in Figure 2.4, summarising the mean values for horizontal and vertical WAAM specimens 

fatigue data. The graph shows that build orientation also affects fatigue life of WAAM samples, 

and for vertical specimens the fatigue life is longer. Additionally, AM samples have greater 

median number of cycles to failure than conventionally built samples. 

 

• Fatigue analysis 

There are limited studies on the fatigue crack initiation and propagation in WAAM steels 

available in the literature. Fatigue crack growth of WAAM fabricated components using 304L 

stainless steel was investigated by Gordon et al.30 and their observations were explained in 

terms of the microstructure, texture and locked-in residual stresses in the specimens. The 

fatigue crack growth behaviour of the Paris region of the WAAM samples have shown better 

results compared to conventional wrought stainless steel (Figure 2.5), as WAAM printed 

material provides improved fatigue crack growth resistance and monotonic properties. 

Different fatigue crack growth rates for vertical and horizontal specimens can be justified by 

presence of long columnar grains and stronger texture in build direction. Moreover, it was 

observed that retained residual stresses positively affect fatigue crack growth for specimens in 

both orientations when the test results from as-printed samples were compared with stress 

relieved specimens.  

The examination of fatigue crack growth of WAAM titanium samples has been extensively 

investigated by other researchers such as29,31. For example, analysis of WAAM Ti-6Al-4V 

specimens by Zhang et al.29 shown that fatigue crack growth rate is considerably lower than in 

the wrought alloy. Moreover, it was observed that the rate is slightly faster (within the range 

of data scatter) when the crack propagates through AM layers, this indicates that WAAM 

material can be considered to have isotropic fatigue crack growth rate. The effect of 

microstructure and residual stress on fatigue crack growth behaviour was studied by Zhang et 

al.31. Where the Ti-6Al-4V specimens contain a combination of WAAM and wrought material 

in different orientations. Conclusion was made that crack propagation rate in WAAM material 

is lower, due to tortuous path in lamellar structure of WAAM alloy. 
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Figure 2.4: S-N curve for printed WAAM 

and wrought 304L steel27 

 

Figure 2.5: Comparison of fatigue crack 

growth rate of WAAM as-build and heat-

treated specimens to wrought material 

(NASGRO model)30 

The limited results available in the literature suggest that AM process significantly affects the 

corrosion performance of materials, however more studies need to be performed to achieve 

solid conclusions, especially to examine corrosion damage in WAAM steels for which no data 

has been found in the literature. Some beneficial effects in corrosion resistance have been 

reported by Ganesh et al.32, showing that corrosion pitting resistance behaviour was found in 

austenitic stainless-steel specimens fabricated by direct laser deposition AM method. The 

influence of inclusions in high temperature water (2880C) was investigated by Lou et al.33 on 

stainless steel specimens fabricated by means of AM selective laser melting (SLM) method. 

The printed samples shown better corrosion resistance compared to the wrought stainless-steel 

specimens. Corrosion-fatigue crack growth was analysed by Lou et al.34 in hot pressurised 

water 2880C. Samples were SLM printed using stainless steel material and test specimens were 

examined in two different orientations. Specimens extracted from X-Z plane (load applied in 

X direction and crack growth along Z direction) presented higher crack growth rate. It was also 

observed that in both specimen orientations, a lower resistance to fatigue crack growth was 

observed compared to wrought stainless steel (Figure 2.6), though the stress intensity range 

and load ratio during tests were not identical. Similar specimens were utilised for another study 

on corrosion-fatigue crack growth in pure water at 2880C by Lou et al.35. It was observed that 

longer cracks appeared in X-Z samples – along direction of the build. Corrosion-fatigue crack 

growth rate of the AM specimens was found higher than for the wrought counterpart (Figure 

2.7). A study conducted by GE Global Research36, has shown that fatigue and corrosion-fatigue 

crack growth rates in air and hot water are similar for wrought and PBF AM stainless steel 

specimens.  
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Figure 2.6: Corrosion-fatigue crack growth of 

AM and wrought stainless steel in hot water34

  

 

Figure 2.7: Comparison of crack growth 

rate of SLM and wrought stainless steel35 

 

2.1.5. Conclusion and future work 
 

Additive manufacturing has been rapidly developed for the past decade providing capability of 

complex shapes fabrication with less material waste and at lower cost and shorter lead times. 

As shown in the present literature review, printed WAAM mild steel parts have displayed 

similar yield and ultimate tensile strength compared with wrought material. Also, higher 

Charpy impact test results have been found in WAAM steel specimens compared to the 

wrought steel. Moreover, material properties of WAAM specimens were concluded to be 

relatively uniform. It was reported that fracture toughness of WAAM Ti-6Al-4V specimens is 

comparable or greater compared with wrought material. The experimental S-N curves for 

WAAM 304L stainless steel samples presented greater median number of cycles to failure than 

conventionally built samples. Fatigue crack growth analysis of stainless-steel samples built 

using the WAAM technique have shown improved fatigue crack growth resistance of the novel 

material compared to the conventional material. Retained residual stress was reported to 

influence the fatigue crack growth of the material. Extensive fatigue crack growth analysis of 

WAAM Ti-6Al-4V shown that fatigue crack growth rate is considerably slower than in 

counterpart samples. Moreover, based on examination of results for different orientation 

samples, the conclusion was drawn that WAAM material has isotropic fatigue crack growth 

rate. It has been found that AM process significantly affects the corrosion performance of the 

material, however very limited information is available in literature on this topic, especially for 

WAAM steels. The limited results in the literature on stainless steel parts built by direct laser 

deposition have shown better corrosion resistance in hot water, compared with wrought 

samples. However, some studies on similar WAAM steel samples, present higher corrosion-

fatigue crack growth rate compared to counterparts. Although AM shows tremendous potential 

for application in offshore wind industry, the amount of data available to better characterise 

and implement the AM components in a new industry are very limited. A better metallurgical 

knowledge of AM parts needs to be developed, which requires specific and systematic 

experimental and numerical studies. Therefore, it is proposed to investigate in future work the 

fatigue crack growth behaviour of WAAM components in air and seawater to examine the 

applicability of WAAM technique for building structures to operate in the harsh offshore 

environment. It is also proposed to consider different grades of mild steel in future study and 
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more importantly to characterise residual stresses and surface treatment effects on the fatigue 

performance of WAAM built components.  
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Chapter 3 : Mechanical and Fracture properties of Wire 

Arc Additively Manufactured Steel Components 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, mechanical and fracture properties of ER70S-6 and ER100S-1 WAAM built 

specimens were examined. Also included in this chapter is the fracture toughness 

properties of components exposed to corrosive environment.  The chapter consists of the 

following papers: 

Paper II: Investigation of mechanical and fracture properties of wire and arc additively 

manufactured low carbon steel components 

Paper III: Corrosion effects on fracture toughness properties of wire arc additively 

manufactured low carbon steel specimens 
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3.1. Paper II: Investigation of mechanical and fracture properties 

of wire and arc additively manufactured low carbon steel 

components 
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Abstract2 

Wire and Arc Additive Manufacturing (WAAM) technology offers efficient fabrication of 

large scale products and is currently being implemented across various industries. In this study, 

an experimental investigation has been carried out to characterise the mechanical and fracture 

properties of WAAM components made of ER70S-6 and ER100S-1 metal wires. 

Microhardness, tensile and fracture toughness tests have been performed on the specimens 

extracted from the WAAM built walls which were fabricated using an oscillating pattern. The 

specimens were extracted from different locations, at the top and bottom of the WAAM walls, 

in two different orientations with respect to the deposition direction. The results show that the 

material hardness and yield strength of ER100S-1 built wall are higher than ER70S-6 by 62% 

and 42%, respectively. Moreover, in the walls made with both materials, the yield and ultimate 

tensile strength values were found to be slightly higher in specimens extracted in deposition 

(horizontal) direction when compared to specimens extracted in the built (vertical) direction. 

The average value of fracture toughness parameter for ER70S-6 has been found to be 88% 

higher than ER100S-1 material. Furthermore, the results show that the specimen extraction 

location in ER100S-1 wall significantly influences the fracture toughness values obtained from 

experiments. The results from this study have been compared with those available in the 

literature and discussed in terms of the mechanical and fracture properties effects on structural 

integrity assessment of WAAM components.  

 

Keywords: Fracture toughness; Mechanical properties; Structural Integrity; Additive 

manufacturing; Life assessment; Advanced manufacturing technologies. 
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3.1.1. Introduction 
 

Additive manufacturing (AM) brings a radically new production method that enables 

functionally superior designs at a lower cost with enhanced productivity, greater sustainability 

and is set to revolutionise many industries globally. AM can be considered as an alternative 

fabrication method for complicated engineering components by addressing the current 

manufacturing challenges and geometrical constraints. The new AM technology enables 

fabrication of hybrid components with several alloys, which are deposited in the form of 

powder or wire. Among all existing AM methods, wire and arc additive manufacturing 

(WAAM) is known as a relatively inexpensive technique that provides the highest deposition 

rates and is suitable for the fabrication of large size products1,2. Using this technique, the 

deposition process is performed in open air using a robotic arm with a localised shielded area, 

which indicates an alternative application of this technology for repair processes in remote 

areas, such as offshore plant3. 

An important challenge in the structural integrity of WAAM components is to evaluate the 

influence of welding processes embedded into the WAAM technique on mechanical and 

fracture properties, compared to those obtained from the wrought material4. In addition to the 

mechanical response, the metallurgical differences such as microstructural variations, locked-

in residual stresses, phase formation processes and compositional segregation must be carefully 

examined and classified before employing such components in critical operational loading 

conditions. 

Mechanical properties of WAAM mild steel specimens were investigated by Haden et al.5 who 

showed that the composition of printed steel specimens is comparable with the composition of 

the wrought steel. Moreover, they showed that the WAAM specimens have the average 

hardness value of bulk steel. Another study6 has shown a good agreement between uniaxial 

tensile trends in WAAM mild steel samples and the wrought low carbon steels, with similar 

yield strength and ultimate tensile strength (UTS) values. Suryakumar et al.7 have concluded 

that tensile properties for printed mild steel specimens can differ by up to 10% for different 

orientations and showed that tensile strength can be improved by increasing the current of 

welding arc. Titanium specimens extracted from thin WAAM walls were tested by Wang et 

al.8, and no correlation was found between the position of the specimen on the wall and the 

tensile properties. However, it was observed, that the orientation has an impact on the results, 

reducing yield and UTSs of the vertical specimens. Overall, tensile properties values were 

similar to the wrought titanium material properties. Similar trends in WAAM titanium 

specimens were reported by other researchers9,10. 

Fracture toughness tests were conducted on WAAM titanium specimens by Zhang et al.11, and 

the results have shown similar or greater values compared with the wrought titanium samples. 

Moreover, it was observed that the orientation of the specimen significantly affects the fracture 

toughness properties, which are higher when the crack propagates perpendicular to the 

deposited layers.  

The review of the existing data shows that the majority of the previous studies using the 

WAAM technique were on titanium, aluminium or stainless-steel materials and new studies 

are needed to comprehensively characterise the mechanical response of WAAM built wall 

using different steels. Moreover, while the majority of the previous studies were conducted on 
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microstructural and mechanical properties of WAAM built walls, there are limited data 

available in the literature on fracture behaviour of these components which is a crucial property 

for life assessment of engineering components under operational loading conditions. Therefore, 

to fill the gap in the knowledge, the present study investigates the mechanical and fracture 

properties of WAAM built walls made of two different mild steels. Also included in this study 

is an examination of the sensitivity of the mechanical response of the WAAM material to the 

built orientation, and location along the wall height. The specimen preparation process, 

experimental procedures and test set-up details are described below, and the presented results 

are discussed and compared with the existing data in the literature. 

 

3.1.2. Material selection and fabrication process 
 

For the current research two types of mild steel welding wires were selected that are suitable 

for welding low and medium tensile steels: ER70S-6 and ER100S-1. The ER70S-6 contains 

deoxidisers that provide better wetting, material yielding and the capacity of faster welding 

travel speed, which helps support higher productivity and increase consumable life12. This 

material is suitable for welding of steels with moderate amount of imperfections, which makes 

it a preferred material choice for marine applications13,14. However, these ER70S-6 wires tend 

to generate silicon island deposits on the weld surface that need to be removed prior to surface 

conditioning such as painting, which may increase the time for post-processing treatments. For 

the current research, Lincoln Electric ER70S-6 wire was used, with typical composition 

presented in Table 3.1. The second material selected for this study is the high toughness 

ER100S-1 low-alloy steel. This material provides an excellent welding performance and stable 

arc with the balanced Manganese and Silicon ensuring optimum deoxidisation and weld 

fluidity15,16. The ER100S-1 wire offers outstanding toughness of the weld metal at low 

temperatures and is suitable for offshore applications. The composition of ER100S-1 material 

used in this study is shown in Table 3.1. It is worth noting that ER100S-1 wires are around ten 

times more expensive than ER70S-6. 

Table 3.1: Chemical composition of materials (wt.-%)  

  C Mn Cr Si Ni Mo S P Cu V 

ER70S-6 0.09 <1.60 0.05 0.09 0.05 0.05 0.007 0.007 0.20 0.05 

ER100S-1 0.08 1.70 0.20 0.60 1.50 0.50 - - - - 

 

In order to build the additively manufactured walls in this study, the Cold Metal Transfer 

(CMT) based WAAM process was used with the manufacturing parameters presented in Table 

3.2. The same parameters were employed in fabrication of different walls for consistency and 

in order to minimise structural variability in the final products. The set-up and fabrication 

process of the WAAM walls is shown in Figure 3.1. The base plates selected for this study was 

the rolled structural steel EN10025 with dimensions of 420 × 200 × 12 mm3.  The deposition 

of the WAAM walls started at the mid-width of base plates and the layers were deposited on 
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top of each other using an oscillation pattern to obtain a sufficiently thick wall of approximately 

24 mm. It has been found in previous studies that the oscillation pattern provides more accurate 

control of wall thickness compared to the parallel deposition strategy. Also, since it is a warmer 

process, it reduces the probability of fusion defects3. Moreover, it is less time consuming than 

depositing multiple straight wiring lines next to each other, turning the arc off and changing 

the location of the torch, to build a single layer17,18. 

As seen in Figure 3.1, the WAAM set-up consists of the CMT power source, a robot arm with 

the CMT torch feeding the wire along with the pipe that simultaneously supplies shielding gas. 

Samples fabrication was conducted at the ambient temperature, however, in order to draw off 

the heat from the sample faster, an exhaust fan was used. The base plate was attached to the 

working table using eight clamps (two on each side), to minimise distortion of the plate due to 

the thermal energy input. The clamps were released once the WAAM wall was cooled down 

to the ambient temperature.  

Two walls were manufactured in total, one for each material. The approximate wall dimensions 

were 355 mm in length (i.e. X-direction in Figure 3.1(b)), 24 mm in width (Y-direction in 

Figure 3.1(b)) and 140 mm height (Z-direction in Figure 3.1(b)) 

Table 3.2: CMT-WAAM fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Robot travelling speed 7.33 mm/sec 

Wire diameter 1.2 mm 

Wire feed speed 7.5 m/min 

Dwell time 120 sec 

 

 

(a) 
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(b) 

Figure 3.1: The fabrication process: (a) CMT WAAM set-up, and (b) completed wall 

 

3.1.3. Specimen extraction  
 

Upon completion of the WAAM walls fabrication process, compact tension, C(T), test 

specimens and uniaxial round bars were extracted from the walls using Electrical Discharge 

Machining (EDM) technique. Moreover, additional cross-sectional slices from wall sides, 

along the height of the walls, were extracted for microhardness measurements. For each of the 

materials examined in this study, four C(T) and four uniaxial cylindrical specimens were 

extracted along the two different orientations. As schematically shown in Figure 3.2, half of 

the extracted uniaxial samples had the loading direction perpendicular to the wall height axis 

(denoted UC-70-1 and UC-70-2), while the other half had a parallel orientation (denoted UC-

70-3 and UC-70-4). Similarly, half of the extracted C(T) samples had the crack growth 

direction parallel to the wall height (denoted CT-70-1 and CT-70-2) while the crack plane in 

the other half was oriented along the X-direction (denoted CT-70-3 and CT-70-4).  

As shown schematically in Figure 3.2, for each material and orientation, the C(T) specimens 

were extracted from the bottom and top of the wall to examine the fracture toughness properties 

of the WAAM walls with respect to the distance from the base plate. The C(T) specimens were 

extracted according to ASTM 1820 standard19 for fracture toughness testing with the width of  

W = 50 mm, the height of H = 60 mm, total thickness of B = 16 mm, net thickness between the 

side grooves of Bn = 12 mm and initial crack length of a0 = 17 mm before pre-fatigue cracking. 

The uniaxial cylindrical specimens dimensions were chosen in accordance with ASTM E8  

standard20 with the total length of L=112 mm, gauge diameter of d = 8 mm and the gripping 

diameter of D = 12 mm. 
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Figure 3.2: A schematic demonstration of the specimen extraction plan 

 

3.1.4. Mechanical testing and analysis 
 

• Tensile properties 

Tensile tests were conducted following ASTM E8M20 standard on four specimens for each 

material with two samples per orientation (i.e. vertical and horizontal), to examine the 

specimen orientation effects on the mechanical properties. All tests were performed under 

displacement control mode with the rate of 1 mm/min. The strain distribution was measured 

on the outer surface of the specimens using an extensometer in conjunction with the high-

resolution digital image correlation (DIC) technique. It has been reported by various researches 

that DIC measurements provide an accurate result of local strain variations in tensile tests21. 

During the test, when the specimen is loaded and deforms, the DIC gauge measures 

displacement by comparing the movement of the reference points in the speckle pattern on the 

specimen surface. The gauge software tracks the reference points and derives the strain change 

from local displacement measurements. The tensile tests were carried out at the ambient 

temperature of around 200C. Upon completion of the tests, the average strain values were 

extracted from the software at the mid-length of the gauge region to quantify the elastic and 

plastic tensile properties obtained from each specimen. The average tensile curves between the 

repeat tests are shown in Figure 3.3 for both materials with vertical (V) and horizontal (H) 

orientations and the results are summarised in Table 3.3. It can be seen in Figure 3.3 and Table 

3.3 that ER70S-6 material has a lower yield stress and greater tensile strain at failure compared 

to ER100S-1. Also seen in this figure is that for both materials the strain at failure is slightly 

higher in the horizontal specimen orientation (along the deposited layers) compared to vertical 

specimens (normal to the deposited layers).  

Also included in Table 3.3 are the elastic Young’s modulus, E, yield stress σY (taken as 0.2% 

proof stress), ultimate tensile strength, σUTS, and strain at failure which has been calculated 

based on the axial strain εf,axial and reduction of area εROA. As seen in this table, the average 

value of yield stress for ER100S-1 is 42% higher than for ER70S-6 and whereas the UTS for 

ER100S-1 is about 56% higher. The yield stress for the vertical specimen is lower than for 

horizontal by 6.8% for ER70S-6 material and is very similar in both orientations for ER100S-
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1. It can be seen in Table 3.3 that for both materials, the values of yield stress from both 

orientations are considerably lower than the values provided in the steel wire datasheets. The 

tensile curves show similar values of UTS for different specimen orientations though slightly 

lower in vertical compared to horizontal samples. The strain at failure values, calculated using 

the radial and axial strain measurements, show lower values for ER100S-1 material than for 

ER70S-6, which confirms that ER70S-6 is more ductile that ER100S-1. Also seen in the tensile 

test results is that both materials similar values of εf,axial and εROA are found in the horizontal 

and vertical specimens. Finally, the results in Table 3.3 show that the strain values at failure 

obtained from the reduction of area measurements are higher than axial measurements. This is 

due to the fact that the local deformation of the sample is accounted for in the calculation of 

εROA, whereas averaged axial strains are accounted for in the calculation of εf,axial. 

 

Figure 3.3: Engineering stress-strain curves for the two studied materials 

 

Table 3.3: A summary of tensile test results 

 

ER70S-6 ER100S-1 

Wire 

Datasheet 

Orientation 
Wire 

Datasheet 

Orientation 

Horizontal  Vertical Horizontal  Vertical 

σY  (MPa) 450 390 365 717   538 536 

σUTS  (MPa) 540 522 518 780   818  815 

E (GPa) - 209 221 - 181 155 
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εROA 

(mm/mm)  
-  0.77 0.71 -   0.62 0.65  

εf,axial 

(mm/mm) 
- 0.44 0.43 - 0.40 0.39 

 

• Microhardness tests 

Microhardness measurements were carried out according to BS EN ISO 6507‐1:199722. The 

hardness tests were set up with a traverse along a straight line in the mid thickness of the walls, 

with incremental measurements of 2 mm. Figure 3.4(a) presents the macro structure of the 

offcut sample that was etched using 5% Nital solution, revealing the deposited layers. The 

microhardness tests were conducted with 500 g and 2000 g loads and the results are shown in 

Figure 3.4(b). Knowing that the height of individually deposited layers is on average about 3 

mm (see Figure 3.4(a)), it can be observed that the hardness values vary from one layer to 

another. This fluctuation in hardness values is more pronounced in ER100S-1 sample and can 

be attributed to local variations in material properties due to the deposition process which can 

result in segregation of solute atoms within the deposit and lead to different phase formations 

(Note: ER100S-1 has much higher hardenability than ER70S-6). Also seen in the hardness 

results is that there is a good agreement between the observed trends obtained under 500 g and 

2000 g applied loads with a slight shift to the left as the load increases. The average values of 

hardness for each material are calculated and summarised in Table 3.4. From the table, it can 

be seen that ER100S-1 material is 62% harder than ER70S-6. 

The overall hardness patterns show that there is a slight hardening trend in the ER70S-6 alloy 

near the bottom of the wall and the hardness value increases at the top of the wall, whereas for 

ER100S-1 it is almost a constant trend throughout the wall height within the inherent 

experimental scatter. The variation in the hardness values between the middle and bottom of 

the ER70S-6 wall can be attributed to the effects of the thermal cycles on the mechanical 

behaviour of the WAAM built wall. As seen in Table 3.3, the ER70S-6 WAAM built wall 

demonstrates lower values of yield stress in both orientations compared to ER100S-1. 

Therefore, the thermal cycling has exhibited a more pronounced effect in the material with a 

lower yield stress. On the other hand, due to the higher yield stress in ER100S-1, there is no 

noticeable trend observed between the top and bottom layers on the wall made of this material. 

It must be noted that ER100S-1 has much higher hardenability than ER70S-6 which results in 

formation of martensite/bainite type structures (although not as high as medium/high carbon 

martensite) that would partially temper from the heat of subsequent passes – however, there is 

no significant hardness variation in the examined ER100S-1 WAAM wall probably because of 

the complex process of martensite formation and tempering occurring throughout the deposit.   
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                                  (a)                                            (b) 

Figure 3.4: (a) Macro structure of WAAM wall (b) Hardness test results for WAAM build 

walls 

Table 3.4: Hardness values 

Applied load (g) ER70S-6 ER100S-1 

500 158±14 HV 257±22 HV 

2000 151±12 HV 245±18 HV 

 

3.1.5. Fracture toughness testing and analysis 
 

• Specimen preparation 

Fracture toughness tests were conducted on the extracted C(T) specimens using the single 

specimen compliance measurement-based approach following ASTM 182019 standard. For 

each material, the tests were performed on four stepped notched specimens; two with vertical 

and two with horizontal orientation. For each material and orientation, one test was conducted 

on a sample extracted from the top of the WAAM wall (denoted by T) while the second test 

was performed on a sample extracted from the bottom of the wall (denoted by B). The fracture 

toughness specimens made of ER70S-6 and ER100S-1 materials are denoted as CT-70-1 – CT-

70-4 and CT-100-1 – CT-100-4. Subsequent to specimen manufacture and prior to testing, all 

specimens were pre-cracked under fatigue loading using the load-decreasing approach to 

approximately 32 mm (a/W = 0.64) which is within the allowable range for fracture toughness 

testing specified in ASTM 182019. The starting fatigue pre-cracking load was maintained below 

the maximum allowable load calculated according to Equation 3.119. The purpose of fatigue 

pre- cracking was to introduce an infinitely sharp crack tip ahead of the machined notch without 

developing a significant plastic zone size ahead of the crack tip.   
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It is worth noting that ASTM 182019 recommends to pre-fatigue crack the plane sided samples 

first and then introduce the required percentage of side grooves into the test specimens. 

However, since the specimens were created using the WAAM technique, the trial tests on 

dummy samples revealed that maintaining a straight crack path during pre-fatigue cracking 

was highly challenging and deviations from the straight lines were observed in some dummy 

samples. Therefore, it was decided to side groove the specimens first and then pre-fatigue crack 

the samples to maintain a straight started crack and ensure that valid fracture toughness results 

are obtained from the experiments. The 16 mm thick C(T) specimens were side grooved from 

both sides by 0.25B (i.e. 25% of the total thickness) which resulted in a net thickness of Bn = 

12 mm.  

• Crack length estimation and J parameter calculation 

The estimation of instantaneous crack length in both preliminary fatigue pre-cracking and 

fracture toughness testing was carried out using the compliance technique and by attaching a 

clip gauge onto the crack mouth of the specimen. In this approach, the load-line-displacement 

(LLD) is continuously monitored during the test and the instantaneous crack length is 

calculated using the elastic compliance measurements following Equation 3.2 – Equation 3.4 

where ai is the instantaneous crack length, Ci is the instantaneous unloading compliance, E is 

the elastic Young’s modulus and Be is the effective thickness which is calculated using the 

specimen full thickness B and net thickness value Bn.  
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  Equation 3.3 

2( )= − −e nB B B B B   Equation 3.4 

Fracture toughness tests were performed on a servo-hydraulic machine with the load carrying 

capacity of 100 kN. The tests were conducted under LLD control mode, by applying the 

sequences of loading and unloading with 60 seconds of hold time at each peak load followed 

by 20% unloading with respect to the peak load value. The loading/unloading rate in all fracture 

toughness tests was 1 mm/min and the sequences of unloading were conducted at LLD intervals 

of 0.125 mm. All tests were carried out at room temperature. In order to build up a resistance 

curve (i.e. R-curve) for fracture toughness analysis, the elastic-plastic fracture mechanics 

parameter J was calculated using Equation 3.5 that is recommended by ASTM 182019. As seen 

in this equation, the total value of J is calculated by partitioning it into an elastic and a plastic 

term which are calculated using Equation 3.6 and Equation 3.7, respectively. In Equation 3.6 

and 3.7, K is the stress intensity factor the solutions of which are available in the textbooks for 

different geometries23, ν is the Poisson’s ratio, a0 is the initial crack length, Ap is the plastic 
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area under the load vs. LLD curve and η is a geometry dependent function, the solution of 

which for C(T) specimen geometry is specified in Equation 3.8. 

= +el plJ J J   Equation 3.5 

where  
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
  Equation 3.6 
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B W a
   Equation 3.7 

02 0.522( )= + −W a W   Equation 3.8 

 

In order to evaluate the fracture toughness value, the R-curve is generated for each test by 

plotting J values against the crack extension, ∆a. A blunting line is then constructed (i.e. also 

referred to as the construction line), the slope of which is estimated using Equation 3.9. 

Subsequently, two exclusion lines are constructed parallel to the blunting line, offsetting the 

abscissa at 0.15 mm and 1.5 mm. The data points along the R-curve that fall in between these 

two exclusion lines are considered valid and a line of best fit is made to them. The intersection 

between the line of best fit and a 0.2 mm offset line parallel to the blunting line defines the 

fracture toughness value which is referred to as JIC. An example of the above procedure is 

shown in Figure 3.8 for CT-100-3 specimen. 

2= YJ a   Equation 3.9 

 

• Fracture toughness results 

The load vs. LLD data obtained from all the fracture toughness tests conducted on ER70S-6 

and ER100S-1 specimens are shown in Figure 3.5 and 6, respectively. The comparison of these 

two figures shows that the deviation from linearity occurs at a much higher load level in 

ER100S-1 than ER70S-6, due to the higher yield stress. Also seen in these figures is that upon 

reaching the maximum load, Pmax, for each increment of load line displacement, the reduction 

in the corresponding load level occurs at a much higher rate in ER100S-1 than ER70S-6. 

Finally seen in these figures is that while similar load vs. LLD trends are observed in the tests 

on ER70S-6 material, more noticeable differences can be observed in the test data on ER100S-

1 material. It can be seen in Figure 3.6 that the sample extracted with the vertical orientation 

from the bottom of the wall shows the lowest load vs. LLD trend while the sample with 

horizontal orientation extracted from the top of the wall is exhibiting the highest trend. Finally, 

it can be seen in these figures that the specimens extracted from the bottom of the wall in both 

orientations generally show a lower trend compared to those of extracted from the top of the 

walls indicating the importance the specimens location and orientation of the fracture 

toughness values in WAAM build components.  
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Figure 3.5: Load vs. LLD for ER70S-6 specimens 

 

Figure 3.6: Load vs. LLD for ER100S-1 specimens 

The fracture toughness R-curves generated for all specimens are presented in Figure 3.7, and 

the JIC values are summarised in Table 3.5. Also, an example of the detailed fracture toughness 

analysis by constructing the blunting line, applying the exclusion lines and applying a line of 

best fit to the valid data points is given in Figure 3.7. It can be seen in Figure 3.7 that the R-

curves for the specimens extracted from ER70S-6 show a much higher trend than ER100S-1 

meaning that much more energy is required to propagate the crack in specimens made of 

WAAM ER70S-6 material. This observation is consistent with the fracture toughness values 

summarised in Table 3.5 which are on average around nine times higher in ER70S-6 material 
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compared to ER100S-1 (i.e. the average JIC values for ER70S-6 and ER100S-1 are 

420.11 kJ/m2 and 49.19 kJ/m2, respectively). Also seen in Figure 3.7 is that for ER100S-1 

material, the specimens extracted from the bottom of the WAAM wall show noticeably lower 

trends than those extracted from the top of the wall. Detailed comparison of the fracture 

toughness values in Table 3.5 shows that for ER70S-6, all fracture toughness values are similar 

to each other except the vertical sample extracted from the bottom of the wall. Finally seen in 

Table 3.5 is that for ER100S-1, while the samples extracted from the bottom of the wall exhibit 

a noticeably lower fracture toughness value (48% lower), the specimens with vertical 

orientations have lower fracture toughness values compared to the horizontal samples. This 

means that similar to ER70S-6, the lowest value of fracture toughness for ER100S-1 is 

observed for vertical orientation at the bottom of the WAAM wall. These observations on the 

R-curves are consistent with the load vs. LLD trends seen in Figure 3.5 for ER70S-6 specimens 

and Figure 3.6 for ER100S-1. 

 

Figure 3.7: Resistance curves for ER70S-6 and ER100S-1 specimens 

Table 3.5: Fracture toughness values for ER70S-6 and ER100S-1 specimens 

 
CT-70-1 

(T, V) 

CT-70-2 

(B, V) 

CT-70-3 

(T, H) 

CT-70-4 

(B, H) 

CT-100-1 

(T, V) 

CT-100-2 

(B, V) 

CT-100-3 

(T, H) 

CT-100-4 

(B, H) 

JIC 

(kJ/m2)  
474.08 312.05 449.16 445.15 62.02 28.68 68.05 38.01 
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Figure 3.8: Analysis of the fracture toughness data for CT-100-3 specimen 

 

• Fractography 

In order to evaluate the percentage of error in crack extension values obtained using the 

compliance technique, post-mortem analysis was conducted on all tested fracture toughness 

specimens. Subsequent to completion of the fracture toughness tests, all eight specimens were 

placed in liquid nitrogen for 10 minutes, to facilitate the fast fracture process with minimum 

plastic deformation, then the specimens ends were separated by means of the hydraulic 

machine. High resolution macroscopic pictures of the two fracture surfaces of each specimen 

are shown in Figure 3.9. As shown in Figure 3.9(a), three surface areas namely 1) the pre-

fatigue cracking region, 2) fracture toughness region, and 3) fast fracture region have been 

identified and the crack extensions in these areas have been measured for each of the test 

specimens.  

It can be seen in Figure 3.9 that the cup and cone feature is evident in ER70S-6 specimens, 

whereas ER100S-1 specimens exhibit a relatively flat fracture surface. Moreover, it can be 

noted that vertical specimens (with the crack path going across the WAAM layers) have a wavy 

pre-fatigue cracking surface, which represents different layers. Also, symmetric crack 

propagation regions can be seen in the fractography analysis which confirms that appropriate 

alignment was maintained during the fracture toughness tests. The key specimen dimensions 

together with the machined crack length ao, initial crack length after pre-fatigue cracking 

(estimated from the compliance data) ai,p, the final crack length estimated from the compliance 

data af,c, and final crack length measured on the fracture surface, af,op are summarised in Table 

3.6. Also included in this table is the percentage of error between the measured and estimated 

final crack lengths. It can be seen in the table that the error is below 9% for all specimens, 

which confirms that accurate enough estimations were made using the compliance data during 

the fracture toughness testing process. 
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(a) (b) (c) (d) 

Figure 3.9: Fracture surface for ER70S-6 specimen: (a) vertical CT-70-1, (b) horizontal CT-

70-3; ER100S-1: (c) vertical CT-100-1, (d) horizontal CT-100-3 

Table 3.6:  Specimen dimensions and the initial and final crack lengths 

Specimen ID 
W 

(mm) 

B 

(mm) 

Bn 

(mm) 

a0 

(mm) 

ai,p 

(mm) 

af,c 

(mm) 

af,op 

(mm) 

% error 

in af 

CT-70-1 50.1 16.0 12.2 17.0 31.6 32.2 35.0 8.0 

CT-70-2 50.0 16.1 12.2 17.1 30.3 32.9 33.7 2.3 

CT-70-3 50.0 16.0 12.2 17.0 31.3 32.8 33.6 2.5 

CT-70-4 50.0 16.0 12.2 17.2 31.5 32.8 33.8 3.0 

CT-100-1 50.1 16.2 12.1 17.1 32.4 38.3 38.6 0.6 

CT-100-2 50.0 16.1 12.1 17.0 31.5 35.2 35.8 1.7 

CT-100-3 50.2 16.0 12.1 17.1 31.7 37.4 41.1 9.0 

CT-100-4 50.0 16.2 12.1 17.0 31.5 37.6 37.1 1.2 

 

 3.1.6. Discussions 
 

The ER70S-6 specimens examined in the present study show hardness values ranging from 

137 to 180 HV, with the yield stress ranging from 365 to 390 MPa and the UTS values varied 

from 518 to 522 MPa. The obtained data from these experiments are in good agreement with 

the data provided in the literature5,24, though some researchers have reported higher or lower 

values17,25, which may be particularly because of the different WAAM parameters selected for 

the fabrication of the walls. Moreover, the average fracture toughness result obtained in this 

study on ER70S-6 is 420.11 kJ/m2 which is slightly lower than the result found in the literature 

for this material17. The specimens made with ER100S-1 provide hardness values ranging from 

222 to 290 HV, with the yield stress ranging from 536 to 538 MPa, accompanied by UTS values 

varying from 815 to 818 MPa. The average fracture toughness obtained for these specimens 
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was 49.19 kJ/m2. No data on the mechanical or fracture toughness properties of WAAM 

ER100S-1 material was found in the literature for comparison. 

The study of different orientations in the current research has shown that regardless of the 

material employed in the WAAM process, both values of yield stress and σUTS are higher for 

horizontal specimens than for vertical. It must be noted here that only two specimens per 

orientation were tested during this study, thus more tests need to be conducted to verify the 

preliminary result. This was also reported by several other authors5,17,6. Another interesting 

observation is that the strain at failure is similar in horizontal and vertical specimens for both 

materials. As for the fracture toughness results, the orientation and specimen extraction 

location have been found more influential on ER100S-1 than ER70S-6. The comparison of the 

two materials shows that ER100S-1 has more brittle behaviour compared with ER70S-6 that is 

more ductile. This can be concluded from the mechanical properties, along with an examination 

of the fracture surfaces. The fluctuation of hardness values through the WAAM layers is more 

pronounced for ER100S-1 offcuts. Another observation that can be made from the present 

study is that the yield stress and hardness values are proportional to each other, as suggested in 

the literature26.  

The above results were compared with characteristics of widely used wrought structural metals 

in Table 3.7, where the average values are presented. It can be seen from the table that with the 

highest values of hardness, yield and ultimate tensile stresses, ER100S-1 shows slightly higher 

fracture toughness results than aluminium, however this value is much less than for S355 steel. 

Whereas ER70S-6 values of yield and ultimate stresses are comparable with S355 and SS316, 

however fracture toughness is lower by 25% and 50% respectively. Hardness of ER70S-6 and 

SS316 is similar and the lowest among the presented materials. 

Table 3.7: Comparison analysis of WAAM specimens with widely used wrought metals 

Material 
E 

(GPa) 

σY 

(MPa) 

σUTS 

(MPa) 

Hardness 

(HV) 

JIC 

(kJ/m2) 

S35526 198 446 546 198 830 

SS31627 205 313 603 155 560 

Aluminium28 72 503 564 175 29 

ER70S-6 215 378 520 155 420 

ER100S-1 168 537 817 251 49 

 

In order to fully characterise ER70S-6 and ER100S-1 WAAM walls for various industrial 

applications, fatigue crack initiation and propagation tests will be performed on specimens with 

different orientations and extraction locations in the following chapters of the thesis. Moreover, 

residual stresses will be measured in the WAAM walls and extracted specimens to account for 

their effects on the fatigue behaviour of the WAAM walls made of both materials. Different 

surface treatment techniques, such as rolling or shot peening, can significantly improve the 

performance of WAAM specimens29 and will also be investigated further for current materials. 

Comprehensive metallurgical analysis of the WAAM walls will be carried out in future work 
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to investigate the correlation between hardness variations and metallurgical features in the 

WAAM walls. 

 3.1.7. Conclusions 
 

Material characterisation tests have been conducted on specimens fabricated using WAAM 

technique with ER70S-6 and ER100S-1 materials. The results have revealed that the average 

hardness value on ER70S-6 steel specimens is 155 HV which is 61% lower than the value 

obtained for ER100S-1. Moreover, at the top and bottom of the WAAM walls, higher hardness 

values are observed for ER70S-6 material, whereas the hardness values in ER100S-1 material 

were almost uniform. The results have also shown that lower yield stress and UTS values were 

observed in specimens made of ER70S-6, which have exhibited the higher average fracture 

toughness compared to ER100S-1 samples, confirming that the values of yield stress and 

hardness are proportional to each other and inversely proportional to fracture toughness. A 

trend was discovered for both materials that yield stress and UTS values are similar for different 

specimen orientations though slightly lower in vertical orientation compared to horizontal 

samples extracted across the WAAM layers. The specimen orientation does not significantly 

affect the fracture toughness results in both materials, however, for ER100S-1 the specimen 

extraction location has been found to have a significant effect on fracture toughness with 

specimens extracted from the top of the wall showing 48% higher value compared to those 

extracted from the bottom of the WAAM wall. 
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Abstract3 

The new emerging Wire + Arc Additive Manufacturing (WAAM) technique has significant 

potential to improve material design as well as manufacturing cost and efficiency of the 

structural components, such as offshore wind turbines, and subsequently reduce the Levelised 

Cost of Energy (LCoE). Welded joints in offshore structures are usually considered as potential 

spots for crack initiation due to combination of high stress concentration at the weld toes, the 

residual stresses introduced by the welding process and the cyclic loading condition in harsh 

corrosive marine environments. The WAAM technique is a deposition method consisting of 

repetitive welding process, that can be used as an alternative manufacturing technique for 

fabrication or repair of structural components. An important issue that needs to be understood 

in structural integrity assessment of WAAM built components is the fracture toughness 

behaviour. Particularly, the sensitivity of the fracture toughness properties to corrosive 

environments must be understood in order to extend the application of the WAAM technique 

to offshore wind structures. Therefore, fracture toughness tests were conducted in this study on 

WAAM built compact tension specimens made of ER70S-6 and ER100S-1 steel that were 

initially exposed to the seawater corrosive environment prior to testing. All fracture toughness 

tests were performed at room temperature and the crack length was estimated using the 

compliance method with the clip gauge attached onto the knife edge of the specimens. The 

failure mechanism in the corroded specimens was observed, and the obtained results were 

analysed and compared with those tested in air (without any corrosion damage). The results 

include the comparison of load vs. load line displacement and J-integral vs. crack extension. 

The conclusions from this study contribute to the overall understanding of the design 

requirements for structures fabricated by means of WAAM technique for offshore applications.  
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3.2.1. Introduction 
 

Corrosion is one of the key factors that affects the short- and long-term performance of steel 

structures exposed to harsh offshore environments, e.g., offshore wind turbines. The residual 

mechanical properties of rusty steel structures need to be assessed to ensure safety and provide 

further repair and reinforcement plan for the damaged structure. Fracture is a common and 

dangerous failure mode, especially if the behaviour is brittle or quasi-brittle, as fracture may 

occur suddenly without a visible warning. In ductile steels the brittle fracture can happen if 

concentration forces exist, for instance at the initiated fatigue crack, weld defect or geometry 

notch1. Moreover, the corrosion pits on damaged steel surface can act as stress concentrators 

and benefit the fracture failure mechanisms2,3. Therefore, it is likely that the fracture behaviour 

of corroded steel parts will degrade over time.  

The new wire arc additive manufacturing (WAAM) technique offers a variety of benefits to 

various industries. Compared with other additive manufacturing (AM) techniques, such as 

powder-based methods, WAAM is known for lower manufacturing cost and high deposition 

rates for large-scale structural fabrication, which leads to reduction of manufacturing lead-

time4–7. Nevertheless, this process consists of pure welding mechanism, depositing one metal 

layer on top of another, while constantly reheating and cooling down the built part. This causes 

uncertainties in microstructural homogeneity and mechanical properties isotropy8,9. Also, the 

inherent weld defects can be considered as potential weak spots where fracture and fatigue 

failure can develop10. Thus, in order to minimise the safety risks, the degradation mechanisms 

of corroded WAAM built steel components need to be carefully investigated in order to assess 

the suitability of this technique for offshore applications. 

Great number of studies have been previously conducted to examine the corrosion effects on 

mechanical behaviour of conventionally built metallic specimens and welded joins. They 

include tensile tests performance on corroded specimens, derivation of empirical models and 

evaluation methods, and finally prediction of residual mechanical properties11–18. Moreover, 

some investigated the residual performance of degraded corroded steel parts19–21. However, 

only limited number of papers are available on fracture properties of corroded steel parts and 

there is almost no investigation on corrosion damage effects on fracture behaviour of WAAM 

built parts. 

A research group has examined the fracture toughness performance of the corroded U-notched 

steel plates22 and the results revealed significantly degraded fracture properties. According to 

this study, the ultimate load and fracture toughness decreased for the corroded specimens. Also, 

it was established that the corrosion pits increase the driving force of crack propagation. 

Another comprehensive test programme by Hou et al.23 was carried out on effects of corrosion 

on mechanical properties of metals used for buried steel pipes, where a relationship between 

corrosion and deterioration of mechanical properties was developed. It was also concluded that 

both tensile strength and fracture toughness of corroded steel are reduced as a result of 

corrosion. 

The intention of the present study is to investigate the effect of corrosion on fracture toughness 

properties of WAAM built specimens made with different grades of steel including ER70S-6 

and ER100S-1. The WAAM manufacturing set-up, specimens extraction and testing procedure 

are described in the paper. Prior to fracture toughness testing, the specimens were soaked in 
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artificial seawater to assess the environmental effect on fracture properties. The test results 

have been analysed and compared with the previously tested WAAM built specimens without 

any environmental exposure (i.e., in air and in the absence of corrosion damage). The results 

produced in this study contribute to the overall knowledge of corrosion behaviour and its 

effects on fracture properties of WAAM steels to evaluate the suitability of this technique for 

fabrication and repair of offshore wind turbine structures. 

 

3.2.2. Specimen fabrication and preparation process 
 

In this study four specimens were extracted from two different WAAM walls, one made with 

ER70S-6 welding wire24 and the other one with ER100S-125. The chemical composition for 

each wire is presented in Table 3.8. Both walls were manufactured using Cold Metal Transfer 

(CMT) process with parameters shown in Table 3.9 and by employing an oscillation deposition 

method26 which is often used for fabrication of relatively thick WAAM walls. The 

manufacturing set-up for the WAAM walls is demonstrated in Figure 3.10, which consists of 

a CMT power source, a robotic arm with a CMT torch that supplies the shielding gas and the 

welding wire simultaneously, and an exhaust fan that removes excessive heat and fumes from 

the WAAM wall. Each wall was deposited in the middle of a base plate cut from an EN10025 

rolled structural steel, which was firmly attached onto the working table with eight clamps 

during the fabrication process to minimise any bending or distortion of the base plate and the 

WAAM wall as a result of high manufacturing temperatures. The clamps were removed once 

the deposition was completed, and the walls were cooled down to the ambient temperature.  

Table 3.8: Chemical composition of the WAAM wires (wt.-%)24,25  

  C Mn Cr Si Ni Mo S P Cu V 

ER70S-6 0.09 <1.60 0.05 0.09 0.05 0.05 0.007 0.007 0.20 0.05 

ER100S-1 0.08 1.70 0.20 0.60 1.50 0.50 - - - - 

 

Table 3.9: CMT-WAAM fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Robot travelling speed 7.33 mm/sec 

Wire diameter 1.2 mm 

Wire feed speed 7.5 m/min 

Dwell time 120 sec 

 

 



41 

 

 

Figure 3.10: The CMT WAAM set-up 

Upon completion of the wall deposition, two notched compact tension C(T) specimens from 

the top (T) half of each wall were extracted using Electrical Discharge Machining (EDM) 

method. The specimens from the bottom of the wall were used in a different study. The 

specimens were extracted in two different orientations with respect to the deposited AM layers: 

vertical (V) – with the crack growth direction perpendicular to the AM layers, and horizontal 

(H) – with the crack growth direction along the AM layers, as schematically presented in Figure 

3.11. The specimens were designed in accordance with the ASTM 1820 standard27 for fracture 

toughness testing with the width of W = 50 mm, the height of H = 60 mm, total thickness of B 

= 16 mm and initial crack length of a0 = 17 mm before pre-fatigue cracking. The specimens 

were not side grooved (hence Bn = 16 mm) to facilitate the introduction of corrosion damage 

on the outer surface during exposure to seawater. The fracture toughness C(T) specimens made 

of ER70S-6 and ER100S-1 welding wires were denoted as C-70-1 (T, V), C-70-2 (T, H) and 

C-100-1 (T, V), C-100-2 (T, H), respectively. Prior to testing, all specimens were fatigue pre-

cracked under cyclic loading condition using the load decreasing approach to approximately 

32 mm (a/W = 0.64), as advised in the ASTM 1820 standard. The starting fatigue pre-cracking 

load was maintained below the maximum allowable load specified in the standard. During the 

pre-cracking process, an infinitely sharp crack tip is introduced ahead of the machined notch 

without developing a significant plastic zone ahead of the crack tip. Once the specimens were 

prepared for fracture toughness testing, they were immersed for 11 days in artificial seawater 

that was made according to the ASTM D1141-98 standard28 using deionised water with 

composition shown in Table 3.10. The temperature of the artificial seawater was maintained 

between 8.0 and 10.00C using a chiller, and pH of 8.0 to replicate the operation conditions in 

the North Sea28. 
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Figure 3.11: Schematic of the specimen extraction plan from the WAAM wall 

Table 3.10: Chemical composition of artificial seawater 

Chemical compound Concentration (g/L) 

NaCl 24.53 

MgCl2 5.20 

Na2SO4 4.09 

CaCl2 1.16 

KCl 0.695 

NaHCO3 0.201 

KBr 1.101 

H3BO3 0.027 

SrCl2 0.025 

NaF 0.003 

 

3.2.3. Crack length estimation and J parameter calculation 
 

During fatigue pre-cracking and fracture toughness testing the estimation of instantaneous 

crack length was performed using the compliance method, by attaching a clip gauge onto the 

crack mouth of the specimen. This approach is based on constant load-line-displacement (LLD) 

monitoring, and calculating the instantaneous crack length using the elastic compliance 

measurements according to Equation 3.10 – Equation 3.12, where ai is the instantaneous crack 

length, Ci is the instantaneous unloading compliance, E is the elastic Young’s modulus and Be 

is the effective thickness which is calculated using the specimen’s full thickness B and net 

thickness value Bn. 

 

2 3 4 51.000196 4.06319 11.242 106.043 464.335 650.677= − + − + −ia
u u u u u

W
  

Equation 3.10 

 

where 
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  Equation 3.11 

2( )= − −e nB B B B B   Equation 3.12 

 

Fracture toughness tests were conducted at room temperature on a 100kN servo hydraulic 

Instron machine, under LLD control mode, by applying sequences of loading and unloading 

with 60 seconds of hold time at each peak load, followed by 20% unloading with respect to the 

peak load value. The loading-unloading rate was 1 mm/min, and the sequences of unloading 

were carried out at LLD intervals of 0.125 mm. To plot a resistance curve (i.e. R-curve) for 

each test, the elastic-plastic fracture mechanics parameter J was determined using Equation 

3.13 as recommended by ASTM 182027. It can be seen from the equation that the total value 

of J consists of an elastic and a plastic term which are calculated using Equation 3.14 and 

Equation 3.15, respectively. In these equations, K is the stress intensity factor, which varies for 

different specimen geometries29, ν is the Poisson’s ratio, a0 is the initial crack length, Ap is the 

plastic area under the load vs. LLD curve and η is a geometry dependent function, the solution 

of which for C(T) specimen geometry is demonstrated in Equation 3.16.  

= +el plJ J J   Equation 3.13 

where  

2 2(1 )−
=el

K
J

E


  

Equation 3.14 

0( )
=

−

p

pl

n

A
J

B W a
   Equation 3.15 

02 0.522( )= + −W a W   Equation 3.16 

 

To establish the fracture toughness value, the R-curve is generated for each test by plotting J 

values against the crack extension, ∆a. Then a construction line (which is also known as the 

blunting line) is plotted, the slope of which is calculated using Equation 3.17. In this equation, 

σY is the yield stress of the material. Two exclusion lines are constructed parallel to the 

construction line, offsetting the abscissa by 0.15 and 1.5 mm. The data points along the R-curve 

that fall between two exclusion lines are considered valid data points, and a line of best fit is 

built to them. The intersection between the line of best fit and a 0.2 mm offset parallel to the 

construction line defines the fracture toughness value, denoted as JIC. 

2= YJ a   Equation 3.17 
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3.2.4. Fracture toughness test results 
 

The load vs. LLD data obtained from four fracture toughness tests performed on ER70S-6 and 

ER100S-1 corroded C(T) specimens are presented in Figure 3.12. Comparison of the curves 

for different materials shows that the deviation from linearity occurs at much higher load level 

in ER100S-1 than in ER70S-6 corroded specimens, due to the higher yield stress30. Also, it can 

be seen that the trends for two specimens of the same material look similar; however, for 

ER70S-6 material the horizontal specimen is exhibiting a higher trend compared to the vertical 

specimen, whereas for ER100S-1 it is the vertical specimen that shows the higher load vs. LLD 

trend compared to the horizontal specimen. 

 

Figure 3.12: Load vs. LLD for both ER70S-6 and ER100S-1 corroded specimens 

The results obtained in this study were further compared with the test results on similar C(T) 

specimens extracted from ER70S-6 and ER100S-1 WAAM walls and tested for fracture 

toughness in ambient conditions without any environmental exposure (denoted as A) by 

Ermakova et al.30, presented in Figure 3.13. It can be seen in this figure that for both materials 

the obtained trends for corroded specimens are lower and longer than for the ambient tested 

specimens, indicating that the yield stress is reduced in corrosive environment23. The direct 

comparison of the ER70S-6 specimens extracted from the same location of the wall and with 

the same orientation presents that A-70-1 (T,V) and C-70-1 (T,V) have higher trends than 

specimens with horizontal orientation A-70-3 (T,H) and C-70-2 (T,H), hence the testing 

environment does not affect the orientation sensitivity of the specimens made with ER70S-6 

welding wire. The scatter between ER100S-1 specimens with different orientations and the 

same locations is much smaller, and the results fall almost on top of each other. It must be 

noted here that in this study the tested corroded specimens were only extracted from the top of 

the wall, and in a future study, more specimens extracted from the bottom of the WAAM wall 

will be tested for further comparison of the obtained results with the samples tested without 

any prior exposure to seawater. 
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(a) (b) 

Figure 3.13: Comparison of load vs. LLD for (a) ER70S-6 and (b) ER100S-1 specimens 

tested with and without corrosion exposure 

The fracture toughness resistance curves were generated for four tested corroded specimens 

and are shown in Figure 3.14. It can be seen in this figure that the R-curves for the specimens 

extracted from ER70S-6 wall show much higher trends than ER100S-1, indicating that more 

energy is required to propagate the crack in specimens made of WAAM ER70S-6 material. 

The scatter for vertical and horizontal specimens for each material is small, and they almost 

overlap each other. An example of the detailed fracture toughness analysis, by plotting the 

blunting and exclusion lines, and the determination of JIC value from the valid data points is 

displayed in Figure 3.15 (a) for C-100-1 specimen. The JIC values for ER100S-1 corroded 

specimens are summarised in Table 3.11. The fracture toughness analysis of ER70S-6 corroded 

specimens revealed that no valid data points can be determined from the collected test data, as 

shown for C-70-1 specimen in Figure 3.15 (b), therefore JIC values for ER70S-6 corroded 

specimens could not be quantified and compared in this study. However, as it was concluded 

above, the material properties change due to corrosion damage, therefore the slope of the 

blunting lines for both materials would change, as it depends on the material properties 

(Equation 3.17), hence the valid points and JIC values will differ. In future work the tensile 

material properties of corroded specimens will be determined, to alter the blunting and 

exclusion lines for JIC values quantification. 

 

Figure 3.14: Resistance curves for ER70S-6 and ER100S-1 corroded specimens 
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(a) (b) 

Figure 3.15: Analysis of the fracture toughness data for (a) C-100-1 and (b) C-70-1 

specimens 

Table 3.11: Fracture toughness values for ER100S-1 corroded specimens 

 
C-100-1 

(T, V) 

C-100-2 

(T, H) 

JIC 

(kJ/m2)  
104.2 109.0 

 

Comparison of the resistance curves obtained in this study on corrosion exposed specimens 

with the previous study of Ermakova et al.30 on ER70S-6 and ER100S-1 ambient specimens 

without any prior corrosion exposure is displayed in Figure 3.16. As seen in this figure, the 

slope of the curve is higher for corroded specimens for both of the WAAM built materials, 

indicating that a higher level of energy is required to propagate the crack in corroded specimens 

than in ambient specimens. As it was previously observed for ambient specimens, the R-curves 

for specimens extracted from the same location fall on top of each other, despite the orientation, 

and the same trend is seen for corroded specimens extracted from top of the WAAM walls. 

Analysis of JIC values for ER100S-1 specimens demonstrates that for corroded specimens JIC 

increased on average by 61%, compared with values for ambient specimens30. 

The higher level of fracture energy in corroded WAAM built specimens, compared to the 

samples without any prior exposure to seawater, can be associated with the fact that the 

corrosion process significantly altered not only the mechanical properties but also the sharpness 

of the crack tip in seawater exposed specimens. In other words, the results obtained from this 

study suggest that in both ER70S-6 and ER100S-1 WAAM built specimens, the exposure to 

seawater has resulted in significantly blunter crack tip which has subsequently elevated the R-

curves in the fracture analysis. This indicates that while corrosion exposure is known to be a 

damaging mechanism, in the case of WAAM built components it can enhance the fracture 

properties by blunting the sharp fatigue crack tips created due to the cyclic loading effects 

exerted on the offshore structures. Therefore, the provisional results from this study show that 

the WAAM technique has a great potential for application in offshore wind industry; however, 

other design considerations such as fatigue must be investigated in more detail before 

JIC 
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employing this efficient AM technique in fabrication or repair of offshore wind turbine 

structures. 

 

 

Figure 3.16: Comparison of resistance curves for ER70S-6 and ER100S-1 specimens with 

and without exposure to seawater  

 

3.2.5. Conclusions 
 

Fracture toughness tests were conducted on WAAM built specimens made with ER70S-6 and 

ER100S-1 welding wires. The specimens were immersed in seawater for 11 days prior to 

fracture testing to introduce corrosion effects in the test specimens. The results from this study 

were compared with those available on similar samples without exposure to seawater. The 

following conclusions and observations can be drawn from this study: 

• The corrosive environment reduces the yield stress of the material, hence load vs. LLD 

curves show lower trends for corroded specimens for both ER70S-6 and ER100S-1 

materials. 

• The R-curves for corroded specimens fall higher than those obtained from specimens 

without prior corrosion exposure, thus a greater level of energy is required to propagate 

the crack in corroded specimens. The JIC value for ER100S-1 corroded specimens is 

increased on average by 61% compared with JIC value on the same material without 

corrosion exposure.  

• The corrosion process does not only alter the mechanical properties in the WAAM built 

specimens, but also makes the fatigue cracks blunter which subsequently leads to 

improved fracture properties. 

• The WAAM technique has demonstrated to have great potentials for employment in 

offshore applications, particularly manufacturing and repair of offshore wind turbine 

structures. 

• Tensile properties of corroded specimens need to be investigated in future work, to 

improve the construction of the blunting and exclusion lines. 
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3.3. Conclusion 

 

In this chapter the material characterisation tests were conducted on WAAM-fabricated 

specimens using ER70S-6 and ER100S-1 materials. The results revealed notable differences 

in hardness, yield stress, and UTS between the two materials, with ER70S-6 exhibiting lower 

hardness but higher average fracture toughness compared to ER100S-1. The orientation of 

specimens had minor effects on yield stress and UTS, while the extraction location significantly 

influenced fracture toughness in ER100S-1, with top-wall specimens exhibiting a 48% higher 

value compared to bottom-wall specimens. 

Additionally, fracture toughness tests were performed on WAAM built specimens made with 

ER70S-6 and ER100S-1, both exposed to seawater and unexposed. The corrosive environment 

reduced yield stress in both materials, resulting in lower load vs. LLD curves for corroded 

specimens. However, the R-curves of corroded specimens showed higher values, indicating 

improved crack propagation resistance. The corrosion process not only altered mechanical 

properties but also led to blunter fatigue cracks, contributing to enhanced fracture properties. 

Overall, the research demonstrated the potential of WAAM for offshore applications, 

particularly in the manufacturing and repair of offshore wind turbine structures. Further 

investigations on tensile properties of corroded specimens are recommended for better 

understanding and optimising blunting and exclusion lines in future work. 
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Chapter 4 : Assessment of Fatigue Crack Growth 

Behaviour in WAAM Steel Components 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, fatigue crack growth tests were conducted on ER70S-6 and ER100S-1 

WAAM built specimens.  The sensitivity of results to extraction location and orientation of 

the specimens was discussed. The chapter consists of the following papers: 

 

Paper IV: Fatigue crack growth behaviour of wire and arc additively manufactured 

ER70S-6 low carbon steel components  

Paper V: Experimental investigation of the fatigue crack growth behaviour in wire arc 

additively manufactured ER100S-1 steel specimens 
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4.1. Paper IV: Fatigue crack growth behaviour of wire and arc 

additively manufactured ER70S-6 low carbon steel components 

 

Anna Ermakovaa, Ali Mehmanparasta*, Supriyo Gangulyb, Javad Razavic, Filippo 

Bertoc 

a Offshore Renewable Energy Engineering Centre, Cranfield University, England, UK 

b Welding Engineering and Laser Processing Centre, Cranfield University, Cranfield, MK43 

0AL, UK 

c Norwegian University of Science and Technology (NTNU), Trondheim, Norway 

 

Abstract4 

The new emerging Wire and Arc Additive Manufacturing (WAAM) technology has significant 

potential to improve material design and efficiency for structural components as well as 

reducing manufacturing costs. Due to repeated and periodic melting, solidification, and 

reheating of the layers, the WAAM deposition technique results in some elastic, plastic and 

viscous deformations that can affect material degradation and crack propagation behaviour in 

additively manufactured components. Therefore, it is crucial to characterise the cracking 

behaviour in WAAM built components for structural design and integrity assessment purposes. 

In this work, fatigue crack growth tests have been conducted on compact tension specimens 

extracted from ER70S-6 steel WAAM built components. The crack propagation behaviour of 

the specimens extracted with different orientations (i.e., horizontal and vertical with respect to 

the deposition direction) has been characterised under two different cyclic load levels. The 

obtained fatigue crack growth rate data have been correlated with the linear elastic fracture 

mechanics parameter ΔK and the results are compared with the literature data available for 

corresponding wrought structural steels and the recommended fatigue crack growth trends in 

BS7910 standard. The obtained results have been found to fall below the recommended trends 

in BS7910 standard and above the data points obtained from S355 wrought material. The 

obtained fatigue growth trends and Paris law constants from this study contribute to the overall 

understanding of the design requirements for the new optimised functionally graded structures 

fabricated using WAAM technique.  
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4.1.1. Introduction 
 

The wire and arc additive manufacturing (WAAM) method creates multi-layer components by 

melting a wire at a controlled rate using an electric or plasma arc1,2. Compared with powder 

based additive manufacturing techniques, WAAM has a key advantage of relatively high 

deposition rate, depositing several kilograms of metal per hour, resulting in lower cost and 

reasonably short fabrication time3,4. Additionally, using wire as the feeding material brings 

fewer safety issues compared to powders2,5. However, as-deposited WAAM parts may require 

post processing due to surface roughness and inaccuracies involved in exact dimensions6,7. This 

technique has been already adopted by the aerospace industry and is now finding its 

applications in other industrial sectors8. One of the major constraints for widespread application 

of WAAM in industries is limited knowledge of mechanical properties of such components, 

particularly the fatigue behaviour under different loading and environmental conditions, which 

is a key requirement for further product design and certification. Moreover, previous studies 

have shown that additive manufacturing process due to repeated melting, solidification, and 

reheating, introduces changes to the microstructure and residual stresses that would have an 

impact on mechanical and fatigue properties, hence have to be examined carefully for more 

accurate interpretation of the WAAM built components. 

The majority of the published work on WAAM built components reported in the literature are 

on the parts made of titanium and stainless-steel alloys particularly for application in the 

aerospace industry; however, there is an essential need to examine the fatigue and fracture 

behaviour of other WAAM built materials, e.g., ferritic steel, to explore the suitability of this 

AM technology for other high production rate industries such as offshore wind. Experimental 

evaluation of fatigue behaviour of WAAM titanium alloy compact tension, C(T), samples by 

Zhang et al.5,9 revealed considerably lower fatigue crack growth (FCG) rates of the WAAM 

material compared to the wrought counterpart. Therefore, WAAM technique was 

recommended as a strong candidate for manufacturing damage tolerance driven designs. 

Moreover, different sample orientations were investigated by Zhang et al.5,9 and it was found 

that the FCG rate is slightly faster when the crack propagates across the WAAM layers, 

compared to the crack that propagates along the layers. Similar results were reported by Zhang 

et al.10. Gordon et al.11 performed FCG tests on 304L stainless steel WAAM built SEN(B) 

specimens and observed favourable behaviour in the Paris region compared to the conventional 

wrought stainless steel. It was also reported that as-built parts offer higher FCG resistance. 

Further observed in their study was some degree of variability in the crack growth rates of 

different sample orientations, with the lowest rates observed in samples with multi-layer crack 

paths. 17-4 PH stainless steel WAAM built C(T) specimens were tested by Nezhadfar et al.12 

and the results showed lower FCG rates compared to the specimens made of the wrought 

material. 

The preliminary test results reported in the literature on titanium and stainless steel WAAM 

components show that relatively lower FCG rates were observed in the multi-layer deposited 

specimens compared to the conventional parts made from the wrought material. However, there 

is generally limited experimental data available on FCG behaviour of the WAAM built 

components for a wide range of materials. Therefore, further experimental studies are needed 

to inform decisions for material selection in fabrication of future WAAM built components 

based on the fatigue resistance observed in fatigue crack growth tests. To fill in the gap in the 
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knowledge, the present study examines the FCG behaviour of WAAM built specimens made 

with ER70S-6 mild steel wire. Also included in this study is the sensitivity analysis of the 

fatigue response to the built orientation and applied cyclic load level. The manufacturing 

process of the WAAM walls, specimen extraction strategy, experimental set-up and the results 

obtained FCG test are presented below, along with discussions and comparison with the 

existing data in the literature. The results presented in this study provide an insight into 

extension of the application of WAAM technology to other industries, such as offshore wind, 

where a significant number of large-scale components must be fabricated within limited 

timeframes. 

 

4.1.2. Material selection and specimen extraction 
 

The material used in this study is ER70S-6 copper coated carbon steel welding wire. It is 

suitable for automatic welding and is well-known for excellent welding properties, stable arc, 

high deposition efficiency and low spatter. Typical applications for this wire are in repair of a 

variety of mild and low alloy steels, small diameter pipes and tubing, sheet metal applications, 

and root pass pipe welding13. Moderate amount of rust is acceptable during the welding process 

which makes this wire a preferable choice for marine applications14. However, some post-

processing is usually required subsequent to fabrication to remove the generated silicon island 

deposits. In this study, Lincoln electric ER70S-6 wire15 was used with the chemical 

composition summarised in Table 4.1. 

Table 4.1: Chemical composition of ER70S-6 material (wt.-%)15 

  C Mn Cr Si Ni Mo S P Cu V 

ER70S-6 0.09 <1.60 0.05 0.09 0.05 0.05 0.007 0.007 0.20 0.05 

 

Two additively manufactured walls were built using the Cold Metal Transfer (CMT) based 

WAAM process, with manufacturing parameters shown in Table 4.2. In order to minimise the 

structural variability of different walls, all the parameters were kept constant during the 

fabrication process. The manufacturing set-up and an example of the completed wall are 

displayed in Figure 4.1. As shown in the figure, the WAAM set-up consists of the CMT power 

source, a robot arm with the torch feeding the wire and simultaneous shielding gas supply. An 

exhaust fan was also used to draw off the generated fume and heat from the wall. 

Each WAAM wall was built in the middle of the base plate that was made of EN10025 rolled 

structural steel with the plate dimensions of 420 × 200 × 12 mm3. The base plate was fixed on 

the working table using eight clamps (two for each corner). The clamps helped to prevent the 

plate from bending due to the thermal energy input and were released once the completed 

WAAM wall cooled down to the ambient temperature. Additive layers were deposited on top 

of each other using an oscillation pattern, the details of which can be found in the work by 

Ermakova et al.16, to create relatively thick walls of approximately 24 mm in thickness (Y-

direction in Figure 4.1 (b)), 355 mm in length (X-direction) and 140 mm in height (Z-direction). 
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Table 4.2: CMT-WAAM fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Wire diameter 1.2 mm 

Robot travelling speed 7.33 mm/sec 

Wire feed speed 7.5 m/min 

Dwell time 120 sec 

 

 

(a) 

 

(b) 

Figure 4.1: The fabrication process: (a) CMT WAAM set-up, (b) completed wall 
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Once the fabrication of the WAAM walls was completed, tests specimens were extracted from 

each wall using the Electrical Discharge Machining (EDM) technique. Twelve stepped notched 

compact tension, C(T), specimens were extracted along two different orientations: vertical (V) 

– with the crack plane perpendicular to the deposited layers, and horizontal (H) – with the crack 

plane parallel to the deposited layers. As schematically shown in Figure 4.2, specimens denoted 

CT-V-1 and CT-V-2 are vertically oriented, whereas CT-H-1 and CT-H-2 have horizontal 

orientation. The C(T) specimens were extracted in accordance with ASTM E64717 standard 

with the width W = 50 mm, the height of H = 60 mm, total thickness of B = 16 mm and initial 

crack length of a0 = 17 mm before pre-fatigue cracking. Also, in order to enable compliance 

measurements for crack growth monitoring during FCG tests, knife edges were machined at 

the crack mouth following the instructions provided in E182018 to accommodate a clip gauge 

for compliance measurements throughout the tests. 

 

Figure 4.2: A schematic demonstration of the specimen extraction plan 

 

4.1.3. Fatigue crack growth test set-up and data analysis 
 

FCG tests were conducted on a 100 kN servo-hydraulic machine under Mode I fracture 

mechanics loading conditions in accordance with the ASTM E64717 standard. All tests were 

performed under load control mode at room temperature in air and with the load ratio of 

R = 0.1. The fatigue load cycles were applied using a constant amplitude sinusoidal cyclic 

waveform at 5 Hz frequency. Six specimens were tested with the maximum applied load of 

Pmax = 10 kN, with another six samples tested under Pmax = 11 kN. For each of the load levels 

examined in this study, half of the specimens (i.e., 3 C(T) specimens) were selected with 

vertical orientation and the other half with horizontal orientation, to examine crack path effects 

with respect to the deposited layers in the WAAM walls on the FCG behaviour of the material. 

Prior to testing, all specimens were pre-cracked under fatigue loading conditions using the load 

decreasing approach to approximately 20 mm (ai,p/W = 0.4), to introduce an infinitely sharp 

crack tip ahead of the machined notch. During the pre-cracking process, it was ensured that the 

final value of maximum stress intensity factor Kmax does not exceed the initial Kmax at the 

beginning of the actual FCG test, according to the test requirements listed in ASTM E647.  

The estimated values of crack length during the pre-cracking phase and the main FCG tests 

were monitored using the unloading compliance technique19, by attaching a clip gauge onto the 

crack mouth of the specimen. The crack path was carefully observed using high resolution 

cameras located in front of and behind the test specimens to ensure that the crack propagates 
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straight without any major deviation from the symmetry line in the C(T) test specimens. 

Moreover, the cameras were used to cross check the crack growth readings obtained from the 

compliance technique by measuring the crack lengths at the outer surface of the C(T) 

specimens. The tests were terminated once the crack length, estimated using the compliance 

technique, reached approximately 35 mm (af,c /W = 0.7). The fatigue test set-up and the crack 

growth monitoring tool employed in this study are presented in Figure 4.3. 

 

Figure 4.3: Fatigue crack growth test set-up 

The instantaneous crack length and number of cycles were continuously recorded throughout 

the tests. The FCG rate, da/dN, was then calculated using the secant method for the first and 

the last three data points, and seven-point incremental polynomial technique for the rest of the 

data points. As suggested by ASTM E647, the stress intensity factor (SIF) range, ΔK, for C(T) 

specimen geometry can be obtained using Equation 4.1: 

∆𝐾 =
∆𝑃

𝐵√𝑊
∙

(2 + 𝛼)

(1 − 𝛼)
3
2

∙ (0.886 + 4.64𝛼 − 13.32𝛼2 − 14.72𝛼3 − 5.6𝛼4) 
Equation 4.1 

where ∆𝑃 is the applied cyclic load range, and 𝛼 = 𝑎/𝑊 is the normalised crack length. 

However, due to the validity limitation of this equation for C(T) specimens with shallow crack 

lengths, a new shape function equation was developed based on numerical analysis in a 

previous study by Mehmanparast et al.20 and incorporated in calculation of the SIF for C(T) 

specimens which is shown in Equation 4.2. It was reported by Mehmanparast et al.20 that ΔK 

values obtained using Equation 4.2 are more accurate for a wider range of normalised crack 

lengths ranging from a/W = 0.2 to a/W = 0.7. 

∆𝐾 =
∆𝑃

𝐵𝑊
∙ √𝑎 ∙ (−372.12𝛼6 + 1628.60𝛼5 − 2107.46𝛼4 + 1304.65𝛼3

− 391.20𝛼2 + 54.81𝛼 + 7.57) 
Equation 4.2 
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4.1.4. Fatigue crack growth test results and discussion 
 

The FCG test data, which include the instantaneous crack lengths a and number of cycles, 

collected during the tests on all specimens are presented and compared with each other in 

Figure 4.4. As seen in this figure, the initial crack length (after pre-cracking) for all FCG tests 

was approximately 20 mm, with the exception of two specimens CT-V-1 and CT-V-2 that were 

pre-cracked to slightly higher values, resulting in shorter FCG test durations in these two test 

specimens. The comparison of the crack growth trends observed in specimens tested under 

different loading conditions shows that by increasing Pmax from 10 kN to 11 kN, the test 

duration on average decreased by approximately 2.3 times for horizontal specimens and 1.5 

times for vertical specimens. The results show that under Pmax =10 kN, on average around twice 

longer fatigue life is generally observed in horizontal specimens, compared to vertical 

specimens. However, when the applied load level was increased to Pmax =11 kN an opposite 

trend is observed with the vertical specimens having on average around 1.3 times longer fatigue 

life compared to horizontal samples. This trend can be caused due to the microstructural effects, 

which are discussed next, or induced residual stresses that need to be examined in the future 

work. Finally seen in Figure 4.4 is that while the short-term repeat tests under Pmax =11 kN 

exhibit similar trends with relatively small level of scatter, the deviation in the test results 

enlarges in longer-term tests under Pmax =10 kN particularly in the horizontal specimens. This 

indicates that the fatigue test duration and the level of scatter in the test data strongly 

dependents on the applied load level in the tests on ER70S-6 WAAM built specimens. 

 

Figure 4.4: Fatigue crack growth trends in the tests on ER70S-6 WAAM built specimens with 

different orientations under different applied load levels 

The FCG rates, da/dN, obtained from the tests on C(T) specimens have been correlated with 

the linear elastic fracture mechanics parameter, ΔK, and the results are presented in Figure 4.5. 

It can be seen in this figure that for a given loading condition, the experimental data obtained 

from the tests on each specimen orientation fall upon each other, showing four distinguished 

clouds of data and indicating good repeatability for each four datasets at two different load 

levels and on two different specimen orientations. It can be seen in this figure that the FCG 

results show a higher trend in the tests performed at Pmax =11 kN, particularly at greater values 
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of ΔK towards the end of the tests. The comparison of the results obtained from different 

orientations shows that under the cyclic applied load of Pmax =10 kN the vertical specimens 

exhibit a higher FCG rate compared to the horizontal specimens throughout the tests, including 

the near threshold region and the Paris region. For the tests performed under Pmax =11 kN, it 

can be seen that while the horizontal specimens demonstrate a higher FCG rate in the near 

threshold region at low values of ΔK, this trend switches at larger crack lengths with the vertical 

specimens showing a higher FCG rate towards the end of the Paris region. Comparing the 

experimental clouds in Figure 4.5 it can be seen that the lowest FCG rates are observed in 

horizontal specimens tested under Pmax =10 kN. 

 

Figure 4.5: Analysis of the fatigue crack growth rates in ER70S-6 WAAM built specimens 

with different orientations under different applied load levels 

For each FCG dataset presented in Figure 4.5, the material constants C and m in the Paris region 

with intermediate values of ∆K (Equation 4.3) were obtained by plotting the line of best fit to 

the data and determining the power-law constants, which are summarised in  

Table 4.3. Also included in Table 4.3 are the values of the coefficient of determination, R2, 

which have been found to be close to 1 indicating that the lines of best fit made to the data 

accurately describe the realistic behaviour of the material. It can be seen in this table that the 

values of the stress intensity factor range exponent, m, are within the established range of 2 to 

4 which is typically observed in the FCG tests on wrought materials in the absence of corrosive 

environment21. The information on the extraction location of each C(T) specimen with respect 

to the height (i.e. top (T) and bottom (B) regions) of the WAAM walls (see Figure 4.2) is also 

reported in Table 4.3. Comparing the test results in Figure 4.5 and Table 4.3, it was concluded 

that the extraction location of the C(T) specimen does not have any major impact on the FCG 

behaviour of the ER70S-6 steel WAAM specimens, and within the inherent experimental 

scatter the da/dN vs. ∆K trends from specimens extracted at the top and bottom of the WAAM 

walls fall close to or upon each other. 
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𝑑𝑎/𝑑𝑁 = 𝐶∆𝐾𝑚 Equation 4.3 

 

Table 4.3: Paris law constants for the fatigue crack growth tests on ER70S-6 WAAM built 

specimens 

Specimen 

ID 
Orientation Location Pmax (kN) C m R2 

CT-V-1 V T 10 7.51×10-8  2.39 0.993 

CT-V-2 V B 10 7.37×10-8  2.39 0.997 

CT-V-3 V B 10 8.34×10-9  2.99 0.995 

CT-H-1 H T 10 4.29×10-9  3.11 0.996 

CT-H-2 H B 10 3.37×10-8  2.59 0.989 

CT-H-3 H T 10 2.80×10-9  3.28 0.991 

CT-V-4 V B 11 6.64×10-9  3.08 0.993 

CT-V-5 V B 11 1.32×10-8  2.86 0.995 

CT-V-6 V B 11 9.09×10-9  2.97 0.997 

CT-H-4 H B 11 5.20×10-8  2.49 0.995 

CT-H-5 H B 11 3.94×10-8  2.56 0.996 

CT-H-6 H B 11 2.46×10-8  2.72 0.997 

 

Furthermore, the Paris law constants were determined for each set of specimens with the same 

orientation (i.e., vertical and horizontal) and under a given loading condition (Pmax of 10 kN 

and 11 kN). The results obtained from the line of best fit (i.e., mean line) for each dataset are 

presented in Figure 4.6 and summarised in Table 4.4. As seen in Figure 4.6 and Table 4.4, the 

R2 values are found to be slightly higher for specimens tested under Pmax =11 kN, indicating 

less scatter in these datasets, compared to those tested at Pmax =10 kN, which is consistent with 

observations made in Figure 4.4. Lower values of R2 for specimens tested under Pmax =10 kN 

suggests more scattered results. To further analyse the level of scatter in each of the obtained 

datasets, the upper bound trends were calculated based on +2 standard deviation (SD) by 

assuming the same slope as the mean line. The Power-law constants for the upper bound FCG 

trends (mean+2SD) in the Paris region for each of the four datasets are reported in Table 4.4. 
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Figure 4.6: The lines of best fit made to the fatigue crack growth data in the Paris region for 

different specimen orientations and load levels 

 

Table 4.4: Power-law constants for the mean curves and upper bound trends in the Paris 

region for different orientations and load levels 

Datasets Orientation 
Pmax 

(kN) 

Mean Mean+2SD 

C m R2 C m 

Set-V V 10 2.14×10-8 2.74 0.950 2.61×10-8 2.74 

Set-H H 10 3.76×10-9 3.20 0.951 4.95×10-9 3.20 

Set-V V 11 9.75×10-9 2.95 0.990 1.09×10-8 2.95 

Set-H H 11 3.43×10-8 2.61 0.992 3.79×10-8 2.61 

 

The mean+ 2SD lines for four sets of experiments on different specimen orientations and load 

levels are plotted and compared with each other in Figure 4.7. Also included in this figure are 

the BS7910 recommended fatigue crack growth trends22 (i.e. upper bound trends) for welded 

joints in air based on the simplified law and 2-stage law. From the figure it can be seen that all 

four lines describing the upper bound FCG behaviour of ER70S-6 WAAM specimens fall 

below the simplified and 2-stage FCG trends recommended in BS7910 standard. This indicates 

that the FCG rates in ER70S-6 WAAM built components can be conservatively predicted by 

the recommended trends in BS7910 standard.  It can be seen in Figure 4.7 that the upper bound 

FCG lines for the vertical specimens at 10 kN and horizontal specimens at 11 kN have similar 

slopes to the 2-stage law recommended in BS7910, while the other two datasets (i.e. horizontal 

specimens at 10 kN and vertical specimens at 11 kN) have similar slopes to BS7910 simplified 

law. 
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Furthermore, the FCG data obtained from this study have been compared with the fatigue test 

data in air on S355G+10M structural steel C(T) specimens extracted from the heat affected 

zone (HAZ) tested by Jacob et al.23 and S355G8+M steel C(T) specimens on HAZ and base 

metal (BM) tested by Mehmanparast et al.20, both sets of specimens have been prepared 

replicating the existing welds in offshore wind turbine monopile structures using the multi-pass 

butt-welding and no post-weld heat treatment was performed on the welded specimens. All 

tests have been conducted under similar loading conditions of Pmax =10 kN, 5Hz frequency and 

R=0.1, and the results are presented in Figure 4.7. The comparison of the experimental data in 

this figure shows that the upper bound FCG trends from ER70S-6 WAAM specimens fall 

slightly above the experimental data band from S355G8+M BM specimens. Also seen in this 

figure is that the upper bound FCG rates in ER70S-6 WAAM specimens are on average around 

three and four times higher than S355G8+M and S355G+10M HAZ specimens, respectively. 

Knowing that S355G8+M and S355G+10M are widely used in fabrication of offshore 

structures which are subjected to severe cyclic loading conditions during their lifespan24,25,26, 

the comparison of results in Figure 4.7 shows that the WAAM technology can be potentially 

employed in fabrication of less critical components and parts of offshore structures using low 

carbon steel wires, though the fatigue crack growth rates are expected to be higher than the 

S355 weldments but still lower than the recommended FCG trends provided in BS7910 

standard. 

 

Figure 4.7: Comparison of the upper bound fatigue crack growth trends on ER70S-6 WAAM 

specimens to BS7910 curves and literature data on S355 

 

4.1.5. Fractography 
 

Upon completion of FCG tests, post-mortem analysis was conducted on all specimens to 

evaluate the percentage of error in crack length estimations using the compliance technique. In 

order to do this, the tested specimens were initially soaked in liquid nitrogen for 10 minutes to 
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increase the brittleness of the material and facilitate the fast fracture opening process with 

minimum plastic deformation. Examples of fracture surfaces are shown in Figure 4.8 for 

different specimen orientations and loading conditions. As seen in Figure 4.8(a), three surface 

areas were identified on the fracture surface: (1) fatigue pre-cracking, (2) fatigue crack growth, 

and (3) fast fracture (i.e., specimen fracture opening). The crack extension was measured in the 

first two regions for all twelve specimens tested in this study. The fractography analysis of the 

tested specimens shows that the crack propagation regions are quite symmetric for each 

specimen, which confirms that perfect appropriate alignment was maintained during the FCG 

tests. It can be also observed that the macroscopic fatigue crack growth regions are very smooth 

for all specimen orientations without any evidence of significant defects or crack deviation 

from the straight line on the fracture surface. 

    

(a)                                  (b)                                  (c)                                 (d) 

Figure 4.8: Fracture surface of ER70S-6 WAAM specimens tested under Pmax = 10kN: (a) 

CT-V-3 vertical, (b) CT-H-2 horizontal; and under Pmax =11kN: (c) CT-V-6 vertical, (d) CT-

H-4 horizontal 

The information on the key specimen dimensions, the machined crack length ao, the crack 

length after pre-cracking process estimated using the compliance method ai,p, the final crack 

length after FCG test estimated using the compliance method af,c, and the final crack length 

measured on the fracture surfaces using optical imaging af,op is summarised in Table 4.5. As 

seen in this table, the percentage of error between the estimated (using the compliance 

technique) and measured (using optical imaging on the fracture surface) final crack lengths is 

less than 2.2% confirming that the crack lengths were accurately estimated during FCG tests 

using the compliance technique. 

Table 4.5: Specimen dimensions, loading condition, initial and final crack lengths 

Specimen 

ID 

Pmax 

(kN) 

W 

(mm) 

B 

(mm) 

a0 

(mm) 

ai,p 

(mm) 

af,c 

(mm) 

af,op 

(mm) 

% 

error 

in af 

CT-V-1 10 50.1 16.0 17.0 21.9 35.0 35.8 2.2 

CT-V-2 10 50.0 16.1 17.1 23.2 35.0 34.7 0.8 

CT-V-3 10 50.0 16.0 17.0 20.1 35.0 34.8 0.7 

CT-H-1 10 50.0 16.0 17.2 19.7 35.0 34.9 0.2 

1 

2 

3 
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CT-H-2 10 50.1 16.2 17.1 19.9 35.0 35.7 2.0 

CT-H-3 10 50.0 16.1 17.0 19.5 35.0 35.0 0.2 

CT-V-4 11 50.2 16.0 17.1 19.9 35.0 35.2 0.5 

CT-V-5 11 50.0 16.2 17.0 20.1 35.0 35.3 0.7 

CT-V-6 11 50.1 16.0 17.0 20.2 35.0 35.2 0.5 

CT-H-4 11 50.1 16.0 17.0 20.3 35.0 35.4 1.0 

CT-H-5 11 50.0 16.1 17.2 20.3 35.0 35.4  1.0 

CT-H-6 11 50.0 16.0 17.1 20.1 35.0 35.1 0.2 

 

In order to examine the FCG rate differences observed in Figure 4.5, further microstructural 

analysis has been conducted on the broken-open specimens using TESCAN VEGA 3 Scanning 

Electron Microscope (SEM) with high 5kx magnification and the results are presented in Figure 

4.9. Since the largest difference in FCG rates took place at lower ∆K values and became almost 

negligible towards the end of the tests, the microstructural analysis was performed on the area 

corresponding to the beginning of the test (approximately 2 mm ahead of the pre-cracked 

region). The fracture surface analysis on the horizontal specimen tested at Pmax =10 kN (Figure 

4.9 (a)), revealed dimpled rapture characteristics and large secondary cracks, which is 

compelling evidence of the ductile fracture mechanism. On the other hand, the fracture surface 

of the vertical specimen tested at Pmax =10 kN (Figure 4.9 (b)) consists of nearly flat regions, 

in the absence of secondary cracks, where relatively fast cleavage fracture occurs during the 

crack propagation process confirming brittle fracture in the vertical specimen. Similar 

observations were reported by several researchers27,28,29. Based on the microstructural analysis 

it can be concluded that the specimen orientation plays a significant role in microstructural 

deformation and subsequently the FCG behaviour of WAAM ER70S-6 specimens, and the 

horizontal specimen orientation which requires a higher amount of energy for crack propagate 

due to the ductile cracking mode, exhibits a lower FCG rate compared to the vertical specimen 

tested under the same cyclic loading condition (see Figure 4.5). 

To examine the influence of plasticity on the FCG behaviour of specimens with different 

orientations, further microstructural analyses were conducted on the horizontal and vertical 

specimens tested at Pmax =11 kN (see Figure 4.9 (c) and (d)). Comparison of the microstructural 

deformation in the horizontal specimens tested at Pmax =10 kN in Figure 4.9 (a) and at Pmax =11 

kN in Figure 4.9 (c) shows that increasing the load level on this specimen orientation has 

resulted in shallower dimples and lower density of secondary cracks indicating a less ductile 

fracture behaviour in the test conducted at a higher load. This means that in the horizontal 

specimen orientation, an increase in the cyclic load level leads to higher FCG rates, in the 

absence of significant plasticity effects, which is consistent with the FCG trends observed in 

Figure 4.5. Comparison of the microstructural deformation in the vertical specimens tested at 

Pmax =10 kN in Figure 4.9 (b) and at Pmax =11kN in Figure 4.9 (d) shows that increasing the 

load on this specimen orientation  results in dimpled features and small secondary cracks, as a 

result of plasticity, which would subsequently decrease the FCG rates. This observation is 

consistent with the results shown in Figure 4.5 where the FCG rates in the vertical specimens 

tested at a higher load fall below or upon those obtained at a lower load. This confirms that 

under the cyclic loading conditions examined in this study the vertical specimens are more 

sensitive to plastic deformation, therefore an increase in the maximum fatigue load from 10 kN 

to 11 kN reduces the FCG trend due to formation of dimpled regions and secondary cracks 

which increase the resistance of the material to crack propagation.  
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(a) horizontal, Pmax =10 kN (b) vertical, Pmax =10 kN 

 

  
(c) horizontal, Pmax =11 kN (d) vertical, Pmax =11 kN 

 

Figure 4.9: Fracture surface of the FCG specimens with 5.0 kx magnification (arrow on the 

right shows the crack propagation direction) 

The grain size is known to be an important microstructural characteristic that determines the 

mechanical behaviour of the metal28. In order to analyse the grain size distribution in the test 

specimens, a vertical slice of the WAAM wall was examined under the optical microscope and 

the results are shown in Figure 4.10 (a) and (b). As seen in this figure, the grain coarsening 

feature in the heat affected zone (HAZ) of the previously deposited WAAM layer is clearly 

visible, whereas the area of the melt pool consists of relatively smaller grains. Knowing that 

the nature of the WAAM process is layer-by-layer deposition, depositing every new layer 

reheats the previous layer and the temperature increase in the previously solidified layer 

initiates the grain boundaries migration and causes grain growth near each melt pool boundary. 

These microstructural inhomogeneities in the WAAM manufactured components cause 

anisotropic mechanical properties. According to Figure 4.10 (b), the mechanical properties of 

the vertical specimens could change up to four times during the FCG test, as the crack 

propagated for around 15 mm, hence through multiple WAAM layers. It was previously 

suggested by Rafieazad et al.27 that the presence of the coarse grains in the HAZ could be one 

of the main weakening mechanisms in WAAM ER70S-6 alloy, which deteriorates the ductility 

of the material. Thus, in addition to the microstructural deformation characteristics the 

variation in mechanical properties could also influence the FCG behaviour in vertical 
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specimens at different applied load levels. Further examination of the changes in mechanical 

properties in vertical samples will be conducted in future work. 

  
(a) (b) 

Figure 4.10: Optical microscopy analysis (a) after etching and (b) before etching on a vertical 

slice of the WAAM built wall 

4.1.6. Conclusions 
 

Fatigue crack growth tests were conducted in air on standard tension C(T) specimens extracted 

from ER70S-6 WAAM built walls. All tests were performed at room temperature, with R = 

0.1, frequency of 5 Hz, at two different load levels of Pmax =10 kN and 11 kN. The following 

conclusions and observations have been made from this study: 

• The specimen extraction location with respect to the WAAM wall does not have any 

major effect on the FCG behaviour of specimens. 

• Depending on the applied load level, different specimen orientations may introduce 

some variation in the test results. Under Pmax =10 kN the horizontal specimens showed 

twice longer fatigue life, while vertical specimens exhibited 1.3 times longer fatigue 

life under 11 kN. 

• The lowest fatigue crack growth rate was observed in horizontal specimens tested at 

Pmax =10 kN and the highest in horizontal specimens tested under Pmax =11 kN. 

• The mean + 2SD lines obtained from the fatigue crack growth test data on ER70S-6 

WAAM specimens with different orientations and tested at different load levels fall 

below the recommended trends by BS7910 standard. 

• Comparison of the FCG data on ER70S-6 WAAM specimens with HAZ S355 steels, 

shows that higher fatigue crack growth rates are observed in WAAM built components 

while the results fall close to the upper bound data band on S355G8+M base metal. 

• The fractography analysis confirmed the accuracy of the compliance method for crack 

length estimation in WAAM built samples. 

• Analysis of the fracture surfaces showed that the microstructural deformation 

mechanism significantly depends on the specimen orientation and is found to be ductile 

in horizontal and brittle in vertical specimens tested at Pmax =10 kN.  
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• The vertical specimens are more sensitive to material inhomogeneity and also plasticity 

effects at higher load levels which would cause dimpled ductile fracture regions and 

reduced FCG trends.  
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Abstract5 

Wire arc additive manufacturing (WAAM) is an advanced fabrication technology for the rapid 

and efficient production of large-scale engineering structures. In order to design WAAM 

components for a given loading condition, it is essential to characterise the mechanical and 

failure behaviour of the parts. In this study the performance of ER100S-1 low carbon steel has 

been investigated by performing fatigue crack growth tests on compact tension specimens 

extracted from a WAAM built wall. The experimental results have been compared with the 

recommended trends in the BS7910 standard and with data available in the literature. 

Metallurgical investigations have been carried out to explore the microstructural effects on the 

fatigue behaviour of the WAAM built components. The specimen location and orientation 

effects were comprehensively examined, and the results are discussed in terms of the influence 

of macro- and microscopic deformation on the global response of the WAAM built components 

under fatigue loading conditions.  
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4.2.1. Introduction 
 

Additive Manufacturing (AM) technology is a layer-by-layer manufacturing technique that 

enables the fabrication of complex shapes in a continuous production process without an 

expensive conventional set-up and tools. The AM technology is rapidly evolving from simple 

prototyping to fabrication and repairing of critical large-scale industrial parts1,2,3. The AM 

components generally do not show isotropic behaviour due to the layer-wise nature of the AM 

process and continuous melting and solidification of the material, which induces residual 

stresses and microstructural changes. Depending on the AM process conditions, the parts may 

have a high likelihood of porosity and internal defects, which would subsequently influence 

the mechanical response and failure behaviour of the AM parts. 

Wire arc additive manufacturing (WAAM) is a direct energy deposition technique that 

combines an electric arc as a heat source and a wire as feedstock and provides the highest 

deposition rates among all AM techniques4, which makes it suitable for the production of large-

scale structures. Moreover, compared to the powder-based AM techniques, using wire as a 

feedstock reduces the level of safety-related risks in the course of the manufacturing process. 

The WAAM technique can be utilised for the fabrication of simple and complex parts by 

employing a wide range of alloys such as aluminium, steels and titanium, as well as 

functionally graded materials5. In addition to the fabrication of new parts, the WAAM 

technique also facilitates the repair of damaged structures, as an alternative to the replacement 

of the entire component6,7. Similarly, to all AM techniques, as well as all the advantages 

mentioned for WAAM, this technique may also involve some disadvantages. The main 

disadvantage of such a fabrication method is the possibility of relatively high roughness on the 

outer surface of the as-built parts and dimensional inaccuracies that may impose the 

requirement of further post-deposition treatments such as surface machining, high pressure 

rolling, etc. The WAAM technique has been developed and investigated since the 1990s and 

is currently adopted by several industries such as aerospace and automotive for the fabrication 

of industrial-scale components 8,9. Further developments have been carried out in recent years 

to increase the scale of the WAAM built parts from component size to the structural level by 

printing a large-scale bridge10. In order to explore the suitability of the WAAM technique for 

low-cost fabrication of large-scale structures, the WAAM built parts made of conventional 

steels (i.e., which are relatively cheap) must be fully characterised under various loading 

conditions and in different environments. 

For industrial applications where the engineering component or structure is subjected to 

repetitive load cycles during service, such as marine structures, fatigue assessment is a critical 

consideration at the design and life assessment stages11,12,13. Particularly for life prediction 

purposes, it is crucial to investigate the fatigue behaviour of the material to better understand 

the damage evolution and failure behaviour in such components. Therefore, feasibility studies 

must be performed on the fatigue behaviour of WAAM built components made of various 

alloys to examine the suitability of the WAAM technique and particular alloys for 

consideration in industrial applications where the component or structure is subjected to 

repeated cyclic stresses. While there are some limited fatigue crack growth (FCG) data 

available in the literature on WAAM built parts made of titanium14,15 and occasionally stainless 

steel16,17, the fatigue response of more effective low carbon steels is yet to be explored for 

application in less safety-critical industries such as offshore wind. Knowing that steel alloys 
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are the most common types of material utilised in the fabrication of metallic structures in 

offshore applications, further research into the FCG behaviour of WAAM built parts made of 

steel alloys would rapidly expand the extent of application of this efficient AM technology and 

enable this technology to be considered for low-cost fabrication of offshore renewable energy 

structures.  

The fatigue crack propagation behaviour of WAAM built parts using titanium Ti-6Al-4V alloy 

was examined by Zhang et al.,18 where compact tension C(T) specimens were extracted from 

WAAM walls. The specimens had different orientations with the crack initiation region in 

substrate or the WAAM built area. The maximum load, load ratio and frequency in these tests 

were 5 kN, 0.1 and 10 Hz, respectively. It was reported that the crack propagated along straight 

and smooth lines in the wrought part of the specimen and in tortuous paths in the WAAM built 

region, due to different microstructural characteristics and lamellar structure of the WAAM 

part. Furthermore, lower crack propagation rates were observed in the WAAM specimens 

compared to the wrought substrate. Similar observations were reported by the same authors in 

further analysis of such C(T) specimens19. Gordon et al.20 examined the fatigue behaviour of 

WAAM built parts using 304L stainless steel by performing fatigue tests on single edge 

notched bend, SEN(B), thin specimens extracted from different wall locations and in two 

different orientations with respect to the building direction. The experiments were conducted 

at a constant load range of 0.7 kN, load ratio of 0.1 and frequency of 10 Hz. The results show 

that as-printed WAAM specimens have improved the FCG resistance compared to the 

conventional wrought 304L stainless steel. In addition, it was observed that the vertical WAAM 

specimens displayed lower fatigue propagation rates compared to the horizontal specimens, 

which can be due to the long columnar grains and strong texture in the WAAM built direction. 

A set of WAAM built Ti-6Al-4V titanium alloy specimens were tested under fatigue loading 

conditions by Zhang et al. 14,21. Thicker C(T) specimens were also extracted with two different 

crack orientations with respect to the WAAM deposited layers. The FCG rates in WAAM 

specimens were found to be lower than the wrought counterpart. Moreover, the crack growth 

rate was found to be lower in specimens with the propagating path across the AM layers, 

compared to those where the crack was growing along the layers. These findings suggest that 

the WAAM process can be considered as an alternative technology for manufacturing 

purposes.  

The experimental results reported in previous studies have shown that the FCG behaviour of 

the WAAM built parts strongly depend on the material and crack orientation.  In this study, the 

FCG behaviour of WAAM built parts made of ER100S-1 steel has been investigated to explore 

the suitability of this material for the WAAM production of offshore structures which are 

subjected to cyclic loading conditions. Also included in this study is a sensitivity analysis of 

the specimen orientation and extraction location, with respect to the WAAM built wall, on the 

fatigue performance of the extracted specimens. Details of the manufacturing process of the 

WAAM walls, specimen extraction plan and geometry, the test set-up and data analysis 

procedure and obtained test results are presented below. The results obtained from this study 

have been discussed in terms of the material microstructure effects on the cracking behaviour 

of ER100S-1 WAAM built parts. Furthermore, the obtained results from this study have been 

compared with the recommended FCG trends available in standards and also the existing test 

data on wrought steels in order to critically assess the fatigue performance of WAAM built 

parts compared to conventional welded structures. 
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4.2.2. Manufacturing set-up and specimen extraction 
 

A high strength metal wire ER100S-1 with low carbon and high manganese was used in this 

study. This material is normally used for shielded arc welding on a variety of steels employed 

in critical applications, such as mining, pressure vessels, shipbuilding, military equipment and 

high strength products. The yield stress of ER100S-1 is equal to or greater than 690 MPa with 

the ultimate tensile strength (UTS) of 760 MPa22. This material offers excellent toughness; 

however, its mechanical properties significantly depend on the level of preheating, interpass 

temperature, and post-weld heat treatment. A spool of Böhler Welding ER100S-1 wire23 was 

used in this study with the chemical composition listed in Table 4.6. 

Table 4.6: Chemical composition of ER100S-1 material (wt.-%)23 

  C Mn Cr Si Ni Mo 

ER100S-1 0.08 1.70 0.20 0.60 1.50 0.50 

 

A Cold Metal Transfer (CMT) based WAAM process, with the manufacturing parameters 

summarised in Table 4.7, was used to produce an additively manufactured wall for this study. 

The WAAM set-up consists of the CMT power source, and a robot arm with the torch that 

feeds the wire and supplies shielding gas simultaneously. An exhaust fan draws off the 

generated fumes and heat in the course of the WAAM process. The manufacturing set-up and 

completed wall are shown in Figure 4.11 (a). The WAAM deposition process was started in 

the middle of the base plate which was cut from EN10025 rolled structural steel with 

dimensions of 420 × 200 × 12 mm3. Each side of the base plate was fixed onto the working 

table with two clamps to prevent any bending and movement due to the thermal energy input. 

Once the fabrication of the WAAM wall was completed and the part was cooled down to the 

ambient temperature, the clamps were removed. The additive layers in the WAAM wall were 

deposited on top of each other in an oscillating manner24 in order to create a relatively thick 

wall with approximately 355 mm length (X-direction in Figure 4.11 (b)), 24 mm thickness (Y-

direction) and 140 mm height (Z-direction). 

Table 4.7: CMT-WAAM fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Wire diameter 1.2 mm 

Wire feed speed 7.5 m/min 

Robot travelling speed 7.33 mm/sec 

Dwell time 120 sec 
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(a) 

 

(b) 

 

(c) 

Figure 4.11: The fabrication process: (a) CMT WAAM set-up, (b) completed wall, and (c) 

schematic demonstration of the specimen extraction plan 

Upon completion of the WAAM wall fabrication, eight stepped notched C(T) specimens were 

extracted using the Electrical Discharge Machining (EDM) technique. Four of the specimens 
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were extracted from the bottom of the wall (near the base plate), and four from the top of the 

WAAM wall. As shown in Figure 4.11 (c), specimens denoted CT-T-1 – CT-T-4 were located 

at the top of the wall, whereas CT-B-1 – CT-B-4 were from the bottom. Moreover, the 

specimens were extracted with two different crack orientations; half of them had vertical (V) 

orientation – with the crack plane perpendicular to the deposition direction (for example CT-

T-1 or CT-B-1), and the other half had horizontal (H) orientation – with the crack plane parallel 

to the AM layers (for example CT-T-4 or CT-B-2). The geometry of C(T) specimens was 

selected in accordance with the ASTM E64725 standard with the width of W = 50 mm, height 

of H = 60 mm, total thickness of B = 16 mm and the initial crack length a0 = 17 mm (before 

pre-fatigue cracking). Knife edges were machined at the crack mouth of the C(T) specimens 

following the instructions provided in the E182026 standard in order to accommodate a clip 

gauge for crack growth monitoring using the compliance measurements throughout the tests27. 

 

4.2.3. Fatigue crack growth test set-up and data analysis 
 

FCG tests were performed on a 100 kN servo hydraulic Instron machine under Mode I fracture 

mechanics loading conditions according to the ASTM E64725 standard. All tests were 

conducted in air at room temperature with the load ratio (i.e., the ratio of minimum to maximum 

load Pmin/Pmax) of R = 0.1 and maximum applied load of Pmax = 10 kN. The fatigue cycles were 

introduced using a constant amplitude sinusoidal cyclic waveform at 5 Hz frequency. Prior to 

FCG testing, all specimens were pre-fatigue cracked to approximately 20 mm (ai,p/W = 0.4) 

under fatigue loading conditions using the load decreasing approach, to introduce an infinitely 

sharp crack tip ahead of the machined notch. During the fatigue pre-cracking phase, it was 

ensured that the final value of maximum stress intensity factor Kmax did not exceed the initial 

Kmax in the actual FCG tests. 

The instantaneous crack lengths, ai, during the pre-cracking phase and FCG tests were 

estimated using the unloading compliance method, by attaching a clip gauge onto the knife 

edges located at the crack mouth of the specimens. Moreover, two high resolution cameras 

were placed at the back and in front of the set-up to monitor the crack growth on each side of 

the specimen and capture the crack paths throughout the tests. The crack lengths were measured 

at the outer surfaces of the C(T) specimens using the cameras to validate the data obtained from 

the compliance method. All C(T) specimens were tested until the value of the crack length 

estimated by the compliance technique reached 35 mm (af,c /W = 0.7). The fatigue test set-up 

and crack growth monitoring tools are demonstrated in Figure 4.12. 
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Figure 4.12: Fatigue crack growth test set-up 

The number of cycles and the instantaneous crack lengths were continuously captured during 

the fatigue tests and the FCG rates, da/dN, were subsequently calculated using a combination 

of the secant method for the first and last three data points, and the seven-point incremental 

polynomial method for the rest of the data points. The stress intensity factor (SIF) range, ΔK, 

was obtained according to the shape function equation shown in Equation 4.4, developed by 

Mehmanparast et al.28 which provides accurate solutions of the shape function for a wider range 

of crack lengths, 0.2 ≤ a/W ≤ 0.7, in a C(T) specimen compared to that available in ASTM 

E64725 which involves a relatively large percentage of error at shorter crack lengths. In 

Equation 4.4, 𝛼 is the normalised crack length a/W and ΔP is the load range which is defined 

as the difference between Pmax and Pmin.   

∆𝐾 =
∆𝑃

𝐵𝑊
∙ √𝑎 ∙ (−372.12𝛼6 + 1628.60𝛼5 − 2107.46𝛼4 + 1304.65𝛼3

− 391.20𝛼2 + 54.81𝛼 + 7.57) 
Equation 4.4 

 

4.2.4. Test results and discussion 
 

The recorded data during the FCG tests, which comprised the crack length a and the number 

of cycles N, are shown for each specimen and compared with each other in Figure 4.13. As 

seen in this figure, the initial crack length after fatigue pre-cracking was approximately 20 mm 

for all specimens, except for the CT-T-4 specimen which had a longer starting crack and 

therefore exhibited a shorter FCG test duration. The comparison of the crack growth trends in 

Figure 4.13 shows that the duration of the fatigue tests performed on specimens extracted from 

the top of the WAAM wall was on average approximately 3.9 times longer, compared to those 

extracted from the bottom of the wall. Moreover, it can be observed in Figure 4.13 that the 

FCG trends obtained from the bottom specimens are consistently similar, whilst the specimens 

extracted from the top of the wall exhibited some noticeable levels of inconsistency in the FCG 

trends. The obtained FCG results in Figure 4.13 show that, for the material examined in this 

study, the FCG test duration and trend strongly depend on the location at which the specimens 

were extracted from the ER100S-1 WAAM wall. 
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Figure 4.13: Fatigue crack growth trends in ER100S-1 WAAM built specimens extracted 

from different locations 

The FCG rate, da/dN, obtained from the tests on C(T) specimens were correlated with the SIF 

range, ΔK, and the results are presented in Figure 4.14 (a). It can be seen in this figure that for 

the given loading condition, the FCG results on the specimens extracted from the bottom of the 

WAAM wall show a higher crack growth rate at the low and intermediate values of ΔK 

compared to those extracted from the top of the wall. However, at larger values of ΔK, the 

difference between the FCG rates in the bottom and top specimens decreases and eventually 

diminishes. The results in Figure 4.14 (a) show that the FCG trends obtained from horizontally 

oriented specimens extracted from the bottom of the WAAM wall (CT-B-2, CT-B-3 and CT-

B-4) fall upon each other indicating a good repeatability in those tests from horizontal 

specimens while the vertically oriented specimen from the bottom of the wall (CT-B-1) initially 

followed the same trend as the horizontal specimens in the low ΔK region but subsequently 

showed a reduction followed by an increase in da/dN in the high ΔK region. The results for the 

top specimens present a higher level of scatter with a strong dependency on the specimen 

orientation. The FCG data for the specimens extracted from the top of the wall show an 

irregular wavy behaviour in the vertical specimens (CT-T-1, CT-T-2, CT-T-3), with at least 

one drop point, as depicted in Figure 4.14 (b), whereas the horizontal specimen (CT-T-4) 

exhibits a relatively straight crack growth trend in log-log axes. It can be seen in Figure 4.14 

(b) that in the vertical specimens, the FCG rates reduce by up to 17 times at the drop points 

while the horizontal specimens show a relatively smooth FCG behaviour in specimens 

extracted both from the top and bottom of the wall (see Figure 4.14 (c)). This can be due to the 

fact that in vertical specimens the crack grows throughout different AM deposited layers, hence 

the local material properties may vary which subsequently influence the FCG behaviour of the 

material. 

It is worth noting that the WAAM built wall was not subjected to any heat treatment. This was 

to replicate the realistic conditions where AM technology is used to repair a damaged/cracked 

component and also in the case of large-scale, additively manufactured built structures, which 

cannot be heat treated in an oven due to their large size, and therefore high costs are involved 
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in this process29. Although some residual stress profiles are expected to exist in the WAAM 

built wall before removing the base plate, the separation of the base plate from the additively 

manufactured wall followed by C(T) specimen extraction would significantly relax the initial 

residual stresses30. Therefore, it has been assumed in this study that the remaining residual 

stresses in extracted C(T) specimens are insignificant and as such the applied loading condition 

has been employed in the analysis of the FCG behaviour of the material. Further investigations 

will be conducted in future work to evaluate the influence of significant residual stress profiles 

on the subsequent fatigue behaviour of large-scale WAAM built structures.  

 
(a) 

  
(b) (c) 

Figure 4.14: Fatigue crack growth rates results for ER100S-1 WAAM built specimens 

extracted from different locations: (a) all specimens, (b) vertical specimens, and (c) 

horizontal specimens 

For all eight FCG datasets, the lines of best fit within the Paris region were plotted to work out 

the power law constants C and m (see Equation 4.5), which are summarised in Table 4.8. 

Additionally, the coefficient of determination, R2, is included in the table for each dataset which 

has been found close to 1 for all horizontal specimens, indicating that the lines of best fit 

accurately describe the behaviour of the material, and approximately 0.87 for vertical 

specimens due to the waviness of the obtained FCG curves. Typical values of the stress 
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intensity factor range exponent, m, for FCG tests on wrought steel materials in air are within 

the range of 2 to 431; however, only for three tested ER100S-1 WAAM specimens in this study 

has the m value been found within this range, and for the rest of the specimens the m value is 

found to be between 4.10 and 5.56. Consequently, comparing the fatigue test results in Figure 

4.14 and Table 4.8, it can be concluded that the extraction location (i.e. top and bottom) has a 

major impact on the da/dN vs. ∆K trends of the ER100S-1 WAAM built specimens, whereas 

the orientation of the extracted specimens mostly affects the shape and level of scatter in the 

fatigue data. 

𝑑𝑎/𝑑𝑁 = 𝐶∆𝐾𝑚 Equation 4.5 

 

Table 4.8: Paris law constants obtained from the tests performed on ER100S-1 WAAM built 

specimens (da/dN in mm/Cycle and ΔK in MPa√𝑚) 

Specimen 

ID  
Orientation Location Pmax (kN) C m R2 

CT-T-1 Vertical Top 10 4.08 × 10−11 4.24 0.85 

CT-T-2 Vertical Top 10 4.85 × 10−11 4.17 0.96 

CT-T-3 Vertical Top 10 1.52 × 10−12 4.95 0.80 

CT-T-4 Horizontal Top 10 3.20 × 10−13 5.56 0.98 

CT-B-1 Vertical Bottom 10 1.23 × 10−7 1.99 0.86 

CT-B-2 Horizontal Bottom 10 8.87 × 10−10 3.63 0.99 

CT-B-3 Horizontal Bottom 10 2.40 × 10−10 4.10 0.99 

CT-B-4 Horizontal Bottom 10 2.76 × 10−9 3.27 0.99 

 

Subsequent to quantification of the Paris law constants for each of the tests performed in this 

study, the data were re-analysed based on the specimen extraction location by plotting a line 

of best fit to all top and all bottom specimens, and the obtained results are summarised in Table 

4.9. The results show that the value of R2 is higher for the specimens extracted from the bottom, 

(Set-B), indicating less scatter in this dataset compared to the top specimens dataset, (Set-T), 

which is consistent with observations previously made in Table 4.8. The level of scatter in the 

obtained FCG data was further analysed by calculating the upper bound trends based on 2 

standard deviation (SD), assuming the same slope as the mean line. The values of the power 

law constants for the upper bound FCG trends (mean+2SD) within the Paris region are reported 

in Table 4.9 for each dataset. 

Table 4.9: Power law constants for the mean curves and upper bound trends in the Paris 

region for different specimen locations 

Datasets Location 
Pmax 

(kN) 

Mean Mean+2SD 

C m R2 C m 

Set-B Bottom 10 1.00×10-8 2.73 0.95 1.69×10-8 2.73 

Set-T Top 10 3.00×10-11 4.20 0.77 1.05×10-10 4.20 
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The mean+2SD FCG lines for the top (set-T) and bottom (set-B) specimen datasets are plotted 

in Figure 4.15 and compared with the recommended FCG trends in the BS7910 standard for 

welded joints, made of a wide range of wrought metals, in air, and based on the simplified law 

and 2-stage law32. It can be seen in this figure that the upper bound lines for the Set-B and Set-

T specimens extracted from the ER100S-1 WAAM built wall fall below the trends 

recommended in the BS7910 standard, indicating that the FCG behaviour of ER100S-1 

WAAM components can be conservatively predicted by the trends specified in the BS7910 

standard. Moreover, it can be observed that the slope of the upper bound FCG line for Set-B is 

similar to the BS7910 2-stage law, whilst the slope of the Set-T upper bound line is much 

steeper than both trends recommended in the standard. 

In addition to comparison of the results with BS7019 recommended trends, the FCG data 

obtained from this study were compared with the FCG data in air on wrought structural steels 

available in the literature. A set of C(T) specimens extracted from the heat affected zone (HAZ) 

for S355G+10M structural steel was tested by Jacob et al.33 under similar loading conditions 

with Pmax =10 kN, 5Hz frequency and R=0.1. The same loading conditions were used to 

conduct the FCG test in air on S355G8+M steel C(T) specimens extracted from HAZ and base 

metal (BM) by Mehmanparast et al.28 The results from these studies are presented in Figure 

4.15 for comparison purposes and show that the upper bound FCG line for Set-B falls upon or 

above all the experimental data points obtained from S355G8+M and S355G+10M steel BM 

and HAZ specimens. The slope of the Set-T upper bound FCG line is similar to the 

experimental results from S355G+10M and S355G8+M HAZ specimens. Both wrought steels 

taken for comparison are widely used for the fabrication of offshore structures that are 

subjected to severe cyclic loading conditions during their lifetime34,35,36. Hence, this 

comparison shows that ER100S-1 steel can be potentially considered for the WAAM 

fabrication of critical parts of offshore structures, demonstrating similar performance to the 

wrought steels currently used in conventional fabrication processes. 

 

Figure 4.15: Comparison of the upper bound fatigue crack growth trends for ER100S-1 

WAAM specimens with BS7910 curves and literature data on structural steels 
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4.2.5. Microstructural analysis 
 

• Fractography 

After the FCG experiments were completed, all specimens were broken into halves for the 

post-mortem analysis in order to evaluate the accuracy of crack length estimation in fatigue 

tests using the compliance method. Prior to the break open, the specimens were soaked in liquid 

nitrogen for a few minutes to embrittle the material and then pulled under tension using the 

servo-hydraulic machine for fast fracture opening with minimum plastic deformation on the 

fracture surface. Two examples of the fracture surfaces are shown in Figure 4.16 for each of 

the top and bottom specimens extracted from the WAAM wall. Three areas are highlighted on 

the fracture surface of the FCG specimens in Figure 4.16: (1) pre-fatigue cracking, (2) fatigue 

crack growth, and (3) fast fracture. The crack extension in the first two regions was measured 

on all eight specimens. The fracture surface analysis reveals a symmetric crack propagation 

behaviour with respect to the mid-thickness plane, indicating acceptable alignment in the test 

set-up during the FCG tests. Further examination of the fracture surfaces shows that the fatigue 

regions are smooth on the fracture surface of all specimens without any evidence of significant 

WAAM fabrication defects or any deviation of the crack from the straight plane. Moreover, it 

can be observed that the fracture surface of the vertical specimens (Figure 4.16 (a), (b) and (c)) 

exhibited some waviness representing different AM layers of the WAAM wall, where the 

height of one layer was approximately 3 mm, whereas the fracture surface of the horizontal 

specimen (Figure 4.16 (d)) is fairly flat, as the crack was propagating along a single AM layer. 

Additionally, the entire fracture surface of the vertical specimens, including the area of fast 

fracture, reveals a columnar texture with the lines perpendicular to the AM layers, and parallel 

to the WAAM deposition direction, which is absent on the horizontal specimen’s fracture 

surface. 

 

Figure 4.16: Fracture surface of WAAM built ER100S-1 specimens extracted from the top: 

(a) CT-T-1, (b) CT-T-2; and from the bottom of the wall: (c) CT-B-1, (d) CT-B-3. 

Some key specimen dimensions such as the machined crack length ao, the crack length after 

the fatigue pre-cracking process (estimated from the compliance method) ai,p, the final crack 

length after the FCG test (estimated from the compliance method) af,c, and the final crack length 

measured on the fracture surfaces (using optical imaging on the fracture surface) af,op, are 
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presented in Table 4.10. It can be seen in this table that the percentage of error in the estimated 

crack lengths using the compliance method, in comparison with the measured crack lengths 

from optical imaging, is equal to or less than 1.3%. This implies that the compliance technique 

provides an accurate estimation of the crack length during the FCG experiments on WAAM 

built specimens. 

Table 4.10: Specimen dimensions, initial and final crack lengths 

Specimen 

ID 

W 

(mm) 

B 

(mm) 

a0 

(mm) 

ai,p 

(mm) 

af,c 

(mm) 

af,op 

(mm) 

% 

error 

in af 

CT-T-1 50.1 16.0 17.0 19.7 35.0 35.5 1.3 

CT-T-2 50.0 16.0 17.0 20.0 35.0 35.3 0.7 

CT-T-3 50.0 16.1 17.0 19.8 35.0 35.4 1.2 

CT-T-4 50.0 16.0 17.1 25.0 35.0 35.1 0.2 

CT-B-1 50.1 16.0 17.0 19.8 35.0 35.3 0.8 

CT-B-2 50.0 16.0 17.0 19.7 35.0 35.0 0.1 

CT-B-3 50.0 16.2 17.1 19.8 35.0 34.7 0.8 

CT-B-4 50.2 16.0 17.0 19.9 35.0 34.6 1.1 

 

• SEM analysis on fracture surface 

Once all specimens were broken-open, the microscopy analysis was conducted on vertical 

specimens using a TESCAN VEGA 3 Scanning Electron Microscope (SEM), to examine the 

fracture surface areas of the vertical specimens corresponding to the FCG regions where the 

curve showed significant drops, such as areas A and C on the FCG curve for CT-T-3 in Figure 

4.17. Area B between the two drop points was also selected to investigate any noticeable 

microstructural differences. Moreover, for comparison purposes the fracture surface of a 

horizontal specimen, CT-T-4, extracted from the top of the WAAM wall was also examined. 

Since the obtained FCG trend of the horizontal specimen is relatively straight in log-log axes, 

areas of interest were selected with the same ∆K values that correspond to the vertical 

specimen, as depicted in Figure 4.17 (a). 

 

 
 

(a) (b) 
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Figure 4.17: (a) Areas of interest for SEM analysis on vertical specimen CT-T-3 and 

horizontal specimen CT-T-4, (b) demonstration of the investigated areas on the fracture 

surface 

The SEM analysis of the three areas of interest for the horizontal and vertical specimens are 

shown in Figure 4.18, with a magnification of 5000. Fracture surfaces of both vertical and 

horizontal specimens revealed transgranular cup and cone features, suggesting a ductile 

fracture mechanism. However, these ductile fracture features of the vertical specimen are 

smaller and with higher density, whilst for the horizontal specimen there are fewer of them and 

with a larger size. Additionally, the microstructural analysis of the fracture surface of the 

horizontal specimen CT-T-4 reveals the presence of large horizontal secondary cracks that lead 

to higher FCG rates, compared with the vertically oriented specimen CT-T-3, which is 

consistent with the FCG trends observed in Figure 4.17 (a). Furthermore, there are elongated 

dimples on the vertical specimen with different orientations, compared to the horizontal 

specimen. In areas A and C, where the drop of FCG rate is visible, the orientation of the dimples 

on the vertical CT-T-3 specimen is upwards and parallel to the crack propagation direction, 

whereas in area B, the orientation of rupture changes and inclines to approximately 550 with 

respect to the crack propagation direction, which accelerates the cracking rate compared to 

areas A and C. These observations are consistent with the observed FCG trend seen in Figure 

4.17 (a). The microstructural difference of areas A and C, along with the drop of the FCG rates, 

can happen when the crack tip is encountering the re-melted zone between two WAAM layers; 

however, to confirm this fact, further hardness mapping and microstructural investigation was 

conducted. 

 

Figure 4.18: SEM fractographs of three areas on vertical (CT-T-3) and horizontal (CT-T-4) 

specimens with 5000 magnification (the scale bar is 10 µm, and the right-hand side arrow 

shows the direction of the crack propagation) 
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• Microhardness mapping 

The same vertical specimen (CT-T-3) was taken for further microhardness analysis to examine 

how the hardness changes along the crack propagation path. As depicted in Figure 4.19 (a), 

hardness values were measured on the front face of the specimen from the initial crack tip 

location, towards the end of the specimen, with the same direction as the crack propagation 

path during FCG test, at approximately 0.2 mm from the edge of the specimen. Measurements 

were carried out according to BS EN ISO 6507‐1:199737 using a 0.5 kg load, in which the 

applied load was held for 15 seconds, and the indentations were conducted at 2 mm intervals. 

The hardness results are presented in Figure 4.19 (b). The areas of interest were also marked 

in the figure and show that area A corresponds to the lowest hardness value of the tested plane 

(approximately 235HV), whereas area C lays in the region with the highest hardness at about 

258HV; hardness value in area B is 248HV. This confirms that the drops in the FCG rates do 

not depend on the microhardness of ER100S-1 material for WAAM components.  

 

  
(a)  (b) 

Figure 4.19: (a) Microhardness mapping path, (b) Hardness test results along the crack path 

for the vertical specimen CT-T-3 

• Optical microscopy analysis 

A thin slice of the fracture surface, which was approximately 1.5 mm thick, was cut off from 

the vertical specimen’s fracture surface of CT-T-3 using the EDM technique. The sample was 

then hot-mounted in mould, ground (with final grinding step of 2500 grit), polished using 

DiaPro Dac 3 µm diamond suspension, final polished using OP-S colloidal silica suspension 

with a grain size of about 0.04 µm, and then etched using 2% Nital solution in accordance with 

ASTM E407-0738. This etchant reveals alpha grain boundaries and constituents. The 

microstructures of the etched specimen were observed using a digital microscope HIROX, 

MXB-2500REZ, at the exact areas A, B and C specified in Figure 4.17 and the results are 

presented in Figure 4.20. 
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Figure 4.20: Optical microscopy analysis of vertical specimen CT-T-3 at three different areas 

of interest 

The material microstructures in areas A and C in Figure 4.20 demonstrate that the crack is 

travelling between two WAAM layers, hence why a reduction in the FCG rate is observed at 

the ∆K values corresponding to these regions. On the other hand, the microscopical analysis of 

area B shows a region with a single WAAM layer that does not affect the FCG behaviour. 

Based on this analysis it can be concluded that the specimen orientation plays a significant role 

in microstructural variations along the crack path and consequently the FCG behaviour of 

WAAM ER100S-1 specimens. The microstructural observations also confirm that the vertical 

specimen orientation requires a higher amount of energy for a crack to propagate at the 

boundaries between two consecutive WAAM layers and exhibits a lower FCG rate in such 

regions, compared to the horizontal specimens where the crack propagates throughout only a 

single WAAM layer and does not require extra amounts of energy for crack propagation 

(Figure 4.17 (a)). 

• Defects 

The WAAM technique is a continuous welding process. During the fabrication of WAAM 

components, the quality of the metal deposition depends on the process parameters (CMT 

power, layer thickness, deposition rate, etc.) and can be unstable due to complex mass and heat 

transfer, which leads to variety of defects, such as porosity, lack-of-fusion, distortion or 

cracking39,40. The embedded defects or flaws can affect the mechanical behaviour of the 

WAAM component and significantly reduce its fatigue life39. Previous analysis of the fracture 

surfaces in Figure 4.16 did not indicate any visible defects at low magnifications, therefore in 

order to examine the existence of potential defects in more detail, all polished specimens were 

inspected with an SEM, and some key observations are presented in Figure 4.21. As can be 

seen, porosity defects are observed in all three images, with the maximum diameter of 

approximately 5 µm. Moreover, a combination of a keyhole and gas-entrapped pores porosity 

defect is visible in Figure 4.21 (c). The typical pore size reported for WAAM built components 

in the literature varies from 10 to <100 µm41,42,43, therefore due to the small size of the 

discovered defects, the manufactured ER100S-1 WAAM part produced for this study can be 

considered as a low level defects component. 
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Figure 4.21: SEM fractographs of polished ER100S-1 specimens with defects (a) and (b) gas-

entrapped pores, (c) pores and a keyhole porosity defect (the scale bar is 10 µm). 

 

4.2.6. Conclusions 
 

The FCG behaviour of ER100S-1 WAAM built specimens was investigated in this study. 

Based on the observations and analysis of the collected data the following conclusions can be 

drawn: 

• The duration of the experiments on the C(T) specimens extracted from the top of the 

WAAM built walls is on average 3.9 times longer than for the bottom specimens. 

• At the beginning of the Paris region the specimens extracted from the top of the WAAM 

wall exhibit slower FCG rates; however, at higher ∆K values all specimens extracted 

from both top and bottom show similar trends. 

• The specimen orientation affects the shape of the FCG trends and the level of scatter, 

with wavy FCG data patterns and high level of scatter observed in the vertical 

specimens. 

• The mean+2SD FCG lines for both top and bottom sets of specimens fall below the 

recommended FCG trend in BS7910. 

• The upper bound trend for Set-B lies upon or above the FCG data points obtained from 

S355G8+Mand S355G+10M BM and HAZ specimens, whilst the slope of the upper 

bound line for Set-T aligns with S355G8+M and S355G+10M HAZ specimens. 

• The SEM analysis of fracture surfaces revealed the ductile fracture mechanism for both 

horizontal and vertical specimens. However, the presence of large secondary cracks 

perpendicular to the crack propagation direction in the horizontal specimens accelerates 

the FCG rate compared to the vertical specimens.  

• Optical microscopy analysis demonstrated that the drops in FCG rates in vertical 

specimens occur when the crack propagates through the boundary between two 

consecutive WAAM layers. 

• Examination of polished ER100S-1 WAAM specimens under SEM confirmed a low 

level of defects, with the maximum pore diameter of approximately 5 µm. 
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4.3. Conclusion 

 

The research investigated the fatigue crack growth behaviour of WAAM built specimens using 

ER70S-6 and ER100S-1 materials. From the study on ER70S-6 specimens, it was observed 

that the specimen extraction location had minimal impact on FCG performance, while different 

load levels and specimen orientations introduced variations in fatigue life and crack growth 

rates. The FCG data fell below the recommended trends in the BS7910 standard. Comparisons 

with HAZ S355 steels showed higher fatigue crack growth rates in WAAM built components. 

For ER100S-1 specimens, experiments revealed longer durations for top-extracted specimens, 

and at higher ∆K values, both top and bottom specimens exhibited similar trends. Specimen 

orientation influenced FCG trends and scatter, with vertical specimens showing wavy FCG 

patterns and higher scatter. The mean+2SD FCG lines were found below the recommended 

FCG trend in BS7910. Fracture surface analysis indicated ductile fracture mechanisms for both 

horizontal and vertical specimens, with additional cracks in horizontal specimens accelerating 

FCG rates. Examination of ER100S-1 WAAM specimens confirmed a low level of defects. 

Overall, these findings provide valuable insights into the fatigue crack growth behaviour of 

WAAM built components, on their mechanical performance and fracture mechanisms. These 

results are crucial for the advancement of WAAM technology in practical applications, 

particularly in offshore structures, where the FCG performance of these materials is a 

significant consideration. 
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Chapter 5 : Corrosion-fatigue Crack Growth Performance 

of WAAM Steel Components 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, corrosion-fatigue crack growth characteristics of ER70S-6 and ER100S-1 

WAAM built components were examined. The chapter consists of the following papers: 

 

Paper VI: Corrosion-fatigue crack growth behaviour of wire arc additively manufactured 

ER70S-6 steel parts in marine environments  

Paper VII: Corrosion-fatigue crack growth behaviour of wire arc additively manufactured 

ER100S-1 steel specimens 
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5.1. Paper VI: Corrosion-fatigue crack growth behaviour of wire 

arc additively manufactured ER70S-6 steel parts in marine 

environments 

 

Anna Ermakovaa, Supriyo Gangulyb, Javad Razavic, Filippo Bertoc, Ali 

Mehmanparasta* 

a Offshore Renewable Energy Engineering Centre, Cranfield University, Cranfield, MK43 

0AL, UK 
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c Department of Mechanical and Industrial Engineering, Norwegian University of Science 

and Technology (NTNU), Trondheim, Norway 

 

Abstract6 

A crucial part of the structural integrity assessment of marine structures is the analysis of the 

fatigue crack growth behaviour of the welded joints in seawater environments, where the cracks 

often initiate and propagate under corrosion-fatigue loading conditions. In recent years, 

technological developments have facilitated the fabrication of steel components and structures 

using additive manufacturing technologies. Among the existing technologies, the Wire Arc 

Additive Manufacturing (WAAM) technique has proven to offer great potentials for fabrication 

of large-scale structures. The present study investigates the corrosion-fatigue crack growth 

(CFCG) behaviour of the WAAM parts fabricated using ER70S-6 low carbon steel wire to 

assess the suitability of this technology for future marine structures. In this experimental study, 

the cracking behaviour and test duration in corrosion-fatigue tests were investigated and 

analysed in conjunction with the microstructural examinations on the tested specimens. 

Moreover, the obtained results were compared with the recommended trends available in 

BS7910 standard for conventional welded joints and the data available in the literature on 

widely used offshore structural steel weldments. The CFCG results obtained from this study 

contribute to the overall knowledge and design requirements for the new optimised functionally 

graded structures made with WAAM technology for marine applications. 

 

 

 

 

 

* corresponding author 

6 European Journal of Mechanics - A/Solids. 96 (2022), 104739. (DOI: 

10.1016/j.euromechsol.2022.104739) 
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5.1.1. Introduction 
 

Offshore wind turbine foundations, which are fabricated using conventional welding 

techniques, experience millions of load cycles during their service life in highly corrosive 

environments. Therefore, under corrosion-fatigue loading conditions the welded joints in these 

marine structures are often found to be the potential areas for crack initiation and propagation 

which can eventually lead to catastrophic failure of the structure1. Moreover, the phase changes 

in metal, induced during the welding process can change the pattern of crack growth 

mechanisms, introducing crack branching2. Some studies on the heat affected zones (HAZ) of 

welded wrought steels confirm that the fatigue crack growth (FCG) rates strongly depend on 

the welding procedure, alloy composition, crack growth region, residual stress magnitude and 

distribution, and service environment3–6. These studies suggest that the material selection and 

fabrication technology have a significant impact on the design life of the marine structures and 

the fatigue life of these structures can be considerably enhanced by employing more damage 

tolerant materials and appropriate manufacturing techniques.   

Wire arc additive manufacturing (WAAM) technique is a relatively new additive 

manufacturing (AM) technology that enables the production process by feeding a wire of metal 

into an electric arc to melt the material on top of the previously deposited layers at a controlled 

rate. The key advantages of this method compared with widely used powder-based AM 

methods, are large-scale near net shape parts that can be fabricated at acceptable cost, in 

reasonable time with deposition rates of several kilograms per hour7–9. However, as the WAAM 

process consists of complex welding thermal cycles, it will lead to microstructural variations 

and introduce a complex and variably distributed residual stress state. This will have profound 

influence on the overall mechanical behaviour of a WAAM built part10,11. While the 

employment of the WAAM technique in some industries, such as aerospace, has been widely 

investigated in recent years, the great potentials that this AM technique offers make it a suitable 

manufacturing technology for many other industrial sectors such as renewable energy marine 

structures. In order to investigate the suitability of the WAAM technique for employment in 

fabrication and repair of renewable energy marine structures, the corrosion-fatigue crack 

growth (CFCG) behaviour of a WAAM built steel part needs to be accurately characterised 

and compared to the conventional welded joints. This will provide an insight into the estimation 

of the remaining lifetime and development of efficient inspection plans for future WAAM built 

marine structures and components. 

The environmental behaviour of low carbon steel ER70S-6 specimens produced by means of 

WAAM was examined by Ron et al.12, where general corrosion performance was evaluated by 

salt spray testing, immersion testing, potentiodynamic polarization analysis, and 

electrochemical impedance spectroscopy. The stress corrosion performance was also assessed 

by slow strain testing. The results have shown that the general and stress corrosion resistance 

of WAAM specimens was similar with the ST-37 steel counterparts. Therefore, it was 

concluded that the WAAM process does not cause any further deterioration in corrosion 

performance when compared with the conventional wrought alloy. A similar research study 

was conducted on austenitic stainless steel WAAM built parts13, which also showed that 

electrochemical performance and stress corrosion susceptibility of the parts were similar with 

the wrought counterparts, despite differences in microstructure and mechanical properties. 

Moreover, the effect of microstructure imperfections on corrosion-fatigue performance of the 
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material was evaluated for ER70S-6 WAAM parts in a 3.5% NaCl solution14. The results 

presented a reduction in fatigue strength of WAAM specimens, compared to the wrought ST-

37 counterparts, due to porosity, impurities and lack of fusion defects that are imposed during 

WAAM production process and promote corrosion attacks and consequently stimulate fatigue 

cracking.  

It is evident from previous studies that the WAAM process introduces microstructural variation 

in additively built parts compared with wrought steel. These changes directly affect the 

behaviour of WAAM built steel parts, including their corrosion characteristics, hence require 

additional in-depth studies. Although some limited studies were previously performed on the 

structural response of the WAAM built parts in corrosive environments, no trends nor 

comprehensive studies on the CFCG of the WAAM built parts are currently available in the 

literature. Therefore, the present study focuses on the investigation of the CFCG behaviour of 

ER70S-6 low carbon steel WAAM built specimens in seawater. Moreover, an experimental 

sensitivity analysis has been conducted on the corrosion-fatigue response of the material to the 

build location and cracking orientation. The WAAM strategy adopted in this study, the CFCG 

test set-up, the crack growth monitoring method employed in this study, data collection process 

and analysis, and comparison with the existing data in the literature are presented and discussed 

in the following sections. The results presented in this study demonstrate the possibility of 

employment of the WAAM process for offshore structures with harsh environmental 

conditions such as offshore wind, where the structures experience severely high number of 

cycles in corrosive environments. 

 

5.1.2. Manufacturing set-up and specimen extraction 
 

For this study a WAAM wall was manufactured with Lincoln electric ER70S-6 welding filler 

wire with the chemical composition specified in Table 5.1, using the Cold Metal Transfer 

(CMT) process. The fabrication parameters for the WAAM wall are shown in Table 5.2. The 

full manufacturing set-up and the completed WAAM wall are shown in Figure 5.1. It can be 

seen in this figure that the set-up comprises of a CMT power source, a robotic arm with the 

torch that is feeding the wire and supplying the shielding gas at the same time. An exhaust fan 

was used to remove any fume and cool the wall from the excessive heat generated during the 

manufacturing process. 

The WAAM wall was built on top of a base plate, which was made of EN10025 rolled structural 

steel, with dimensions of 420 × 200 × 12 mm3. The deposition was carried out in the middle of 

the base plate using an oscillation deposition pattern15,16. The wall was built with the following 

dimensions: thickness of 24 mm (Y-axis Figure 5.1 (b)), length of 355 mm (X-axis) and height 

of 140 mm (Z-axis). The base plate was rigidly fixed on the worktable with eight clamps, to 

prevent bending and distortions of the base plate due to the increased temperature. The clamps 

were released once the WAAM wall deposition was completed, and it was cooled down to the 

ambient temperature.  
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Table 5.1: Chemical composition of ER70S-6 material (wt.-%)17  

  C Mn Cr Si Ni Mo S P Cu V 

ER70S-6 0.09 <1.60 0.05 0.09 0.05 0.05 0.007 0.007 0.20 0.05 

 

Table 5.2: CMT-WAAM fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Wire diameter 1.2 mm 

Wire feed speed 7.5 m/min 

Robot travelling speed 7.33 mm/sec 

Dwell time 120 sec 

 

 

 
 

(a) (b) 

Figure 5.1: Fabrication process (a) CMT WAAM set-up, (b) completed WAAM wall 

 

Upon completion of the WAAM wall, four notched compact tension, C(T), specimens were 

extracted using Electrical Discharge Machining (EDM) technique. The specimens were 

extracted from two locations: top (T) and bottom (B), and in two orientations: vertical (V) – 

with crack plane perpendicular to the additive layers, and horizontal (H) – with crack plane 

parallel to deposited layers. These four combinations provided specimens denoted CT-VT, CT-

VB, CT-HT and CT-HB as schematically shown in Figure 5.2 (a). The C(T) specimens were 

designed according to ASTM E647 standard18 with a width of W = 50 mm, height of H = 60 

mm, total thickness of B = 16 mm and initial crack length of a0 = 17 mm. Knife edges were 



98 

 

machined at the crack mouth of the C(T) specimens following the guidelines in ASTM E1820 

standard19 to accommodate a clip gauge for compliance measurements during fatigue pre-

cracking, which is required to introduce an infinitely sharp crack tip ahead of the machined 

notch prior to CFCG testing. All four specimens were pre-cracked under fatigue loading 

conditions using the load decreasing approach to approximately 20 mm (ai,p/W = 0.4). It is 

worth noting that the final value of maximum stress intensity factor Kmax at the end of pre-

cracking did not exceed the initial Kmax at the beginning of the actual CFCG test. During the 

main CFCG tests, the crack growth monitoring was performed using the back face strain 

measurement technique (see Figure 5.2 (b)) the details of which are described in Section 5.1.3. 

 

  
(a) (b) 

Figure 5.2: Specimens (a) extraction plan from the WAAM wall, (b) in protective coating 

after strain gauging 

 

5.1.3. Corrosion-fatigue crack growth test set-up and data analysis 
 

• Test set-up 

CFCG tests were performed on C(T) specimens under load-controlled mode using a 100 kN 

servo hydraulic Instron machine. The sinusoidal cyclic load was applied under a constant 

amplitude with the maximum load of Pmax = 10 kN, the load ratio of R = 0.1, and frequency of 

f = 0.3 Hz, which is the typical frequency used in corrosion-fatigue analysis for offshore 

structures20,21. To simulate free-corrosion conditions for the tests, 60 L of artificial seawater 

was prepared according to ASTM D1141-9822, using deionised water and chemicals shown in 

Table 5.3. The pH level of seawater was maintained at 8.0-8.2 during the tests, and once it 

dropped below 8.0 the seawater was subsequently replaced. The full CFCG test set-up is shown 

in Figure 5.3 (a). The test specimen was placed in an environmental water chamber that was 

attached onto the machine, with the area of interest within the crack path immersed in seawater 

throughout the test (Figure 5.3 (b)). The created artificial seawater stored in a tank was running 

through the water chamber using pumps at a continuous rate of 4 L/min to create a circulation 

of simulated seawater during the test. The seawater temperature was controlled using a chiller 

and varied between 8.0 and 10.0°C to replicate the operation conditions in the North Sea.  
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Table 5.3: Chemical composition of artificial seawater22 

Chemical compound Concentration (g/L) 

NaCl 24.53 

MgCl2 5.20 

Na2SO4 4.09 

CaCl2 1.16 

KCl 0.695 

NaHCO3 0.201 

KBr 1.101 

H3BO3 0.027 

SrCl2 0.025 

NaF 0.003 

 

  
(a) (b) 

Figure 5.3: CFCG test (a) full set-up, (b) specimen in the water chamber 

 

• Crack growth monitoring methods 

An efficient crack growth monitoring technique that is suitable for corrosion-fatigue tests, 

where the specimen is soaked in seawater with limited direct access to it, is the back face strain 

(BFS) method23,24. The main idea in this approach, which is originally designed for CFCG 

testing on C(T) specimens, is to correlate the BFS variations with the crack length. These 

empirical correlations, which are generally referred to as BFS calibration curves, are initially 

developed in air for a given loading condition and then used in CFCG tests in seawater to 

estimate the instantaneous crack length throughout the test using the collected BFS data. The 

BFS values are recorded from the strain gauge attached to the back of the C(T) specimens at 

the mid-height and mid-width. The basis of this approach is similar to the compliance 

measurement technique in FCG tests in air where the instantaneous crack length is estimated 

using the crack mouth displacement data. Therefore, for a given material, specimen geometry 

and testing condition, the BFS and crack mouth displacement (hence compliance) data are 

directly correlated, and the instantaneous crack length can be estimated using the data which 
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can be collected from the test depending on the access limitations to the test specimen (i.e. 

immersed specimen in seawater).  

After attaching strain gauges onto the C(T) specimens in the present study, a polysulfide 

coating was applied to protect the specimens against seawater damage (Figure 5.2 (b)) and then 

the specimens were soaked in seawater for approximately 24 hours prior to testing, as 

recommended by ASTM D114122. The BFS values from the strain gauge attached to the back 

of the specimen were recorded with a strain recorder every second and the maximum 

magnitude of compressive strain values were captured with a camera every minute (Figure 5.3 

(a)). Prior to CFCG testing, four calibration tests were performed in air on C(T) specimens with 

the same dimensions and extraction orientations/locations (VT, HT, VB, HB), under loading 

conditions presented in Table 5.4, to generate empirical BFS calibration curves for each of the 

four ER70S-6 WAAM specimens. It can be noted here, that due to dependency of BFS 

calibration curves on the load level, the applied loads for the calibration tests in air and CFCG 

tests in seawater were the same. The tests in air were conducted using a clip gauge attached to 

the knife edges at the crack mouth of the C(T) specimens for instantaneous crack length 

measurements, which were then correlated with the maximum magnitude of compressive BFS 

value (hence maximum crack mouth opening). Four calibration curves were derived by 

applying cubic polynomial lines of best fit to the data and then used to correlate the BFS 

recordings from seawater tests with the estimated instantaneous crack lengths for each case.  

Moreover, beach markings (BM) were carried out at different intervals throughout the tests to 

cross-check the accuracy of the estimated crack length from the BFS technique25. In this 

method, the maximum cyclic fatigue load and frequency are decreased for a limited period of 

time to introduce thin marks on the fracture surface, so called beach marks. By recording the 

BFS value at which the beach marking process was applied, the estimated crack lengths can be 

verified through comparison with the experimentally measured crack length on the fracture 

surface subsequent to completion of the test. In order to apply the BM in these tests, the loading 

conditions were changed to Pmax = 8 kN with the load ratio of R = 0.125 and frequency of f = 

0.1 Hz for one hour to perform beach marking in the absence of noticeable crack growth (this 

was confirmed by ensuring that the BFS values remained constant during beach marking 

procedure). For each CFCG test, this process was performed three times to introduce multiple 

BM data for further validation of the calibration curves. The BM approach was initially 

employed in BFS calibration tests in air on nominally identical C(T) specimens to verify the 

accuracy of crack length estimations, the results and loading conditions of which are presented 

in Figure 5.4 and Table 5.4, respectively. For the CFGC tests in seawater, to make beach marks 

more visible and keep them at sufficient distance from each other, every specimen was marked 

prior to testing, dividing the required 15 mm of the crack length into three regions (5 mm each) 

as shown in Figure 5.3(b). Crack length was visually inspected throughout the test and when it 

was approximately in the middle of each marked region, BM was employed. The CFCG tests 

were terminated once the crack length reached 15 mm (af,c /W = 0.7).  
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Figure 5.4: The beach marks on fracture surface of WAAM ER70S-6 C(T) specimens tested 

in air 

Table 5.4: Beach marking loading conditions for the tests in air and seawater 

Test 

environment 

The main test condition  Beach marking loading condition  

Pmax (kN) R f (Hz) Pmax (kN) R f (Hz) 

Air 10 0.1 5 8 0.125 3 

Seawater 10 0.1 0.3 8 0.125 0.1 

 

After completion of the CFCG tests, all four C(T) specimens were broken open to measure the 

actual crack lengths on the fracture surface and verify the accuracy of the estimated crack 

lengths from the BFS data. In order to break open the specimens post-testing, the specimens 

were initially soaked in liquid nitrogen for 5 minutes to induce brittleness in the specimens 

(thereby minimising any deformation during the breaking process) and then pulled in tension 

using a servo hydraulic Instron machine. The fracture surfaces of all four CFCG specimens are 

displayed in Figure 5.5. It is worth noting here that due to the corroded fracture surface the 

beach marks were not very clear (see Figure 5.5) compared with the specimens tested in air 

(see Figure 5.4), so some level of error in measurements might be expected when the beach 

marks are measured in corrosion-fatigue test specimens. In Figure 5.5, three distinct areas 

corresponding to different stages of the test can be clearly identified on the fracture surfaces: 

(1) fatigue pre-cracking, (2) fatigue crack growth, and (3) fast fracture (i.e., specimen fracture 

opening). Also, from Figure 5.5 it can be concluded that the crack propagation regions are 

symmetric in all four C(T) specimens, indicating good alignment during the CFCG tests. An 

example of the calibration curve for CT-HB specimen tested in seawater, plotted using the 

empirical correlation from the air test, is shown in Figure 5.6. It can be seen in Figure 5.6 that 

the calibration curve and beach marking results are in good agreement, hence the estimated 

crack lengths using the BFS data are fairly reliable. 
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(a) (b) (c) (d) 

Figure 5.5: Fracture surface of WAAM built ER70S-6 specimens after CFCG test (a) CT-VT, 

(b) CT-VB, (c) CT-HT, (d) CT-HB (each division on the scale bars indicates a distance of 1 

mm) 

 

Figure 5.6: Crack length vs. BFS values for CT-HB specimen tested in seawater, and the 

comparison with the beach marking data 

• Data analysis 

The CFCG rate, da/dN, was calculated using the estimated crack lengths and the number of 

cycles, using the secant method for the first and the last three data points, and seven-point 

incremental polynomial technique for the rest of the data points. The stress intensity factor 

(SIF) was determined using the shape function equation developed by Mehmanparast et al.26, 

Equation 5.1, that offers accurate solutions for a wider range of crack length in a C(T) 

specimen, 0.2 ≤ a/W ≤ 0.7, compared with the original shape function equation available in 

ASTM E647 standard. In the SIF calculation shown in Equation 5.1, 𝛼 is the normalised crack 

length a/W and ΔP is the load range which is defined as the difference between the maximum 

load Pmax and the minimum load Pmin. 
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∆𝐾 =
∆𝑃

𝐵𝑊
∙ √𝑎 ∙ (−372.12𝛼6 + 1628.60𝛼5 − 2107.46𝛼4 + 1304.65𝛼3

− 391.20𝛼2 + 54.81𝛼 + 7.57) 
Equation 5.1 

 

5.1.4. Test results and discussion 
 

The estimated crack lengths for each tested specimen were plotted against the number of cycles 

and the results are shown in Figure 5.7. It can be observed in this figure that the longest fatigue 

life (i.e. largest number of cycles) was experienced in the vertical specimen that was extracted 

from top of the WAAM wall CT-VT. Figure 5.7 shows that this specimen endured 

approximately 1.5-1.7 times more cycles to reach 15 mm of crack extension compared to other 

specimen locations/orientations. Another observation that can be made from this figure is that 

the test durations for the two specimens extracted from the top of the wall, regardless of their 

orientation, is the longest compared to the specimens from the bottom of the wall. The longer 

fatigue life in the specimens extracted from the top of the WAAM wall would have been caused 

by the microstructural variations caused by different thermal effects and presumably the 

residual stresses induced during WAAM fabrication process which are expected to have higher 

magnitudes of compressive residual stress in the bottom layers compared to the top layers due 

to the greater number of repeated thermal cycles. The two specimens extracted from the bottom 

part of the WAAM wall show similar results with the average number of cycles of around 

49,000 to reach 15 mm of crack extension. Comparison of CFCG behaviour of ER70S-6 

WAAM walls with the FCG test results in air conducted in a previous study by Ermakova et 

al27 shows that whilst the fatigue life is more dependent on the orientation of the specimens in 

air tests, for seawater tests the extraction location has a more pronounced effect on the fatigue 

life of the test specimens. These observations indicate that the fatigue test duration of ER70S-

6 WAAM built specimens strongly depends on the test environment. 

 

Figure 5.7: Corrosion-fatigue crack growth trends in ER70S-6 WAAM built specimens 
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The CFCG rates, da/dN, for all C(T) specimens have been then correlated with the linear elastic 

fracture mechanic parameter, ΔK, and the results are displayed in Figure 5.8. This figure 

illustrates the typical environmental crack growth behaviour, where the crack growth rate, 

da/dN, is highly sensitive to the applied K in Stage I and Stage III. It can be observed in this 

figure that while in Stage II the crack growth rate increases with an increase in ΔK, the slope 

of the da/dN versus ΔK curve in this stage is much lower than in Stage I and III. Moreover, it 

can be seen that the slope of CT-VB specimen in Stage II is almost insensitive to the applied 

ΔK and the da/dN for this specimen is almost constant in Stage II. Further observed in Figure 

5.8 is that in Stage I and II, the CFCG data for the same specimen extraction locations (Top or 

Bottom) fall close to each other within the inherent experimental scatter; however, towards the 

end of the test (i.e. in Stage III) the vertical specimens have noticeably lower crack growth 

rates than the horizontal specimens, regardless of their extraction locations. It is worth noting 

here that the lowest CFCG rates in Stage I and III are obtained from the vertical specimen 

extracted from the top of the wall, CT-VT; however, in Stage II, all four datasets fall close to 

each other with the specimens with the same extraction locations falling almost upon each 

other. Comparison of the CFCG results in seawater from the present study with the results from 

the air tests reported by Ermakova et al27 shows that under similar loading conditions the 

specimen orientation has a higher impact on the crack growth behaviour of the material in the 

air tests, with vertical specimens presenting higher trends throughout the test than the 

horizontal specimens. Whereas in seawater environment the crack growth behaviour changes 

depending on the stage of the test. Since only four CFCG specimens were tested in this study, 

with four different combinations of extraction locations and orientations, further tests must be 

conducted in future work to confirm the provisional trends presented in this study and evaluate 

the level of scatter for each specimen. Moreover, the residual stresses need to be measured to 

evaluate their effects on the crack growth behaviour for each specimen location/orientation.  

 

Figure 5.8: Corrosion-fatigue crack growth rates for ER70S-6 WAAM built specimens 

Further analysis was carried out on Stage II (Paris region) data points obtained from all four 

tests, and the material constants C and m (see Equation 5.2) were determined for each dataset 
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by plotting the line of best fit and extracting the power-law constants. The Paris law constants 

obtained from each data set are summarised in Table 5.5. In addition to C and m constants, the 

values of the coefficient of determination, R2, were also calculated to examine how accurately 

the lines of best fit describe the material behaviour. As seen in Table 5.5 the R2 values for all 

tests are close to 1 except CT-VB specimen where the crack growth rate is almost constant 

during Stage II (see Figure 5.8).  

𝑑𝑎/𝑑𝑁 = 𝐶∆𝐾𝑚 Equation 5.2 

 

Table 5.5: Paris law constants obtained from the CFCG tests performed on ER70S-6 WAAM 

built specimens (da/dN in mm/Cycle and ΔK in MPa√𝑚) 

Specimen 

ID 
Orientation Location Pmax (kN) C m R2 

CT-VT Vertical Top 10 7.85×10-7 1.77 0.994 

CT-VB Vertical Bottom 10 1.13×10-4 0.296 0.679 

CT-HT Horizontal Top 10 5.89×10-7 1.87 0.993 

CT-HB Horizontal Bottom 10 5.15×10-6 1.21 0.983 

 

Additionally, the Paris law constants were obtained for specimens with the same extraction 

location (top or bottom) and the results are shown in Figure 5.9 and Table 5.6. With closer look 

in Figure 5.9, a difference in slopes for Set-T (all specimens extracted from the top of the wall) 

and Set-B (all specimens extracted from the bottom of the wall) can be observed, where Set-B 

is less sensitive to the applied ΔK. Also, Set-B has higher level of scatter between two sets of 

data, which is confirmed by R2 values from the table. The level of scatter was further analysed 

by calculating the upper bound trends for two location datasets, based on +2 standard deviation 

(SD), the material constants for which were added into Table 5.6. 
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Figure 5.9: Lines of best fit made to the CFCG data in Stage II region for different specimen 

locations (Set-T for top specimens and Set-B for bottom specimens) 

 

Table 5.6: Power law constants for the mean curves and upper bound trends in Stage II region 

for different specimen location datasets 

Datasets Location 
Pmax 

(kN) 

Mean Mean + 2SD 

C m R2 C m 

Set-T Top 10 6.60×10-7 1.83 0.987 7.06×10-7 1.83 

Set-B Bottom 10 2.32×10-5 0.77 0.706 2.71×10-5 0.77 

 

The mean + 2SD lines for two datasets of top and bottom specimens are plotted in Figure 5.10, 

along with the BS7910 recommended upper bound trends for welded joints tested in seawater28, 

based on the simplified law and the 2-stage law. It can be seen from this figure that both upper 

bound lines describing the behaviour of tested specimens fall below the BS7910 recommended 

lines, indicating that the CFCG rates of WAAM ER70S-6 components can be conservatively 

predicted by the recommended trends in the standard.  

Moreover, the CFCG rates obtained in this study have been compared with the experimental 

data available on welded steel specimens tested in seawater, such as: S355G10+M structural 

steel C(T) specimens extracted from the heat affected zone (HAZ)29, S355G8+M steel C(T) 

specimens extracted from HAZ and base metal1, S355J2+N steel C(T) specimens extracted 

from HAZ2 and weld areas and X70 pipeline steel specimens30. All tests were carried out under 

similar loading conditions as summarised in Table 5.4 and are presented in Figure 5.10. 

Comparison of all experimental curves shows that the upper bound lines obtained from this 

study for WAAM ER70S-6 specimens fall slightly above the experimental trends for 
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S355G10+M, S355G8+M and S355J2+N HAZ specimens; however, they are below the curve 

for X70. The slope for ER70S-6 Set-T specimens replicates the slopes for curves representing 

the behaviour of S355G10+M HAZ specimens. Since S355G10+M, S355G8+M and 

S355J2+N steels are widely used in fabrication of offshore structures, which are subjected to 

severe cyclic loads in harsh marine environments, the comparison from the Figure 5.10 

confirms that the WAAM technology and ER70S-6 steels can be potentially considered for 

fabrication of offshore structures, even though its corrosion-fatigue cracking resistance is 

slightly less than S355 welded steels, but the crack growth rates are still below the 

recommended CFCG trends provided in BS7910 standard. In addition to the fracture mechanics 

studies performed in this study, S-N fatigue tests will also need to be conducted in future work 

to assess the design requirements of WAAM built components for operation under cyclic 

loading marine conditions.  Further comparison of the test duration from this study to four tests 

on S355G10+M HAZ specimens performed by Jacob et al.29 shows that on average it takes 

three times longer to propagate the crack to 15 mm in WAAM ER70S-6 specimens than in the 

wrought counterparts.  

 

Figure 5.10: Comparison of the upper bound CFCG trends for ER70S-6 WAAM specimens 

with BS7910 curves and the literature data on structural steels 

 

5.1.5. Microstructural examinations 
 

Due to the severe level of corrosion developed on the fracture surface of the specimens during 

the CFCG tests (see Figure 5.5), microscopical examination of fracture mechanisms was not 

possible for the specimens tested in this study. However, a thin slice of approximately 1.5 mm 

thickness was removed from the fracture surface using EDM technique to examine the 

microstructure of each specimen underneath the fracture surface. Each specimen slice was 

prepared for microstructural analysis according to ASTM E407-07 standard31 by hot-mounting 
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in a mould, followed by grinding, polishing and finally etching using 2% Nital solution for 10 

seconds. Then the microstructures of the specimens in the areas corresponding to the middle 

of Paris regions were examined using a HIROX RH-2000 digital microscope, and the results 

are presented in Figure 5.11. These figures reveal a typical microstructure for low carbon steel 

that consists of a ferrite matrix and reduced amount of a secondary pearlite phase due to low 

amount of carbon in metal composition (Table 5.1) and rapid solidification process of WAAM. 

Similar results were presented in several research studies by Ron et al 12,14. Comparison of the 

micrographs for four specimens in Figure 5.11 shows that no distinct difference can be 

observed in the grain structure of the specimens tested in this study. 

  
(a) (b) 

  
(c) (d) 

Figure 5.11: Typical microstructures of ER70S-6 WAAM specimens in the middle of Paris 

region: (a) CT-VT, (b) CT-VB, (c) CT-HT, and (d) CT-HB. 

The general microstructure, at lower magnification, for vertical and horizontal specimens 

captured from the extracted slice underneath the fracture surface is shown in Figure 5.12. As 

seen in this figure, the microstructure of the horizontal specimens with the crack path located 

within a single deposited layer is relatively uniform as expected (Figure 5.12 (b)) compared to 

the non-uniform grain structure of the vertical specimens with multiple deposited layers (Figure 

5.12 (a)), where clear boundaries can be observed between AM layers. It can be clearly seen in 

Figure 5.12 (a) that a grain size variation is present along the crack path which can subsequently 

influence the cracking behaviour of the vertical specimens. It was previously reported that the 

grain refinement, shown in vertical specimens, can result in toughness improvement and hence 

the material can be expected to have higher cracking resistance through the weld region, 

affecting the crack growth rates in that region2. 
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(a) (b) 

Figure 5.12: Comparison of the microstructures for (a) vertical and (b) horizontal specimens 

(arrow on the right indicates the crack growth direction) 

5.1.6. Conclusions 
 

Corrosion-fatigue crack growth tests were carried out in artificial seawater on standard C(T) 

specimens extracted from WAAM built walls made with ER70S-6 wire low carbon steel. All 

tests were conducted at load level of Pmax =10 kN, with R = 0.1, and frequency of 0.3 Hz. The 

following observations and conclusions can be made from this study: 

• The specimen extraction location with respect to the WAAM wall affects the duration 

of the test and the CFCG rates particularly in Stages I and II. The specimens extracted 

from the top of the WAAM wall required on average 1.4 times more cycles to reach 15 

mm of crack extension compared to those from the bottom of the wall. 

• The orientation of the extracted specimens may have minor effects on the CFCG rates 

towards the end of the test in Stage III. 

• The lowest CFCG rates in Stage I and III were exhibited in the vertical C(T) extracted 

from the top of the wall while in Stage II all four results fall close to each other.  

• The mean + 2SD lines for top and bottom specimen datasets fall below the BS7910 

recommended fatigue crack growth trends, slightly higher than S355G8+M and 

S355G10+M HAZ data sets but below X70. 

• The ER70S-6 WAAM built specimens require on average three times greater number 

of cycles to propagate the crack to 15 mm compared to the wrought counterparts 

extracted from S355G10+M HAZ steel. 

• Further tests need to be examined in future work to evaluate the level of scatter in the 

data. Moreover, the influence of the residual stresses in C(T) specimens on the CFCG 

behaviour of the WAAM built specimens need to be considered and analysed in future 

work. 
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Abstract7 

Crack initiation and propagation in welded joints is one of the main failure mechanisms in 

offshore structures which operate in harsh marine environment under severe cyclic loading 

conditions. As an essential part of the design and structural integrity assessment of such joints, 

corrosion-fatigue crack growth needs to be characterised and accounted for. The wire arc 

additive manufacturing (WAAM) technology is a promising fabrication technique which has 

been proven to have many advantages for producing large structures; however, the fatigue and 

corrosion-fatigue performance of WAAM steel components for application in the marine 

environments is still unexplored. In this study, the WAAM technique was employed to 

fabricate four specimens made of ER100S-1 low carbon steel, which were then tested under 

cyclic loading conditions in seawater to assess the corrosion-fatigue crack growth (CFCG) 

behaviour and hence suitability of this fabrication technology for offshore renewable energy 

applications. The test duration, cracking mechanisms and CFCG rate were investigated for each 

specimen and the material’s behaviour was investigated by considering the microstructural 

examinations. Furthermore, the obtained results were compared with the BS7910 standard 

recommended trends and experimental data available in the literature for conventionally built 

weldments made of different grades of steel which are commonly used for offshore 

applications.   

 

 

Keywords: Corrosion-fatigue; WAAM; Additive manufacturing; Offshore structures; 

Structural Integrity. 

 

 

* corresponding author 

7 Engineering Failure Analysis. 138 (2022), 106362. (DOI: 

10.1016/j.engfailanal.2022.106362) 

https://doi.org/10.1016/j.engfailanal.2022.106362


114 

 

5.2.1. Introduction 
 

Offshore structures are commonly manufactured onshore by welding steel sections and then 

transported to marine environments for installation and operation. The welded joints in offshore 

structures are considered as potential weak spots which are prone to crack initiation and 

propagation due to high stress concentration and residual stresses effects introduced during the 

welding process. These structures experience millions of load cycles during their operation in 

highly corrosive environments, which can lead to corrosion-fatigue failures if suitable 

inspection and maintenance strategies are not carefully implemented. Furthermore, the welding 

process causes phase changes in metal that affect the microstructure and crack growth patterns, 

by introducing crack branching1. Previous studies on welded wrought steel specimens extracted 

from the heat affected zone (HAZ) exhibit a strong dependence of fatigue crack growth (FCG) 

rates on the welding parameters, metal composition, crack growth region, residual stress 

magnitude and distribution pattern, and testing environment2–6. These studies suggest that the 

fatigue life of marine structures can be significantly improved by selecting more appropriate 

materials and manufacturing techniques. 

Wire arc additive manufacturing (WAAM) is a rapidly developing technique that has gained 

substantial attention for fabrication of large-scale components employed in structural 

applications. Compared with other additive manufacturing (AM) methods, such as powder-

based techniques, WAAM is known to be substantially beneficial for lower manufacturing cost, 

unlimited build envelope, and significantly high deposition rates (3-8 kg/h), which results in 

reduction of manufacturing lead-time7–10. Despite the advantages of this method, the high heat 

input and nonuniform solidification rates during the WAAM fabrication process lead to 

microstructural inhomogeneity and mechanical properties anisotropy11,12. Nevertheless, 

WAAM has been already adopted by many industries, including aerospace and automotive, 

and offers a great potential for other industrial sectors such as offshore renewable energy and 

particularly offshore wind turbines. However, in order to investigate the suitability of this 

technique for manufacturing and repair of renewable energy marine structures, the corrosion-

fatigue crack growth (CFCG) performance of WAAM built steel components has to be closely 

examined and compared with the conventionally welded joints. This will help to estimate the 

remaining lifetime and develop efficient inspection plans for future WAAM built marine 

structures and components. 

The environmental behaviour of ER70S-6 low carbon WAAM built specimens was 

investigated by Ron et al.13, which included the corrosion behaviour assessment in salt spray 

testing, immersion testing, potentiodynamic polarization analysis, and electrochemical 

impedance spectroscopy. The obtained results from this study showed that the general and 

stress corrosion resistance of WAAM specimens were comparable with conventional wrought 

ST-37 steel counterparts, which led to a conclusion that the WAAM process does not cause 

any weakening in corrosion performance for the considered application. Another study was 

conducted on austenitic stainless steel WAAM specimens with a similar analysis procedure14, 

which confirmed that despite the microstructural differences and variations in mechanical 

properties, electrochemical performance and stress corrosion susceptibility of the parts were 

similar to the wrought counterparts. Additionally, some ER70-6 WAAM built specimens were 

tested in a 3.5% NaCl solution to investigate the effect of microstructure imperfections on 

corrosion-fatigue performance15. The results revealed a reduction in fatigue strength of WAAM 
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specimens, compared with wrought ST-37 specimens, due to the existence of defects that are 

imposed during WAAM fabrication process, and stimulate corrosion attacks and accelerate 

fatigue cracking process. 

Previous studies demonstrated that corrosion characteristics of WAAM built specimens may 

differ compared to the wrought counterparts, due to evident microstructural differences 

imposed by specific manufacturing process. However, the data available in the literature are 

very limited and do not show any CFCG rates trends for WAAM built low carbon steels, which 

is required for in-depth analysis and comprehensive comparison for considering the use of this 

technology in marine structures. Thus, the present study investigates the CFCG behaviour of 

ER100S-1 low carbon steel WAAM built specimens in seawater. This research includes the 

manufacturing of a WAAM wall, CFCG testing on extracted specimens, crack growth 

monitoring, data collection and analysis, and comparison of the obtained results with the 

existing data on wrought steels. Moreover, a sensitivity analysis of the corrosion-fatigue 

response to the built orientation and location of the specimens was conducted and presented in 

this study, along with the microstructural analysis. The observations from this study prove the 

suitability of WAAM technique with ER100S-1 steel wires for offshore applications. 

 

5.2.2. Material and specimen preparation 
 

One WAAM wall was manufactured for this study using Cold Metal Transfer (CMT) process 

with Böhler welding ER100S-1 wire16, the typical composition for which is presented in Table 

5.7. The detailed parameters for CMT-WAAM fabrication process are shown in Table 5.8. The 

manufacturing set-up is demonstrated in Figure 5.13 in which a CMT power source, a robotic 

arm, a CMT torch that is supplying the shielding gas and feeding the metal wire, an exhaust 

fan to remove any generated fumes and excessive heat are demonstrated. The WAAM wall was 

deposited in the middle of a base plate that was cut from an EN10025 rolled structural steel 

plate, with dimensions of 420 × 200 × 12 mm3. The completed WAAM wall is shown in Figure 

5.13. An oscillation process was selected17,18 for fabricating a relatively thick wall with 

dimensions of length of 355 mm (X-axis in Figure 5.13), thickness of 24 mm (Y-axis) and 

height of 140 mm (Z-axis). The base plate was fixed onto the working table with eight clamps 

before starting the deposition process, to prevent any bending and distortion of the plate due to 

the high manufacturing temperatures. These clamps were removed once the WAAM wall was 

completed and cooled down to the ambient temperature. 

Table 5.7: Chemical composition of ER100S-1 material (wt.-%)16 

  C Mn Cr Si Ni Mo 

ER100S-1 0.08 1.70 0.20 0.60 1.50 0.50 

 

 



116 

 

Table 5.8: CMT-WAAM fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Wire diameter 1.2 mm 

Wire feed speed 7.5 m/min 

Robot travelling speed 7.33 mm/sec 

Dwell time 120 sec 

 

  

Figure 5.13: Fabrication process including the CMT WAAM set-up and completed WAAM 

wall 

After completing the deposition of the WAAM wall, four notched compact tension, C(T), 

specimens were extracted using Electrical Discharge Machining (EDM) method. The 

specimens were designed in accordance19 standard with the width of W = 50 mm, height of H 

= 60 mm, total thickness of B = 16 mm and initial crack length of a0 = 17 mm. The specimens 

were extracted from two different locations; top (T) and bottom (B) of the wall, and along two 

different orientations; vertical (V) – where the crack plane is perpendicular to the deposited 

layers, and horizontal (H) – where the crack plane is parallel to the deposited layers. All four 

combinations of specimens are presented schematically in Figure 5.14 (a). For example, the 

specimen denoted CT-VT, is a C(T) specimen with vertical orientation, from top of the wall. 

Knife edges were machined at the crack mouth of the specimens as per ASTM 1820 stndard20 

to attach a clip gauge for compliance measurements during fatigue pre-cracking that is required 

prior to CFCG testing to introduce an infinitely sharp crack tip ahead of the machined notch. 

All four specimens were pre-cracked to approximately 20 mm (ai,p/W = 0.4) using the load-

decreasing approach. The final value of maximum stress intensity factor Kmax at the end of pre-

cracking did not exceed the initial Kmax at the beginning of the main CFCG tests. For the CFCG 

tests performed in seawater, the crack was measured using the back face strain measurement 

technique, which is explained in Section 5.2.3. Some examples of the specimens prepared for 

CFCG testing are displayed in Figure 5.14 (b). 
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(a) (b) 

Figure 5.14: (a) Specimen extraction plan from the WAAM wall, (b) specimens with 

protective coating after strain gauging 

 

5.2.3. Corrosion-fatigue crack growth test  
 

• Test set-up 

CFCG tests were conducted under load-controlled mode using a 100 kN servo hydraulic Instron 

machine. A sinusoidal cyclic load wave was applied with a constant amplitude of the maximum 

load Pmax = 10 kN, the load ratio of R = 0.1, and frequency of f = 0.3 Hz, which is the typical 

frequency used in corrosion-fatigue analysis for offshore wind turbine structures21,22. To 

imitate free-corrosion condition for testing, 60 L artificial seawater was made according to 

according to the ASTM D1141-98 standard23 using deionised water and a set of chemicals 

presented in Table 5.9. During the CFCG tests, the pH level of seawater was constantly 

monitored and maintained between 8.0 and 8.2, and fresh water was made once the level 

dropped below 8.0. The full CFCG test set-up is shown in Figure 5.15. An environmental 

seawater chamber was attached onto the Instron machine, and the specimen was immersed in 

artificial seawater with the crack path located below the waterline throughout the tests (Figure 

5.15). The prepared seawater was stored in a water tank and circulated in the environmental 

chamber by means of a pump at a constant rate of 4 L/min. The seawater temperature was 

controlled with a chiller and maintained between 8.0 and 10.00C, to replicate the operation 

conditions in the North Sea3. 

Table 5.9: Chemical composition of artificial seawater23 

Chemical compound Concentration (g/L) 

NaCl 24.53 

MgCl2 5.20 

Na2SO4 4.09 

CaCl2 1.16 

KCl 0.695 

NaHCO3 0.201 

KBr 1.101 

H3BO3 0.027 

SrCl2 0.025 

NaF 0.003 
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Figure 5.15: CFCG test set-up 

 

• Crack growth estimation method 

During corrosion-fatigue tests, the specimens are immersed in seawater with limited direct 

access; therefore, the crack growth monitoring becomes challenging. One of the existing well-

known and efficient crack growth monitoring techniques which is suitable for the CFCG testing 

is the back face strain (BFS) method that was designed for C(T) specimens24,25. The main idea 

for this approach is to correlate the BFS variations with the crack length of the specimen. The 

BFS calibration curve is initially developed under the same loading conditions during the FCG 

tests in air, where it is possible to measure the instantaneous crack length using the optical and 

compliance techniques. This calibration curve will be valid for the considered C(T) specimen 

geometry, material and loading conditions. Therefore, the same empirical correlation from 

FCG tests in air is used to estimate the crack lengths from the BFS measurements in CFCG 

tests in seawater.  

The BFS values are recorded from the strain gauge attached to the back face of the C(T) 

specimen, at mid-height and mid-width. In this study, strain gauges were initially attached to 

the back face of C(T) specimens and then covered with a layer of a polysulfide coating to 

protect them against seawater damage (Figure 5.14  (b)). Prior to testing all the specimens were 

soaked in artificial seawater for approximately 24 hours, as recommended in the ASTM 

D114123 standard. The BFS values were recorded from the strain gauges every second by a 

strain recorder during the CFCG tests, and the maximum magnitude of compressive strain 

values were captured and stored on a memory card (see BFS recorder in Figure 5.15).  

In order to produce unique BFS calibration curves for each specimen, four fatigue tests in air 

were carried out on C(T) specimens with the same geometry and extraction 

orientation/locations (VT, HT, VB, and HB), with the exact same loading conditions as the 

CFCG tests as shown in Table 5.10. As the BFS calibration curves depend on the load level 

applied on the specimen during the test, the calibration test in air and the main CFCG test in 
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seawater were performed at the same loading conditions. The instantaneous crack growth 

during the FCG test in air was measured using a clip gauge attached to the knife edges at the 

crack mouth of the C(T) specimens, and then correlated with the corresponding maximum 

magnitude of compressive BFS value (hence maximum crack mouth opening). Four calibration 

curve equations were derived by applying cubic polynomial lines of best fit to the experimental 

data, and then were used to estimate the crack length from the BFS measurements collected 

during each of the CFCG tests. 

Additionally, to cross-check the accuracy of the estimated values of the crack length from the 

BFS method, the beach marking (BM) technique was employed in crack growth tests26. For 

this purpose, the maximum cyclic fatigue load and the frequency were decreased for a short 

period of time to introduce a thin mark on the fracture surface, which is called a beach mark. 

The duration of BM process was selected in such a way that it is performed without a noticeable 

crack growth, to keep the BFS value unchanged. By recording the BFS value at which the BM 

process was implemented, the estimated crack length from BFS method can be verified against 

the experimentally measured crack length at the BM line on the fracture surface of the opened 

C(T) specimen upon completion of the test. The BM loading conditions for seawater tests are 

presented in Table 5.10. For each CFCG test, the BM process was repeated three times at 

various stages of the test to build extra confidence in the developed BFS calibration curves. 

The BM method was first applied during the FCG tests in air on nominally identical C(T) 

specimens, to verify the accuracy of the crack length estimations, an example of the fracture 

surface and loading conditions are shown in Figure 5.16 and Table 5.10 respectively. 

Satisfactory results from the air tests confirmed the accuracy of the compliance approach which 

was then implemented in CFCG tests. 

 

Figure 5.16: The beach marks on fracture surface of WAAM ER100S-1 C(T) specimen tested 

in air for development of BFS calibration curves 

Table 5.10: The loading condition during the main phase and beach marking phase of the 

calibration tests in air and CFCG tests in seawater 

Test 

environment 

The main test condition  Beach marking loading condition  

Pmax (kN) R f (Hz) Pmax (kN) R f (Hz) 

Air 10 0.1 5 8 0.125 3 

Seawater 10 0.1 0.3 8 0.125 0.1 
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Upon completion of the CFCG tests, all C(T) specimens were broken open to measure the 

actual crack length at BM lines on the fracture surfaces and verify the accuracy of the estimated 

crack lengths obtained from the BFS calibration curves. The fracture surfaces of four CFCG 

test specimens are presented in Figure 5.17. It is worth noting here, that due to corroded fracture 

surface of the C(T) specimens tested in seawater, the beach marks were not very clear with the 

naked eye, compared with the fracture surfaces of the specimens tested in air (see Figure 5.16), 

therefore high magnification optical microscopy was used to find the exact location of the BM 

lines. It can be seen in Figure 5.17 that the crack propagation regions are symmetric in all 

CFCG specimens, indicating good alignment in the test set-up.  

    
CT-VT CT-VB CT-HT CT-HB 

Figure 5.17: Fracture surface of WAAM built ER100S-1 specimens after CFCG test in 

seawater 

An example of the calibration curve for CT-VT specimen, plotted using the empirical 

correlation equation from the air test is presented in Figure 5.18. Also included in this figure 

are the BM data points obtained at different stages of the test which indicate the actual crack 

lengths observed on the fracture surface upon the test completion and specimen fracture open. 

A very good agreement between the BFS calibration curve derived from the test in air and the 

BM data obtained from the CFCG test in seawater can be seen in this figure. Similar level of 

agreement between the calibration curves and the BM data points from the CFCG tests were 

obtained from the other three specimens (CT-VB, CT-HT, CT-HB). Hence the estimated crack 

lengths using the BFS data in CFCG tests are found to be very reliable. 

 

Figure 5.18: Crack length vs. BFS correlation for CT-VT specimen, and its comparison with 

the BM data points  
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• Data analysis 

The CFCG rates, da/dN, were determined using the estimated crack lengths and the 

experimental number of cycles for each specimen, by applying the secant method for the first 

and the last three data points, and seven-point incremental polynomial method for the rest of 

the data points. Subsequently, the stress intensity factor (SIF) was calculated using the shape 

function equation introduced by Mehmanparast et al.27, Equation 5.3, which provides accurate 

solutions for a wider range of crack lengths in a C(T) specimen ranging between a/W of 0.2 

and 0.7, compared with the original shape function equation from the ASTM E647 standard. 

In Equation 5.3, 𝛼 is the normalised crack length a/W and ΔP is the load range which is defined 

as the difference between the maximum load Pmax and the minimum load Pmin. 

∆𝐾 =
∆𝑃

𝐵𝑊
∙ √𝑎 ∙ (−372.12𝛼6 + 1628.60𝛼5 − 2107.46𝛼4 + 1304.65𝛼3

− 391.20𝛼2 + 54.81𝛼 + 7.57) 
Equation 5.3 

 

5.2.4. Experimental results and discussion 
 

To assess and compare the duration of each test, the estimated crack lengths are plotted against 

the number of fatigue cycles for each specimen, and the results are displayed in Figure 5.19. 

According to this figure, the longest fatigue life was experienced by the vertical specimen 

extracted from the top of the WAAM wall, CT-VT. This specimen required 1.5 to 2.6 times 

more cycles to propagate the crack by 15 mm than the other three specimens. Also seen in this 

figure is that the two specimens extracted from the top of the wall with two different 

orientations had the longest fatigue lives compared to specimens extracted from the bottom of 

the WAAM wall. For both locations of the WAAM wall considered in this study (i.e. top and 

bottom), the test duration for the vertical specimens is higher than the horizontal specimens 

extracted from the same location. Based on these experimental observations, the horizontal 

specimen extracted from the bottom of the wall, CT-HB, has the shortest fatigue life. These 

variations in the test duration are expected to have been caused by microstructural differences 

due to the thermal effects and possibly the remnant residual stresses which might have 

remained in the C(T) specimens after extraction. Additive layers at the bottom of the wall 

experience a greater number of repeated thermal cycles; therefore, it is expected that the 

magnitude of residual stress is generally lower at the bottom compared to the top of the WAAM 

wall. Comparison of the CFCG data obtained from this study with the FCG results in air 

previously conducted on WAAM ER100S-1 specimens by Ermakova et al.28 shows that in both 

test environments the crack growth results are sensitive to the extraction location, with a longer 

fatigue life experienced by the specimens extracted from the top of the WAAM wall. 
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Figure 5.19: Corrosion-fatigue crack growth trends in ER100S-1 WAAM built C(T) 

specimens 

The CFCG rates, da/dN, were calculated and plotted against the linear elastic fracture mechanic 

parameter, ΔK, as shown in Figure 5.20. It can be observed in this figure that at the low values 

of ΔK, the crack growth rate is higher in horizontal specimens regardless of the extraction 

location; however, towards the end of the test, at larger values of ΔK, vertical specimens exhibit 

higher crack growth rates. In general, the lowest CFCG trend observed throughout the entire 

range of ΔK values is found to be obtained from CT-VT vertical specimen extracted from the 

top of the wall, indicating the highest level of corrosion-fatigue resistance across all four 

specimens considered in this study. Also seen in Figure 5.20 is that within the inherent 

experimental scatter similar slopes are found in the CFCG trends from specimens with the same 

orientation. Moreover, the crack growth rates for vertical specimens show higher scatter than 

horizontal specimens, and display wavy patterns, similar to the observations reported by 

Ermakova et al.28 for FCG tests on the same material and the same specimen orientation in air. 

It was also seen that the FCG rates from air test are location dependant, with the lowest crack 

growth rates observed in specimen extracted from the top of the wall. Thus, a conclusion can 

be made that for ER100S-1 WAAM built specimens, regardless of the testing environment, 

FCG and CFCG rates and test duration strongly depend on the extraction location. Having said 

that, considering that only four specimens were tested in seawater in the present study, more 

tests need to be conducted in future work to confirm the provisional results presented in this 

paper and assess the level of scatter for each specimen orientation and location. Furthermore, 

the remaining residual stresses in the C(T) specimens extracted from the WAAM wall must be 

measured in future work to evaluate their possible effects on the CFCG behaviour of ER100S-

1 WAAM built specimens. 



123 

 

 

Figure 5.20: Corrosion-fatigue crack growth results for ER100S-1 WAAM built specimens 

The CFCG test data were further analysed to evaluate the material constants, C and m (see 

Equation 5.4), in the secondary Paris region for each dataset by plotting the lines of best fit to 

the experimental data and finding the corresponding power-law constants. The C and m values 

obtained from the regression analyses are presented in Table 5.11. Also included in this table 

are the values of coefficient of determination, R2, to examine the level of scatter in each of the 

data sets. As seen in Table 5.11, the R2 values for all specimens are close to 1, although a 

marginally higher level of scatter is generally observed in vertical specimens compared to the 

horizontal specimens. 

𝑑𝑎/𝑑𝑁 = 𝐶∆𝐾𝑚 Equation 5.4 

 

Table 5.11: Paris-law constants obtained from the CFCG test data on ER100S-1 WAAM built 

specimens (da/dN in mm/Cycle and ΔK in MPa√𝑚) 

Specimen 

ID 
Orientation Location Pmax (kN) C m R2 

CT-VT Vertical Top 10 2.89×10-10 3.76 0.988 

CT-VB Vertical Bottom 10 1.33×10-10 4.15 0.987 

CT-HT Horizontal Top 10 1.07×10-8 2.82 0.995 

CT-HB Horizontal Bottom 10 5.28×10-8 2.44 0.994 

 

Furthermore, the power-law constants were determined for specimens with the same 

orientations (vertical or horizontal) and the results are presented in Table 5.12. Moreover, the 

upper bound trends for the vertical data set (Set-V) and horizontal data set (Set-H), based on 

+2 standard deviation (2SD), were calculated, and added to Table 5.12 and plotted in Figure 

5.21. Also shown in Figure 5.21 is the comparison of the results obtained from this study with 

the recommended trends provided in the BS7910 standard for welded joints in seawater, based 

on the simplified law and the 2-stage law29. It can be seen in Figure 5.21 that the upper bound 
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trends for Set-V and Set-H from the CFCG tests on ER100S-1 WAAM built specimens both 

fall below the BS7910 recommended lines, except the very end of the Set-V, which crosses the 

2-stage law at large values of ΔK. This indicates that the CFCG rates for ER100S-1 WAAM 

built specimens can be conservatively predicted by the simplified law provided in BS7910 

standard. 

Table 5.12: Power-law constants associated with the mean curves and upper bound trends for 

different specimen orientation datasets 

Datasets Orientation 
Pmax 

(kN) 

Mean Mean+2SD 

C m R2 C m 

Set-V Vertical 10 1.49×10-10 4.03 0.913 3.09×10-10 4.03 

Set-H Horizontal 10 2.91×10-8 2.58 0.972 3.77×10-8 2.58 

 

Furthermore, the obtained CFCG results in this study have been compared with the 

experimental data available in the literature on conventionally built welded steel specimens 

tested in seawater, including: S355G8+M C(T) specimens extracted from HAZ and base 

metal6, S355G10+M C(T) specimens extracted from HAZ30, S355J2+N C(T) specimens 

extracted from HAZ and weld metal1, and X70 pipeline steel specimens31. All specimens were 

tested under similar loading conditions as the samples tested in this study (see Table 5.10), and 

their trends are depicted in Figure 5.21. Comparison of all considered datasets shows that the 

upper bound CFCG data obtained on ER100S-1 WAAM built specimens from the present study 

begins at approximately the same ΔK value as experimental data for S355G10+M specimens, 

though with a longer fatigue life, continuing to the higher values of ΔK. For the ΔK values of 

between approximately 19 and 35 MPa√m, the upper bound lines for ER100S-1 WAAM built 

specimens fall upon the test data on S355G10+M and S355G8+M, which are the subgrades of 

S355 structural steel that are widely used in fabrication of offshore renewable energy 

structures. Further comparison of the test durations for the specimens from this study and 

S355G+10M HAZ specimens tested by Jacob et al.30 shows that on average it takes 9.7 times 

longer to propagate a crack in WAAM ER100S-1 specimens than in conventionally welded 

S355 counterpart. Therefore, this comparison confirms that ER100S-1 steel and WAAM 

technology can be potentially considered for manufacturing of offshore renewable energy 

structures. Nevertheless, the S-N fatigue tests will need to be conducted in future work to fully 

assess the design requirements for WAAM built components operating under cyclic loading 

conditions in marine environments. 
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Figure 5.21: Comparison of the upper bound CFCG trends for ER100S-1 WAAM built 

specimens with BS7910 curves and the literature data on structural steels 

 

5.2.5. Fractography 
 

Once four test specimens were broken-open, their fracture surfaces were examined using a 

TESCAN VEGA 3 Scanning Electron Microscope (SEM) with a magnification of 5000. 

According to Figure 5.20, at lower values of ΔK the CFCG rates demonstrate higher level of 

scatter; therefore, the microstructural analysis was conducted on the area corresponding to the 

beginning of the test (ΔK of approximately 23 MPa√m), and the results are shown in Figure 

5.22. The fracture surface examination in the regions shown in Figure 5.22 demonstrates the 

existence of transgranular tortuous features for all specimens extracted with different 

orientations and locations, indicating a ductile fracture mechanism. Moreover, the general 

observation across various regions on the fracture surface shows that tortuosity of the vertical 

specimens is more pronounced, and deeper and larger in size, compared to the horizontal 

specimens which have smoother surface with shallower features. This indicates that at a given 

value of ΔK the CFCG would be higher in the horizontal specimens than the vertical samples. 

This conclusion is consistent with the trends presented in Figure 5.20. Similar to the 

observations in the previous study on the FCG behaviour of WAAM built ER100S-1 specimens 

in air28, elongated fracture features, which are marked with red dashed lines in Figure 5.22, can 

be found in the vertical CFCG test specimens examined in this study both at the top and bottom 

locations (CT-VT and CT-VB). It was reported in the previous study 28 that once the orientation 

of these elongated fracture features changes, which appears with an increase in the inclination 

angle from the crack growth propagation plane, the FCG rate simultaneously increases. It is 

seen in Figure 5.22 that the elongated fracture features in CT-VB have higher inclination angle, 

and hence higher CFCG rate than in CT-VT, where the feature is nearly parallel to the crack 
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propagation direction, resulting in lower CFCG rate at a given value of ΔK as seen in Figure 

5.20. Comparison of two fracture surfaces of horizontal specimens shows that the specimen 

extracted from the bottom of the WAAM wall has shallower ductile features with higher 

density of small secondary cracks (shown with yellow arrows), whereas the fracture surface of 

the specimen extracted from the top of the wall exhibits deeper dimples and larger secondary 

cracks with lower density, which results in lower CFCG rates in CT-HT sample compared to 

CT-HB, which is confirmed by the trends observed in Figure 5.20. Therefore, it can be 

concluded that for a given specimen orientation, the sample extracted from the bottom of the 

ER100S-1 WAAM wall exhibits less ductile fracture features which result in higher CFCG 

rates compared to the top specimens. 

  
CT-VT CT-VB 

  
CT-HT CT-HB 

Figure 5.22: SEM images of fracture surfaces for four test specimens at ΔK=23 MPa√m (the 

scale bar is 10 µm, and the right-hand side arrow shows the direction of the crack 

propagation) 

 

5.2.6. Conclusions 
 

The CFCG behaviour of ER100S-1 WAAM built specimens was investigated in the present 

study, the following conclusions and observations were made: 

• The specimen extraction location with respect to the WAAM wall height has a major 

effect on the test duration and CFCG rates. Specimens extracted from the top of the 
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wall require a greater number of cycles to propagate and they also demonstrate lower 

CFCG rates. 

• Vertical specimens show a longer test duration compared to horizontal specimens 

extracted from the same location of WAAM wall, and on average they present lower 

CFCG rates. 

• The upper bound lines for CFCG trends fall below BS7910 recommended crack growth 

trends, and also on top of the existing test data on S355G10+M and S355G8+M. 

• The ER100S-1 WAAM built specimens require on average 9.7 times greater number 

of cycles to propagate the crack by 15 mm compared to the wrought counterparts 

extracted from S355G10+M HAZ steel. 

• Bottom portion of ER100S-1 WAAM steel wall represented a lower ductility which 

subsequently results in higher CFCG rates. 

• The fracture surface of the vertical WAAM built ER100S-1 specimens demonstrates 

elongated failure features. The higher inclination angle from the crack propagation 

plane results in a higher CFCG rate. 

• Repeat tests are required in future work to evaluate the level of scatter for each 

specimen extraction location and orientation. Also, the remnant residual stresses in 

WAAM built C(T) specimens need to be measured to assess their potential effects on 

CFCG behaviour of ER100S-1 WAAM specimens. 
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5.3. Conclusion 

 

The corrosion-fatigue crack growth behaviour was examined in WAAM built specimens using 

ER70S-6 and ER100S-1 materials. For ER70S-6 specimens, the extraction location relative to 

the WAAM wall influenced test duration and CFCG rates in Stages I and II, with top-extracted 

specimens requiring more cycles to reach 15 mm crack extension. Orientation had minor 

effects on CFCG rates in Stage III. ER70S-6 WAAM specimens showed lower CFCG rates in 

Stage I and III for vertical C(T) specimens extracted from the top of the wall. 

Similarly, ER100S-1 WAAM specimens demonstrated significant variations in test duration 

and CFCG rates based on extraction location within the WAAM wall. Top-extracted specimens 

required more cycles to propagate the crack and exhibited lower CFCG rates. Vertical 

specimens showed longer test durations and lower CFCG rates compared to horizontal 

specimens from the same wall location. Fracture surfaces of vertical ER100S-1 WAAM 

specimens exhibited elongated failure features, leading to higher CFCG rates. 

The CFCG trends for both ER70S-6 and ER100S-1 WAAM specimens fell below the 

recommended fatigue crack growth trends in BS7910. The ER70S-6 specimens required three 

times more cycles to propagate the crack to 15 mm compared to wrought counterparts, while 

ER100S-1 specimens required 9.7 times more cycles. 

Future work should focus on evaluating data scatter and residual stresses in WAAM built 

specimens to better understand and analyse their influence on CFCG behaviour. These findings 

contribute valuable insights into the CFCG performance of WAAM materials, critical in the 

assessment and application of these components in various industries, particularly in harsh 

environments like offshore structures. 
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Chapter 6 : Uniaxial, Torsion and Multiaxial Fatigue 

Assessment of Wire Arc Additively Manufactured Mild 

Steels 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, uniaxial, torsion and multiaxial behaviour of ER70S-6 and ER100S-1 

WAAM built components was investigated. The chapter consists of the following papers: 

 

Paper VIII: Uniaxial and multiaxial fatigue behaviour of wire arc additively manufactured 

ER70S-6 low carbon steel components  

Paper IX: Fatigue life assessment of wire arc additively manufactured ER100S-1 steel 

parts 
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6.1. Paper VIII: Uniaxial and multiaxial fatigue behaviour of wire 

arc additively manufactured ER70S-6 low carbon steel 

components 

 

Anna Ermakovaa, Javad Razavib, Filippo Bertob, Ali Mehmanparasta* 
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Strathclyde, Glasgow G1 1XQ, United Kingdom 

b Norwegian University of Science and Technology (NTNU), Trondheim, Norway 

 

Abstract8 

Wire arc additive manufacturing (WAAM), also known as directed energy deposition (DED) 

process, is an efficient additive manufacturing technology, offers high potential to rapidly 

fabricate large-scale parts with complex geometries layer-by-layer. However, the fundamental 

understanding of the fatigue behaviour of such parts and the material requirements need to be 

significantly improved at all levels before this unique technology can be implemented for 

critical applications. This work aims to investigate the fatigue behaviour of WAAM built 

ER70S-6 steel under uniaxial, torsion and multiaxial loading conditions. Specimens were 

extracted in two different orientations: vertical and horizontal, to explore if the orientation 

direction has any effect on the fatigue results. Scanning Electron Microscopy (SEM) was 

conducted to examine the fracture surface of broken specimens and identify crack initiation 

regions and fracture mechanisms. The obtained results were compared with the fatigue data 

available in the literature on common structural steels fabricated using conventional welding 

and WAAM technique, showing similar fatigue behaviour with wrought S355 specimens. 

Moreover, the uniaxial data set on ER70S-6 WAAM specimens was evaluated according to the 

DNV RP-C203 standard for continuous welds, demonstrating advantageous fatigue resistance 

in the examined material. 
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6.1.1. Introduction 
 

Additive manufacturing (AM) is a process of joining material layer by layer to produce objects 

from a three-dimensional model, using a combination of the energy source and material 

deposition. This manufacturing process offers some advantages compared to the conventional 

production techniques, for instance, more design freedom, material waste reduction, shorter 

lead-time, near net shape fabrication without expensive production moulds and tools. On the 

other hand, AM parts may contain defects related to the welding manufacturing process (lack 

of fusion, trapped gas bubbles, etc)1, locked in residual stresses and rough surfaces2. Moreover, 

due to repeating heating and cooling processes during production, the material can experience 

different thermal histories and hence different microstructures, resulting in highly anisotropic 

behaviour which would subsequently affect the fatigue strength, wear, and corrosion 

resistance3–5. 

Development of more powerful and economical manufacturing processes enables the rapid 

production of larger components using common engineering materials, such as structural steels, 

for various industrial applications6. Wire arc additive manufacturing (WAAM) technique is a 

type of the directed energy deposition (DED) AM process, which meets the requirements for 

the large-scale component production offering the highest deposition rates among all AM 

methods: 5-8 kg/h compared with 55 g/h for the powder-based techniques7. With comparatively 

easy deposition process completed in open air, WAAM can be used for alternative re-

manufacturing and repair applications in various industries such as offshore structures 

operating in remote areas8.  

It has been estimated that fatigue contributes to approximately 90% of all mechanical service 

failures; therefore, fatigue analysis is an essential part of any structural design assessment and 

inspection planning, especially for AM built components, in which welding defects and tensile 

residual stresses are detrimental for fatigue characteristics9. Thus, for future structural 

applications the uncertainty of the fatigue performance of AM components must be fully 

characterised and new test data need to be generated for structural durability predictions. Due 

to the increasing interest by aerospace and nuclear industries in AM technologies, a significant 

majority of the existing experimental fatigue data in the literature are available on AM built 

titanium Ti-6Al-4V specimens2,10–14 and stainless steel SS31615,16; however, only a limited 

number of the available data sets are on fatigue behaviour of WAAM built steels for application 

in other industries, such as offshore renewable energy in which the structures are commonly 

made of structural steels. Among the limited data available on WAAM built steels in the 

literature, a study was carried out by Dirisu et al.17 on the fatigue performance of ER70S-6 

alloy. Flat dog bone specimens were extracted from the WAAM walls in horizontal orientation 

(i.e. parallel to the deposition direction) and three specimen types were examined: as-built, as-

built rolled and machined. All specimens were tested under uniaxial fatigue loading condition 

with the load ratio of R=0.1. The test results demonstrated an improvement in the fatigue 

strength for the machined specimens with smooth surface compared to other specimen types. 

It has been also reported that rolling of the as-built wavy surfaces was found beneficial to 

enhance the fatigue performance of the WAAM built components compared to as-built 

specimens. These findings confirmed that wall waviness, which is in fact naturally occurred 

notches during manufacturing process, acts as a stress riser and therefore reduces the fatigue 

strength of the as-built components. Another study was conducted by Bartsch et al.6 on as-built 
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WAAM G3Si1, a copper coated steel, specimens. Dog bone specimens with two different 

lengths were tested under uniaxial fatigue loading conditions with the load ratio of R=0.1 The 

presented experimental and numerical results revealed that the surface roughness was the main 

influencing factor in fatigue life analysis of the examined specimens. 

A review of the existing works available in the literature shows that only a few fatigue data 

sets were generated for WAAM built structural steels, which only included uniaxial fatigue 

loading conditions. The lack of wider range of fatigue data for WAAM built steel components 

restricts the industry’s access to the full range of advantages that the WAAM technology offers 

to a wide range of industries and limits the implementation of this powerful technology into 

new manufacturing procedures. In this context, the current work aims to contribute to the 

fundamental understanding of the fatigue and cracking behaviour of additively manufactured 

ER70S-6 specimens subjected to uniaxial, torsion and multiaxial fatigue loading conditions. 

The experimental data obtained from this study was compared with the existing fatigue data 

for wrought structural steels and also with limited data available on WAAM built components. 

Also included in this study is the sensitivity analysis of the fatigue behaviour to the specimen 

extraction orientation (parallel or perpendicular) with respect to the deposition direction. Last 

yet importantly, the presented results from this study were interpreted by conducting 

complementary microscopic analysis of the fracture surfaces to better understand the failure 

mechanism under different type of fatigue loading conditions. 

 

6.1.2. Specimen manufacturing process 
 

For conducting fatigue tests in the present study, four WAAM walls were built using Lincoln 

Electric ER70S-6 welding wire18, with the chemical composition summarised in Table 6.1. The 

Cold Metal Transfer (CMT) based WAAM process was implemented, with manufacturing 

process parameters summarised in Table 6.2. To minimise the microstructural variability of 

different WAAM walls, all manufacturing parameters were kept the same for all four walls. 

Each WAAM wall was built in the middle of the base plate, made of EN10025 rolled structural 

steel, with dimensions of approximately 420 × 200 × 12 mm3. As shown in Figure 6.1, the base 

plate was rigidly fixed onto the working table using eight clamps (two on each side of the base 

plate). This helped to minimise bending and distortion of the base plate and WAAM wall due 

to high manufacturing temperatures. The clamps were released once the wall was completed 

and cooled down to the ambient temperature. Additive layers were deposited on top of each 

other using an oscillation pattern8, in order to produce relatively thick walls of approximately 

24 mm in thickness (Y-direction in Figure 6.1), 355 mm in length (X-direction) and 140 mm 

in height (Z-direction). As shown in Figure 6.1, the WAAM fabrication set-up consisted of the 

CMT power source, a robotic arm with the torch feeding the wire and supplying shielding gas 

simultaneously. An exhaust fan was set above the WAAM wall to remove the generated heat 

and fumes.  

Upon completion of the WAAM walls fabrication process, sixty smooth round bar (SB) 

specimens were extracted using the Electrical Discharged Machining (EDM) technique. 

Specimens were extracted along two different orientations: vertical (V) – perpendicular to the 

AM layers, and horizontal (H) – oriented along the deposited layers. An example of the 

schematic extraction plan for one of the WAAM walls is displayed in Figure 6.2 (a), where 
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specimens denoted B-1 – B-6 have horizontal and B-7 – B-16 have vertical orientations. The 

round bar specimens were designed in accordance with the ASTM E466 standard19, and the 

key dimensions are presented in Figure 6.2 (b). 

Table 6.1: Chemical composition of ER70S-6 material (wt.-%)18 

 C Mn Cr Si Ni Mo S P Cu V 

ER70S-6 0.09 <1.60 0.05 0.09 0.05 0.05 0.007 0.007 0.20 0.05 

 

Table 6.2: CMT-WAAM fabrication process parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Wire diameter 1.2 mm 

Robot travelling speed 7.33 mm/sec 

Wire feed speed 7.5 m/min 

Dwell time 120 sec 

 

 

Figure 6.1: CMT system set up and the WAAM deposition process 
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(a) (b) 

Figure 6.2: (a) Schematic extraction plan for a WAAM wall, and (b) cylindrical specimen 

dimensions 

 

6.1.3. Testing and data analysis methodology 
 

• Fatigue tests 

All fatigue tests under uniaxial, torsion, and multiaxial loading conditions were performed 

using an MTS landmark servo-hydraulic test machine with the load cell capacity of 100 kN, 

under load control mode with a frequency of 20 Hz and the load ratio of R=0.01. The test 

machine was accurately tuned prior to the start of the testing phase to ensure that the intended 

load levels were precisely applied on the test specimens. Moreover, alignment checks were 

conducted to ensure that the fatigue response of the WAAM built material is examined in the 

absence of any bending stresses. For multiaxial fatigue tests, a biaxiality ratio of λ = 1 was 

used, with phase angle Ф = 00 (in phase loading). The stress-fatigue life diagrams were obtained 

separately for vertical and horizontal specimens, to capture the sensitivity of the fatigue 

behaviour to specimen extraction orientation. On average around 10 specimens were tested for 

each fatigue loading condition (uniaxial, torsion and multiaxial) and specimen orientation 

(vertical and horizontal). In this experimental test programme, specimens that endured 2 × 106 

cycles were considered as run-out. The obtained fatigue data were analysed using 10% (upper 

bound), 50% (mean curve) and 90% (lower bound) probability of failure bands according to 

procedure described in the BS ISO 12107:200320 and ASTM E739-1021 standards, and the data 

were plotted to obtain the inverse slope, k, of the Wöhler curves and scatter index, Tσ, in the 

fatigue data analysis. In this assessment, Tσ is the ratio between the stress level corresponding 

to 10% and 90% of survival probability. The calculated stresses for uniaxial loading were the 

nominal stress at the net section of the specimen. In case of torsion loading, the presented 

stresses were the maximum values in the cross section (the stress at the surface). As for the 

multiaxial loading, since the biaxiality ratio was λ = 1, only one of the stresses (tension or 

torsion) was used for illustration. 

According to the procedure given in the literature, the uniaxial fatigue data can be analysed 

using the following equation, which is often referred to as Basquin relationship. 

𝑁𝑓 = 𝐴(𝛥𝜎)𝐵 Equation 6.1 

 

Equation 6.1 shows that the number of cycles to failure 𝑁𝑓 can be correlated with the cyclic 

stress range ∆𝜎 using a power-law equation. The power-law constants in this equation, A and 
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B, are material dependent and can be obtained using a line of best fit made to the data. In this 

research, a similar approach has been adopted by plotting the maximum applied stress against 

the number of cycles to failure in uniaxial fatigue tests. The inverse slope obtained from this 

analysis is: k = 1/B. Similar power-law relationships have been employed to correlate torsion 

and multiaxial fatigue stresses with the number of cycles to failure. 

• Fractography analysis 

Upon completion of the fatigue tests, six specimens were selected for post-mortem microscopy 

analysis to study the failure mechanisms in the specimens subjected to different type of fatigue 

load (uniaxial, torsion and multiaxial) and oriented along different directions (vertical and 

horizontal). The fractography analysis was carried out using the FEI Quanta 650 FEG scanning 

electron microscope (SEM). In order to directly compare the observations on the fracture 

surfaces, the specimens subjected to the same fatigue load level with different orientations and 

fatigue load types were selected for the SEM analysis. The results obtained from the post-

mortem analysis were implemented in conjunction with the experimental data in order to 

provide an accurate interpretation of the fatigue behaviour of the WAAM built specimens under 

different fatigue load types and for different specimen orientations. 

 

6.1.4. Experimental results and discussions 
 

• Fatigue test results 

The fatigue test data for WAAM built ER70S-6 specimens for different specimen orientations 

and different loading types are shown in Figure 6.3 in log-log axes. These data were analysed 

following the procedure detailed in Section 6.1.3, by plotting the maximum stress against the 

number of cycles to failure, and the resulting fatigue properties are summarised in Table 6.3. 

In this table, Δσ50% is the fatigue strength at 2 × 106 cycles, Tσ is the scatter index, and k is the 

inverse slope factor. The experimental data from uniaxial fatigue tests on vertical and 

horizontal specimens are presented in Figure 6.3 (a) and (b), respectively, with the obtained 

trends directly compared with each other in Figure 6.3 (c). It can be observed in Figure 6.3 (a-

c) that under uniaxial loading condition the fatigue strength of 436 MPa and 384 MPa was 

obtained for vertical and horizontal specimens, respectively, indicating that the fatigue strength 

of the vertical specimens was higher than the horizontal. Comparison of the S-N data sets for 

different specimens orientations in Figure 6.3 (c) shows that a much steeper slope can be 

observed for the horizontal specimens, which is also indicated by the inverse slope factor that 

is 2.6 times higher for the vertically oriented specimens compared to the horizontal samples 

reported in Table 6.3. As it was previously reported by Ermakova et al.22, WAAM built ER70S-

6 specimens with horizontal orientation have a higher yield strength (390 MPa) than the vertical 

(365 MPa), hence it is expected that the material with higher yield strength (horizontal 

orientation) will have a lower fatigue life23, confirming the trends observed in Figure 6.3 (a-c). 

Moreover, having higher value of yield strength along with higher elongation at failure (higher 

ductility), possibly resulting in higher fatigue strength at high load level for horizontal 

specimens (0.77 mm/mm), compared with the vertical (0.71 mm/mm)22. It also can be noted 

here that the fatigue strengths obtained in the study for the horizontal and vertical specimens 

are close to and above the orientation-specific yield stress of the material, respectively. As seen 
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in Table 6.3 the analysis of the test results show that the scatter index observed in uniaxial 

fatigue data is comparable for both specimen orientations and differs only by 2%. Finally 

observed in the uniaxial fatigue data is that while the fatigue life in horizontal specimens is 

generally lower than the vertical specimens at low stress levels, this trend can be switched at 

higher stress levels if the obtained trend from horizontal specimens is extrapolated to the high 

stress region. 

The fatigue data from torsion tests on vertical and horizontal specimens are presented in Figure 

6.3 (d) and (e), respectively, with the obtained trends directly compared with each other in 

Figure 6.3 (f). As seen in Figure 6.3 (d-f), the fatigue strengths of vertical and horizontal 

specimens are found to be 324 MPa and 355 MPa, respectively, indicating similar, though 

slightly higher, fatigue strength in horizontal specimens compared to the vertical. This increase 

in the fatigue strength of horizontal specimens tested under torsion can be attributed to the 

higher ductility of this orientation resulting in higher stress shielding in the specimen. As seen 

in Table 6.3 the analysis of the torsion test results show that the scatter index is similar for both 

orientations with 1.19 for vertical against 1.16 for horizontal specimens. Moreover, the inverse 

slope factor has been found to be higher for horizontally oriented specimens compared to 

vertical by 43%, with a steeper slope for the vertical specimens data set.  

The fatigue data from multiaxial fatigue tests on vertical and horizontal specimens are 

presented in Figure 6.3 (g) and (h), respectively, with the obtained trends directly compared 

with each other in Figure 6.3 (i). It can be observed in Figure 6.3 (g) and (h) that the fatigue 

strengths obtained from vertical and horizontal specimens under multiaxial loading condition 

are 229 MPa and 245 MPa, respectively, indicating 6.5% higher value of fatigue strength for 

the horizontal specimens compared to the vertical. Analysing the experimental data from 

multiaxial tests shows that the values for the scatter index in vertical and horizontal data sets 

are comparable within 0.8% for specimens with different orientations. Finally observed in the 

results from multiaxial fatigue test data is that the difference in the inverse slope factors for 

specimens with different orientations drops to 16.6%, with slightly higher value (hence lower 

slope) observed for the horizontal specimens compared to the vertical data set (see Table 6.3). 

It should be noted here that the presented preliminary trends in this study are indicative 

representation of the fatigue behaviour of WAAM built ER70S-6 specimens, hence further 

repeat tests are required for design curves development for the material. 
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(d) (e) (f) 

   
(g) (h) (i) 

Figure 6.3: Fatigue test data for ER70S-6 specimens under (a-c) uniaxial, (d-f) torsion, and 

(g-i) multiaxial loading conditions 

Table 6.3: Fatigue behaviour of tested ER70S-6 specimens 

Test Orientation 
Δσ50% 

[MPa] 
Tσ k 

Uniaxial V 436 1.14 33.80 

  H 384 1.17 12.78 

Torsion V 324 1.19 11.42 

  H 355 1.16 16.34 

Multiaxial V 229 1.19 12.14 

  H 245 1.20 14.56 

 

Further comparison of all fatigue data obtained from the current study is presented in Figure 

6.4. This figure shows that a decreasing overall trend in fatigue strength can be observed from 

uniaxial fatigue to torsion and further to multiaxial fatigue tests. The analysis of the presented 

results in Figure 6.4 and Table 6.3 reveals that compared to the uniaxial test results the average 

fatigue strength of the material (i.e. the mean value between fatigue strength of vertical and 

horizontal specimens) drops by 15% for specimens tested under torsion and by 42% for 

specimens tested under multiaxial loading condition considering solely the tension or torsion 

applied stress. This observation confirms that the fatigue strength of the ER70S-6 WAAM built 

specimens is sensitive to the fatigue loading type, as expected. Moreover, the experimental data 

obtained from specimens with different orientations indicates that in addition to the type of the 

fatigue loading (i.e. uniaxial, torsion and multiaxial), the results are also sensitive to the 

specimen orientation. Comparison of the fatigue strengths in vertical and horizontal specimens 

tested under different fatigue loading types shows that highest difference, which is 12%, is 

observed in specimens tested under pure uniaxial loading condition, whereas this difference 

gradually reduces to 9% in torsion fatigue tests and 6.5% in multiaxial fatigue tests. It is also 

worth noting that due to varying inverse slope factors for data sets with different specimen 

orientations obtained under different fatigue load types, the data sets intersect when the 

observed trends are extrapolated to lower number of cycles. This suggests that the performance 

of one specimen orientation is better at lower number of cycles and then gradually deteriorates 

at higher number of cycles, and vice versa. The general observation in Figure 6.4 shows that 

under torsion and multiaxial loads, horizontal specimens display higher fatigue strengths at 2 

million cycles (run-out limit) than vertical, whereas for uniaxial load, the vertical orientation 

exhibits a higher fatigue strength than the horizontal. 
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Figure 6.4: Comparison of all experimental data for ER70S-6 WAAM specimens under 

different fatigue load types 

 

• Comparison with the literate data and design curves 

In order to assess the fatigue performance of ER70S-6 WAAM built specimens for fatigue 

design and life assessment of offshore structures, the obtained fatigue data from this study have 

been compared with the S-N fatigue design curve recommended for the continuous welds (C1) 

by the DNV RP-C203 standard24, and with available data in the literature on uniaxial, torsion 

and multiaxial fatigue for structural steels. It is known that the fatigue behaviour of engineering 

materials is dependent on the load ratio and specimen design25,26; however, due to the limited 

data available in the literature some of the data presented in this section are for specimen 

designs that differ from the ones employed in this study. In order to normalise the fatigue data 

under various stress ratios collected form the literature into a single fatigue plot, the effective 

stress model was employed, using the following Equation 6.2. The concept of the effective 

stress was introduced by Li et al.27 and is used for direct comparison of fatigue data from 

different studies. This model does not consider the effect of loading frequency, therefore 

limited effect of different loading frequencies is expected. 

𝜎𝑒𝑓𝑓 = 𝜎𝑚𝑎𝑥 (
1 − 𝑅

2
)

0.28

 Equation 6.2 

 

It can be seen in Figure 6.5 that the obtained experimental data for ER70S-6 WAAM built 

specimens from this study fall ahead of the C1 design curve from the DNV standard for 

horizontal specimens above 10,000 cycles, and for vertical specimens above 39,500 cycles, 

indicating that with the exception of extremely high stress range values the DNV recommended 

C1 design curve provides a conservative estimate of the fatigue life in ER70S-6 WAAM built 

specimens. Having said that, it can be seen that the slopes for the experimental S-N curves are 

lower compared with the standard curve. 
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Figure 6.5: Comparison of uniaxial fatigue data for ER70S-6 WAAM specimens with the 

DNV C1 standard 

Along with the C1 S-N fatigue design curve provided by DNV standard, the 50% uniaxial 

fatigue failure bands (i.e. mean curves) for ER70S-6 WAAM built specimens were also 

compared with a series of S-N curves obtained from S355 wrought steel specimens. S355 

structural steel is commonly used in offshore structure and marine renewable energy 

applications, hence the results were compared with this material to assess the suitability of 

WAAM built steel structure for offshore applications28,29. Large dog bone S355 specimens 

tested at R=0.1 by Anandavijayan et al.23, smaller flat dog bone specimens assessed at R=-1 by 

Corigliano et al.30, cylindrical specimens tested at R=0.01 by Dantas et al.31, and at R=-1 by 

Aeran et al.32, fillet welded cruciform specimens examined at R=0 by Berto et al.33, and S-N 

curves for wrought C40 carbon steel cylindrical specimens generated at R=-1 by Atzori et al.34 

were considered for comparison with the results obtained from the present study. Moreover, 

the uniaxial fatigue data available on ER70S-6 WAAM built flat dog bone specimens tested at 

R=0.1 by Dirisu et al.17 and G3Si1 WAAM as built flat dog bone specimens (with rough 

surface) tested at R=0.1 for two different specimen designs by Bartsch et al.6 were used for 

comparison purposes. All experimental uniaxial data from the literature are summarised and 

presented in Figure 6.6 (a) as effective stress versus number of cycles.  

Comparison of the obtained data from the present study with the S-N curves literature data on 

S355 steel specimens reveals that the uniaxial data for ER70S-6 WAAM built specimens 

overlap with the upper bound for the S355 cloud, suggesting generally higher fatigue life 

compared to the wrought material. The direct comparison with the results on S355 specimens 

with similar design and tested with the same stress ratio R=0.0131 demonstrates that the higher 

fatigue life was exhibited in WAAM specimens, where S355 S-N curve has similar slope with 

the vertical WAAM specimens. It can be seen in Figure 6.6 (a) that a different specimen design 

from an independent study on ER70S-6 WAAM specimens tested under different loading 

conditions17 resulted in S-N curve slightly below the horizontal and vertical curves obtained 

from this study, confirming the general trend for the WAAM specimens made with ER70S-6 

steel and highlighting the sensitivity to the test frequency and specimen design. The above 

observations lead to a conclusion that ER70S-6 steel parts produced by means of WAAM 

technology can be considered for manufacturing or repair of offshore structures and an 

alternative to conventional structural steels and manufacturing technologies. 

Due to the limited data available on torsion and multiaxial fatigue for steels in the literature, 

only a few curves were found and presented for comparison with the experimental data from 
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this study in Figure 6.6 (b) and (c), data is also presented as effective stress versus number of 

cycles. One source presents the behaviour of cylindrical C40 carbon steel specimens tested 

with loading ratio of R=-1 for torsion and R=0 for multiaxial tests by Atzori et al.34, and another 

source covers cylindrical 39NiCrMo3 steel specimens examined under R=-1 by Berto et al.35 

Additional data set was found and displayed for multiaxial fatigue comparison on wrought 

cylindrical S355 specimens tested under R=0.0131, hence valid for the direct comparison with 

the data obtained from the present study. For presented multiaxial fatigue data a biaxiality ratio 

was λ = 1, with in phase loading angle Ф = 00. It can be seen in Figure 6.6 (b) that the torsion 

fatigue trends for WAAM ER70S-6 specimens fall close to the 39NiCrMo3 steel specimens, 

and above C40 carbon steel. With regards to multiaxial fatigue behaviour, the results for 

WAAM tested specimens in Figure 6.6 (c) are above those obtained for C40 carbon steel 

specimens with shallower slope, but lower than S355 and 39NiCrMo3 steel. The slope for S355 

specimens is similar to the data obtained from this study, and the data set falls slightly above 

the ER70S-6 WAAM built specimens data, suggesting similar but slightly higher fatigue life 

under multiaxial loading in S355 specimens. 
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(c) 

Figure 6.6: Comparison of the obtained fatigue data from ER70S-6 WAAM specimens with 

the literature data on: (a) uniaxial, (b) torsion and (c) multiaxial fatigue tests 

• Fractography analysis 

The microstructural investigation by means of SEM showed an almost defect-free material in 

all ER70S-6 WAAM built specimens with some occasional defects with dimensions of less 

than 30 μm. The fractography analysis was performed on fatigue tested specimens to examine 

differences in failure mechanisms in specimens with different orientations under different types 

of fatigue loading condition (uniaxial, torsion and multiaxial). Examples of fracture surfaces 

obtained from uniaxial fatigue tests under 480 MPa are shown in Figure 6.7 (a) for vertical and 

Figure 6.7 (b) for horizontal ER70S-6 WAAM built specimens. Four distinct crack growth 

stages are indicated in both figures, starting with the crack initiation in area 1, crack growth in 

area 2 (where white arrows show the direction of the crack growth propagation), and ductile 

failure in region 3 due to unstable fatigue crack growth, followed by the ductile failure in region 

4 due to fast fracture. The presented fracture surface for the horizontal specimen consists of 

two crack initiation sites (Figure 6.7 (b)), in which cracks started simultaneously in two parallel 

planes and subsequently merged into one in the crack growth area 2. In both cases the crack 

nucleated from the surface irregularities. In the crack growth region for both vertical and 

horizontal specimens the fatigue striations can be observed, which are perpendicular to the 

crack growth plane (marked with yellow arrows). Also observed in the figures are the elongated 

fracture features parallel to the crack growth direction (shown in yellow dashed lines). The 

fracture surface in regions 1 and 2 for the vertical specimens indicates shallower ductile 

features, whereas the fracture surface of horizontal specimen in the same regions exhibits 

deeper dimples. This is in good agreement with slightly higher ductility of the horizontal 

specimens. Lastly, it can be observed that even though both specimens were tested under the 

same loading condition uniaxial fatigue load, the areas for first three crack growth stages 1-3 

are larger for the vertical specimen, which resulted in longer performance of the specimen 

under this load level. The shorter fatigue life of the horizontal specimen in this case can also 

be affected by two independent crack planes contributing to the final failure of the specimen. 
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(a) 

 

(b) 

Figure 6.7: Fracture surface of ER70S-6 WAAM built specimens tested under uniaxial 

loading condition (a) for vertical, and (b) for horizontal specimens, presenting crack initiation 

region (1), crack propagation region (2), and ductile fracture region (3), and fast fracture 

region (4) 

 

The failure surfaces of vertical and horizontal specimens tested under 448 MPa torsion fatigue 

load are shown in Figure 6.8 (a) and (b), respectively. It can be seen in this figure that the outer 

diameter of the fracture surface is flat in both specimens, suggesting the contact of the two 

faces of initiated crack under mode III loading condition in these test specimens. The larger 

area of fracture surface in both cases indicates the evidence of abrasion, demolishing all 

fracture features under out-of-plane shear, by rubbing the fracture surfaces against each other. 

Only 18% of the fracture surface of vertical specimen and 28.5% of horizontal specimens 

retained fatigue fracture features. This was also reflected in exhibited number of cycles, which 
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is 1.6 times higher for the vertical specimen compared to the horizontal specimen. The 

remaining fatigue fracture area is due to the final specimen failure under mode I fracture 

mechanics condition, resulting in cascade of several fatigue fracture planes with visible 

boundaries of ductile fracture between them (marked with white arrows), which is also referred 

to as ‘factory roof’ morphology35,36. The ductile cup and cone features are more pronounced 

for horizontally oriented specimen, which failed at lower number of cycles. Fatigue striations 

can be observed on the fracture surface of both specimens and highlighted with yellow arrows. 

Although the abrasion of crack planes eliminated some of the fracture features under torsion 

loading, by comparing fracture surfaces of the specimens tested under uniaxial and torsion 

fatigue it can be seen that the surface area after uniaxial testing is approximately two times 

smaller, due to ductile elongation of the specimen under pure mode I fracture mechanics 

condition. 

 

(a) 

 

(b) 

Figure 6.8: Fracture surface of ER70S-6 WAAM built specimens tested under torsion loading 

condition (a) for vertical, and (b) for horizontal specimens 

Fracture surfaces of the specimens tested under multiaxial fatigue load of 300 MPa are shown 

in Figure 6.9 (a) for vertical and (b) for horizontal specimens. Comparable features of ‘factory 

roof’ can be observed on both specimen surfaces, which are located in central part of the 
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fracture area and indicated as region A. Similar to the fracture surfaces after torsion fatigue 

failure a considerable proportion (40-45%) of the two broken specimens has been found to be 

flat and consists of evidence of wear and abrasion, suggesting mode III fracture mechanics 

condition in region B. In this area two main fatigue features were observed and marked with 

yellow arrows: 1 – fatigue striations, and 2 – colonies of flat ‘fish-bone’ features indicating 

large striations near the specimen surface and parallel to it. The remaining cone surface is 

corresponding to the fast fracture which is shown as region C. As expected, due to combination 

of tension and torsion loading conditions the fracture surface area after multiaxial fatigue 

testing is larger than for pure uniaxial load (on average by 35%) and smaller than for pure 

torsion load (on average by 23%). 

 

 

(a) 

 

(b) 

Figure 6.9: Fracture surface of ER70S-6 WAAM built specimens tested under multiaxial 

loading condition (a) for vertical, and (b) for horizontal specimens, presenting fatigue (1) and 

fishbone (2) features 
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6.1.5. Conclusions 
 

Fatigue tests were conducted on sixty ER70S-6 WAAM built specimens to examine the 

uniaxial, torsion and multiaxial fatigue properties. Specimens were extracted from the WAAM 

walls in two distinct orientations: vertical and horizontal. The main conclusions and 

observations from this study are summarised below: 

• Sensitivity of the fatigue results to the specimen orientation was observed during this 

study. Higher fatigue strength was found for vertical specimens tested under uniaxial 

load, however, under torsion and multiaxial load, the horizontal specimens exhibited 

higher fatigue strength. 

• The difference between fatigue strength for specimens with different orientations 

dropped for results obtained from torsion fatigue tests and further reduced for multiaxial 

fatigue compared with uniaxial test results. 

• The S-N data show that material with the higher yield stress (horizontal orientation) 

exhibited lower fatigue life. The yield stress of vertical specimens is 16% lower than 

the uniaxial fatigue strength. 

• Comparison of the obtained fatigue data for ER70S-6 WAAM built specimens with the 

existing fatigue data on structural steels in the literature revealed that the S-N data from 

this study overlap with the upper bound of the fatigue results for wrought S355 steel.  

• The S-N fatigue data from this study exhibited a higher trend compared to the 

recommended DNV C1 design curve. This suggests that the tested material and WAAM 

technique can be considered to be used for fabrication of offshore structures.  

• Analysis of the fatigue data on torsion and multiaxial fatigue available in the literature 

demonstrated similar trends with C40 carbon steel and S355 steel. 

• Fracture surfaces of six specimens (two orientations for each fatigue load type) were 

analysed with SEM and fracture mechanisms and features were compared for different 

types of loading. The WAAM built material employed in this study was found to be 

almost defect-free with some minor defects of smaller than 30 μm. 
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Abstract9 

The aim of this work was to examine uniaxial, torsion, and multiaxial fatigue characteristics of 

ER100S-1 low carbon steel specimens fabricated with wire arc additive manufacturing 

(WAAM) technique a subcategory of directed energy deposition (DED). Two distinct 

specimen orientations were tested; vertical and horizontal, extracted perpendicular and parallel 

to the WAAM deposited layers, respectively. Fracture surfaces of the tested specimens were 

analysed under Scanning Electron Microscope (SEM) to observe fracture mechanisms 

corresponding to different specimen orientations, different fatigue loading conditions, and to 

interpret the fatigue results obtained from the tests. Finally, the obtained stress-life results were 

compared with the fatigue data available in the literature for a series of wrought and WAAM 

built structural steel specimens. Moreover, the S-N curves obtained in this study were evaluated 

against the fatigue design curve recommended for offshore marine welded structures in DNV 

standard. Test results have shown advantageous characteristics of WAAM built ER100S-1 

specimens compared with behaviour of other structural steels and conservative prediction of 

its fatigue life by the design curve available in DNV standard. 
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6.2.1. Introduction 
 

Additive manufacturing (AM) is a comparatively new method of fabricating a product directly 

from a 3D computer model by adding material in layers, where each layer is a thin cross-section 

from the corresponding 3D model1. This technique does not require any expensive moulds and 

production planning associated with conventional manufacturing procedures. Hence, it offers 

fabrication freedom, where the complexity of the final product form does not affect the 

manufacturing process. Since this process is based on adding material layer by layer rather than 

removing or subtracting it from a block of material, it is more sustainable and dramatically 

decreases the material waste. Even though all AM machines use a layer-based approach, the 

final product characteristics will depend on the deposition process, layer thickness, the 

employed material, etc. Such differences will affect the dimensional accuracy, material 

properties and mechanical behaviour2. 

Directed energy deposition (DED) process, which is often referred to as ‘metal deposition’ 

technology, enables parts fabrication by melting material as it is being deposited. Wire arc 

additive manufacturing (WAAM) is a type of DED process that feeds and melts metal wire for 

deposition. It allows fabrication of functionally graded components by melting and mixing 

wires with different composition. Fully dense parts are achievable by WAAM technique, with 

controllable microstructural features3. WAAM is most effective for simpler and bulky 

structures, without many thickness variations and with lower accuracy requirements, compared 

with powder-based techniques. WAAM provides the highest deposition rates among all AM 

methods (up to 5-8 kg/h depending on the employed material), whereas powder-based process 

can only offer up to 55 g/h3,4. Hence, it reduces the manufacturing time by 40-60% as well as 

post-machining time by 20% compared with the conventional manufacturing methods3. 

Moreover, the WAAM process is designed to be pore-free, sacrificing the dimensional 

accuracy5. On the other hand, all the advantages of the new technique are balanced with the 

following common defect characteristics due to the welding nature of the process: locked-in 

residual stresses, poor surface finish, deformations, delamination, etc6. Thus, some post-

processing is usually required to address the above issues, such as machining, heat treatment 

and mechanical treatment on the WAAM wall surfaces. Also, the repetitive cycles of heating 

and cooling during the manufacturing process can lead to microstructural variations and 

anisotropic behaviour of the WAAM part7–10. 

The majority of failures in engineering structures and machinery are caused by fatigue11. Such 

failures usually happen with little warning, thus may bring catastrophic consequences. 

Therefore, fatigue of materials is an essential study for any new material and manufacturing 

technique in modern industries. This includes a broad variety of complex mechanical testing, 

investigating different stages of fatigue damage, to control nucleated cracks and prevent the 

final fatigue failure12. Having said that, fatigue assessment becomes crucial for AM built 

components that consist of welding defects and tensile residual stresses – two major factors 

contributing to the fatigue failures13. Some industries, such as aerospace and automotive, have 

already introduced and are widely implementing AM processes, thus the majority of reported 

data on fatigue performance of AM (and WAAM in particular) are for titanium6,14–17 and 

stainless steel18,19. However, only limited information is available on structural steels, which is 

required for promoting AM techniques in other industrial sectors, including civil engineering 

and renewable energy and offshore structures.  



153 

 

In previous work carried out by Dirisu et al.20 fatigue experiments were conducted to 

investigate the failure behaviour of ER70S-6 WAAM built flat dog bone specimens extracted 

in horizontal orientation (i.e. along deposited layers). Three different specimen types were 

examined: as-built, as-built with rolling surface treatment applied, and machined. All 

specimens were subjected to pure uniaxial loading conditions with the load ratio of R=0.1. The 

experimental results revealed the higher fatigue strength of the machined specimens compared 

with other two types of as-built specimens with poor surface finishes, confirming that smooth 

surface prolongates the fatigue life. However, rolling surface treatment was also found to be 

an effective method for fatigue life enhancement of the specimens when compared with just 

as-built specimens. Another study was carried out by Bartsch et al.13 on G3Si1WAAM as-built 

dog bone specimens. Two different specimen lengths were examined under uniaxial fatigue 

loading with the load ratio of R=0.1. Similarly, it was discovered that the surface waviness acts 

as the stress riser and is the main influencing factor affecting the life span of the tested 

specimens. 

It can be seen from the above literature review that only a few data sets on fatigue performance 

were generated for WAAM built structural steel specimens, covering only uniaxial fatigue 

loading condition. In order to fill the gap in the knowledge, the present study was conducted, 

investigating the fatigue behaviour of ER100S-1 WAAM built specimens under different cyclic 

loading conditions. The current study includes a broad fatigue analysis under uniaxial, torsion 

and multiaxial loading conditions, generating stress-life plots. Moreover, the sensitivity of the 

fatigue life to the specimen extraction orientation was examined for each of the cyclic loading 

conditions considered in this study. Furthermore, the obtained data from this study were 

compared with the existing fatigue data for conventionally built structural steel specimens and 

with the recommended design curve for welded structures in international standards. Finally, 

the fracture surfaces of the broken specimens were carefully observed under microscope to 

better understand the failure mechanisms inherent in specimens with different orientations 

tested under different fatigue loading conditions. 

 

6.2.2. Specimen preparation process 
 

The fatigue tests were conducted on the specimens that were produced by means of WAAM 

process. Four WAAM walls were manufactured using Böhler Welding ER100S-121 low carbon 

steel wire, with the chemical composition presented in Table 6.4. The Cold Metal Transfer 

(CMT) based WAAM system was employed with the fabrication parameters highlighted in 

Table 6.5, which were maintained during the manufacturing process, in order to minimise the 

microstructural variabilities throughout deposited layers and among all of the built walls. The 

automatic WAAM-CMT system set up is displayed in Figure 6.10 (a), which consists of the 

CMT power source with a mounted wire spool, a pre-programmed robotic arm that supplies 

both wire and shielding gas through the torch simultaneously, a workbench on which the base 

plate was clamped to, and an exhaust fan positioned above the manufacturing area to remove 

the excess of the heat and fumes generated during the process. The base plate was cut from a 

plate of the wrought EN10025 rolled structural steel, with dimensions of 420 × 200 × 12 mm3. 

It was fixed onto the working table with eight clamps, to minimise bending and distortion of 

the plate and hence the WAAM wall due to high fabrication temperatures. Prior to releasing 
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the clamps and upon completion of the wall deposition, the time was allowed for the wall to 

cool down to the ambient temperature. Additive layers were deposited in the middle of the base 

plate, in oscillation manner22 to attain the desired thickness of 24 mm (Y-axis in Figure 6.10 

(a)), the wall length of approximately 355 mm (X-axis) and height of 140 mm (Z-axis).  

Sixty smooth round bar (SB) specimens were extracted from the manufactured ER100S-1 

WAAM walls using Electrical Discharged Machining (EDM) process. The round bar 

specimens were designed in accordance with the ASTM E466 standard23 with the dimensions 

presented in Figure 6.10 (b). A schematic of the extraction plan for one wall is shown in Figure 

6.10 (a), where it can be seen that the specimens were cut in two different orientations: vertical 

(V) – along Z-axis and perpendicular to the deposited AM layers, and horizontal (H) – along 

X-axis and deposited layers, to conduct the sensitivity analysis of the fatigue response to the 

built orientation. 

Table 6.4: Chemical composition of ER100S-1 material (wt.-%)21 

  C Mn Cr Si Ni Mo 

ER100S-1 0.08 1.70 0.20 0.60 1.50 0.50 

 

Table 6.5: CMT-WAAM fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Wire diameter 1.2 mm 

Robot travelling speed 7.33 mm/sec 

Wire feed speed 7.5 m/min 

Dwell time 120 sec 
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(a) (b) 

Figure 6.10: (a) WAAM-CMT system set up with schematic extraction plan for specimens 

from a built wall, and (b) cylindrical specimen dimensions 

 

6.2.3. Experimental and Analysis Procedures 
 

• Fatigue tests 

Three types of fatigue tests were conducted in this study: uniaxial, torsion, and multiaxial. All 

tests were performed using an MTS landmark servo-hydraulic machine with the maximum load 

capacity of 100 kN, under load control mode. The test parameters in all experiments were as 

follows: frequency of 20 Hz and the load ratio of R=0.01. For multiaxial fatigue tests, in phase 

loading was applied, Ф = 00, with the biaxiality ratio of λ = 1. The Wöhler curves were obtained 

separately for vertical and horizontal specimens, testing on average 10 specimens for each 

loading type (uniaxial, torsion and multiaxial), recording the maximum stress σmax and number 

of cycles at failure 𝑁𝑓 for each test case. In this study the specimens that endured 2 × 106 cycles, 

were considered as run-outs. The collected test data were then analysed using the Basquin 

relationship, correlating the number of cycles to failure 𝑁𝑓 with the cyclic stress range ∆𝜎 using 

a power-law expression of ( )
B

fN A =   . In this equation A and B are the material-dependent 

coefficients that can be obtained from a line of best fit made to the experimental data.  

The fatigue data were subsequently analysed by plotting 10% (upper bound), 50% (mean 

curve) and 90% (lower bound) probability of survival bands based on the procedure defined in 

ASTM E739-1024 and BS ISO 12107:200325 standards. the inverse slope k = 1/B, scatter index 

Tσ and the fatigue strength were identified for each stress-fatigue life diagram. In this analysis 

Tσ was computed as a ratio between the stress levels corresponding to the 10% and 90% 

survival probabilities. 
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• Fractography 

Failure mechanisms were examined by conducting the microscopy analysis on specimens with 

different orientations subjected to different fatigue load conditions (uniaxial, torsion and 

multiaxial). The fractography examination was performed using the FEI Quanta 650 FEG 

scanning electron microscope (SEM). For direct comparison of the fracture surfaces after 

fatigue testing in specimens with different orientations, specimens subjected to the similar load 

levels were selected for post-mortem analysis. The recorded observations from the 

fractography analysis were then correlated with the experimental fatigue data for an accurate 

interpretation of fatigue life assessment of WAAM built ER100S-1 specimens with different 

orientations tested under different fatigue load types. 

 

6.2.4. Tests results and discussions 
 

• Fatigue test results 

The obtained fatigue data from ER100S-1 WAAM specimens for different loading types and 

specimen orientations were analysed according to the procedure described in Section 6.2.3, by 

plotting the maximum stress against number of cycles to failure in log-log axes presented in 

Figure 6.11, and by determining the fatigue properties: fatigue strength at 2 × 106 cycles, Δσ50% 

, the scatter index Tσ, and the inverse slope factor k, which were are summarised in Table 6.6. 

The fatigue data from the uniaxial tests are shown in Figure 6.11 (a) for vertical specimens, 

Figure 6.11 (b) for horizontal and Figure 6.11 (c) direct comparison of two trends. The run-out 

data for both specimen orientations suggest that the alloy exhibits a plateau at the low stress 

values in the stress-life plot, known as the endurance limit, σe. Based on the obtained 

experimental data the endurance limit for the vertical specimens is found to be between 600 

and 575 MPa, and for the horizontal specimens between 575 and 550 MPa. Hence, both vertical 

and horizontal specimen orientations have similar endurance limit within 4.1%, with slightly 

higher value for the vertically oriented specimens. Based on the previous study by Ermakova 

et al.26, different orientations of WAAM built ER100S-1 specimens have very similar yield and 

ultimate tensile strength values (under 1% difference), hence the obtained trend is confirmed 

and reflected in values of uniaxial fatigue endurance limits in this study. It is also worth noting 

that the obtained endurance limits for the vertical and horizontal specimens are above the yield 

strength of the material, which is 536 MPa and 538 MPa, respectively. Comparison of the 

maximum stress against number of cycles to failure curves for different specimens orientations 

in Figure 6.11 (c) shows that the slope for the vertical specimens curve is steeper than for 

horizontal, this is also indicated by the inverse slope factor that is 1.2 times higher for the 

horizontally oriented specimens, presented in Table 6.6. Also seen in the table, the scatter index 

for the obtained data sets from uniaxial test is comparable for the specimens with different 

orientations and only differ by 2.3%. Finally, the plotted data display that at lower cycles both 

specimen orientations exhibit similar behaviour under uniaxial fatigue loading condition; 

however, the trend changes with the increase in the number of cycles. 

Assessment of the torsion fatigue results demonstrated in Figure 6.11 (d-f) reveals that the 

trends are independent of the specimen orientation and fall on top of each other, with identical 

torsion fatigue strength of 457 MPa. The slope of the two curves only differs by 1.3%, with the 
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data points falling slightly apart at higher stress values and converging towards the lower stress 

values. However, the scatter index (Table 6.6) is 11.4% higher for the horizontal specimens 

than for vertical. Comparable torsion fatigue behaviour for two specimen orientations can also 

be attributed to the similar tensile characteristics of the material, including its ductility26. 

The multiaxial fatigue results for WAAM built ER100S-1 specimens are shown in Figure 6.11 

(g-i). From the figures it can be seen that the 50% survival probability lines of the data sets for 

vertical and horizontal specimens are almost parallel to each other, with the vertical curve 

falling above the horizontal. The inverse slope factors for two trends differ by 5.7%, and similar 

to the pattern observed in torsion fatigue results, two curves are converging towards low stress 

(high cycle) fatigue results. The multiaxial fatigue strength for vertical specimens is 356 MPa 

and is 3.9% higher than for horizontal specimens, with fatigue strength of 342 MPa. The scatter 

for the obtained data sets is 3.8% higher for the horizontal specimens than for vertical as seen 

by the scatter index summarised in Table 6.6. 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 6.11: Fatigue data for ER100S-1 specimens (a-c) axial, (d-f) torsion, (g-i) multiaxial 

tests 
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Table 6.6: Fatigue properties of tested ER100S-1 specimens 

Test Orientation 
Δσ50% 

[MPa] 
Tσ k 

Uniaxial V 600 1.24 6.08 

  H 575 1.27 7.46 

Torsion V 457 1.09 15.37 

  H 457 1.23 15.57 

Multiaxial V 356 1.25 14.60 

  H 342 1.30 15.49 

 

The obtained data sets for all fatigue tests for vertical and horizontal specimens were then 

compared with each other in Figure 6.12. As expected, it is seen from this figure that the overall 

fatigue strength of material is decreasing from uniaxial fatigue to torsion and, similarly, from 

torsion to multiaxial fatigue test results. Considering the values summarised in Table 6.6, the 

average fatigue strength of ER100S-1 WAAM components (i.e., the mean value between 

fatigue strength of vertical and horizontal specimens) drops by 22.2% for torsion tests 

compared with the average endurance limit obtained in uniaxial tests, and further by 23.6% for 

results obtained under multiaxial applied stress. This leads to a conclusion that the fatigue 

strength of WAAM built ER100S-1 specimens strongly depends on the type of the applied 

fatigue loading condition, as expected. Another observation can be made from Figure 6.12 is 

that the slope for the data from torsion and multiaxial fatigue tests are almost parallel to each 

other, while for uniaxial fatigue it is approximately 2 times steeper. Thus, the reduction of the 

applied stress values towards the high cycle fatigue region is more pronounced in tests under 

pure uniaxial loading condition. Furthermore, analysis of the data obtained from different 

specimen orientations shows negligible variability of the results, with the maximum range 

within 4.1% for pure uniaxial tests, so the material can be considered to be insensitive to the 

built specimen orientation in fatigue performance. Nevertheless, the trends presented in Figure 

6.12 reveal that even with minor difference the vertical specimens mean curves are above 

horizontal in cases of torsion and multiaxial fatigue loading conditions. On the other hand, 

uniaxial test results show that the horizontal specimen mean curve is above the vertical within 

a range between 48,700 and 255,300 cycles, otherwise the vertical specimens exhibit higher 

fatigue life. It was reported in previous studies that in certain test scenarios (fracture 

toughness26 and fatigue crack growth27) ER100S-1 WAAM built specimens are insensitive to 

the built orientation, but their performance is highly dependent on the extraction location 

instead (top or bottom of the WAAM wall). Thus, further study needs to be carried out in future 

work to investigate the sensitivity of the fatigue performance of ER100S-1 WAAM specimens 

to the specimen extraction location. 
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Figure 6.12: Comparison of all fatigue experimental data for ER100S-1 WAAM specimens 

 

• Comparison with the literature data on steel specimens and standard design 

curves 

The performance of the 50% uniaxial fatigue failure bands (i.e. mean curves) obtained from 

this study for WAAM ER100S-1 was further analysed for application in offshore structures, 

by comparing the data with the S-N fatigue C1 design curve, recommended by the DNV RP-

C203 standard28 for structures with the continuous welds and ground flush surface finish. The 

results from this comparison have been presented in log-log axes in Figure 6.13. It is seen in 

this figure that both vertical and horizontal specimen orientation trends fall above the 

recommended DNV standard C1 design curve. Moreover, the tested material is exhibiting the 

fatigue endurance limit at much higher stress range values and lower number of cycles than 

suggested in the standard. The slopes of the experimental curves are lower compared with the 

DNV C1 curve. To conclude, the stress-life plot proposed by the standard provides a 

conservative estimation of the ER100S-1 WAAM specimens tested under pure uniaxial loading 

conditions, hence this material and manufacturing technique can be considered for offshore 

structures production and repair.  

 

Figure 6.13: Comparison of uniaxial fatigue data for WAAM ER100S-1 specimens with 

DNV C1 recommended design curve 
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Extensive comparison with the data on uniaxial, torsion and multiaxial fatigue performance of 

other structural steels available in the literature was also conducted. Knowing that the fatigue 

behaviour of the material strongly depends on the testing parameters, such as load ratio R, and 

specimens design29,30, all the collected data with various load ratios were normalised into a 

single fatigue plot using the effective stress σeff  model, defined in Equation 6.3. This concept 

was invented for the direct comparison of fatigue data from different studies31; however, it does 

not consider the effects of different loading frequencies. Therefore, some limited effects from 

different fatigue frequencies and specimen designs are expected in the following comparison. 

0.28

max

1

2
eff

R
 

− 
=  

 
 Equation 6.3 

 

The mean uniaxial fatigue plots for ER100S-1 WAAM specimens were compared with the 

limited data sets on S355 wrought steel specimens available in the literature. S355 is a 

structural steel which is typically used in fabrication of offshore structures in renewable energy 

sector32,33, hence such comparison will provide a better understanding of suitability of WAAM 

built components for marine renewable energy applications. The uniaxial fatigue data which 

were used for comparison include: the data obtained from large dog bone S355 specimens 

tested at R=0.1 tested by Anandavijayan et al.34, the data from smaller dog bone S355 

specimens examined at R=-1 by Corigliano et al.35, the data from round bar S355 specimens 

assessed at R=0.01 by Dantas et al.36 and at R=-1 by Aeran et al.37, and finally the data from 

fillet welded cruciform S355 specimens tested at R=0 by Berto et al.38 The S-N curve, generated 

for wrought cylindrical C40 carbon steel specimens at R=-1 by Atzori et al.39 was also included 

into the comparison with the literature data. Along with limited results from studies on WAAM 

built specimens the ER70S-6 flat dog bone specimens tested at R=0.1 by Dirisu er al.20 and 

G3Si1 as built (with rough surface) flat dog bone specimens with two different specimens 

designs examined at R=0.1 by Bartsch et al.13 were also included in the comparison with the 

literature data. The above data sets were normalised to effective stress (see Equation 6.3) and 

presented in log-log axes in Figure 6.14 (a). it can be seen in this figure that the fatigue results 

obtained from ER100S-1 WAAM specimens fall above the collected data from the literature 

on wrought S355, C40 and WAAM ER70S-6 and G3Si1 steels. The slopes of the curves for 

ER100S-1 uniaxial fatigue are similar to some stress-life plots for S355 and WAAM G3Si1 

specimens. Moreover, due to the fatigue endurance limit of ER100S-1 specimens, both data 

sets for vertical and horizontal orientations are not crossing the rest of the S-N curves even at 

higher number of cycles. However, it must be noted here that yield and ultimate tensile 

strengths of ER100S-1 material are relatively higher than any of the presented materials, thus 

it is expected that uniaxial fatigue performance is also found to be superior. 

Only a few data sets on torsion and multiaxial fatigue were collected and presented in this 

comparative study due to limited availability of such data on structural steels in the literature. 

The comparison of the effective stress versus number of cycles to failure in log-log axes for 

the results obtained from this study with the literature data is presented in Figure 6.14 (b) and 

Figure 6.14 (c) for torsion and multiaxial fatigue loading conditions, respectively. A previous 

study reported that the performance of round bar C40 carbon steel specimens tested with 

loading ratio of R=-1 under torsion and with R=0 under multiaxial loading conditions by Atzori 

et al.39. Another study provided some data on round bar 39NiCrMo3 steel specimens assessed 
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at R=-1 by Berto et al.40 . Additionally, a curve for multiaxial fatigue on round bar wrought 

S355 specimens examined at R=0.01 by Dantas et al.36 was added for comparison. The 

biaxiality ratio for all presented multiaxial fatigue data in this analysis was λ = 1, with in phase 

loading angle of Ф = 00. It can be seen in Figure 6.14 (b) and Figure 6.14 (c) that similar to the 

case of uniaxial fatigue, the results for torsion and multiaxial life assessment fall above the data 

from the literature. The trends for C40 and 39NiCrMo3 steels are below and parallel to the 

trends obtained from this study for ER100S-1 WAAM specimens under torsion fatigue 

condition. Moreover, the multiaxial behaviour of ER100S-1 has been found similar to the data 

on S355 wrought steel. 

 

(a) 

 

(b) 

100

1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08

E
ff

e
c
ti
v
e
 s

tr
e
s
s
 (

M
P

a
)

Number of cycles

S355

S355

S355

S355

Welded S355

C40 carbon steel

WAAM G3Si1 short

WAAM G3Si1 long

WAAM ER70S-6 H

WAAM ER100S-1 V

WAAM ER100S-1 H

800

34

37

35

38

39

13

13

20

36

150

1.0E+04 1.0E+05 1.0E+06 1.0E+07

E
ff

e
c
ti
v
e
 s

tr
e
s
s
 (

M
P

a
)

Number of cycles

C40 carbon steel

39NiCrMo3 steel

WAAM ER100S-1 V

WAAM ER100S-1 H

600

39

40



162 

 

 

(c) 

Figure 6.14: Comparison of fatigue data for WAAM ER100S-1 with data in the literature for 

(a) uniaxial, (b) torsion, and (c) multiaxial fatigue tests on steel 

 

 

6.2.5. Fractography Analysis 
 

The microstructural analysis of the tested specimens conducted using SEM revealed almost 

defect-free surfaces of WAAM built ER100S-1 specimens, with rare minor defects under 20 

μm. The fractography assessment of the tested specimens was conducted in order to examine 

the fracture surfaces and establish any differences in failure mechanisms for specimens with 

different orientations tested under different fatigue loading conditions (i.e., uniaxial, torsion, 

and multiaxial). Figure 6.15 displays two fracture surfaces of (a) vertical and (b) horizontal 

specimens tested under pure uniaxial fatigue with maximum stress of 650 MPa. Four clear 

crack growth stages can be observed on both fracture surfaces: 1 – crack nucleation point, 2 – 

crack propagation, 3 – ductile failure due to unstable fatigue crack growth, and 4 – ductile 

failure caused by fast fracture. Moreover, the fracture surface of the vertical specimen in Figure 

6.15 (a) exhibited two nucleation points, in which two cracks initiated simultaneously on 

parallel planes and then consequently converged into one crack in propagation region depicted 

as 2. White arrows in the figures indicate the direction of the crack growth in both specimens. 

The crack initiation in both cases started from the surface irregularities. The fatigue life of 

horizontal specimen was twice longer than for vertical, which can be caused by the two initial 

cracks nucleated in the vertical specimen contributing to the early final failure of the specimen. 

Examination of the crack growth regions at higher magnification shows that the transition from 

one grain to other leads to the change of the fracture plane caused by different orientation of 

individual grains. Moreover, the fatigue striations can be seen in crack initiation and 

propagation regions for both specimens (shown with yellow arrows), which are parallel to the 

crack propagation direction. Furthermore, in crack growth propagation region 2 in both 

specimens, elongated fracture features can be observed (highlighted with dashed yellow lines), 

which indicate the crack propagation direction. The fracture surfaces in regions 1 for both 

vertical and horizontal specimens present shallower ductile features, while in regions 2 the 
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dimples become bigger and deeper, and secondary cracks are visible. To conclude, no major 

difference in failure mechanisms was observed for specimens with different extraction 

orientations. Moreover, similar fracture features revealed during the analysis, which are in good 

agreement with similar uniaxial fatigue and mechanical performance of the vertical and 

horizontal ER100S-1 WAAM specimens. 

 

(a) 

 

(b) 

Figure 6.15: Fracture surfaces of ER100S-1 WAAM (a) vertical and (b) horizontal specimens 

tested under uniaxial fatigue loading condition 

Two fracture surfaces for vertical and horizontal ER100S-1 WAAM specimens examined 

under pure torsion fatigue with maximum stress of 550 MPa are presented in Figure 6.16 (a) 

and (b) respectively. It is seen from the figures that in both cases the outer diameter of the 
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fracture surface is not entirely flat, consisting of the series of inclined surfaces, so called 

‘factory roof’ morphology40,41, initiated due to presence of torsion fatigue (out-of-plane shear 

in mode III) and transforming to pronounced inclined features under mode I. Larger area of 

fracture surface of the vertical specimen shows presence of abrasion, caused by mode III 

loading condition, demolishing the fracture features by rubbing two fracture surfaces against 

each other. For horizontal specimen the damaged area is much smaller (approximately half of 

the full fracture surface) and located in the centre of the fracture surface. This was also 

indicated in number of cycles to failure, which was 1.2 times lower for the horizontal specimen 

than for vertical. The area with remaining fatigue fracture features is a result of the final failure 

of the specimen under mode I loading condition, forming a cascade of fatigue fracture planes, 

also shown in the regions 1 in Figure 6.16. Closer examination of the area reveals the ductile 

fatigue facets (yellow arrows in region 1), that appear as river patterns under lower 

magnification (white arrows in region 1). Another interesting fatigue feature was observed near 

the edge of the fracture surface in both specimens – colonies of flat ‘fish-bone’ features, 

representing smaller and less ductile facets formed due to initial short crack growth, 

perpendicular to the fracture edge of the specimens (yellow arrows in region 2). 
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(b) 

Figure 6.16: Fracture surfaces of ER100S-1 WAAM (a) vertical and (b) horizontal specimens 

tested under torsion fatigue loading condition 

 

Lastly, two fracture surfaces of the specimens previously subjected to multiaxial fatigue 

loading conditions under maximum stress of 450 MPa were examined and shown in Figure 

6.17 (a) for vertical and (b) for horizontal broken specimens. Similar to the specimens tested 

under torsion, the edges of the fracture surfaces in Figure 6.17 are not flat and present some 

‘factory roof’ morphology with inclined surfaces formed in combination of applied mode I and 

III fracture loading conditions. Approximately 60% of the fracture surfaces (region A) indicate 

evidence of abrasion and wear, occurred under mode III out-of-plane shear mechanisms. Two 

main fatigue features were found in this region and are highlighted with yellow arrows: 1 - 

fatigue striations, and 2 – ‘fish-bone’ colonies, representing large striations near the fracture 

edges of the specimens. The latter feature appears in specimens tested under pure tension and 

multiaxial fatigue, hence is the evidence of the torsion fracture mechanisms resulted under 

mode III. The remaining fracture surface area depicted as B is due to the final specimen failure 

in fast fracture with corresponding cup and cone shape. 
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(a) 

 

(b) 

Figure 6.17: Fracture surfaces of ER100S-1 WAAM (a) vertical and (b) horizontal specimens 

tested under multiaxial fatigue loading condition 

 

6.2.6. Conclusions 
 

A series of fatigue tests were performed on WAAM built ER100S-1 specimens that were 

extracted along two different orientations: vertical and horizontal. Uniaxial, torsion, and 

multiaxial fatigue behaviour of the specimens was examined by developing the stress-life plots. 

The following observations and conclusions were made from this study: 
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• Uniaxial, torsion and multiaxial fatigue properties of WAAM ER100S-1 specimens are 

not dependant on the specimen orientation. 

• The fatigue strength of the material obtained from torsion tests drops by 22.2% 

compared with uniaxial test results; and further by 23.6% under multiaxial fatigue 

loading. 

• Trends for uniaxial, torsion and multiaxial fatigue show advantageous performance of 

WAAM ER100S-1 specimens compared with other structural steels, including S355 

steel that is commonly used in offshore structures.  

• The S-N fatigue behaviour of ER100S-1 WAAM built material can be conservatively 

predicted by DNV C1 standard design curve for structures with continues welds and 

ground flush surface finish.  

• The study of fracture surfaces of six specimens revealed common fatigue features for 

each of the fatigue load types, with no significant variations between vertical and 

horizontal specimens. 

• The examined WAAM built specimens were found to be almost defect-free, with minor 

defects of smaller than 20 μm. 
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6.3. Conclusion 

 

The fatigue tests conducted on ER70S-6 and ER100S-1 WAAM built specimens provided 

valuable insights into their uniaxial, torsion, and multiaxial fatigue properties. For ER70S-6 

specimens, sensitivity to specimen orientation was observed, with higher fatigue strength found 

in vertical specimens under uniaxial load and in horizontal specimens under torsion and 

multiaxial load. However, the difference between fatigue strength for different orientations 

reduced as the load type changed. The obtained S-N fatigue data for ER70S-6 specimens 

overlapped with the upper bound of fatigue results for wrought S355 steel, showing potential 

for offshore structure fabrication. Fracture analysis indicated an almost defect-free material. 

On the other hand, for ER100S-1 specimens, the fatigue properties were independent of 

specimen orientation. The fatigue strength dropped as the load type changed from uniaxial to 

torsion and multiaxial. WAAM ER100S-1 specimens demonstrated advantageous performance 

compared to other structural steels, including commonly used S355 steel in offshore structures. 

Fracture analysis showed no significant variations between vertical and horizontal specimens, 

and the material was found to be almost defect-free. 

The results of these fatigue tests provide essential data for the application of WAAM built 

components in various loading scenarios and highlight the potential for their utilisation in 

offshore structures. Furthermore, the conformity with standard design curves indicates their 

suitability for specific structural applications. The low presence of defects enhances confidence 

in their structural integrity. Overall, these findings advance the understanding of fatigue 

behaviour in WAAM materials, supporting their viability for offshore industry applications. 
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Chapter 7 : Life Enhancement Possibilities for Wire Arc 

Additively Manufactured Steel Components and Residual 

Stresses Examination 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, two surface treatment techniques were proposed for life enhancement of 

ER70S-6 and ER100S-1 WAAM specimens. The efficiency of the techniques was assessed 

by performing FCG and CFCG tests and analysing residual stress distribution in the 

specimens after the treatment. The chapter consists of the following papers: 

Paper X: The influence of wire arc additive manufacturing deposition process on residual 

stress distribution and fatigue life in the presence and absence of surface treatment  

Paper XI: The influence of laser shock peening on corrosion-fatigue behaviour of wire arc 

additively manufactured components parts 
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7.1. Paper X: The effect of surface treatment and orientation on 

fatigue crack growth rate and residual stress distribution of wire 

arc additively manufactured low carbon steel components 
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Abstract10 

The directed energy deposition (DED) processes, such as laser metal deposition or Wire Arc 

Additive Manufacturing (WAAM), are gradually becoming the preferred method for 

fabrication of large-scale components using metal additive manufacturing (AM) technology. 

In this work, the possibility of fatigue life enhancement in WAAM built low carbon steel 

components, by means of rolling and laser shock peening surface treatment techniques, was 

investigated. A series of fatigue crack propagation tests were performed on surface treated 

ER70S-6 and ER100S-1 WAAM built specimens, and the results were analysed and compared 

with the untreated materials tested under the same loading conditions. The obtained results 

were interpreted in terms of the sensitivity of the cracking behaviour to the specimen 

orientation and extraction location. Furthermore, the residual stress profiles were measured, 

before and after applying the surface treatment techniques, and the effects of locked-in residual 

stresses on the fatigue performance of WAAM built components were discussed. Finally, a 

detailed texture analysis was performed on the surface treated and untreated regions of both 

WAAM built materials considered in this work. The obtained results from this study provide 

an insight into the advantages and disadvantages of various surface treatment techniques for 

fatigue life enhancement of WAAM built components with the view to extend the application 

of this advanced manufacturing technology to a wider range of industrial applications. 

Keywords: Directed Energy Deposition; Wire Arc Additive Manufacturing; Fatigue; Surface 

Treatment; Residual Stress 

* corresponding author 
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7.1.1. Introduction 
 

Fatigue is known as one of the main modes of failure in engineering structures, which are often 

subjected to cyclic loading conditions. Mechanical and fracture properties of alloys employed 

in engineering structures can be dramatically influenced by operation under severe 

environmental conditions such as harsh corrosive environments, leading to premature failure 

of structures and components during their service life1. Therefore, there is an essential need to 

improve the fatigue performance of engineering structures in order to achieve prolonged 

lifespans. Historically, a number of mechanical and surface treatment techniques have been 

developed and implemented for fatigue life enhancement purposes in industrial applications. 

An example of the mechanical technique, which is widely utilised to obtain extended fatigue 

lives in various industrial applications, is grinding. Using this technique, the stress 

concentration zones, particularly at the weld toes, are eliminated to reduce the local stress levels 

hence increasing the fatigue life2. In addition to the mechanical techniques, various surface 

treatment methods are available to use in isolation or in conjunction with mechanical design 

modifications. The most well-known surface treatment techniques which are implemented in a 

wide range of industrial applications are shot peening3–7, laser shock peening8–10, deep cold 

rolling11–15, and vibro peening16. The general idea behind the surface treatment approach is to 

introduce a protective layer of compressive residual stresses that will decelerate crack initiation 

and propagation at the outer surface of the engineering components or structures. However, the 

extent of complexity, cost, required penetration depth and efficiency of different surface 

treatment techniques heavily depend on the material properties and operational loading 

conditions. Moreover, the formation of strain hardening and residual stresses during the surface 

treatment processes will alter the metallurgical features, hence the effects of microstructural 

changes on subsequent fatigue behaviour need to be fully investigated and understood for a 

given material and loading condition1.  

An efficient directed energy deposition (DED) process for metal additive manufacturing (AM) 

which has been found suitable for fabrication of large-scale components and structures is the 

wire arc additive manufacturing (WAAM) technology. This DED manufacturing technique, 

which can also be implemented for re-manufacturing and repair purposes, produces near shape 

components without the need for complex tooling or moulds. WAAM offers an immense 

potential for significant savings in cost, lead time and material waste as well as increased 

material efficiency and improved component performance17,18. However, the welding-based 

manufacturing process introduces residual stresses and distortions that would impact the 

fatigue life and may facilitate the crack initiation and propagation process in the WAAM built 

parts19–21. Also, another disadvantage of the WAAM process is the pronounced surface 

waviness that may introduce higher stress concentration sites between additively welded layers, 

which would undermine the fatigue performance22. For successful implementation of the 

WAAM method, the material properties should ideally meet or exceed those for the wrought 

counterparts. This can be difficult to achieve due to a considerably different manufacturing 

process that WAAM parts undergo, which involves a series of thermal cycles and continuous 

re-heating and cooling which will greatly affect the microstructure of the WAAM part23. In 

order to address the challenges that the WAAM technology brings, the surface treatment 

techniques were implemented in several studies with a view to improve the structural response 

and material characteristics of the additively manufactured parts. 
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The most common surface treatment method for life enhancement of WAAM parts that has 

been investigated in previous studies is inter-pass rolling that is normally applied on top of 

each deposited layer while building the WAAM parts. Colegrove et al.24 concluded that inter-

pass rolling of the deposited layers improved the mechanical properties of Ti-6Al-4V WAAM 

parts through microstructural refinement, increasing both the yield and tensile strength by up 

to 25%. Also, this method improved the fatigue properties due to high proof strength. The 

reported improvement may be also due to the reduced amount of induced porosity, which is 

known to degrade the fatigue performance. A different study25 concluded that the effect of 

inter-pass rolling is reduced if rolling is applied on every fourth deposited layer, instead of each 

individual layer. In the research by Hönnige et al.26, the rolling process was implemented on 

aluminium WAAM walls, and the results confirmed the efficiency of the treatment method to 

harden the material and improve the yield and tensile strength. Significant reduction of the peak 

residual stresses in longitudinal direction (i.e. WAAM building direction) was observed in 

several research studies by using inter-pass rolling on thin stainless steel and titanium WAAM 

walls27,28. The results have shown that the locked-in tensile residual stresses changed to 

compressive stresses after the surface treatment was applied. Similar effect of surface rolling 

on residual stress state was reported on wrought steel parts29. Moreover, it was concluded that 

the induced residual stress value using the rolling technique can be controlled by the magnitude 

of the applied pressure during rolling process. 

Laser shock peening, which is often referred to as laser peening (LP), generally improves the 

resistance of metals and alloys to fatigue failure, by introducing strain hardening and 

compressive residual stresses into the part’s surface using high energy pulsed laser source. The 

compressive residual stresses introduced by laser peening penetrate deeper below the surface 

than those from rolling or shot peening, usually resulting in higher fatigue life enhancement3,8. 

Thus, laser peening is commonly used for the mechanical components that have notches, holes 

or corners prone to fatigue failure, and potentially can help to overcome the limitations of the 

WAAM technology30. In the study by Sun et al.31, application of LP post-processing method 

on aluminium WAAM specimens exhibited a significant refinement of the microstructure, 

improvements of micro-hardness, transition of damaging tensile residual stresses to beneficial 

compressive stresses, and an increase in yield strength by 72%. Comparable results were 

reported by Chi32 and Luo33, on tested titanium WAAM specimens, confirming the 

effectiveness of the surface treatment method for enhancement of mechanical characteristics 

of the material. Significant grain refinement was observed in microstructure of WAAM 

specimens treated with LP34. While various researchers conducted a limited number of 

aerospace application related studies to investigate the role of LP effects on the mechanical 

response of the aluminium and titanium WAAM parts, currently there is no published data 

available in the open literature on LP surface treatment effects on fatigue performance of 

WAAM steel parts. 

The main focus of the present study is to thoroughly investigate the influence of two surface 

treatment techniques, rolling and laser shock peening, on fatigue crack propagation behaviour 

of WAAM built specimens made with two different grades of steel ER70S-6 and ER100S-1. 

The fatigue performance of surface treated specimens is assessed and discussed by considering 

the specimen extraction orientation and location with respect to the WAAM built geometry. 

Moreover, the residual stress state is measured and compared before and after applying the 

surface treatment to evaluate the efficiency of the treatment methods on the fatigue 
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performance of the WAAM parts. Last but not least, the material microstructure and texture 

were carefully examined and presented in this work. The strategic target of this study is to 

unlock the great potential of the WAAM technique for manufacturing, re-manufacturing and 

repair of offshore renewable energy structures. This would offer significant cost savings, 

particularly during the operation and maintenance phase of the asset life management and 

unveils the outstanding advantages of the WAAM technology to produce and maintain smart 

steel structures. 

 

7.1.2. Materials and Fabrication Method 
 

In the current study two types of steel welding wires were selected and employed, which are 

ER70S-635 and ER100S-136. The chemical composition of these two steel wires is summarised 

in Table 7.1. Using each of these steel wires, a single WAAM wall was manufactured by the 

cold metal transfer (CMT) process, with the parameters shown in Table 7.2. Therefore, two 

thick WAAM walls were fabricated in total, with thickness of approximately 24 mm. The 

manufacturing set up, which is shown in Figure 7.1, consisted of a CMT power source and a 

programmed robotic arm with a CMT torch, which supplied both the welding wire and 

shielding gas during the fabrication process. Using an oscillation method37, which is suitable 

for building thick WAAM walls, each wall was deposited on a base plate which was made of 

EN10025 rolled structural steel. As seen in Figure 7.1, the base plate was attached onto the 

working table with eight clamps, to minimise bending and distortion of the plate due to high 

manufacturing temperatures. The clamps were removed upon completion of the deposition 

process, after the WAAM walls were cooled down to ambient temperature. 

Table 7.1: Chemical composition of the WAAM wires (wt.-%)35,36  

  C Mn Cr Si Ni Mo S P Cu V 

ER70S-6 0.09 <1.60 0.05 0.09 0.05 0.05 0.007 0.007 0.20 0.05 

ER100S-1 0.08 1.70 0.20 0.60 1.50 0.50 - - - - 

 

Table 7.2: CMT-WAAM fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Robot travelling speed 7.33 mm/sec 

Wire diameter 1.2 mm 

Wire feed speed 7.5 m/min 

Dwell time 120 sec 
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Figure 7.1: WAAM-CMT system set up with schematic specimen extraction map 

Four notched compact-tension, C(T), specimens were then extracted from each of the WAAM 

walls using the Electrical Discharge Machining (EDM) method. Out of four C(T) specimens 

extracted from each material, two were machined from the top (T) of the wall while the other 

two were from the bottom (B). Also, for each of the extraction locations, the samples were 

extracted in two different orientations: vertical (V) – with the crack growth direction through 

AM layers, and horizontal (H) – with the crack path along AM layers. The combination of 

different specimen locations and orientations is schematically presented in Figure 7.1. The 

C(T) specimens were designed according to the ASTM E647 standard38 with the width of W = 

50 mm, height of H = 60 mm, total thickness of B = 16 mm and the initial crack length a0 = 17 

mm (before pre-fatigue cracking). Knife edges were machined at the crack mouth of the 

specimens following the instructions in the ASTM 1820 standard39, to accommodate a clip 

gauge for crack growth monitoring using the compliance measurement technique during the 

fatigue crack growth tests. 

 

7.1.3. Application of surface treatment on WAAM built specimens 
 

Upon extraction of eight C(T) specimens from the WAAM walls, four made of ER70S-6 and 

four made of ER100S-1, surface treatment techniques were applied onto the test specimens. 

For each of the two materials considered in this study, half of the specimens were treated with 

the rolling technique and another half with laser shock peening method, to assess the fatigue 

life enhancement performance of these two surface treatment techniques compared to untreated 

material state. 

• Surface rolling 

Two C(T) specimens extracted from the top of the ER70S-6 WAAM wall, denoted 70-VT and 

70-HT, and two specimens cut from the ER100S-1 WAAM wall, denoted 100-HT and 100-

HB (see Figure 7.1), were selected for surface rolling (R) treatment. The rolling parameters 

were adopted from the finite element analysis (FEA) study of Pi et al.40, where it was suggested 

to use a 20 mm wide roller with a diameter of 50 mm made of a high-strength steel and apply 

rolling starting from the crack tip of the C(T) specimens with 80 kN load, moving along the 
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crack path with a radial speed of 100 mm/s. The results from this FEA study40 also showed that 

the optimum residual stress distribution was achieved by rolling the specimen for only 8 mm 

from the crack tip. Hence, the proposed parameters were implemented for the high pressure 

rolling on the C(T) specimens in the current study. The surface rolling treatment set up is shown 

in Figure 7.2 (a). As seen in this figure, the rolling process consisted of a moving frame with a 

roller, laser tag for specimen alignment and three clamps to prevent the C(T) specimens from 

any movements. Each specimen was rolled on both sides (i.e., free surfaces). This was done by 

performing the surface rolling on the first side and then the specimen was flipped around to 

repeat the surface rolling treatment on the opposite side. A rectangular rolled surface area with 

the dimensions of 20 × 8 mm was introduced ahead of the crack tip in C(T) specimens, which 

is visible in Figure 7.2 (b).  

 

  
(a) (b) 

Figure 7.2: Surface rolling process: (a) treatment set up, and (b) an example of a rolled 

surface on a C(T) specimen 

• Laser shock peening 

The remaining four C(T) specimens, two extracted from the ER70S-6 WAAM wall denoted 

70-VB and 70-HB, and two cut from the ER100S-1 WAAM wall denoted 100-VT and 100-

VB, were used to apply laser shock peening surface treatment technique. The treated area was 

identical to the rolled area (see Figure 7.2 (b)) for direct comparison between the two surface 

treatment techniques. Similar to the surface rolling treatment, the LP treatment was applied on 

both sides of the C(T) specimens with a 20 × 8 mm2 rectangular treated area ahead of the notch 

tip. The laser shock peening treatment was applied onto the C(T) specimens using the spot size 

of 3 mm2, energy level of 8.1 with the power density of J = 5 GW/cm2, pulse duration of 18 

ns, with three layers providing 300% coverage. An example of the specimen during the laser 

shock peening process with a patch attached onto the specimen is displayed in Figure 7.3 (a). 

An example of a specimen after LP treatment is shown in Figure 7.3 (b), where the treated area 

is visible on the specimen surface. 
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(a) (b) 

Figure 7.3: An example of the laser shock peening specimen (a) during the surface treatment 

process, and (b) after the treatment process 

 

7.1.4. Residual stress measurements on WAAM built specimens 
 

Two non-destructive residual stress measurement techniques were used to characterise the 

residual stress distribution profiles in the C(T) specimens extracted from the WAAM walls: 

neutron diffraction and X-ray methods. The neutron diffraction (ND) technique was used to 

measure the change in residual stresses in WAAM built specimens before and after the surface 

treatment application. This method offers a much deeper penetration depth for residual stress 

measurements compared to other non-destructive methods, allowing the characterisation of the 

three components of stress, hence was found suitable for residual stress characterisation in 16 

mm thick C(T) specimens examined in this study. Subsequently, the X-ray (XR) method was 

used to measure the residual stresses after the introduction of the surface treatment. This 

method offers high resolution and accuracy over a thin layer on the outer surface of metallic 

components, hence was found suitable to measure near surface residual stresses which were 

introduced into the WAAM built C(T) specimens by applying the surface treatment techniques. 

The details of the neutron diffraction and X-ray residual stress measurement techniques are 

described below. Two representative specimens extracted from the ER100S-1 WAAM wall 

were measured in this study to investigate the impact of surface treatment on residual stress 

distribution in WAAM built components at the neutron diffraction facilities. 

• Neutron diffraction technique  

In the current study, the initial residual stresses in four untreated ER100S-1 WAAM specimens 

were measured by a monochromatic strain diffractometer SALSA at the Institut Laue-Langevin 

(ILL)-France41. Upon completion of the surface treatment on these four specimens, the changes 

in the residual stress state were examined using the KOWARI strain scanner at the Australia's 

Nuclear Science and Technology Organisation (ANSTO). The measurement set up at SALSA 

is displayed in Figure 7.4 (a), which consists of a hexapod stage on which specimens are placed 

and aligned, a double bent Si monochromator and 2D-PSD He detector. The set up at KOWARI 

is presented in Figure 7.4 (c). In both cases the neutron wavelength was fixed (1.64 Å at SALSA 

and 1.67 Å at KOWARI) to measure the Fe 𝛼 {211} family of crystallographic planes. This 

resulted in a diffraction angle near 90° and hence a near cuboid gauge volume. An incoming 
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beam of 2×2 mm2 was defined by 2 mm radial collimators on the primary side together with a 

third radial collimator on the secondary or diffraction side (gauge volume of 2×2×2 mm3) for 

these measurements on SALSA; and slits system, on both primary and secondary beam, was 

utilised on KOWARI. Strain mapping in neutron diffraction measurements was performed 

along the crack propagation line, to capture the residual stress profile ahead of the crack tip 

along the loading direction of C(T) specimens (i.e., perpendicular to the crack plane). In order 

to measure the through-thickness residual stress profile in untreated specimens at SALSA, the 

neutron diffraction measurements were conducted along three different lines with the first set 

of measurements carried out at the mid-thickness (which is shown with line L0 in Figure 7.4 

(b)) and the other two with 3 mm (L3) and 5 mm (L5) distance from the mid-thickness of the 

specimen (see Figure 7.4 (b)). The mid-thickness measurement L0 was repeated on treated 

specimens at KOWARI. Additionally, using the gauge volume of 0.5×0.5×0.5 mm3, the 

through-thickness lines were measured in the specimens: T1, T2, T3 and T4 with 1.5, 5, 10, 

and 16.5 mm away from the crack tip respectively (Figure 7.4 (d)), to examine the symmetry 

of the residual stresses in treated specimens. The component of stress normal to the crack path, 

representing the direction of the applied load on C(T) specimens (shown with black arrow in 

Figure 7.4 (b) and (d)), was used in further crack propagation analysis. 

In order to assess the stress-free reference value of d spacing, d0, a series of cubes with the 

dimensions of 5×5×5 mm3 were extracted along the crack path from nominally identical 

specimens without any surface treatment42. Different sets of d0 cubes, corresponding to 

different specimen locations and orientations extracted from the WAAM wall, were prepared, 

and measured to minimise the error in neutron diffraction results obtained from each specimen.  

All d0 cubes were extracted using the EDM technique to avoid the machining effects on the 

obtained stress-free values. An example of the cubes extracted for d0 measurements in two 

C(T) specimens is illustrated in Figure 7.4 (c). The extraction and measurement of d0 cubes 

from WAAM build specimens enabled the material and microstructural variations along the 

crack path to be captured in residual stress measurements42. Therefore, the presented residual 

stress results in this study have higher accuracy with regards to additive manufactured 

specimens and their potential microstructural gradients compared to alternative d0 

measurement techniques, such as the stress equilibrium or measurement at the corner of the 

specimen, which are conventionally used for d0 measurements in relatively homogenous 

materials. 
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(c) (d) 

Figure 7.4: Neutron diffraction (a) test set up at SALSA for untreated specimens, and (b) 

measurement lines with respect to the specimen thickness; (c) KOWARI set up for treated 

specimens with d0 cubes measurements and (d) corresponding measurement lines (black 

arrows indicates the residual stress component of interest) 

During the neutron strain diffraction measurements, the neutron wavelength was kept constant, 

and the diffraction angle was measured. Subsequently, the lattice parameter d was measured 

using Bragg’s law43: 

𝑛𝜆𝑛 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃ℎ𝑘𝑙 Equation 7.1 

where n is a constant, 𝜆𝑛 is the neutron wavelength, d is the lattice spacing or the distance 

between sets of parallel crystallographic planes characterised by Miller indices hkl, and 𝜃 is 

the scattering angle. 

Effectively, the accurate measurements of the distance between similarly oriented planes of 

atoms can be used as a tool to measure elastic strain. Every change in the lattice spacing (Δ𝑑) 

represents a residual strain, which can be calculated using the following equation: 

𝜀ℎ𝑘𝑙 =
Δ𝑑ℎ𝑘𝑙

𝑑0,ℎ𝑘𝑙
=  

𝑑ℎ𝑘𝑙 − 𝑑0,ℎ𝑘𝑙

𝑑0,ℎ𝑘𝑙
 Equation 7.2 

where d0 is the corresponding stress-free value of lattice spacing, obtained from the extracted 

cubes, at the point of measurement.  

The residual stress in each direction can be calculated from the residual strains using Hooke’s 

law, which can be described as:  

𝜎𝑖 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
[(1 − 𝜈)𝜀𝑖 + 𝜈(𝜀𝑗 + 𝜀𝑘)] Equation 7.3 

where E is the elastic Young’s modulus and 𝜈 is Poisson’s ratio. The crystallographic values 

of the elastic modulus and Poisson’s ratio used in this study for Fe 𝛼 {211} family of 

crystallographic planes were E=210 GPa and 𝜈 =0.2544. 

• X-ray diffraction method 

Upon application of the surface treatment techniques onto the four ER100S-1 specimens, the 

near surface residual stress measurements were performed, to identify the residual stress 

profiles at the outer surface of C(T) specimens as a result of the treatment process. For this 

T1
T2

T3

T4

L0
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purpose, diffraction measurements were conducted using laboratory X-ray diffractometers. 

Phase analysis was carried out using a Malvern Panalytical EMPYREAN diffractometer, 

enabling the location of diffraction reflections based on which the residual stresses were 

determined with high precision45,46. A copper X-ray tube generating the 𝐾𝛼1
 radiation of the 

wavelength equal to  𝜆 = 1.54 Å was used in order to employ the planned phase composition 

analysis. Detection of the diffracted beam intensity was implemented by the PIXcel1D 

semiconductor detector with Soller slits 0.04° placed in the path of the diffracted beam. The 

spot size was 1 × 1 mm2 and the phase composition was measured in 2θ angular range from 

20° to 152.31° in classical Bragg-Brentano geometry. The step of 2θ angle was 0.0525° and 

the measurement time at each step was 3600s. 

Similar to the neutron diffraction measurements, surface X-ray diffraction measurements were 

conducted along the crack path of the specimens starting from the crack tip. The stress 

component perpendicular to the crack path, which provides the crack driving force, was 

recorded during the X-ray measurements. An interval of 1 mm distance between the 

consecutive measurement points was selected for X-ray residual stress experiments. The 

maximum X-ray penetration depth for the experiments described above was 37.5 μm. 

 

7.1.5. Fatigue crack growth testing and analysis 
 

Fatigue crack growth (FCG) tests were conducted on all surface treated C(T) specimens using 

a 100 kN servo-hydraulic Instron machine under Mode I fracture mechanics loading conditions, 

in accordance with the ASTM E647 standard38. All tests were performed at the room 

temperature with the load ratio (i.e., Pmin/Pmax) of R = 0.1, where the maximum applied load 

was Pmax = 10 kN. The FCG tests were performed using a constant amplitude sinusoidal cyclic 

waveform with 5 Hz frequency. Prior to FCG testing, all specimens were pre-cracked, under 

cyclic loading condition, from the initial machined notch of a0 = 17 mm to approximately 20 

mm (ai,p/W = 0.4) using the load decreasing approach, introducing infinitely sharp crack tip 

ahead of the machined notch. During the pre-cracking process, it was ensured that the value of 

maximum stress intensity factor Kmax corresponding to Pmax did not exceed the initial Kmax in 

the actual FCG test, so that the FCG results were not influenced by any significant pre-existing 

plasticity ahead of the initial crack tip. 

In order to estimate the instantaneous crack length ai, during both pre-cracking and FCG tests, 

the unloading compliance method was implemented by calibrating and attaching a clip gauge 

onto the knife edges of the specimen (as shown in Figure 7.5). Furthermore, two high resolution 

cameras were placed on each side of the C(T) specimen to ensure that the crack growth 

occurred evenly on both sides of the specimen and cross check the estimated values of the crack 

length obtained from the compliance method. All C(T) specimens were tested until the 

estimated value of crack length reached 35 mm (af,c /W = 0.7) at the end of the experiment. The 

FCG test set up is presented in Figure 7.5.  
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Figure 7.5: Fatigue crack growth test set up 

During the FCG tests the number of cycles and instantaneous crack lengths, estimated using 

the compliance technique, were continuously recorded. Subsequently, the FCG rates, da/dN, 

were calculated employing a combination of the secant method (for the first and the last three 

data points), and seven-point incremental polynomial method (for the rest of the data points). 

The stress intensity factor (SIF) range, ΔK, was then computed following the shape function 

equation presented in Equation 7.4 that was developed by Mehmanparast et al.47 and provides 

more accurate solutions for the shape function in a C(T) specimen for a wider range of crack 

lengths, 0.2 ≤ a/W ≤ 0.7, compared to that recommended in the ASTM E647 standard. In 

Equation 7.4, 𝛼 is the normalised crack length, a/W, and ΔP is the load range, which is defined 

as the difference between Pmax and Pmin.   

∆𝐾 =
∆𝑃

𝐵𝑊
∙ √𝑎 ∙ (−372.12𝛼6 + 1628.60𝛼5 − 2107.46𝛼4 + 1304.65𝛼3

− 391.20𝛼2 + 54.81𝛼 + 7.57) 
Equation 7.4 

 

7.1.6. Experimental results and discussions 
 

• FCG test results 

Two sets of analyses were conducted on the FCG test data to examine the surface treatment 

effects on the fatigue performance of WAAM built specimens: based on their orientation and 

extraction location. The recorded raw data during the FCG tests, which included the crack 

length, a, and the number of cycles, N, were plotted against each other as shown in Figure 7.6. 

Also included in Figure 7.6, are the average FCG trends (AV) from nominally identical 

untreated specimens extracted from ER70S-6 WAAM wall48 with vertical (70-V-AV) and 

horizontal (70-H-AV) orientations in Figure 7.6 (a), and from top (70-T-AV) and bottom (70-

B-AV) of the walls in Figure 7.6 (b). Similarly, results obtained from treated samples were 

compared with the average trends from untreated specimens made with ER100S-1 steel49 for 

different orientations in Figure 7.6 (c) and locations in Figure 7.6 (d). 

The comparison of the crack growth trends in Figure 7.6 (a) demonstrates that both surface 

treatment techniques, LP and R, are effective for life enhancement of ER70S-6 vertical 

specimens, with surface rolling increasing the test duration by 2.1 times and laser shock 

peening by 2.5 times compared to the average trend from untreated specimens. On the other 

hand, for ER70S-6 horizontal specimens the surface treatment techniques were not found 
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beneficial, and both techniques have reduced the test duration on average by around 15% 

compared to untreated specimens. It is worth noting here, that both rolled specimens, despite 

of their orientation, showed similar performance. Laser shock peening of ER70S-6 vertical 

specimen has presented the longest test duration; however, in laser peened horizontal specimen 

the crack has propagated 1.5 times quicker than in untreated horizontal specimens. Evaluation 

of the FCG results based on the specimen location in ER70S-6 WAAM wall (Figure 7.6 (b)) 

shows that two rolled specimens extracted from the top of the wall have slightly improved test 

duration. Laser shock peening has demonstrated an increase in the test duration for one bottom 

specimen by 24%, and reduction by 18% for the second bottom specimen. It can be concluded 

that regardless of the comparison method (by orientation or location), the best performance for 

ER70S-6 wall was shown by laser peened specimen 70-VB-LP, though using the same surface 

treatment technique on 70-HB-LP specimen only worsens the fatigue life. 

Analysing the FCG data for ER100S-1 specimens with different orientations (Figure 7.6 (c)), 

it can be seen that laser peening surface treatment increased the fatigue life in vertical 

specimens on average by 27%. The fatigue life enhancement was also observed in one rolled 

horizontal specimen, improving the test duration by 1.6 times. However, for the second 

horizontal specimen, 100-HB-R, surface treatment application was not beneficial, and the 

results are found to be very similar to the average results for untreated specimens. Further 

comparison of the FCG results for different extraction locations of ER100S-1 specimens 

(Figure 7.6 (d)) demonstrates that laser peening was a more effective surface treatment 

technique for both top and bottom specimens, increasing the number of cycles by 1.1 and 2.4 

times, respectively. However, rolling not only did not improve the test duration but worsened 

the results for both extraction locations. It should be noted here, that for both examined 

materials, the worst results were presented by horizontal specimens extracted from the bottom 

of WAAM walls, regardless of the applied surface treatment method. Thus, the best life 

enhancement was achieved by laser peening technique applied on vertical bottom specimen 

70-VB-LP for ER70S-6 steel and on vertical top specimen 100-VT-LP for ER100S-1. 
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(b) 

 

(c) 

 

(d) 

Figure 7.6: Comparison of FCG trends for surface treated WAAM specimens with average 

FCG trends from untreated specimens for (a-b) ER70S-6, and (c-d) ER100S-1 specimens 
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The FCG rates were obtained from the tests by calculating da/dN and then correlated with the 

SIF range, ΔK, the results are shown in Figure 7.7. Two sets of analyses were also carried out 

on the FCG rates data to investigate the sensitivity of the specimen orientation and location to 

the surface treatment. In Figure 7.7, the results obtained from this study on surface treated 

specimens are compared with the FCG data on nominally identical untreated specimens48,49, 

for which the mean line (MN) was plotted along with mean ±2 standard deviation (SD) trends. 

In Figure 7.7 (a) it can be seen that the FCG rates for surface treated ER70S-6 vertical 

specimens are up to 2 times lower than the mean–2SD line from untreated specimens for the 

SIF range of up to ΔK ≈ 30.5 MPa√m, which corresponds to the crack extension of 

approximately Δa = 8 mm – the length of the surface treated region. At higher ΔK values, the 

FCG rates for vertical specimens fluctuate about the mean line, but do not exceed the 

mean+2SD line for untreated specimens. The vertical surface treated specimens present the 

lowest trends. The FCG trend for rolled horizontal specimen is found similar to the vertical 

specimens; however, it is crossing the mean-2SD line for horizontal untreated specimens at ΔK 

≈ 25.4 MPa√m, which corresponds to the crack extension of approximately Δa = 6 mm, then it 

falls upon the mean line until the end of the test. As for the laser peened specimen, which 

showed the shortest test duration among the treated specimens, 70-HB-LP, the FCG rates 

fluctuate between the mean±2SD lines throughout the test, without showing any deterioration 

in the rates.  

Comparison of the results based on their extraction locations for ER70S-6 specimens in Figure 

7.7 (b) shows FCG rate enhancement (below mean–2SD line) for rolled top specimens at a 

range of ΔK values up to approximately 25.5 MPa√m (corresponding to Δa = 5.8 mm). The 

laser peened vertical bottom specimen, 70-VB-LP, represents the lowest FCG rates at the 

beginning of the test (at low ΔK values), showing considerable improvement in the crack 

growth rates, with the lower FCG trend at a wide range of SIF of up to ΔK = 31 MPa√m, 

corresponding to crack extension of Δa = 8.7 mm. Then it crosses the lower bound for untreated 

specimens and fluctuates along the mean line until the end of the test. On the other hand, 

another laser peened specimen from the bottom of the wall, 70-HB-LP, is showing the highest 

FCG trends at lower values of SIF and crossing the mean-2SD line at ΔK = 25.5 MPa√m 

(corresponding to Δa = 5.8 mm). All four test results converge midway through the test. It can 

be concluded here that both surface treatment techniques are effective on ER70S-6 specimens, 

decreasing the FCG rates in the beginning of the test (while the crack grows through the treated 

area) and converging to the mean FCG trend from untreated specimens by the end of the test. 

Evaluation of the FCG rates for ER100S-1 specimens with different orientations from Figure 

7.7 (c) shows that the effect of surface treatment on this material is less pronounced compared 

with ER70S-6, as the trends for the treated specimens do not go beyond the mean±2SD lines, 

regardless of their orientation and selected surface treatment technique. However, an important 

point that can be noted here is that the results for vertical specimens are mostly located in the 

lower half between the mean and mean-2SD lines, indicating positive effect of laser peening 

treatment. Similar behaviour is observed for rolled horizontal specimen 100-HT-R, which starts 

at the mean-2SD line of horizontal untreated specimens and progresses towards the mean line 

by the end of the test. However, 100-HB-R specimen which had the shortest test duration 

among all experiments conducted in this research, presents the highest FCG rates compared to 

other specimens and its trend is mostly located between the mean and mean+2SD lines, 

confirming that no improvement was achieved by rolling this specimen. 
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From Figure 7.7 (d), which demonstrates a comparison of FCG rates for ER100S-1 specimens 

based on their extraction location, it can be seen that the FCG trend for laser peened 100-VB-

LP specimen extracted from the bottom of WAAM wall is lower than mean-2SD line for the 

bottom untreated specimens throughout the test and presents the lowest FCG rates among all 

four tested specimens. This trend is the only example of sufficient FCG rate improvement 

achieved by surface treatment on ER100S-1 specimens as its trend starts and stays below the 

mean-2SD line for untreated specimens throughout the test. The trend with the highest FCG 

rates belongs to rolled specimen from the bottom of the wall 100-HB-R, though it fluctuates 

between the mean±2SD lines during the test. No life enhancement effect is seen for the top 

laser peened specimen 100-VT-LP, the results for which fluctuates about the mean line. The 

worst FCG performance compared to the mean line from untreated specimens is seen for top 

rolled specimen 100-HT-R, the trend for which is located in the upper half between the mean 

and upper bounds for untreated specimens. Thus, it can be concluded here that surface rolling 

is a less effective surface treatment technique compared to laser shock peening for ER100S-1 

under the examined rolling parameters and testing conditions. Moreover, it should be noted 

here that regardless of the material and applied surface treatment technique, horizontal 

specimen extracted from the bottom of WAAM wall is showing the highest FCG rates and 

shortest test duration. 
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(b) 

 
(c) 

 

(d) 

Figure 7.7: Comparison of the FCG test results for surface treated specimens with average 

FCG trends from untreated specimens for (a-b) ER70S-6, and (c-d) ER100S-1 specimens 

 

• Residual stress measurement results 

The residual stress measurements, before and after surface treatment, for ER100S-1 specimens 

with the longest (100-VT-LP) and shortest test durations (100-HB-R) are presented in Figure 

7.8, showing the component of stress normal to the crack path (Figure 7.4 (c) and (d)). As 

mentioned in Section 7.1.4, neutron diffraction measurements were performed on untreated 

and treated specimens, with additional X-ray measurements in the near surface region of treated 

specimens. The error bars have shown minor variation within 10-20 MPa and were not included 

in the residual stress trends. It can be observed in Figure 7.8 (a) that 100-VT specimen had a 

pronounced state of tensile residual stresses ahead of the crack tip before any surface treatment, 

with a peak value of around 400 MPa within the bulk. As seen in Figure 7.8 (a), through 

thickness characterisation revealed generally similar residual stress profiles for L0, L3 and L5 
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at the distance between 0 to approximately 15 mm from the crack tip while a slightly higher 

residual stress value was identified for lower penetration depths from the specimen surface. 

However, as seen from the near surface X-ray results, laser shock peening introduced a 

significant compressive residual stress of around -260 MPa at the crack tip and further 

compressive stresses in the region between 1.5 to 9.5 mm from the crack tip, which corresponds 

to the region where the laser peening treatment was applied (see Section 7.1.3), shifting the 

peak of the tensile residual stresses further away from the crack tip. The mid-thickness ND 

measurement L0 in treated VT-LP specimen shows that application of LP at the surface of the 

specimen subsequently reduces the tensile residual stresses in the middle of the specimen, 

which becomes almost constant along the crack path, with average value of 70 MPa. The 

residual stress results are in excellent agreement with the FCG behaviour of 100-VT specimen 

observed in Figure 7.6 (c-d). Where an increased fatigue life was observed in the surface treated 

specimen with slowed down crack propagation rate in the peened region, caused by beneficial 

compressive residual stresses, followed by accelerated cracking behaviour beyond the peened 

area, caused by detrimental tensile residual stresses. Figure 7.8 (b) shows an opposite residual 

stress transition trend in 100-HB specimen before and after surface treatment. This specimen 

initially had a compressive residual stress field along the crack path within the bulk, reaching 

up to -100 MPa with no significant gradients across thickness at L0, L3 and L5. However, as 

shown by X-ray results, the surface rolling treatment introduced damaging tensile residual 

stresses on the surface with amplitude of between 100 and 400 MPa on the full length of the 

crack path. The ND measurements in mid-thickness of the treated specimen HB-R also detect 

the introduced tensile stresses along the crack path, with minor fluctuations and the average 

value of 105 MPa. This led to the shortest fatigue life discovered among all specimens in Figure 

7.6 (c-d) and the highest FCG rates in Figure 7.7 (c-d). It is worth noting here, that minor 

fluctuations in the peak residual stresses measured before surface treatment application at L0, 

L3 and L5 are seen for both specimens, indicating generally lower peak stress values at the 

mid-thickness, which gradually grow towards the surface of the specimen. The observed 

through-thickness residual stress distribution field is in good agreement with previous 

studies50,51.  
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(b) 

Figure 7.8: Residual stress distribution in ER100S-1 specimens before and after surface 

treatment (a) 100-VT specimen before and after laser shock peening, (b) 100-HB specimen 

before and after surface rolling 

Comparison of Figure 7.8 (a) and (b) demonstrates that the residual stress before application 

of any surface treatment is lower in specimens extracted from the bottom of the WAAM wall. 

This can be associated with a higher number of thermal cycles applied on the layers deposited 

at the bottom of the WAAM wall which would relax the residual stresses in this region, 

compared to the top layers which are subjected to a lower number of thermal cycles. Moreover, 

the residual stress measurement results on ER100S-1 specimens show that laser shock peening 

is an effective surface treatment technique to remove the detrimental tensile residual stresses 

at the top region of the WAAM wall, hence increasing the fatigue life and decelerating the FCG 

rates, while the bottom region of the WAAM wall exhibits a better state of residual stress, 

owing to an enhanced fatigue performance, without applying any surface rolling treatment.  

It should be noted that according to the study by Gornyakov et al.52 during the surface rolling 

process on WAAM built components, a relatively high tensile residual stress zone can be 

developed behind the roller, in the treated region and near the outer surface of the component, 

which is due to the non-uniform distribution of plastic deformation. Also, it is known that laser 

shock peening is capable of introducing significant levels of compressive residual stresses due 

to relatively uniform surface hardening effects53,54. This shows that the conclusions from 

similar studies on the WAAM built components in the literature are consistent with the 

observations from this study.  

The through-thickness residual stress distribution of treated vertical ER100S-1 specimens is 

presented in Figure 7.9 (a) for laser peened specimen and (b) for rolled specimen, showing the 

component of stress normal to the crack path (Figure 7.4 (c) and (d)). From these figures it can 

be seen that the residual stress trends are asymmetrical with respect to the mid-thickness plane 

of the specimens regardless of the surface treatment technique. The difference between stress 

values on the opposite sides of the specimen, 0.95 mm away from the surface, is up to 8 times 

for the laser peened specimen, whereas for the rolled specimen is up to 2.7 times. Moreover, it 

can be seen from the trends that application of LP surface treatment induces higher compressive 

stresses near specimen surface region, which gradually reduce within first 1.5-2 mm from the 

surface, and then balance with increasing tensile stresses towards the middle of the specimen. 

The trend for rolled specimen is not as clear and shows fluctuations in stress throughout the 

specimen thickness, with low tensile stress between 0-13 MPa in the middle of the specimen. 
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It is also seen that T1 measurement line (1.5 mm away from the crack tip) in rolled specimen 

shows absence of compressive residual stresses throughout the thickness of the specimen. The 

maximum compressive stress near the surface for LP specimen is 3.4 times higher than for 

rolled specimen, confirming higher efficiency of laser peening surface treatment technique on 

ER100S-1 WAAM built specimens. Further seen in the results is that the maximum tensile 

stress value in the middle of the specimen is 7.7 times higher in LP specimen than in rolled 

one. Asymmetrical residual stress distribution in treated specimens can be due to the selected 

procedure for the surface treatment application, which was not conducted simultaneously on 

both specimen sides, but instead was done on one side at a time.  

 
 (a)  

 
(b) 

Figure 7.9: Through-thickness residual stress distribution in treated areas of ER100S-1 

vertical specimens (a) laser peened and (b) rolled. (Specimen thickness is 16 mm). 

 

• Microstructural analysis 

Upon completion of the FCG tests, all eight specimens were broken-open into halves by 

initially soaking them in liquid nitrogen for a few minutes, to minimise the plastic deformation 

during fracture, and then pulling them apart using the servo-hydraulic machine. A 10×5×5 mm3 

coupon was extracted from each C(T) specimen using the EDM technique in such a way that 

along the 10 mm length, 5 mm was taken from the treated region and 5 mm from the untreated 

surface (see Figure 7.10). The coupons were mounted in a conductive resin, ground and 

polished to 1 µm surface finish, with final polishing conducted using colloidal silica 

suspension. Electron Backscatter Diffraction (EBSD) measurements were performed on the 

coupons using an Oxford Instruments Symmetry with accelerating voltage of 20 keV, beam 
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current of 5 nA, field of view of 300 um and step size of 0.7 um. The pole figures obtained 

from the untreated and treated regions of the specimens are presented in Figure 7.11. 

Furthermore, the texture indices were measured at the untreated and treated regions in each 

coupon and compared with each other in Table 7.3 and Figure 7.12. 

 

Figure 7.10: An example of the coupon extraction region on a surface treated sample 

Analysis of the pole figures in Figure 7.11 shows that the surface treated regions have a higher 

texture compared to the untreated regions. Moreover, as seen in Figure 7.11 the maximum 

values of the Multiple of Uniform Density (MUD) are higher in the regions with the surface 

treatment. Comparison of the pole figures between the two materials shows that the untreated 

ER100S-1 has considerably higher texture compared to the untreated ER70S-6 material. A 

quantitative comparison of the texture indices in Table 7.3 also verifies that both surface 

treatment techniques (i.e. surface rolling and laser shock peening) introduced a higher texture 

into the WAAM built specimens; however, applying the laser shock peening has increased the 

texture index on average by 22.5%, whereas for rolling it is 8.3%. Another observation that 

can be made from Figure 7.12 is that the initial texture index for untreated specimens is higher 

in vertical specimens made of ER70S-6, compared to the horizontal samples, and for top 

specimens made of ER100S-1 material, compared to the bottom samples. This agrees with the 

general observation from the FCG analysis that ER70S-6 WAAM specimens were more 

sensitive to the extraction orientation48, while ER100S-1 specimens showed more sensitivity 

to the extraction location49. Finally seen in Table 7.3 and Figure 7.12 is that for both materials 

examined in this study the jumps in the texture indices from the untreated region to the treated 

region were found to be generally higher by applying the laser shock peening treatment 

compared to the surface rolling treatment. It can be seen that the texture index is on average 

2.7 times higher in the laser shock peened regions than the rolled specimens.  

Specimen ID Untreated area Treated area 

70-VT-R 

  

70-HT-R 
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70-VB-LP 

  

70-HB-LP 

  

100-VT-LP 

  

100-VB-LP 

  

100-HT-R 

  

100-HB-R 

  

Figure 7.11: Comparison of the pole figures in untreated and treated regions in WAAM built 

specimens made of ER70S-6 and ER100S-1 

Table 7.3: Comparison of the texture indices in untreated and treated regions  

Specimen ID 
Texture Index 

Untreated Treated Difference  

70-VT-R 1.29 1.43 11% 

70-HT-R 1.02 1.05 3% 

70-VB-LP 1.35 1.82 35% 

70-HB-LP 1.04 1.10 6% 

100-VT-LP 2.30 2.88 25% 

100-VB-LP 1.76 2.19 24% 

100-HT-R 2.60 2.89 11% 

100-HB-R 2.17 2.34 8% 
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Figure 7.12: Visual representation of the change in the texture indexes from the untreated 

region (on the left-hand side) to the treated region (on the right-hand side) 

The inverse pole figures in Z direction (IPF-Z) were captured for both untreated and treated 

specimen areas and are shown in Figure 7.13. As seen in this figure, larger grains are observed 

in ER70S-6 specimens compared to ER100S-1 specimens, which implies higher ductility and 

toughness parameters and lower strength for ER70S-6 WAAM built components55. There is no 

major grain refinement visible for both materials after applying the surface treatments using 

the considered treatment parameters. The grain size distribution analysis demonstrated that the 

total number of grains for ER70S-6 has increased on average by 10% for rolled and 25% for 

laser shock peened specimens, reducing the mean area of grains by 3% and 13%, respectively. 

For ER100S-1, the total number of grains raised only by 4% for rolled and 16% for laser shock 

peened specimens, refining the mean grain area by 15% and 7%, respectively. Finally seen in 

Figure 7.13 is that the cracking mode in FCG tests performed the WAAM built specimens 

made of both materials was transgranular.  
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Figure 7.13: Inverse pole figures captured from the untreated and treated regions of WAAM 

built specimens 

Finally, further microstructural analysis was conducted to evaluate the deformation mechanism 

through residual strain distribution and the results in form of the kernel average misorientation 

(KAM) maps are shown in Figure 7.14. In this analysis the same step size and settings were 

used to capture the residual strain distribution maps, therefore the obtained results are directly 

comparable with each other56. It can be seen in Figure 7.14 that the largest deformation, hence 

a higher level of residual strain, was found along the crack path in ER70S-6 specimens. For 

ER100S-1 specimens it can be clearly observed in Figure 7.14 that most of deformation in this 

material is located at the surface of the examined coupon, which is visible by the dominantly 
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green colour throughout the examined area. Very little difference in residual strains was found 

between the untreated and treated regions in each specimen. 

Specimen ID Untreated Treated 

70-VB-LP 

  

100-VB-LP 

  

Figure 7.14: Residual strain analysis for WAAM built specimens made of ER70S-6 and 

ER100S-1 

7.1.7. Conclusions 
 

In this study the effects of laser shock peening and surface rolling treatments on the FCG 

behaviour were comprehensively examined, along with the residual stress distribution and 

material texture of WAAM built low carbon steel components. The following conclusions can 

be drawn based on the obtained results from this work: 

• For ER70S-6 WAAM built components, both surface treatment techniques have been 

found to enhance the fatigue performance by reducing the FCG rates in the surface 

treated area compared to the untreated material. 

• For both materials, the laser shock peening technique resulted in the longest fatigue 

lives compared to the untreated samples. The longest test durations in laser peened 

specimens were observed in the vertical specimens extracted from the bottom of 

ER70S-6 and the top of ER100S-1 WAAM walls. 

• Application of rolling surface treatment, using the same parameters on both materials, 

was found to be inefficient for ER100S-1 specimens and resulting in a shorter fatigue 

life and higher FCG rates compared to the untreated material. 
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• The surface rolling treatment introduces high residual stresses in the near surface 

region of ER100S-1 specimens, which resulted in deterioration of FCG performance, 

whereas laser shock peening induced significant level of compressive residual stresses 

which were beneficial for fatigue performance and results in lower FCG rates. 

• The residual stress measurements through-thickness of treated specimens showed 

asymmetrical stress distribution with respect to the mid-thickness plane, which can be 

due to non-symmetrical application of surface treatment techniques. 

• The texture was found to increase by applying both surface treatment techniques; 

however, for laser shock peened specimens the texture index was found on average 2.7 

times higher than the rolled specimens. Moreover, untreated specimens made of 

ER100S-1 material exhibited a higher texture compared to untreated ER70S-6 

specimens. 

• ER100S-1 has finer grains compared to ER70S-6 specimens while the cracking mode 

in both materials was found to be transgranular under fatigue loading conditions. 

• A larger amount of residual strain was observed throughout ER100S-1 WAAM 

specimens, whereas in ER70S-6 specimens the highest residual strains were 

concentrated along the crack path. 
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Abstract11 

The need for increased manufacturing efficiency of large engineering structures has led to 

development of wire arc additive manufacturing (WAAM), which is also known as direct 

energy deposition (DED) method. One of the main barriers for rapid adoption of the WAAM 

technology in wider range of industrial applications is the lack of sufficient performance data 

on the WAAM components for various materials and operational conditions. The present study 

addresses this essential need by exploring the effects of laser shock peening surface treatment 

on corrosion-fatigue crack growth (CFCG) life enhancement of WAAM components made of 

ER70S-6 and ER100S-1 steel wires. The experimental results obtained from this study were 

compared with the CFCG trends from nominally identical specimens without surface treatment 

and prove the efficiency of the examined surface treatment method for corrosion-fatigue life 

enhancement and crack growth retardation of WAAM built steel components, regardless of the 

material type and specimen orientation. Furthermore, the residual stresses in the WAAM built 

specimens with and without surface treatment were measured to validate the influence of 

beneficial residual stresses, arising from surface treatment, on subsequent CFCG behaviour of 

the material. The residual stress profiles show the beneficial compressive stress fields in the 

surface treated areas which result in CFCG life enhancement. The results from this study make 

significant contribution to knowledge by evaluating the suitability of WAAM built steel 

components for application in offshore environments. 

 

Keywords: Wire Arc Additive Manufacturing; Corrosion-Fatigue; Surface Treatment; Laser 

Shock Peening; Residual Stress 
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7.2.1. Introduction 
 

Nearly all engineering structures experience some form of cyclic loading condition during their 

lifetime, which results in fatigue damage. The fatigue performance of engineering structures 

can be significantly deteriorated in the presence of harsh environmental conditions. For 

example, the offshore structures in oil and gas, and renewable energy industries are subjected 

to cyclic loads caused by wind, waves, and current, while they operate in the highly corrosive 

marine environment1. A combination of these factors may lead to premature failure of the 

structures during their operation, making corrosion-fatigue the main mode of failure for 

offshore structures. Thus, it is essential to develop new high strength materials and 

manufacturing techniques to enhance the corrosion-fatigue resistance of offshore structures to 

extend their operational lifespan. A number of life enhancement techniques have been 

developed and implemented by various industries in the past, including mechanical and surface 

treatment methods, to improve the fatigue performance of engineering structures. Grinding is 

a widely used mechanical technique2, designed particularly for the weld toes, to reduce high 

stress concentrations and subsequently increase the fatigue life of the welded component. 

Moreover, several surface treatment techniques can be used to induce compressive residual 

stress fields at the outer surface of the component and slow down the crack initiation and 

propagation processes. A number of surface treatment methods have already been actively 

implemented in a wide range of engineering applications such as surface rolling3–7, shot 

peening8–12, laser shock peening13–15 and vibro peening16. They differ by the complexity of the 

treatment process, cost, penetration depth and hence the efficiency, which will also depend on 

the material properties and industrial application. 

Wire arc additive manufacturing (WAAM), which is a type of direct energy deposition (DED) 

additive manufacturing (AM) technology, is a fabrication process to 3D print large scale 

metallic parts or repair the damaged components. Compared to conventional manufacturing 

methods for metals and other DED techniques, WAAM is an advantageous and cost-effective 

method for fabrication of large scale structures, which can improve the mechanical properties, 

and enable hybrid manufacturing by involving combination of materials17,18. However, on the 

other hand it presents some challenges, such as complex residual stress profiles and surface 

roughness, which directly affect the fatigue performance of the WAAM built parts19–22. The 

tensile residual stresses have damaging effect on structural integrity by accelerating the crack 

initiation and propagation. Therefore, material treatments are often required during deposition 

process or post- manufacturing to enhance the integrity of WAAM built components. The most 

common material treatment method that has been examined in the past for life enhancement of 

WAAM built parts is inter-pass rolling that is usually applied on top of each deposited AM 

layer, while building the part. Several research groups reported the effectiveness of this 

method, and its ability to lengthen the fatigue life of WAAM parts made of titanium23,24, 

aluminium25, steel26 and stainless steel27. While inter-pass rolling has proved to enhance the 

fatigue behaviour of the WAAM built components, it considerably increases the manufacturing 

time, effort, and cost. Hence, there is need to examine alternative material treatment techniques, 

particularly post-manufacturing surface treatment processes, to enhance the fatigue response 

of WAAM built components in much shorter time scales.  

Among all surface treatment techniques laser shock peening, which is also known as laser 

peening (LP), offers a greater penetration depth, hence higher values of induced compressive 
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residual stresses that subsequently result in higher fatigue resistance in the treated areas8,13. 

This is why LP is usually used for the critical mechanical components, which contain notches, 

holes, or sharp corners prone to fatigue failure. As reflected in the recent studies, this surface 

treatment method has great potential to address the main challenges involved in integrity 

management of WAAM components made of various metallic materials28. Laser peening, used 

as a post-processing method on WAAM built aluminium specimens by Sun et al.29, showed 

microstructural refinement and increase in micro-hardness of the examined material, as well as 

transformation of tensile stresses into compressive stresses, resulting in 72% yield strength 

improvement. Comparable conclusions were drawn by Luo30 and Chi31, on tested WAAM 

specimens made of titanium, confirming the benefits of LP surface treatment technique32. Also, 

a study by Wang et al.33 is available on LP treated wrought aluminium specimens, which 

presented promising results with an increase of corrosion-fatigue life by 29.3% using gradient 

laser pulse energies. The existing test data available in the literature are mainly focused on 

aerospace applications, hence why the past research attempts have been conducted on materials 

such as titanium and aluminium. However, no data is available on life enhancement options for 

WAAM built steels particularly for industrial applications where the structure is subjected to 

corrosion-fatigue loading conditions such as offshore structures. The above findings highlight 

the need for a systematic investigation of the effectiveness of the LP surface treatment 

technique for corrosion-fatigue life enhancement of WAAM built steel structures to expand the 

application of the WAAM technology to offshore environments. 

In order to fill in the research gap, this study investigates the influence of LP surface treatment 

technique on corrosion-fatigue crack growth (CFCG) behaviour of WAAM built specimens 

made with different grades of steel, namely ER70S-6 and ER100S-1. The results obtained from 

this study are compared with the CFCG performance of nominally identical untreated WAAM 

specimens to quantify the extent of life enhancement in the presence of LP treatment. 

Furthermore, the results from CFCG tests were interpreted by measuring the residual stresses 

in untreated and treated specimens, revealing the cause of the beneficial impact of LP on CFCG 

behaviour of WAAM specimens. 

 

7.2.2. Specimen fabrication and preparation 
 

• Manufacturing procedure 

For the current study, two WAAM walls were fabricated, one using the ER70S-6 and one using 

ER100S-1 steel wires. Four specimens were extracted in total; two from the WAAM wall 

fabricated using ER70S-6 mild steel34, and two from WAAM wall made of ER100S-1 steel 

wire35. The chemical composition of both materials employed in this study is presented in Table 

7.4. Both WAAM walls were manufactured by the Cold Metal Transfer (CMT) process, using 

parameters summarised in Table 7.5. The WAAM-CMT system set-up is shown in Figure 7.15, 

which typically consists of the CMT power source, that feeds the welding wire at a set speed. 

During this process, the wire is fed through a pre-programmed robotic arm, which also supplies 

shielding gas, and the electric arc melts the wire and deposits the material onto the base plate 

with the torch. The base plate was rigidly attached to the working table with clamps that 

prevented the plate and wall from distortion and bending due to extreme manufacturing 

temperatures. Once the deposited WAAM wall was cooled to ambient temperature, the clamps 
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were released. Due to the large thickness of the designed WAAM walls, the oscillation 

deposition strategy36 was employed to achieve the thickness of 24 mm (Y-axis in Figure 7.15), 

with approximate length of 355 mm (X-axis), and height of 140 mm (Z-axis).  

Table 7.4: Chemical composition of the steel wires (wt.-%)34,35 

  C Mn Cr Si Ni Mo S P Cu V 

ER70S-6 0.09 <1.60 0.05 0.09 0.05 0.05 0.007 0.007 0.20 0.05 

ER100S-1 0.08 1.70 0.20 0.60 1.50 0.50 - - - - 

 

Table 7.5: WAAM-CMT system fabrication parameters 

Shielding gas Ar+20% CO2 

Gas flow rate 15 L/min 

Robot travelling speed 7.33 mm/sec 

Wire diameter 1.2 mm 

Wire feed speed 7.5 m/min 

Dwell time 120 sec 

 

 

Figure 7.15: WAAM-CMT system set-up with schematic display of specimen orientations 

Two compact tension, C(T), specimens were extracted from each WAAM wall using the 

Electrical Discharge Machining (EDM) method, in vertical (V) and horizontal (H) orientations. 

Specimens extracted from ER70S-6 wall were denoted as ‘70’, and those from ER100S-1 wall 

denoted as ‘100’. As shown in Figure 7.15, in vertical specimen the crack plane is perpendicular 

to the deposited additive layers, whereas in horizonal specimen it is parallel to the deposited 

layers. The C(T) specimens were designed according to ASTM E647 standard37, with the width 
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of W = 50 mm, height of H = 60 mm, thickness of B = 16 mm and the initial crack length before 

pre-cracking of a0 = 17 mm. Also, according to the ASTM 1820 standard38 knife edges were 

designed at the crack mouth of the specimens, in order to accommodate a Crack Opening 

Displacement (COD) gauge for crack growth monitoring during pre-cracking stage, which is 

required prior to CFCG tests. 

• Surface treatment on WAAM built specimens 

After extraction of the specimens from the WAAM walls, they were subjected to laser shock 

peening (LP) surface treatment. A small rectangular area with dimensions of 20 × 12 mm2 was 

treated on both sides of C(T) specimens as shown in Figure 7.16 (a) and (b), where the area 

ahead of the notch tip was 20 × 8 mm2, following the suggestion made in a study by Pi et al39. 

The following parameters were adopted during the treatment: spot size of 3 mm2, pulse duration 

of 18 ns, energy level of 8.1 with the power density of J = 5 GW/cm2, three layers of treatment, 

providing 300% coverage (presented in Figure 7.16 (a)). Following application of LP surface 

treatment on C(T) specimens, all four specimens were pre-cracked on Instron 100 kN servo 

hydraulic machine to approximately 20 mm (a/W=0.4) crack length using the load-decreasing 

approach, ensuring that the final value of maximum stress intensity factor Kmax at the end of 

pre-cracking process is not exceeding the initial Kmax at the beginning of CFCG tests. At the 

final stage of specimen preparation, strain gauges were attached at the back of the specimens 

(Figure 7.16 (c)) and then covered with protective polysulfide coating as shown in Figure 7.16 

(d), to perform the crack growth measurements in seawater during CFCG tests, which is 

explained further in the following section. 

 

 

  
(a) (b) 

Treated area with 

300% coverage LP area
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(c) (d) 

 

Figure 7.16: C(T) specimen with (a) a patch after third layer of LP application (300% 

coverage), (b) after LP treatment process, (c) schematic illustration of BFS location, and (d) 

protective coating over the strain gauge attached to the back of the sample 

 

7.2.3. Corrosion-fatigue crack growth testing and analysis procedure 
 

• Test set-up 

To replicate the free-corrosion environment for CFCG tests, the artificial seawater was 

prepared following the guidelines provided in ASTM D1141-98 standard40 with deionised 

water and combination of chemicals, presented in Table 7.6. The pH level of the seawater was 

monitored to ensure it is maintained between 8.0 and 8.2, and once it dropped below 8.0 it was 

replaced with freshly prepared seawater. Prior to testing, specimens were soaked in the 

seawater for at least 24 hours, as advised in the standard. The CFCG test set-up is displayed in 

Figure 7.17, which consists of 100 kN servo hydraulic Instron machine, seawater tank that 

contained 60 L of seawater, water pumps that circulated seawater through the environmental 

chamber attached onto Instron machine at a constant rate of 4 L/min., The C(T) specimen was 

positioned in the chamber in such a way that the crack plane was constantly immersed in water 

throughout the test. A chiller maintained the temperature of the seawater between 8.0 and 

10.0°C to replicate the conditions in the North Sea1. A camera was attached to the machine for 

constant observation and monitoring of the lengthy CFCG test. The CFCG tests were 

conducted under load-controlled mode, with the maximum load of Pmax = 10 kN, load ratio of 

R = 0.1, and frequency of f = 0.3 Hz, which is typically used for corrosion-fatigue assessment 

of offshore wind turbine structures41,42. As shown in Figure 7.17, the C(T) specimen was 

marked prior to immersion in water to highlight the desired crack length of 35 mm (af,c /W = 

0.7), which indicated the end of test once the crack grew to length.   

Table 7.6: The chemical used for preparation of artificial seawater40 

  NaCl MgCl2 Na2SO4 CaCl2 KCl NaHCO3 KBr H3BO3 SrCl2 NaF 

Concentration 

(g/L) 
24.53 5.20 4.09 1.16 0.695 0.201 1.101 0.027 0.025 0.003 

 

Back face strain 
gauge

Back face strain 

gauge
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Figure 7.17: Corrosion-fatigue crack growth test set-up 

• Crack growth monitoring technique 

During the CFCG test, the specimen is located underwater limiting the access for visual or 

mechanical crack monitoring techniques. One of the few known methods for crack estimation  

applicable for environmental tests is the back face strain (BFS) technique43,44. The idea is to 

correlate the BFS data with the crack length of the specimen. For this purpose, strain gauges 

are attached to the back of the specimens at the mid-height and mid-thickness, which react to 

specimen deformation during the test (due to crack growth and hence specimen mouth opening 

and reduction in stiffness). The data is recorded by a strain gauge indicator recording device 

(BFS recorder) that monitors the variation in strain at the back of the specimen throughout the 

test (shown in Figure 7.17). In order to correlate the BFS data recorded during the CFCG test 

with the crack length, a calibration curve needs to be obtained from the FCG test in air on a 

nominally identical C(T) specimen. During the FCG calibration test, the BFS data from the 

strain gauge and the crack length obtained from the COD gauge using the unloading 

compliance method are recorded simultaneously to plot them against each other and develop 

empirical correlation for a particular C(T) specimen geometry with a given loading condition.   

Therefore, prior to the main CFCG tests, four nominally identical C(T) specimens, with the 

same design, material, extraction orientations and LP surface treatment were tested in air. 

Knowing that the BFS calibration curve depends on the loading conditions, the FCG calibration 

tests were conducted under the exact same loading condition as the CFCG tests, which are 

summarised in Table 7.7. Four empirical correlations between BFS data and crack length were 

developed for WAAM ER70S-6 and ER100S-1, vertical and horizontal specimens. 

Furthermore, to verify the accuracy of the crack length estimation obtained with the BFS 

technique, the beach marking (BM) method45 was implemented during the tests in air and 

seawater. This method requires reduction of the maximum applied cyclic load and/or frequency 

for a short period of time during the test, which leaves a visible thin line on the fracture surface 

of the specimen, which is also known as beach mark. The duration of BM cycles has to be 

carefully selected to ensure that the crack does not considerably propagate during the process 

Environmental

chamber

Camera

Chiller

Water pumps

Seawater tankBFS recorder
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and hence BFS value remains unchanged. When the BM method is employed, the 

corresponding value of BFS is recorded. Upon completion of the test, the crack length is 

measured on the fracture surface of the broken specimen and correlated with corresponding 

BFS value at particular beach marks. The BM method was first evaluated on the specimens 

tested for FCG in air. An example of the fracture surface of ER100S-1 specimen with beach 

marks is shown in Figure 7.18. Once the procedure and required outcome were verified, this 

method was implemented in the CFCG tests, repeating BM three times throughout each test to 

generate enough data points to cross-check the results from BFS method. Prior to the test, each 

C(T) specimen was marked on the outer surface to identify the approximate locations for the 

three pre-planned beach marks (Figure 7.17). The BM loading conditions for tests in air and 

seawater are shown in Table 7.7. 

 

 

Figure 7.18: Visible beach marks on a broken ER100S-1 specimen FCG tested in air 

Table 7.7: Test loading conditions for air and seawater environments 

Test 

environment 

The main test condition  Beach marking loading condition  

Pmax (kN) R f (Hz) Pmax (kN) R f (Hz) 

Air 10 0.1 5 8 0.125 3 

Seawater 10 0.1 0.3 8 0.125 0.1 

 

Upon completion of the CFCG tests, all four C(T) specimens were broken open and their 

fracture surfaces were analysed, as displayed in Figure 7.19. It can be seen in this figure that 

all specimens were severely corroded during the tests, hence the BM lines were not as visible 

as the ones on the specimens tested in air (Figure 7.18). Thus, optical microscopy was used to 

identify the exact location of the marks in CFCG specimens. An example of the calibration 

curve obtained with the BFS method and additional BM data collected for 70-H-LP specimen 

are shown in Figure 7.20, which indicates good agreement and confirms the accuracy of crack 

estimation methods implemented in this study. 

 

Beach marks
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70-V-LP 70-H-LP 100-V-LP 100-H-LP 

Figure 7.19: Fracture surfaces of the CFCG tested WAAM specimens 

 

Figure 7.20: Comparison of the produced “crack length vs. BFS” calibration curve with the 

data collected through BM method for 70-H-LP specimen 

• Data analysis method 

Using the estimated crack lengths from the BFS method and the corresponding number of 

cycles, the CFCG rates, da/dN was computed by applying the secant method for the first three 

and last three data points, and seven-point incremental polynomial method for the rest of the 

data points. Subsequently, the stress intensity factor (SIF) was determined using the shape 

function equation proposed by Mehmanparast et al.46 and shown in Equation 7.5, where 𝛼= 
𝑎/𝑊 is the normalised crack length and ΔP is the difference between the maximum load Pmax 

and the minimum load Pmin. 

∆𝐾 =
∆𝑃

𝐵𝑊
∙ √𝑎 ∙ (−372.12𝛼6 + 1628.60𝛼5 − 2107.46𝛼4 + 1304.65𝛼3

− 391.20𝛼2 + 54.81𝛼 + 7.57) 
Equation 7.5 

 

7.2.4. Results and discussions 
 

The results obtained from this study on LP surface treated specimens were plotted and 

compared with the results of CFCG tests on nominally identical specimens without surface 

treatment from previous studies by Ermakova et al. on ER70S-647 and ER100S-148 C(T) 

specimens. The results were initially evaluated in terms of the test duration by plotting the 

crack length values, a, against number of cycles, N, as shown in Figure 7.21 (a) for ER70S-6 
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and Figure 7.21 (b) for ER100S-1 specimens. It can be seen from the figure, that for both 

materials and orientations the required number of cycles to propagate the crack to 35 mm has 

increased for LP specimens despite the material type and extraction orientation. Also, it can be 

noted here that the increase in number of cycles is comparatively smaller for horizontal 

specimens (2.4% for 70-H-LP and 19.3% for 100-H-LP), whereas for vertical specimens the 

shift is more pronounced (45.8% for 70-V-LP and 40.5% for 100-V-LP specimens). The 

obtained trends indicate that the duration of the test increased mostly while the crack was 

growing through the treated area of the specimens (treated area after pre-cracking is from 20 

mm to approximately 25 mm of the crack length) and once the crack extends outside the surface 

treatment area the trends for treated and untreated specimens gradually become almost parallel. 

The dashed grey lines in Figure 7.21 (a) and (b) divide the crack growth into two regions: the 

first one affected by the surface treatment at the crack length of between 20 and approximately 

28 mm, and the second area without surface treatment, which starts from a crack length of 

approximately 28 mm. It is expected that this effect is caused by induced compressive stresses 

from LP surface treatment technique and redistribution of the initial residual stresses in the 

specimens, which is discussed in Section 7.2.5. 
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(b) 

Figure 7.21: Comparison of the crack growth trends from WAAM specimens with and 

without LP surface treatment for (a) ER70S-6, and (b) ER100S-1 materials 

The CFCG rates calculated for each LP specimen were plotted against the SIF, ΔK, and 

compared with the results from untreated specimens in Figure 7.22 for (a) ER70S-6 and (b) 

R100S-1 specimens. It can be observed from the figure that at lower values of ΔK, hence shorter 

crack lengths, and all four surface treated specimens show improved CFCG rates in comparison 

with the results for untreated specimens. The best result is presented by 100-V-LP specimen, 

in which the CFGC rate is lower than untreated specimen throughout the test. It can be seen in  

Figure 7.22 that the CFCG rate in 100-V-LP specimen was almost constant up to 26 mm (which 

corresponds to the end of the LP treated area ahead of the crack tip), beyond which the CFCG 

trend started to follow the trend of the untreated specimen, although with cracking rate of on 

average 30% lower. Very close trend pattern is also seen for 70-H-LP and its untreated 

counterpart, where the cracking rates show minor improvement up to 30 mm of crack growth. 

The trend for 70-V-LP specimen is very steep compared with untreated specimen results, 

indicating the enhanced crack growth rates for the period of test (up to 26.5 mm) when the 

crack was growing through the treated area; however, with the increase in the crack length and 

ΔK values, the corrosion-fatigue resistance was reduced dramatically compared with the 

corresponding untreated specimen. Similarly, 100-H-LP specimen demonstrated improved 

CFCG behaviour at the lower values of ΔK (up to 27.6 mm), which is then undertaken by 

untreated specimen. The above observations lead to a conclusion that despite the material and 

specimen extraction orientation, corrosion-fatigue life enhancement is achievable by LP 

surface treatment technique for WAAM fabricated mild steel specimens within the treated area. 

Furthermore, the effect of LP strongly depends on the size of the treated area, as shown by test 

duration (Figure 7.21) and CFCG rate (Figure 7.22) results.  
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(a) 

 

(b) 

Figure 7.22: Comparison of CFCG rates from WAAM specimens with and without LP 

surface treatment for (a) ER70S-6, and (b) ER100S-1 materials 

 

7.2.5. Residual stress assessments 
 

In order to have an accurate interpretation of the CFCG results from the surface treated 

specimens presented in the previous section, the residual stress distribution profiles in ER100-

1 vertical specimens (100-V) were examined before and after LP application. Two non-

destructive techniques were used in this study: neutron diffraction and X-ray. The neutron 

diffraction method offers a deeper penetration depth compared with X-ray, which only captures 

the stresses in the near surface region. Thus, the changes in residual stress state in the middle 
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of the specimen caused by LP treatment were measured using the neutron diffraction method 

while the X-ray technique was used to depict the residual stresses at the outer surface of the 

treated specimen. 

• Neutron diffraction measurements 

The initial residual stresses in the 100-V untreated specimen were measured by SALSA strain 

diffractometer at the Institut Laue-Langevin (ILL)-France49. After applying the LP surface 

treatment, the specimen’s residual stress profile was measured again using KOWARI strain 

scanner at the Australia's Nuclear Science and Technology Organisation (ANSTO). A similar 

set-up was employed in both institutes (see Figure 7.23 (a)), where the neutron wavelength was 

fixed, and the diffraction angle was measured. Subsequently, the lattice spacing parameter d 

was calculated using Bragg’s law50: 

𝑛𝜆𝑛 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃ℎ𝑘𝑙 Equation 7.6 

where n is a constant, 𝜆𝑛 is the neutron wavelength, d is the lattice spacing or the distance 

between sets of parallel crystallographic planes characterised by the Miller indices hkl, and 𝜃 

is the scattering angle. In the next step, the elastic strain was computed by employing the 

changes in the lattice spacing (Δ𝑑) using the following equation: 

𝜀ℎ𝑘𝑙 =
Δ𝑑ℎ𝑘𝑙

𝑑0,ℎ𝑘𝑙
=  

𝑑ℎ𝑘𝑙 − 𝑑0,ℎ𝑘𝑙

𝑑0,ℎ𝑘𝑙
 Equation 7.7 

where d0 is stress-free value of lattice spacing, measured in the cubes with the dimensions of 

5×5×5 mm3, extracted along the crack path from nominally identical specimens without any 

surface treatment. The selected approach for d0 on multiple cube samples, minimises the error 

in neutron diffraction results by considering the variations in heterogeneous properties of AM 

specimens.  

The residual stress in each direction was then calculated from the residual strains using Hooke’s 

law, which can be described as:  

𝜎𝑖 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
[(1 − 𝜈)𝜀𝑖 + 𝜈(𝜀𝑗 + 𝜀𝑘)] Equation 7.8 

where E is the elastic Young’s modulus and 𝜈 is Poisson’s ratio. The crystallographic values 

of the elastic modulus and Poisson’s ratio used in this study were E=210 GPa and 𝜈 =0.2551. 

Gauge volume was set to 2×2×2 mm3 for the experiments, conducting the measurements in the 

middle of the specimen along the crack propagation line, depicted as L0 in Figure 7.23 (b). In 

this figure, the stress component of interest is shown with black arrow, which is normal to the 

crack plane. 
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(a) (b) 

Figure 7.23: Neutron diffraction (a) measurement set-up, and (b) measurement line with 

respect to the specimen thickness (the arrow indicates the residual stress component of 

interest) 

• X-ray diffraction method 

During application of the LP surface technique onto 100-V specimen (100-V-LP), the residual 

stresses at the outer surface of the specimen were measured using a Malvern Panalytical 

EMPYREAN diffractometer. The maximum penetration depth of the measurement was 37.5 

μm from the outer surface. Similar to the neutron diffraction measurements, surface X-ray (XR) 

examination was conducted along the crack path, ahead of the crack tip of the specimen, with 

intervals of 1 mm. The component of stress perpendicular to the crack plane was recorded, 

which represents the direction of the applied load during the CFCG tests. 

• Residual stress distribution trends 

The residual stress measurement results obtained on ER100S-1 vertical specimen before and 

after LP treatment are presented in Figure 7.24. It can be seen in this figure that the initial 

residual stress state at the mid thickness of the specimen (100-V-L0) consists of the tensile 

stresses up to 407 MPa. However, once the LP was applied (100-V-LP-L0) the residual stresses 

in the middle of the specimen were reduced dramatically to values between 25 – 86 MPa of 

tensile stress. As for the residual stresses at the specimen surface measured with X-ray 

technique (100-V-LP-XR), a clear trend of compressive stresses introduced in the treated area 

of the specimen can be observed. The maximum amplitude of compressive stress is -134 MPa, 

and the compressive stress region is up to the crack length of 27 mm, even though the edge of 

the LP treated zone is at approximately 25 mm. From 27 mm onwards the overall residual stress 

distribution in the sample is balanced by the tensile stress profile, with the maximum amplitude 

of 401 MPa, in the region beyond the surface treated area. The observed behaviour of the 

residual stresses in the specimen caused by the LP application can explain the improved CFCG 

performance in the LP surface treated region at low values of ΔK, as described in Section 7.2.4. 

It can be concluded that the enhancement of the CFCG behaviour, which was observed for at 

least the first 8 mm of the crack propagation region (up to 28 mm crack length) in Figure 7.21 

(b) and in almost constant CFCG rates for up to 26 mm of the crack length in Figure 7.22 (b), 

is corresponding to the compressive stress region highlighted by the X-ray residual stress 

measurements in the same region up to 27 mm. Subsequently, the CFCG rates deterioration at 

larger crack length (Figure 7.22 (b)) is corresponding to the tensile stress profile region shown 

by the X-ray measurements (beyond 27 mm crack length). The influence of residual stresses 
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on the CFCG rates can be explained through the effective stress intensity factor, presented in 

Equation 7.9, where 𝐾𝑎𝑝 is the applied SIF during CFCG tests, and 𝐾𝑅𝑆  is the residual stress 

SIF52.  

𝐾𝑒𝑓𝑓 = 𝐾𝑎𝑝 + 𝐾𝑅𝑆  Equation 7.9 

It is evident from this equation that the compressive residual stresses, located near the crack tip 

region, reduce the value of the effective SIF, which simultaneously leads to an exponential 

reduction in the CFCG rates, as seen in Equation 7.10, where C and m are material constants. 

Conversely, the tensile residual stresses could increase the CFCG rates as a result of increase 

in the effective SIF value. 

𝑑𝑎/𝑑𝑁 = 𝐶∆𝐾𝑚 Equation 7.10 

 

 

Figure 7.24: Residual stress distribution in 100-V specimen before and after surface treatment  

 

7.2.6. Conclusions 
 

In the current study the effectiveness of surface treatment techniques on CFCG life 

enhancement of ER70S-6 and ER100S-1 WAAM built C(T) specimens were examined by 

applying laser shock peening at the area near the crack tip. The CFCG tests were performed on 

specimens with laser shock peening treatment and the results were compared with those 

without any surface treatment. The following results and observations could be made from this 

study: 

• Laser shock peening was found to be an efficient method for deceleration of CFCG 

rates and improvement of lifespan in WAAM built specimens made of two different 

steel wires examined in this study.  

• The laser shock peening surface treatment improved the CFCG performance despite the 

specimen orientation with respect to WAAM deposition direction.  

• The best CFCG life enhancement in both materials was observed in vertical specimens, 

increasing the lifespan of ER70S-6 specimen by 45.8% and ER100S-1 by 40.5%. 
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• The effect of laser shock peening is pronounced while the crack is propagating through 

the treated area and can result in a deteriorating trend within the untreated region of the 

sample. 

• Neutron and X-ray diffraction measurements revealed that LP introduces compressive 

residual stresses at the outer surface of the specimen within the treated area, which 

subsequently slows down the CFCG rates and prolongs the lifespan of the surface 

treated specimens.  
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7.3. Conclusion 

 

This chapter was dedicated to investigation of the effects of laser shock peening and surface 

rolling treatments on the fatigue crack growth, and residual stress distribution of WAAM built 

low carbon steel components. 

The study concluded that both surface treatment techniques enhanced fatigue performance in 

ER70S-6 WAAM built components by reducing FCG rates in the treated area compared to 

untreated material. Laser shock peening yielded the longest fatigue lives, particularly in vertical 

specimens extracted from the bottom of ER70S-6 and the top of ER100S-1 WAAM walls. 

However, the rolling surface treatment proved inefficient for ER100S-1 specimens, leading to 

shorter fatigue life and higher FCG rates. 

The surface rolling treatment introduced high residual stresses in the near-surface region of 

ER100S-1 specimens, causing a deterioration of FCG performance, while laser shock peening 

induced significant compressive residual stresses, beneficial for fatigue performance, and 

resulted in lower FCG rates. 

The research also revealed that both surface treatment techniques increased material texture, 

with laser shock peened specimens exhibiting a texture index 2.7 times higher than rolled 

specimens. Moreover, untreated ER100S-1 specimens had a higher texture compared to 

untreated ER70S-6 specimens. 

In terms of corrosion-fatigue crack growth, laser shock peening proved effective for 

decelerating CFCG rates and improving the lifespan of WAAM built specimens made of 

ER70S-6 and ER100S-1 materials. The treatment significantly enhanced CFCG performance 

regardless of the specimen orientation with respect to WAAM deposition direction. The best 

CFCG life enhancement was observed in vertical specimens, increasing the lifespan of ER70S-

6 by 45.8% and ER100S-1 by 40.5%. 

Neutron and X-ray diffraction measurements confirmed that laser shock peening introduced 

compressive residual stresses at the outer surface of the treated specimens, effectively slowing 

down the CFCG rates and prolonging the lifespan of the surface treated specimens within the 

surface treated area. 

Overall, this study provides valuable insights into the benefits of laser shock peening and 

surface rolling treatments in improving the fatigue and corrosion-fatigue performance of 

WAAM built components, supporting their potential application in various industries, 

particularly in offshore structures. 
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Chapter 8 : Conclusions and Future Work 
 

8.1. Conclusions 

The structural integrity assessment of WAAM built steel specimens made with ER70S-6 and 

ER100S-1 steel wires has been conducted in this work. In order to fully characterise the 

performance of WAAM components made of two materials, the following tests have been 

conducted: hardness, tensile, fracture toughness, fatigue crack growth, corrosion-fatigue crack 

growth, uniaxial, torsion and multiaxial fatigue. The sensitivity of the results to specimen 

extraction location and orientation has been analysed and discussed. The possibility of life 

enhancement of WAAM built steel specimens have been examined by applying two distinct 

surface treatment techniques, namely surface rolling and laser shock peening, onto the 

specimens surface. The fatigue life of the surface treated specimens was analysed and 

compared with the behaviour of untreated specimens. Moreover, the residual stress trends were 

determined for specimens before and after the surface treatment application to explore its 

impact on the fatigue life enhancement. The main conclusions, outcomes, and observations of 

the research are presented below. 

 

Tensile properties 

• ER70S-6 WAAM built specimens presented a lower yield strength of 377.5 MPa and 

higher tensile strain at failure of 0.74 mm/mm compared to ER100S-1 with 537 MPa 

and 0.64 mm/mm, respectively. 

• The UTS value for ER100S-1 on average is 816.5 MPa, which is 56% higher than for 

ER70S-6 specimens. 

• The stress-strain curves are slightly higher (by 6.8%) for specimens with horizontal 

orientation than for vertical regardless of the tested materials. Hence, tensile properties 

of the tested WAAM steel specimens are sensitive to the extracted orientation of the 

specimen. 

• Specimens extracted from ER100S-1 walls exhibit slightly higher yield and UTS than 

S355 wrought steel specimens, whereas ER70S-6 shows similar performance as S355.  

• The corrosive environment leads to reduction of yield strength of the material for both 

examined WAAM materials. 

 

Hardness properties 

• The hardness value varies for each deposited WAAM layer. 

• ER100S-1 steel has higher hardenability than ER70S-6. 

• Hardness value for ER100S-1 on average is 251 HV, which is about 61% higher than 

for ER70S-6 (155 HV). 

• The hardness trend along the WAAM wall height is almost constant for ER100S-1 

material and shows slight hardening at the top and bottom of WAAM wall for ER70S-

6 steel. 
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• The repeated thermal cycles associated with WAAM manufacturing process presented 

more pronounced effect in material with lower yield stress (ER70S-6), hence hardness 

variability.  

• Hardness of wrought S355 steel, reported in the literature, is equal to the average 

between ER70S-6 and ER100S-1 hardness values. 

 

Fracture toughness properties 

• Specimens extracted from ER70S-6 WAAM walls exhibit much higher R-curve trends 

than ER100S-1, hence more energy is required to propagate the crack in ER70S-6 

specimens. 

• The average fracture toughness values for ER70S-6 and ER100S-1 are 420 kJ/m2 and 

49 kJ/m2, respectively. 

• The comparison of fracture toughness R-curves shows that behaviour of both materials 

does not depend on extracted orientation of the specimens. 

• Moreover, the performance of ER70S-6 WAAM specimens is not sensitive to the 

specimen’s extraction location. 

• Specimens extracted from the bottom of ER100S-1 WAAM walls present 48% lower 

values of fracture toughness than specimens extracted from the top, thus fracture 

toughness of ER100S-1 specimens is sensitive to the location on the WAAM built wall. 

• Fracture toughness of ER70S-6 specimens is twice lower than wrought S355 steels. 

• The corrosive environment increases the fracture toughness R-curve trends for both 

tested materials.  

• The fracture toughness value for ER100S-1 corroded specimens is 61% higher than for 

specimen without environmental exposure. 

 

Fatigue crack growth characteristics 

• FCG behaviour of the tested ER70S-6 specimens was not sensitive to the extraction 

location from the WAAM wall, however, depends on the specimen orientation.  

• The observation for tested ER100S-1 specimens is the opposite, as FCG performance 

highly depends on extraction location of the specimens, instead of orientation. Though, 

the orientation of the specimen affects the shape of the FCG trend and level of scatter. 

Irregular wavy FCG pattern was observed in ER100S-1 vertical specimens, which is 

caused by crack propagation through boundaries between adjacent WAAM layers. 

• Different load levels for FCG tests introduce variations in ER70S-6 WAAM built 

specimens response. Horizontal specimens exhibit twice longer fatigue life under 

applied load of 10 kN, whereas when the load is increased to 11 kN, the vertical 

specimens withstand fatigue life of 1.3 times longer instead. 

• The collected FCG data for both materials in present research fall below the 

recommended BS7910 trends. 

• Further comparison of FCG trends for WAAM specimens with performance of wrought 

S355 shows that FCG curves for ER70S-6 vertical specimens fall slightly higher than 

the average results for wrought S355. Results for horizontal ER70S-6 and bottom 
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ER100S-1fall close with the upper bound of S355 steel data. Top ER100S-1 specimens 

present the best FCG rates, which are equal or below the bottom bound for S355 steels. 

 

Corrosion-fatigue crack growth characteristics 

• CFCG rates for ER70S-6 specimens are sensitive to specimen location, whereas for 

ER100S-1 there is sensitivity to specimen orientation. This behaviour is opposite to 

observations in results from FCG tests in air. 

• The obtained CFCG trends for both examined materials in this research fall below 

BS7910 recommended crack growth lines. 

• Similarly, to FCG results in air, the CFCG rates for ER70S-6 fall slightly above (bottom 

specimens) or on top (top specimens) of existing test data on CFCG performance of 

S355 wrought and HAZ steels. The trends for ER100S-1 specimens overlap with the 

cloud of S355 data. 

• The corrosion-fatigue life of ER70S-6 WAAM built specimens is three times longer 

than S355 HAZ steel, and 9.7 times longer for ER100S-1 specimens. 

 

Uniaxial, torsion and multiaxial fatigue properties 

• Uniaxial, torsion and multiaxial fatigue response of ER100S-1 WAAM specimens is 

not dependant on specimen orientation. Fatigue results for ER70S-6 specimens 

demonstrated variability based on orientation of the extracted specimens, and better 

fatigue strength was presented by vertical specimens under uniaxial loading conditions, 

however, horizontal specimens were more fatigue resistant under torsion and multiaxial 

load. 

• As expected, the uniaxial fatigue strength for both materials was higher than torsion 

fatigue strength, with the lowest strength under multiaxial load. 

• Uniaxial, torsion and multiaxial fatigue strength of ER100S-1 WAAM built specimens 

on average is 1.4, 1.3 and 1.5 times higher than for ER70S-6, respectively. 

• The S-N curves for both tested materials are conservatively predicted by DNV C1 

design curve for structures with continuous welds. 

• Comparison of fatigue performance of ER70S-6 WAAM steel is similar with existing 

data on S355 and other carbon steels, whereas ER100S-1 specimens show beneficial 

behaviour when compared with fatigue data on wrought steels. 

 

Life enhancement  

• Laser shock peening surface treatment technique have been found effective for fatigue 

life enhancement of both WAAM steels, decelerating FCG and CFCG rates and 

improving the lifespan of the specimens by up to 45.8%. 

• The profound effect of LP is observed while the crack is propagating through the treated 

area of the specimen, which declines once the crack enters the untreated area. 

• Rolling surface treatment technique was reported as less efficient for improving the 

FCG performance of ER70S-6 WAAM specimens than LP. Application of rolling 
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technique was inefficient on ER100S-1 specimens, leading to higher FCG rates and 

shorter lifespan. 

• The residual stress measurements revealed that rolling technique introduces high 

torsion stresses near the surface of the specimen that cause deterioration of FCG life. 

While LP forms compressive stresses in the treated area that beneficially affect the FCG 

performance. 

• Through-thickness residual stress measurements demonstrate small asymmetry in stress 

distribution in surface treated areas of the specimens. This can be related to non-

symmetrical application of the surface treatment techniques or material inhomogeneity. 

• Application of rolling and laser peening surface techniques increases the texture. LP 

improves the texture index 2.7 times higher than rolling. 

 

Microstructure analysis 

• ER100S-1 WAAM built specimens demonstrate finer grains compared with ER70S-6. 

• Both materials showed transgranular cracking mode under fatigue loading conditions. 

• In FCG tests, ER70S-6 specimens presented high residual strain concentrated along the 

crack propagation path. However, in ER100S-1 specimens, residual strain was 

observed throughout the specimen thickness. 

• The microstructural deformation mechanisms in FCG and CFCG tests strongly depend 

on specimen orientation. Vertical specimens are more heterogenous, as the crack travels 

through different WAAM layers.  

• Fracture surfaces after uniaxial, torsion, multiaxial fatigue tests did not reveal any 

significant variations between vertical and horizontal specimens for both materials, 

presenting common fatigue features observed in wrought materials. 

• Tested specimens were examined throughout the research and found to be almost 

defect-free. Some minor defects were observed with diameter smaller than 30 µm. 

 

General conclusions 

• Throughout the research it has been observed that the performance of WAAM built 

components highly depends on extraction location and orientation, which in turn 

depends on the performed test, load level and environment. This confirms the 

importance of creating a new data base for all new AM techniques and materials, 

without generalisation based on similar materials and manufacturing methods. 

• The WAAM technique examined in this research has shown a great potential for 

applications in offshore structures, in particular for manufacturing and repair of 

offshore wind turbines. Furthermore, the inspected types of steel ER70S-6 and 

ER100S-1 have presented the comparable or beneficial mechanical and fatigue 

properties compared with the performance of currently used S355 wrought steels, thus 

can be considered as substitution for production of critical components or components 

with complex geometry and hence expensive manufacturing cost, such as flanged 

connections. 
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8.2. Future work 

 

A comprehensive test programme was conducted in the current research to characterise the 

behaviour of WAAM built ER70S-6 and ER100S-1 specimens. Nevertheless, some additional 

work needs to be done for better overall understanding on performance of WAAM steel 

specimens. A few suggestions arising from the current study are listed below. 

Based on the allocated timeframe to complete the research, the number of specimens produced 

and tested were limited. Therefore, it is suggested to conduct repeat tests (minimum three) to 

confirm the preliminary trends presented in this thesis, verify level of scatter, and expand the 

available testing database for the new WAAM technique and materials. Particularly focusing 

on orientation/location sensitivity analysis for each tested property. Moreover, different load 

levels can be investigated to learn the material response. 

Location dependence analysis was not performed in tensile and uniaxial, torsion and multiaxial 

fatigue tests, which is recommended to be completed in future work, to fully understand the 

behaviour of steel components extracted from different parts of WAAM walls. 

Tensile properties of corroded WAAM steel specimens need to be examined, in order to 

accurately design the specimen for fracture toughness tests and validate the blunting and 

exclusion lines for fracture toughness values determination. Furthermore, other mechanical and 

fatigue properties of WAAM steel specimens previously exposed to corrosive environment can 

be determined, for further considerations of such materials and manufacturing method in 

marine applications. 

Examination of residual stresses in more specimens with various location/orientation 

combinations before and after surface treatment application will help to predict and control 

FCG and CFCG response and enable life enhancement possibilities of WAAM built steel 

specimens. Hence, additional ND through-thickness and X-ray near surface measurements are 

suggested in future work. 

A comprehensive economic study must be undertaken to assess the feasibility of adopting 

WAAM technique and materials for offshore structures, comparing them with the current costs 

incurred through conventional manufacturing methods. Furthermore, this study can identify 

the potential parts of interest with reduced levelised cost to initiate the adoption of WAAM 

process within the offshore industry.  
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Paper XII: A review of life extension strategies for offshore wind 

farms using technoeconomic assessments 

 

 

Benjamin Pakenhama, Anna Ermakovaa and Ali Mehmanparasta* 

a Offshore Renewable Energy Engineering Centre, Cranfield University, Cranfield MK43 

0AL, UK 

 

 

Abstract12 

 

The aim of this study is to look into the current information surrounding decommissioning and 

life extension strategies in the offshore wind sector and critically assess them to make informed 

decisions upon completion of the initial design life in offshore wind farms. This was done 

through a two-pronged approach by looking into the technical aspects through comprehensive 

discussions with industrial specialists in the field and also looking into similar but more mature 

industries such as the Offshore Oil and Gas sector. For the financial side of the assessment, a 

financial model was constructed to help portray a possible outcome to extend the life for a 

current offshore wind farm, using the existing data. By employing a techno-economic approach 

for critical assessment of life extension strategies, this study demonstrates the advantages and 

disadvantages of each strategy and looks to inform the offshore wind industry the best course 

of action for current wind farms, depending on their size and age. 

 

Keywords: Decommissioning; Life extension; Repowering; Offshore structures; Wind power 
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Paper XIII: Numerical analysis of surface rolling effects on fatigue 

life enhancement of wire arc additively manufactured parts 

 

Dingkun Pia, Anna Ermakovaa,b*, Ali Mehmanparasta,b 

a Offshore Renewable Energy Engineering Centre, Cranfield University, Cranfield, MK43 

0AL, UK 

b Department of Naval Architecture, Ocean and Marine Engineering, University of 

Strathclyde, Glasgow G1 1XQ, United Kingdom 

 

 

Abstract13 

 

With the advancements in the additive manufacturing (AM) technologies, it is expected that 

fast and efficient production using the AM techniques will gradually replace the traditional 

manufacturing processes. An important consideration in the design and life assessment of AM 

built parts is the asset integrity management and in particular fatigue life enhancement of such 

components. Surface rolling treatment is known to be an efficient way to introduce deep 

compressive residual stresses into engineering components, and therefore it has been 

considered as a practical and effective life enhancement technology. In this study, the surface 

rolling effects on the fatigue life enhancement of wire arc additively manufactured (WAAM) 

parts has been investigated. For this purpose, a compact tension specimen geometry was 

modelled in ABAQUS and the rolling process was simulated by means of finite element 

simulations to predict the extent of compressive residual stresses induced into a WAAM built 

part. The simulation results have been discussed in terms of the beneficial effects of surface 

rolling on fatigue life enhancement of WAAM built parts. 

 

Keywords: WAAM, Rolling effects, FEA. 
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