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A B S T R A C T   

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 suit-
ability of WAAM built steel components for application in offshore environments.   

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 environment 
[1]. 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 technique [2], 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 ap-
plications such as surface rolling [3–7], shot peening [8–12], laser shock 
peening [13–15] and vibro peening [16]. They differ by the complexity 
of the treatment process, cost, penetration depth and hence the effi-
ciency, which will also depend on the material properties and industrial 
application. 

Wire arc additive manufacturing (WAAM), which is a type of direct 
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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 advanta-
geous and cost-effective method for fabrication of large scale structures, 
which can improve the mechanical properties, and enable hybrid 
manufacturing by involving combination of materials [17,18]. Howev-
er, on the other hand it presents some challenges, such as complex re-
sidual stress profiles and surface roughness, which directly affect the 
fatigue performance of the WAAM built parts [19–22]. The tensile re-
sidual stresses have damaging effect on structural integrity by acceler-
ating 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 tita-
nium [23,24], aluminum [25], steel [26] and stainless steel [27]. 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 ma-
terial 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 residual stresses that sub-
sequently result in higher fatigue resistance in the treated areas [8,13]. 
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 materials 
[28]. Laser peening, used as a post-processing method on WAAM built 
aluminum 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 Luo [30] and Chi [31], on tested WAAM specimens made 
of titanium, confirming the benefits of LP surface treatment technique 
[32]. Also, a study by Wang et al. [33] is available on LP treated wrought 
aluminum specimens, which presented promising results with an in-
crease 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 aluminum. 
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 influ-
ence 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. 

2. Specimen fabrication and preparation 

2.1. 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 steel [34], and two from WAAM wall made of ER100S-1 steel 
wire [35]. The chemical composition of both materials employed in this 
study is presented in Table 1. Both WAAM walls were manufactured by 
the Cold Metal Transfer (CMT) process, using parameters summarised in 

Nomenclature 

a0 initial crack length in C(T) specimen 
ai instantaneous crack length 
ai,p initial crack length in C(T) specimen after pre-cracking 
af,c estimated final crack length at the end of the test 
Δa crack extension 
B total thickness of C(T) specimen 
C material constant 
d0 stress-free reference value for lattice spacing 
d lattice spacing 
da/dN CFCG rate 
E Young's modulus 
H height of C(T) specimen 
hkl Miller indices 
J the power density in laser shock peening process 
K stress intensity factor 
Keff effective stress intensity factor 
Kmax maximum stress intensity factor 
KRS residual stress intensity factor 
m material constant 
N number of cycles 
Pmax maximum load in a fatigue cycle 

Pmin minimum load in a fatigue cycle 
R load ratio 
W width of C(T) specimen 
ε residual strain 
η geometry dependent function 
θ scattering angle 
λ wavelength 
ν Poisson's ratio 
σi stress component 
σY yield stress 
AM additive manufacturing 
C(T) compact tension specimen geometry 
CMT Cold Metal Transfer 
COD Crack Opening Displacement 
DED Directed Energy Deposition 
EDM Electrical Discharge Machining 
FCG Fatigue Crack Growth 
H horizontal specimen orientation 
LP laser shock peening surface treatment 
MUD multiple of uniform density 
SIF stress intensity factor 
V vertical specimen orientation 
WAAM Wire Arc Additive Manufacturing  
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Table 2. The WAAM-CMT system set-up is shown in Fig. 1, which typi-
cally 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 were released. Due to 
the large thickness of the designed WAAM walls, the oscillation depo-
sition strategy [36] was employed to achieve the thickness of 24 mm (Y- 
axis in Fig. 1), with approximate length of 355 mm (X-axis), and height 
of 140 mm (Z-axis). 

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 Fig. 1, 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 standard [37], with the width 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 standard [38] knife edges were designed at the crack mouth 
of the specimens, in order to accommodate a Crack Opening Displace-
ment (COD) gauge for crack growth monitoring during pre-cracking 
stage, which is required prior to CFCG tests. 

2.2. 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 rect-
angular area with dimensions of 20 × 12 mm2 was treated on both sides 
of C(T) specimens as shown in Fig. 2(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 al. [39] 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 Fig. 2(a)). Following applica-
tion of LP surface treatment on C(T) specimens, all four specimens were 
pre-cracked on Instron 100 kN servo hydraulic machine to approxi-
mately 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 
(see Fig. 2(c)) and then covered with protective polysulfide coating as 
shown in Fig. 2(d), to perform the crack growth measurements in 
seawater during CFCG tests, which is explained further in the following 
section. 

3. Corrosion-fatigue crack growth testing and analysis 
procedure 

3.1. 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 standard [40] with deionised water and combination of 
chemicals, presented in Table 3. 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 h, as 
advised in the standard. The CFCG test set-up is displayed in Fig. 3 [41], 
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 

Table 1 
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 2 
WAAM-CMT system fabrication parameters.  

Shielding gas Ar + 20 % CO2 

Gas flow rate 15 L/min 
Robot travelling speed 7.33 mm/s 
Wire diameter 1.2 mm 
Wire feed speed 7.5 m/min 
Dwell time 120 s  

Fig. 1. WAAM-CMT system set-up with schematic display of specimen 
orientations. 

Fig. 2. 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. 
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immersed in water throughout the test. A chiller maintained the tem-
perature of the seawater between 8.0 and 10.0 ◦C to replicate the con-
ditions in the North Sea [1]. 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 structures [42,43]. As shown in Fig. 3, 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. 

3.2. 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 environ-
mental tests is the back face strain (BFS) technique [44,45]. 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 a strain gauge in-
dicator recording device (BFS recorder) that monitors the variation in 
strain at the back of the specimen throughout the test (shown in Fig. 3). 
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 calibra-
tion test, the BFS data from the strain gauge and the crack length ob-
tained 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 4. Four empirical correla-
tions 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) method [46] 
was implemented during the tests in air and seawater. This method re-
quires 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 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 Fig. 4. 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 (Fig. 3). The BM loading conditions for tests in air and seawater 
are shown in Table 4. 

Upon completion of the CFCG tests, all four C(T) specimens were 
broken open and their fracture surfaces were analysed, as displayed in 
Fig. 5. 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 (Fig. 4). 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 Fig. 6, 
which indicates good agreement and confirms the accuracy of crack 
estimation methods implemented in this study. Further microstructural 
analysis was not conducted due to the high level of corrosion on the 
specimen surface. However, some EBSD assessment has been completed 
on the nominally identical specimens tested for fatigue crack growth 
tests in air by Ermakova et al., where it was reported that there is no 
major effect on both texture index and grain size of the treated speci-
mens [47]. 

3.3. 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 Mehman-
parast et al. [41] and shown in Eq. (1), where α= a/W is the normalised 

Table 3 
The chemical used for preparation of artificial seawater [40].   

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  

Fig. 3. Corrosion-fatigue crack growth test set-up.  

Table 4 
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  
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crack length and ΔP is the difference between the maximum load Pmax 
and the minimum load Pmin. 

ΔK =
ΔP
BW

⋅
̅̅̅
a

√
⋅
(
− 372.12α6 + 1628.60α5 − 2107.46α4 + 1304.65α3

− 391.20α2 + 54.81α+ 7.57
) (1)  

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-6 [48] and ER100S-1 [49] 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 Fig. 7(a) for ER70S-6 and Fig. 7(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 
Fig. 7(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 5. 

The CFCG rates (da/dN) calculated for each LP specimen were 
plotted against the SIF, ΔK, and compared with the results from un-
treated specimens in Fig. 8 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 Fig. 8 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 re-
sults, 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 (Fig. 7) and CFCG rate (Fig. 8) results. 

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 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. 

5.1. Neutron diffraction measurements 

The initial residual stresses in the 100-V untreated specimen were 
measured by SALSA strain diffractometer at the Institut Laue-Langevin 

Fig. 4. Visible beach marks on a broken ER100S-1 specimen FCG tested in air.  

Fig. 5. Fracture surfaces of the CFCG tested WAAM specimens.  

a

Fig. 6. Comparison of the produced “crack length vs. BFS” calibration curve 
with the data collected through BM method for 70-H-LP specimen. 
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N

a

N

Fig. 7. Comparison of the crack growth trends from WAAM specimens with and without LP surface treatment for (a) ER70S-6, and (b) ER100S-1 materials.  
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(ILL)-France [50]. After applying the LP surface treatment, the speci-
men'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 Fig. 9 
(a)), where the neutron wavelength was fixed, and the diffraction angle 
was measured. Subsequently, the lattice spacing parameter d was 
calculated using Bragg's law [51]: 

nλ = 2dhklsinθhkl (2)  

where n is a constant, λ is the neutron wavelength, d is the lattice spacing 
or the distance between sets of parallel crystallographic planes charac-
terised 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
(3)  

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 hetero-
geneous 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

) ]
(4) 

da
/d
N

K

a

a

da
/d
N

K

a

a

Fig. 8. Comparison of CFCG rates from WAAM specimens with and without LP surface treatment for (a) ER70S-6, and (b) ER100S-1 materials.  
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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 = 0.25 [52]. 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 Fig. 9(b). In this figure, the stress component of interest is shown with 
black arrow, which is normal to the crack plane. 

5.2. 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. 

5.3. Residual stress distribution trends 

The residual stress measurement results obtained on ER100S-1 ver-
tical specimen before and after LP treatment are presented in Fig. 10. 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 and 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 re-
sidual 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 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 Fig. 7(b) and 
in almost constant CFCG rates for up to 26 mm of the crack length in 
Fig. 8(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 
(Fig. 8(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 on the CFCG rates can be explained through the effec-
tive stress intensity factor, presented in Eq. (5), where Kap is the applied 
SIF during CFCG tests, and KRS is the residual stress SIF [53]. 

Keff = Kap +KRS (5) 

It is evident from this equation that the compressive residual stresses, 

Fig. 9. 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). 

Fig. 10. Residual stress distribution in 100-V specimen before and after surface treatment.  
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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 Eq. (6), 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 = CΔKm (6)  

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 decel-
eration 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 per-
formance 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 %.  

• The effect of laser shock peening is pronounced while the crack is 
propagating through the treated area and can result in a deterio-
rating trend within the untreated region of the sample. 

• Neutron and X-ray diffraction measurements revealed that LP in-
troduces 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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