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Abstract The new emerging Wire and Arc Addi-
tive Manufacturing (WAAM) technology has signifi-
cant potential to improve material design and efficiency
for structural components as well as reducing manu-
facturing 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 degra-
dation 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 assess-
ment purposes. In this work, fatigue crack growth tests
have been conducted on compact tension specimens
extracted from ER70S-6 steel WAAM built compo-
nents. The crack propagation behaviour of the speci-
mens extracted with different orientations (i.e. horizon-
tal 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 mechan-
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ics parameter AK and the results are compared with
the literature data available for corresponding wrought
structural steels and the recommended fatigue crack
growth trends in the BS7910 standard. The obtained
results have been found to fall below the recommended
trends in the 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 func-
tionally graded structures fabricated using the WAAM
technique.

Keywords Fatigue Crack growth - Structural
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Nomenclature

agp Initial crack length in C(T) specimen

a; Instantaneous crack length

aj.p Crack length after pre-fatigue cracking

afe Final crack length (compliance data)

af.op Final crack length (fracture surface)

B Total thickness of C(T) specimen

C Material constant for fatigue crack growth

da/dN Fatigue crack growth rate

H C(T) specimen height

Knax Stress intensity factor corresponding to
Prax

AK Stress intensity factor range
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m Material constant for fatigue crack growth
Poax Maximum load

R Load ratio

w C(T) specimen width

AM Additive Manufacturing

B Bottom

C(T) Compact Tension specimen

CMT Cold Metal Transfer

EDM Electrical Discharge Machining
FCG Fatigue Crack Growth

HAZ Heat Affected Zone

H Horizontal

SD Standard Deviation

SEN(B) Single Edge Notched Bend

SEM Scanning Electron Microscope

SIF Stress Intensity Factor

T Top

\Y% Vertical

WAAM  Wire and Arc Additive Manufacturing

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
arc (Williams et al. 2015; Martina et al. 2012). Com-
pared with powder-based additive manufacturing tech-
niques, WAAM has a key advantage of a relatively
high deposition rate, depositing several kilograms of
metal per hour, resulting in lower cost and reasonably
short fabrication time (Brandl et al. 2010; Wang et al.
2011). Additionally, using wire as the feeding mate-
rial brings fewer safety issues compared to powders
(Martina et al. 2012; Zhang et al. 2017a). However,
as-deposited WAAM parts may require post process-
ing due to surface roughness and inaccuracies involved
in exact dimensions (Greitemeier et al. 2016; Pegues
et al. 2018). This technique has already been adopted
by the aerospace industry and is now finding its appli-
cations in other industrial sectors (Ding et al. 2015).
One of the major constraints for the widespread appli-
cation of WAAM in industries is limited knowledge of
the mechanical properties of such components, partic-
ularly 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 the additive manufac-
turing process, due to repeated melting, solidification
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and reheating, introduces changes to the microstruc-
ture and residual stresses that would have an impact on
mechanical and fatigue properties, hence these have to
be examined carefully for a more accurate interpreta-
tion of the WAAM built components.

The majority of the published work on WAAM built
components reported in the literature is on the parts
made of titanium and stainless steel alloys, particu-
larly 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 tech-
nology for other high production rate industries such as
offshore wind. Experimental evaluation of the fatigue
behaviour of WAAM titanium alloy compact tension,
C(T), samples by Zhang et al. (2017a,b) revealed con-
siderably lower fatigue crack growth (FCG) rates of the
WAAM material compared to the wrought counterpart.
Therefore, the WAAM technique was recommended
as a strong candidate for manufacturing damage toler-
ance driven designs. Moreover, different sample orien-
tations were investigated by Zhang et al. (2017a,b) 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. (2016). Gordon
et al. (2018) 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
(2019) and the results showed lower FCG rates com-
pared to the specimens made of the wrought material.

The preliminary test results reported in the litera-
ture 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 mate-
rial. 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 deci-
sions for material selection in the fabrication of future
WAAM built components based on the fatigue resis-
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Table 1 Chemical composition of ER70S-6 material (Wt.-%) "3

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

tance observed in fatigue crack growth tests. To fill
this gap in the 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 from the FCG test are presented below, along
with discussions and comparison with the existing data
in the literature. The results presented in this study pro-
vide an insight into the extension of the application of
WAAM technology to other industries, such as offshore
wind, where a significant number of large scale com-
ponents must be fabricated within limited timeframes.

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 auto-
matic welding and is well-known for excellent weld-
ing properties, stable arc, high deposition efficiency
and low spatter. Typical applications for this wire are
in the repair of a variety of mild and low alloy steels,
small diameter pipes and tubing, sheet metal applica-
tions, and root pass pipe welding (Mild Steel Welding
Alloy ER70S-6). A moderate amount of rust is accept-
able during the welding process which makes this wire
a preferable choice for marine applications (ER70S-6
- Weld Wire). However, some post-processing is usu-
ally required subsequent to fabrication to remove the
generated silicon island deposits. In this study, Lincoln
electric ER70S-6 wire (Lincoln Electric Company) was
used with the chemical composition summarised in
Table 1.

Two additively manufactured walls were built using
the Cold Metal Transfer (CMT) based WAAM process,
with the manufacturing parameters shown in Table 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 Fig. 1.

Table 2 CMT-WAAM fabrication parameters

Shielding gas Ar+20% CO,
Gas flow rate 15 L/min
Wire diameter 1.2 mm
Robot travelling speed 7.33 mm/s
Wire feed speed 7.5 m/min
Dwell time 120 sec

As shown in the figure, the WAAM set-up consists of
the CMT power source, a robot arm with the torch feed-
ing the wire and a simultaneous shielding gas supply.
An exhaust fan was also used to draw off the generated
fumes 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 x 200 x 12 mm?>.
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. (2019), to
create relatively thick walls of approximately 24 mm
in thickness (Y-direction in Fig. 1b), 355 mm in length
(X-direction) and 140 mm in height (Z-direction).

Once the fabrication of the WAAM walls was com-
pleted, test specimens were extracted from each wall
using the Electrical Discharge Machining (EDM) tech-
nique. Twelve stepped notched compact tension, C(T),
specimens were extracted along two different orienta-
tions: vertical (V)—with the crack plane perpendicu-
lar to the deposited layers, and horizontal (H)—with
the crack plane parallel to the deposited layers. As
schematically shown in Fig. 2, the 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 E647 (ASTM E647-13 2014) standard with the

@ Springer



50

A. Ermakova et al.

=
Shieldin.gI gas

(b)

Base plate

Fig. 1 The fabrication process: a CMT WAAM set-up, b com-
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Fig. 2 A schematic demonstration of the specimen extraction
plan

width of W = 50 mm, the height of H = 60 mm,
total thickness of B = 16 mm and initial crack length
of ap = 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 E1820 (American Society for Testing and
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Materials 2011) to accommodate a clip gauge for com-
pliance measurements throughout the tests.

3 Fatigue crack growth test set-up and data
analysis

FCQG tests were conducted on a 100 kN servo-hydraulic
machine under Mode I fracture mechanics loading con-
ditions in accordance with the ASTM E647 (ASTM
E647-13 2014) 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 sinu-
soidal cyclic waveform at 5 Hz frequency. Six speci-
mens were tested with the maximum applied load of
Ppax = 10 kN, with another six samples tested under
Pax = 11 kN. For each of the load levels examined in
this study, half of the specimens (i.e. three C(T) spec-
imens) 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 (a; ,/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 K,,,, did not exceed the initial K,
at the beginning of the actual FCG test.

The estimated values of crack length during the pre-
cracking phase and the main FCG tests were monitored
using the unloading compliance technique (Ermakova
et al. 2020), 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 propagated straight without any major devia-
tion from the symmetry line in the C(T) test speci-
mens. Moreover, the cameras were used to cross-check
the crack growth readings obtained from the compli-
ance 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
(afc/W = 0.7). The fatigue test set-up and the crack
growth monitoring tool employed in this study are pre-
sented in Fig. 3.
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Fig. 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 the
seven-point incremental polynomial technique for the
rest of the data points. As suggested by ASTM E647,
the stress intensity factor (SIF) range, AK, for C(T)
specimen geometry can be obtained using Eq. 1:

AP  (2+0a)
AK = A + A(0.886 + 4.64a
BVW (1 -a)2
—13.320% — 14.72¢° — 5.60*) (1)

where AP is the applied cyclic load range, and o =
a/W is the normalised crack length

However, due to the validity limitation of this equa-
tion for C(T) specimens with shallow crack lengths, a
new shape function equation was developed based on
numerical analysis in a previous study by Mehman-
parast et al. (2017) and incorporated in the calculation
of the SIF for C(T) specimens, which is shown in Eq.
2. It was reported by Mehmanparast et al. (2017) that
AK values obtained using Eq. 2 are more accurate for a
wider range of normalised crack lengths ranging from
a/W=02toa/W =0.7.

AP A 2+
BNVW (1— oz)%
x(—372.12a% + 1628.600° — 2107.46a*
+1304.65¢° — 391.200% + 5481 + 7.57)

2)

AK = A

4 Fatigue crack growth test results and discussion

The FCG test data, which include the instantaneous
crack lengths a and number of cycles, collected dur-

ing the tests on all specimens are presented and com-
pared with each other in Fig. 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 Py, from 10 to 11 kN, the
test duration decreased by approximately 2.3 times for
horizontal specimens and 1.5 times for vertical speci-
mens. The results show that under P, = 10 kN, on
average around a twice longer fatigue life is generally
observed in horizontal specimens, compared to verti-
cal specimens. However, when the applied load level
was increased to P, = 11 kN an opposite trend is
observed with the vertical specimens having on aver-
age around a 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 future work. Finally seen in Fig. 4 is that while the
short-term repeat tests under Py, = 11 kN exhibit
similar trends with a relatively small level of scatter,
the deviation in the test results enlarges in longer-term
tests under P4 = 10 kN, particularly in the hor-
izontal specimens. This indicates that the fatigue test
duration and the level of scatter in the test data strongly
depends on the applied load level in the tests on ER70S-
6 WAAM built specimens.

The FCG rates, da/dN, obtained from the tests on
C(T) specimens have been correlated with the lin-
ear elastic fracture mechanics parameter, AK, and the
results are presented in Fig. 5. It can be seen in this fig-
ure that, for a given loading condition, the experimental
data obtained from the tests on each specimen orienta-
tion fall upon each other, showing four distinct clouds
of data and indicating good repeatability for each of the
four datasets at two different load levels and on two dif-
ferent specimen orientations. It can be seen in this figure
that the FCG results show a higher trend in the tests per-
formed at P,,4, = 11 kN, particularly at greater values
of AK towards the end of the tests. The comparison of
the results obtained from different orientations shows
that under the cyclic applied load of P, = 10 kN
the vertical specimens exhibit a higher FCG rate com-
pared to the horizontal specimens throughout the tests,
including the near threshold region and the Paris region.
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For the tests performed under P, = 11 kN, it can be
seen that while the horizontal specimens demonstrate a
higher FCG rate in the near threshold region at low val-
ues of AK, this trend switches for larger crack lengths
with the vertical specimens showing a higher FCG rate
towards the end of the Paris region. Comparing the
experimental clouds in Fig. 5 it can be seen that the
lowest FCG rates are observed in horizontal specimens
tested under Py, = 10 kN.

For each FCG dataset presented in Fig. 5, the mate-
rial constants C and m in the Paris region with inter-
mediate values of AK (Eq. 3) were obtained by plot-
ting the line of best fit to the data and determining the
power-law constants, which are summarised in Table 3.
Also included in Table 3 are the values of the coeffi-
cient 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
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of the material. It can be seen in this table that the val-
ues of the stress intensity factor range exponent, m, are
within the established range of 2 to 4, which is typi-
cally observed in the FCG tests on wrought materials
in the absence of a corrosive environment (Anderson
2005). 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
Fig. 2) is also reported in Table 3. Comparing the test
results in Fig. 5 and Table 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 WA AM specimens, and within the inherent exper-
imental scatter the da/dN vs. AK trends from speci-
mens extracted at the top and bottom of the WAAM
walls fall close to or upon each other.

da/dN = CAK™ 3)
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Table 3 Paris law constants for the fatigue crack growth tests on ER70S-6 WAAM built specimens
Specimen ID Orientation Location Pax (kKN) C m R2
CT-V-1 \Y T 10 7.51 x 1078 2.39 0.993
CT-V-2 v B 10 7.37 x 1078 2.39 0.997
CT-V-3 v B 10 8.34 x 1077 2.99 0.995
CT-H-1 H T 10 4.29 x 107° 3.11 0.996
CT-H-2 H B 10 3.37 x 1078 2.59 0.989
CT-H-3 H T 10 2.80 x 1077 3.28 0.991
CT-V-4 \% B 11 6.64 x 107° 3.08 0.993
CT-V-5 \% B 11 1.32 x 1078 2.86 0.995
CT-V-6 v B 11 9.09 x 107° 2.97 0.997
CT-H-4 H B 11 520 x 1078 2.49 0.995
CT-H-5 H B 11 3.94 x 10~8 2.56 0.996
CT-H-6 H B 11 2.46 x 1078 2.72 0.997
SR8 upper bound trends were calculated based on +2 stan-
dard deviation (SD) by assuming the same slope as
the mean line. The Power-law constants for the upper
R?=0.951 bound FCG trends (mean+2SD) in the Paris region for
3 each of the four datasets are reported in Table 4.
% 5.0E-04 — T eTEioEaE The mean+-2SD lines for four sets of experiments
% R? =090 on different specimen orientations and load levels are
3 plotted and compared with each other in Fig. 7. Also
: 'of;w - in(:.luded in this figure are the BS7910 recommended
~SetH P v fatigue crack growth trends (BS 7910 2015) (i.e. upper
50E.05 - SetH [ bound trends) for welded joints in air based on the sim-

2.0E+01 7.0E+01

AK (MPavm)

Fig. 6 The lines of best fit made to the fatigue crack growth data
in the Paris region for different specimen orientations and load
levels

Furthermore, the Paris law constants were deter-
mined for each set of specimens with the same orienta-
tion (i.e. vertical and horizontal) and under a given load-
ing condition (P4, 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 Fig. 6 and summarised in
Table 4. As seen in Fig. 6 and Table 4, the R? values are
found to be slightly higher for specimens tested under
Pnax = 11kN, indicating less scatter in these datasets,
compared to those tested at P4, = 10 kN, which is
consistent with observations made in Fig. 4. Lower val-
ues of R? for specimens tested under P, = 10 kN
suggests more scattered results. To further analyse the
level of scatter in each of the obtained datasets, the

plified 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
the BS7910 standard. This indicates that the FCG rates
in ER70S-6 WAAM built components can be conser-
vatively predicted by the recommended trends in the
BS7910 standard. It can be seen in Fig. 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.

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. (2018) and S355G8+M steel C(T) specimens on
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HAZ and base metal (BM) tested by Mehmanparast
etal. (2017); 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 P,y = 10 kN,
5Hz frequency and R = 0.1, and the results are pre-
sented in Fig. 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 spec-
imens are on average around three and four times
higher than S355G8+M and S355G+10M HAZ spec-
imens, respectively. Knowing that S355G8+M and
S355G+10M are widely used in the fabrication of off-
shore structures, which are subjected to severe cyclic
loading conditions during their lifespan (Igwemezie
etal. 2019; Jacob et al. 2019; Jacob and Mehmanparast
2021), the comparison of results in Fig. 7 shows that the
WAAM technology can be potentially employed in the
fabrication of less critical components and parts of off-
shore 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 recom-
mended FCG trends provided in the BS7910 standard.

5 Fractography

Upon completion of the FCG tests, post-mortem anal-
ysis 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 increase the brittleness of the material and
facilitate the fast fracture opening process with mini-
mum plastic deformation. Examples of fracture sur-
faces are shown in Fig. 8 for different specimen orien-
tations and loading conditions. As seen in Fig. 8a, 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 12 specimens tested in this study. The frac-
tography analysis of the tested specimens shows that
the crack propagation regions are quite symmetric for
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each specimen, which confirms that perfect appropri-
ate 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 orien-
tations without any evidence of significant defects or
crack deviation from the straight line on the fracture
surface.

The information on the key specimen dimensions,
the machined crack length a,, the crack length after
pre-cracking process estimated using the compliance
method a;, p, the final crack length after FCG test esti-
mated using the compliance method a 7, and the final
crack length measured on the fracture surfaces using
optical imaging ay,op, is summarised in Table 5. As
seen in this table, the percentage of error between the
estimated (using the compliance technique) and mea-
sured (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.

In order to examine the FCG rate differences
observed in Fig. 5, further microstructural analysis has
been conducted on the broken-open specimens using
a TESCAN VEGA 3 Scanning Electron Microscope
(SEM) with high 5kx magnification and the results are
presented in Fig. 9. Since the largest difference in FCG
rates took place at lower AK values and became almost
negligible towards the end of the tests, the microstruc-
tural 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 analy-
sis on the horizontal specimen tested at P,,,x = 10kN
(Fig. 9a), revealed dimpled rupture 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
Ppax = 10kN (Fig. 9b) consists of nearly flat regions,
in the absence of secondary cracks, where a relatively
fast cleavage fracture occurs during the crack propaga-
tion process confirming the brittle fracture in the ver-
tical specimen. Similar observations were reported by
several researchers (Rafieazad et al. 2019, 2021; Xu
et al. 2018). 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 to
propagate due to the ductile cracking mode, exhibits
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Table 4 Power-law constants for the mean curves and upper bound trends in the Paris region for different orientations and load levels

Datasets Orientation Pax (kN) Mean Mean + 2SD
C m R? C m
Set-V \Y 10 2.14 x 1078 2.74 0.950 2.61 x 1078 2.74
Set-H H 10 3.76 x 1079 3.20 0.951 495 % 107° 3.20
Set-V A 11 9.75 x 10~° 2.95 0.990 1.09 x 10~8 2.95
Set-H H 11 343 x 1078 2.61 0.992 3.79 x 1078 2.61
Fig. 7 Comparison of the 1.E-02 —Set-V
upper bound fatigue crack —Set | frer=10KN
growth trends on ER70S-6 Set.V Mean+2SD
WAAM specimens to ]»P,W =11kN
BS7910 curves and 1.E-03 ; —SetH
literature data on S355 N o HAZ1 1
o
g e HAZ2
£ 1E04 4 e HAZ3 ”
— S355G+10M
g s HAZ4 "
S
i 4 HAZS5
1.E-05 4 s HAZ6
BM-C1
BM-C2 .
 £.0p | BS7910simplified law s HiZEi [ PoaM
7 70 = HAZ-C2 |

4K (MPavm)

(@ (b) (© (d)

Fig. 8 Fracture surface of ER70S-6 WAAM specimens tested under P,,ax = 10kN: a CT-V-3 vertical, b CT-H-2 horizontal; and under
Pax = 11kN: ¢ CT-V-6 vertical, d CT-H-4 horizontal

a lower FCG rate compared to the vertical specimen To examine the influence of plasticity on the FCG
tested under the same cyclic loading condition (see behaviour of specimens with different orientations, fur-
Fig. 5). ther microstructural analyses were conducted on the
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Table S Specimen dimensions, loading condition, initial and final crack lengths

Specimen ID Ppax (kKN) W (mm) B (mm) ap (mm) a;,p (mm) ay, (mm) af,ep (mm) % error in ay
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 17.1 232 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 35.0 349 0.2
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 35.0 350 0.2
CT-V-4 11 50.2 16.0 17.1 19.9 35.0 352 0.5
CT-V-5 11 50.0 16.2 17.0 20.1 35.0 353 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 35.0 354 1.0
CT-H-5 11 50.0 16.1 17.2 20.3 35.0 354 1.0
CT-H-6 11 50.0 16.0 171 20.1 35.0 35.1 0.2

(d) vertical, Py =11kN

Fig. 9 Fracture surface of the FCG specimens with 5.0 kx magnification (arrow on the right shows the crack propagation direction)

@ Springer



Fatigue crack growth behaviour of wire and arc additively manufactured ER70S-6... 57

Coarse Grains

“Eine Grains

Fine Grains

100 um

(b)

Fig. 10 Optical microscopy analysis of a vertical specimen revealing (a) grains size (b) different WAAM layers

horizontal and vertical specimens tested at P, =
11 kN (see Fig. 9c and d). Comparison of the microstruc-
tural deformation in the horizontal specimens tested at
Puax = 10KN in Fig. 9a and at Py, = 11kN in
Fig. 9c shows that increasing the load level on this
specimen orientation has resulted in shallower dim-
ples and lower density of secondary cracks, indicat-
ing a less ductile fracture behaviour in the test con-
ducted at a higher load. This means that in the hori-
zontal 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 Fig. 5. Comparison of the
microstructural deformation in the vertical specimens
tested at Py, = 10kNinFig.9band at P, = 11 kN
in Fig. 9d shows that increasing the load on this spec-
imen 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 Fig. 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 to 11 kN reduces
the FCG trend due to the formation of dimpled regions

and secondary cracks which increase the resistance of
the material to crack propagation.

The grain size is known to be an important microstruc-
tural characteristic that determines the mechanical
behaviour of the metal (Rafieazad et al. 2021). In order
to analyse the grain size distribution in the test spec-
imens, a vertical slice of the WAAM wall was exam-
ined under the optical microscope and the results are
shown in Fig. 10a and b. As seen in this figure, the
grain coarsening feature in the 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 pro-
cess 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 compo-
nents cause anisotropic mechanical properties. Accord-
ing to Fig. 10b, the mechanical properties of the verti-
cal 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 previ-
ously suggested by Rafieazad et al. (2019) that the pres-
ence of the coarse grains in the HAZ could be one of
the main weakening mechanisms in WAAM ER70S-
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6 alloy, which deteriorates the ductility of the mate-
rial. Thus, in addition to the microstructural deforma-
tion characteristics, the variation in mechanical prop-
erties could also influence the FCG behaviour in verti-
cal specimens at different applied load levels. Further
examination of the changes in mechanical properties in
vertical samples will be conducted in future work.

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 P, = 10 kN and 11
kN. The following conclusions and observations have
been made from this study:

e The specimen extraction location with respect to
the WAAM wall does not have any major effect on
the FCG behaviour of specimens.

e Depending on the applied load level, different spec-
imen orientations may introduce some variation in
the test results. Under P, = 10 kN the hor-
izontal specimens showed a twice longer fatigue
life, while vertical specimens exhibited a 1.3 times
longer fatigue life under 11 kN.

e The lowest fatigue crack growth rate was observed
in horizontal specimens tested at Py, = 10 kN
and the highest in horizontal specimens tested
under Py, = 11 kN.

e The mean+2SD lines obtained from the fatigue
crack growth test data on ER70S-6 WAAM speci-
mens with different orientations and tested at differ-
ent load levels fall below the recommended trends
of the BS7910 standard.

e 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.

e The fractography analysis confirmed the accuracy
of the compliance method for crack length estima-
tion in WAAM built samples.

e Analysis of the fracture surfaces showed that the
microstructural deformation mechanism signifi-
cantly depends on the specimen orientation and is
found to be ductile in horizontal and brittle in ver-
tical specimens tested at Py, = 10kN.

@ Springer

e The vertical specimens are more sensitive to mate-
rial inhomogeneity and also plasticity effects at
higher load levels, which would cause dimpled duc-
tile fracture regions and reduced FCG trends.
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