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Abstract

Combining welding technology with robotics, wire arc additive manufacturing (WAAM) is emerging
as a viable method of construction. To facilitate its wider application, in particular with structural
integrity in mind, an improved understanding of the fatigue properties of WAAM materials is needed.
Hence, an experimental investigation into the fatigue crack growth (FCG) behaviour of WAAM plates
made of normal- and high-strength steels has been conducted and is reported herein. Following
material characterisation, FCG tests on 13 machined compact tension specimens were undertaken,
extracted in different directions from WAAM plates built using a parallel deposition strategy.
Fractography of the tested specimens was also performed to analyse the mechanisms of crack growth.
The material testing demonstrated an approximately proportional relationship between the hardness
and ultimate strength. From the FCG tests, Paris’ law constants were derived for the WAAM normal-
and high-strength steel specimens, revealing consistently lower material constants m for the latter.
Similar FCG behaviour to that of equivalent, conventionally-produced steels, with no significant
anisotropy, was found. The observed response was shown to be generally well captured by the FCG
laws given in BS 7910, with the recommended curve for unwelded steels providing a close match to

the experimental data and the recommended curve for welded steels providing conservative predictions.
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Additional FCG data on WAAM steels printed using the parallel and oscillatory deposition strategies
were collected and analysed. It was shown that the two deposition strategies led to similar crack growth
rates for WAAM normal-strength steels, but distinct FCG behavioural trends for WAAM high-strength
steels. Finally, the fractographic analysis showed that the WAAM specimens exhibited principally

brittle behaviour during FCG but somewhat ductile behaviour before fracture.

Keywords: Additive manufacturing; Compact tension specimen; Fatigue crack propagation; Fracture

mechanics; Metal 3D printing; Wire arc additive manufacturing.

1 Introduction

Having already gained widespread use across multiple sectors, metal additive manufacturing or 3D
printing is now reaching the construction industry [1-8]. Wire arc additive manufacturing (WAAM)
is a metal 3D printing method that utilises welding technology coupled with robotic control to build
parts through the incremental layer-by-layer deposition of material. WAAM is deemed to be well-
suited to use in construction, since it enables large parts to be built in a relatively quick and economic
manner, with the potential for geometric optimisation, enhancing structural efficiency and architectural
appeal [9-12]. The novel technology has been successfully employed in a number of early structural
applications, featuring the stainless steel MX3D bridge in Amsterdam [13], a steel bridge in Darmstadt
[14] and complex connection nodes [15]. Wider application of WAAM necessitates an improved
understanding of the material behaviour; in particular, with structural integrity in mind, insight into

the fatigue properties is required, as addressed in the present study.

Previous research into the fatigue properties of WAAM materials has largely focused on titanium
alloys [16-18] and stainless steels [19-21], catering to industries such as aerospace and automotive,
while studies on WAAM carbon steels [22,23], although growing in number, have been relatively

limited to date. Bartsch et al. [24] carried out a series of uniaxial fatigue tests and extensive numerical
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simulations on as-built WAAM ER70S-6 steel parts to examine their fatigue resistance. Ermakova et
al. conducted uniaxial, torsion and multi-axial fatigue tests on machined WAAM ER70S-6 [25] and
ER100S-1 [26] steel parts, revealing fatigue performance that compared favourably to that of S355
structural steel and varying degrees of anisotropy and specimen location dependency in the fatigue
properties. In recent research presented in [27], an experimental investigation into the fatigue
behaviour of WAAM ER70S-6 steel plates, in both machined and as-built conditions, was performed,
in parallel with finite element analysis of the local stress concentrations in the as-built plates induced
by the inherent surface undulations. As well as high-cycle fatigue, the low-cycle fatigue behaviour and

failure mechanisms of WAAM ferritic [28] and bainitic [29] steels have also be studied.

Fatigue is a process of initiation and propagation of cracks in materials subjected to cyclic stresses.
WAAM materials, similar to conventional welds, often feature inherent micro-cracks [30,31], resulting
in the crack propagation stage becoming predominant in the fatigue process. The fatigue crack
propagation rate is thus a key parameter in predicting the fatigue life of WAAM parts and in assessing
their structural integrity [32-36]. Several studies [37-39] into the fatigue crack growth (FCG)
behaviour of WAAM normal- and high-strength steel plates have recently been conducted, revealing
similar [38] or lower [40] FCG rates for the former but higher [39] FCG rates for the latter, relative to
equivalent hot-rolled steel plates. It is worth mentioning that the previously studied WAAM plates
[37-39] were printed using the oscillatory (rather than the widely used parallel) deposition strategy
[40]; the two deposition strategies have been shown to result in different material properties for
WAAM steels, especially WAAM high-strength steels [40,41]. Therefore, the FCG behaviour of

WAAM steel plates, printed using the parallel deposition strategy, is the focus of the present study.

Fatigue crack growth tests on 13 machined WAAM steel compact tension specimens of different steel
grades, thicknesses and extraction directions, together with a reference conventional rolled specimen,
have been conducted and are reported in this paper. The production of the WAAM plates and the

extraction of the test specimens are first described, followed by a summary of the key material
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properties of the studied WAAM steels, including the tensile properties measured previously [42] and
hardness examined herein. The fatigue crack growth tests are then presented, with the test results
analysed and compared against existing FCG data on WAAM and conventionally-produced steels, as
well as the recommended FCG laws in BS 7910 [43]. Finally, the fracture surfaces of the tested

specimens are examined to assess the mechanisms of crack growth.

2 Manufacture of test specimens

Oval tubes (with flat sides) of 3 mm and 8 mm nominal thickness, as shown in Fig. 1, were wire arc
additively manufactured by the company MX3D [44] using the typical parallel deposition strategy [40],
with the deposition direction reversing every layer — see Fig. 2 (a). Note that the nominal thicknesses
were target thicknesses to which the oval tubes were manufactured, and that the average thicknesses
of the flat sides of the as-built WAAM tubes were determined by laser scanning and were found to be
close to their nominal thicknesses in previous research by the authors [42]. Feedstock wires ER70S-6
(EN 1SO 14341-A G 42 3M21 3Sil) and ER110S-G (EN ISO 16834-A G 69 4M21 Mn3Ni1CrMo),
with nominal yield strengths of 420 MPa and 690 MPa, were used for the manufacture of the normal-
and high-strength steel specimens, respectively. The chemical composition and mechanical properties
of the as-welded feedstock material are reported in Tables 1 and 2, respectively. A summary of the

printing parameters adopted in the WAAM process is given in Table 3.
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Fig. 1. WAAM oval tubes of 3 mm and 8 mm nominal thickness [42].
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Fig. 2. (a) Typical machined WAAM plate, adopted deposition strategy and extraction of test specimens; (b) typical CT
specimen with key nominal dimensions (in mm).

Table 1 Chemical composition (in % by weight) of ER70S-6 and ER110S-G wires from the manufacturer’s datasheet.

Feedstock wire C Si Mn Cr Ni Mo Cu V Fe
ER70S-6 0.07 0.85 1.43 0.04 0.01 0.01 0.01 0.01 Balance
ER110S-G 0.09 0.54 1.60 0.27 1.37 0.25 1.37 0.08 Balance

Table 2 Mechanical properties (as-welded) of ER70S-6 and ER110S-G wires from the manufacturer’s datasheet.

. Yield strength Tensile strength  Elongation at fracture Impact energy at -
Feedstock wire (MPa) (MPa) (%) 40°C (J)
ER70S-6 471 580 25 73
ER110S-G 735 799 18 55




Table 3 Process parameters used for WAAM plates.

Details
Process parameters
thom=3 mm thom=8 mm
Feedstock wire ER70S-6/ER110S-G  ER70S-6
Wire diameter (mm) 0.8 1.2
Travel speed (mm/s) 8 8
Wire feed rate (m/min) 3 4
Welding voltage (V) 14.8 24.8
Welding current (A) 54 130
Gas flow rate (L/min) 14 16
Welding mode Short-arc welding Pulsed welding
Shielding gas 82% Ar + 18% CO; 82% Ar + 18% CO,
Dwell time (s) 30 30

Following printing, flat plates were cut from the oval tubes using a band saw and then milled smooth
using a slitting saw. Tensile coupons and un-notched compact tension (CT) specimens were extracted
from the machined WAAM plates by means of water jet cutting, and were cut at various angles (6 =
0°, 45° and 90°, as defined in Fig. 2 (a)) relative to the deposition direction, to investigate any potential
material anisotropy. The extracted CT specimens were notched to a length of a, = 14 mm (i.e. the
horizontal distance between the notch tip and the centres of the circular holes — see Fig. 2 (b)) through
electrical discharge machining (EDM); a knife edge was also fabricated at the mouth of the notch to
accommodate a clip gauge for monitoring crack growth by compliance [45,46]. A typical CT specimen
after fabrication is illustrated in Fig. 2 (b), where the key specimen dimensions, as determined in

accordance with ASTM E647 [46], are also presented.

The labelling system for the CT specimens begins with the steel grade (N = Normal-strength steel; H
= High-strength steel), followed by the nominal thickness t,om in mm, the angle of loading € in degrees
and a number to identify each individual specimen. In total, 13 CT specimens of different steel grades,

thicknesses and directions, together with a reference specimen made of Q345 steel [47], were tested.



3 Material properties

3.1 Tensile properties

Tensile testing of the examined WAAM materials has been fully reported in [42], while the key test
results are summarised in this section. Typical measured stress-strain curves of the WAAM steels and
the Q345 steel are presented in Fig. 3. It is shown that the machined WAAM normal-strength steel
exhibited a stress-strain response similar to that of the hot-rolled steel Q345, characterised by a sharply
defined yield point, a yield plateau and subsequent strain hardening; in contrast, the machined WAAM
high-strength steel displayed a more rounded stress-strain response with no distinct yield plateau. The
key mechanical properties of the examined material are given in Table 4, including the Young’s
modulus E, yield (0.2% proof) strength fy, ultimate tensile strength f,, ultimate tensile strain &, and
fracture strain &r. Given that the WAAM steels have been found to be almost isotropic [42], tensile
properties averaged from the 6 = 0°, 45° and 90° coupons are reported. As shown in Table 4, the thom
= 8 mm WAAM normal-strength steel coupons exhibited lower strengths than their thom = 3 mm
counterparts, which can be explained by the lower cooling rates, caused by the higher heat input used

for the additive manufacturing of the thicker material [42].
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Fig. 3. Typical measured stress-strain curves of WAAM steels [42] and Q345 steel.



Table 4 Average tensile properties of WAAM steels and Q345 steel.

Material trom(mm) E (MPa) f,(MPa) f,(MPa) &, &t

WAAM normal-strength steel 3 215000 392 479 015 0.32
WAAM normal-strength steel 8 201000 310 423 0.20 0.36
WAAM high-strength steel 3 222000 620 702 0.09 0.22
Q345 steel 8 200000 356 497 0.17 0.27

3.2 Hardness

Vickers hardness tests were carried out on the examined material in accordance with GB/T 4340.1
[48]. A load of 10 kgf (= 98 N) was applied and held for 10 s for the hardness measurements. Ten
measuring points were taken for each of the Q345 steel and WAAM normal- and high-strength steels.
The average hardness measurements are presented in Table 5, and are similar to the hardness values
previously reported [49,50] for WAAM steels. For conventional rolled steels, the hardness and tensile
strength are approximately proportional [51]. Such a correlation is also observed for the studied
WAAM steels and can be expressed by Eqg. (1), which provides good estimates of the material hardness
HV from the tensile strength f, (in MPa), and vice versa, as reflected in Table 5. Similar predictive

expressions have been proposed for conventional structural steels in [52].

f ~3HV (1)

Table 5 Comparison of measured and estimated (from Eq. (1)) hardness values.

Measured hardness Estimated hardness  Relative

Material thom (MM) (HV) (HV) error
WAAM normal-strength steel 3 161 160 0.6%
WAAM normal-strength steel 8 136 141 3.7%
WAAM high-strength steel 3 220 234 6.4%
Q345 steel 8 160 166 3.8%




4 Fatigue crack growth tests

4.1 Test set-up

The fatigue crack growth (FCG) tests were carried out at room temperature in accordance with ASTM
E647 [46]. All compact tension (CT) specimens were tested under load-controlled sinusoidal cyclic
loading at a frequency of 20 Hz and with a load ratio (i.e. the ratio of the minimum load Pmin to the
maximum load Pmax) R = 0.1, using a 250 kN servo-hydraulic universal testing machine — see Fig. 4.
The applied load ranges AP were varied approximately in proportion to the measured thicknesses t of
the CT specimens to achieve similar stress ranges, as shown in Table 6. Prior to FCG testing,
precracking was performed on all specimens to introduce a sharp crack that simulates realistic cracks
and to eliminate the effects of the machining process. Following the recommendations in ASTM E647
[46], the specimens were precracked to an initial crack length of 15 mm (consisting of the 14 mm long
EDM notch and a 1 mm long precrack) under the same loading condition as the FCG testing. The
number of load cycles used for the precracking is considered to be the crack initiation life and has thus

been excluded from the subsequent FCG analyses.

In the testing programme, a clip gauge was attached to the CT specimens to measure the crack mouth
opening displacement (CMOD), enabling the automatic monitoring of fatigue crack extension by the
compliance method [46]; a travelling microscope was also employed to capture the crack propagation
trajectory. With the input of an estimated ultimate crack length ay = 42 or 45 mm (for the thom = 3 and
8 mm specimens, respectively — see Table 6) into the testing machining, the number of load cycles N
was automatically recorded at 0.2 mm crack growth intervals until the crack reached approximately ay,
where the FCG loading was terminated since fatigue failure was expected to occur and sufficient FCG
data had been captured. The different estimated ultimate crack lengths ay were adopted for the thom =
3 and 8 mm specimens to allow for their varying degrees of stiffness degradation during testing.

Following FCG loading, the beach marking technique [53,54] was applied, whereby a small number



of cycles with a lower stress range were imposed on the specimens, as shown in Fig. 5, to generate
clearly visible beach marks on the fracture surface and hence to determine the actual ultimate crack
length, which was then used to verify the above compliance method. Finally, the uncracked ligaments
of the CT specimens were ruptured by means of monotonic tensile loading (for the thom = 8 mm

specimens) or were cut using an angle grinder (for the thom = 3 mm specimens).

Table 6 Fatigue crack growth test scheme and results.

Specimen  Material Enr%r?n)a Emm)b me) ka,{l”) (Akl?\l) (Al\llalﬁm) (ﬁ;lm) ?r;lwm) a,/a, C° m R?

N-8-0-1 ER70S-6 8 4.88 5 0.5 4.5 922 45 44.1 0.98 7.15x10 3.17 0.990
N-8-0-2 ER70S-6 8 4.90 5 0.5 4.5 918 45 448 1.00 4.89x10* 3.23 0.995
N-8-45-1 ER70S-6 8 4,72 5 0.5 4.5 953 45 444  0.99 9.66x101° 3.43 0.994
N-8-45-2 ER70S-6 8 4.73 5 0.5 4.5 951 45 446 0.99 2.71x10 3.30 0.996
N-8-90-1 ER70S-6 8 4,72 5 0.5 4.5 953 45 44.2 0.98 9.84x101 3.11 0.995
N-8-90-2 ER70S-6 8 5.48 5 0.5 4.5 821 45 45.2 1.00 1.88x10* 3.37 0.995
N-3-0-1 ER70S-6 3 1.67 2 0.2 1.8 1078 42 438 1.04 6.35x101% 3.49 0.991
N-3-45-1 ER70S-6 3 1.67 2 0.2 1.8 1078 42 415 0.99 4.34x10%° 352 0.995
N-3-90-1 ER70S-6 3 1.70 2 0.2 1.8 1059 42 41.8 1.00 5.81x101° 3.49 0.996
N-3-90-2 ER70S-6 3 1.83 2 0.2 1.8 984 42 424 1.01 5.49x101 3.19 0.998
H-3-0-1 ER110S-G 3 1.60 2 0.2 1.8 1125 42 41.0 0.98 1.29x10* 271 0.988
H-3-45-1 ER110S-G 3 1.53 2 0.2 1.8 1176 42 39.6 0.94 9.19x10 274 0.991
H-3-90-1 ER110S-G 3 1.61 2 0.2 1.8 1118 42 419 1.00 5.18x101? 2.48 0.987
Q345-8-1 Q345 8 7.60 8 0.8 7.2 947 45 47.4  1.05 3.57x10 356 0.998

@ Nominal thicknesses of as-built WAAM plates.
b Measured thicknesses of machined CT specimens.
¢ For da/dN in mm/cycle and AK in MPa-mm*?, and defined in the same manner hereinafter.
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Fig. 5. Loading regime adopted for FCG testing of CT specimens.

4.2 Results and discussion

The ultimate fatigue crack lengths, a, and a;,, determined by the compliance method and the beach

marking technique, respectively, are reported and compared in Table 6. The obtained a,, and a;, values
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are shown to be mostly within 3%, confirming the accuracy of the employed crack measurement
methods; exceptions to this are Specimens N-3-0-1, H-3-45-1 and Q345-8-1, for which the recorded
crack lengths were corrected following the recommendations of ASTM E647 [46]. The a-N curves (i.e.
the crack length a versus the number of cycles N) of all specimens, grouped by steel grade and nominal
thickness, are plotted in Fig. 6, with the FCG data during precracking excluded and the initial crack
length starting from 15 mm. The specimens within the same group in Fig. 6 are shown to exhibit similar
crack growth trends, despite a degree of variation in the fatigue lives, which is mainly attributed to the
different measured material thicknesses (see Table 6), coupled with some possible effects of the
loading directions relative to the print layer orientation. The fatigue crack propagation trajectory of
Specimen N-3-90-1, as monitored by the travelling microscope, is plotted alongside the corresponding
a-N curve in Fig. 7, where the fatigue crack morphologies at different stages of loading can be clearly
seen. Note that, owing to its limited field of view, the travelling microscope was manually moved

during testing to track the crack propagation, resulting in the different segments of the crack shown in

Fig. 7 being captured.
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Fig. 7. Fatigue crack growth curve and trajectory of Specimen N-3-90-1.

To further characterise the crack propagation resistance of the studied WAAM materials, the FCG rate
da/dN (i.e. the crack length increment per cycle) was derived from the a-N data, using the secant
method for the first three and the last three data points and the seven-point incremental polynomial

technique for the remainder [46]. According to Paris’ law [55], the FCG rate is correlated with the

stress intensity factor range AK, as follows:
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da "
N C(AK) (2

which can be expressed in double logarithmic coordinates as:
da
log (d_Nj =mlog(AK)+1logC 3)

where C and m are material constants, with the latter being the slope of the crack growth rate curve.
As recommended in ASTM E647 [46], for CT specimens, the stress intensity factor range AK can be

calculated using:

AP (2+a)

K= B\M (1—05)1'5

(0.886 + 4.64c —13.32a° +14.72¢° —5.6a") (4)

where AP is the applied cyclic load range, B and W are the thickness and width of the specimens,

respectively, and o = a/W.

The two material constants C and m for each specimen were determined by fitting Eq. (3) to the FCG
data (da/dN versus AK) and are summarised together with the coefficients of determination R? in Table
6. The values of m for the WAAM high-strength steel specimens are shown to be consistently lower
than those for the normal-strength specimens, but with all lying between 2.4 and 3.5, as typically
observed for conventionally-produced steels [43]. The fatigue crack growth rates (FCGR) of the
WAAM specimens, grouped by steel grade and nominal thickness, are plotted against the
corresponding stress intensity factor ranges in log-log coordinates in Fig. 8, where the best-fit
experimental FCGR lines (i.e. the mean lines) and the mean + 2 standard deviations (SD) lines, as well
as the simplified and two-stage FCG laws given in BS 7910 [43], are also presented. The Paris’ law
constants C and m for each group of WAAM materials, determined from the mean and mean + 2SD
lines, as well as the corresponding R? values, are summarised in Table 7. As indicated from Fig. 8 and
Table 6, the FCG behaviour of the WAAM steels were relatively insensitive to changes in the direction

of loading relative to the print layer orientation. It can be seen from Fig. 8 that the FCG behavioural
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trends of the WAAM steels (covering different steel grades and thicknesses) are generally well
represented by the two-stage FCG law (mean line, with C = 3.98x10% and m = 2.88) for unwelded
steels specified in BS 7910 [43], reflected by the comparisons between the best-fit FCGR lines and the
mean law. The recommended mean + 2SD laws [43] are also assessed using the experimental FCG
data in Fig. 8. The FCG behaviour of the WAAM steels is shown to be conservatively predicted by the
two-stage FCG law (mean + 2SD, with C = 6.77x10* and m = 2.88) for unwelded steels and the
simplified (mean + 2SD, with C = 5.21x10"®® and m = 3) and the two-stage (mean + 2SD, with C =
1.29x10*2and m = 2.88) FCG laws for welded steels, with the upper bound lines of the test data lying

below the mean + 2SD laws.

Table 7 Paris’ law constants for examined WAAM steels determined from mean and mean + 2SD FCG trends.

Mean Mean + 2SD
Material

C m R? C m
WAAM normal-strength steel (tom = 3 mm) 3.87x10 325 0987 4.85x10%* 3.25
WAAM normal-strength steel (tom = 8 mm) 1.33x10* 338 0.984 1.66x10* 3.38
WAAM normal-strength steel (thom =3 and 8 mm) 3.39x10 326 0.979 4.45x10  3.26
WAAM high-strength steel (thom = 3 mm) 2.36x1012 261 0974 2.89x10% 261

Fitted experimental
mean + 2SD FCGR line "
10° ¢ BS 7910 two-stage law for P *
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Fig. 8. Comparison of experimental FCG rate data on (a) thom = 3 mm, (b) thom = 8 mm WAAM normal-strength steel and
(€) thom = 3 mm WAAM high-strength steel with BS 7910 recommended FCG laws.

The fitted (mean) experimental FCGR lines of the WAAM normal- and high-strength steels and the

Q345 steel are compared in Fig. 9, where the BS 7910 recommended (mean) FCG laws for welded (C

= 5.86x10* and m = 2.88) and unwelded (C = 3.98x10® and m = 2.88) steels are also plotted for

comparison purposes. All the fitted FCGR lines are shown to lie below the recommended FCG law for

welded steels and fall close to the BS 7910 FCG law for unwelded steels, indicating that the FCG

behaviour of the WAAM material is superior to that of the former and similar to that of the latter.

103 ¢

104 1

103

=
<
E=

[ unwelded steels (mean + 2SD)

BS 7910 simplified .
[ law (mean +2SD) .2+

Fitted experimental

mean + 2SD FCGR line™~Ny<t*

BS 7910 two-stage law for
welded steels (mean + 2SD) \

BS 7910 two-stage law for

Lol
Lol

Fitted experimental
mean FCGR line

800
AK (MPa-mm?t?2)

1200

1600 2000

| BS 7910 simplified
L law (mean + 2SD) &

BS 7910 two-stage law for

welded steels (mean + 2SD) \

BS 7910 two-satge law for
unwelded steels (mean + 2SD)

Fitted experimental
mean + 2SD FCGR line

BS 7910 two-stage law for
unwelded steels (mean)

Fitted experimental

mean FCGR line

mH-3-0-1
@ H-3-45-1
A H-3-90-1

800
AK (MPa-mm?72)

1200

16

1600 2000



Among the examined steels, the thom = 8 mm WAAM normal-strength steel exhibited the highest crack
propagation rates, with the FCGR line lying above the others. The WAAM high-strength steel featured
a lower material constant m (i.e. the slope of the FCGR line) and generally demonstrated greater
resistance to FCG than the WAAM normal-strength steel. Very similar FCG behaviour to that of the
Q345 steel was observed for the thom = 3 mm WAAM normal-strength steel, especially in the range of

1000 MPa-mm¥2< AK < 2000 MPa-mm¥2,
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Fig. 9. Comparison of fitted (mean) experimental FCGR lines among WAAM steels (and Q345 steel) with different
strengths and thicknesses.

The WAAM steels examined herein were printed using the typical parallel deposition strategy, with
the print layers being parallel to each other, rather than the oscillatory deposition strategy, whereby the
material is deposited in an oscillatory (e.g. zig-zag) path [40]. FCG data on WAAM normal- and high-
strength steels deposited using the two strategies were collected from the literature and analysed; Paris’
law constants (mean values) fitted for the respective datasets are summarised in Table 8, and the
corresponding FCGR lines are compared in Fig. 10. It is shown that the WAAM normal-strength steels
printed using the parallel deposition strategy generally exhibited lower FCGR in the early stage (AK <
800 MPa-mmY?), but higher FCGR in the higher AK domain, compared to those printed using the

oscillatory strategy. An opposite trend was however found for WAAM high-strength steels, with the
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parallel deposition strategy leading to a lower slope m of the FCGR line relative to the oscillatory

strategy, as shown in Fig. 10 (b).
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Fig. 10. Comparison of fitted (mean) experimental FCGR lines between parallel and oscillatory deposition strategies for
WAAM (a) normal- and (b) high-strength steels.

Table 8 Summary of Paris’ law constants (mean values) for WAAM normal- and high-strength steels.

Steel strength  Source Feedstock wire  Deposition strategy R tpom(mm) C m
Normal- Ermakova et al. (2021) [37] ER70S-6 Oscillatory 01 24 1.15x10  2.79
strength He et al. (2022) [39] ER70S-3 Oscillatory 01 - 9.80x10% 277
Shamir et al. (2022) [50] ER70S-6 Parallel 01 25 3.74x10%  3.27
This study ER70S-6 Parallel 01 3 1.33x10*  3.38
This study ER70S-6 Parallel 0.1 8 3.87x10  3.25
High-strength  Ermakova et al. (2022) [38] ER100S-1 Oscillatory 01 24 1.32x10%6  3.99
This study ER110S-G Parallel 01 3 2.36x101?  2.61

The fitted (mean) FCGR lines of the examined WAAM steels are also compared against those of
conventionally-produced steels in Fig. 11. Paris’ law constants (mean values) for the conventional
steels used for the comparison, as collected from the literature, are summarised in Table 9. The
collected material constants (C and m) were mostly obtained from FCG tests with a load ratio of R =
0.1, as adopted in the present study, to preclude different degrees of crack closure [46] owing to varying
R ratios. An exception to this was the S355J2+N steel [56,57], which was tested under a load ratio of
R =0.2; the crack closure effect was accounted for through the compliance offset method [46], whereby
corrected Paris’ law constants were obtained and are reported in Table 9. It can be seen from Fig. 11

that the FCGR lines of the WAAM steels fall within the range and feature similar slopes m to those of
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conventional structural steels, indicating generally similar FCG behaviour. As observed for the
examined WAAM steels, the conventional high-strength steels are also shown to generally exhibit

higher resistance to FCG relative to their normal-strength counterparts.
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Fig. 11. Comparison of fitted (mean) experimental FCGR lines between WAAM and conventionally-produced steels.

Table 9 Summary of Paris’ law constants (mean values) for conventional normal- and high-strength steels.

Steel strength  Source Material R C m
Normal- Zong et al. (2015) [58] Q345qD 0.1 7.08x103 278
strength Zong et al. (2015) [59] WNQ570 0.1 2.51x10"% 2380
Hosseini et al. (2017) [56] S355J2+N 0.2 2.32x10  3.40
Hosseini et al. (2019) [57] S§355J2+N 0.2  7.75x10* 3.23
Su et al. (2019) [60] Q345gNH 0.1  1.15x10'! 2.38
Seitl et al. (2020) [61] S235J2 0.1 258x10“ 3.26
Seitl et al. (2020) [61] S355J2 0.1 861x10 2.71
Anandavijayan et al. (2021) [62] S355GS+10 0.1  8.42x10'? 259
Chen et al. (2022) [63] Q420C 01 9.45x10% 3.09
Zheng et al. (2022) [64] Q345 0.1 3.76x103 2.89
This study Q345 0.1 3.57x10 3.56
High-strength  Varfolomeev et al. (2011) [65]  EA4T 0.1 4.20x10“ 3.20
Tong et al. (2020) [66] Q460C 0.1 8.46x10'% 2.46
Tong et al. (2020) [66] Q550D 0.1 1.65x102 2.64
Tong et al. (2020) [66] Q690D 0.1 2.46x10% 193
Tong et al. (2020) [66] Q960D 0.1 1.23x10° 171

5 Fractography

The microstructure and crystallographic texture of the WAAM steels have been examined in a previous
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study by Huang et al. [42], while following the FCG tests performed herein, fractography of the tested

specimens was carried out to understand the crack growth mechanisms; the results are presented in

this section. Typical macroscopic fracture surfaces of the tested WAAM specimens are shown in Fig.

12, which feature three major areas: the artificial notch, the fatigue crack propagation region (including

precracking) and the fracture zone formed by monotonic tensile loading (for the thom = 8 mm specimens)
or the cut zone formed by an angle grinder (for the thom = 3 mm specimens). The beach marks indicating

the end of FCG loading can also be observed on the fracture surfaces. As shown in Fig. 12 (b), the

fatigue crack propagation region of the fracture surface is relatively smooth, while the final fracture

zone is rougher and exhibits visible plastic deformations. Further fractography from a microscopic

perspective is described below.
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Fig. 12. Typical fracture surfaces, shown for Specimens: (a) N-3-0-1 and (b) N-8-90-1.

The fracture surfaces of all tested specimens were examined by means of scanning electron microscopy
(SEM). Similar fractographic features were revealed in the WAAM specimens of different loading
directions and thicknesses. Typical SEM micrographs of the fracture surfaces of the WAAM normal-
and high-strength steel specimens, taken at various fatigue crack lengths (a = 17, 27 and 37 mm) with
different magnifications, are presented in Figs 13 and 14, respectively. It is apparent that the WAAM
normal- and high-strength steel specimens both exhibited transgranular fatigue fracture, featuring
fatigue striations, secondary cracks, dimples and inclusions in the fracture surfaces, though with

somewhat different microscopic surface morphologies, owing to their different microstructures [42].
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Fatigue striations, which are typically a series of parallel, slightly curved grooves perpendicular to the
crack growth direction, were widely observed in the fracture surfaces of all specimens. The distribution
of fatigue striations reflects the crack growth direction, while the striation spacing indicates the crack
growth rate. It can be seen from Figs 13 and 14 that the fatigue striation spacings became increasingly
large and evident with the increase of crack length and FCGR, and that the striations were wider and
more pronounced for the WAAM normal-strength steel than for the WAAM high-strength steel, which
explained the higher FCGR of the former than that of the latter shown in Figs 8 and 9. Note that, in
many cases, the local directions of the fatigue striations were different, and the local striation spacings
were uneven; this is mainly attributed to microstructural changes (e.g. due to the existence of
precipitate particles or inclusions) and the intersection of secondary cracks [67]. Secondary cracks
(shown by yellow arrows) were widespread in the fracture surfaces of all specimens, which were
mostly oriented perpendicular to the crack growth direction (denoted by red arrows), as shown in Figs
13 and 14. During fatigue loading, the tensile stresses resulted in some micro-striations developing
into micro-cracks and hence numerous secondary cracks parallel to the fatigue striations [68]. It has
been reported that the formation of secondary cracks could dissipate part of the energy [69,70] during
FCG and divert the direction of load distribution [23], reducing the FCGR of the main crack. It can
therefore be inferred that the FCGR drops for Specimen N-8-45-1 shown in Fig. 8 (b) were likely due
to the existence of long, wide secondary cracks, as illustrated in Fig. 13 (d). The high magnification (x
5000) micrographs in Figs. (13) and (14) also reveal some inclusions embedded in the secondary cracks
and micro-holes. In the high AK domains, as shown for a = 37 mm in Figs 13 (f) and 14 (f), a large
number of fatigue striations and secondary cracks, coupled with some dimpled features, were observed
from the fracture surfaces, with the latter indicating ductile fracture. Overall, the WAAM specimens
exhibited principally brittle behaviour during FCG but somewhat ductile behaviour shortly before

fracture.
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Fig. 13. Micrographs of fracture surface of WAAM normal-strength steel Specimen N-8-45-1 taken at (a,b) a = 17 mm,
(c,d)a=27 mmand (e,f) a = 37 mm.
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6 Conclusions

A comprehensive experimental study into the fatigue crack growth (FCG) behaviour of WAAM plates
made of ER70S-6 and ER110S-G steel wires has been presented. Hardness measurements of the
material have been taken, revealing an approximately proportional relationship between the hardness
and ultimate strength. FCG tests on 13 machined WAAM steel compact tension specimens of different
steel grades, thicknesses and loading directions relative to the print layer orientation, together with a
reference hot-rolled specimen, have been conducted. Fractography of the tested specimens has also
been performed by means of scanning electron microscopy (SEM) to analyse the mechanisms of crack

growth.

The tested WAAM specimens exhibited similar FCG behaviour to that typically associated with
conventionally-produced steels, with no significant anisotropy observed. The WAAM high-strength
steel specimens featured lower Paris’ law constants m and generally exhibited greater resistance to
FCG than the normal-strength specimens, while the thom = 8 mm WAAM normal-strength steel
specimens displayed higher crack growth rates than their thom = 3 mm counterparts and the tested hot-
rolled specimen. It was found that the FCG behaviour of the WAAM steels was generally well captured
by the FCG laws given in BS 7910, with the recommended curve for unwelded steels providing a close
match to the experimental data and the recommended curve for welded steels providing conservative
predictions. Additional FCG data on WAAM steels printed using the parallel and oscillatory deposition
strategies were collected and analysed. The two deposition strategies were shown to result in similar
crack growth rates for WAAM normal-strength steels, but distinct FCG behavioural trends for WAAM
high-strength steels. According to the fractographic analysis, the WAAM specimens exhibited
principally brittle behaviour during FCG but somewhat ductile behaviour shortly before fracture.
Larger fatigue striation spacings were observed for the WAAM normal-strength steel (relative to its
high-strength counterpart) and for the thicker material (relative to the thinner material), which

explained the fatigue crack growth rates being higher. The present study provides a sound basis for the
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fatigue life prediction and structural integrity assessment of WAAM steel structures in future work.

Further research [27] is currently underway to characterise the fatigue strength of WAAM steels, aimed

at developing fatigue design guidance for WAAM steel structures.
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