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ARTICLE INFO ABSTRACT
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The paper addresses the fatigue crack growth behaviour of untreated and heat-treated WAAM ER70S-6 carbon
steel. Specimens were extracted from the printed wall along different directions (vertical and horizontal) and
tested under mode-I loading at two stress ratios (R = 0.05 and R = 0.25). Crack closure was measured using
Digital Image Correlation (DIC). The microstructure of the untreated material mainly consisted of polygonal
ferrite and intergranular lamellar pearlite. After heat treatment, pearlite decomposed, allowing ferrite to grow
and reducing hardness. The load ratio influenced fatigue crack growth rates due to variations in crack closure
levels. However, the loading direction relative to the print layer orientation did not significantly affect the crack
growth rate. Fracture surfaces were examined by scanning electron microscopy to identify the main fatigue crack
growth mechanisms associated with the different loading orientations and material conditions. Fractographic
analysis revealed a mixed fracture mechanism, characterised by cleavage in the harder pearlite-rich regions and
fatigue crack propagation striations in the softer ferrite-dominant areas. Minor manufacturing defects, such as
inclusions and porosity, were also observed. The tested WAAM carbon steel exhibited slightly lower performance
than conventional steels of a similar grade, aligning closely with the existing literature for WAAM ER70S-6
carbon steel.

1. Introduction The FCG behaviour of WAAM metallic materials has already been

studied [11-14]. However, research on WAAM carbon steel remains

Despite the systematic study of wire-arc additive manufacturing
(WAAM) carbon steel in recent years [1-3], the unique characteristics of
this material have hindered the full comprehension of its mechanical
behaviour, especially under cyclic loading. Nevertheless, if WAAM
continues to grow at the rate experienced in the last years in the con-
struction sector, understanding the fatigue behaviour of WAAM carbon
steel is imperative [4-6].

WAAM carbon steel, like conventional welding, inherently contains
internal defects [7,8] and surface undulations [9,10], making it sus-
ceptible to fatigue failure. Under such conditions, the fatigue crack
propagation stage often becomes the dominant phase of the fatigue
process. Thus, accurate evaluation of the fatigue crack growth (FCG)
rate is critical for effectively assessing the structural integrity of WAAM
carbon steel structures.

limited. Ermakova et al. [15] studied the effect of specimen orientation
on the FCG behaviour of WAAM ER70S-6 steel produced using an
oscillatory deposition pattern. Their findings indicated that the extrac-
tion location relative to the WAAM wall had little influence on FCG
behaviour. However, vertical specimens were more sensitive to material
inhomogeneities and exhibited brittle fracture characteristics.
Compared to heat-affected zone S355 steels, the WAAM specimens
showed higher FCG rates, although the results remained close to the
upper bound of the FCG data for S355G8 + M base metal.

Shamir et al. [16] further investigated the impact of sample location
and orientation on FCG behaviour, concluding that neither factor
significantly affected FCG rates. This study also compared the parallel
deposition pattern with the oscillatory pattern studied by Ermakova
et al. [15], finding similar FCG behaviour between both strategies in the
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intermediate stress-intensity factor range (AK) region. Additionally,
Ermakova et al. [17] examined the effect of rolling and laser shock
peening surface treatment techniques on FCG and residual stress dis-
tribution on WAAM ER70S-6 and ER100S-1 carbon steel. In the samples
fabricated using ER70S-6 wire, both surface treatment techniques
improved fatigue performance by reducing the FCG rates in the treated
areas compared to untreated samples.

More recently, Huang et al. [18] conducted a comprehensive analysis
of WAAM ER70S-6 carbon steel, examining various fabrication strate-
gies and orientations, and compared the results with data from con-
ventional and WAAM-produced steels in the literature. The study found
that WAAM specimens exhibited FCG behaviour similar to convention-
ally produced steels, with no significant anisotropy observed in the
material.

The previous studies have significantly advanced the understanding
of FCG behaviour in WAAM ER70S-6 steel. Nevertheless, the effect of
stress ratio (R) on FCG rates for different printing orientations in the
Paris regime remains unexplored. The stress ratio can also affect crack
closure, i.e. the contact of crack surfaces before the minimum applied
load is reached [19]. Crack closure is generally induced by wake plas-
ticity, the presence of oxides, or the roughness of fracture surfaces.
However, at both intermediate and high AK values, plasticity-induced
crack closure (PICC) is the predominant mechanism. In contrast,
oxide-induced crack closure (OICC) and roughness-induced crack
closure (RICC) are more relevant at low AK values, particularly near the
threshold region. PICC can significantly reduce the effective stress-
intensity factor range (AK.y), delaying the intrinsic mechanisms that
drive the crack growth [20]. Therefore, accurate predictions of fatigue
crack propagation life require a careful characterisation of PICC [21],
which may involve accurate calculations of several critical parameters,
such as crack-tip opening stress and variations in compliance during the
loading and unloading phases of the fatigue cycle [22].

The layer-by-layer deposition approach of WAAM generates residual
stresses due to the complex thermal cycles and the rapid cooling rates
inherent to this additive manufacturing process [23]. These residual
stresses, which are typically compressive near the substrate and tensile
in the upper layers, can directly influence the effective stress-intensity
factor range and, consequently, the fatigue crack propagation lifetime
[17]. Post-processing heat treatments, such as stress relief, annealing,
normalisation or tempering, can be applied to carbon steel to reduce
residual stresses and promote microstructure refinement, enhancing
FCG resistance [24]. Nevertheless, so far, there is a lack of investigations
addressing the effect of post-processing heat treatments on FCG of
WAAM ER70S-6 steel.

In summary, while previous research has advanced the understand-
ing of FCG in WAAM metals, key aspects remain insufficiently explored
for ER70S-6 carbon steel, a material widely used in structural engi-
neering. Specifically, the influence of stress ratio on crack closure
mechanisms, the effect of printing orientation, and the role of post-
processing heat treatments require further investigation. This study
addresses these gaps by examining the FCG behaviour of WAAM-
produced ER70S-6 carbon steel under different stress ratios (R = 0.05
and R = 0.25) and printing orientations (horizontal and vertical) in both
untreated and annealed conditions.

Furthermore, the study systematically compares untreated and
annealed specimens, with the results evaluated against existing data for
both WAAM-produced and conventionally manufactured steels. Micro-
structural characterisation and hardness profiling were performed to
assess material properties, while scanning electron microscopy (SEM)
was employed to examine fracture surfaces and identify the predomi-
nant crack growth mechanisms. Overall, this research enhances the
predictive accuracy of fatigue life models and provides new insights into
the FCG behaviour of WAAM-produced carbon steel. The findings of this
study contribute to the integration of WAAM technology in the design of
structural components where FCG is a concern, while also providing a
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comparison with conventional steels and established design standards,
ultimately supporting the wider adoption of WAAM-produced steels in
fatigue-sensitive applications.

2. Experimental procedure
2.1. WAAM material

The feedstock material used in this research was low-carbon steel
AWS A5.18 ER70S-6/1SO 14341 — A — G 42 4M21 G 3Sil copper-coated
wire of 1.0 mm diameter, hereafter referred to as ER70S-6. Table 1
summarises the nominal chemical composition as a weight percentage
[25], while Table 2 lists its main mechanical properties according to the
manufacturer [26].

The fatigue specimens were extracted from a carbon steel wall pro-
duced at the AM Construction Laboratory of the University of Coimbra.
The wall was manufactured using an ABB IRB 4600 robot in combina-
tion with a CMT Fronius TPS 400i welding machine. The fabrication
parameters given in Table 3 were selected to match those used by
Tankova et al. [27] and Mendez-Morales et al. [28], ensuring continuity
to the work carried out by this research group. The total printing time for
the wall, including the time the torch was off, was slightly over two
hours. The calibrated layer height was 2.52 mm.

Fig. 1 illustrates the selected printing direction corresponding to a
parallel deposition trajectory and the schematic fabrication setup. The
beads were deposited in an alternating parallel pattern per layer in both
transverse and vertical directions. Since no pre-heating was applied to
the substrate material, the first layers of printed material were discarded
to avoid any heterogeneities and ensure that the specimens were
extracted after the production temperature stabilised, as shown in Fig. 1.
Further details on the material production are available in the works of
Tankova et al. [27] and Mendez-Morales et al. [28].

2.2. Specimen geometry

To investigate the influence of the printing strategy on the FCG
behaviour of WAAM carbon steel, the wall geometry was designed to
allow the extraction of three C(T) specimens in the X-direction, as shown
in Fig. 2(a). Moreover, specimens were extracted in two orientations:
horizontal (H) and vertical (V) (see Fig. 1). Horizontal specimens were
cut along the Y-direction, parallel to the deposition trajectory, while
vertical specimens were extracted along the Z-direction, perpendicular
to the deposition trajectory. One specimen on each orientation, marked
in red in Fig. 2(b), was selected for heat treatment (HT) to investigate
potential improvements in FCG behaviour. A previous study conducted
by the authors concluded that through-thickness variations had no sig-
nificant influence on the microstructure or fatigue performance of the
studied WAAM carbon steel for this printing strategy [28]. Furthermore,
milling three coupons from the same volume enables the analysis of
material that has reached a steady-state condition.

The geometry of the C(T) specimens was defined per ASTM E647-24
[29], as illustrated in Fig. 2(b), with a thickness, B, of 6 mm, a width, W,
of 36 mm, and a notch length, ap, of 16 mm. One face of each C(T)
specimen was polished using a Struers LaboPol-5 machine, employing a
series of sandpapers with progressively finer grits: P180, P320, P600,

Table 1
Chemical composition of ER70S-6 feedstock wire (wt.%).

Feedstock wire ER70S-6

C 0.06 - 0.15 P 0.025 max.
Mn 1.40-1.85 S 0.035 max.
Cr 0.15 max. Si 0.80-1.15
Ni 0.15 max. Cu 0.50 max.
Mo 0.15 max. Fe Bal.

v 0.03 max.
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Table 2

Mechanical properties of ER70S-6 feedstock wire.

Feedstock wire

Yield strength (MPa)

Ultimate tensile strength (MPa)

ER70S-6 420 520
Table 3
CMT-WAAM wall fabrication parameters.
Process parameter Detail Process parameter Detail
Current (A) 155 Robot speed (mm/ 10.0
s)
Voltage (V) 15.7 Shielding gas 98 % Ar + 2 % CO,
M12)
Wire diameter (m/ 1.0 Dwell time (s) 15
min)
Wire feed (m/min) 6.0 Layer height (mm) 2.44

volume —

Fig. 1. Schematic AM Construction Lab setup and indication of horizontal and
vertical orientations of the C(T) specimens (no scale, dimensions in
millimetres).

and P1200. A 3 pm diamond paste was subsequently applied to achieve a
mirror-like finish to remove any residual surface scratches. The opposite
face of the specimens was coated with a water-based white paint and
dried. A fine speckle pattern was then applied using an Iwata airbrush.
This speckle pattern is critical for collecting precise data on the
displacement field at the crack tip under varying loads, utilising Digital
Image Correlation (DIC) techniques used here to measure crack closure.

2.3. Post-processing heat treatment

The annealing heat treatment involved heating the specimens to
800 °C at 10 °C/min, followed by a first cooling stage down to 400 °C at
the same rate. This was followed by a second cooling stage, which went
down to 100 °C at 5 °C/min, and finally, cooling to room temperature in
open air. According to Nemani et al. [30], heat treatments of low alloy
steels can be classified based on the austenitising temperature as upper-
critical (for temperatures above Acsz line of Fe-Fe3C binary phase dia-
gram) or intercritical (between Ac; and Acs lines). The critical tem-
peratures Ac; and Acs can be calculated based on the alloying elements,
as shown below:

Ac;("C) =723 —10.7Mn — 3.9Ni + 29Si + 16.7Cr + 290As + 6.38W
€Y

Acs(°C) = 910 — 230(C)*° — 15.2Ni + 44.75i +10.4V + 31.5Mo + 13.1W
2
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Fig. 2. (a) Wall’s geometry for C(T) specimens (no scale, dimensions in milli-
metres); and (b) C(T) specimen geometry with microstructure extraction loca-
tions (no scale, dimensions in millimetres).

X Y

Based on the chemical composition of the feedstock wire, as detailed
in Table 1, Ac; is calculated to be 705.12 °C and Ac; is 826.48 °C. The
selected temperatures for the heat treatment were intentionally kept
below Ac; to achieve an annealing microstructure.

2.4. Microstructure characterisation and hardness evaluation

Microstructure characterisation and hardness evaluation were per-
formed to better understand the effects of printing orientation and post-
processing heat treatment on the FCG behaviour of the tested WAAM
carbon steel.

Microstructure characterisation was carried out following the
guidelines outlined in the ASTM E3-11 [31] standard. The analysis
encompassed two untreated specimens: one cut horizontally (H-13C)
and another cut vertically (V-14C), and two heat-treated (HT) speci-
mens: one cut horizontally (H-13A) and another cut vertically (V-14A).
The metallographic samples were extracted from the C(T) specimens
along three orthogonal planes aligned with the longitudinal direction
(LD), transverse direction (TD), and normal direction (ND) direction, see
Fig. 2(b). The metallographic samples were polished to a surface finish
of 1 pm and then were etched with 5 % Nital solution. After that, the
microstructure features were observed using a Leica DM 4000 M LED
optical microscope.

Hardness evaluation was conducted on the same specimens used for
microstructure characterisation (H-13C, V-14C, H-13A (HT), V-14A)
along the same orthogonal planes (LD, TD, and ND; see Fig. 2(b)). The
testing procedure was performed in accordance with E384-22 standard
[32]. A load of 0.50 kgf was applied and held for 15 s using a Struers
Duramin microhardness tester equipped with a Vickers indenter. Five
random indentations were performed for each sample.

2.5. Fatigue crack growth testing

Fatigue crack propagation tests were conducted following ASTM
E647-24 [29] under load-controlled conditions at a cyclic frequency of
10 Hz and room temperature. Six C(T) specimens were tested under two
different load ratios: R = 0.05 (specimens H-13C, V-14A, and V-14C; see
Fig. 2(a)) and R = 0.25, (specimens H-13A (HT), H-13B, and V-14B; see
Fig. 2(a)). H-13A (HT) and V-14A were heat-treated while the others
were tested in the untreated condition.

A fatigue pre-crack was introduced into the specimens as recom-
mended by the standard, employing a stress-intensity factor range (AK)
of 15 MPay/m, derived from previous research on the same material
performed by Huang et al. [18]. Based on this AK and the defined load
ratios, the load amplitude (AP) was calculated following the standard by
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solving Eq. (3) [29]:

AP (2
219 (0.886 + 4.64a — 13.320% + 14.72a° — 5.60*)

AK = ——= 3
BYW (1 _g)

3

where B is the thickness, W is the width, and « = a/W is the normalised
crack length. This last expression is valid for a/W > 0.2, and a repre-
sents the crack length measured from the load application point to the
tip of the crack. For the geometry of the C(T) specimen of this research,
Eq. (3) yields AP =4.05 kN for R = 0.05 (Pmax = 4.26 kN and Ppin =
0.21 kN) and AP = 4.00 kN for R = 0.25 (Ppqex = 5.33 kN and Py, =
1.33 kN).

The experimental setup consisted of an Instron ElectroPuls E10000
machine with a dynamic compression/tension load capacity of £10 kN
coupled with a Specwell 8.5° Wide Extra Short Focus spotting lens with
45x magnification and a Mitutoyo micrometre, enabling crack lengths
measurement every 0.20 mm using an optical measurement methodol-
ogy. Additionally, a 41-megapixel Hayer microscopic camera was
employed for more accurate data acquisition.

DIC was used to monitor fatigue crack growth and assess crack
closure based on full-field strain tensor data [33,34]. Crack propagation
measurement started after an initial 2.0 mm crack extension, with
subsequent measurements taken at 1 mm intervals. Each measurement
involved a 3-minute recording period with the microscopic camera,
during which the load cycled from minimum to maximum. The re-
cordings were later converted into 180 images (one image per second)
using DVDVideoSoft software [35]. This data was subsequently pro-
cessed with GOM Correlate software [36], where a digital extensometer
with a gauge length of 0.15 mm + 0.02 mm was used to measure
displacement at a distance of 0.25 mm + 0.02 mm from the crack tip.
Each image provided a corresponding measurement of crack displace-
ment, which was correlated with the load value at that specific time. The
resultant data was used to plot the crack length, a, as a function of the
number of cycles, N. The test concluded with the rupture of the
specimen.

The crack closure was determined by calculating the fraction of the
load cycle during which the crack remains fully closed, the so-called U
parameter, defined as follows:

Pmaxfpop

U=
Pmaxfpmin

4

where Pp, and P, represent maximum and minimum loads, respec-
tively, and Py, is the crack opening load. P,, was calculated by identi-
fying the point where the least square correlation coefficient reaches its
maximum value [37]. The process begins by calculating the correlation
coefficient for the upper 10 % of the load-displacement (P —§) data.
Then, the next P —§ point is incrementally added, and the correlation
coefficient is recalculated. The procedure is repeated until the entire
data set is analysed. The crack opening load is defined as the load cor-
responding to the maximum correlation coefficient. The methodology
used to identify U and P,, was based on the procedure proposed by
Allison et al. [38], implemented in a previous study conducted by this
research group [39].

2.6. SEM examination of fracture mechanisms

After the FCG tests, the fracture surfaces were examined to investi-
gate the fracture mechanisms of the Paris regime associated with the
different material orientations (vertical and horizontal) and material
conditions (untreated and heat-treated). Firstly, the samples were cut
via a high-speed cutting machine and cleaned in an ultrasonic bath. The
SEM analysis was carried out using a Hitachi SU3800 model and
encompassed the six tested cases.
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3. Results and discussion
3.1. Microstructure and hardness

The metallographic analysis obtained from the three orthogonal
planes (A, B, and C) can be observed in Fig. 3. In general, all samples
showed a microstructure characteristic of low-carbon steel consisting of
a ferrite matrix with a secondary pearlite phase [40]. Fig. 3(a) shows the
microstructure of the H-13C samples as a representative example of the
as-build condition, indicating that the sample direction did not signifi-
cantly influence the microstructure. The average grain size, considering
equiaxial grains, ranged from 3 pm to 18 pm. In contrast, the micro-
structure of the heat-treated samples H-13A and V-14A, shown in Fig. 3
(b) and (c), exhibited coarser grains compared to the untreated condi-
tion. The average grain size increased from 8 pm to 25 pm, indicating
that heat treatment resulted in grain growth.

The increase in grain size observed in ferrite-pearlite steel during
annealing at 800 °C can be attributed to microstructural evolution of the
material caused by heat exposure. At this temperature, several key
microstructural processes contribute to grain growth. At 800 °C, the
steel is within the temperature range that promotes recovery and
recrystallisation. The high temperature causes atomic diffusion, allow-
ing atoms in the crystal lattice to move more freely. This diffusion re-
duces dislocations and other defects within the crystal structure. As the
dislocations are removed, grain boundaries face less resistance, leading
grains to grow.

In ferrite-pearlite steels, the pearlite phase, which is composed of
alternating layers of ferrite and cementite, plays an essential role in
limiting grain growth. However, as annealing progresses and tempera-
ture increases, the pearlite begins to break down, and the cementite may
decompose or redistribute. This further facilitates the growth of the
ferrite grains, which are the softer phase of the steel. The phenomenon of
grain growth is thermodynamically driven by the reduction in energy
associated with the presence of grain boundaries. Smaller grains have
more grain boundaries, which corresponds to higher energy in the sys-
tem. As the grains grow, the total grain boundary area relative to the
total area decreases, reducing the system’s overall energy. In summary,
the increase in grain size during annealing of ferrite-pearlite steel at
800 °C occurs due to atomic diffusion, decomposition of pearlite, and
the natural tendency of the material to minimise internal energy. The
result is a coarser grain structure, which can influence the mechanical
properties of the steel, such as its strength due to loss of hardness.

As described previously, at 800 °C, the steel undergoes a partial
transformation where the pearlite begins to break down. Ferrite, being a
relatively soft phase, becomes more prominent as cementite decomposes
or redistributes. This leads to a decrease in hardness, as ferrite is much
softer than pearlite or cementite phases. Additionally, the annealing
process allows residual stresses introduced during WAAM to relax,
further contributing to the softening of the material. While the micro-
structure becomes more uniform during annealing, the lack of hard
phases, such as cementite, reduces the overall hardness of the steel. The
reduction in hardness is a typical outcome of annealing, as it is a heat
treatment designed to improve ductility and machinability, rather than
maintain high hardness. In conclusion, the decrease in hardness of
ferrite-pearlite steel annealed at 800 °C is primarily due to the trans-
formation and redistribution of phases, especially the reduction of
cementite content and the increased proportion of softer ferrite.

The average hardness values obtained from the five random mea-
surements performed on the three orthogonal planes (A, B, and C) of the
C(T) specimens, see Fig. 2(b), are summarised in Table 4. The hardness
of the untreated material was higher than that of the heat-treated. In
addition, the heat-treated specimens exhibited uniform hardness irre-
spective of the orientation. In contrast, the untreated samples exhibited
some material anisotropy, with the vertical specimen showing the
highest hardness value. Overall, the hardness measurements of the un-
treated condition, particularly those obtained for the V14-C specimen,
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(c)

50 pm
E—
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(b)

Fig. 3. Isometric micrographs of metallographic samples: (a) untreated H-13C, (b) heat-treated H-13A, and (c) heat-treated V-14A.

Table 4

Vickers hardness of the WAAM ER70S-6 carbon steel.
Specimen Plane A Plane B Plane C Average
H-13C 146 144 149 146
V-14C 149 173 155 159
H-13A (HT) 139 132 141 137
V-14A (HT) 130 139 141 137
Ermakova et al. [41] 158
Huang et al. [18]* 161
S355 steel, Dantas et al. [42] 152

* 10 kgf load indenter; the others were tested using 0.5 kgf.

are consistent with the values reported by other authors for WAAM
ER70S-6 carbon steel. The variations relative to the previous studies,
based on the average hardness of the vertical specimen, are lower than 1
%. Similarly, compared to conventional steel, such as S355 steel, the
measured hardness is relatively close, with a variation lower than 5 %.

3.2. Fatigue crack growth behaviour

Fig. 4 presents the data obtained from the FCG tests, illustrating
crack length, a, as a function of the number of cycles, N. This repre-
sentation facilitates a comparative analysis of the behaviour of the tested
specimens. As expected, the lower stress ratio (R = 0.05) exhibit shorter
crack lengths for the same number of cycles at the higher stress ratio
(R = 0.25). This outcome aligns with existing literature on the effect of
stress ratio on FCG behaviour [43-45].

For instance, at a crack length of 10 mm, the fatigue crack propa-
gation life of the horizontal specimens (represented by the red data sets
in Fig. 4) increases by a factor of 4.6 when the stress ratio is reduced

25 T
20 |
T
é L
= 57T
= i
o0 L
E, 10 1
2
2
S s —o—H-13B, R=0.25 ——H-13C, R=0.05
—e—V-14B, R=0.25 —4—V-14C, R=0.05
—o—H-13A,R=0.25 (HT) | —&—V-14A, R=0.05 (HT)
0
0 100x103 200x103 300x103
Number of cycles, N

Fig. 4. Crack length versus number of loading cycles for horizontal and vertical
specimens tested at R = 0.25 and R = 0.05 (reference crack lengths in dashed
grey lines).

from 0.25 to 0.05. However, as the crack propagates, this effect
weakens; at a crack length of 20 mm, the fatigue crack propagation life
increases by a factor of 2.7. In contrast, vertical specimens (represented
by the black data sets in Fig. 4) show less variation with changes in stress
ratio, with fatigue life increasing by factors of 2.1 and 2.0 for crack
lengths of 10 mm and 20 mm, respectively.

Additionally, vertical specimens demonstrate superior resistance to
fatigue crack propagation than horizontal specimens, regardless of the
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stress ratio. Using the reference crack lengths of 10 mm and 20 mm, at a
stress ratio of 0.25 (represented by rounded markers in Fig. 4), vertical
specimens’ fatigue crack propagation life improves by factors of 2.3 and
1.6, respectively. At a stress ratio of 0.05 (represented by triangular
markers), the enhancement in fatigue crack propagation life for vertical
specimens is approximately 1.1 and 1.2 times for crack lengths of 10 mm
and 20 mm, respectively. These preliminary results suggest that, despite
vertical specimens showing a superior resistance, the influence of this
effect on fatigue crack propagation life is reduced at lower stress ratios.

Overall, specimen H-13B, tested at R = 0.25, shows the most detri-
mental case, characterised by the largest crack length for a given number
of cycles. Conversely, specimen V-14C, tested at R = 0.05, exhibits the
highest resistance to fatigue crack propagation. Based on these results
alone, the effect of heat treatment on the FCG behaviour remains
inconclusive.

The curves showing the variation of crack growth rate with stress-
intensity factor (da/dN —AK) were derived from Fig. 4 using the 5-
point polynomial method. This method, recommended by interna-
tional standards for scenarios involving increasing stress-intensity factor
amplitude, was employed to calculate da/dN [29]. Furthermore, Eq. (3)
was used to compute AK. Fig. 5 presents these results (i.e. da/dN versus
AK) on a log-log scale, categorised by the specimen orientation relative
to the deposition direction. Note that coupons labelled as HT underwent
heat treatment.

For the horizontal specimens, see Fig. 5(a), where the crack propa-
gates parallel to the welding beads, the specimen tested at R = 0.05 (H-
13C) exhibited lower propagation velocities for the same AK value
compared to the specimens tested at R = 0.25 in the same orientation
(H-13A and H-13B), indicating superior resistance to fatigue crack
propagation. This is expected from the literature and attributed to the
initially higher crack closure phenomenon at lower R values. Addi-
tionally, for AK values ranging from 24 MPa\/m to 28 MPa\/m, this
specimen shows a significant variation in the curve trend, possibly due
to material imperfections or a finer microstructure. Specimens H-13B
and H-13A (HT), tested at R = 0.25, displayed similar trends in their
fatigue crack propagation rate, suggesting that heat treatment did not
enhance the material’s performance.

For vertical specimens, shown in Fig. 5(b), where the crack propa-
gates perpendicular to the welding beads, there is also no visible
improvement in the crack resistance of specimen V-14A (HT), tested at
R = 0.05, after heat treatment, likely due to the loss of hardness post-
heat treatment being more influential than the differences in respec-
tive crack closures. Comparing the two specimens tested at the same R
ratio, i.e. R = 0.05, V-14C and V-14A (HT), reinforces that heat
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treatment was not beneficial, as there is a considerable difference be-
tween their da/dN —AK curves at equal stress ratio, especially at lower
values of AK. The curves tend to converge at AK values over 35 MPa+/m,
when the crack approaches rupture.

Fig. 6 shows the da/dN—AK curves, organised by stress ratio,
allowing for a clear assessment of the influence of printing orientation.
For R = 0.05, as displayed in Fig. 6(a), specimen V-14C slower propa-
gation up to a stress-intensity factor range of approximately 30 MPa \/ m.
This may be attributed to the greater hardness and finer microstructure
of the specimen, providing higher resistance to fatigue crack propaga-
tion. Beyond this AK value, the trend of the vertical specimen curve
closely follows that of the horizontal sample H-13C. Moreover, the
propagation velocity of the heat-treated specimen is the highest of all,
hinting that the selected heat treatment had no beneficial effect on the
FCG response of the material.

The minor differences in FCG resistance at a stress ratio of 0.05 in
favour of the vertical coupons may be due to the tortuous path the crack
must navigate when propagating perpendicular to the welding beads;
this explanation has been suggested by previous scholars on the
behaviour of WAAM Ti-6Al-4V alloy [46,47]. Nevertheless, these dif-
ferences may also be attributed to tensile residual stresses or PICC,
which will be investigated in the following section.

Fig. 6(b) shows the da/dN —AK curves for a stress ratio R = 0.25 for
the two orientations studied. In this second stress-ratio scenario, all
three samples display nearly identical FCG performance with little
scatter. This suggests that the hardness-induced resistance to propaga-
tion observed in the V-14C specimen, tested at R = 0.05, is insufficient
to slow fatigue crack propagation at higher loading ratios. Furthermore,
crack closure is almost negligible because, at higher minimum loads, the
crack remains fully open longer during a load cycle. Similar results in
which the crack growth rate and scatter were dependent on the loading
have been found by earlier investigations [15].

3.3. Plasticity-induced crack closure

As previously mentioned, the crack closure phenomenon in fatigue
crack propagation refers to the partial or complete contact between the
crack faces during part of the loading cycle, even when the applied load
is not zero. This contact reduces the effective stress-intensity factor
range (AK.y) experienced by the crack tip, thereby slowing down the
crack growth rate. The plastic deformation at the crack tip during pre-
vious loading cycles can result in residual deformation, causing the
crack faces to come into contact during unloading. This mechanism is
known as PICC.

102 %

]

3

z

g 1007

é L

Z

=

2

8° 10+ T

] N

i

<

3

£

% 105 +

§ g —+—V-14B, R=0.25

S —a—V-14C, R=0.05

—0-V-14A, R=0.05 (HT)
106 I
10 100

(b) Stress-intensity factor range, AK (MPa\/m)

Fig. 5. Fatigue crack growth rate against stress-intensity factor range organised per orientation: (a) horizontal specimens and (b) vertical specimens.
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Fig. 6. Fatigue crack growth rate against stress-intensity factor range organised per stress range: (a) R = 0.05 and (b) R = 0.25.

Eq. (5) shows the relation between the fatigue crack opening ratio
(U) and the stress-intensity factor range (AK), which indicates that AK.¢
is the actual crack driving force when the crack remains open, being the
dominant portion of fatigue life and is typically associated with the
crack growth.

AKg =Ue AK )

In this study, as explained in Section 2.5, the parameter U was deter-
mined for all R-ratios (0.05 and 0.25), loading orientations (horizontal
and vertical) and material conditions (untreated and heat-treated). The
differences in crack closure levels measured for each case are shown in
Fig. 7. The most notable observation is the variation in crack closure
levels for the different R-ratios studied. The average fatigue crack
opening ratio for all specimens tested at R = 0.05 was 0.74, while for
R = 0.25, the value was 0.94. This shows a stress ratio effect, with a
higher crack closure effect for R = 0.05, as was also verified by Sales
et al. [48] for WAAM super duplex stainless steels. This means the crack
growth with a lower FCG rate for the test done at R = 0.05, as verified
previously. On the other hand, the position and direction in which the
specimens were obtained and the heat treatment did not significantly
influence the crack closure level.

By eliminating the crack closure effect using Eq. (5), a figure
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Fig. 7. Fatigue crack opening ratio, U, as a function of stress-intensity fac-
tor range.

displaying the FCG rates (da/dN) as a function of the effective stress-
intensity factor range (AK,g) can be constructed, as shown in Fig. 8.
All series converge into a single curve in this representation, making it
possible to trace a single potential fatigue crack growth rate (FCGR) law.
This proves that the effect of the stress ratio on the different crack
propagation rates is due to the varying levels of crack closure. Sales et al.
[35] also reported collapsed curves when accounting for crack closure in
WAAM super duplex stainless tested at stress ratios ranging from 0.01 to
0.5.
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Fig. 8. FCG rates, da/dN, as a function of the effective stress-intensity factor
range, AK.g, for the untreated and heat-treated (HT) specimens cut horizontally
(H) and vertically (V) to the printing direction.
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3.4. Paris regime (da/dN-AK curves)

The microscopic propagation of the crack front in Regime II can be
estimated by the Paris Law. In this second regime, the crack propagation
rate increases linearly with the stress-intensity factor range, AK, and can
be mathematically expressed as [49,50]:

da m
ay = C(aK) ©)

where C and m are material constants that can be found through linear
regression by plotting the da/dN—AK curves on a log-log scale.
Expressed in a bi-logarithmic scale, Eq. (7) takes the form:

da

log <dTV> = logC + mlog(AK) (@]

making it evident that the material constant m represents the slope of the
crack growth rate curve. In this research, the fitting constants of the
Paris Law were calculated by identifying the inflexion points that mark
the transition between regimes and clearing the data sets from points
belonging to Regimes I and III. The results are summarised in Table 5.
The high values of the correlation coefficient, R%, highlight the good
agreement between the experimental results and the fitted constants.

The constant C depends on the microstructural properties of the
material; for the same AK value, a higher C value indicates a higher
fatigue crack propagation rate. The stress-intensity factor exponent, m,
the slope of the curve, reflects the material’s sensitivity to variations in
the stress-intensity factor amplitude; a higher m value indicates faster
fatigue crack propagation for small changes in AK. From Table 5, it can
be seen that m values are within a range of 2 to 4, expected for wrought
materials in the absence of a corrosive environment [51].

To illustrate the agreement of the tabulated values with the discus-
sion thus far, consider the example of specimen V-14C, tested at R =
0.05, which displayed a slow propagation speed in Fig. 5(b) and Fig. 6
(a). The slow propagation rate is supported by a low C value in com-
parison with other specimens, indicating high resistance to fatigue crack
propagation. However, its m value also shows the highest sensitivity to
variations in the stress-intensity factor range amongst the samples.

The Paris law constants calculated in this research were compared
with other data sets from the literature for conventional S355 steel [52]
and WAAM ER70S-6 steel [15,16,18]. Table 6 summarises the relevant
fabrication and testing details, as well as the material constants for each
one of these reference sources. Note that all the specimens had different
thicknesses and were tested at different stress ratios compared to this
research. Additionally, WAAM specimens vary in deposition strategy
and orientation of the crack in relation to the printing direction.
Nevertheless, the constant m does not differ significantly.

Fig. 9 compares the Paris law curves obtained in this study (in red for
horizontal samples and black for vertical samples) with those compiled

Table 5
Paris law constants for the FCG tests on WAAM ER70S-6 carbon steel.
D Orientation R c m AK validity R?
H-13B Horizontal 0.25 3.98 x 2.63 18.80 < AK < 0.98
1078 43.40
H-13C Horizontal 0.05 1.72 x 2.79 19.90 < AK < 0.98
1078 48.80
V-14B Vertical 0.25 3.97 x 2.62 19.70 < AK < 0.99
1078 47.40
V-14C Vertical 0.05 2.26 x 3.36 22.00 < AK < 0.96
1078 49.30
H-13A Horizontal 0.25 2.77 x 2.76 19.60 < AK < 1.00
(HT) 1078 40.30
V-14A Vertical 0.05 2.17 x 2.81 19.70 < AK < 0.99
(HT) 1078 48.30

da/dN in mm/cycle and AK in MPay/m.
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from the literature, as summarised in Table 6. Yellow [15], blue [16],
and purple [18] lines represent results extracted from literature for
WAAM ER708S-6, and the green lines display literature results for con-
ventional S355 steel [52]. The Paris law curves proposed in this research
closely align with those reported by previous authors for the same
WAAM material [15,16,18], especially at higher stress-intensity factor
range values (AK > 50 MPay/m). Minor discrepancies are likely attrib-
utable to differences in the printing strategy, as previous studies have
shown that the oscillatory pattern performs less effectively than the
parallel pattern [18,53] and testing conditions.

Moreover, the FCGR curves derived in this study are consistent with
results for conventional S355 steel [52], displaying similar slopes and
falling within a reasonable range. However, S355 steel outperforms the
different WAAM carbon steels analysed in this study, exhibiting lower
fatigue crack propagation rates for equivalent stress-intensity factor
ranges. These findings align with earlier studies’ conclusions [15,18].
Furthermore, the results of this study also indicate that the print
orientation did not significantly affect the material’s FCG resistance,
particularly at higher stress ratios, as evidenced by the near-identical
dashed red and black lines of Fig. 9.

Fig. 9 shows that the recommendations of the standard BS 7910 for
welded components [54], based on the two-stage FCG law (black solid
lines), are appropriately conservative, reflecting the material’s favour-
able FCG behaviour. Whereas the same two-stage FCG law for unwelded
steel underestimates the FCG rates of the tested WAAM ER70S-6 carbon
steel, highlighting the need for tailored guidelines to address the unique
FCG characteristics of WAAM materials.

In summary, the FCG behaviour of the WAAM carbon steel from this
research showed little sensitivity to variations in the loading direction
relative to the print layer orientation, with other factors, such as stress
ratio, exerting a more significant influence on the results. This last
statement underscores the critical role of stress ratios in the fatigue
response of components, along with the specimen’s microstructure. This
outcome is consistent with existing literature and applies to other
metals, such as S355 steel referenced in this section [52]. Additionally,
while S355 steel outperforms the analysed WAAM materials, the dif-
ference between them is not substantial, indicating the potential of
WAAM carbon steel in the structural design of components. Finally, it
can be concluded with high confidence that the applied heat treatment
did not significantly enhance the mechanical properties.

3.5. Fatigue crack growth mechanisms

Fig. 10 illustrates the fracture mechanics during fatigue crack
propagation for two specimens with different orientations (vertical and
horizontal) and tested at stress ratios of R = 0.05 and R = 0.25. The
orange arrows at the bottom of the SEM micrograph illustrate the crack
growth direction. It is possible to observe crushed asperity peaks caused
by premature contact between crack faces during unloading due to crack
closure (marked with red arrows). This contact influences crack opening
in subsequent loading cycles, leading to local deformation and flattening
of asperities. In Fig. 10(a), more of these regions can be visually iden-
tified compared to Fig. 10(b), as the specimens were tested under
different stress ratios, with those tested at R = 0.05 exhibiting a higher
level of crack closure.

Concerning the influence of the applied heat treatment, specimen
location, and loading direction, no significant changes in the fatigue
crack propagation mechanisms were perceptible through fractographic
analysis. This suggests that the fatigue crack propagation behaviour in
WAAM ER70S-6 carbon steel is not strongly affected by these variables,
at least within the range of conditions tested in this research. The similar
fracture patterns observed across the different specimens may indicate
that the main factors influencing FCG behaviour in this additively
manufactured steel are intrinsic to the material’s microstructure and not
associated with the external processing parameters studied.

The fracture mechanism observed in all specimens, regardless of the
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Table 6
Comparative material constants for conventional S355 steel and WAAM ER70S-6 carbon steel.
Steel Reference Deposition strategy Orientation R B(mm) C m
ER70S-6 Ermakova et al. [15] Oscillatory ﬂ.ﬂ Horizontal 0.1 16 3.43 x 10°%® 2.61
Ermakova et al. [15] Oscillatory il Vertical 0.1 16 9.75 x 107% 2.95
Shamir et al. [16] Parallel — Horizontal 0.1 16 1.72 x 107 3.42
pand
Shamir et al. [16] Parallel — Vertical 0.1 16 113 x 107 2.88
=
Huang et al. [18] Parallel — Diagonal 0.1 3 1.56 x 107%° 3.38
=
Huang et al. [18] Parallel — Diagonal 0.1 8 2.88 x 107%° 3.25
=
$355 Pedrosa et al. [52] Conventional steel 0.1 12 7.27 x 1071° 3.54
Pedrosa et al. [52] Conventional steel 0.5 12 1.63 x 10°% 2.62

da/dN in mm/cycle and AK in MPa\/m.

102 »
[ ===«= H-13B, R=0.25 ;
[  — — H-13C, R=0.05
[ om——— V-14B, R=0.25
— = V-14C, R=0.05
10-3 n

- BS 7910
r welded steel

BS 7910
unwelded

10 A

WAAM, R=0.1, B=3 mm [18]
WAAM, R=0.1, B=8 mm [18]
H-WAAM, R=0.1 [15]

Crack growth rate, da/dN (mm/cycle)

[
105 V-WAAM, R=0.1 [15]
- H-WAAM, R=0.1 [16]
— —~V-WAAM, R=0.1 [16]
— o - $355, R=0.1 [52]
——————— $355, R=0.5 [52]
106 ‘ —
10 100

Stress-intensity factor range, AK (MPa\/m)

Fig. 9. Comparison of fitted experimental FCGR curves. Red and black dashed
lines correspond to this research’s specimens; purple [18], yellow [15], and
blue [16] lines are for WAAM ER70S-6 extracted from literature, and green
lines for conventional S355 steel [52], also extracted from literature; full black
lines refer to two-stage FCG laws suggested by BS 7910 standard for welded and
unwelded steel. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

stress ratio, was a mix of cleavage and fatigue crack propagation stria-
tions caused by the loading cycle, as highlighted by red circles shown in
the micrograph of Fig. 11 (the orange arrow marks the crack growth
direction). Fatigue crack propagation striations exhibited variations in
spacing and direction, likely influenced by localised microstructural
changes and interaction with intersecting secondary cracks. However,
fatigue crack propagation striations were mainly perpendicular to the
crack growth direction. Cleavage fractures occur in the harder and more

brittle regions, primarily composed of pearlite. In contrast, areas
exhibiting striations, which are predominant, correspond to the softer
and more ductile regions dominated by ferrite. Very small amounts of
defects resulting from the manufacturing process were also observed.
Fig. 11(b) shows two examples: a small inclusion and a porosity (marked
by black arrows).

Previous studies have reported similar fractographic features in
WAAM carbon steel for specimens subjected to different loading di-
rections [18]. These main fractographic features included common
fracture mechanisms associated with pearlite-ferrite steel, such as fa-
tigue crack propagation striations, secondary cracks and dimples, which
agrees with the present study’s findings. In contrast, Ermakova et al.
[15] concluded that microstructural deformation mechanisms in this
additively manufactured steel are influenced by specimen orientation,
with horizontal specimens exhibiting ductile failure and vertical speci-
mens exhibiting brittle failure.

4. Conclusions

This paper studied the FCG behaviour of untreated and heat-treated
WAAM ER708S-6 carbon steel under different stress ratios (R = 0.05 and
R =0.25) and loading directions (horizontal and vertical) relative to the
layer printing orientation. Crack closure was measured via the DIC
technique in combination with the incremental polynomial method.
Microstructure and hardness were evaluated along three orthogonal
planes for the various orientations and material conditions. Fracture
surfaces were also examined to identify the fracture mechanisms of the
Paris regime associated with the material condition and the printing
orientation. FCG rates were compared with results from the literature for
WAAM-produced and conventionally manufactured steels. The
following conclusions can be drawn:

e The FCG behaviour of WAAM ER70S-6 carbon steel showed minimal
sensitivity to variations in the loading direction relative to the print
layer orientation. In contrast, factors such as the stress ratio had a
more pronounced influence on the results. This highlights the critical
role of stress ratio in the components’ fatigue performance alongside
the material’s microstructure.

e The FCG rates closely aligned with existing literature for WAAM
ER70S-6 carbon steel and were close to those of conventionally
produced steel, such as S355 steel. S355 steel outperformed WAAM
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Fig. 10. Fracture mechanics during fatigue crack propagation. SEM micro-
graph of (a) V-14A specimen (HT) tested at R = 0.05 and (b) H-13A specimen
(HT) tested at R = 0.25. SEM micrographs taken for AK = 30-35 MPa\/m.
Orange arrow indicates the crack growth direction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

ER70S-6 carbon steel, but the difference was not significant, sug-
gesting WAAM carbon steel’s high potential for structural design.
Annealing at 800 °C did not substantially enhance FCG rates, irre-
spective of the print layer orientation. This suggests that the micro-
structural changes induced by this heat treatment at this temperature
were insufficient to improve fatigue resistance.

The stress ratio significantly influenced the PICC mechanism,
resulting in different FCG behaviours. Crack closure was more pro-
nounced at R = 0.05, as evidenced by crushed asperity peaks caused
by premature surface contact. This phenomenon may explain the
variations in the fatigue life of structures produced using WAAM
ER70S-6 carbon steel.

Heat treatment, specimen location and loading orientation did not
affect fatigue crack propagation mechanisms. The fractographic
analysis revealed a mixed fracture mechanism in all cases, consisting
of cleavage in the harder pearlite regions and fatigue crack propa-
gation striations in the softer ferrite-dominant regions.

No significant changes in fatigue crack propagation mechanisms
were observed based on specimen location, loading orientation or
material condition. Additionally, minor manufacturing defects, such
as inclusions and porosity, were identified, potentially contributing
to localised stress concentrations and crack initiation sites.

10
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Fig. 11. Fracture mechanics during fatigue crack propagation stage. SEM
micrograph of (a) H-13C specimen tested at R = 0.05 and (b) V-14C specimen
tested at R = 0.05. SEM micrographs taken for AK = 30-35 MPa\/m. Orange
arrow indicates the crack growth direction. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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