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A B S T R A C T   

Wire Arc Additive Manufacturing (WAAM) has gained popularity due to its speed and cost-effectiveness. 
However, the current knowledge on the cyclic deformation behaviour of WAAM materials is limited. To 
address this issue, this study investigates the cyclic deformation behaviour of WAAM ER70S-6 carbon steel. 
Coupons were extracted from printed walls with horizontal and vertical orientations and from surface and 
interior locations. Low-cycle fatigue tests were performed under fully reversed strain-controlled conditions, 
spanning strain amplitudes from 0.20 % to 1.50 %. Regardless of the group, the material exhibited cyclic 
hardening for strain amplitudes above 0.60 % and cyclic softening for smaller strain amplitudes. Significant non- 
Masing hysteretic behaviour was also observed. Cyclic stress–strain curves and fatigue-life relationships written 
in terms of stress, strain and energy-based parameters were derived for all groups. Fatigue life was not signifi
cantly influenced by printing orientation or location across thickness. However, horizontal orientation resulted in 
a slightly superior fatigue response. A statistical analysis revealed no significant difference in the accuracy of 
fatigue-life relationships between the groups. Finally, a comparative study between WAAM materials and con
ventional steels showed promising results. Yet, conventional steels outperform WAAM carbon steel, at least 
doubling the fatigue life for the same value of the damage parameter.   

1. Introduction 

Additive Manufacturing (AM), often referred to as 3D printing, has 
evolved from its early days of rapid prototyping to a versatile technology 
with applications across various industries, including structural engi
neering [1–3]. The procedure involves adding material layer by layer to 
produce new features. It opens up the possibility of creating optimised 
designs that would be too challenging or even impossible to manufac
ture using conventional technologies [4–7]. 

Metal Additive Manufacturing, a specialised category within the 
broader AM domain, employs advanced techniques like Powder Bed 
Fusion (PBF) and Direct Energy Deposition (DED) to create intricate 
forms. In particular, Wire Arc Additive Manufacturing (WAAM), an 
important member of the DED family, has emerged as one of the leading 
methods for producing large steel components. Its widespread adoption 
can be attributed to high deposition rates, allowing for open fabrication 
environments, cost-effectiveness, and environmental benefits [8–11]. 

However, WAAM still faces obstacles in achieving high-quality final 

products. Many of these challenges are inherited from the rapid cooling 
associated with welding, which can lead to residual stresses, distorted 
geometry, uneven surface finish, waviness, microstructure heterogene
ities and inconsistent material properties. Moreover, the mechanical 
properties of WAAM are also influenced by factors such as wire feed rate, 
arc current, interpass temperature, torch speed, among others [12–15]. 
Ongoing scientific efforts aim to address these challenges, involving 
process calibration, evaluating parameter-microstructure-property re
lationships, and developing data-driven models for predicting material 
properties [16–18]. 

Since WAAM components are notably susceptible to fatigue failure 
due to the issues previously mentioned that make them vulnerable to 
cyclic plastic accumulation, the potential of this technology has been 
hindered by limited research into its fatigue performance, especially 
under strain-controlled conditions. Low cycle fatigue (LCF) is generally 
associated with high levels of stress amplitude, resulting in large values 
of cyclic plastic strain that can lead to fatigue failure after a low number 
of loading cycles. In contrast, high cycle fatigue (HCF) is characterised 
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by low levels of stress amplitude, developing almost exclusively in the 
elastic regime, and allowing for potentially infinite fatigue life. Material 
imperfections during manufacturing can trigger LCF, leading to signif
icant damage under normal operating conditions. Hence, understanding 
these features is vital for mitigating the risk of fatigue failure in critical 
components, ensuring the robust performance of WAAM parts, and 
enabling the use of this technology in structures subjected to time- 
varying loading, such as wind-supporting structures or offshore appli
cations [19]. This information is also fundamental for modelling the 
cyclic elastic–plastic behaviour of WAAM carbon steel, allowing better 
fatigue lifetime prediction. 

The study of fatigue behaviour on WAAM materials has advanced in 
recent years, with a primary focus on stainless steel [20–22] and tita
nium alloys [23–25], among others [26–28]. However, very little 
research has been conducted on low-carbon steel, namely the grade 
ER70S-6 according to the American Welding Society (AWS) specifica
tion [29] or G3Si1 as per the International Organization for Standardi
zation (ISO) [30]. Moreover, when focusing on low-carbon steel, most of 
the existing studies were devoted to the HCF regime [31–33]. 

Regarding LCF of low-carbon steel, Zong et al. [34] have analysed 
rectangular cross-section WAAM coupons in both as-built and machined 
conditions. The coupons were cut in three orientations relative to the 
printing trajectory (0◦, 45◦, and 90◦), but only coupons cut at 90◦ were 
analysed with a machined surface finish. The testing was performed 
under constant-amplitude loading, followed by the derivation of cyclic 
stress–strain curves and strain-life relationships. The findings indicated 
that the as-built coupons exhibited weakened LCF properties compared 
to their machined counterparts. Likewise, Wang et al. [35] have tested 
WAAM carbon steel rectangular coupons cut in a vertical orientation. 
The study utilised coupons with two nominal thicknesses and two 
distinct surface finishes – as-built and machined – subjecting them to ten 
different loading scenarios. The primary objective of this investigation 
was to evaluate the impact of the loading scenario on the fatigue 
response of the various coupon sets. The study’s conclusions highlighted 
the exceptional ductility exhibited by the material under cyclic loading 
and emphasised the significant dependence of the cyclic performance on 
both strain amplitude and strain history. This investigation was recently 
expanded in the research article by Wang et al. [36] by developing a 
modified Chaboche model to describe the cyclic constitutive behaviour 
of WAAM carbon steel. 

These previous studies derived strain-life relationships [34,35]. 
Nevertheless, stress-life and energy-life relationships are important tools 
in the design of critical engineering components against fatigue failure. 
Particularly in the case of WAAM materials, these features are directly 
linked to the printing strategy and degree of anisotropy, both of which 
affect the cyclic deformation response. Thus, this paper aims to fill such 
gaps by investigating the LCF behaviour of WAAM ER70S-6 carbon steel 
in a polished surface state, considering the effect of loading orientation 
and location along the thickness on cyclic stress–strain response and 
fatigue life. Stress-life, strain-life and energy-life relationships are also 
derived for the different tested groups. Complementary, a comparative 
analysis of the LCF behaviour between WAAM carbon steel and its 
conventional counterpart is provided, as well as an analysis of variance 
(ANOVA) to assess the influence of orientation on the fatigue life re
lationships obtained. Finally, the fracture surfaces are examined by 
scanning electron microscopy to identify the main fracture mechanisms 
associated with the different strain levels and orientations. 

2. Experimental procedure 

The section is subdivided into three parts. The first outlines the 
fabrication strategy of WAAM carbon steel walls and presents the 
coupon geometry. The second describes the LCF testing procedure and 
the applied loading levels. The last part focuses on post-mortem exam
inations of the fracture surfaces to identify the failure mechanisms. 

2.1. Fabrication of material coupons 

The feedstock material used in this research was low-carbon AWS 
A5.18 ER70S-6/ISO 14341 – A – G 42 4 M21 G 3Si1 coated copper wire 
of 1.0 mm diameter, hereafter referred to as ER70S-6. Table 1 summa
rises the nominal chemical composition as a weight percentage, while 
Table 2 lists its main mechanical properties according to the manufac
turer [37]. 

The fatigue coupons were extracted from three carbon steel walls 
produced at the AM Construction Laboratory of the University of 
Coimbra, two for horizontal coupons and one for vertical coupons, see 
Fig. 1. This task employed an ABB IRB 4600 robot paired with a CMT 
Fronius TPS 400i welding machine. The fabrication parameters given in 
Table 3 were chosen to match those used by Tankova et al. [13] to 
provide continuity to the work carried out by this research group. The 
total printing time for the three walls (also considering the time the 
torch was off) was 13 h, and the calibrated layer height was 2.44 mm. 
Fig. 1(a) illustrates the selected deposition trajectory, highlighting the 
welding beads’ consistent longitudinal alignment. Note that the beads 
were deposited in an alternating pattern per layer, in both transverse 
and vertical directions. 

Regarding the microstructure features, as previously determined by 
other scholars [13,32], the microstructure of WAAM ER70S-6 exhibits 
polygonal ferrite and intergranular lamellar perlite, indicative of con
ventional non-alloyed low-carbon steels. Similarly, a recent study by our 
research group showed a recrystallised coarse-grained structure inde
pendent of the sample’s location [13]. Fig. 2 shows the prevailing 
microstructure characteristics observed for the tested material in the 
transversal and longitudinal directions, which exhibits a recrystallised 
coarse-grained structure with an average grain size ranging from 9 μm to 
13 μm, respectively. The enlarged grain size is typically attributed to the 
heat sink effect resulting from heat accumulation during fabrication. 
The microstructure’s homogeneity is likely associated with the thermal 
cycle reaching a steady-state condition; these conclusions are shared 
with previous studies on WAAM materials [38–40]. 

The coupons were cut using a geometry per ASTM E 606–21 [41], as 
shown in Fig. 1(b); the gauge sections were polished using 320, 500, 
1200 and 2400 grit sandpaper and 3.0 μm diamond paste for the final 
finish in order to reduce the detrimental effect of surface undulations. To 
examine the influence of the printing strategy on the cyclic behaviour of 
the WAAM carbon steel, the printing strategy was defined to ensure: (i) 
the fabricated walls had sufficient thickness to allow the extraction of 
three coupons in the x-direction, as shown in Fig. 1; and (ii) the 
extraction of coupons in two different orientations, namely horizontal 
(y-direction, parallel to the deposition trajectory, as in Fig. 1(c)) and 
vertical (z-direction, perpendicular to the deposition trajectory, as 
shown in Fig. 1(d)). The combination of these criteria resulted in four 
different groups: horizontal coupons from the surface (HS), horizontal 
coupons from the interior (HI), vertical coupons from the surface (VS), 
and vertical coupons from the interior (VI). Note that the residual stress 
levels were not considered in this study. 

2.2. Low-cycle fatigue testing 

For each orientation (horizontal and vertical), a total of 18 coupons 
were extracted from the printed walls. Six coupons from each orienta
tion were machined as closely as possible to the surface, while the 
subsequent 12 were acquired from the internal volume of the wall. This 
approach enables the research to identify possible orientation- 
dependent or thickness-dependent effects. 

Uniaxial LCF tests were conducted following the procedures of ASTM 
E 606–21 [41] via the single-step method, in which the strain amplitude 
(εa) is maintained constant throughout the test, considering fully- 
reversed conditions (Rε = − 1), a constant strain rate (dε/dt) equal to 
8 × 10-3 s− 1, and sinusoidal waveforms. The studied strain amplitudes 
ranged from 0.20 % to 1.50 %, as detailed in Table 4. Note that for 
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groups HI and VI, additional strain amplitudes were tested. The exper
imental setup included a 100 kN DARTEC closed-loop servo-hydraulic 
testing machine and a 12.5 mm-gauge mechanical extensometer (Ins
tron 2620–601 model). Two stopping conditions were defined for the 
tests: i) total failure and ii) 30 % load drop. An average of 200 data 
points were recorded per cycle during each individual test. 

In addition to the testing mentioned above, as summarised in 
Table 4, six coupons, three for each direction, i.e. HI and VI, were 
subjected to uniaxial stress-controlled conditions with stress amplitudes 
(σa) spanning from 255 MPa to 305 MPa, considering a stress ratio (Rσ) 
of − 1, a cyclic frequency of 10 Hz, and sinusoidal waveforms. In this 
case, tests were stopped when the specimen reached total failure, i.e. 
separation of the specimen into two parts. 

2.3. Fractography 

Following the LCF testing, the fracture surfaces were examined to 
understand better the failure mechanisms associated with the various 
groups and the strain levels. Initially, these surfaces were observed 
through optical microscopy (OM) with a Carl Zeiss Axiotech 100HD 
microscope. Later, they were subject to analysis through conventional 
scanning electron microscopy (SEM) imaging using a Carl-Zeiss Gemini 
500 FE machine. For SEM imaging, the gauge section of the chosen 

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

Feedstock wire C Mn Cr Ni Mo V P Fe 

ER70S-6 0.05 – 0.15 1.40 – 1.85 0.15 max 0.15 max 0.15 max 0.03 max 0.025 max Bal.  

Table 2 
Mechanical properties of ER70S-6 feedstock wire.  

Feedstock wire Yield stress (MPa) Ultimate tensile strength (MPa) 

ER70S-6 420 520  

Fig. 1. Fabrication details of the coupons (a) printing path, (b) coupon geometry, (c) walls’ geometry for horizontal coupons (coupons extracted from the second wall 
are identified by the numbers in parentheses) and (d) wall geometry for vertical coupons (no scale, dimensions in millimetres). 

Table 3 
CMT-WAAM wall fabrication parameters.  

Process parameter Detail 

Current (A) 155 
Voltage (V) 15.7 
Wire diameter (m/min) 1.0 
Wire feed (m/min) 6.0 
Robot speed (mm/s) 10.0 
Shielding gas 98 % Ar + 2 % CO2 (M12) 
Dwell time (s) 15 
Layer height (mm) 2.44  
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coupons was precision-cut using a high-speed cutting machine and 
thoroughly cleaned via ultrasonic treatment in a trichloroethylene so
lution. This analysis comprised the specimens tested at 0.20 % and 1.25 
% strain amplitudes, i.e. lower and higher loading levels, across all four 
test groups. 

3. Results and discussion 

This section is subdivided into five parts. The first two parts focus on 
the cyclic deformation behaviour and the stable stress–strain response. 
After that, subsection 3.3 addresses the fatigue-life relationships for the 
different groups, and subsection 3.4 compares the fatigue-life relation
ships obtained with previous studies carried out for equivalent WAAM 
and conventional materials. Finally, the last subsection concludes with 
the analysis of failure mechanisms by OM and SEM. 

3.1. Cyclic deformation behaviour 

The cyclic stress–strain response for all four groups under investi
gation at εa = 1.25 % is illustrated in Fig. 3; results from the tensile 
portion of the first cycle and half-life cycle have been included to aid the 
analysis. The study of the complete stress–strain response shows a 
consistent pattern, where an increase in the maximum tensile stress 
evidences a strain-hardening behaviour. In addition, the overall 
response is relatively similar across the four cases and does not suffer 
significant changes during the test; the hysteresis loops have only visible 
differences in the plastic phase of the loading cycles. 

At first glance, as shown in Fig. 3, the shape of the half-life loops 
collected at εa = 1.25 % seems to be similar for all groups. A more 
detailed analysis of these results, as exhibited in Fig. 4(a), shows a slight 
difference between the four cases. Withal, this difference is minimal 
when coupons with the same orientation are compared. Assuming the 
group HI as the reference case, the maximum differences between the 
loop’s areas are lower than 2.4 %. Fig. 4(b) compares the half-life hys
teresis loops for the four groups at εa = 0.80 %. Although the differences 
in this case are somewhat higher, there are still no relevant disparities 

across the four groups. Notably, at εa = 0.80 %, the area inside the half- 
life loop for the group VS exceeds that of the other groups. The 
maximum difference between the loop’s areas quantified, assuming the 
group HI as the reference case, was 3.4 %. In both cases, i.e. εa = 1.25 % 
and εa = 0.80 %, the maximum difference was attributed to group VS. 
This trend was also identified for other strain amplitudes. 

The changes in the stress response during the tests can be better 
evaluated using dependent parameters. Fig. 5 exhibits the variation of 
stress amplitude, σa, with the fatigue life, N, for testing groups HI and VI 
as an example of the general trends. To facilitate a comparison of trends 
across all groups, the results for groups HS and VS are also included at a 
strain amplitude of 0.60 %. It can be concluded that the material dis
played hardening behaviour at higher strain amplitudes, while the 
tendency was toward softening behaviour at lower strain amplitudes. 

The cyclic stress response of the WAAM carbon steel studied in this 
research, see Fig. 5, encompasses the three main phases typical for most 
steels: an initial transient phase, a stable phase, and a final phase with 
sudden changes [20,26,42]. In this study, the initial response dominated 
approximately 10 % of the life, and the stable response persisted over 
the next 75 % of the life. In comparison, the final stage encompassed 
nearly the last 15 % of the life. Although not exactly the same, results 
from the WAAM carbon steel investigated relative to the cyclic stress 
response align with the trends found in previous research on the same 
material [34–36]. Fig. 5(b) shows the values obtained by Zong et al. [34] 
for a coupon tested at εa = 1.0 % in the machined conditions. In this case, 
the stress amplitude was smaller than in the current study, but both 
trends were similar. 

To quantify the degree of cyclic hardening/softening (HS) of the 
different groups, the hardening ratio was determined for each cycle 
using the following expressions [43]: 

HS =
σa,HL

σMC
(1)  

where σa,HL represents the stress amplitude of the half-life cycle, and σMC 
denotes the stress calculated from the monotonic stress–strain curve 

)b()a(
Fig. 2. Metallographic images of WAAM ER70S-6 carbon steel: (a) transversal and (b) longitudinal directions.  

Table 4 
Summary of low-cycle fatigue experimental campaign.  

Strain-controlled tests (Rε ¼ ¡1) 
HS εa (%) 0.20 - 0.40 -  0.60  0.80  1.00  1.25 - 
HI εa (%) 0.20 0.30 0.40 0.50  0.60  0.80  1.00  1.25 1.50 
VS εa (%) 0.20 – 0.40 –  0.60  0.80  1.00  1.25 – 
VI εa (%) 0.20 0.30 0.40 0.50  0.60  0.80  1.00  1.25 1.50  

Stress-controlled tests (Rσ ¼ ¡1) 
HI σa (MPa) 295 275 255       
VI σa (MPa) 305 280 255        
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obtained from the loading phase of the first cycle of the LCF test at εa =

1.5 %. Based on Eq. (1), it can be concluded that HS > 1 for cyclic 
hardening behaviour and HS < 1 for cyclic softening behaviour. The 
outcomes of these calculations are presented in Fig. 6 for all groups, 
confirming the previously observed patterns regarding the hardening/ 

softening behaviour of the WAAM ER70S-6 material. This affirms that 
the material experiences cyclic hardening for higher strain amplitudes 
and cyclic softening for lower strain amplitudes. According to the fitted 
function for all coupons, shown in Fig. 6, the transition threshold occurs 
at a strain amplitude of 0.60 %. This value is nearly identical to those 

-500

-250

0

250

500

-2 -1 0 1 2

St
re

ss
, σ

(M
Pa

)

Strain, ε (%)

All
1st cycle
Half-life

VS

(c)

-500

-250

0

250

500

-2 -1 0 1 2

St
re

ss
, σ

(M
Pa

)

Strain, ε (%)

All
1st cycle
Half-life

HS

(a)

-500

-250

0

250

500

-2 -1 0 1 2

St
re

ss
, σ

(M
Pa

)

Strain, ε (%)

All
1st cycle
Half-life

HI

(b)

-500

-250

0

250

500

-2 -1 0 1 2

St
re

ss
, σ

(M
Pa

)

Strain, ε (%)

All
1st cycle
Half-life

VI

(d)

Fig. 3. Full hysteretic curves compared with the tensile portion of the first cycle and half-life cycle at εa = 1.25 % for: (a) HS, (b) HI, (c) VS, and (d) VI group.  

Fig. 4. General comparison of stress–strain hysteretic loops for different groups at different strain amplitudes: (a) εa = 1.25 %, and (b) εa = 0.80 %.  
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obtained from the functions of the horizontal and vertical groups, which 
are 0.62 % and 0.58 %, respectively. This combined hardening/soft
ening behaviour was also reported in a previous study on LCF of WAAM 
carbon steel by Zong et al. [34]. Hardening behaviour at higher strain 
amplitudes was reported by Wang et al. [36] as well. The main differ
ence with these two prior studies lies in the defined transition threshold, 
previously stated at a strain amplitude of 0.50 %. 

The observed hardening/softening behaviour aligns with the 
empirical rule proposed by Hirschberg et al. [44]. According to this 
model, a material’s distinct responses to cyclic straining can be intuited 
from the ratio of ultimate stress (fu) to yield stress (fy) derived from 
monotonic tensile tests, i.e. fu/fy. Materials with fu/fy ≤ 1.2 demonstrate 
softening behaviour, while those with fu/fy ≥ 1.4 exhibit strain- 
hardening. In the intermediate range, where 1.2 < fu/fy < 1.4, both 
hardening and softening phenomena are likely to be observed. 
Regarding the tested material, Tankova et al. [13] reported fu/fy ratios of 
1.34 for horizontally machined samples and 1.33 for vertically 
machined samples extracted from a wall printed using the same fabri
cation parameters. 

3.2. Cyclic stress–strain response 

Based on the analyses in the previous section of this article regarding 
the cyclic response, it can be assumed that the material displays a stable 
stress–strain behaviour. Thus, as customary in many studies focused on 

conventional or additively manufactured metals, the half-life cycles 
were used to represent the stable stress–strain response. The main var
iables extracted from the half-life cycles for each group are summarised 
in Table 5, i.e. number of reversals to failure, 2Nf, stress amplitude, σa, 
elastic strain amplitude, εa,e, plastic strain amplitude, εa,p, total strain 
amplitude, εa, positive elastic strain energy density, ΔWe+, plastic strain 
energy density, ΔWp, and total strain energy density, ΔWt. The plastic 
strain energy density was calculated by integrating the area of the half- 
life loop of each coupon. The nomenclature of the coupons is initially 
denoted by the group designation (HS, HI, VS, and VI), followed by the 
coupon number (from 1 to 12) and the specific extraction location (A, B 
or C) as shown in Fig. 1. 

Fig. 7(a) illustrates the stabilised loops at half-life for various strain 
amplitudes, comparing results obtained from HS and HI groups. Anal
ogously, Fig. 7(b) presents comparable findings for the VS and VI 
groups. The figures also show the respective monotonic stress–strain 
part obtained experimentally during the first cycle of the LCF test for εa 
= 1.5 % and the cyclic stress–strain curves represented by the full thick 
lines. The cyclic stress–strain curves were obtained considering all 
horizontal coupons (CC-H) and all vertical coupons (CC-V). Upon ex
amination of Fig. 7, it is worth noting that the peak tensile and peak 
compressive points of the hysteresis loops fit the general cyclic curves 
well, regardless of the group. Only the case VS-8A, tested at εa = 1.0 %, 
deviates from the general trend. Thus, this test was excluded from the 
subsequent analyses. Furthermore, in agreement with previous findings 
in this work, it is visible again that WAAM coupons exhibit cyclic 
hardening in both horizontal and vertical orientations when subjected to 
strain amplitudes equal to or greater than 0.60 %. This is evidenced by 
the maximum tensile stress increasing with the increment in the strain 
amplitude and consistently outperforming the monotonic curve. 
Contrarily, the specimens undergo cyclic softening for strain amplitudes 
smaller than 0.60 %. 

The cyclic stress–strain curves shown in Fig. 7 were calculated by the 
modified Ramberg-Osgood equation [45]: 

σa = E εa,e + k′
(
εa,p

)n′
(2)  

where E is the Young’s modulus for each condition (201.1 GPa and 
237.1 GPa for horizontal and vertical coupons, respectively), εa,e is the 
elastic strain range, εa,p is the plastic strain range, k’ is the cyclic hard
ening coefficient, and n’ is the cyclic hardening exponent. The power 
law proposed by Morrow [46], relating the stress amplitude and the 
plastic strain amplitude, was used to determine the fitting coefficients. 

Table 6 presents these fitting constants alongside their respective 
correlation coefficients for each individual group and three additional 
conditions: all horizontal coupons, all vertical coupons, and the entire 
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Fig. 5. Stress amplitude versus fatigue life for groups: (a) HI and (b) VI.  
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population of coupons, irrespective of their orientation. For all cases, the 
correlation coefficients were very satisfactory. It can also be concluded 
that the k’ and n’ values did not show significant variations and are 
relatively close for all groups, agreeing with the previous observations. 
The maximum absolute difference between the k’ value fitted using all 
coupons and that fitted using horizontal or vertical coupons was lower 
than 0.49 %. Regarding n’, the maximum absolute difference was 

approximately 0.57 %. 
Understanding the shape of hysteresis loops holds crucial importance 

in the context of energy-based approaches. Fig. 8 plots the half-life loops 
for the two expanded groups, i.e. all horizontal and all vertical coupons, 
in relative coordinates, with the lower tips connected. When the loops 
are joined at the lower tip, it becomes apparent that the upper branches 
for different strain amplitudes do not follow a single trajectory, 

Table 5 
LCF results for WAAM ER70S-6 carbon steel coupons.  

ID 2Nf 

(reversals) 
σa 

(MPa) 
εa,e 

(%) 
εa,p 

(%) 
εa 

(%) 
ΔWe+

(MJ/m3) 
ΔWp 

(MJ/m3) 
ΔWt 

(MJ/m3) 

HS-6A 54,098  321.5  0.159  0.052  0.211  0.497  0.593  0.854 
HS-5A 1854  332.4  0.164  0.241  0.405  0.417  2.367  2.698 
HS-4A 1676  383.3  0.190  0.414  0.603  0.425  5.356  5.734 
HS-3A 1008  389.2  0.193  0.611  0.803  0.377  7.839  8.264 
HS-1A 324  404.5  0.200  0.802  1.003  0.331  11.374  11.791 
HS-2A 206  421.8  0.209  1.045  1.253  0.260  15.349  15.846 
HI-4C 11,246  314.2  0.155  0.055  0.211  0.525  0.536  0.795 
HI-4B 16,758  334.2  0.165  0.144  0.310  0.487  1.543  1.824 
HI-1C 3544  348.9  0.173  0.233  0.406  0.486  2.606  2.916 
HI-3C 894  387.0  0.192  0.313  0.505  0.439  4.000  4.374 
HI-2B 770  371.2  0.184  0.420  0.604  0.354  5.290  5.644 
HI-2C 2478  402.3  0.199  0.605  0.804  0.374  7.991  8.430 
HI-3B 540  437.4  0.216  0.786  1.003  0.310  12.078  12.564 
HI-5B 130  426.3  0.211  1.042  1.253  0.281  15.485  15.972 
HI-5C 140  437.2  0.216  1.286  1.502  0.260  19.583  20.108 
HI-6C 156,938  295.0  0.146  0.040  0.186  0.275   0.275 
HI-6B 188,540  275.0  0.136  0.022  0.158  0.217   0.217 
HI-1B 2,754,770  255.0  0.126  0.011  0.138  0.175   0.175 
VS-12A 8114  331.1  0.140  0.059  0.199  0.538  0.448  0.731 
VS-10A 6256  355.1  0.150  0.249  0.398  0.500  2.609  2.932 
VS-11A 1010  393.7  0.166  0.433  0.599  0.487  5.562  5.942 
VS-7A 1776  425.4  0.179  0.619  0.798  0.471  8.513  8.970 
VS-8A* 16  462.0  0.195  0.808  1.003  0.436  13.567  14.053 
VS-9A 86  434.6  0.183  1.066  1.249  0.373  15.852  16.367 
VI-8B 14,888  325.6  0.137  0.075  0.212  0.337  0.566  0.822 
VI-7C 2738  349.1  0.147  0.162  0.309  0.306  1.430  1.736 
VI-9B 1158  362.6  0.153  0.253  0.406  0.256  2.677  3.014 
VI-9C 1196  360.9  0.152  0.351  0.504  0.515  3.697  4.070 
VI-10B 530  376.5  0.159  0.446  0.605  0.486  4.977  5.413 
VI-10C 780  399.4  0.168  0.634  0.803  0.457  7.949  8.420 
VI-7B 306  419.5  0.177  0.826  1.003  0.380  11.305  11.792 
VI-8C 122  431.0  0.182  1.071  1.253  0.323  15.798  16.298 
VI-11C 82  446.9  0.189  1.313  1.501  0.282  20.244  20.782 
VI-11B 89,108  305.0  0.129  0.052  0.1802  0.275   0.275 
VI-12B 105,520  280.0  0.118  0.024  0.1419  0.197   0.197 
VI-12C 593,878  255.0  0.108  0.010  0.1177  0.150   0.150 

*Coupon excluded from fitting curves. 

Fig. 7. Stabilised hysteresis loops for (a) horizontal and (b) vertical coupons and cyclic (CC) stress–strain curves. CC-H refers to all horizontal coupons, while CC-V 
refers to all vertical coupons. 
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deviating from the Masing curve. In a perfectly Masing material, the 
upper branches would replicate the path of the Masing curve [47]. The 
Masing curve was constructed by scaling the strains and stresses of the 
cyclic curve by a factor of two. Cyclic curves of Fig. 8(a) and Fig. 8(b) 
were calculated by means of Eq. (2) using the coefficients of Table 6 for 
all horizontal coupons and all vertical coupons, respectively. 

The analysis of hysteresis loop shapes, as seen in Fig. 8, revealed that 
WAAM ER70S-6 carbon steel displayed non-Masing behaviour, espe
cially at higher strain amplitudes, a characteristic often associated with 
alterations in the linear range of stable loops [48]. These alterations 
result from changes in microstructure induced by the applied cyclic 
strain, which affects the cell structure and eases the motion of disloca
tions [49]. It is clear that at strain amplitudes greater or equal to 0.50 %, 
both the microstructure and the dislocation structure are not stable. On 
the contrary, the material displays Masing behaviour at lower strain 
amplitudes. This is expected since conventional or additively manufac
tured ferrite-pearlite microstructures exhibit Masing behaviour at low- 
strain amplitudes and non-Masing behaviour at large strain ampli
tudes [34,50]. 

3.3. Fatigue-life relationships 

Fatigue-life relationships describe the link between fatigue life, often 
represented as the number of reversals to failure and a particular vari
able. These relationships are crucial in engineering design to account for 
the effects of fatigue damage on components or structures. Here, three 
models to define such relations are explored in detail: the Basquin- 
Coffin-Manson (BCM) model, the Smith-Topper-Watson (SWT) model, 
and the Total Strain Energy Density (TSED) model. 

3.3.1. Basquin-Coffin-Manson model 
Strain-life relationships are commonly employed in the fatigue 

design of engineering structures subjected to time-varying loading. The 
BCM model is often used to represent the relationship between the total 
strain amplitude and the number of reversals to failure [51–53]: 

εa = εa,e + εa,p =
σ′

f

E
(
2Nf

)b
+ ε′

f (2Nf )
c (3)  

where σf’ is the fatigue strength coefficient, b is the fatigue strength 
exponent, εf’ is the fatigue ductility coefficient, and c is the fatigue 
ductility exponent. These four constants can be found through a linear 
regression process, plotting both plastic and elastic strain amplitudes 
against the number of reversals to failure on log–log scales. A summary 
of these constants and the correlation coefficients for all groups studied 
is found in Table 7. 

Fig. 9 illustrates the BCM model compared to experimental data 
organised by group, more precisely, all horizontal coupons (Fig. 9(a)) 
and all vertical coupons (Fig. 9(b)). As anticipated, the fatigue life de
creases with increasing strain amplitude. A satisfactory alignment be
tween the fitted equations and the experimental results is observed and 
corroborated by evaluating the correlation coefficients. Regardless of 
orientation, it is evident that the location along the thickness is not a 
relevant variable since results from coupons extracted from surface and 
interior positions are perfectly arranged in the same range. 

Transition life, 2NT, indicative of the shift from the LCF regime to the 
HCF regime, can be derived from Eq. (3), assuming that the magnitude 
of plastic strain amplitude is equal to the magnitude of elastic strain 
amplitude [54]. This value is significant for material selection and en
gineering design, as it can guide the design towards an elastic or plastic 
approach. Fig. 9 illustrates the transition life results for both horizontal 
and vertical groups. Notably, both groups exhibit similar transition life, 
with horizontal coupons prolonging the predominant plastic phase 
throughout a few more cycles, less than 3 %, in the fatigue life. 

In the prior study by Tankova et al. [13], vertical coupons exhibited a 
negligible difference in yield strength compared to horizontal coupons, 
375.7 MPa and 373.2 MPa, respectively. In the present study, horizontal 
coupons showed a slim improvement in fatigue life over vertical ones, in 
agreement with the observation that materials with higher yield 

Table 6 
Cyclic mechanical properties of WAAM ER70S-6 carbon steel.  

Group R2 k’ (MPa) n’ 

HS  0.868  629.082  0.0931 
HI  0.931  725.927  0.1151 
VS  0.916  686.974  0.1012 
VI  0.952  704.044  0.1105 
Horizontal (all)  0.893  684.036  0.1060 
Vertical (all)  0.920  690.214  0.1051 
ALL  0.902  687.390  0.1057  

-150

50

250

450

650

850

1050

-0.5 0 0.5 1 1.5 2 2.5 3 3.5

St
re

ss
, σ

(M
Pa

) 

Strain, ε (%)

HS

HI

Masing curve

Cyclic
curve

(0,0)

(a)

-150

50

250

450

650

850

1050

-0.5 0 0.5 1 1.5 2 2.5 3 3.5

St
re

ss
, σ

(M
Pa

) 

Strain, ε (%)

VS

VI

Masing curve

Cyclic
curve

(0,0)

(b)

Fig. 8. Half-life loops at different strain amplitudes with lower tips tied together and superimposed with their respective Masing and cyclic curves for groups (a) 
Horizontal (all) and (b) Vertical (all). 

Table 7 
Fatigue-strength and fatigue-ductility parameters of WAAM ER70S-6 carbon 
steel.  

Group Re
2 Rp

2 σf’ (MPa) b εf’ c 

HS  0.780  0.945  575.79  − 0.057  0.2002  − 0.5450 
HI  0.910  0.894  532.85  − 0.049  0.1290  − 0.4923 
VS  0.682  0.824  571.18  − 0.060  0.1322  − 0.5022 
VI  0.962  0.956  570.67  − 0.053  0.1497  − 0.5404 
Horizontal (all)  0.888  0.905  564.40  − 0.055  0.1425  − 0.5022 
Vertical (all)  0.897  0.901  579.83  − 0.060  0.1550  − 0.5390 
ALL  0.891  0.885  570.50  − 0.057  0.1435  − 0.5154  
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strength often display reduced fatigue life. Zong et al. [34] reported a 
similar trend for horizontal and vertical coupons made of WAAM ER70S- 
6 carbon steel and tested in the as-built condition. Similarly, the former 
led to higher fatigue life than the latter, regardless of the strain ampli
tude, mainly attributed to the undulating effect associated with the 
surface condition. 

3.3.2. Smith-Watson-Topper model 
The SWT is one of the most widely used models in fatigue design 

problems [55]. It relates the product of the maximum tensile stress, σmax, 
and the strain amplitude, εa, with the number of reversals to failure, as 
shown in Eq. (4): 

σmax εa = σmax εa,e + σmax εa,p =
σ′

f
2

E
(2Nf )

2b
+ σ′

f ε′
f (2Nf )

b+c (4)  

where σmax represents the maximum stress of the loading cycle. The rest 
of the constants are the same fatigue-strength and fatigue-ductility co
efficients previously defined and summarised in Table 7. The SWT 
model assumes that the product σmax εa remains constant at a given life 
and uses this parameter as a damage indicator. Its final form is generally 
defined either as a stress or energy quantity [56]. 

The results of the SWT models for horizontal and vertical coupons 
are compared with the respective data points in Fig. 10. As can be seen, 
the functions derived from all horizontal coupons (Fig. 10(a)) and the 
functions derived from all vertical coupons are in good agreement with 
the experimental results. Moreover, it is also evident that the results of 
both interior and surface coupons are not affected by the location along 
the thickness, regardless of the strain amplitude. 

3.3.3. Total strain energy density model 
Energy-based models, where the dissipated strain energy density per 

cycle is considered the primary contributor to fatigue damage, are 
efficient approaches to estimating fatigue life. The TSED is one of the 
most popular because, in general, it provides satisfying estimations in 
both the LCF and HCF regimes and is sensitive to mean stress effects 
[57,58]. Recently, Liao et al. [59] introduced an interesting approach 
based on a double power function, similar to Eq. (3) and Eq. (4), that 
addresses the positive elastic and the plastic components separately. 
This model can be mathematically expressed as follows: 

ΔWt = ΔWe+ +ΔWp = Ee+(2Nf )
be+ +Ep(2Nf )

cp (5)  

where Ee+ and be+ are the energy-based fatigue strength coefficient and 
exponent, and Ep and cp are the energy-based fatigue ductility coefficient 
and exponent, respectively [60]. These two pairs of constants can also be 
fitted independently through linear regression by plotting the positive 
elastic component against the number of reversals to failure and the 
plastic component against the number of reversals to failure on log–log 
scales. The constants for each energy component are listed in Table 8, 
alongside the correlation coefficients. 

Fig. 11 shows the fitted functions for all horizontal (Fig. 11(a)) and 
all vertical (Fig. 11(b)) coupons, as well as the experimental results. 
Overall, this model demonstrates good agreement with the data points, 
regardless of the location of the coupons along the thickness. The 
resulting fitting curves agree well with the experimental results, 
particularly near the upper and lower limits of the tested values of the 
total strain energy density, i.e. when the TSED is higher or lower. At 
intermediate energy levels, the degree of scatter slightly increased. This 
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Fig. 9. Strain-life relations versus experimental data grouped by orientation for 
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effect is more pronounced for the coupons extracted from interior lo
cations in the horizontal group and for the coupons extracted from the 
surface in the vertical group. It is also worth noting that the fitted 
constants, as shown in Table 7, do not exhibit significant differences 
among the cases associated with horizontal group, vertical group, or all 
tested coupons. 

3.4. Assessment of fatigue-life prediction models 

Two approaches are used to assess the fit of the life-prediction 
models developed (BCM, SWT, and TSED). The first approach com
pares the fatigue performance of WAAM carbon steel with other addi
tively manufactured and conventional steels. The second approach uses 
statistical tools, i.e. a one-way ANOVA, to determine if the difference in 
the fitting constants obtained for each group, separated by orientation, 

holds significance in the life prediction. 

3.4.1. Comparison with previous studies 
This section compares the results from the present study with other 

studies carried out using either additively manufactured or conventional 
steel materials. Previous studies reported that WAAM ER70S-6 carbon 
steel meets the minimum requirements of conventional S355 structural 
steel [13]. Hence, the LCF performance of WAAM ER70S-6 carbon steel 
is compared with two sets of experimental results available in the 
literature: WAAM machined coupons made of ER70S-6 steel extracted in 
the vertical direction [34] and both S355 and S690 structural steel plates 
produced by conventional processes [61]. 

Fig. 12 compares the fatigue performance of the WAAM ER70S-6 
carbon steel studied in this research with the other steels reported 
above [34,61]. This comparative analysis is conducted through the three 
fatigue damage models addressed in the previous section, i.e. BCM 
(Fig. 12(a)), SWT (Fig. 12(b)) and TSED (Fig. 12(c)) models. In order to 
facilitate a more comprehensive comparison of the fatigue performance 
based on the coupon’s orientation of the tested WAAM carbon steel, 
fitted functions for all specimens, as well as separate functions for all 
horizontal and all vertical coupons, are presented. 

Regarding the strain-life data, as shown in Fig. 12(a), it can be 
observed that the studied material displays inferior LCF behaviour 
compared to conventional structural steels. In the range of 101 to 106 of 
2Nf, conventional S355 steel displays an average increase in fatigue life 
of 2.46 times, compared to the WAAM carbon steel of this study when 
subjected to the same strain amplitude. However, this lower perfor
mance tends to be mitigated as the strain amplitude decreases. For fa
tigue lives greater than approximately 105 reversals, a noteworthy 
similarity is displayed between the curves derived from this study and 
those proposed by de Jesus et al. [61] for S355 structural steel. Never
theless, the fatigue scatter of the latter steel is slightly lower, which can 
be explained by the manufacturing process. 

Concerning the results of the WAAM ER70S-6 carbon steel provided 
by Zong et al. [34], two different trends can be identified. At higher 
levels of plastic strain, 2Nf < 103 reversals, the material used by Zong 
et al. [34] presents a better fatigue performance. However, after this 
point, the additively manufactured steel considered in this research 
presents better fatigue resistance. The surface condition, polished 
instead of machined, can help explain this phenomenon, as the HCF 
regime is more sensitive to surface finishing than the LCF regime. In 
addition, it is interesting to note that the three functions derived for the 
BCM model (full black and dashed red lines) are almost identical, as 
already anticipated. Nevertheless, it is clear that the coupons extracted 
horizontally lead to slightly higher fatigue lives. 

Fig. 12(b) shows the data relative to the SWT model, and the overall 
comparison yields analogous conclusions to those obtained from the 
strain-life results. However, a more pronounced deviation becomes clear 
concerning the S690 steel relative to the additively manufactured ma
terials, particularly at a higher number of reversals to failure. This 
behaviour can be explained by the different failure mechanisms occur
ring in the elastic-dominated and plastic-dominated regimes. Fatigue 
crack nucleation is associated with the formation of dislocation cells 
inside the plastic zone. In the elastic-dominated regime, with stress 
amplitude below the yield point, plastic deformation is limited to a small 
number of grains. The stress amplitude must reach a threshold value 
above which the plastic zone is created, leading to the initiation of 
microscopic cracks, while the material remains globally in the elastic 
state. In the plastic-dominated regime, generalised cyclic plasticity is 
likely to occur, particularly near internal defects, whose shape, size, 
location, and number can vary, causing some scatter in the fatigue 
performance. 

Furthermore, similar to the preceding analysis based on the strain 
amplitude, the SWT data points of this work closely mirror those found 
by de Jesus et al. [61] for S355 steel, with S355 steel increasing the 
fatigue life by a factor of 3.41 on average for the same SWT damage 

Table 8 
Energy-based fatigue parameters of WAAM ER70S-6 carbon steel.  

Group Re
2 Rp

2 Ee+ (MJ/ 
m3) 

be+ Ep (MJ/ 
m3) 

cp 

HS  0.8798  0.951  0.8343  − 0.1087  353.47  − 0.5919 
HI  0.903  0.875  1.0406  − 0.1421  522.28  − 0.6580 
VS  0.768  0.949  0.9113  − 0.1188  665.92  − 0.7526 
VI  0.921  0.886  0.9836  − 0.1342  693.59  − 0.7441 
Horizontal 

(all)  
0.901  0.899  1.0148  − 0.1381  512.83  − 0.6520 

Vertical (all)  0.890  0.885  0.9854  − 0.1330  533.30  − 0.7029 
ALL  0.886  0.850  0.9869  − 0.1336  540.69  − 0.6829  
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Fig. 11. TSED-life relations versus experimental data grouped by orientation 
for (a) horizontal and (b) vertical groups. TSEDe represents the positive elastic 
component, and TSEDp represents the plastic component of the TSED model. 
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parameter in the range of 101 to 106 of 2Nf; moreover, the fatigue scatter 
is more significant for the WAAM carbon steel. Once again, when 
comparing both additively manufactured ER70S-6 carbon steels, a 
turning point is identified at 103 cycles to failure. Beyond this threshold, 
the material tested in this study shows superior fatigue performance, 
while the opposite scenario is observed for lower lives. Although the 
horizontal coupons again show a slightly higher fatigue resistance, the 
differences relative to the vertical coupons or all coupons are not 
significant. 

Fig. 12(c) compares the TSED-life data obtained in this study with 

those collected from the literature. A more significant scatter is observed 
in the results than in the analysis performed through the previous two 
fatigue damage parameters analysed. Nevertheless, the main conclu
sions prevail: no relevant differences were observed in the fitted curves 
for the three conditions defined in this study (horizontal, vertical, and all 
coupons); the horizontal group led to a slightly better fatigue perfor
mance; at a fatigue life higher than 103 cycles, the additively manu
factured carbon steel studied surpassed the fatigue behaviour of WAAM 
ER70S-6 steel reported in the literature, and vice-versa. The curve fitted 
for S355 steel exhibits a similar shape to those derived for the additively 
manufactured carbon steel but is shifted upward. Likewise, conventional 
S355 steel extended the fatigue life an average of 2.74 times in the 2Nf 
range from 101 to 106 when subjected to the same value of TSED. 

In summary, the three models provided good predictions of the LCF 
life for the studied WAAM material. Furthermore, there is a good 
agreement between the current experimental results and those found in 
the literature for the same material. Although conventional steels (S355 
and S690) outperformed the fatigue results of the additively manufac
tured material examined in this study, the differences tend to be miti
gated in the elastic-dominated region, making the WAAM ER70S-6 
carbon steel a promising option for structural components subjected to 
fatigue loading. Despite the horizontal orientation resulting in slightly 
superior LCF behaviour, agreeing with the literature, the coupon 
orientation seems to have no significant effect on the results. 

3.4.2. Statistical assessment 
A statistical study based on a one-way ANOVA was performed to 

better analyse the effect of coupon orientation on fatigue-life pre
dictions. Other scholars have utilised this method to assess the influence 
of different independent variables, such as post-processing treatments or 
printing orientation, on the fatigue behaviour of conventional [62] and 
additively manufactured materials in both LCF and HCF regimes 
[63–66]. 

The ANOVA test is widely used to determine whether the means of 
independent groups are statistically equal or not. In this test, the sig
nificance level, denoted as α, represents the probability of concluding 
that there is a significant difference when actually none exists. The F- 
statistic indicates the ratio of mean variation between groups to mean 
variation within groups, and F-Fisher denotes the variance ratio at the 
significance level α. Hence, an F-statistic smaller than F-Fisher suggests 
no statistically significant difference between the groups’ means. Simi
larly, if the p-value exceeds the commonly accepted limit of α = 0.05, the 
difference in means between groups lacks statistical significance [67]. It 
is essential to disclose that the data of this research does not follow a 
normal distribution. However, previous studies have demonstrated that 
the ANOVA is a robust statistical tool, even when normality re
quirements are not met [68]. 

Since for each model (BCM, SWT and TSED), several fitting equations 
were developed by grouping the experimental data under different 
criteria (see Table 7 and Table 8), this analysis pretends to compare such 
equations and define if orientation significantly affects the models. For 
each predictive model, three equations are compared: the equation ob
tained considering only horizontal coupons (H), the equation that 
resulted from only vertical coupons’ data (V) and a final equation that 
accounted for all the coupons (A). For this ANOVA test, the relative error 
between the entire pool of experimental values, regardless of orienta
tion, and the predicted values, using the abovementioned equations, was 
utilised as the source of variation. 

Taking the BCM model as an example, the influence of orientation 
over the model was assessed by calculating the total strain amplitude 
using Eq. (3) with the constants from Table 7 for the H, V and A groups. 
This calculation was done for each coupon’s number of reversals to 
failure (2Nf in Table 5), regardless of whether they corresponded to the 
same group as the equation under scrutiny; this method allowed for a 
cross-revision of the equations, i.e. predicting the strain amplitude of 
vertical coupons using an equation that was calibrated using solely 

Fig. 12. Comparison of fatigue performance between the tested WAAM ER70S- 
6 carbon steel and other conventional and additively manufactured steels: (a) 
strain-life relations, (b) SWT-life relations, and (c) energy-life density relations. 

M. Mendez-Morales et al.                                                                                                                                                                                                                     



International Journal of Fatigue 184 (2024) 108307

12

horizontal coupons, and analogously for the other combinations. 
Later, the relative error was computed, considering the experimental 

measurements of strain amplitude as true values. With the relative errors 
of each group for the BCM model, a one-way ANOVA was performed, 
obtaining (F(2, 102) = [1.468], p = 0.235). Since the F-statistic (1.468) is 
smaller than the critical F-Fisher (F-Fisher = 3.085) and the p-value 
(0.235) exceeds the significance level (α = 0.05), the difference between 
the groups is not statistically significant when estimating the fitting 
constants for the BCM model and defining a particular equation. In other 
words, regardless of the group used to obtain the fitting constants, the 
error in predicting the total strains is not statistically different from one 
group to the other. Summarised results are provided in Table 9 for the 
three fitted equations studied. 

Analogous procedures were performed for SWT and TSED models. In 
the first case, i.e. the SWT model, fatigue-life predictions were obtained 
using Eq. (4) and the constants from Table 7. The one-way ANOVA 
resulted in (F(2, 102) = [1.646], p = 0.198). In the second case, i.e. the 
TSED model, Eq. (5) was used alongside the constants from Table 8. The 
one-way ANOVA for this case was (F(2, 102) = [0.535], p = 0.587). 
Thus, as in the BCM model, F-statistic < F-Fisher and p-value > α. 
Therefore, the F-statistic and p-value show no statistically significant 
difference between the relative errors of any of the groups. 

This analysis reaffirms the previous observations that the 
orientation-dependent properties of the material have little influence on 
the fatigue behaviour of the studied population. Nevertheless, it is 
paramount to emphasise that this procedure does not identify the best- 
fitting equation; it merely demonstrates the absence of statistically sig
nificant differences between predictions based on group classification. 
The selection of the appropriate equation depends on the specific 
application and the critical reasoning of the researcher. 

3.5. Fracture surfaces 

Fracture surfaces were examined by OM and SEM to identify the 
main failure mechanisms associated with the different strain levels. The 
SEM analysis was performed at both low-strain (εa = 0.20 %) and high- 
strain (εa = 1.25 %) strain amplitudes. Fig. 13 and Fig. 14 present typical 
OM and SEM images for representative coupons subjected to low and 
high-strain levels, respectively. Overall, the fracture surfaces of the 
tested WAAM carbon steel encompass three main zones: fatigue crack 
initiation, fatigue crack propagation and fracture zone, which are well 
identified in Fig. 13(a) and Fig. 14(a). 

Regarding the fatigue crack initiation process, cracks nucleated 
either from the surface or from internal defects. From the 36 studied 
samples, only seven did not exhibit any noticeable internal defects. 
Fig. 13 shows an example in which the crack initiated from its corner, as 
denoted by the radial lines converging to the edge indicative of local 
irreversible plastic deformation, and then propagated inwards, resulting 
in a characteristic fatigue fracture. 

The remaining 25 coupons exhibited at least one internal defect 
identified as the primary origin of crack nucleation. In isolated cases, as 
evidenced by Fig. 14, the failure was initiated from two separate defects 
and propagated until they joined, forming a distinct fatigue step. Zong 
et al. [34] also reported single and multi-crack initiation phenomena 
from the surface; however, failure caused by internal defects has not 
been observed. As considered in that study, the undulating geometry 

associated with the as-built condition induced local stress concentra
tions, which may have facilitated the crack initiation from the surface. 

The crack propagation region occupies most of the cross-section and 
is well-demarcated from the fracture zone. In contrast, the boundary 
between the crack initiation region and the crack propagation region 
was not clearly perceptible. Moreover, as expected, roughness steadily 
increases from the fatigue crack initiation region to the fracture zone. 
The oval shape of the internal defects, see Fig. 14(b), is likely to be 
linked to gas bubbles trapped during the fabrication of the WAAM walls 
[69]. These geometric irregularities, along with the presence of in
clusions dispersed throughout the material (see Fig. 13(c) and Fig. 14 
(c)), acted as stress concentrators, adversely affecting both the crack 
initiation and the crack propagation stages and, ultimately, the LCF 
performance of the tested material. 

The surface morphology in the crack propagation region was char
acterised by traces of plastic deformation, ductile dimples, beachmarks, 
fatigue striations, and secondary cracks, as shown in Fig. 13(c). Gener
ally, secondary cracks advance perpendicular to the main crack direc
tion, altering the load distribution and reducing the main crack 
propagation rate. The fatigue striations are associated with the micro
scopic crack growth and can be interpreted as the distance the crack 
extends per cycle. The beachmarks, on the other hand, also referred to as 
macroscopic fatigue striations, indicate the overall progression of the 
crack. 

Concerning fracture mechanisms, low-strain amplitudes revealed a 
mixed ductile–brittle failure mode, while high-strain amplitudes were 
predominantly governed by typical ductile features, reflected by the 
presence of fibrous regions, see Fig. 14(c), composed of elongated 
dimples with elliptical shapes characterised by varying depth, size, and 
orientation. These fracture mechanisms agree with the failure charac
teristics reported in the literature for WAAM ER70S-6 carbon steel 
subjected to fatigue loading [34,70]. 

4. Conclusions 

This work investigated the cyclic deformation behaviour of WAAM 
ER70S-6 carbon steel. Low-cycle fatigue tests were performed under 
fully-reversed strain-controlled conditions, covering strain amplitudes 
ranging from 0.20 % to 1.50 %. Furthermore, fully-reversed stress- 
controlled conditions were also conducted, varying from 255 MPa to 
305 MPa. Coupons were extracted from the printed wall with two ori
entations (horizontal and vertical) and from two locations along the 
thickness (surface and interior). Fatigue-life relationships and cyclic 
stress–strain curves were derived for all groups. ANOVA tools were used 
to compare the fatigue-life relationships obtained for each group. 
Additionally, the fracture surfaces were analysed by OM and SEM to 
identify the main failure mechanisms. The findings of this investigation 
led to the following conclusions: 

• The material exhibited a mixed softening-hardening behaviour. Cy
clic hardening occurred at higher strain amplitudes, greater than 
0.60 %, whereas cyclic softening prevailed for strain amplitudes less 
than 0.60 %;  

• The material displayed a non-Masing behaviour, especially at higher 
strain amplitudes, a characteristic often associated with alterations 

Table 9 
Summary of ANOVA statistical results.  

α = 0.05; F-Fisher = 3.085 

Life prediction model Source DOF dof SS MS F-statistic p-value 

BCM Experimental error between H, V and A 2 102  0.063  0.031  1.468  0.235 
SWT Experimental error between H, V and A 2 102  0.084  0.042  1.646  0.198 
TSED Experimental error between H, V and A 2 102  0.117  0.059  0.535  0.587 

DOF = degrees of freedom between groups; dof = degrees of freedom within groups; SS = sum of square; MS = mean sum of square. 
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in the linear range of the stable loops, generally attributed to changes 
in cell structure and dislocation arrangement;  

• LCF behaviour was not significantly affected by the orientation 
relative to the printing direction nor by location along the thickness. 
However, slightly better results were obtained from horizontally 
oriented coupons;  

• The three fatigue-life prediction models (BCM, SWT and TSED) 
considered in this research adjusted well to the experimental ob
servations for all groups. The ANOVA study revealed no statistically 
significant difference between groups relative to the fatigue-life 
prediction models;  

• WAAM ER70S-6 carbon steel showed inferior LCF performance 
compared to its conventional steel counterparts. However, it aligned 

with the LCF performance of WAAM carbon steel, even surpassing 
the literature results in the elastic-dominated regime;  

• Crack initiation occurred from both the surface and internal defects 
caused by trapped gas bubbles during fabrication. Failure mecha
nisms were governed by ductile fracture at high-strain amplitudes 
and exhibited mixed brittle-ductile features at lower-strain 
amplitudes. 
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[64] Ćirić-Kostić S, Croccolo D, De Agostinis M, Fini S, Olmi G, Paiardini L, et al. Fatigue 
response of additively manufactured Maraging Stainless Steel CX and effects of 
heat treatment and surface finishing. Fatigue Fract Eng Mater Struct 2022;45: 
482–99. https://doi.org/10.1111/ffe.13611. 
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