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A B S T R A C T   

Wire arc additive manufacturing (WAAM) has increasingly attracted attention in the construction 
sector because of its ability to produce large metallic structural parts in short times. In this paper, 
Coffin-Manson and Morrow (CMM) equation is employed to compare the fatigue life of WAAM 
stainless steel with the structural steels S355 and S690. The results showed that the fatigue 
performance of structural steel is better than the WAAM stainless steel, the fatigue performance 
vertical to printing direction (WAAM-900) is better than it along the printing direction (WAAM- 
00). In addition, the fatigue cycle of the transition reversals of structural steel is much less than it 
of WAAM stainless. With the increasing the fatigue cycle, the maximum density of the strain 
amplitude ratio is gradually increased to 1.0. The probabilistic parameters of CMM equation were 
obtained by a stochastic analysis using Latin hypercube sampling strategies. The probabilistic 
strain-fatigue life behaviour obtained from the constant exponent sampling strategy is higher 
when compared with the varied exponent sampling strategy for both WAAM stainless and 
structural steels.   

1. Introduction 

Additive manufacturing (AM), also referred to as 3D printing, is a technology that forms three-dimensional objects by placing 
successive layers of raw materials. AM is starting to be used in the infrastructure sector [1–4] attributing to its rapid proto-
typing advantages. In recent years, wire arc additive manufacturing (WAAM) [5–7], a wire-based directed energy deposition (DED) 
approach where an electric arc as the heat source and a solid wire as the feedstock material, has increasingly attracted attention in the 
infrastructural sector. Although the precision of the WAAM as-built parts may be lower than those obtained using powder-bed systems. 
WAAM is currently being proposed in the construction of civil steel structures by both academia and industry [5–7] by the following 
reasons: - It is capable to produce large metallic structural parts in short times attributed to high deposition rates; and, - WAAM is much 
cheaper due to the use of standard off-the-shelf equipment, mature technology, and low material costs. 

The fatigue resistance is one of the most important concerns for the application of WAAM steel structures. Fatigue could be 
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regarded as damage caused by the changes of microstructure leading to fatigue crack initiation followed by fatigue crack propagation 
under the time-dependent cyclic loading [8–11]. In terms of fatigue behavior of WAAM steels, Gordon et al. [12] investigated the 
fatigue crack growth rate of stainless steel alloy 304L fabricated using wire and arc additive manufacturing. The results showed that 
the fatigue crack growth rate of horizontal and vertical directions is different attributing to long columnar grains and strong texture in 
the build direction and retained compressive residual stresses. The S-N curves of WAAM stainless steel are also experimentally 
investigated by uniaxial tension-tension fatigue experiments of specimens parallel and perpendicular to the build direction by Gordon 
et al. [13]. Wächter et al. [14] investigated the monotonic and cyclic properties of WAAM steels. The results showed that the 
monotonic properties of WAAM steel are different from the same weld filler material in conventional welding, and the cyclic properties 
are in good agreement with cast steel. Biswal et al. [15] investigated the effect of internal porosity on the fatigue strength of WAAM 
titanium alloy, a modified Kitagawa-Takahashi diagram was proposed to predict the fatigue limit, and the critical pore diameter was 
found to be about 100 µm. Ermakova et al. [16] performed an experimental investigation on the mechanical and fracture properties of 
WAAM components made of ER70S-6 and ER100S-1 metal wires. The results show that the material hardness and yield strength of the 
ER100S-1 built wall is higher than ER70S-6 by 62% and 42%, respectively. The results also showed that the yield and ultimate tensile 
strength values were found to be slightly higher in specimens extracted in deposition direction when compared to specimens extracted 
in the built direction. J Galan Argumedo [17] investigated the fatigue behavior and mechanical characterization of austenitic stainless- 
steel components produced through WAAM. The results showed that average fatigue performance is indistinguishable from the mean 
design values proposed for the structural stainless steels under standardized testing conditions. The material performance is superior to 
the design curves proposed by ASME. 

Current explore of WAAM steel applications in the infrastructure sector includes both modest-scale components and full size 
structures [1], including pedestrian bridge [18,19], hook [20,21], local stiffener of I-shaped girder [20,21], clamping element [20,21], 
optimized T-stub endplate [20,21], joints to connect four members [20,21]. The main application of WAAM steels is the replacement 
or the combination of conventional steel structures. Hence, one of the rising questions is that how much difference in fatigue per-
formance between WAAM steels and traditional structural steels. The fatigue performance differences will affect the design of WAAM 
steel structures. 

In addition, with the increasing attention on structural reliability and integrity, probabilistic fatigue models are generally used to 
consider the multiple uncertainty sources on fatigue lifetime. Correia [22,23] proposed a probabilistic S–N field based on Castillo & 
Fernández-Canteli (CFC) model using the Weibull distribution function and UniGrow approach for the notched details. Additionally, 
Correia [24,25] also suggested a unified fatigue methodology based on a probabilistic Castillo & Fernández-Canteli (CFC) model 
combined with the strain energy density approach proposed by Huffman [25] applied to structural details. De Jesus [26] presented a 
study of fatigue strength modelling based on local approach and probabilistic CFC model for riveted connections. Other studies 
[27–31] on the fatigue strength modeling of materials and structural connections were made based on a linear regression analysis 
combined with the application of probabilistic distribution functions - Normal, Weibull, etc. Reliable Wöhler curves based on the Stüssi 
model and the Weibull distribution function were suggested by Caiza et al. [32] to strengthen modelling of structural details. Correia 
[33] generalized the probabilistic CFC model for various local fatigue damage parameters. Recently, Barbosa [34] presented a review 
on probabilistic fatigue models applied to metals and composites. Mourão et al. [35] presented a scientific work on the evaluation of 
fatigue damage of offshore tubular joints using the strain fatigue damage criterion estimated through a probability distribution 
function. Zhu et al. [36] investigated the fatigue life distribution of notched specimens based on the Weibull model and critical distance 
theory. It is important to compare the probabilistic fatigue behavior of WAAM steels with structural steels, such as S355 and S690, to 
provide an initial impression for the designer during replacing traditional structural steel with WAAM plates. Besides, the fatigue crack 
growth rates (FCGR) modelling based on the J-integral [37], stress intensity factor [38], equivalent initial flaw size (EIFS) [39], and 
energy-based ΔS* crack driving force [40] approaches, and considering some factors such as the crack closure effects [41], variable 
amplitude loading [42], and mixed-mode loading conditions [38], can also be supported by probabilistic analysis, as suggested in some 
researches [10,22,23,24,43,44]. 

In this paper, Coffin-Manson and Morrow’s (CMM) Fatigue equation [45–47] is employed to describe the fatigue life of WAAM 
stainless steel, structural steels S355 and S690 in the literature [17,48]. The parameters with 95%, 97.7%, and 99% guarantee of CMM 
Fatigue equation were obtained by a stochastic analysis using Latin hypercube sampling strategies. The exponent effects on the 
probabilistic parameters of the CMM fatigue equation are investigated by parametric analysis. 

Fig. 1. Geometry of Fatigue Specimens [48].  
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2. Materials and experimental results 

The fatigue behavior of WAAM stainless steel in the literature [17] and structural steel S355/S690 in the literature [48] are 
compared in this section. In Fig. 1 and Table 1, the configuration of the fatigue specimens and the nominal geometry of these specimens 
are presented, respectively. In terms of 3D printed steel materials, test coupons are extracted from heat-treated WAAM single-bead 
walls on the S355 parent plates, fabricated by a six-axis articulated welding robot using SAE316L as the filler materials. The mono-
tonic static properties were tested based on the recommendations of testing standard ASTM E606-606M [49]. The average elastic 
modulus is 104.1GPa and 111.2GPa, and the average 0.2% yield strength is 347.2 MPa and 321.3 MPa, average tensile ultimate 
strength is 583.6 MPa and 564.9 MPa for WAAM stainless steel with 0◦ (longitudinal to the printing direction) and 90◦ (vertical to the 
printing direction) direction respectively. More details, such as chemical characterization, X-Ray Diffraction for phase identification 

Table 3 
Fatigue test results of WAAM stainless steel vertical to printing direction (90◦) [17].  

Number Total Strain Amplitude Elastic Strain Amplitude Plastic Strain Amplitude Stress Range Fatigue Life 

1 0.0150 0.0034 0.0116 734.2 879 
2 0.0150 0.0042 0.0108 757.0 813 
3 0.0117 0.0033 0.0084 759.2 273 
4 0.0117 0.0022 0.0095 522.0 8096 
5 0.0092 0.0030 0.0062 669.0 3277 
6 0.0072 0.0022 0.0050 522.0 8096 
7 0.0056 0.0026 0.0030 509.2 19,186 
8 0.0044 0.0024 0.0020 584.6 20,352 
9 0.0044 0.0022 0.0022 521.6 46,910 
10 0.0034 0.0020 0.0014 540.2 34,565 
11 0.0034 0.0018 0.0016 502.8 35,920 
12 0.0027 0.0020 0.0007 471.0 148,290 
13 0.0020 0.0014 0.0006 401.0 1,208,800 
14 0.0020 0.0016 0.0004 427.6 283,033 
15 0.0019 0.0016 0.0003 387.4 511,028 
16 0.0019 0.0014 0.0005 376.8 2.00E+06 (Run out) 
17 0.0019 0.0012 0.0007 317.6 2.00E+06 (Run out) 
18 0.0018 0.0010 0.0008 396.0 1,637,000 
19 0.0017 0.0012 0.0005 346.0 2.00E+06 (Run out) 
20 0.0012 0.0009 0.0003 258.0 2.00E+06 (Run out)  

Table 2 
Fatigue test results of WAAM stainless steel along printing direction (0◦) [17].  

Number Total Strain Amplitude Elastic Strain Amplitude Plastic Strain Amplitude Stress Range Fatigue Life 

1 0.0117 0.004 0.0077 718.4 867 
2 0.0092 0.0028 0.0064 825.4 178 
3 0.0092 0.0032 0.0060 642.2 2186 
4 0.0072 0.0027 0.0045 637.6 1899 
5 0.0072 0.0020 0.0052 572.2 1743 
6 0.0056 0.0018 0.0038 521.0 9790 
7 0.0056 0.0018 0.0038 509.6 9065 
8 0.0044 0.0018 0.0026 533.2 8373 
9 0.0034 0.0017 0.0017 502.6 42,909 
10 0.0027 0.0018 0.0009 465.4 120,189 
11 0.0021 0.0015 0.0006 442.6 904,486 
12 0.0021 0.0013 0.0008 379.4 861,736 
13 0.0020 0.0017 0.0003 436.8 565,894 
14 0.0019 0.0013 0.0006 285.4 2.00E+06 (Run out) 
15 0.0019 0.0015 0.0004 380.8 33,869 
16 0.0018 0.0015 0.0003 367.8 500,507 
17 0.0018 0.0012 0.0006 378.6 869,485 
18 0.0017 0.0012 0.0005 345.2 2.00E+06 (Run out)  

Table 1 
Nominal geometry of specimens [17,48] (Unit: mm).  

Materials W T L L1 H R 

WAAM 20.0 4.0 14.0 200.0 10.0 10.0 
S355 30.0 7.5 26.0 200.0 12.5 8.0 
S690 16.0 4.0 13.0 110.0 8.0 4.5  
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and quantification, microscopy for qualitative sub-grain and grain microstructural characterization, stress-strain relationship, etc., can 
be found in ref. [17]. In terms of structural steel S355 and S690, the steel grades are specified according to the EN10025 standard [50]. 
Quasi-static monotonic tensile tests were also performed to investigate the basic behavior of S355 and S690. The average value of 
elastic modulus is 210.5GPa and 209.4GPa, the average 0.2% yield strength is 419.0 MPa and 765.7 MPa, and the average ultimate 
strength is 732.0 MPa and 823.0 MPa for steel grade S355 and S690, respectively. 

Tables 2 and 3 list fatigue test results of WAAM SAE316L stainless steel along and vertical to the printing direction respectively, 
reported in the reference [17], Table 4 presented fatigue test results of structural steel with the grades S355 according to the reference 
[48], and Table 5 reported the fatigue test results of S690 based on the literature [48]. The results include the total strain amplitude, 
Δε, the elastic strain amplitude, ΔεE, the plastic strain amplitude, ΔεP, the stress range, Δσ, and the fatigue life, Nf . The stress ratio for 
both WAAM stainless and structural steel is − 1.0. The Coffin–Manson-Morrow (CMM) equation [45–47], expressed in Eq.(1), is 
employed to describe the relationship between total strain amplitude and fatigue life. Table 6 summarized the parameters of the CMM 
relationship for 3D printed stainless steel along the printing direction (WAAM-0◦), vertical to the printing direction (WAAM-90◦), 
S355, and S690. Fig. 2 presented a comparison between CMM and experimental results. A good agreement is observed. 

Δε
2

=
ΔεE

2
+

ΔεP

2
=

σ’
f

E
(2Nf )

b
+ ε’

f (2Nf )
c (1)  

where: σ’
f , b, ε’

f and c are materials parameters of the Coffin–Manson-Morrow (CMM) equation. 
The comparison of strain-fatigue life relationship between WAAM stainless steel and structural steel is illustrated in Fig. 3. The 

Table 4 
Fatigue test results of Structural Steel S355 [48].  

Number Total Strain Amplitude Elastic Strain Amplitude Plastic Strain Amplitude Stress Range Fatigue Life 

1 0.01000 0.00429 0.00571 817.4 4805 
2 0.00500 0.00281 0.00219 569.5 16,175 
3 0.02000 0.00557 0.01443 975.5 336 
4 0.00400 0.00307 0.00093 615.4 29,501 
5 0.00300 0.00279 0.00021 536.3 861,304 
6 0.00350 0.00299 0.00051 581.5 278,243 
7 0.00300 0.00297 0.00003 646.6 191,940 
8 0.00400 0.00328 0.00072 661.2 64,244 
9 0.02000 0.00573 0.01427 968.2 542 
10 0.01000 0.00429 0.00571 817.4 4805  

Table 5 
Fatigue test results of Structural Steel S690 [48].  

Number Total Strain Amplitude Elastic Strain Amplitude Plastic Strain Amplitude Stress Range Fatigue Life 

1 0.02000 0.00800 0.01200 1555.2 190 
2 0.01000 0.00707 0.00293 1401.9 1272 
3 0.00500 0.00484 0.00016 1105.0 60,505 
4 0.00500 0.00490 0.00010 1062.7 44,819 
5 0.01000 0.00692 0.00308 1435.7 1920 
6 0.02000 0.00807 0.01193 1590.6 160 
7 0.00400 0.00399 0.00001 867.4 131,000 
8 0.00400 0.00396 0.00004 879.3 371,000 
9 0.00380 0.00379 0.00001 835.6 1,545,579 
10 0.01500 0.00739 0.00761 1565.3 410  

Table 6 
Fitted parameters of CMM equation.  

Materials E (GPa) σ’
f (Mpa)  b  ε’

f  c  

Ave Std Ave Std Ave Std Ave Std 

WAAM 0◦ 104.25 272.0 51.5 − 0.0924 0.0094 0.0442 0.0191 − 0.3644 0.0509 
90◦ 111.20 438.2 52.7 − 0.1168 0.0115 0.1175 0.0505 − 0.4292 0.0503  

S355 210.50 774.0 105.8 − 0.0754 0.0134 0.7134 0.5389 − 0.6614 0.1280  

S690 209.40 1278.1 161.1 − 0.0773 0.0058 0.8062 0.4308 − 0.8202 0.0735  
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results showed that the fatigue performance of structural steel is better than the WAAM stainless steel, this is because the elastic 
modulus of WAAM stainless is lower. The elastic modulus of WAAM stainless steel reported in ref. [17] is almost half of structural steel. 
In addition, the fatigue performance vertical to the printing direction (WAAM-90◦) is better than it along the printing direction 

Fig. 2. Comparisons between CMM equation and experimental results.  

Fig. 3. Fatigue life comparisons between WAAM and Structural Steel.  
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(WAAM-0◦). The fatigue cycle of the transition reversals (NT) of structural steel is much less than it of WAAM stainless because of 
modulus difference. 

3. Probabilistic fatigue life analysis 

With the increasing attention on structural reliability and integrity, probabilistic fatigue models are generally used to consider the 
multiple uncertainty sources on fatigue lifetime. Zhu et al. [51] proposed a probabilistic framework for fatigue life prediction and 
reliability assessment of an engine high pressure turbine disc, which provides a valuable reference for engineering structural design 
and promote the transformation from deterministic to reliability design. Zhu et al. [52] developed and implemented a computational- 
experimental framework for fatigue reliability assessment of bladed disks, quantified the uncertainty from experimental data, material 
properties, and loads, which increases the benefit of these methods to extend component lifetimes as well as reliable assessment in 
structural safety enhancement. So, identification and modelling of fatigue life uncertainty are crucial for the fatigue design quanti-
fication. In the stochastic analysis, fatigue life can be predicted by the materials parameters of the CMM equation and a corresponding 
probability density function (PDF). The above four material parameters, including their dependence structures, can be grouped 
together as a random vector together with a probability density function (PDF), expressed as X → fX(x). The “Lognormal” distribution 
is used as the cumulative distribution function (CDF), see Eq. (2). 

FX(x) =
1
2
+

1
2

erf
(

lnx − λ
̅̅̅
2

√
ς

)

(2) 

Fig. 4. Correlation Analysis of Material Parameters of WAAM (0◦) for the stochastic analysis.  
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where:λ and ς are the mean value and standard deviation of material parameters. The 4-dimensional CDF is simply specified as a set of 
4 univariate distributions FX1 , FX2 , FX3 and FX4 defined based on mean values and standard deviation of σ’

f , b, ε’
f , and c, in Table 6. The 

copula, used to describe the dependence structures of each material parameter, is generally defined as a multivariate distribution over 
[01]4. The multivariate joint distribution is expressed in terms of univariate marginal distribution functions based on Sklar’s theorem 
[53]. The copula C between the material parameters input vector of CMM equation X = {X1 X2 X3 X4 } and marginal FX1 , FX2 , FX3 

and FX4 can be expressed as follows: 

FX(x) = C
[
FX1 (x1),FX2 (x2),FX3 (x3),FX4 (x4)

]
(3)  

where: the copula C is the function that links the marginal FXi of random vectors to its joint cumulative distribution function (CDF). The 
copula C is independent to the marginal FXi , only describes the statistical interactions among the components Xi of input vector X, and C 
is unique for the continuous CDF. The joint CDF of Eq. (2) could be obtained by differentiation: 

fX(x) = c
(
FX1 (x1),FX2 (x2),FX3 (x3),FX4 (x4)

)∏M

i=1
fXi (xi) (4) 

The copula density function c(∙) can be obtained as follows: 

c(x1, x2, x3, x4) =
∂4C(x1, x2, x3, x4)

∂x1∂x2∂x3∂x4
(5) 

Fig. 5. Correlation Analysis of Material Parameters of WAAM (90◦) for the stochastic analysis.  
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Based on Bayes’ rule, the conditional density could be expressed as follows: 

fX1 |X2 ,X3 ,X4 (x1|x2, x3, x4) =
fX(x)

∏4
i=2fXi (xi)

= c
(
FX1 (x1),FX2 (x2),FX3 (x3),FX4 (x4)

)
fX1 (x1) (6) 

For independent copula, the copula and joint CDF expression is as follows: 

C(x1, x2, x3, x4) =
∏4

i=1
xi (7)  

FX(x) =
∏4

i=1
FXi (xi) (8) 

The independent copula density is 1.0. 
For Gaussian copula, the copula is expressed as follows: 

C(x1, x2, x3, x4,R) = Φ4
(
Φ− 1(x1),Φ− 1(x2),Φ− 1(x3),Φ− 1(x4);R

)
(9)  

where:R is the linear correlation matrix of the multivariate Gaussian distribution associated with the Gaussian copula, Φ4(∙) is the 
cumulative distribution function of an 4-variate Gaussian distribution with mean 0 and correlation matrix R; Φ− 1(∙) is the inverse 

Fig. 6. Correlation Analysis of Material Parameters of S355 for the stochastic analysis.  
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cumulative distribution function of the standard normal distribution. 
Meggiolaro and Castro [54] conducted an extensive statistical evaluation of the existing CMM parameter based on 845 fatigue test 

results, including 724 steels, 81 aluminum alloys, and 15 titanium alloys. The correlations between the fatigue ductility coefficient, ε’
f , 

and the fatigue strength coefficient is very less. Hence, three different dependence structures of the material parameters of the CMM 
equation is considered in this paper. The independent copula is used as the first dependence structures among the material parameters, 
the Gaussian copula with a coefficient 0.4 is used between material parameters σ’

f and b, between ε’
f and c, respectively, as the second 

dependence structures among the material parameters, and the Gaussian copula with a coefficient 0.8 is used between material pa-
rameters σ’

f and b, between ε’
f and c, respectively, as the third dependence structures among the material parameters. The correlations 

analysis of material parameters with different copula strategies is shown in Fig. 4 for WAAM stainless steel along printing direction, in 
Fig. 5 for WAAM stainless steel vertical to the printing direction, in Fig. 6 for structural steel S355, and in Fig. 7 for structural steel 
S690, based on [55]. 

The stochastic analysis of strain-fatigue life relationship is carried out using MATLAB software [56] with the flow chart illustrated 
in Fig. 8, where the stochastic analysis results in terms of strain-life are given to 100 ≤ N ≤ 108. The stochastic analysis results of the 
strain-fatigue life relationship for WAAM stainless steel and structural steel using independent copula sampling strategies are shown in 
Fig. 9. The strain-fatigue life relationships with 95%, 97.7%, and 99% guarantee rate are also calculated, shown as a red line in Fig. 9. 
The parameters of the CMM equation using independent copula with 95%, 97.7%, and 99% guarantee rate are fitted again based on the 
stochastic analysis results, summarized in Table 7. 

The strain amplitude Δεi of the ith material parameter vector, see the flow chart of Fig. 8, is normalized by the average strain 

Fig. 7. Correlation Analysis of Material Parameters for the stochastic analysis.  
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amplitude Δεm during the stochastic analysis. The non-parametric inference [56] was used to fit the strain amplitude ratio (Δεi/Δεm) 
distribution at different fatigue cycles from 1 × 103 to 1 × 107. The normalized strain amplitude distribution at fatigue cycle 1 × 103, 1 
× 104, 1 × 105, 1 × 106, and 1 × 107 through stochastic analysis using independent copula sampling strategies is shown in Fig. 10. With 
the increasing of fatigue cycle, the maximum density of the strain amplitude ratio, Δεi/Δεm, is gradually increased to 1.0. For WAAM 
stainless steel both parallel and vertical to the printing direction, and structural steel S355, the strain amplitude ratio, Δεi/Δεm, 
corresponding to maximum probability density, is gradually increased with certain increasing interval from fatigue cycle 1 × 103 to 
fatigue cycle 1 × 107. However, the strain amplitude ratio, Δεi/Δεm, at the maximum probability density at fatigue cycle 1 × 103 of 
structural steel S690 is much smaller than it at other fatigue cycles from 1 × 104 to 1 × 107 . The strain amplitude ratio, Δεi/Δεm, at the 
maximum probability density is close to 1.0 for structural steel S690 from fatigue cycle 1 × 104 to fatigue cycles 1 × 107. 

Fig. 11 presented the strain-fatigue life relationship comparisons between WAAM stainless steel and structural steel with 95%, 
97.7%, and 99% guarantee rate, respectively, using independent copula sampling strategies. Due to the larger scattering of structural 
steel S355, the fatigue performance of WAAM-90◦ with 95%, 97.7% and 99% guarantee rate exposed to low cycle fatigue loading (from 
100 to 20000) is better than the structural steel S355. The fatigue performance vertical to printing direction (WAAM-90◦) is also better 
than it along the printing direction (WAAM-0◦) considering the typical guarantee rate. The fatigue cycle of the transition reversals (NT) 
of structural steel is also much less than it of WAAM stainless after considering different guarantee rates. The fatigue behavior of S355 
structural steel shows better performance when compared to WAAM-0◦ stainless, from low-cycle- (LCF) to high-cycle-fatigue (HCF) 
regimes, as well as for fatigue regimes above 20,000 cycles when also compared to WAAM-90◦ stainless. 

The stochastic analysis of the strain-fatigue life relationship is also conducted with different copula strategies based on the flow 
chart illustrated in Fig. 8. The comparison of strain-fatigue life relationship with a 95.5% guarantee rate using different copula 

Fig. 8. Flow chart of stochastic analysis of strain-fatigue life relationship.  
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Fig. 9. Stochastic analysis of fatigue life for WAAM and Structural Steel using independent copula.  

Table 7 
Fitted parameters of CMM equation using independent copula sampling strategy.  

Materials WAAM S355 S690 

0◦ 90◦

95% Guarantee σ’
f  304.7 360.9 914.3 1282.0 

b  − 0.1162 − 0.1233 − 0.1105 − 0.0949 

ε’
f  0.0216 0.0561 0.1960 0.3170 

c  − 0.4004 − 0.4378 − 0.7379 − 0.8512  

97.7% Guarantee σ’
f  288.0 437.9 900.8 1231.0 

b  − 0.1171 − 0.1384 − 0.1164 − 0.0953 

ε’
f  0.0188 0.0481 0.1538 0.2687 

c  − 0.4040 − 0.4463 − 0.7484 − 0.8516  

99% Guarantee σ’
f  356.8 444.5 934.0 1240.0 

b  − 0.1348 − 0.1424 − 0.1261 − 0.0999 

ε’
f  0.0170 0.0420 0.1271 0.2224 

c  − 0.4452 − 0.4551 − 0.7795 − 0.8493  
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strategies is shown in Fig. 12. It is noted that 95% (Independent) denoted that the independent copula is used in the Latin hypercube 
sampling strategies, 95% (0.4) and 95% (0.8) denoted that the Gaussian copula between material parameters σ’

f and b, between ε’
f and c 

is used with a coefficient 0.4 and 0.8 respectively. The stochastic analysis results showed that the copula strategy has a large influence 
on the probabilistic strain-fatigue life relationship. The larger copula coefficient between material parameters σ’

f and b, and between ε’
f 

and c, contribute to a good fatigue behavior with a 95.5% guarantee rate. Table 8 lists the fitted parameters of the CMM equation using 
different copula strategies with a 95% guarantee rate. In Table 9, the fitted parameters of CMM equations with different probability 
guarantee rate with constant exponent, for the materials under consideration, are presented. 

4. Exponent effects on stochastic prediction results 

Quantifications of the input variables and their variations and potential interactions is very important to assess the reliability of 
fatigue behaviors. Meggiolaro and Castro [54] indicated that the combination of constant values for the b and c exponents, and 
reasonable estimations for the fatigue strength coefficient contributes to a good prediction. Hence, it is important to discuss the 
exponent effects on the probabilistic fatigue life obtained from the stochastic analysis. 

Fig. 13 showed the correlation analysis on material parameters of the WAAM stainless steel which is parallel and vertical to the 
printing direction with the assumption that exponents b and c are constant. The stochastic analysis of the strain-fatigue life relationship 
is conducted, based on the sampling strategies presented in Fig. 13. The exponent effects on the probabilistic strain-fatigue life 
relationship of the WAAM stainless steel are illustrated in Fig. 14. The results showed that the probabilistic fatigue behavior of the 
WAAM stainless steel estimated by the constant exponent sampling strategy is better when compared to the varied exponent sampling 
strategy. The strain amplitude ration between varied exponent and constant exponent of WAAM stainless steel parallel to printing 
direction is 0.87 for a 95% guarantee rate, 0.85 for a 97.7% guarantee rate and 0.84 for a 99% guarantee rate at fatigue life cycle 1 ×
103, and is 0.88 for a 95% guarantee rate, 0.84 for a 97.7% guarantee rate and 0.83 for a 99% guarantee rate at fatigue life cycle 1 ×
104, and is 0.88 for a 95% guarantee rate, 0.86 for a 97.7% guarantee rate and 0.84 for a 99% guarantee rate at fatigue life cycle 1 ×

Fig. 10. Normalized Strain Amplitude Distribution at different cycles through stochastic analysis using independent copula.  

H. Xin et al.                                                                                                                                                                                                             



Engineering Failure Analysis 127 (2021) 105495

13

105, and is 0.90 for a 95% guarantee rate, 0.87 for a 97.7% guarantee rate and 0.84 for a 99% guarantee rate at fatigue life cycle 1 ×
106. The strain amplitude ration between varied exponent and constant exponent of WAAM stainless steel vertical to printing direction 
is 0.87 for a 95% guarantee rate, 0.85 for a 97.7% guarantee rate and 0.83 for a 99% guarantee rate at fatigue life cycle 1 × 103, and is 
0.86 for a 95% guarantee rate, 0.85 for a 97.7% guarantee rate and 0.82 for a 99% guarantee rate at fatigue life cycle 1 × 104, and is 
0.86 for a 95% guarantee rate, 0.84 for a 97.7% guarantee rate and 0.82 for a 99% guarantee rate at fatigue life cycle 1 × 105, and is 
0.86 for a 95% guarantee rate, 0.83 for a 97.7% guarantee rate and 0.81 for a 99% guarantee rate at fatigue life cycle 1 × 106. 

Fig. 15 showed the correlation analysis on material parameters of structural steel, including S355 and S690, with the assumption 
that exponents, b and c, are constant. The stochastic analysis of the strain-fatigue life relationship is conducted, based on the sampling 
strategies presented in Fig. 15. The exponent effects on probabilistic strain-fatigue life relationship of structural steel are illustrated in 
Fig. 16. A similar trend is observed compared with the WAAM stainless steel; the stochastic analysis results also showed that the 
probabilistic fatigue behavior predicted by the constant exponent sampling strategy is better than it predicted by the varied exponent 
sampling strategy. The strain amplitude ration between constant exponent and varied exponent of S355 is 0.77 for a 95% guarantee 
rate, 0.75 for a 97.7% guarantee rate and 0.74 for a 99% guarantee rate at fatigue life cycle 1 × 103, and is 0.85 for a 95% guarantee 
rate, 0.83 for a 97.7% guarantee rate and 0.82 for a 99% guarantee rate at fatigue life cycle 1 × 104, and is 0.89 for a 95% guarantee 
rate, 0.85 for a 97.7% guarantee rate and 0.82 for a 99% guarantee rate at fatigue life cycle 1 × 105, and is 0.86 for a 95% guarantee 
rate, 0.82 for a 97.7% guarantee rate and 0.79 for a 99% guarantee rate at fatigue life cycle 1 × 106. 

The strain amplitude ration between constant exponent and varied exponent of S690 is 0.87 for a 95% guarantee rate, 0.84 for a 
97.7% guarantee rate and 0.81 for a 99% guarantee rate at fatigue life cycle 1 × 103, and is 0.76 for a 95% guarantee rate, 0.75 for a 
97.7% guarantee rate and 0.74 for a 99% guarantee rate at fatigue life cycle 1 × 104, and is 0.68 for a 95% guarantee rate, 0.67 for a 

Fig. 11. Fatigue life comparisons between WAAM and Structural Steel with different guarantee rate using independent copula.  
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Fig. 12. Fatigue life comparisons with a 95% Guarantee rate using different copula strategies.  

Table 8 
Copula coefficients effects on fitted parameters of CMM equation with 95% guarantee.  

Materials With 95% Guarantee 

Independent C = 0.4 C = 0.8 

WAAM (0◦) σ’
f  304.7 251.6 169.2 

b  − 0.1162 − 0.1036 − 0.0870 

ε’
f  0.0216 0.0224 0.0229 

c  − 0.4004 − 0.3688 − 0.3164  

WAAM (90◦) σ’
f  360.9 263.2 62.3 

b  − 0.1233 − 0.1027 − 0.0250 

ε’
f  0.0561 0.0571 0.0581 

c  − 0.4378 − 0.4083 − 0.3354  

S355 σ’
f  914.3 662.6 202.3 

b  − 0.1105 − 0.0859 − 0.0104 

ε’
f  0.1960 0.1950 0.198 

c  − 0.7379 − 0.6449 − 0.5337  

S690 σ’
f  1282.0 1465.0 1541.0 

b  − 0.0949 − 0.0913 − 0.0904 

ε’
f  0.3170 0.0534 0.0594 

c  − 0.8512 − 0.9965 − 0.8993  
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97.7% guarantee rate and 0.67 for a 99% guarantee rate at fatigue life cycle 1 × 105, and is 0.63 for a 95%, 97.7% and 99% guarantee 
rate at fatigue life cycle 1 × 106. 

5. Summary and conclusions 

In this paper, Coffin-Manson and Morrow’s (CMM) Fatigue Law is employed to describe the fatigue life of WAAM stainless steel, 
structural steels S355 and S690, in the literature. The following conclusions are drawn:  

(1) The fatigue performance of structural steel is better than the WAAM stainless steel, the fatigue performance vertical to printing 
direction (WAAM-90◦) is better than it along the printing direction (WAAM-0◦), the fatigue cycle of the transition reversals of 
structural steel is much less than it of WAAM stainless.  

(2) The parameters with 95%, 97.7%, and 99% guarantee rates of CMM Fatigue Law is obtained by a stochastic analysis using Latin 
hypercube sampling strategies. The non-parametric inference was used to investigate the strain amplitude ratio Δεi/Δεm dis-
tribution at different fatigue cycles from 1 × 103 to 1 × 107. With the increasing the fatigue cycle, the maximum density of the 
strain amplitude ratioΔεi/Δεm is gradually increased to 1.0. The stochastic analysis results showed that the copula strategy has a 
large influence on the probabilistic strain-fatigue life relationship. The larger copula coefficient between material parameters, 
σ’

f and b, and, between ε’
f and c, contribute to a good fatigue behavior with a 95.5% guarantee rate.  

(3) The exponent effects on the probabilistic fatigue life are investigated by comparing the stochastic analysis results using a 
constant exponent sampling strategy and varied constant sampling strategy. The results showed that the probabilistic fatigue 
behavior of both WAAM stainless steel and structural steel predicted by the constant exponent sampling strategy is better than it 
predicted by the varied exponent sampling strategy. 
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Table 9 
Fitted parameters of CMM equation with different probability guarantee rate with constant exponent.  

Materials WAAM S355 S690 

0◦ 90◦

95% Guarantee σ’
f  441.5 512.3 912.1 1393.0 

b  − 0.1354 − 0.1337 − 0.0995 − 0.0892 

ε’
f  0.0191 0.0542 0.1877 0.0483 

c  − 0.3840 − 0.4326 − 0.6631 − 0.9344  

97.7% Guarantee σ’
f  345.0 498.7 939.8 1344.0 

b  − 0.1231 − 0.1341 − 0.1041 − 0.0898 

ε’
f  0.0171 0.0469 0.1485 0.0408 

c  − 0.3712 − 0.4311 − 0.6670 − 0.9480  

99% Guarantee σ’
f  243.8 545.3 900.5 1296.0 

b  − 0.1075 − 0.1412 − 0.1042 − 0.0900 

ε’
f  0.0155 0.0404 0.1187 0.0341 

c  − 0.3475 − 0.4366 − 0.6642 − 0.9380  
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Fig. 13. Correlation Analysis of Material Parameters of WAAM with constant exponent.  
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Fig. 14. Exponent effects on fatigue life of WAAM stainless steel with different Guarantee rate.  
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Fig. 15. Correlation Analysis of Material Parameters of structural steel with constant exponent.  
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