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Abstract

The fatigue limits of defective alloys can be estimated by using classical models which require the experimental evaluation of some
material properties. In the case of the Atzori-Lazzarin-Meneghetti model (ALM), the experimental fatigue limit of the “defect-
free” material, Aco, and the threshold stress intensity factor for long cracks, AKw, Lc, are required to evaluate the transition of the
Kitagawa-Takahashi diagram, i.e. the fatigue limits of small defects. Recently, by using data taken from the literature an empirical
model has been calibrated for evaluating AKm,Lc of several wrought as well as additively manufactured (AM) alloys for different
load ratios (-1, 0 and 0.5), where the sole parameters required are the hardness (HV) and a properly defined microstructural lengths,
I. As to the “defect-free” plain material fatigue limit, i.e., Acor), for different load ratios, the fatigue limit estimation for R = -1
(Acor=-1)= f(HV)) has been corrected by using a classical mean-stress-based model. As a result, the ALM model was defined and
compared with short cracks/small defects fatigue tests results taken from the literature. A good correlation has been found between
theoretical estimation and experimental results obtained from the fatigue tests on defective AM alloys with R = -1 and 0.1.
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Nomenclature

Aoestr)  estimated El-Haddad-Smith-Topper material length parameter for a given R

Beft effective defect size (a.g=0’v/area or a.=0’-a)

/ microstructural length parameter

R load ratio (R= Gmin/Gmax)

a shape factor to evaluate the Mode I stress intensity factor (SIF)

Acor) defect-free fatigue limit in terms of nominal stress range (maximum value minus minimum value) for a
give load ratio

Ao, range (maximum value minus minimum value) of the nominal stress referred to the gross area

Acgm k) threshold range of the nominal stress referred to the gross area for a given R

AKinicestr), estimated threshold SIF range of long cracks for a given load ratio R

AKusc threshold SIF range of mechanically short cracks/small defects

Varea square root of the area of a defect projected onto the plane perpendicular to the maximum principal stress

ALM  Atzori Lazzarin Meneghetti model

AM Additively Manufacturing

CM Conventionally Manufactured materials

EST El Haddad Smith Topper model

LOF  Lack of Fusion defect

LEFM Linear Elastic Fracture Mechanics

1. Introduction

The fatigue design of Additively Manufactured (AM) alloys is one of the main challenges that need to be addressed
in several industrial sectors (aerospace, acronautic and automotive) that take advantage of complex high-performance
lightweight components. It is known that the combination of process-inherent microstructural features, residual
stresses, surface roughness and distribution of defects implies a different fatigue behaviour in metal materials
processed by conventional (CM) as well as additive manufacturing (AM) technologies (Xu et al. 2015; Carlton et al.
2016; Li et al. 2016; Wang et al. 2016; Lewandowski and Seifi 2016; Meneghetti et al. 2017; Rigon et al. 2018;
Morettini et al. 2019; Mooney et al. 2019; Chern et al. 2019; Afkhami et al. 2019; Solberg and Berto 2019; Carneiro
et al. 2019; Gockel et al. 2019; Damon et al. 2019; Kan et al. 2019; Razavi et al. 2020). In particular, the distribution
of defects and its interaction with the microstructure play a fundamental role in the assessment of the fatigue behaviors
of AM alloy (Zerbst et al. 2021; Murakami et al. 2021). Classical approaches such as the El Haddad Smith Topper
model (El Haddad et al. 1979a, b) or its extension proposed by Atzori Lazzarin Meneghetti (Atzori et al. 2003, 2005)
can be useful for estimating the fatigue thresholds of alloys containing short cracks, defects, long cracks as proposed
recently (Beretta and Romano 2017; Hu et al. 2020; Rigon and Meneghetti 2020). Both models require two material
properties, namely the defect-free fatigue limit Aco r) and the threshold stress intensity factor for long cracks AK,Lc,r)
for a given load ratio (R). However, these material properties are often unavailable in the design phase of a component
and their determination needs time-consuming experimental tests. To address this problem, Rigon and Meneghetti
have recently proposed an empirical equation for evaluating AKu rc,r) for R =-1, R =0 and R = 0.5 that requires only
the Vickers Hardness (HV) and a material-dependent microstructural length (/) (Rigon and Meneghetti 2020) (Rigon
and Meneghetti 2021). To rationalize the effect of the load ratio, the models based on AK and K. can be used
(Sadananda et al. 2019; Bang and Ince 2020). As to the defect-free material fatigue limit required for the EST and
ALM models, i.e. Aoywr) for different load ratios, the fatigue limit for R = -1 estimated by means of HV has been
corrected by using a classical mean stress-based model as a function of R and HV only. The aim of the present paper
is to summarize the comparison between experimental results taken from the literature and theoretical estimations of
the fatigue thresholds of AM materials for R =-1 and R =0.1.



72 D. Rigon et al. / Procedia Structural Integrity 38 (2022) 70-76

2. Theoretical background

The empirical equation for the estimation of AK 1cr) was calibrated for a certain list of materials in (Rigon and
Meneghetti 2020) and (Rigon and Meneghetti 2021), to which the reader is referred, and it is the following:

AKn e, ®)= Or -/ BRWR'HV o (D

where ag, Br, Yr, Or are coefficients that depend on the load ratio R. The / parameter is a microstructure-dependent
length that is measurable by following definitions proposed by (Yoder et al. 1983)(Rigon and Meneghetti 2020, 2021).
The coefficients of Eq. 1 have been calibrated for R equal to -1, 0, and 0.5 and the resulting values are listed in Table
1. In Eq. (2) the units of the parameters AK 1c,r), / and HV are [MPaVm], [um] and [kgf/mm?], respectively.

Table 1. Calibrated coefficients of Eq. (1) for different load ratios R.

R OR Br YR Or

-1 4.5 0.127 229 -0.81
0 1.82 0.165 53.52 -0.53
0.5 1.68 0.203 5.94 -0.26

Eq. (1) with coefficients reported in Table 1 proved to estimate AK, 1c r) within an error band of +20%.
Regarding the defect-free material, the fatigue limit of for R = -1 can be estimated from the HV by using the
following equation (Murakami 2019):

w: 1.6:-HV :

It is well known that Eq. (2) is valid for steels and some nonferrous metals having HV lower than 400. However,
in this theoretical framework, Acoesr-1) has been evaluated by Eq. (2) also for materials having HV > 400 by
considering it as a “virtual” defect-free fatigue limit.

Combining the Goodman Smith model with Eq. (2), the effect of the mean stress on the fatigue limit can be
evaluated by means of the following equation as proposed in (Rigon and Meneghetti 2021):

(1-R)

Ad est, (R) _ . (a-R)
— 3.2-HV GR) 3)

By using Egs. (1) and (3) for a given load ratio, it is possible to draw the ALM model to estimate the fatigue limit
of defective materials, i.e. the fatigue thresholds (Atzori et al. (2003), Atzori et al. (2005)):

a
AGy th (R)= A0 est,(R) ’ao :;ﬁf (4)

where a.sr and ag are defined as follows:

.= o’+area (5)
1 (AKpnLc, (R) 2

Q= -|\———— (6)
n AGO,est,(R)

Eq. (5) holds for internal and surface defects where the shape factor a is equal to 0.5 and 0.65, respectively
(Murakami 2019). It can be noted that Eq. (6), written in this form, is a material property because o have been included
in Eq. (5) (Atzori et al. 2003).
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Finally, combining Eq (1), (3) and (6) the ALM model can be estimated for a given load ratio by using only HV
and /.

3. Literature data

The material fatigue properties Acoesir) (Eq. 3), AKinLcesir) (Eq. 1) and ao esiry (Eq. 6) of AM alloys for R=-1 and
R=0 are summarised in Table 2 (Wycisk et al. 2014; Masuo et al. 2018; Hu et al. 2020; Romano et al. 2020; Qian et
al. 2020; Pellizzari et al. 2020; Rigon and Meneghetti 2020; Liu et al. 2020; Andreau et al. 2021).

All refs. summarised in Table 2 report constant amplitude fatigue test results where the size of the killer defect was
evaluated after failure. The reader is referred to (Rigon and Meneghetti (2020) (2021)) for details regarding the
additive manufacturing process, the fatigue testing conditions and the definition of the microstructual size /.

Table 2. Material properties of AM materials taken from the literature and estimated with Eq. (1), (3) and (6) for R =-1 and R = 0 (Rigon and
Meneghetti (2020) (2021)).

Ref. Material ouTs oy R definition of / ! HV AKinices®  AGoes™  Qoest
[MPa] [MPa] [um]  [kg/mm?] [MPa\/m] [MPa]  [um]
(Masuo et al. 2018) Ti6Al4V 1046 / -1 width of a lamellae =2 369 6.82 1181 10.6
(EBM)
Ti6Al4V 1176 / width of a lamellae =2 378 6.79 1210 10.0
(DMLS)
(Liu et al. 2020) Ti6Al4V 1079 887 martensite lath width 1 380 6.36 1216 8.71
(Qian et al. 2020) Ti6Al4V / / width of o lamellae 1.2 380 6.47 1216 9.01
(Romano et al. 17-4PH sub-grain cell =1 350 6.49 1120 10.7
2020) size/martensite lath width
(Pellizzari et al. H13 tool / / sub-grain cell 0.86 488 5.94 1562 4.60
2020) steel size/martensite lath width
Rigon and MS300NT / / sub-grain cell 0.70 358 6.26 1146 9.50
Meneghetti (2020) a) size/martensite lath width
MS300T / / sub-grain cell 0.72 555 5.69 1776 3.27
a) size/martensite lath width
MS 300 T / / sub-grain cell 0.9 618 5.70 1978 2.64
b) size/martensite lath width
(Wycisk et al. 2014)  Ti6Al4V / / 0.1  width of o lamellae 0.5 380 3.92 1216 331
(Hu et al. 2020) Ti6Al4V 1267 1094 width of o lamellae 1.5 375 4.26 1200 4.01
(Andreau et al. AISI 316L 583 488 sub-grain cell 0.5 243 4.53 778 10.8
2021) size/martensite lath width

" estimated with Eq. (3)
° estimated with of Eq. (1)
+ estimated with Eq. (6)

4. Comparison between ALM model and experimental results

The ALM model (Eq (4)) applied to each dataset reported in Table 2 has been reported in Fig. 1 in a log-log diagram
where the fatigue threshold Acgm r) and the effective defect size acirhave been normalized. Therefore, all datasets of
Table 2 have been summarized in a single diagram. Fig. la reports experimental results relevant to fully reversed
fatigue tests, while Fig. 1b is relevant to R = 0.1. If correlation between the ALM model and experimental results were
perfect, the model should separate sharply the results of broken and unbroken specimens, respectively. The resulting
correlation is good both for R=-1 and for R=0.1.
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Fig. 1. Comparison between the experimental fatigue test results taken from dataset of Table 2 and fatigue thresholds according to the ALM
model (Eq. 4) for (a) R=-1 and (b) R=0.1.

Interestingly, data relevant to AM 316L steel (Andreau et al. 2021) resulted in good agreement with the theoretical
predictions in case of failure relevant to the surfaces defects, whereas estimations relevant to the large artificial internal
defects are highly conservative. It is interesting to note that the authors of the original paper (Andreau et al. 2021)
underline that the different fatigue behaviour of internal as opposed to surface defects can be explained by the different
gaseous environment to which they are exposed.
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5. Conclusions

A summary of datasets taken from the literature and analysed in previous work by the authors has been presented
to highlight the estimation of the fatigue threshold of defective AM alloys by simply measuring the Vickers hardness,
HV, and a material-dependent microstructural length . Previously, an empirical model based on HV and /
measurements was calibrated for the estimation of the threshold stress intensity factor for long cracks of wrought as
well as AM alloys. Combined with the estimation of the defect-free material as a function of HV, the Atzori Lazzarin
Meneghetti (ALM) model could be evaluated, and theoretical estimations were compared with a large dataset of
fatigue test results obtained on AM metals for load ratios equal to -1 and 0.1. The ALM model exhibited good
agreement with the experimental results.
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